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Multisystem inflammatory syndrome in children (MIS-C) is a rare but serious
condition that can develop 4–6 weeks after a school age child becomes
infected by SARS-CoV-2. To date, in the United States more than 8,862 cases
of MIS-C have been identified and 72 deaths have occurred. This syndrome
typically affects children between the ages of 5–13; 57% are Hispanic/Latino/
Black/non-Hispanic, 61% of patients are males and 100% have either tested
positive for SARS-CoV-2 or had direct contact with someone with COVID-19.
Unfortunately, diagnosis of MIS-C is difficult, and delayed diagnosis can lead to
cardiogenic shock, intensive care admission, and prolonged hospitalization. There
is no validated biomarker for the rapid diagnosis of MIS-C. In this study, we used
Grating-coupled Fluorescence Plasmonic (GCFP) microarray technology to
develop biomarker signatures in pediatric salvia and serum samples from
patients with MIS-C in the United States and Colombia. GCFP measures
antibody-antigen interactions at individual regions of interest (ROIs) on a gold-
coated diffraction grating sensor chip in a sandwich immunoassay to generate a
fluorescent signal based on analyte presence within a sample. Using a microarray
printer, we designed a first-generation biosensor chip with the capability of
capturing 33 different analytes from 80 μL of sample (saliva or serum). Here,
we show potential biomarker signatures in both saliva and serum samples in six
patient cohorts. In saliva samples, we noted occasional analyte outliers on the chip
within individual samples and were able to compare those samples to 16S RNA
microbiome data. These comparisons indicate differences in relative abundance
of oral pathogens within those patients. Microsphere Immunoassay (MIA) of
immunoglobulin isotypes was also performed on serum samples and revealed
MIS-C patients had several COVID antigen-specific immunoglobulins that were
significantly higher than other cohorts, thus identifying potential new targets for
the second-generation biosensor chip. MIA also identified additional biomarkers
for our second-generation chip, verified biomarker signatures generated on the
first-generation chip, and aided in second-generation chip optimization.
Interestingly, MIS-C samples from the United States had a more diverse and
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robust signature than the Colombian samples, which was also illustrated in the MIA
cytokine data. These observations identify new MIS-C biomarkers and biomarker
signatures for each of the cohorts. Ultimately, these tools may represent a potential
diagnostic tool for use in the rapid identification of MIS-C.
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Introduction

Acute pediatric SARS-CoV-2 infections, although usually mild,
have hospitalized over 150,000 children since the coronavirus disease-
2019 (COVID-19) pandemic began (https://covid.cdc.gov/covid-data-
tracker/#new-hospital-admissions). In rare instances, two to 6 weeks
after an acute infection, children can develop a severe inflammatory
disorder known as multisystem inflammatory syndrome in children
(MIS-C) (Guimarães et al., 2021; Radia et al., 2021). The syndrome is
non-specific and is associated with, but not limited to, the following
symptoms: abdominal pain, diarrhea, vomiting, rashes, red eyes, red or
swollen hands/feet, red cracked lips, cough, sore throat, fever,
cardiovascular dysfunction, and respiratory dysfunction (Feldstein
et al., 2020; Ramaswamy et al., 2020; Guimarães et al., 2021; Radia
et al., 2021; Algarni and Alghamdi. 2022). According to the CDC as of
30 January 2023 in theUS there have been 9,344MIS-C patients (“CDC
COVID Data Tracker: Multisystem Inflammatory Syndrome in
Children (MIS-C)” n.d.). Half of children with MIS-C are admitted
to the intensive care unit (ICU) and 76 children have died fromMIS-C.
Unfortunately, MIS-C symptoms and the associated immune response
mimics other inflammatory diseases. For example, Kawasaki disease (an
acute and self-limited vasculitis of unknown etiology) shares many
clinical and laboratory markers with MIS-C (e.g., fever, rash, red eyes,
inflammatory markers) leading to misdiagnosis and delaying definitive
management (Newburger et al., 2016; Phamduy et al., 2021).

Diagnosing MIS-C and Kawasaki (and atypical Kawasaski
Disaease) often depends on blood laboratory markers; however,
venipunctures can be invasive and traumatic, and it can be difficult
to collect substantial blood volumes in pediatric patients (Bagnasco
et al., 2012). The development of a simple and fast diagnostic tool
that requires small volumes of serum or saliva to distinguish between
these inflammatory diseases would help decrease diagnostic time
and allow for optimized treatment options. (Li et al., 2020;
Mahmoud et al., 2021). Current approaches to the analysis of
biofluids using bead-based multiplex ELISA immunoassays,
multi-parameter flow cytometry, reverse phase arrays, 2-D gel
electrophoresis, 2-D differential in-gel electrophoresis (2-D
DIGE), and antibody (Ab) microarrays can be time consuming,
demanding of larger sample sizes, and labor intensive. (Amanullah
et al., 2002; Noordin and Nurulhasanah, 2013). In this study, we
created a novel grating-coupled fluorescent plasmonics (GCFP)
microarray assay using 33 analytes to define the biosignatures of
children effected by SARS-CoV-2 infection. In previous studies,
GCFP has been demonstrated to be a highly sensitive tool for
exploring proteomic profiles in both serum and saliva (Molony
et al., 2012; Rice et al., 2012; Chou et al., 2020; Cady et al., 2021). In
brief, this technology is on based surface plasmon resonance (SPR):
the physical phenomenon of energy transfer at a metal-dielectric
interface (Figures 1A,B) (Unfricht et al., 2005; Jin et al., 2006;

Marusov et al., 2012; Molony et al., 2012; Chou et al., 2020).
Under specific optical conditions, the energy of the light excites
electron density oscillation (the plasmon) within the metal coating
on the sensor chip, reducing the intensity of the reflected light. Using
the diffraction grating on the chip, the wave vector of the
illuminating beam of light can be matched with the plasmon
wave vector. The gold grating plus the use of a fluorophore
increases the collected light, thereby enhancing the signal
(Figure 1B) (Reilly et al., 2006). Here we describe a new
approach to MIS-C diagnostics that can be applied to both
serum and saliva analysis. We demonstrate that the modification
of a gold-coated nanoscale grating surface chip with capture
antibodies targeting different analytes in a biofluid sample,
combined with the use of surface plasmon resonance-enhanced
fluorescence, assesses biomarkers simultaneously creating a
biomarker signature (including both positive and negative
detection), which can potentially distinguish MIS-C from other
diseases. This assay combines the detection of several biomarkers
into a biomarker signature, and we hypothesize that testing
numerous biomarkers increases the likelihood of developing a
robust biosignature for MIS-C. We also identify potential new
markers of MIS-C and optimize sensitivity of current analytes
within the microarray, which along with ongoing studies will
inform the design of a second-generation chip that is more
specific to MIS-C.

Materials and methods

Biological samples

Our prospective observational study included 260 subjects, birth
to ≤21 years of age, enrolled 1 April 2020, through 1 May 2022, at
sites in Connecticut, United States and Cali, Colombia. After
obtaining IRB approval (#21-004), subjects were enrolled in two
cohorts: an experimental cohort (Cohort A) and a reference cohort
(Cohort B). The experimental cohort was comprised of subjects who
were positive for SARS-CoV-2 infection per antigen or PCR testing
and hospitalized for COVID-19 symptoms (subgroup A1);
hospitalized and meeting the Center for Disease Control’s criteria
for MIS-C (subgroup A2); and non-hospitalized subjects testing
positive for SARS-CoV-2 by antigen or PCR, (subgroup A3). The
reference cohort was comprised of SARS-CoV-2 negative subjects
who were: hospitalized with a diagnosis of Kawasaki disease
(subgroup B1); hospitalized because of an acute viral infection
(subgroup B2); or healthy controls undergoing routine
ambulatory surgery (subgroup B3). To ensure correct subgroup
assignment, cases were independently reviewed and adjudicated by
three pediatric specialists. Demographic data, health history, current
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symptoms, and in-patient treatments and diagnostic testing results
were collected at baseline. Subjects will be followed for up to 4 years
via survey for health and SARS-CoV-2 vaccine status.

Patient saliva processing

Patient saliva samples were stored at −80°C for at least 24 h prior
to processing. The samples were placed in the biosafety cabinet and
allowed to thaw at room temperature for approximately 20 min.

