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Abstract: Swine viral diseases challenge the sector’s sustainability by affecting productivity and the
health and welfare of the animals. The lack of antiviral drugs and/or effective vaccines renders early
and reliable diagnosis the basis of viral disease management, underlining the importance of point-
of-care (POC) diagnostics. A novel POC diagnostic device utilizing photonic integrated circuits
(PICs), microfluidics, and information and communication technologies for the detection of porcine
reproductive and respiratory syndrome virus (PRRSV) and swine influenza A (SIV) was validated
using spiked and clinical oral fluid samples. Metrics including sensitivity, specificity, accuracy, pre-
cision, positive likelihood ratio (PLR), negative likelihood ratio (NLR), and diagnostic odds ratio
(DOR) were calculated to assess the performance of the device. For PRRSV, the device achieved a
sensitivity of 83.5%, specificity of 77.8%, and DOR values of 17.66, whereas the values for SIV were
81.8%, 82.2%, and 20.81, respectively. The POC device and PICs can be used for the detection of
PRRSV and SIV in the field, paving the way for the introduction of novel technologies in the field
of animal POC diagnostics to further optimize livestock biosecurity.

Keywords: point of care; diagnostics; photonic integrated circuits; microfluidics; porcine
reproductive and respiratory syndrome virus; swine influenza A virus; oral fluids; validation;
sensitivity; specificity; diagnostic odds ratio
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1. Introduction

Animal production plays an important role in food security by providing products
of high nutritional value and safeguarding the livelihoods of millions of people around
the world. The swine industry is a prominent sector in animal production as it accounts
for approximately 35% of total meat production [1,2]. Modern animal production is char-
acterized by the intensification of farming systems on a global scale. Intensive farming
systems are usually outlined by high inputs and increased stocking density to reduce pro-
duction costs. However, increased stocking density can jeopardize animal health by facil-
itating pathogen transmission [3]. At the same time, transboundary infectious diseases are
emerging due to globalized trade networks and scarce surveillance programs, further in-
creasing the risk of disease outbreaks [4,5]. As the recent experience with the African
swine fever virus has shown, viral diseases have the potential to devastate the swine sec-
tor due to (i) their transmission dynamics; (ii) the limited or non-existent treatment op-
tions; (iii) vaccine availability and efficiency; and (iv) the limited available preventive
measures that are mainly based on hygiene and biosecurity [6-10].

Among the viral diseases, porcine reproductive and respiratory syndrome virus
(PRRSV-1 and 2), comprising two species Betaarterivirus suid 1 and 2 (formerly known as
European Type 1 and North American Type 2), and swine influenza A virus (SIV) are of
great importance due to their economic impact and in the case of SIV, due to its zooan-
throponotic potential. PRRSV is an enveloped, positive-strand RNA virus that belongs to
the Arteriviridae family. Genomic RNA is approximately 15 kb in length and contains eight
open reading frames (ORFs). About 80% of the genome consists of ORFs 1a and 1b, which
encode the RNA replicase [11]. ORFs 2 to 5 encode the structural glycoproteins GP2 to
GP5. ORF6 and ORF7 encode the structural membrane protein M and the nucleocapsid
protein N, respectively [12]. The GP5 protein is the most variable structural protein be-
tween the North American and European isolates, with only 51-55% amino acid identity.
In contrast, the M protein is the most conserved structural protein, reaching 78-81% amino
acid identity. The N protein constitutes 20-40% of the PRRSV virion and is an immu-
nodominant protein. Several N protein B-cell epitopes are conserved in both the European
and North American isolates [13]. Therefore, antibodies that recognize the N protein ap-
pear to be suitable for diagnostic tests [12].

Prevailing clinical symptoms of PRRSV infection are respiratory distress and poor
growth in nursing, growing, and finishing pigs as well as reproductive failure in pregnant
sows including mummified, stillborn, and aborted fetuses [14]. Apart from the acute clin-
ical manifestation of the disease, PRRSV can lead to life-long subclinical infections and is
characterized by persistence at the herd level [15]. Outbreaks at a global scale are sus-
tained by emerging and re-emerging strains due to mutations and viral recombinations
[14] and cost around USD 664 million annually, in the USA alone [16]. Control of the dis-
ease at the farm level is based on hygiene and biosecurity as well as management practices
such as pig flow, gilt acclimation, and vaccination [17]. Elimination of PRRSV at the farm
level is accomplished by the culling of animals with severe symptoms and long-term herd
closure (no importation of foreign animals) to achieve herd immunity; however, re-intro-
duction of the virus is common despite the applied biosecurity measures [17]. Vaccination,
elimination methods (test and removal, whole herd depopulation and repopulation, herd
closure and rollover), and reducing persistence as well as intercepting the direct (infected
pigs and contaminated semen) and indirect (fomites, vehicles, insects, and aerosols) trans-
mission routes are key measures to mitigate PRRSV in farms [17,18]. It is worth mention-
ing that successful implementation of the above-mentioned measures would be facilitated
by reliable and inexpensive diagnostics.

Influenza A viruses are enveloped, 80-120 nm in size, contain eight segments of neg-
ative sense single-stranded RNA and belong to the Orthomyxoviridae family [19]. The eight
RNA segments vary in length (890-2341 nucleotides) and encode 10 and in some cases up
to 12 proteins [20]. Segment 7 (Matrix, M) and segment 8 (Nonstructural, NS) encode two
proteins, M1/M2 and NS1/NS2, respectively. The RNA segments are bound and protected
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by the viral nucleoprotein (NP). The RNA, the viral polymerase complex, and the NP form
a ribonucleoprotein (RNP) complex. SIV is typed based on the combination of two surface
glycoproteins, haemagglutinin (HA) and neuraminidase (NA) [20]. Currently 18 HAs and
11 NAs have been identified.

HA of avian origin binds to the N-acetylneuraminic acid-2,3-galactose linkage and
HA of mammalian origin binds to the N-acetylneuraminic acid-2,6-galactose linkage of
sialyloligosaccharides. Swine epithelial cells express both types of sialic acid linkages, en-
abling the co-infection of viruses of both avian and human origin, thus mediating virus
reassortment [21]. Influenza viruses, previously adapted to swine, can combine and ex-
change genes with viruses of both human and avian origin in cases of co-infection, a phe-
nomenon also known as antigenic shift, producing triple reassortments such as the 2009
H1IN1 pandemic virus [21]. SIV RNA is also highly susceptible to point mutations. The
accumulation of point mutations, substitutions, deletions, and insertions in the HA and
NA encoding region of the RNA alters the antigenic properties of HA and NA, causing
antigenic drifts. Both antigenic shift and antigenic drift commonly occur in SIV due to the
fragmented nature of RNA, giving rise to novel reassortants/subtypes and novel strains
[22]. This constant evolution of swine influenza A viruses is the cause of annual epizootics.
SIV outbreaks are characterized by sudden onset of disease, high morbidity approaching
100%, and low mortality, typically less than 1%. The incubation period is between 1-3
days and the clinical manifestation includes fever, inactivity, decreased food intake, res-
piratory distress, coughing, sneezing, conjunctivitis, and nasal discharge, although the se-
verity of the disease can be affected by the viral strain [20]. Animals recover 4-7 days after
the onset of the disease. Occasionally, SIV reassortants can break the species barrier and
infect humans. Control of SIV in swine farms is based on hygiene, partial depopulation,
segregation of weaned piglets, and all-in/all-out systems. Vaccination is known to reduce
the incidence and the severity of the disease, however, SIV vaccines are not constantly
renewed due to cost and do not consistently provide complete protection. Immunization
against both H1 and H3 subtypes should be preferred for the effective control of the dis-
ease in European pig herds [23].

The lack of effective antiviral drugs for PRRSV and SIV in animal production has
established the prevention and disease control measures as the primary tools to control
spread [24]. Thus, reliable and early diagnosis is critical for the implementation of targeted
disease countermeasures. Prevailing diagnostic assays for the detection of swine viral dis-
eases include some form of PCR, immunoassays, or less frequently, cell culture, hence
requiring centralized laboratories, trained personnel, and significant delays from sam-
pling to diagnosis [25]. As a result, the time between the clinical manifestation of viral
diseases and laboratory confirmation may span from days to weeks, and often diagnosis
does not coincide with the progress of the disease [26].

