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Abstract: In this paper we introduce a field diagnostic device based on the combination of advanced
bio-sensing and photonics technologies, to tackle emerging and endemic viruses causing swine
epidemics, and consequently significant economic damage in farms. The device is based on the use
of microring resonators fabricated in silicon nitride with CMOS compatible techniques. In the paper,
the designed and fabricated photonic integrated circuit (PIC) sensors are presented and characterized,
showing an optimized performance in terms of optical losses (30 dB per ring) and extinction ration
for ring resonances (15 dB). Furthermore, the results of an experiment for porcine circovirus 2 (PCV2)
detection by using the developed biosensors are presented. Positive detection for different virus
concentrations has been obtained. The device is currently under development in the framework of
the EU Commission co-funded project SWINOSTICS.

Keywords: swine disease; photonics; antibody; ring resonator; photonic integrated circuit (PIC)

1. Introduction

Traditional sensor devices are designed to detect changes in terms of physical or chemical parameter
modifications. These sensors are based on a high number of detectable parameters (conductivity, mass,
optical properties, etc.) and present a lot of potential applications [1,2].

In recent years, there has been great interest in the scientific and industrial world on the research
and development of optical sensors for detection of changes in several environmental magnitudes
that allow detection of dangerous gases, explosives, UV radiation, vibrations, and color changes [3–8].
Moreover, optical sensors have also been proposed to be used in medical and bio applications, detection
of viruses and bacteria, and even for food and health quality detection [9–15].

The first advantage of using an optical sensor opposed to traditional electrical based sensors
is that electrical sources are not required. In addition, optical sensors can operate at environmental
temperatures, which means that an optical sensor can be used in critical environments and with
dangerous products (explosives, chemical products, etc.), where the use of sensors based on conductivity

Sensors 2019, 19, 3985; doi:10.3390/s19183985 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0002-5428-5713
http://dx.doi.org/10.3390/s19183985
http://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/19/18/3985?type=check_update&version=2


Sensors 2019, 19, 3985 2 of 11

changes is not allowed. Furthermore, optical sensors present better performance in terms of interference
problems, and allow a detection level beyond the state of the art. Moreover, optical sensors can be
used for multiple analytes detection, giving more complete and useful information to final users.

On the other hand, the development of new micro and nano instruments and technologies,
and their heterogeneous integration into smart systems, has become one of the key enablers in
achieving the next generation of advanced photonic biosensors, which will be used in real and high
impact scenarios. To achieve this goal, the next generation of photonic biosensors must be based on
systemic miniaturization and integration of heterogeneous technologies, functions, and materials,
and must ensure the convergence of nano, bio, and information and communications technologies
(ICT) to achieve smaller, smarter, and energy autonomous devices and systems. In addition, this
heterogeneous integration (photonic/bio and new materials) is also a key factor in reaching miniaturized
and multisensing photonic integrated circuits (PIC) and systems able to sense, understand context, and
communicate. Having these fast, efficient, and reliable multisensing devices and systems is essential in
many fields such as medical diagnostics, food safety control, or environmental control. In addition
using nanostructures allows for high interaction with the matter and faster responses.

In this paper, the development and test of bio photonic sensors carried out in the frame of the
SWINOSTICS (swine diseases field diagnostics toolbox) project [16,17] have been tackled, considering
the abovementioned advanced bio-photonic sensor requirements. In this sense, the SWINOSTICS
approach is based on the combination of photonic integrated circuit (PIC) technology and bio-sensing
technology to detect different swine viruses (each virus presence will be detected by one of the
functionalized resonant rings forming the PIC). The aim of the present paper is to describe the design
and fabrication of the biosensor photonic integrated circuit (PIC) which is, as mentioned, based on
resonant rings fabricated in silicon nitride technology as will be described in Section 2.