Once thawed, the tubes were cleaned with alcohol wipes and
centrifuged at 200 g for 15 min at 4°C. For samples to be
analyzed with the grating-coupled fluorescent plasmonic
biosensor chip, 500 μL of supernatant was aliquoted and 35 μL of
protease inhibitor dissolved in 1 mL PBS was added (Pierce™
protease inhibitor tablet, Thermo Fisher Scientific, MA, USA)
was added. For samples intended to be used in 16S RNA PacBio
sequencing, 250 μL of supernatant was aliquoted and heat-
inactivated for 30 min at 56°C. Once processed, samples were
stored at −80°C until use.

FIGURE 1
GCFP assay and wavelength pathway. (A) Capture antibodies are immobilized onto a gold-coated nanoscale grating surface chip by pin spotting.
Chips were then fitted with plexiglass windows and gaskets to create a flow cell for fluid to pass over the surface of the printed chip. Fluid containing
potential analytes can then be run over the assembled chip, followed by biotinylated secondary antibodies and then streptavidin-Alexafluor647, with
washes in between steps with PSB-T. The chip can then be placed in a GCFP reader where a laser illuminates the chip and the fluorescence intensity
is collected with a camera and each ROI is analyzed using Enhanced Fluorescence Reader software, V2.3. (B). Under normal SPR optical conditions, the
energy of the light excites electron density oscillation (the plasmon) within the metal coating on the sensor chip, reducing the intensity of the reflected
light (Black lines). Using the diffraction grating on the chip, the wave vector of the illuminating beam of light can be matched with the plasmon wave
vector (red lines). The gold grating plus the use of a fluorophore increases the collected light, thereby enhancing the signal (red lines).
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Patient serum processing

Sera were isolated from patient blood samples by resting the
blood for approximately 30 min after collection to allow for
coagulation. The non-coagulated fraction was transferred into a
15 mL tube and centrifuged at 1000 g for 15 min. Supernatant was
then transferred to a new tube and centrifuged at 1000 g for 5 min.
Supernatants were aliquoted into 200 μL cryovials and stored
at −80°C until transferred to participating laboratories.

Printing of grating-coupled fluorescence
plasmonic (GCFP) biosensor chip

Biosensor chips were fabricated and processed as described
previously with the following modifications (Molony et al., 2012;
Rice et al., 2012; Chou et al., 2020; Cady et al., 2021). Capture
antibodies were diluted to 250 μg/mL with PBS (Table 1) and
printed on the GCFP chips using a 0.35 mm diameter microarray
pin and a SpotBot II microarray printer (ArrayIt, CA, United States)
or an XactII microarray printer (LabNEXT, NJ, United States). Each
capture antibody was spotted to create five individual regions of
interest (ROI) per analyte on each biosensor chip. During printing,
microarrays were kept at a relative humidity of 70% and at ambient
temperature (AT) (−25°C). After printing, chips were allowed to dry
at a relative humidity of 70% and AT (−25°C) for 1 h. Chips were
then transferred to a 50 mL polypropylene tube containing desiccant
and stored at AT for up to 4 weeks, with no significant signal loss
(data not shown).

Grating-coupled fluorescence plasmonic
detection assay

Biosensor chips were processed as previously described with
the following modifications (Molony et al., 2012; Rice et al., 2012;
Chou et al., 2020) (Figure 1). Chips were fitted with plexiglass
windows and gaskets to allow fluid to pass over the surface of the
chip. The chip was then blocked with 80 μL of Superblock™ T20
(PBS) blocking buffer (Thermo Fisher Scientific, MA,
United States) in a static incubation for 1 h. Each chip was
then washed with PBS-T at a flow rate of 0.5 mL/min for
3 min using a peristaltic pump. PBS doped with recombinant
protein (20 ng/mL) or patient samples (80 μL of serum or saliva
samples diluted with PBS to 1.5 mL) were then recirculated over
the chip for 90 min at 0.5 mL/min for 3 min. Each chip was then
washed with PBS-T at 0.5 mL/min for 3 min. Biotinylated
secondary antibody mixtures were created with all detection
antibodies at a concentration of 200 ng/mL and then
recirculated over the chip for 90 min. The chip was then
washed with PBS-T at 0.5 mL/min for 3 min and then PBS
containing 500 ng/mL of streptavidin-AlexaFluor 647 (Thermo
Fisher) was recirculated over the chip for 1 h. The chip was then
washed for a final time with PBS-T at 0.5 mL/min for 3 min and
70 μL of PBS was injected into the flow cell. ROIs were then
identified using Ciencia software, Enhanced fluorescence Reader
V2.3, and fluorescence intensity for each ROI was collected using
a GCFP reader (Ciencia, Inc.). A GCFP detection ratio was used
to normalize each ROI value as previously described (Cady et al.,
2021)

TABLE 1 Regions of interest used on first generation chip.

Marker class Analytes

Cytokines IL-7, IL-21, IFNg, IL-15, IL-6, IL-10, IL-17, IL-2, IL-4, IL-1b, TNFa, IL-33, IL-18 (total), IL-18BPa

Chemokines CCL20, CXCL11, CCL24, CCL2, CCL3, CCL7, CXCL10, CXCL9, CCL5, CCL17, CXCL8, CX3CL1

Interleukin receptor sCD25

Kidney function Cystatin C

Indicator of Inflammation CRP

Range of biological processes Galectin-3

Infection indicator Procalcitonin

Type 1 membrane protein B7-1/CD80

Protein found on antigen presenting cells Perforin

Peptide involved in central and peripheral nervous systems Neuropeptide Y

Serine protease that is expressed strongly in the pancreas Marapsin/Pancreasin

Cell death LDH(A)

Protein fragments produced when a blood clot D-Dimer

Tissue damage Cardiotrophin-1

Spike protein receptor ACE-2

Heat shock protein HSP70

Iron levels Ferritin
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16S-23S rRNA microbiome sequencing

DNA was extracted using the Complete Lyse & Purify kit (Shoreline
Biome, Farmington, CT, United States). Saliva samples were thawed on
ice, and between 50 μL and 200 µL of saliva was pelleted by centrifuged at
5,500 rpm for 10min. Pellets were resuspended in nuclease-free water,
then purified according to the manufacturer’s protocol. Extracted DNA
was amplified with the StrainID Amplify kit according to manufacturer
protocol and as previously described (Graf et al., 2021). Briefly, 10 µL of
DNAand10 µLof PCRmix (Shoreline Biome,United States)were added
to each well with barcoded primers. The PCR reaction was carried out on
a thermocycler (BioRad, Hercules, CA, United States) according to
manufacturer protocol. Amplicons were screened on a QIAxcel
(Qiagen, Germantown, MD, United States) Advanced system using
the Fast Analysis protocol. Samples were then pooled together based
on band intensity. Samples were cleaned using the GeneRead Size
Selection Kit (Qiagen, United States) according to manufacturer
protocol and resuspended in 50 µL of elution buffer. After verifying
that both pools were pure, amplicons were pooled and sequenced on a
PacBio Sequel IIe. Sequences were demultiplexed with SBAnalyzer, then
split into groups of approximately 35 samples. DADA2 software (https://
benjjneb.github.io/dada2/) was used to call ASVs, and taxonomy was
assigned using the Athena database (Graf et al., 2021; Callahan et al.,
2016). Data analysis was performed in QIIME2 and R (McMurdie and
Holmes, 2013; Bolyen et al., 2019). Visualizations were made with
GraphPad Prism and microViz (Barnett et al., 2021). The code used
is available at https://github.com/brandon-osullivan/Code-for-Maltz-
Matyschsyk-et-al-2022.

Microsphere immunoassay for cytokines
identification

Cytokines/Chemokine levels in the serum samples were measured
in duplicate using the Luminex® 200™ instrument andMilliplex®MAP
kits from EMD Millipore (Cat #HSTCMAG-28SK, HCYTA-60K,
HCYP2MAG-62K and HCYP4MAG-64K) according to
manufacturer’s protocol. A 96 well plate provided with the kit was
first washed with 200 µl per well of wash buffer. The wash buffer was
then discarded, and 25 µl of serum sample was added to the plate in
duplicate along with 50 µl of standards and controls as provided with
each kit. Assay buffer (25 µl) was then added to the sample wells
followed by 25 µl of premixed magnetic beads (provided with the kit)
to each well. The plate was covered with a dark lid and placed on a
plate shaker (200 rpm on a Barnstead 4625 Titer plate shaker)
overnight at 4°C in a dark room. On the following day, the plate
was washed 3X with 200 µl of wash buffer using BioTek ELx405™

microplate washer with magnetic capture: after washing, detection
antibodies (50 µl) were added to each well and the plate was incubated
for 1 h on a plate shaker covered with a foil. Streptavidin-
Phycoerythrin (50 µl) was added to each well and the plate was
incubated for 30 min on a plate shaker covered with foil. Finally,
the plate was washed 3 × with 200 µl of wash buffer using BioTek
ELx405™ microplate washer and analyzed using the Luminex® 200™
instrument (Calibrated each week with Luminex 200 Calibration and
Performance Verification kits: Cat # LX2R-CAL-K25, LX2R-PVER-
K25) with 150 µl of Sheath Fluid present in each well. Standard curves
were generated using the Luminex xPONENT® software and the

concentrations of cytokines/chemokines in the serum samples were
calculated using these standard curves in pg/mL.