Point-of-care (POC) devices and tests are used on site to provide clinical information
on health challenging conditions or diagnose diseases [27]. An ideal POC device should
be user-friendly, portable, low-cost, efficient, able to operate with small volumes of com-
plex samples, require minimal handling, enable multiplexing, monitor the health status,
and be able to share information on site [28]. The most common forms of POC tests are
dipstick, strip tests, and lateral flow assays, however, these tests may suffer from low sen-
sitivity and relatively high detection limits [29]. Innovations such as micro- and nano-
fabrication, information and communication technologies, photonics, microfluidics, and
advanced materials have been exploited to improve the current POC devices and tests in
terms of performance and expansion of the panel of measured markers, leading to the
introduction of lab-on-a-chip (LOC) devices [30,31]. Up to the present, conventional diag-
nostic techniques such as PCR, LAMP, and ELISA have been translated to LOC devices
[32-34]. Despite these achievements, most POC diagnostics for animal diseases suffer
from limitations such as cost effectiveness, complexity, extended analytical time, limited
number of targeted analytes, lack of field testing, and improper validation, resulting in
low quality tests frequently entering the market [35].
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In this context, a POC device utilizing microfluidics, photonics, and communication
technologies was developed within the framework of the European Union’s H2020 SWIN-
OSTICS (swine diseases field diagnostics toolbox) project (https://swinostics.eu accessed
on 21 March 2022) for the detection of six major swine viral pathogens: porcine reproduc-
tive and respiratory syndrome virus (PRRSV); swine influenza A (SIV); porcine parvovi-
rus (PPV); porcine circovirus 2 (PCV-2); classical swine fever virus (CSFV), and African
swine fever virus (ASFV). The detection of the viral antigens was mediated by photonic
integrated circuits (PICs) functionalized with polyclonal or monoclonal antibodies as mo-
lecular recognition elements (MREs) [36].

The objectives of this study were to provide the first validation data of the novel POC
device for PRRSV and SIV detection in oral fluid samples and assess the performance of
the device by determining key performance metrics such as the limit of detection (LOD),
sensitivity, specificity, accuracy, precision, positive likelihood ratio (PLR), negative likeli-
hood ratio (NLR), and diagnostic odds ratio (DOR).

2. Materials and Methods
2.1. Samples

PRRSV type 1 Lelystad strain, provided by Professor 1. Bossis (University of Mary-
land, College Park, MD, USA), was propagated in sub-confluent cultures of primary alve-
olar macrophages (PAMs) and maintained in RPMI medium supplemented with 1% glu-
tamine, 10% fetal bovine serum, and 1% antibiotic mixture (100x pen-strep). In a 96-well
plate, 100 uL cell suspension per well were inoculated with 50 puL of 10-fold serial dilu-
tions of PRRS positive sera (tested with reverse transcription PCR) to titrate the sample.
Cytopathic effect (CPE) was observed daily. At day 2 post-inoculation, 25 uL of the su-
pernatant were transferred to freshly seeded PAM cells and CPE was observed every day
(second pass). The cells were incubated at 37 °C and in a 5% CO: atmosphere. Wells in
which PAM cells showed CPE at both passages were considered positive. Finally, the viral
copies per mL of the supernatant were estimated by real-time reverse transcription PCR.

Swine influenza HIN1 and H3N2 field isolates (laboratory confirmation and isola-
tion was conducted at the Department of Pathology, University of Veterinary Medicine,
Budapest) from clinical cases of swine influenza in Hungary were serially propagated in
9-day old embryonated chicken eggs by inoculating 100 pL of the field sample (swabs in
viral transport media) in the chorionic space of eggs. Chorioallantoic fluids were collected
72 h post-inoculation, diluted 1:10 with phosphate buffered saline (PBS) and re-inoculated
on 9-day old embryonated eggs. Chorioallantoic fluids were then collected 48 h post in-
oculation and clarified by high-speed centrifugation. SIV particles were precipitated using
5.5% w/v PEG-6000. Total protein concentration was determined using a spectrophotom-
eter and absorbance values at 215 and 225 nm. Viral precipitates and chorio-allantoic flu-
ids were stored at 80 °C. The viral copies per mL of sample were estimated by real-time
reverse transcription PCR.

Oral fluid samples were retrieved from four countries: Greece, Italy, Hungary, and
Poland. Samples were transported to the laboratory at 4-6 °C and processed within 24 h.
Oral fluids were freeze-thawed, centrifuged at 12,000x g for 10 min and supernatants were
stored at —80 °C. PRRSV functionalized sensors were tested with 37 negative and 38 PRRS
positive samples (17 spiked and 21 clinical positive samples) for the assessment of the
performance of the POC device. Six serial 3-fold dilutions of the reference PRRSV type 1
sample in oral fluids were used for the estimation of the limit of detection (LOD) of the
sensors. SIV functionalized sensors were tested with 17 negative and 17 SIV positive sam-
ples (15 spiked and 2 clinical positive samples). For the estimation of the limit of detection
(LOD), six serial 3-fold dilutions of the reference SIV sample in the oral fluids were used.
The status (negative, positive) of all samples was confirmed in the laboratory using con-
ventional and quantitative reverse transcription PCR (Sections 2.2 and 2.3).

2.2. Conventional Reverse Transcription PCR (RT-PCR) Assays
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Viral PRRSV and SIV RNA were isolated using the PureLink™ Viral RNA/DNA Mini
Kit (Invitrogen, Carlsbad, CA, USA). The RNA isolation protocol was performed accord-
ing to the manufacturer’s instructions using a standard volume of 200 uL per sample.
Nucleic acids from each sample were eluted in 20 pL of elution buffer and stored at —80
°C. Reverse transcription of total RNA to cDNA was performed with random primers
using the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied
Biosystems™, Vilnius, Lithuania) and standard reaction volumes of 20 pL (10 pL sample
and 10 uL kit reagents), according to the manufacturer’s instructions. The cDNA was
stored at —20 °C.

PRRSV ¢cDNA was detected with conventional PCR using three primer sets targeting
the open reading frames (ORF) ORF1b and ORF7 (Table 1). SIV cDNA was detected with
conventional PCR using two primer sets (SIV_Set_1-2, Table 1) targeting the M and NP
genes, respectively. SIV was typed using seven additional primer sets. The primer sets
and products of PRRSV and SIV amplification are presented in Table 1. All conventional
PCR assays were performed in a total volume of 25 pL, consisting of 22.5 uL PCR 1.1 x
SuperMix (Invitrogen, Carlsbad, CA, USA), 0.5 pL of 10 pM forward primer solution, 0.5
uL of 10 pM reverse primer solution, and 1.5 pL of template cDNA. Cycling conditions
were optimized for each primer set (Table 2). PCR products were analyzed in 2% agarose
gel and stained with ethidium bromide. A 100 bp ladder (Thermoscientific, Vilnius, Lith-
uania) was used to assess the amplicon length.

Table 1. Primer sets used in conventional PCR for the detection of PRRSV and SIV.

Amplicon Length

Primer Set Target Region Primer Sequence (5’-3") (bp) Reference
Forward: CCTCCTGTATGAACTTGC Type 1 & Type 2
PRRS_Set_1 ORF1b Reverse: AGGTCCTCGAACTTGAGCTG 255 bp 1371
Forward: CCAGCCAGTCAATCARCTGTG Type 1 & Type 2
PRRS Set 2 ORF7 Reverse: GCGAATCAGGCGCACWGTATG 300 bp 58]
Type 1398 bp
Forward: ATGGCCAGCCAGTCAATCA Type 2 433 bp
PRRS_Set 3 ORE7 Reverse: TCGCCCTAATTGAATAGGTGA (Discriminative [39]
primer set)
M gene (pan-in- Forward: GACCRATCCTGTCACCTCTGAC
SIV_Set_1 fluenza A) Reverse: AGGGCATTYTGGACAAAKCGTCTA 106 bp [40]
NP gene (swine Forward: GCACGGTCAGCACTTATYCTRAG
SIV.Set2 - Muenza) Reverse: GTGRGCTGGGTTTTCATTTGGTC 200 bp [41]
H1 swine type Forward: GTGCTATAAACACCAGCCTYCCA
SIV_Set_3 hemagglutinin Reverse: CGGGATATTCCTTAATCCTGTRGC 116 bp [41]
H3 swine type Forward: CTTGATGGRGMAAAYTGCACA
SIV_Set.4 | smagglutinin Reverse: GGCACATCATAWGGGTAACA 133 bp [42]
H1 avian type Forward: GAAGGRGGATGGACAGGAATGA
SIV_SeLS | emagglutinin  Reverse: CAATTAHTGARTTCACTTTGTTGC 139 bp [42]
SIV Set 6 H pan‘ie?“? he Borward: GGGCATTCACCATCCATCTACT . o
—elb MAgEUM o peverse: CCTCACTTTGGGTCTTATTGCTATTT P 421
(Pandemic 2009)
N1 swine type Forward: AGRCCTTGYTTCTGGGTTGA
SIV5et7  heuraminidase Reverse: ACCGTCTGGCCAAGACCA 126bp 421
N2 swine type Forward: AGTCTGGTGGACYTCAAAYAG
SIV_Set 8 neuraminidase = Reverse: TTGCGAAAGCTTATATAGVCATGA 116bp [42]
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N1 pandemic he-  Forward: GGGACAGACAATAACTTCTCAA-