As mentioned, the SWINOSTICS diagnostic bio sensors and tools will be used in a strategic field
such as livestock products, which have dramatically increased in demand during the last 40 years
due to the increasing human population, urbanization rates, and income growth rate. Concretely,
SWINOSTICS targets six emerging and endemic swine viruses: African swine fever (ASF) [18], classical
swine fever (CSF) [19], porcine reproductive and respiratory syndrome (PPRS) [20], porcine parvovirus
(PPV) [21], porcine circovirus 2 (PCV2) [22], and Swine Influenza A (SIV) [23]. Traditionally, these
virus detections in the laboratory rely on two different approaches: direct detection of the pathogen by
polymerase chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA), or cell culture-based
virus isolation, and/or detection of circulatory antibodies in blood samples. All of these are expensive,
require trained personnel, and are not properly suitable for a portable field device as proposed in the
SWINOSTICS project. The use of the proposed biosensors will allow an important reduction in the
detection time and cost in such a high impact field as livestock.

In the present work, a concrete experiment leading to the detection of Porcine Circovirus 2 (PCV2)
using the proposed and developed biosensors will be proposed and demonstrated. The results of
PCV2 detection for different concentrations are shown and described in Section 3 of the paper.

2. Sensor PIC Design and Fabrication

The proposed biosensors are based on a photonic transducer, which uses resonant cavities;
concretely ring resonators fabricated in silicon nitride technology. The use of photonic high-quality
factor ring resonators has been widely proposed for many applications, the development of sensitive
refractive index sensors being one such application. Biological sensor arrays based on high quality
factor evanescent microring waveguide resonators have been demonstrated and fabricated with
technical processes which are fully compatible with CMOS fabrication [24–31]. In addition, the use
of silicon nitride technology offers several advantages compared to technologies, such as silicon
on insulator (SOI), as there are more robust structures against fabrication tolerances and enhanced
interaction for sensing applications [27].
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The biosensors PICs proposed in this paper were fabricated on silicon nitride 6” wafers, comprised
of a top layer of 300 nm of silicon nitride deposited by LPCVD (low chemical vapor deposition) on a
3.26 umthick layer of thermal silicon dioxide to achieve low coupling loss gratings [31]. In order to
ensure monomode propagation, the width of the silicon nitride waveguides was fixed to 1.1 microns.

Our biosensor PIC comprises three main building blocks: sensing ring resonators, light coupling
block (grating couplers), and optical power distribution block. The ring resonators are used as sensor
elements (using one resonant ring for each targeted virus), the light coupling section allows to introduce
and extract the optical signals into/out of the PIC whilst the power distribution block is necessary to
feed all the resonator rings of the PIC with a common laser source input. After preliminary simulations,
and in order to optimize each building block and validate the fabrication process, a first run of each
functional block was fabricated sweeping different physical parameters to determine and fine-tune
the most suitable physical structures. This optimization was performed searching for the best PIC
overall performance in terms of sensitivity, which is related directly with sensing parameters as limit
of detection (LoD), limit of quantification, etc. Figure 1 shows some optical microscope images of the
fabricated building block structures (gratings, splitters, and rings).
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system noise (1.89 pm) and temperature drift, we calculated a detection limit of 7.13 × 10−6 RIU, which 
is in the range of the best values obtained for planar ring resonators [26–28]. Moreover, the gratings 
couplers showed coupling losses of ~7.5 dB and the distribution elements based on 1 × 2 MMI’s 
showed splitting losses of ~4.2 dB.  

Once the basic structures were optimized, the complete design of the PIC was transferred to the 
silicon nitride samples and wafers, as shown in Figure 2, by using a CMOS compatible fabrication 
process carried out in a class 10–100 cleanroom environment. Our fabrication process is based on a 

Figure 1. Microscope images of the fabricated biosensor Photonic Integrated Circuit (PIC) building
blocks; (a) grating coupler, (b) power splitting block, and (c) ring resonators.

After characterizing optically the fabricated building blocks at lab, the more convenient functional
elements were selected and included in the complete biosensor photonic integrated circuit (PIC)
design. In this sense, the selected resonator rings showed sensitivities around 265 nm/RIU with
quality factors around 25,000, which are high enough for our sensing applications. In addition,
and based on our system noise (1.89 pm) and temperature drift, we calculated a detection limit of
7.13 × 10−6 RIU, which is in the range of the best values obtained for planar ring resonators [26–28].
Moreover, the gratings couplers showed coupling losses of ~7.5 dB and the distribution elements based
on 1 × 2 MMI’s showed splitting losses of ~4.2 dB.