Microsphere immunoassay for Ig response
to Sars-CoV-2 epitopes

Specimens were assessed for the presence of antibodies reactive with
SARS-CoV-2 using an MIA as previously described (Yates et al., 2021).
Briefly, recombinant SARS-CoV-2 N protein antigen (Native Antigen
Company, United Kingdom) and the receptor binding domain (RBD) of
the SAR-CoV-2 spike protein (MassBiologics,MA,USA)were covalently
linked to the surface of fluorescent microspheres (Luminex Corporation,
TX, USA). Additional target antigens (S1 or S2 domain (Native Antigen,
United Kingdom) of SARS-CoV-2 were included in the multiplexed
microsphere assay. Serum samples (25 μl) and antigen-conjugated
microspheres (25 μl) were mixed and incubated before washing and
further incubation with phycoerythrin-conjugated antisera. The antisera
used were chosen to specifically recognize, as indicated, total antibodies
(pan-Ig), or, individually IgM, IgA, IgG, IgG1, IgG2, IgG3, IgG4. After
washing, the microsphere fluorescence intensity (MFI) was quantified
with a FlexMap 3D Luminex analyzer (Luminex Corporation, TX,
United States). Results were either direct MFI values with reactivity
based upon a defined cutoff MFI, or, were normalized by comparison to
the MFI of the negative controls and expressed as the ratio between the
two (P/N). Positive reactivity is determined by a result that is≥6 SDabove
the cutoff; results that fall between 3 SD and 6 SD are considered
“Indeterminate”.

Optimization of biosensor chip

We set out to optimize the initial biosensor chip configuration by
comparison to an established Luminex assay. First, we performed a dose
response curve examining the limit of detection for the 11 analytes that
were evaluated in both the GCFP assay and the Luminex data using
parameters that had been employed with the first-generation GCFP
chip. Chips were spotted as described above with the capture antibodies
for the following analytes: TNF-α, IL-7, IL-6, IL-4, IL-21, IL-2, IL-1β, IL-
17A, IFN-δ, CCL-3, CCL20. Recombinant proteins (R&D Systems,
MN, USA; Shenandoah Biotechnology, Inc, PA, United States) were
then diluted to 5 ng/mL, 1 ng/mL, 200 pg/mL, and 1 pg/mL and
recirculated over the chip as described above. Detection ratios were
calculated, and the limit of detection was determined for each matched
pair set by GCFP. We then optimized the capture and secondary
antibodies to reach values detectable with the Luminex MIA assay.

Results

Identification and validation of regions of
interest

SinceMIS-C and COVID-19 are relativity new disease states, we set
out to develop our first generation GCFP biosensor chip based on
literature available early in the pandemic (Cabrero-Hernandez, 2020;
Bar-Meir et al., 2021; Consiglio et al., 2020; Ramaswamy et al., 2020;
Whittaker et al., 2020; Buszko et al., 2021; Filbin et al., 2021). These
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studies showed an array of cytokines, chemokines, tissue damage
markers, and inflammatory indicators that differed significantly in
children with MIS-C, COVID-19, and Kawasaki (Table 1). Our
goals with the first-generation chip were to: 1) identify commercially
available matched pair antibodies for our ROIs to differentiate MIS-C
from COVID-19, Kawasaki, and healthy controls and 2) develop a
GCFP assay to simultaneously evaluate if thesemarkers could be used as
a disease-specific biosignature. We validated 42 commercially available
matched pair antibodies by ELISA using recombinant proteins
(Supplementary Figure S1). Nine commercially available kits that did
not meet our ELISA standards when performed following manufacture

protocols, and were omitted from further analysis (Supplementary
Figure S1).

Development of the grating-coupled
fluorescence plasmonic biosensor chip
assay

Once matched-pair kits were validated using ELISA, we then
tested their ability to perform a sandwich-based immunoassay on
the gold-coated nanoscale grating surface chip using IL-6, IL-8 and

FIGURE 2
Development of sandwich-based ELISA assay on a gold-coated nanoscale grating surface chip. (A) Capture antibodies for IL-6 and IL-8 were
immobilized onto the chip, along with the negative control (PBS) and two positive controls; biotin-BSA (BLC-BSA, to show streptavidin binding) and
Alexafluor 647-BSA (to show stabilization during washing), 20 ng/mL of recombinant IL-6 and IL-8 were flowed over the chip. The fluorescence intensity
was collected as previously described. Fluorescent intensity within the ROIs for IL-6, IL-8 and positive controls was significantly higher than the
negative control. (B) Forty-two capture antibodies were immobilized onto the chip, 20 ng/mL each of recombinant CCL5, galactin-3 and CCL7 diluted in
PBSwas run over the chip and the fluorescence intensity was collecting for each ROI as previously described. The fluorescent intensity within the ROIs for
CCL5, galactin-3 and CCL7 were significantly higher than the negative control. (C) Forty-two capture antibodies were immobilized onto the chip, 20 ng/
mL of recombinant protein CCL5 and CCL7 diluted in human saliva was run over the chip and the fluorescence intensity was collected for each ROI as
previously described. The fluorescent intensity within the ROIs for CCL5 and CCL7 were significantly higher than the negative control. (D) A heat mapwas
generated using the detection ratio, whichwas normalized to the negative control to compare data in B and (C). One-way ANOVA analysis was performed
(* = p< 0.05, ** = p< 0.01, *** = p< 0.001, **** = p< 0.0001. The data are presented as the average of five ROIs for each analyte ( ± standard error of the
mean).
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both positive (Alexafluor-647 and biotin-BSA) and negative (PBS)
controls (Figures 1, 2A). When compared to PBS (negative control),
the fluorescent intensity within the ROIs for IL-6, IL-8 and positive
controls was significantly higher, indicating 20 ng/mL of IL-6 and
IL-8 recombinant proteins could be detected with GCFP technology.
Next, we examined the specificity of the ROIs by spotting all the
capture antibodies in Table 1 onto the chip and recirculating 20 ng/
mL of recombinant CCL5, galactin-3 and CCL7 diluted in PBS over
the biosensor chip (Figure 2B). When compared to PBS (negative
control ROIs), the fluorescent intensity within the ROIs for CCL5,
galactin-3 and CCL7 were significantly higher, indicating that the
GCFP assay was able to capture and detect these recombinant
proteins at cognate ROIs and that there was no significant cross-
reactivity between these recombinant proteins and unrelated ROIs.
To evaluate the use of human salvia as the sample matrix, CCL5 and
CLL7 (20 ng/mL) were spiked into commercially available pooled
human saliva (Innovative Research, MI, United States) (Figure 2C).
Spiked samples in pooled saliva matrix produced higher values than
when the same analytes were diluted in PBS owing to the presence of
endogenous CCL5 and CCL7 in the saliva pool. A heat map was
created using the detection ratio for each set of 5 ROIs (Figure 2D).
The heat map shows the detection ratio and indicates positive
detection of all recombinant proteins when normalizing to the
negative control ROIs on the same chip.