SIV_Set_9 magglutinin TAAAGC 100 bp [42]
(Pandemic 2009)  Reverse: TTCAGCATCCAGAACTAACAGGGT
Table 2. Cycling conditions for each primer set.
Primer Set Pre-Denaturation Cycles Denaturation at Annealing for Extension at Fmasli(l;];ten-
at 95 °C 94 °C 30sat 72°C
at72°C
PRRS_Set_1 2 min 32 20s 59 °C 40s 1 min
PRRS_Set_2 2 min 32 20's 62 °C 40s 1 min
PRRS_Set 3 2 min 32 20s 57 °C 45s 1 min
SIV Set 1 2 min 32 20s 63 °C 30s 1 min
SIV_Set_2 2 min 32 20s 63 °C 40s 1 min
SIV_Set_3 2 min 32 20s 63 °C 30s 1 min
SIV_Set 4 2 min 32 20s 56 °C 30s 1 min
SIV_Set 5 2 min 32 20s 57 °C 30s 1 min
SIV_Set 6 2 min 32 20s 62 °C 30s 1 min
SIV_Set_7 2 min 32 20's 57 °C 30s 1 min
SIV_Set_8 2 min 32 20s 58 °C 30s 1 min
SIV_Set 9 2 min 32 20s 64 °C 30s 1 min

2.3. Quantitative Reverse Transcription PCR (RT-gPCR) Assays

Quantitative PCR for the detection of viral cDNA isolated from clinical and spiked
samples was performed in triplicate using SYBR Green chemistry and the primer set
PRRS_Set_1 (ORF1b gene) and SIV_Set_1 (M gene) for PRRSV and SIV, respectively. The
reactions were performed in a total volume of 20 uL, consisting of 10 uL 2x PowerUp™
SYBR™ Green Master Mix with 500 nm ROX (Applied Biosystems, Vilnius, Lithuania),
0.5 uL of 10 uM forward primer solution, 0.5 uL of 10 uM reverse primer solution, 1 uL
of template cDNA, and 8 uL H20. Cycling conditions were as follows: Initial activation of
UDG for 2 min at 50 °C, activation of the Dual-Lock polymerase for 2 min at 95 °C, 40
cycles of denaturation at 95 °C for 15 s, and annealing and extension at 60 °C for 1 min.
Data were collected with a 7500 Real Time PCR System and analyzed with 7500 software,
v.2.0.6 (Applied Biosystems). Quantification of the viral load was performed with a stand-
ard curve generated from known amounts of gel purified and sequenced PRRSV and SIV
PCR-amplified cDNA, ranging from 10% to 10> genomes per PCR reaction, in duplicate.
Sequencing was performed to verify the identity of the PCR amplicons and accurately
determine the MW of the fragment. Measurement of the DNA mass was performed using
the Quawell Q5000 (Quawell, San Jose, CA, USA) spectrophotometer. PRRSV and SIV
concentrations were expressed as the viral copy number per mL of sample.

2.4. POC Device, Sensors, and Antibodies

The POC device has been previously described in detail [43]. In brief, the system uti-
lizes photonic integrated circuits (PICs) on silicon nitride, coupled with a tunable laser
and a photodiode. Buffers and samples are propelled by syringes to the sensors through
microfluidic channels (Figure 1). A Peltier element is used to control the temperature. A
microcontroller and an Arduino datalogger are used for the operation of the device and
for data recording, respectively. Users can interact with the device via a mobile applica-
tion interface. Data are recorded on a cloud platform that generates simple yes/no results
in real time, enabling data sharing to authorized personnel/veterinarians. In the absence
of an Internet connection, the results can be stored and uploaded later in the cloud plat-
form. The assay is completed within 60 min. Minimal handling and training are required
for the operation of the device and end-users only need to add pipette tips and samples
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in the device. The device allows for multiplexing, as a sample can be tested simultaneously
for the panel of six swine viral diseases. All modules were integrated into a single device
that had a size of 40 x 50 x 60 cm, weighed 45 kg, and was powered by a single plug
(connected to 220 V socket). The device underwent initial field testing at commercial
swine farms in Greece, Italy, and Hungary.

Figure 1. A—Sample and buffer holder. Pipette tips are pressed against the microfluidic inlet (cir-
cular button on the top area of the holder) to propel the fluids to the sensors. B—Syringe system
that draws and propels fluids, C—Insulating material. Under it lie the sensors on a Peltier surface
that keeps the temperature steady at 25 °C. The optic fibers (tagged cables) of the PICs exit the in-
sulating material through holes.

A detailed description of the sensors has previously been published [44,45]. In short,
photonic integrated circuits (PICs) utilize eight ring resonators split into two blocks con-
sisting of four rings each. In each block, three rings are functionalized with immobilized
antibodies for a given disease on their surfaces (e.g., PRRS or SIV) and the surface of one
ring is blocked with fish gelatin and serves as the reference. Each ring is excited by the
laser at a continuous wavelength in the range of approximately 1.5 nm and only resonates
at a specific wavelength. The resonant wavelength remains trapped in the ring, resulting
in a minimum in the wavelength spectrum, which is detected by the device’s photodiode.
Antibody-antigen interaction results in a localized change in the refractive index, which
extends beyond the sensor’s surface [46], shifting the resonant wavelength of the anti-
body-functionalized rings (Figure 2). Polyclonal anti-PRRS antibody pAb PRSNP11-5 (Al-
pha Diagnostic, San Antonio, TX, USA), which recognizes the PRRSV type 1 nucleocapsid
protein, was used to detect PRRSV in the samples. For the detection of SIV, sensor rings
were functionalized with mAb MA5-17101 (Thermo Fisher Scientific, Waltham, MA, USA)
monoclonal antibodies, which recognize the influenza A virus nucleoprotein. Both anti-
bodies were selected to recognize conserved regions to facilitate the detection of a wide
range of circulating viral strains.
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—
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——
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lIengths (in pm)

Figure 2. Sensors and the principle of viral detection.

2.5. Analysis Protocol and Shift Calculation

The analysis protocol was optimized for the detection of PRRSV and SIV in complex
biological matrices (oral fluids). The analysis protocol for PRRSV included five consecu-
tive steps:

1. The buffer step: The buffer used was MES 0.1 M + 1% w/v BSA, pH = 6, which flowed
for 15 min at a flow rate of 30 uL/min. During this step, the signal was stabilized for
the establishment of a baseline.

2. The sample step: The sample (300 uL) was diluted at a ratio of 1:1 with MES 0.1 M +
1% w/v BSA, pH = 6. The sample flowed for 10 min at a flow rate of 30 uL/min. Bind-
ing of the analytes on the functionalized PIC surfaces occurred during this step.

3. The washing step: The buffer used was MES 0.1 M + 1% w/v BSA, pH = 6, which
flowed for 15 min at a flow rate of 30 pL/min. Unbound viral particles and sample
residues were removed at this step.

4.  The PIC surface regeneration step: The buffer used was 50 mM Glycine + 50% v/v
ethylene glycol, pH = 3, which flowed for 5 min at a flow rate of 30 pL/min. During
this step, PIC surfaces were regenerated by releasing the captured antigens from the
antibodies.

5. The final washing step: The buffer used was MES 0.1 M, pH = 6, which flowed for 5
min at a flow rate of 30 uL/min. In this step, BSA was excluded from the washing
buffer to prevent protein accumulation in the microfluidic channels of the sensors.

A similar protocol, previously described [43], was exploited for the detection of SIV,
with the main difference being the use of PBS + 0.05% v/v Tween 20 + 1% w/v BSA, pH =
7.4, instead of MES 0.1 M + 1% w/v BSA, pH = 6. Outflows were delivered to a waste tank
for UV sterilization.

Shift calculation was performed with a calculation algorithm written in Python,
which is accessible through the mobile application software. The algorithm exploits the
LOWESS algorithm [47] to produce a smoothed scatterplot of mV values (recorded by the
photodiode) versus the laser wavelength values (the excitation wavelength produced by
the tunable laser), allowing for shift calculation in each ring (Figure 2). The resonant shift
(absolute values in pm) of reference rings (immobilized fish gelatin on their surface) is
subtracted from the resonant shift (absolute values in pm) of the antibody-functionalized
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rings to estimate the resonant shift in pm, which is truly attributable to the antigen—anti-
body interactions (Shiftinteraction). Shiftinteraction values greater than 0 are considered as posi-
tive results (i.e., detection of viruses); Shiftinteraction Values equal or less than 0 are consid-
ered as negative results (i.e., absence of viruses).

2.6. Limit of Detection (LOD) Experiments

Reference samples for both PRRSV and SIV were quantified using the previously de-
scribed qPCR assays. To estimate the device’s limit of detection (LOD) for PRRSV, six
serial 3-fold dilutions of the PRRSV reference samples in oral fluids starting from 108 viral
copies/mL were prepared and tested against a total of six sensors. Respectively, to esti-
mate the device’s LOD for SIV, six serial 3-fold dilutions of the SIV reference samples in
oral fluids starting from 107 viral copies/mL were prepared and tested against two sensors.