Once the basic structures were optimized, the complete design of the PIC was transferred to the
silicon nitride samples and wafers, as shown in Figure 2, by using a CMOS compatible fabrication



Sensors 2019, 19, 3985 4 of 11

process carried out in a class 10–100 cleanroom environment. Our fabrication process is based on a
direct writing electron beam process on a poly-methyl methacrylate (PMMA) positive resist layer with
a thickness of 100 nm. After developing the resist, a metal mask is created by chromium evaporation
prior to a lift-off process. This metal mask was used to perform the inductively coupled plasma-reactive
ion etching (ICP-RIE) of the silicon nitride layer using fluoride gases. With the mentioned process,
we were capable of obtaining a good performance in terms of roughness and side wall verticality in
the final fabricated samples (propagation losses ~2.5 dB/cm). Finally, after depositing a silicon dioxide
layer (one micron thick) by plasma enhanced chemical vapor deposition (PECVD), a window was
opened on the resonant rings by removing the silicon dioxide with a second e-beam lithography and a
new ICP-RIE etching. Figure 2 shows a real image of the fabricated biosensor, obtained by means of an
optical microscope Leika M205C).
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Figure 2. Real fabricated biosensor PIC (image obtained by optical microscope).

As can be seen in the above image, the fabricated biosensor PIC has eight resonant photonic rings.
Six of them will be functionalized with specific antibodies to detect the targeted viruses, whilst the
other two rings will be used to perform positive and negative control during the sensing process.
The opened channels on the rings can be also observed in Figure 2, as well as the grating couplers on
the right side of the PIC.

To finish the fabrication process, and in order to allow the injection of light into the PICs and
extract it from the rings to perform sensing, a fiber array (FA) was attached to the biosensor PIC.
This attachment process was carried out in an alignment bench which allows the right alignment and
attachment of the FA on the PIC grating couplers. Figure 3 depicts the used fiber optics, which allows
the PIC to connect to the laser and the photodiodes to perform the sensing. In our design, fiber array
with a Multi-fiber Push On (MPO) connector was attached to the PIC. The use of such MPO connector
makes easier the exchange of the PIC, since only one connector has to be removed. The FA will be
connected to a fan-out element with 12 fibers, one corresponding to the laser signal, 8 for the ring
optical outputs, and 3 back-up fibers.
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Figure 3. Fiber array attachment and optical connectors.

As mentioned, using an alignment bench (concretely a MICOS system alignment bench with
16 alignment axes), the attachment of the fibers was successfully reached following the process depicted
in Figure 4. A dynamic process consisting of measuring the optical signal through a PIC reference
waveguide was used to optimize the FA placement, just on the gratings. Once the maximum power
was reached after several iterations, the FA was glued to the PIC with a resist (concretely Dymax OP52
optical adhesive) cured by UV light.
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3. Optical Sensing Results

Once the photonic sensor PICs were fabricated, different optical characterizations were performed.
Fabricated PICs before surface functionalization were optically characterized in the same alignment
bench in order to test the ring performance.

In a second step, a first characterization of functionalized PICs was carried out at lab level with
real swine PCV2 virus samples.

3.1. Non-functionalized PICs Optical Characterization

The sensor PICs were characterized just after the fiber array attachment. This first characterization
was performed on non-functionalized chips, just to verify the optical response of the resonator rings in
comparison with expected results from simulations and parameter optimization.

This preliminary characterization was performed after gluing the fiber array (following the process
showed in Figure 4) and dropping deionized water (DI water) on the rings to emulate the real liquid
sample flowing. Figure 5 shows the optical response for four resonant rings of one of the fabricated
sensor PICs (rings #3 to #6 corresponding to the 4 rings in the middle area in Figure 2).

Sensors 2019, 19, x FOR PEER REVIEW 6 of 11 

 

3. Optical Sensing Results 

Once the photonic sensor PICs were fabricated, different optical characterizations were 
performed. Fabricated PICs before surface functionalization were optically characterized in the same 
alignment bench in order to test the ring performance. 

In a second step, a first characterization of functionalized PICs was carried out at lab level with 
real swine PCV2 virus samples. 

3.1. Non-functionalized PICs Optical Characterization 

The sensor PICs were characterized just after the fiber array attachment. This first 
characterization was performed on non-functionalized chips, just to verify the optical response of the 
resonator rings in comparison with expected results from simulations and parameter optimization.  