Analysis of patient samples by grating-
coupled fluorescence plasmonic imaging

The first-generation GCFP chip was then evaluated to identify
a candidate biomarker signature of disease using data from each of
our 6 cohorts. Patient saliva and serum were analyzed with the
biosensor chips and the fluorescent intensities were captured using
GCFP reader (Ciencia, Inc., CT, United States) (Figure 1). For each
patient sample, an image was produced from the reader; Ciencia
software was used to identify ROIs, and then the fluorescent
intensities for each ROI were measured and the corresponding
detection ratios calculated. Figure 3 shows representative saliva
data generated from a randomly selected patient from cohort B2.
The image generated from patient ID 210041005 shows that five
capture antibodies and the two positive controls (Biotin-BSA and
alexafluor-647 labeled BSA) have a positive signal (Figure 3A).
Cystatin C, Marapsin, CRP, Galectin-3, and IL-8 ROIs were each
significantly different from the negative control, indicating that
these analytes are present at high levels in this patient’s saliva
(Figure 3B). The fluorescent intensities were then normalized to
the negative control and a heat map was generated to visualize the
biomarker signature (Figure 3C). Cystatin C, Marapsin, CRP,
Galectin-3, and IL-8 all had high detection ratios. Saliva from
the six cohorts (A1 = 15, A2 = 9, A3 = 6, B1 = 4, B2 = 13, B3 = 7)
were similarly analyzed, and results are displayed as heatmaps
(Figures 4A,B). Figure 4A shows the mean for each analyte from all
the patient samples in each of the 6 cohorts. From this initial small
data set we can begin to identify potential biomarkers for A2
(CXCL10), A3 (sDC25) and B1(IL-1 β and IL-2). Interestingly,
when comparing individual patients from each cohort we can see
variation in these biomarker signatures, suggesting variation in
disease state presentation (Figure 4B). From the serum cohorts,

56 samples (A1 = 13, A2 = 12, B1 = 12, B2 = 12, B3 = 7) were
analyzed with the first-generation biosensor chip configuration
and heat maps were generated for each group and for each
individual patient (Figure 5A) shows the mean for each
analyte from all the patient samples run in each of the
5 cohorts and indicates potential biomarker signatures for
each cohort. In A2 (MIS-C group) biomarker sCD25 was
found to be a potential unique biomarker for this group, while
IL-21 was a unique biomarker for B1 (Kawasaki). Again,
variation between individuals’ biomarker signatures within the
different cohorts indicates heterogeneous disease presentation
(Figure 5B).

Interrogation of grating-coupled
fluorescence plasmonic saliva outliers using
16S-23S rRNA gene amplicon sequence
analysis

We noted some analyte outliers within individual saliva
samples (Figure 4B). To further analyze the saliva from these
samples, we performed 16S-23S’ rRNA PacBio sequencing. For
this study, we singled out sequencing data for the samples that
were run over the first-generation biosensor chip and compared
the relative abundances of different bacterial species. To identify
bacterial species that were more abundant in the samples that
were analyte outliers, we applied a 99% confidence interval, and
confirmed outliers with the ROUT method. These data revealed a
difference in relative abundance of several bacterial species, some
of which could be linked to immunocompromised status, oral
hygiene or other diseases (Figure 6). For example, sample
2100410014 from cohort A3 had an inflammatory profile that
more closely resembled a sample from the MIS-C or Kawasaki
cohorts. This sample also had highly elevated levels of P.
endodontalis, a known oral pathogen, with a relative
abundance of 19.26% of the overall community (median =
0.0%) (Figure 6B). In sample 2100410113, another saliva
sample that was an outlier in the biomarker analysis, we
found that the community was composed primarily of
Streptococcus sp. A12 (63.45%, median = 0.74%) (Figure 6C).
Sample 2100430008 had high levels of Gemella sanguinis
(17.61%, median = 0.59%) and Streptococcus sp. A12 (8.00%,
median = 0.74%) (Figures 6C,D). Sample 2100440031 had raised
levels of Porphorymonas endodontalis (0.64%, median = 0.0%)
and G. haemolysans (4.65%, median = 0.84%) (Figures 6B,E). In
sample 2100410044, the majority of the community was
Streptococcus salivarius (61.67%, median = 2.05%) (Figure 6F).
Sample 2100410011 had elevated levels of Streptococcus
pneumoniae (6.77%, median = 0.0%) (Figure 6G).
2100410072 also had elevated levels of S. pneumoniae (2.20%,
median 0.0%), as well as above average levels of Gemella
haemolysans (7.26%, median = 0.84%) (Figures 6E,G). In
sample 2100410018, we observed elevated levels of
Streptococcus sp. ChDC B345 (28.39%, median = 1.34%)
(Figure 6H). Our last GCFP analyte outlier, sample
2100410034, had elevated levels of S. salivarius (18.09%,
median = 2.05%) and Schaalia odontolytica (17.07%, median =
3.36%) (Figures 6F,I).
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Refining the composition of a second-
generation chip using Microsphere
Immunoassay

Concurrent with these microarray studies, candidates for
inclusion on a second generation GCFP sensor chip were
evaluated. We examined 249 serum samples (180 from the
United States and 69 from Colombia) from five different cohorts
(A1, A2, B1, B2, and B3). Patient samples were analyzed for levels of
26 cytokines/chemokines using the Luminex xMAP® multiplex
assay. IL-4, IL-6, IL-10, and IL-13, known to be involved in Th2
type immune response and promoting B cell differentiation to
plasma cells, were significantly elevated in the A2 (MIS-C cohort)
when compared to most other cohorts (Figure 7A). Furthermore,
chemokines IL-8 and CXCL11 were also found to be expressed at
higher levels in the A2 cohort. By comparison, the first-generation
GCFP chip detected higher IL-8 for cohorts A1, A2, B1 and IL-4 in

cohorts A1 and A2 (Figure 5A), while it did not detect IL-6 for any of
the cohorts. It is important to note that MIA may use different
proprietary antibodies or conditions or recognize different epitopes
on these targets. The results from the Luminex studies were
representative of a higher sample size than the GCFP analysis,
which may also contribute to differences in the results. MIA data
did confirm IL-10, IL-13 and CXCL11 as possible new targets for the
second-generation chip.

The antibody response to the SARS-CoV-2 nucleocapsid and
spike components (full spike, RBD, S1, S2) were measured using a
MIA to separately detect anti-viral IgM, IgA, and all four IgG
subclasses. Figures 7B–G shows that responses in the MIS-C
cohort were substantially different from standard COVID-19
infections and from healthy controls. Note that some sera in the
control cohort had antibodies to either the spike proteins or
nucleocapsid, indicating previously undetected SARS-CoV-
2 infection or an unreported vaccination. The predominant IgG

FIGURE 3
Example of patient (210041005) data generated from GCFP assay. (A) Forty-two unique capture antibodies were immobilized on regions of interest
in sets of 5 ROIs on the chip and patient sample number 210041005 was run over the chip and an image of the GCFP sensor chip output was captured. (B)
Fluorescent intensity within the ROIs were collected as previously described, detecting cystatin C, Marapsin, D-dimer, galaectin-3, and IL-8. (C) A heat
map of the detection ratio was generated and shows detection of the same analytes as in (B). One-way ANOVA analysis was performed (* = p< 0.05,
** = p< 0.01, *** = p< 0.001, **** = p< 0.0001. The data are presented as the average of five ROIs for each analyte ( ± standard error of the mean).
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subclasses produced in response to COVID-19 infection are IgG1

(Yates et al., 2021; 2021); both the COVID-19 and MIS-C cohorts
had prominent IgG1 response centered around the RBD/
S1 components of SARS-CoV-2 spike protein. The MIS-C cohort
generally made a stronger IgG1 response as compared to the
COVID-19 cohort. Notably, the MIS-C cohort made a
significantly higher IgA response to SARS-COV-2 spike domains
as compared to the COVID-19 cohort (Figure 7G), indicating SARS-
COV-2 spike antigen as a possible target for the second generation
GCFP chip.

Comparison of grating-coupled
fluorescence plasmonic biosensor chip
biomarker signature to Cytokine
Microsphere Immunoassay results

We compared US serum samples with Colombia serum samples
using both GCFP biomarker signature data and cytokine microbead
assay (Figure 8A; Table 2). In cohort A2 (MIS-C), the biomarkers
detected by the GCFP chip in US serum samples produced a more
complex and robust signature when compared to the Colombia
serum samples (Figure 8A). We also compared US patient saliva
samples with Colombia saliva samples: biomarker signatures
produced by GCFP microarray had a trend similar to that
observed with serum samples (Figure 8B). Correspondingly, MIA

performed on serum samples showed lower levels of cytokine in
Cohort A2 Colombia samples compared to US samples (Table 2).
Taken together these data indicate a difference in immune response
between these two populations.