2.7. Validation and System Performance

LOD shift values (presented in detail in the results section) could not fit to a linear
model, leading to the adoption of a qualitative system with a binary response variable
(positive, negative) for the interpretation of results. The diagnostic performance of the
device was assessed by estimating its sensitivity, specificity, accuracy, precision, positive
likelihood ratio (PLR), negative likelihood ratio (NLR), and diagnostic odds ratio (DOR).
To estimate the numbers of True Positives (TP), True Negatives (TN), False Positives (FP),
and False Negatives (FN), calibrators were classified into three categories as previously
suggested [48]. Positives (P) were considered samples that had Ct vales lower than 30 in
real-time PCR. Low Positives (LP) were considered as samples with Ct values equal or
higher than 30. Negatives were considered as samples that tested negative with conven-
tional and real-time PCR methods. The sensitivity (TP/(TP + FN)), specificity (TN/(FP +
TN)), accuracy ((TP + TN)/(TP + TN + FP + EN)), precision (TP/(TP + FP)), PLR (sensitiv-
ity/(1 - specificity)), and NLR ((1 - sensitivity)/specificity) as well as their 95% confidence
intervals (95% CI) were calculated including both the positive and low positive calibrators
using MedCalc online software (https://www.medcalc.org/calc/diagnostic_test.php, ac-
cessed on 14 March 2022). Finally, DOR ((TP/FP)/(FN/TN)) was calculated to provide a
global estimator, unaffected by disease prevalence, of the discriminative power of the di-
agnostic device, allowing for comparisons between different diagnostic tests [49]. The di-
agnostic odds ratio of a test is the ratio of the odds of positivity in the positive group,
relative to the odds of positivity in the negative group. The positive and negative groups
are defined by the golden standard method. The 95% CI of DOR was calculated by using
the formula Log(DOR) + 1.96SE(Log(DOR)), where SE(Log(DOR)) =(1/TP + 1/TN + 1/FP
+1/FN) [49].

PRRSV samples (37 negative and 38 positive samples) were tested with a total of 20
PRRSV-functionalized PICs. SIV samples (17 negative and 17 positive) were tested with
11 SIV functionalized PICs. The PICs could be used six times without compromising their
performance. Due to minor structural deterioration of the PICs, additional experiments
were not attempted. Each PIC had three functionalized rings for each disease and pro-
vided multiple independent measurements for a single sample. PRRSV-functionalized
rings provided 277 valid results and SIV-functionalized rings provided 100 valid results.
Given that each ring functions independently, the validation of the system performance
was conducted at the ring level.

2.8. Statistical Analysis

Mean shift values from the LOD experiments were plotted against their respective
viral concentrations (in log10 (Viral copies/mL)). A normality check and an independent
samples t-test was conducted to assess any differences in shift values between the spiked
(n =17) and clinical (n = 21) PRRSV positive samples. Receiver operating characteristic
(ROC) curves were drawn and the area under the curve (AUC) and the respective 95%
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confidence intervals (95% CI) for both PRRSV and SIV were calculated. Test outcomes (TP,
TN, FP, and FN) were calculated for each disease using the optimal threshold of the ROC
curve analysis, and subsequently, the diagnostic performance of the PICs was estimated.
The statistical analysis was performed with SPSS v23 software (IBM Corp., Armonk, NY,
USA).

3. Results
3.1. RT-PCR and RT-qPCR Results

Samples were screened with the previously mentioned RT-PCR assays. All samples
included in this study met the following qualification criteria: (i) PRRSV negative samples
should test negative with all three of the PRRSV-specific primer sets; (ii) PRRSV positive
samples should test positive with all three of the PRRSV-specific primer sets and addi-
tionally be typed as PRRSV-1 (PRRSV_set_3); (iii) SIV negative samples should test nega-
tive with both the SIV_set_1 and SIV_set_2 primer sets; and (iv) SIV positive samples
should test positive with both the SIV_set_1 and SIV_set_2 primer sets and additionally
be successfully typed (SIV_set_3-9). The SIV positive samples used in this study belonged
to commonly circulating HIN1 or H3N2 subtypes. All positive samples were quantified
with the SYBR Green RT-qPCR assays. Samples used in the LOD experiments were also
quantified (viral copies/mL of sample) with the RT-qPCR method using the standard
curves produced in this study (Figures 3 and 4).

Standard Curve
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Figure 3. RT-qPCR standard curve using the PRRS_Set_1 (ORF1b gene) primer set and the amplifi-
cation plot with field samples indicated with the black arrow.
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Figure 4. RT-qPCR standard curve using the SIV_Set_1 (M gene) primer set and the amplification
plot with reference samples indicated with the black arrow.

3.2. Limit of Detection (LOD)

In the image below (Figure 5), the shift response in picometers (pm) of the PRRSV-
and SIV-functionalized rings were plotted against the respective viral concentrations
[Loguo (viral copies/mL of sample)] of the samples. The error bars represent the standard
errors of the shifts in each viral concentration. Shift responses tending to zero indicate the
lowest viral concentration of samples that was detectable by the sensors (i.e., the LOD).
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Figure 5. (A) PRRSV and (B) SIV shift responses (in pm) plotted against viral concentrations (Log10
(viral copies/mL)).

The PRRSV- and SIV-functionalized rings showed a LOD of approximately 3.3 x 10°
viral copies/mL and 3.3 x 104 viral copies/mL, respectively, which was determined as the
lowest viral copy number that produced positive shift values. The lower LOD achieved
by SIV sensors may be due to the fact that SIV sensors were produced at a later stage than
the PRRSV sensors, and previous experience was exploited during their manufacture. As
shown in Figure 5, shift responses in pm are not dose-dependent due to the prozone effect.
This phenomenon led to the adoption of a qualitative response (yes or no) system.

3.3. Receiver Operating Characteristic (ROC) Curve

The difference in shift responses for the spiked and clinical PRRSC samples was not
statistically significant (f-test, p-value = 0.067). Thus, for the estimation of the AUC, all 277
and 100 valid shift responses for PRRSV and SIV, respectively, were used. AUC represents
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the chances that the device will correctly distinguish the positive class values from the
negative class values. In the case of PRRSV, an AUC value of 0.812 (95% CI: 0.759 to 0.866,
p <0.0001) and an optimal shift threshold equal to 5.5 pm (83.5% sensitivity, 77.8% speci-
ficity) were achieved (Figure 6). SIV had an AUC value of 0.816 (95% CI: 0.719 to 0.912, p
<0.0001) and an optimal shift threshold equal to 3 pm (81.8% sensitivity and 82.2% speci-
ficity) (Figure 6). In both cases, the optimal thresholds were selected using Youden’s index
(= sensitivity + specificity - 1).
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Figure 6. (A) PRRSV ROC curve, AUC: 0.812, 95% CI: 0.759-0.866, p <0.0001 and (B) SIV ROC curve,
AUC: 0.816, 95% CI: 0.719-0.912, p < 0.0001.

3.4. Validation and System Performance Results

The optimum shift thresholds calculated in the ROC curve analysis were used to clas-
sify the shift responses in the TP, TN, FP, and FN (Table 3) and consequently assess the
performance of the device. The performance metrics (sensitivity, specificity, accuracy, pre-
cision, PLR, NLR, DOR), along with their 95% CI, are shown in Table 4.

Table 3. The screening results for PRRSV and SIV obtained with the novel POC device versus the
RT-PCR results. The number of TP, TN, FP, and EN for each sensor type are presented.

PRRSV —Samples Status (RT-PCR)

Screening results Positives Negatives Total
obtained with the Positives 11 (TP) 32 (FP) 143
novel device Negatives 22 (FN) 112 (TN) 134
Total 133 144 277

SIV—Sample Status (RT-PCR)

Screening results Positives Negatives Total
obtained with the Positives 45 (TP) 8 (FP) 53
novel device Negatives 10 (EN) 37 (IN) 47
Total 55 45 100

Table 4. Performance metrics of the novel POC device for the PRRSV and SIV functionalized sen-
sors.

Performance Met- PRRSV SIV
rics Value 95% CI Value 95% CI
Sensitivity 83.5% 76.03-89.33 81.8% 69.10-90.92
Specificity 77 8% 70.10-84.28 82.2% 67.95-92.00

Accuracy ! 80.5% 75.34-85.00 82% 73.05-88.97
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Precision ! 77 .6% 71.69-82.62 84.9% 74.77-91.43
Positive likelihood 3.76 2.74-515 460 2.43-8.73
ratio
Negatwrzgl:ﬂlh(’(’d 021 0.14-0.31 022 0.12-0.39

D1agnosttlif)odds ra- 17.66 13.98-21.64 20.81 10.66-30.96

! Accuracy and precision values are affected by the prevalence of each disease.