This preliminary characterization was performed after gluing the fiber array (following the 
process showed in Figure 4) and dropping deionized water (DI water) on the rings to emulate the 
real liquid sample flowing. Figure 5 shows the optical response for four resonant rings of one of the 
fabricated sensor PICs (rings #3 to #6 corresponding to the 4 rings in the middle area in Figure 2).  

 

  

  
Figure 5. Optical response of several ring resonators of a fabricated biosensor PIC. 

As observed in Figure 5, the fabricated biosensor PICs show a typical microring resonator 
response where the corresponding resonant notches can be observed. The sensing principle is based 
on following the position of a selected notch, whilst flowing the sample collected from the animals. 
In case of a positive detection of a targeted virus, a shift in the notch placement will be observed 
during the measurement. As mentioned, each ring will be functionalized with a specific antibody 
capable of detecting the corresponding virus. As expected in simulation and design stages, and after 
building blocks fabrication and optimization, the microring resonators show optical power losses 
around 30 dB, and extinction ratios around 15 dB, which can also be observed in Figure 5. 
  

Figure 5. Optical response of several ring resonators of a fabricated biosensor PIC.

As observed in Figure 5, the fabricated biosensor PICs show a typical microring resonator response
where the corresponding resonant notches can be observed. The sensing principle is based on following
the position of a selected notch, whilst flowing the sample collected from the animals. In case of
a positive detection of a targeted virus, a shift in the notch placement will be observed during the
measurement. As mentioned, each ring will be functionalized with a specific antibody capable of
detecting the corresponding virus. As expected in simulation and design stages, and after building
blocks fabrication and optimization, the microring resonators show optical power losses around 30 dB,
and extinction ratios around 15 dB, which can also be observed in Figure 5.
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3.2. Functionalized PICs Optical Characterization

Several photonic sensors PICs were functionalized with the aim of detecting PCV2 virus. To carry
on this functionalization, the surface of the biosensor PIC was firstly oxidized. Then, the surface was
rinsed with deionized water (DIW) and dried. After that, the silanization of the surface was carried
out with a 3-chloropropyltriethoxysilane (CTES) solution. The activation of the group carboxylic
from the CTES organosilane over the surface of the biosensor PIC was carried out by the addition
of a mix of carbodiimide and N-hydroxysuccinimide (EDC/NHS). The incubation was done at room
temperature for 30 min and then the surface was rinsed and dried with air flow. On top of the surface,
commercial rabbit polyclonal antibodies against PCV2 virus (Thermo Fisher Scientific #PA5-34969) were
covalently immobilized in an oriented manner. The biosensor PIC was incubated in an atmosphere
with controlled humidity for 2 h, then the surface was rinsed with Phosphate buffered saline (PBS) and
dried again.

Once the photonic chips were functionalized, it was necessary to attach a microfluidic adhesive
layer that allowed the flown of the sample. For this experiment, an available simpler microfluidic layer
(not the final microfluidics design to be used in SWINOSTICS project) was bonded on the chip surfaces.
Figure 6 depicts the attached microfluidics layer where it can be observed as the microfluidic channel
was aligned on top the sensor resonant microrings.
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Figure 6. Fluidics detail and interconnection holder.

The prepared photonic chips were used for virus sensing by using an optimized laboratory set-up
which makes use of a peristaltic pump. To perform the PCV2 sensing experiment, a flowing protocol
was designed. First, a phosphate buffered saline with Tween-20 (PBST) solution was flowed for 1–2
min to get a reference signal. After that, the virus sample diluted in the same buffer was flown for 10
min, and finally a cleaning buffer (PBST as in the first step) was flown for 1–2 min. In the experiment,
the initial virus sample was a real sample with unknown concentration, and all the dilutions were
prepared from this starting virus sample. So, to perform the experiment, several PCV2 virus samples
were flowed on functionalized ring resonators at several dilution factors, from a 1/100 to 1/5000 dilution
in PBS buffer.