To compare MIA data directly with the biomarker signature
generated on the first-generation chip, 11 analytes that had been
included in both assays and detection ratios were log transformed to
visualize the data by cohort and as individual patients (Figure 9).
The heat map reveals that most of the analytes were detected within
both biomarker signatures generated from MIA and GCFP for the
cohorts with the exception of IL-4, IL-6, CCL20 and IL-21. When we
compare individual samples, similar signature patterns were found
in the following samples for both MIA and GCFP; 2100410146,
2100410150, 2100410042, 2100410049, 2100410131, 2100410168,
2100410184, 2100440014, 2100410153, 2100410114, 2100410208,
2100440008, 21004400062, 2100410094, 2100410139, and
2100410165. When noting the quantified analyte levels (pg/mL)
in the microbead assay dataset (Supplementary Table S1) it also
becomes clear that some of the analytes (IL-4, IL-6 and CCL20) were
not detected on the GCFP chip while others, like IL-1 β, were
detected on the chip but not within the microbead assay. To address
this, we performed a dose response curve on the first-generation
chip for analytes that were measured both by MIA and GCFP using
PBS that was doped with different amounts of recombinant proteins
(10ng, 5ng, 1ng, 200pg, 1 pg/mL) (Figure 10A). These data indicate
that for many of the analytes analyzed by both MIA and GCFP, the

FIGURE 4
GCFP detection ratio for patient saliva samples. Saliva samples obtained from each of the patient cohorts; 54 samples (A1 = 15, A2 = 9, A3 = 6, B1 = 4,
B2 = 13, B3 = 7) were run over the first-generation biosensor chip. (A) Heat maps generated for each cohort using the mean detection ratio for each
analyte, showing candidate biomarkers for the A2 (CXCL10), A3 (sDC25) and B1(IL-1β and IL-2) cohorts. (B) Heat maps generated for each individual
patient demonstrate individual variation in disease state.
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first-generation chip has a detection limit of 1 ng/mL while MIA
could detect levels as low as 1 pg/mL, which could explain the
analytes that were undetected by GCFP. We further optimized the
GCFP chip to improve the assay’s limit of detection (Figure 10B).
We first increased the amount of secondary antibody to 10-fold the
amount recommended by the manufacturers for ELISA. We did not
see an improvement with this change (Figure 10B). We then
increased the amount of capture antibody immobilized on the
GCFP chip by twofold (500 μg/mL) and we were able to see an
improvement in limit of detection for most analytes, indicating that
manipulating capture reagents can further improve detection limits.
Future studies for the next-generation chip will not only be focused
on adding other reported analytes now known to be important for
MIS-C, but also optimizing each analyte reagent set to allow for
detection in the pg/mL range.

Discussion

Clinicians need a rapid, accurate test for MIS-C to guide
treatment decisions. Here we show that using GCFP technology
we can characterize two biomarker signatures within two different
biofluids (serum and saliva), one for a group/cohort and one for an
individual patient. In saliva, the GCFP biomarker analytes found in
all disease state cohorts were Cystatin C, Marapsin, Galactin-3, and
IL-8. When designing the chip we included Cystatin C for its
potential as being predicative of renal injury and due to its

observed elevated levels in COVID-19 patients (Li et al., 2020).
We were able to detect Cystatin C in all our cohorts; only one patient
did not produce detectable Cystatin C. The normal range of Cystatin
C is 10–12 mg/mL in saliva and, 0.63–8.0 mg/mL in serum; and has
been shown to be upregulated in people with poor oral hygiene (Lie
et al., 2001; Dickinson, 2002; Ziegelasch et al., 2019). This suggested
that Cystatin C may present at levels exceeding the upper limit of
GCFP detection under the conditions tested. Marapsin/pancreasin is
a trypsin-like serine protease that has been described in pancreatic
tissue; little is known about its role in other systems although it can
be expressed in stratified squamous epithelium tissues (esophagus,
cervix and larynx) (Bhagwandin et al., 2003; Li et al., 2009). We
included this analyte to potentially predict pancreatic health since
reduced pancreatic function increases risk of developing severe
COVID-19 (Abramczyk et al., 2022). Our biosensor chip was
able to detect marapsin in all of the infected cohorts (A1-3 &
B1-2), but not in the healthy cohort (B3). Interestingly, marapsin
has been found to be upregulated in the epidermis of patients with
psoriasis and/or regenerating wound infections, suggesting a
possible role in infection (Li et al., 2009). Galectin-3 is a ß-
galactoside binding lectin that can drive neutrophil chemotaxis,
bind TLR4, and increase production of pro-inflammatory cytokines
during viral infections (Joo et al., 2001; Filer et al., 2009; Henderson
and Sethi, 2009; Burguillos et al., 2015). Increased serum levels of
galectin-3 (>30 ng/mL) have been correlated with severe COVID-19
outcomes (Eduardo et al., 2022). Our biomarker signature showed
galectin-3 was present in all cohorts, while lower in healthy controls,

FIGURE 5
GCFP detection ratio for serum samples from patient cohorts. Serum samples from each of the cohorts were tested on the first generation GCFP
biosensor chip. 56 samples (A1 = 13, A2 = 12, B1 = 12, B2 = 12, B3 = 7) were tested. (A)Heatmaps generated for each cohort using themean detection ratio
for each analyte, showing amore robust signature per cohort then within saliva. (B)Heat maps generated for each patient, showing individual variation in
disease state.
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indicating a role in infection. Galectin-3 may be upregulated in
COVID-19 cohorts (A1,2,3) but the amount found in saliva were
near saturation for the GCFP assay as configured. Finally, IL-8
cytokines are produced by a wide range of cells including oral
keratinocytes and are a potential biomarker for predicting oral
disease (Finoti et al., 2017; Lopez-Labady et al., 2021). IL-8 was
also reported early in the pandemic to be a sensitive serum
biomarker in both mild and severe COVID-19 patients (Li et al.,
2020). Interestingly, GCFP detected salivary IL-8 in all cohorts,
while in serum it was detected only in the A1, A2 and B1 cohorts.

There were some cohort-unique saliva biomarkers contributing
to the biomarker signature from each of the different cohorts. GCFP
detection of CXCL10 was only seen in Cohort A2 (MIS-C).
CXCL10 is a chemokine that is produced by many different cell
lines and tissues (Jong-Ho Lee et al., 2020). This chemokine has been
identified in several studies as a contributing factor to the
modulation and intensity of inflammation caused by SARS-CoV2

and recently was shown to be at higher levels in MIS-C patients
(Callahan et al., 2021; Caldarale et al., 2021). sCD25 was solely
detected on the GFCP chip in sera from cohort A3 (mild COVID).
sCD25 is the soluble form of IL-2R alpha chain, has been linked to
T-cell proliferation and inflammatory disease, and is a driver of
disease pathogenesis (Russell et al., 2012). sCD25 was reported to be
upregulated in the serum of pediatric patients with SARs-CoV2
infections and MIS-C (Mostafa et al., 2022). It is interesting to note
that sCD25 is present in the saliva from the A3 cohort and present in
the serum biomarker signature from A1, A2, and B1 cohorts. In
Kawasaki patient serum, sCD25 has been found to be 3-100x higher
than in healthy controls, which is consistent with our observations
(Teraura et al., 2016). In cohort B1, we observe the most diverse
saliva biomarker signature when compared to the other cohorts,
with ferritin, IL-1β and IL-2 being uniquely found at elevated levels
in this cohort. Studies have indicated that high serum levels of
ferritin are present in Kawasaki patients and ferritin is a predictor of

FIGURE 6
Salivary microbiome of samples analyzed using GCFP. From saliva samples analyzed by GCFP using the first generation GCFP biosensor chip,
34 samples were also analyzed by 16S RNA high throughput sequencing. Relative abundance at species level was calculated. (A) Relative abundance of
the top 20 most abundant taxa across all samples. (B–I) Plots of the relative abundance for 8 bacterial species that were elevated in one or more outlier
samples from analyte data. Error bars represent a 95% confidence interval of the median. Points in red were identified as outliers by the ROUT
method. Samples that were analyte outliers and had an increase in that species are labeled with their cohort.
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non-responsiveness to intravenous immunoglobulin (IVIG) therapy
(Yamamoto et al., 2015; Kim et al., 2021; Qiu et al., 2022). IL-1β has
previously been reported to play a key role in the inflammatory
profile of Kawasaki disease, and IL-2 is significantly higher in
children with Kawasaki than in healthy controls (Okada et al.,
2003; Hoang et al., 2014; Alphonse et al., 2016). These findings
indicate that data obtained by GCFP in saliva samples are consistent
with recent scientific studies and show potential for this assay as a
diagnostic tool. We showed that there was variation between
individual saliva samples in patients within the same cohort,
indicating differences in immune responsiveness.

The microbiome 16S RNA data helped to decipher potential
reasons for some of the observed differences within cohorts by
demonstrating imbalances in the microbial community or the
presence of oral pathogens. In future studies, we plan on
designing an approach to detect these imbalances and/or
pathogens by using an oligonucleotide based GCFP biosensor
chip to characterize the oral microbiome. Ultimately, it will be
interesting to explore the possibility of doing both protein capture,
antibody capture, and oligonucleotide analyte capture on the same
sensor chip to further improve the efficiency and versatility of the
assay.