4. Discussion

This study demonstrated that the novel POC device could successfully integrate the
PICs, photonics, microfluidics, and communication technologies for the label-free detec-
tion of PRRSV and SIV in spiked and clinical oral fluid samples. The achieved LOD values
for PRRSV and SIV were 3.3 x 105 viral copies/mL and 3.3 x 10* viral copies/mL, respec-
tively. The diagnostic performance of the POC device was satisfactory at the ring level.
PPRSV-functionalized sensors achieved a sensitivity of 83.5%, specificity of 77.8%, accu-
racy of 80.5%, precision of 77.6%, PLR of 3.76, NLR of 0.21, DOR of 17.66, and AUC values
of 0.812. The respective values for SIV functionalized sensors were 81.8%, 82.2%, 82%,
84.9%, 4.60, 0.22, 20.81, and 0.816. At first glance, SIV-functionalized rings seemed to out-
perform the PRRSV-functionalized rings, however, the 95% CI of all the PRRSV and SIV
metrics overlapped, and the recorded differences were not statistically significant. The
wider 95% CI of the SIV metrics was due to the lower number of observations in the SIV
group.

In another study, an integrated microfluidic platform developed for the multiplex
detection of the anti-PRRSV, -CSFV, and -PCV-2 circulatory antibodies achieved sensitiv-
ities of 89.74%, 96.61%, and 88.89%; specificities of 96.61%, 97.22%, and 98.31%; accuracy
values of 93.88%, 96.84%, and 94.74%; and AUC values of 0.968, 0.992, and 0.989, respec-
tively, when tested with 100 serum samples [34] Nevertheless, the 95% Cls were not pre-
sented in that study and the results could not be directly compared with the results pre-
sented herein as any statistically significant differences could not be established.

In this work, the validation analysis and the calculation of the performance metrics
were conducted at the ring level of the PIC. Each PIC had three rings functionalized for
each targeted analyte (PRRSV or SIV). The device could achieve a much higher perfor-
mance (approximately 90% sensitivity and specificity) at the test level, similar to those of
other studies [34], by compiling the information retrieved by the three functionalized
rings for each virus. This can be undertaken by considering the response of the majority
of the rings as the valid test result. For example, suppose that two out of three rings pro-
vide a “yes” answer and one ring provides a “no” answer. In that case, the valid result at
the test level should be considered as “yes” (i.e., detection of the targeted analyte). Be that
as it may, this approach is far from the original aspiration, which was that a single ring
would suffice for the successful detection of analytes.

Reliable POC testing can be a valuable tool to mitigate swine viral diseases and their
socioeconomic impact. However, POC tests may underperform when implemented by
untrained personnel outside the limits of the well-defined populations of validation stud-
ies. The novel POC device utilizes microfluidics, photonics, and information and commu-
nications technology to automatically detect PRRSV and SIV. The device is operated via a
mobile application and the results are generated in a cloud-based platform. Users must
only add pipette tips and samples to the device, thus minimizing the user-introduced bias
in the photonic measurements. A detailed description on the use of the device has been
previously published [43].

From a biological perspective, the performance of the device depends on the selection
of appropriate antibodies to enhance the efficiency of the bio-recognition event on the
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sensor’s surface. In this work, the polyclonal pAb PRSNP11-S (Alpha Diagnostic) anti-
body, which recognizes the PRRSV type 1 nucleocapsid protein, and monoclonal mAb
MAS5-17101 (Thermo Fisher Scientific) antibody, which recognizes the influenza A virus
nucleoprotein, were selected. Both antibodies were carefully chosen to recognize con-
served viral proteins, which are also expressed in relatively large quantities, to allow for
the detection of a wide range of circulating viral strains. The inclusion of mild detergents
in the sample buffer results in partial disassembly of the virus envelope and matrix pro-
teins, enabling the detection of antigens in the interior of the virion. The validation process
for the selected antibodies has previously been described [45]. In the initial version of the
PIC sensors used in this study, antibodies were not immobilized in an oriented way (bind-
ing of the antibody Fc region on the sensor surface). Despite the random immobilization,
the number of antibodies used was sufficient for the bio-recognition event to take place.

The LOD values achieved in this study were satisfactory for the diagnosis of clinical
cases for both PRRSV (LOD of 3.3 x 105 viral copies/mL) and SIV (LOD of 3.3 x 104 viral
copies/mL). The samples were used directly in the device without a pre-treatment/enrich-
ment step, except for filtering with syringe filters to remove large particulate matter that
could block the microfluidic channels. In comparison, a PCR and a RT-LAMP assay, which
were translated into microfluidic chips (LOC devices), achieved LOD values of 10° cop-
ies/mL and 103-10* copies/mL, respectively [32,33]. However, both assays required a sam-
ple pre-treatment step (isolation of nucleic acids).

ROC curves were used to establish a signal threshold and consequently classify shift
responses to positives or negatives. The thresholds were defined using Youden’s index to
achieve the optimum performance of the device. ROC curves can be practical tools to as-
sess the sensitivity—specificity tradeoff of diagnostic assays. Specifically, ROC curves can
help to establish the desired levels of sensitivity or specificity based on disease character-
istics and epidemiology. For example, in the case of POC testing for African swine fever,
sensitivity (or in other words high negative predictive value) is a priority, considering the
socioeconomic impact of the disease. The use of Youden'’s index resulted in shift thresh-
olds of 5.5 pm and 3 pm for PRRSV and SIV, respectively. The achieved sensitivity for
PRRSV was 83.5% (95% CI: 76.03-89.33%) and for SIV 81.8% (95% CI: 69.10-90.92%). The
achieved specificity for PRRSV was 77.8% (95% CI: 70.10-84.28%) and for SIV was 82.2%
(95% CI: 67.95-92.00%). Although the achieved sensitivities and specificities may seem
suboptimal, it is important to note that low positive calibrators (samples with low copy
number and Ct values equal to or larger than 30) were included in the study to avoid the
spectrum bias, which tends to overestimate the performance of the device [50]. Addition-
ally, PCR, a highly sensitive and specific method which is currently the diagnostic “golden
standard” in veterinary practice for viral diseases, was used as the reference method, thus
a lower performance was expected.

Sensitivity and specificity are intrinsic test characteristics and easily understood met-
rics in general; however, their values may change when the test is carried out in a different
setting and/or different populations and these metrics do not suffice to assess the post-test
probability and interpret the test results [50]. Additionally, the assessment of the perfor-
mance of a diagnostic test should concurrently take under consideration the sensitivity
and specificity. To provide a more complete view on the performance of a diagnostic de-
vice, other performance metrics should also be evaluated.

Accuracy of a diagnostic test is defined as the proportion of true classifications out of
all classifications and includes the estimates of pre- and post-test probabilities. PRRSV and
SIV had an accuracy of 80.5% (95% CI: 75.34-85.00%) and 82% (95% CI: 73.05-88.97%).
Accuracy is handy to evaluate diagnostic tests using a single metric, but is slightly affected
by disease prevalence (in both the PRRSV- and SIV-functionalized rings accuracy was af-
fected less than 1% by prevalence) and weighs the effect of false positives and false nega-
tives equally. Consequently, comparisons of diagnostic performance solely based on ac-
curacy can be misleading.
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The novel POC device had precision values of 77.6% (95% CI: 71.69-82.62%) and
84.9% (95% CI: 74.77-91.43%) for PRRSV and SIV, respectively. The difference in precision
between PRRSV and SIV was not statistically significant (overlapping 95% Cls) and the
higher precision values of SIV were due to the higher prevalence (55% in the SIV group
vs. 48.01% in the PRRSV group) of positives in the SIV group. Increased prevalence in the
screened population increased precision (TP/(TP + FP)) by reducing FP, as less negatives
were tested. Vice versa, low prevalence resulted in reduced precision (by increasing the
FP). For example, two SARS-CoV-2 nucleic acid amplification tests achieved precision val-
ues of 61.8-89.8% and 20.1-73.8% in a low-prevalence (0.14-0.41%) setting [51]. Both pre-
cision and negative predictive values are highly sensitive to prevalence, making them un-
suitable for the evaluation of different diagnostic tests. The lack of epidemiological data
and surveillance of swine viral diseases and the differences in disease prevalence between
animal groups, farms, regions, and/or countries render precision and negative predictive
values impractical for the estimation of post-test probability in animal POC diagnostics.