Figure 7 shows the plots of a PCV2 sensing experiment where rabbit polyclonal antibodies were
immobilized on two of the ring resonators (red and black lines) whilst another not functionalized ring
(green line) was used as a reference. In Figure 7, the resonant notch shift of the three rings are plotted
during the overall flowing process for four different concentrations of PCV2 viruses obtained from the
same starting sample (1/100, 1/500, 1/1000 and 1/2000). The starting sample corresponds to a real sick
animal with high/moderate amount of PCV2 virus concentration.
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As it can be observed in the plots in Figure 7, the two ring resonators which were functionalized
with polyclonal antibodies, responded positively against the virus, as a remarkable shift in the resonance
notch of the microring is observed. In contrast, the microring resonator which was not functionalized
(reference ring) just showed minor changes in its resonance position due to the unspecific binding
which occurs in this case.

As observed in Figure 7, during the first flowing of PBST solution, the resonance is practically
not shifted. After that, the virus sample diluted in the same buffer flowing produces a shift which is
dependent on the dilution. Finally, the cleaning buffer flowing helps to eliminate unspecific bindings
(which seem to be higher for higher dilutions). The sensing principle consists in comparing the
resonance shift of the functionalized ring with the reference (non-functionalized) ring.
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Finally, in Figure 8 the photonic measurement responses (in terms of microring resonance notch
shift) obtained during the experiment are shown against PCV2 virus for different dilution factors (from
1/100 to 1/5000 in PBS buffer). As it can be seen, positive detection was achieved up to 1/5000 dilution
factors. It can be also observed that there is a clear dependence on the achieved results as a function of
the virus concentration. So, for the more diluted sample, the less intensive optical signal is obtained.
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4. Discussion and Conclusions

In this paper, the design and fabrication of photonic biosensors based on microrings has been
presented. The biosensors were fabricated in silicon nitride by using CMOS compatible techniques
as electron beam lithography and RIE-ICP etching. The biosensor proposed is comprised of eight
resonant rings, which will be functionalized with different antibodies to detect specific virus affecting
swine livestock in the frame of the H2020 SWINOSTICS project. The fabricated microrings have been
statically characterized after the fiber attachment, obtaining a good performance in terms of optical
losses (30 dB per ring, taking into account propagation, splitting, and coupling losses), as well as
extinction ratio for the ring resonances (10–15 dB). One of the fabricated PICs was used in a preliminary
experiment for detection of PCV2 virus. After the rings functionalization with specific antibodies
and attaching a microfluidic layer on the PIC, positive detection of several virus concentrations was
achieved, demonstrating the good performance and feasibility of the proposed detection technique.

Author Contributions: Coordinated the fabrication process of the PICs, A.G.; optimized the functionalization
and performed the PCV2 detection experiment, S.P.; performed the biosensor PIC fabrication, including e-beam,
etching, and PECVD processes, J.H., L.B., and T.I.; performed the fiber array attachment to the PIC and the
statically characterization, D.Z.; worked on the design and characterization of the building blocks and final sensor
PIC, M.R.; performed the functionalization and immobilization of the antibodies on the PIC sensors and worked in
the PCV2 detection experiment, C.S., S.R., and A.H.; coordinated the functionalization process and PCV2 detection
experiment, S.S.; prepared and provided the PCV2 samples, G.B.; assess the requirements of the biosensors for the
real application on swine virus detection and collaborate in the introduction writing, I.B. and A.G.; selected the
specific antibodies for PCV2 detection and contributed to immobilization optimization, A.C. (Alessandro Capo),
A.C. (Alessandra Camarca), A.V., and S.D.

Funding: This work was funded by the EU-H2020 program under grant agreement N◦ 771649-
SWINOSTICS project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Parra, L.; Sendra, S.; Lloret, J.; Bosch, I. Development of a conductivity sensor for monitoring groundwater
resources to optimize water management in smart city environments. Sensors 2015, 15, 20990–21015.
[CrossRef]

2. Allen, N.; Pinto, P.; Traore, M.; Agah, M. Paper-based capacitive mass sensor. In Proceedings of the SENSORS,
2011 IEEE, Limerick, Ireland, 28–31 October 2011; pp. 562–564.

http://dx.doi.org/10.3390/s150920990


Sensors 2019, 19, 3985 10 of 11

3. Sasaki, D.Y.; Singh, S.; Cox, J.D.; Pohl, P.I. Fluorescence detection of nitrogen dioxide with perylene/PMMA
thin films. Sens. Actuators 2001, 72, 51–55. [CrossRef]