FIGURE 7
Potential analytes found by MIA can inform the evolving composition of a second generation GCFP biosensor chip. (A) A heat map was generated
frommicrosphere immunoassay from serum samples for each cohort. * Indicates a significant difference in that cytokine for the A2 cohort for CXCL11, IL-
8, IL-6, IL-4, IL-13, & IL-10 analytes. (B–G) The antibody response to the SARS-CoV-2 nucleocapsid and spike components (full spike, RBD, S1, S2), the
MIS-C cohort had a significantly higher IgA response to SARS-COV-2 spike domains as compared to the COVID-19 cohort. One-way ANOVA
analysis was performed (* = p< 0.05, ** = p< 0.01, *** = p< 0.001, **** = p< 0.0001.
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Serum samples demonstrated a more complex biomarker
signature than saliva samples, on both individual and inter-
cohort levels (Figures 4, 5), which could be due to increased
analyte presence in serum compared to saliva, better preservation
of analyte in serum, or the choices of analytes included on the first-
generation chip. The salivary proteome has 3,074 unique human
proteins and only shares 1,234 proteins with blood plasma (https://
www.salivaryproteome.org). GCFP biomarker analytes found in all
disease state cohorts were cystatin C, ferritin, galectin 3, and
perforin. As noted above, cystatin C, galectin-3 and ferritin are
all found in serum at levels >250 ng/mL which could be at the limit
of saturation for these assays. As expected, perforin, a glycoprotein
responsible for pore formation in cell membranes of target cells,
which plays an important role in cytotoxic activity, was not a marker
within our healthy control group, thus showing selectivity of disease
states on our chip (Osińska et al., 2014). A2 and B1 serum cohorts
shared 3 analytes not found in other cohorts: HSP70, IL-1β, and IL-
2. HSP70, a stress protein known to induce inflammation and has
been linked to pathogenesis of Kawasaki disease (Lu et al., 1998;
Hulina et al., 2018) was not present in A2 saliva but was present in
B1 saliva samples. ACE2 (angiotensin converting enzyme-2) is a
monocarboxypeptidase found within cell membranes or as a soluble
protein throughout the body (Jiang et al., 2014). It is a member of the
renin-angiotensin system (RAS) and has been implicated in diabatic
cardiovascular complications and chronic heart failure; elevated
expression has been linked to severe COVID-19, and it is a

receptor for SARS-CoV2 entry into the cell (Patel et al., 2013;
Jiang et al., 2014; Beyerstedt et al., 2021).We detected ACE2 in
the serum biomarker signatures for A1, A2, and B1. While
ACE2 levels in cohorts A1 and A2 are consistent with recent
scientific literature, it is not a known biomarker in Kawasaki
disease, despite the fact that cardiac disease (coronary artery
aneurysms, myocarditis, pericarditis, congestive heart failure,
pericardial effusion, and arrhythmias) is a complication in these
patients (Tizard, 2005). The detection of ACE2 within cohort
B1 could suggest the presence of cardiac disease within
individuals of this group.

We have demonstrated the versatility of the GCFP microarray,
the option tomanipulate the composition of the microarray features,
and the potential to detect over 1000 analytes in one assay (Guignon,
and Lynes, 2014; Yuk et al., 2013; Molony et al., 2012; Unfricht et al.,
2005; Marusov et al., 2012; Reilly et al., 2006). In the current study,
using a small sample volume (70–80 µL) of either saliva or serum, we
were able to begin to identify an initial biomarker signature for the
different cohorts studied, showing that GCFP microarrays can be a
potential novel approach for MIS-C disease diagnosis. ELISA or
microsphere immunoassay (MIA), the gold standards for analyte
measurement, use larger sample volume than GCFP, an especially
important consideration with pediatric patients. We were also able
to modify the protocol to increase assay sensitivity. MIA data in this
study revealed four potential new GCFP targets, IL-10, IL-13,
CXCL11 and SARS-COV-2 spike antigen, that can be added to

FIGURE 8
Comparison of USA vs. Colombia MIS-C patient samples by GCFP microarray. (A) Heat map of A2 serum samples comparing USA to Colombia
samples. The USA patient population has a more robust signature. (B) Heat of A2 saliva samples comparing USA to Colombia samples, USA has a more
robust signature.
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the second-generation GCFP chip. By including more
biomarkers on the chip, we can establish a more specific
signature for each disease state tested, including indicators of
individual organ function as well as systemic health. We are also
able to detect disease state variation between patients within a
disease group, which could potentially help with individualized
diagnostics and treatment and provide faster treatment options
per patient. It is important to note that negative markers (ones
that do not appear as signals in these cohorts) are also
informative and may be useful in excluding patients as
belonging to one of these cohorts who present with those
markers. We started building the first-generation GCFP chip
at the beginning of the COVID pandemic. In future studies,
ongoing research will be utilized to design a microarray in the
second-generation chip that will produce biosignature that is

even more specific and sensitive to MIS-C. Our data demonstrate
GCFP microarrays as a novel, professional point of care
diagnostic tool.

The Connecticut Children’s COVID
Collaborative

Salazar, Juan C, Connecticut Children’s Medical Center, Hartford,
Connecticut 06106, United States, and University of Connecticut
Health Center, Farmington, Connecticut 06030, United States;
Lynes, Michael A, University of Connecticut, Storrs, Connecticut
06269, United States; Lawrence David A, Wadsworth Center, New
York State Department of Health, Albany, New York 12208,
United States, and University at Albany School of Public Health,

TABLE 2 MIA Cytokine levels US vs. Colombia.

A1 A2 B1 B2

Cytokine (pg/mL) US Colombia US Colombia US Colombia US Colombia

CXCL11 262.8 359.2 1123 520.2 379.3 466.5 181 195.6

GM-CSF 120.6 239.4 203.1 163.2 250.3 291.4 111.6 228.7

CX3CL1 236.1 246.3 272 254.2 246.9 268.3 213.6 244.9

IFN-γ 105 113.1 137.3 150.4 92.00 87.81 56.72 106.5

IL-10 46.3 174.6 187.4 157 71.07 79.41 26.82 75.5

CCL20 33.2 49.1 59.7 151.4 43.72 64.38 27.83 42.6

IL-12(p70) 5.3 7.6 5.2 5.9 6.6 5.2 6.052 6.3

IL-13 34.1 14.03 119.2 24.53 114.4 20.26 19.98 27.4

IL-17A 21.9 24.18 26.2 18.50 27.45 21.86 15.84 25.8

IL-1β 3.7 4.1 5 4.3 5.4 4.3 3.779 4.3

IL-2 6 7.4 6.8 6.4 6.9 7.1 4.4 7.3

IL-21 7.1 9.2 10.1 7.1 10.17 11.80 7.2 11

IL-4 250 71.05 689.4 125.6 532.0 106.6 146.0 129

IL-23 1103 792.4 1302 768.8 1530 43,016 532.5 1031

IL-5 8.4 6.068 19.4 7.8 20.49 6.8 24.93 6.6

IL-6 27.3 8.9 77.0 150.4 61.24 12.35 23.08 11.28

IL-7 15 14.14 18.5 15.5 18.59 30.50 13.68 14.66

IL-8 39.6 18.3 104 35.9 76.84 29.86 24.11 29.98

CCL3 32.7 43.86 48.5 26.4 37.11 28.67 73.93 32.95

CCL4 45.7 54.39 64.8 47.61 58.97 61.19 44.98 69.87

TNF-α 16.5 30.7 33.4 35.2 27.31 33.32 19.92 33.33

IFN-α2 124.7 227 214 153.6 267.7 183.5 465.2 234.5

IL-15 27.8 17.3 26.6 11.94 16.58 6.47 22.66 9.795

IL-18 270.7 362.7 835 1846 599.4 507.3 574.5 557.6

IL-33 422.8 85.4 831.4 163.2 930.3 712 355.5 250.4

IFN-β 1421 527 3446 468 3158 156.8 2750 647.4
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Rensselaer, New York 12144, United States; Brimacombe, Michael,
Connecticut Children’s Medical Center, Hartford, Connecticut 06106,
United States, and University of Connecticut Health Center,
Farmington, Connecticut 06030, United States; Carroll, Christopher
L, onnecticut Children’s Medical Center, Hartford, Connecticut 06106,
United States, and University of Connecticut Health Center,

Farmington, Connecticut 06030, United States; Carson, Kyle J,
Wadsworth Center, New York State Department of Health, Albany,
New York 12208, United States; Dagenais, Taylor RT, Big Rose Web
Design LLC, Middleton, Wisconsin 53562, United States; De La Cruz
Macías, Catalina, Centro de Estudios en Infectología Pediátrica, Cali,
Colombia; El Chebib, Hassan, Connecticut Children’s Medical Center,

FIGURE 9
Serum from Cohorts and individual patient comparison of GCFP microarray assay to MIA. To compare a traditional MIA with the GCFP microarray,
11 analytes were included in both assays. (A) A heat map was generated by log transforming GCFP detection ratios and using the mean of each analyte
detection ratio for each cohort. Of the 11 analytes, 5 were below the detection limit of the GCFP first generation biosensor chip. (B) A heat map generated
by log transforming GCFP detection ratios from individual serum samples from cohort A1. (C) A heat map generated by log transforming GCFP
detection ratios from individual serum samples from cohort A2. (D) A heat map generated by log transforming GCFP detection ratios from individual
serum samples from cohort B1. (E) A heat map generated by log transforming GCFP detection ratios from individual serum samples from cohort B2. (F) A
heat map generated by log transforming GCFP detection ratios from individual serum samples from cohort B3. 16 of the 44 shared serum samples had
similar biomarker signatures, while IL-4, IL-6 and CCL20 were not consistently detected on the GCFP chip.