To counter this issue, prevalence-independent diagnostic performance metrics such
as PLR and NLR have been suggested. PLR and NLR are useful metrics to link the pre-
and post-test probabilities of a diagnostic test by showing how many times more likely a
particular test result is in the “diseased” group in comparison with the “healthy” group.
A PLR greater than 1 indicates that the test result is associated with the presence of the
disease and an NLR of less than 1 indicates that the test result is associated with the ab-
sence of the disease [52]. Likelihood ratios above 10 or less than 0.1 are considered as suf-
ficient to rule in or rule out a disease, respectively [52]. PRRSV had PLR and NLR values
of 3.76 (95% CI: 2.74-5.15) and 0.21 (95% CI: 0.14-0.31), respectively. SIV had PLR and
NLR values of 4.60 (95% CI: 2.43-8.73) and 0.22 (95% CI: 0.12-0.39), respectively. Although
the achieved PLR and NLR values for both viruses were not perfect, the 95% CIs did not
include the value of 1, making the findings statistically significant.

DOR is unlikely to be a test-specific constant, nevertheless, it is a global measure of
the diagnostic performance, which can be useful in comparisons of tests across popula-
tions regardless of the disease prevalence and is also suitable for meta-analyses [49]. DOR
values range from 0 to infinity. Values lower than 1 suggest improper test interpretation,
avalue of 1 means that the test is not able to discriminate the diseased and healthy groups,
and values higher than 1 indicate a better test performance. The novel POC device
achieved DOR values of 17.66 (95% CI 13.98-21.64) and 20.81 (95% CI 10.66-30.96) for
PRRSV and SIV, respectively. For both viruses, DOR values were statistically significant
higher than 1, indicating that the POC device could successfully discriminate positives
from negatives. Despite the usefulness of DOR, the metric depends on the spectrum of the
disease (low positives), is not defined in 2 x 2 tables that contain zeros, and two tests with
identical DOR can have different sensitivity and specificity [49].

At this point, it is important to underline that the calculation of the different metrics
of diagnostic performance is required to provide a full view of a diagnostic test’s utility.
Validation studies of POC devices should also provide the framework of decision making
after interpreting the test results. To do so, a detailed description of the disease and its
clinical manifestation, epidemiological data, and surveillance systems are required, alt-
hough acquisition of this information is rather expensive and time consuming. This often
results in POC tests successfully validated in the laboratory being rendered ineffective in
practice, as the proper tool is not used in the proper framework and setting. For example,
a test with 95% sensitivity and 95% specificity would achieve values of a positive predic-
tive value, which is the most useful performance metric for veterinary medicine practi-
tioners, of only 50% for a disease with 5% prevalence in the population. This means that
the hypothetical test is not appropriate to rule in the disease, given a positive result.

Most POC tests do not undergo sufficient validation with field trials and clinical util-
ity evaluation, thus giving little financial incentive for their commercial exploitation due
to the high risk of failure of novel diagnostic tests [53]. This phenomenon is exaggerated
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in animal production, as the slim profit margin of both farmers, and consequently com-
mercial companies, does not provide the necessary financial incentives for the research
and development of novel POC devices.

Considering the above, we suggest that the validation of novel POC diagnostics for
animal diseases should focus on three points; (i) Proof of concept experiments with refer-
ence samples; (ii) extensive laboratory testing with negative and positive samples that
represent the whole spectrum of the disease for the calculation of the performance metrics
of the device; and (iii) field testing to investigate the utility of the device for stakeholders.
The novel POC device underwent limited field testing, nonetheless, this work focuses on
the proof-of-concept of the novel POC system and the first laboratory experiments with
complex sample matrices (oral fluids).

Overall, the POC device is a promising tool for the sensitive and specific detection of
swine viral pathogens. Over the last years, there has been an increased research interest
in photonics for the detection of pathogens and other analytes. To our knowledge, this
novel POC tool is the first attempt to detect viral pathogens using PICs. PICs and emerg-
ing technologies such as advanced materials, communications, microfluidics, and micro-
fabrication can be integrated into user-centered, compact, lab-on-a-chip devices, allowing
for the translation of laboratory techniques into POC devices for field use. Microfabrica-
tion facilitates the production of sensors at the um or even the nm scale for the transduc-
tion of interactions of biomolecules into measurable signals. PICs fabricated with this tech-
nology are ultra-sensitive to refractive index changes, providing a robust platform for the
detection of swine diseases.

The POC device introduces, for the first time, the previously mentioned cutting-edge
technologies into POC diagnostics, paving the way for future applications and devices.
This system can reduce screening costs and minimize the time required for the diagnosis
of viral diseases. More specifically, current cost estimates are EUR 0.60 per sample and
the device can simultaneously analyze up to four samples within approximately 1 h. The
device can be utilized at farms for the diagnosis of PRRSV and SIV to evaluate the health
status of animals, slightly prior to the onset of disease given the acceptable LOD values,
and support evidence-based disease control strategies. Moreover, the device could be ex-
ploited for screening purposes at border checkpoints or during the purchase of animals.

The device uses oral fluid samples for the detection of PRRSV and SIV. Oral fluids
are non-intrusive samples, easy to collect, suitable for herd screening, and cost effective
[54-56]. Following adaptions in the analysis protocol such as sample pre-treatment, dif-
ferent dilution factors, and the use of alternative buffers, the device can be used with al-
ternative samples such as blood sera, swabs, and feces. The use of antibodies that recog-
nize other antigens (viruses, circulatory antibodies, etc.) would widen the panel of ana-
lytes that could be detected with the novel POC device and enable further multiplexing.

Although the presented results are promising, the device failed to quantify samples,
as clearly presented in the LOD experiments. Quantification could be greatly improved
by increasing the PIC uniformity and immobilizing antibodies on sensor surfaces in an
oriented way. In a previous validation study for PPV and PCV-2 using the same device,
the PPV and PCV-2 AUC values could be improved from 0.820 and 0.742 to 0.892 and
0.788, respectively, just by excluding a low performing PIC [43]. Another limitation of the
study is that the 95% CI for each performance metric, especially for SIV, was relatively
wide. Increasing the number of tested samples could reduce the 95% ClIs and provide a
much more precise view of the performance of the device.

Future research should focus on three key aspects: MREs, PICs, and increasing the
tested sample size. MREs that recognize different antigen epitopes could be used to iden-
tify different viral strains, viruses, and other analytes to both widen the panel of detectable
diseases and improve the performance of the device. Epidemiological surveillance is re-
quired to constantly employ antibodies that recognize the majority of circulating viral
strains. Furthermore, antibodies should be immobilized on sensors in an oriented way to
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improve the performance of the device and its quantification capabilities, whereas the im-
mobilization of both the antibodies (for functionalized rings) and the blocking proteins
(for reference rings) using 3D microprinters can reduce the signal background and refine
the signal resolution. The tolerances in the manufacturing of PICs can be reduced by the
standardization of materials and procedures and the completely automated PIC fabrica-
tion. Future studies should include more sample types and an increased number of tests
to reduce the level of uncertainty and unveil any system/sensor limitations that were not
detected in this study. Finally, extensive field validation is required to increase the tech-
nology readiness level (TRL) of the device and successfully translate the research results
into a commercial POC device.

5. Conclusions

POC diagnostic devices can potentially reduce the time and costs required for the
diagnosis of swine viral diseases, and at the same time enable rapid and local decision
making for the implementation of evidence-based disease control measures. The novel
device presented in this study is a promising tool with satisfactory performance that inte-
grates photonics, microfluidics, and information and communications technology into a
single, portable device, paving the way for the next generation of animal POC diagnostics.
Future research will reduce the current system limitations and increase the TRL of the
device for successful commercialization. The use of the device for other diseases (multi-
plexing) as well can contribute to the further optimization of livestock biosecurity.

Author Contributions: Conceptualization, G.M. and 1.B.; Methodology, G.M. and LB.; Software,
G.M,; Validation, GM., M.F,, LN, M.B,, L.D., B.G. and L.B.; Formal analysis, G.M. and L.B.; Investi-
gation, GM., M.F,, GW, LN, M.B, L.D,, B.G,, A.G. (Amadeu Griol), C.S. (Clare Squires), S.R., C.S.
(Carlos Sanchez) and 1.B.; Resources, A.G. (Amadeu Griol), C.S. (Clare Squires), S.R., C.S. (Carlos
Sanchez), A.G. (Alessandro Giusti) and 1.B.; Data curation, G.M. and 1.B.; Writing —original draft
preparation, G.M. and L.B.; Writing—review and editing, G.M., B.G., A.L.G. and I.B.; visualization,
G.M. and I.B.; supervision, A.G. (Alessandro Giusti) and L.B.; project administration, A.G. (Ales-
sandro Giusti) and I.B.; Funding acquisition, A.G. (Alessandro Giusti) and I.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the EU’s H2020 SWINOSTICS project under the grant agree-
ment ID 771649.