4. Bogue, R. Detecting gases with light: A review of optical gas sensor technologies. Sens. Rev. 2015, 35, 133–140.
[CrossRef]

5. Tan, Q.; Tang, L.; Yang, M.; Xu, C.; Zhang, W.; Liu, J.; Xiong, J. Three-gas detection system with IR optical
sensor based on NDIR technology. Opt. Lasers Eng. 2015, 74, 103–108. [CrossRef]

6. Burt, M.C.; Dave, B.C. An optical temperature sensing system based on encapsulation of a dye molecule in
organisilica sol-gels. Sens. Actuators 2005, 107, 552–556. [CrossRef]

7. Bozzeti, M.; Calò, G.; D’Orazio, A.; De Sario, M.; Mescia, L.; Petruzzelli, V.; Prudenzano, F. Integrated Optical
Sensor for Environment Monitoring. In Proceedings of the 2007 ICTON Mediterranean Winter Conference,
Sousse, Tunisia, 6–8 December 2007; p. Fr2B.1. [CrossRef]

8. Klokoc, P.; Lujo, I.; Bosiljevac, M.; Burum, N. Optical sensor system for vibration measuring. In Proceedings
of the 2008 50th International Symposium ELMAR, Zadar, Croatia, 10–12 September 2008.

9. Yotter, R.A.; Lee, L.A.; Wilson, M. Sensor technologies for monitoring metabolic activity in single cells—part
I: Optical methods. IEEE Sens. J. 2004, 4, 395–411. [CrossRef]

10. Amir, R.A.; Massoud, Y.M. Bio-optical sensor for brain activity measurement based on whispering gallery
modes. In Proceedings of the Bio-MEMS and Medical Microdevices III, Barcelona, Spain, 8–10 May 2017;
Volume 10247, p. 102470A. [CrossRef]

11. Yang, J.; Guo, L.J. Optical Sensors Based on Active Microcavities. IEEE J. Sel. Top. Quantum Electron. 2006,
12, 143–147. [CrossRef]

12. Kalyani, V.; Sharma, V. Optical Sensors and Their Use In Medical Field. J. Manage. Eng. Inf. Technol. 2016, 3, 5.
13. Mathew, F.P.; Alocilja, E.C. Photon based sensing of pathogens in food. IEEE Sens. 2002, 1, 255–260. [CrossRef]
14. Yoon, J.; Kim, B. Lab-on-a-chip pathogen sensors for food safety. Sensors 2012, 12, 10713–10741. [CrossRef]
15. Khansili, N.; Rattu, G.; Krishna, P.M. Label-free optical biosensors for food and biological sensor applications.

Sens. Actuators 2018, 265, 35–49. [CrossRef]
16. Swinostics. Available online: http://swinostics.eu/ (accessed on 9 December 2018).
17. Montagnese, C.; Barattini, P.; Giusti, A.; Balka, G.; Bruno, U.; Bossis, I.; Gelasakis, A.; Bonasso, M.; Philmis, P.;

Dénes, L.; et al. A diagnostic device for in-situ detection of swine viral diseases: The SWINOSTICS project.
Sensors 2019, 19, 407. [CrossRef]

18. ASF Regionalization in the EU. Available online: https://ec.europa.eu/food/sites/food/files/animals/docs/ad_
control-measures_asf_pl-lt-regionalisation.pdf (accessed on 9 December 2018).

19. Classical Swine Fever (Hog Cholera) 2009. Available online: http://www.oie.int/fileadmin/Home/

eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/CLASSICAL_SWINE_FEVER.pdf (accessed on
9 December 2018).

20. Kuhn, J.H.; Lauck, M. Reorganization and expansion of the nidoviral family Arteriviridae. Arch. Virol. 2016,
161, 755–768. [CrossRef]

21. Cui, J.; Biernacka, K. Circulation of Porcine Parvovirus Types 1 through 6 in Serum Samples Obtained
from Six Commercial Polish Pig Farms. Transbound. Emerg. Dis. 2017, 64, 1945–1952. Available online:
https://www.ncbi.nlm.nih.gov/pubmed/27882679 (accessed on 9 December 2018). [CrossRef]