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Maltz-Matyschsyk et al. 10.3389/fbioe.2023.1066391

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1066391


Hartford, Connecticut 06106, United States, and University of
Connecticut Health Center, Farmington, Connecticut 06030,
United States; George, Joshy, The Jackson Laboratory for Genomic
Medicine, Farmington, Connecticut 06032, United States; Ghassabian,
Akhgar, New York University Grossman School of Medicine, New
York, New York 10016, United States; Giles, Steven S, Big Rose Web
Design LLC, Middleton, Wisconsin 53562, United States; Graf Jeorg,
University of Connecticut, Storrs, Connecticut 06269, United States;
Gunter, Courtney, The Jackson Laboratory for Genomic Medicine,
Farmington, Connecticut 06032, United States; Herbst, Katherine W,
Connecticut Children’s Medical Center, Hartford, Connecticut 06106,

United States;Hawley, Kelly L, Connecticut Children’sMedical Center,
Hartford, Connecticut 06106, United States, and University of
Connecticut Health Center, Farmington, Connecticut 06030,
United States; Hogan, Alexander H, Connecticut Children’s Medical
Center, Hartford, Connecticut 06106, United States, and University of
Connecticut Health Center, Farmington, Connecticut 06030,
United States; Jadhav, Aishwarya, Wadsworth Center, New York
State Department of Health, Albany, New York 12208,
United States; Kozhaya, Lina, The Jackson Laboratory for Genomic
Medicine, Farmington, Connecticut 06032, United States; Lee,William
T, Wadsworth Center, New York State Department of Health, Albany,
New York 12208, United States, and University at Albany School of
Public Health, Rensselaer, New York 12144, United States; López,
Eduardo L, Centro de Estudios en Infectología Pediátrica, Cali,
Colombia; Maltz-Matyschsyk, Michele, University of Connecticut,
Storrs, Connecticut 06269, United States; Melchiorre, Clare K,
University of Connecticut, Storrs, Connecticut 06269, United States;
O’Sullivan, Brandan, University of Connecticut, Storrs, Connecticut
06269, United States; Radolf, Justin D, University of Connecticut
Health Center, Farmington, Connecticut 06030, United States;
Unutmaz, Derya, The Jackson Laboratory for Genomic Medicine,
Farmington, Connecticut 06032, United States.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by the IRB. Written informed consent to participate in
this study was provided by the participants’ legal guardian/next
of kin.

Author contributions

MM-M Planned experiments, developed GCFP assay, ran GCFP
patient samples, analysed GCFP data, and wrote the manuscript.
CM Planned experiments, developed GCFP assay, organized and
supervised reagent validation, discussed experiments, and helped
writing of the manuscript. KH planned, organized, supervised
sample collection, discussed experiments, helped with writing of
the manuscript. AH planned, organized, and supervised sample
diagnostics, discussed experiments, and helped with writing of the
manuscript. BO’S ran, analysed 16S-23S rRNA microbiome
sequencing and helped with writing of the manuscript. JG
Planned, discussed experiments, and helped writing of the
manuscript. AJ ran and analysed MIA for cytokine identification
and helped with writing of the manuscript. DAL Planned, discussed
experiments, and helped writing of the manuscript. KC performed
MIS for Ig response to Sars-CoV-2 epitopes. WTL Planned,
discussed experiments, and helped writing of the manuscript. JR

FIGURE 10
Optimization of First Generation GCFP Chip. (A) Measurements
of the limit of detection for 11 analytes from the first-generation
biosensor chip. 1 ng/mL is the limit of detection for most analytes in
this assay. (B) Optimizing reagents can increase the limit of
detection.

Frontiers in Bioengineering and Biotechnology frontiersin.org16

Maltz-Matyschsyk et al. 10.3389/fbioe.2023.1066391

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1066391


Planned, discussed experiments, and helped writing of the
manuscript. JS Planned, discussed experiments, and helped
writing of the manuscript. ML Supervised, planned, discussed
experiments, and helped writing of the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

Research reported in this publication was supported by the
Eunice Kennedy Shriver National Institute of Child and Human
Development of the National Institutes of Health under award
number 1R61HD105613-01 We would also like to acknowledge
Robert and Francine Shanfield for their generous donation in
support of this research, without which this article would not be
possible.

Acknowledgments

We would like to thank Christina Aglieco and Berivan Hamoto
for collecting and processing saliva samples. We would also like to
thank our colleagues Adriana Camacho, Carlie DeFelice, Hilda
Giraldo, Stephanie Lesmes, Isabel Orbe, Celina Porcaro, Jessika
Rodrígueza, Noah Schulman, and Beatriz Vanegas for their vital
contribution to the project, including participant recruitment and
biospecimen collection and processing.

Conflict of Interest

ML has intellectual property (U.S. Patent #7,655,421) related to
functional phenotyping of leukocytes by SPR microarray. ML, MM-
M, DL, and JG have ongoing, NIH-funded, collaborations with
Ciencia, Inc.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of
interest.

Publisher’s Note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1066391/
full#supplementary-material

References

Abramczyk, U., Nowaczyński, M., Adam, S., Wojnicz, P., Zatyka, P., and Kuzan, A.
(2022). Consequences of COVID-19 for the pancreas. Int. J. Mol. Sci. 23 (2), 864. doi:10.
3390/ijms23020864

Algarni, A. S., NjoudAlamri, M. N Z. K, R A., Alghamdi, S. H., Alsubhi, R. S., and
Alghamdi, S. H. (2022). Clinical practice guidelines in multisystem inflammatory
syndrome (MIS-C) related to COVID-19: A critical review and recommendations.
World J. Pediatr. 18 (2), 83–90. doi:10.1007/s12519-021-00499-w

Alphonse, T., Prince, M., Trang, T. D., Shumitzu, C., Hoang, T L., McCrindle, B W.,
et al. (2016). Inositol-triphosphate 3-kinase C mediates inflammasome activation and
treatment response in Kawasaki disease. J. Immunol. 197 (9), 3481–3489. LP – 3489.
doi:10.4049/jimmunol.1600388

Amanullah, A., Hewitt, C. J., Nienow, A. W., Lee, C., Chartrain, M., Buckland, B. C.,
et al. (2002). Application of multi-parameter flow cytometry using fluorescent probes to
study substrate toxicity in the indene bioconversion. Biotechnol. Bioeng. 80 (3),
239–249. doi:10.1002/BIT.10477

Bagnasco, A., Pezzi, E., Rosa, F., Fornonil, L., and Sasso, L. (2012). Distraction
techniques in children during venipuncture: An Italian experience. J. Prev. Med. Hyg. 53
(1), 44–48. doi:10.15167/2421-4248/JPMH2012.53.1.314

Bar-Meir, M.t, Godfrey, M. E., Shack, A. R., Hashkes, P. J., Goldzweig, O, andMegged,
O (2021). Characterizing the differences between multisystem inflammatory syndrome
in children and Kawasaki disease. Sci. Rep. 11, 13840–13845. doi:10.1038/s41598-021-
93389-0

Barnett, D., Ilja, A., and Penders, J. (2021). MicroViz: An R package for microbiome data
visualization and statistics. J. Open Source Softw. 6 (63), 3201. doi:10.21105/joss.03201

Beyerstedt, S., Barbosa Casaro, E., and Érika, B. R. (2021). COVID-19: Angiotensin-
converting enzyme 2 (ACE2) expression and tissue susceptibility to SARS-CoV-
2 infection. Eur. J. Clin. Microbiol. Infect. Dis. Official Publ. Eur. Soc. Clin.
Microbiol. 40 (5), 905–919. doi:10.1007/s10096-020-04138-6