Institutional Review Board Statement: An exemption letter was received from the research ethics
committee of the Agricultural University of Athens. Ethical review and approval were waived for
this study. The SWINOSTICS research (funded by the EU’s H2020 program, grant agreement ID:
771649) is classified as an exception from the EU Research Directive (2010/63/EU, Art 1.5). The study
was conducted in compliance with the national animal welfare regulations (i.e., the Presidential
Decree 56/13 “Bringing Greek legislation into line with Directive 2010/63/EC of the European Par-
liament and of the Council of 22nd September 2010 (L 276/33/20.10.2010) regarding the protection
of animals used for experimental and other scientific purposes”). The applied diagnostic procedures
were not within the context of relevant EU legislation for animal experimentations (Directive
86/609/EC) and may be performed in order to diagnose animal diseases and improve animal wel-
fare.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article. Raw
data supporting this study are available from the corresponding author upon reasonable request.

Acknowledgments: Atanas Terziev is acknowledged for providing technical support and assem-
bling the POC device. Christos Mourouzis is acknowledged for designing the device’s software.

Conflicts of Interest: The authors declare no conflict of interest. The funders (EU Horizon 2020 Pro-
gram) had no role in the design of the study; in the collection, analyses, or interpretation of data; in
the writing of the manuscript, or in the decision to publish the results.



Viruses 2022, 14, 988 19 of 21

References

1. Maes, D.G.D.; Dewulf, J.; Pifieiro, C.; Edwards, S.; Kyriazakis, I. A critical reflection on intensive pork production with an
emphasis on animal health and welfare. ]. Anim. Sci. 2020, 98, S15-526. https://doi.org/10.1093/jas/skz362.

2. Wang, H,; Long, W.; Chadwick, D.; Velthof, G.L.; Oenema, O.; Ma, W.; Wang, J.; Qin, W.; Hou, Y.; Zhang, F. Can dietary
manipulations improve the productivity of pigs with lower environmental and economic cost? A Global meta-analysis. Agric.
Ecosyst. Environ. 2020, 289, 106748. https://doi.org/10.1016/j.agee.2019.106748.

3. VanderWaal, K.; Deen, J. Global trends in infectious diseases of swine. Proc. Natl. Acad. Sci. USA 2018, 115, 11495-11500.
https://doi.org/10.1073/pnas.1806068115.

4. Morgan, N.; Prakash, A. International livestock markets and the impact of animal disease. OIE Rev. Sci. Tech. 2006, 25, 517-528.
https://doi.org/10.20506/rst.25.2.1685.

5. Perry, B.D.; Grace, D.; Sones, K. Current drivers and future directions of global livestock disease dynamics. Proc. Natl. Acad. Sci.
USA 2013, 110, 20871-20877. https://doi.org/10.1073/pnas.1012953108.

6. Kedkovid, R;; Sirisereewan, C.; Thanawongnuwech, R. Major swine viral diseases: An Asian perspective after the african swine
fever introduction. Porc. Health Manag. 2020, 6, 20.

7. Fila, M.; Wozniakowski, G. African swine fever virus—The possible role of flies and other insects in virus transmission. J. Vet.
Res. 2020, 64, 1-7.

8. Sun, Y,; Luo, Y.; Wang, C.H.,; Yuan, J.; Li, N.; Song, K.; Qiu, H.J. Control of swine pseudorabies in china: Opportunities and
limitations. Vet. Microbiol. 2016, 183, 119-124.

9. Dixon, LK, Stahl, K;; Jori, F.; Vial, L.; Pfeiffer, D.U. African swine fever epidemiology and control. Annu. Rev. Anim. Biosci 2020,
8, 221-267. https://doi.org/10.1146/annurev-animal-021419.

10. Dixon, L.K.; Sun, H.; Roberts, H. African swine fever. Antivir. Res. 2019, 165, 34-41.

11. Fang, Y.; Snijder, E.J. The PRRSV replicase: Exploring the multifunctionality of an intriguing set of nonstructural proteins. Virus
Res. 2010, 154, 61-76. https://doi.org/10.1016/j.virusres.2010.07.030.

12. Meulenberg, J.].M. PRRSV, the virus. Vet. Res. 2000, 31, 11-21.

13.  Dokland, T. The structural biology of PRRSV. Virus Res. 2010, 154, 86-97. https://doi.org/10.1016/j.virusres.2010.07.029.

14. Kappes, M.A.; Faaberg, K.S. PRRSV structure, replication and recombination: Origin of phenotype and genotype diversity.
Virology 2015, 479-480, 475-486. https://doi.org/10.1016/j.virol.2015.02.012.

15. Chand, RJ.; Trible, B.R.; Rowland, R.R.R. Pathogenesis of porcine reproductive and respiratory syndrome virus. Curr. Opin.
Virol. 2012, 2, 256-263. https://doi.org/10.1016/j.coviro.2012.02.002.

16. Holtkamp, D.J.; Kliebenstein, ].B.; Neumann, E.J.; Zimmerman, J.J.; Rotto, H.F.; Yoder, T.K.; Wang, C.; Yeske, P.E.; Mowrer, C.L.;
Haley, C.A. Assessment of the economic impact of porcine reproductive and respiratory syndrome virus on United States pork
producers. J. Swine Health Prod. 2013, 21, 72-84.

17. Corzo, C.A.; Mondaca, E.; Wayne, S.; Torremorell, M.; Dee, S.; Davies, P.; Morrison, R.B. Control and elimination of porcine
reproductive and respiratory syndrome virus. Virus Res. 2010, 154, 185-192.

18. Cho, J.G,; Dee, S.A. Porcine reproductive and respiratory syndrome virus. Theriogenology 2006, 66, 655-662.
https://doi.org/10.1016/j.theriogenology.2006.04.024.

19. Olsen, C.W. The emergence of novel swine influenza viruses in North America. Virus Res. 2002, 85, 199-210.
https://doi.org/10.1016/50168-1702(02)00027-8.

20. Vincent, A.L..; Ma, W.; Janke, B.H.; Lager, K.M.; Richt, J.A. Chapter 3 swine influenza viruses. Adv. Virus Res. 2008, 72, 127-154.
https://doi.org/10.1016/s0065-3527(08)00403-x.

21. Wang, T.T.; Palese, P. Unraveling the mystery of swine influenza virus. Cell 2009, 137, 983-985.
https://doi.org/10.1016/j.cell.2009.05.032.

22. Kuntz-Simon, G.; Madec, F. Genetic and antigenic evolution of swine influenza viruses in Europe and evaluation of their
zoonotic potential. Zoonoses Public Health 2009, 56, 310-325. https://doi.org/10.1111/j.1863-2378.2009.01236.x.

23. Kothalawala, H.; Toussaint, M.].M.; Gruys, E.; Kothalawala, H. An overview of swine influenza. Vet. Q. 2006, 28, 45-53.
https://doi.org/10.1080/01652176.2006.9695207.

24. Belak, S. Molecular diagnosis of viral diseases, present trends and future aspects. A view from the OIE collaborating centre for
the application of polymerase chain reaction methods for diagnosis of viral diseases in veterinary medicine. Vaccine 2007, 25,
5444-5452. https://doi.org/10.1016/j.vaccine.2006.11.068.

25. Foudeh, A.M.; Fatanat Didar, T.; Veres, T.; Tabrizian, M. Microfluidic designs and techniques using lab-on-a-chip devices for
pathogen detection for point-of-care diagnostics. Lab Chip 2012, 12, 3249-3266. https://doi.org/10.1039/c21c40630f.

26. Manessis, G.; Gelasakis, A.; Bossis, I. The challenge of introducing point of care diagnostics in farm animal health management.
Biomed. ]. Sci. Tech. Res. 2019, 14, 10-13. https://doi.org/10.26717/bjstr.2019.14.002601.

27. Cummins, B.M,; Ligler, F.S.; Walker, G.M. Point-of-care diagnostics for niche applications. Biotechnol. Adv. 2016, 34, 161-176.
https://doi.org/10.1016/j.biotechadv.2016.01.005.

28. Zarei, M. Portable biosensing devices for point-of-care diagnostics: Recent developments and applications. TrAC—Trends Anal.
Chem. 2017, 91, 26-41.

29. Busin, V.; Wells, B.; Kersaudy-Kerhoas, M.; Shu, W.; Burgess, S.T.G. Opportunities and challenges for the application of

microfluidic  technologies in point-of-care veterinary diagnostics. Mol. Cell.  Probes 2016, 30, 331-341.
https://doi.org/10.1016/j.mcp.2016.07.004.



Viruses 2022, 14, 988 20 of 21

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Luppa, P.B.; Miiller, C.; Schlichtiger, A.; Schlebusch, H. Point-of-care testing (POCT): Current techniques and future
perspectives. TrAC—Trends Anal. Chem. 2011, 30, 887-898. https://doi.org/10.1016/j.trac.2011.01.019.

Vashist, S.K.; Luppa, P.B.; Yeo, L.Y.; Ozcan, A.; Luong, ].H.T. Emerging technologies for next-generation point-of-care testing.
Trends Biotechnol. 2015, 33, 692-705. https://doi.org/10.1016/j.tibtech.2015.09.001.