22. Oliver-Ferrando, S.; Segalés, J. Evaluation of natural porcine circovirus type 2 (PCV2) subclinical infection
and seroconversion dynamics in piglets vaccinated at different ages. Vet. Res. 2016, 47, 121. Available online:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5135804/ (accessed on 9 December 2018). [CrossRef]

23. Castrucci, M.R.; Donatelli, I. Genetic reassortment between avian and human influenza A viruses in
Italian pigs. Virology 1993, 193, 503–506. Available online: https://www.ncbi.nlm.nih.gov/pubmed/8438586
(accessed on 9 December 2018). [CrossRef]

24. Wright, J. High Quality Factor Silicon Nitride Ring Resonators for Biological Sensing. Master’s Thesis.
Available online: https://www.researchgate.net/publication/44715426_High_quality_factor_silicon_nitride_
ring_resonators_for_biological_sensing (accessed on 1 January 2010).

25. Goykhman, I.; Desiatov, B.; Levy, U. Ultra-thin Silicon Nitride Microring Resonator for Biophotonic
Applications at 970 nm Wavelength. Appl. Phys. Lett. 2010, 97, 081108. Available online: https:
//aip.scitation.org/doi/10.1063/1.3483766 (accessed on 25 August 2010). [CrossRef]

http://dx.doi.org/10.1016/S0925-4005(00)00632-8
http://dx.doi.org/10.1108/SR-09-2014-696
http://dx.doi.org/10.1016/j.optlaseng.2015.05.007
http://dx.doi.org/10.1016/j.snb.2004.11.015
http://dx.doi.org/10.1109/ICTONMW.2007.4446937
http://dx.doi.org/10.1109/JSEN.2004.830952
http://dx.doi.org/10.1117/12
http://dx.doi.org/10.1109/JSTQE.2005.862953
http://dx.doi.org/10.1109/ICSENS.2002.1037094
http://dx.doi.org/10.3390/s120810713
http://dx.doi.org/10.1016/j.snb.2018.03.004
http://swinostics.eu/
http://dx.doi.org/10.3390/s19020407
https://ec.europa.eu/food/sites/food/files/animals/docs/ad_control-measures_asf_pl-lt-regionalisation.pdf
https://ec.europa.eu/food/sites/food/files/animals/docs/ad_control-measures_asf_pl-lt-regionalisation.pdf
http://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/CLASSICAL_SWINE_FEVER.pdf
http://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/CLASSICAL_SWINE_FEVER.pdf
http://dx.doi.org/10.1007/s00705-015-2672-z
https://www.ncbi.nlm.nih.gov/pubmed/27882679
http://dx.doi.org/10.1111/tbed.12593
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5135804/
http://dx.doi.org/10.1186/s13567-016-0405-2
https://www.ncbi.nlm.nih.gov/pubmed/8438586
http://dx.doi.org/10.1006/viro.1993.1155
https://www.researchgate.net/publication/44715426_High_quality_factor_silicon_nitride_ring_resonators_for_biological_sensing
https://www.researchgate.net/publication/44715426_High_quality_factor_silicon_nitride_ring_resonators_for_biological_sensing
https://aip.scitation.org/doi/10.1063/1.3483766
https://aip.scitation.org/doi/10.1063/1.3483766
http://dx.doi.org/10.1063/1.3483766


Sensors 2019, 19, 3985 11 of 11

26. Barrios, C.A.; Sánchez, B.; Gylfason, K.B.; Griol, A.; Sohlström, H.; Holgado, M.; Casquel, R. Demonstration
of slot-waveguide structures on silicon nitride/silicon dioxide platform. Opt. Express 2007, 15, 6846–6856.
[CrossRef]

27. Kazmierczak, A.; Vivien, L.; Gylfason, K.B.; Sanchez, B.; Griol, A.; Marris-Morini, D.; Cassan, E.; Dortu, F.;
Sohlström, H.; Giannone, D.; et al. High quality optical microring resonators in Si3N4/SiO2. In Proceedings
of the 14th European Conference on Integrated Optics and Technical Exhibition, Contributed and Invited
Papers, ECIO’08 Eindhoven, Eindhoven, The Netherlands, 11–13 June 2008; Available online: https:
//www.ecio-conference.org/wp-content/uploads/2016/05/2008/2008_ThD2.pdf (accessed on 13 June 2008).
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