Jiang, Y.; Jiang, S.; Wu, Y.; Zhou, B.; Wang, K,; Jiang, L.; Long, Y.; Chen, G.; Zeng, D. Multiplex and on-site PCR detection of
swine diseases based on the microfluidic chip system. BMC Vet. Res. 2021, 17, 117. https://doi.org/10.1186/s12917-021-02825-w.
Zhou, L.; Chen, Y.; Fang, X,; Liu, Y.; Du, M,; Lu, X,; Li, Q.; Sun, Y.; Ma, |J.; Lan, T. Microfluidic-RT-LAMP chip for the point-of-
care detection of emerging and re-emerging enteric coronaviruses in swine. Anal. Chim. Acta 2020, 1125, 57-65.
https://doi.org/10.1016/j.aca.2020.05.034.

Fu, Y.; Li, W; Dai, B.; Zheng, L.; Zhang, Z.; Qi, D.; Cheng, X.; Zhang, D.; Zhuang, S. Diagnosis of mixed infections with swine
viruses using an integrated microfluidic  platform.  Sems.  Actuators B Chem. 2020, 312, 128005.
https://doi.org/10.1016/j.snb.2020.128005.

Hobbs, E.C.; Colling, A.; Gurung, R.B.; Allen, J. The potential of diagnostic point-of-care tests (POCTs) for infectious and
zoonotic animal diseases in developing countries: Technical, regulatory and sociocultural considerations. Transbound. Emerg.
Dis. 2021, 68, 1835-1849. https://doi.org/10.1111/tbed.13880.

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. Semsors 2019, 19, 407.
https://doi.org/10.3390/s19020407.

Gilbert, S.A.; Larochelle, R.; Magar, R.; Cho, H.].; Deregt, D. Typing of porcine reproductive and respiratory syndrome viruses
by a multiplex PCR assay. J. Clin. Microbiol. 1997, 35, 264-267. https://doi.org/10.1128/jcm.35.1.264-267.1997.

Donadeu, M.; Arias, M.; Gomez-Tejedor, C.; Aguero, M.; Romero, L.J.; Christianson, W.T.; Sanchez-Vizcaino, ].M. Using
polymerase chain reaction to obtain PRRSV-Free piglets from endemically infected herds. J. Swine Health Prod. 1999, 7, 255-261.
Choi, EJ.; Lee, CH.; Hyun, B.H,; Kim, J.J.; Lim, S.I; Song, J.Y.; Shin, Y.K. A survey of porcine reproductive and respiratory
syndrome among wild boar populations in Korea. J. Vet. Sci. 2012, 13, 377-383. https://doi.org/10.4142/jvs.2012.13.4.377.
De-Paris, F.; Beck, C.; Machado, A.B.M.P.; Paiva, R.M.; da Silva Menezes, D.; de Souza Nunes, L.; Kuchenbecker, R.; Barth, A.L.
Optimization of one-step duplex real-time RT-PCR for detection of influenza and respiratory syncytial virus in nasopharyngeal
aspirates. J. Virol. Methods 2012, 186, 189-192. https://doi.org/10.1016/j.jviromet.2012.07.008.

Klungthong, C.; Chinnawirotpisan, P.; Hussem, K.; Phonpakobsin, T.; Manasatienkij, W.; Ajariyakhajorn, C.; Rungrojcharoenkit,
K.; Gibbons, R.V.; Jarman, R.G. The impact of primer and probe-template mismatches on the sensitivity of pandemic influenza
A/HIN1/2009 virus detection by real-time RT-PCR. J. Clin. Virol. 2010, 48, 91-95. https://doi.org/10.1016/j.jcv.2010.03.012.
Bonin, E.; Quéguiner, S.; Woudstra, C.; Gorin, S.; Barbier, N.; Harder, T.C.; Fach, P.; Hervé, S.; Simon, G. Molecular subtyping
of european swine influenza viruses and scaling to high-throughput analysis. Virol. ]J. 2018, 15, 1-18.
https://doi.org/10.1186/5s12985-018-0920-z.

Manessis, G.; Mourouzis, C.; Griol, A.; Zurita-Herranz, D.; Peransi, S.; Sanchez, C.; Giusti, A.; Gelasakis, A.L.; Bossis, 1.
Integration of microfluidics, photonic integrated circuits and data acquisition and analysis methods in a single platform for the
detection of swine viral diseases. Animals 2021, 11, 3139. https://doi.org/10.3390/ani11113193.

Griol, A.; Peransi, S.; Rodrigo, M.; Hurtado, J.; Bellieres, L.; Ivanova, T.; Zurita, D.; Carles, S.; Recuero, S.; Hern, A.; et al. Design
and development of photonic biosensors for swine viral diseases detection. Semsors 2019, 19, 3985.
https://doi.org/10.3390/s19183985.

Gomez-Goémez, M.; Sanchez, C.; Peransi, S.; Zurita, D.; Bellieres, L.; Recuero, S.; Rodrigo, M.; Simén, S.; Camarca, A.; Capo, A.;
et al. Photonic label-free biosensors for fast and multiplex detection of swine viral diseases. Sensors 2022, 22, 708.
https://doi.org/10.3390/s22030708.

Mudumbea, S.; de Alba, S.; Romero, R.; Cherwien, C.; Wu, A.; Wang, J.; Gleeson, M.A; Igbal, M.; Burlingame, R.W. Photonic
ring resonance is a versatile platform for performing multiplex immunoassays in real time. J. Immunol. Methods 2017, 448, 34—
43. https://doi.org/10.1016/j.jim.2017.05.005.

Cleveland, W.S. Robust locally weighted regression and smoothing scatterplots. |. Am. Stat. Assoc. 1979, 74, 829-836.
https://doi.org/10.1080/01621459.1979.10481038.

Rabenau, H.F.; Kessler, H.H.; Kortenbusch, M.; Steinhorst, A.; Raggam, R.B.; Berger, A. Verification and validation of diagnostic
laboratory tests in clinical virology. J. Clin. Virol. 2007, 40, 93-98. https://doi.org/10.1016/j.jcv.2007.07.009.

Glas, A.S.; Lijmer, J.G.; Prins, M.H.; Bonsel, G.J.; Bossuyt, PM.M. The diagnostic odds ratio: A single indicator of test
performance. . Clin. Epidemiol. 2003, 56, 1129-1135. https://doi.org/10.1016/S0895-4356(03)00177-X.

Pewsner, D.; Battaglia, M.; Minder, C.; Marx, A.; Bucher, H.C.; Egger, M. Ruling a diagnosis in or out with “SpPIn” and
“SnNOut”: A note of caution. Br. Med. ]. 2004, 329, 209-213. https://doi.org/10.1136/bm;j.329.7459.209.

Skittrall, J.P.; Wilson, M.; Smielewska, A.A.; Parmar, S.; Fortune, M.D.; Sparkes, D.; Curran, M.D.; Zhang, H.; Jalal, H. Specificity
and positive predictive value of SARS-CoV-2 nucleic acid amplification testing in a low-prevalence setting. Clin. Microbiol. Infect.
2021, 27, 469.e9-469.e15. https://doi.org/10.1016/j.cmi.2020.10.003.

Deeks, ].J.; Altman, D.G. Diagnostic tests 4: Likelihood ratios. Bmj 2004, 329, 168-169. https://doi.org/10.1136/bmj.329.7458.168.
Kumar, A.A; Hennek, ] W.; Smith, B.S.; Kumar, S.; Beattie, P.; Jain, S.; Rolland, J.P.; Stossel, T.P.; Chunda-Liyoka, C.; Whitesides,
G.M. From the bench to the field in low-cost diagnostics: Two case studies. Angew. Chem.-Int. Ed. 2015, 54, 5836-5853.
https://doi.org/10.1002/anie.201411741.



Viruses 2022, 14, 988 21 of 21

54. Henao-Diaz, A.; Giménez-Lirola, L.; Baum, D.H.; Zimmerman, J. Guidelines for oral fluid-based surveillance of viral pathogens
in swine. Porc. Health Manag. 2020, 6, 28. https://doi.org/10.1186/s40813-020-00168-w.

55. Zimmerman, J.; Bjustrom-Kraft, J.; Christopher-Hennings, J.; Daly, R.; Main, R.; Torrison, J.; Thurn, M.; Zimmerman DVM, ]J.
The use of oral fluid diagnostics in swine medicine. |. Swine Health Prod. 2018, 26, 262-269.

56. Ramirez, A.; Wang, C.; Prickett, ].R.; Pogranichniy, R.; Yoon, K.J.; Main, R.; Johnson, ].K.; Rademacher, C.; Hoogland, M.;
Hoffmann, P.; et al. Efficient surveillance of pig populations using oral fluids. Prev. Vet. Med. 2012, 104, 292-300.
https://doi.org/10.1016/j.prevetmed.2011.11.008.