Bhagwandin, V., Hau, L., Clair, J M-S., Paul, W., and George, C. (2003). Structure and
activity of human pancreasin, a novel tryptic serine peptidase expressed primarily by the
pancreas. J. Biol. Chem. 278, 3363–3371. doi:10.1074/jbc.M209353200

Bolyen, E, Rideout, J R., Dillon, M. R., Bokulich, N. A., Abnet, C C., Al-Ghalith, G. A.,
et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nat. Biotechnol. 37 (8), 852–857. doi:10.1038/s41587-019-0209-9

Burguillos, M A., Svensson, M., Tim, S., Boza-Serrano, A., Garcia-Quintanilla, A,
Kavanagh, E, et al. (2015). Microglia-secreted galectin-3 acts as a toll-like receptor
4 ligand and contributes to microglial activation. Cell Rep. 10 (9), 1626–1638. doi:10.
1016/j.celrep.2015.02.012

Buszko, M., Nita-Lazar, A., Park, J-H., Schwartzberg, P. L., Verthelyi, Da, Young, H
A., et al. (2021). Lessons learned: New insights on the role of cytokines in COVID-19.
Nat. Immunol. 22 (4), 404–411. doi:10.1038/s41590-021-00901-9

Cabrero-Hernandez, M., Garcia-Salido, A., Leoz-Gordillo, I., Alonso-Cadenas,
J. A., Gochi-Valdovinos, A., Gonzalez Brabin, A., et al. (2020). Severe SARS-CoV-
2 infection in children with suspected acute abdomen: A case series from a tertiary
hospital in Spain. Pediatr. Infect. Dis. J. 39 (8), e195–e198. doi:10.1097/inf.
0000000000002777

Cady, N. C., Tokranova, N, Minor, A, Nikvand, N, Klemen, S., Lee, W T., et al. (2021).
Multiplexed detection and quantification of human antibody response to COVID-19
infection using a plasmon enhanced biosensor platform. Biosens. Bioelectron. 171,
112679. doi:10.1016/J.BIOS.2020.112679

Caldarale, F., Giacomelli, M., Garrafa, E., Tamassia, N., Morreale, A., Poli, P., et al.
(2021). Plasmacytoid dendritic cells depletion and elevation of IFN-γ dependent
chemokines CXCL9 and CXCL10 in children with multisystem inflammatory
syndrome. Available at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
654587.

Callahan, B. J., McMurdie, P. J., Rosen, M.l J., Han, A.W., Johnson, A., and Holmes, S.
P. (2016). DADA2: High-Resolution sample inference from illumina amplicon data.
Nat. Methods 13 (7), 581–583. doi:10.1038/nmeth.3869

Callahan, V., Seth, H., Crawford, M. A., Lehman, C. W., Morrison, H. A., Ivester, H.
M., et al. (2021). The pro-inflammatory chemokines CXCL9, CXCL10 and CXCL11 are
upregulated following SARS-CoV-2 infection in an AKT-dependent manner. Viruses 13
(6), 1062. doi:10.3390/v13061062

Chou, E., Lasek-Nesselquist, E., Taubner, B., Pilar, A., Guignon, E., Page, W., et al.
(2020). A fluorescent plasmonic biochip assay for multiplex screening of diagnostic
serum antibody targets in human lyme disease. PLOS ONE 15 (2), e0228772. doi:10.
1371/JOURNAL.PONE.0228772

Consiglio, C. R., Cotugno, N., Sardh, F., Pou, C., Amodio, D., Rodriguez, L., et al.
(2020). The immunology of multisystem inflammatory syndrome in children with
COVID-19. Cell 183 (4), 968–981.e7. doi:10.1016/J.CELL.2020.09.016

Frontiers in Bioengineering and Biotechnology frontiersin.org17

Maltz-Matyschsyk et al. 10.3389/fbioe.2023.1066391

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1066391/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1066391/full#supplementary-material
https://doi.org/10.3390/ijms23020864
https://doi.org/10.3390/ijms23020864
https://doi.org/10.1007/s12519-021-00499-w
https://doi.org/10.4049/jimmunol.1600388
https://doi.org/10.1002/BIT.10477
https://doi.org/10.15167/2421-4248/JPMH2012.53.1.314
https://doi.org/10.1038/s41598-021-93389-0
https://doi.org/10.1038/s41598-021-93389-0
https://doi.org/10.21105/joss.03201
https://doi.org/10.1007/s10096-020-04138-6
https://doi.org/10.1074/jbc.M209353200
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1016/j.celrep.2015.02.012
https://doi.org/10.1016/j.celrep.2015.02.012
https://doi.org/10.1038/s41590-021-00901-9
https://doi.org/10.1097/inf.0000000000002777
https://doi.org/10.1097/inf.0000000000002777
https://doi.org/10.1016/J.BIOS.2020.112679
https://www.frontiersin.org/articles/10.3389/fimmu.2021.654587
https://www.frontiersin.org/articles/10.3389/fimmu.2021.654587
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.3390/v13061062
https://doi.org/10.1371/JOURNAL.PONE.0228772
https://doi.org/10.1371/JOURNAL.PONE.0228772
https://doi.org/10.1016/J.CELL.2020.09.016
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1066391


Dickinson, D. P. (2002). Salivary (SD-Type) cystatins: Over one billion years in the
making—but to what purpose? Crit. Rev. Oral Biol. Med. 13 (6), 485–508. doi:10.1177/
154411130201300606

Eduardo, C-A., Limon-de la Rosa, N., Salgado-de la Mora, M., Valdez-Sandoval, P.,
Palacios-Jimenez, M., Rodriguez-Alvarez, F., et al. (2022). Galectin-3 as a potential
prognostic biomarker of severe COVID-19 in SARS-CoV-2 infected patients. Sci. Rep.
12 (1), 1856. doi:10.1038/s41598-022-05968-4

Feldstein, L. R., EricaRoseNewhams, B. S M. H P. C, M M., Son, M B F., Newburger, J
W., Son, M. B. F., et al. (2020). Multisystem inflammatory syndrome in U.S. Children
and adolescents. N. Engl. J. Med. 383 (4), 334–346. doi:10.1056/NEJMOA2021680

Filbin, M R., Mehta, A, Schneider, A. M., Kyle, R., Kays, J R. G., Gentili, M., et al.
(2021). Longitudinal proteomic analysis of severe COVID-19 reveals survival-
associated signatures, tissue-specific cell death, and cell-cell interactions. Cell
Rep. Med. 2 (5), 100287. doi:10.1016/J.XCRM.2021.100287

Filer, A., Bik, M., Parsonage, G N., Fitton, J, Trebilcock, E, Howlett, K, et al. (2009).
Galectin 3 induces a distinctive pattern of cytokine and chemokine production in
rheumatoid synovial fibroblasts via selective signaling pathways. Arthritis &
Rheumatism 60 (6), 1604–1614. doi:10.1002/art.24574

Finoti, L. S., Nepomuceno, R., Pigossi, S C., Corbi, S C. T., Rodrigo, S., and Scarel-
Caminaga, R. M. (2017). Association between interleukin-8 levels and chronic
periodontal disease: A PRISMA-compliant systematic review and meta-analysis.
Medicine 96 (22), e6932. Available at: https://journals.lww.com/md-journal/Fulltext/
2017/06020/Association_between_interleukin_8_levels_and.18.aspx.

Graf, L. N., Caimano, M. J., Jackson, E., Gratalo, D., Fasulo, D., Driscoll, M. D., et al.
(2021). High-resolution differentiation of enteric bacteria in premature infant fecal
microbiomes using a novel RRNA amplicon. MBio 12 (1), 036566–e3720. doi:10.1128/
mBio.03656-20

Guignon, E. F., and Lynes, M. A. (2014). Sensitivity enhancement of a grating-based
surface plasmon-coupled emission (SPCE) biosensor chip using gold thickness. Chem.
Phys. Lett. 591, 5–9. doi:10.1016/j.cplett.2013.10.081

Guimarães, D., Pissarra, R., Reis-Melo, A., and Guimarães, H. (2021). Multisystem
inflammatory syndrome in children (misc): A systematic review. Int. J. Clin. Pract. 75
(11), e14450. doi:10.1111/IJCP.14450

Henderson, N C., and Sethi, T. (2009). The regulation of inflammation by
galectin-3. Immunol. Rev. 230 (1), 160–171. doi:10.1111/j.1600-065X.2009.
00794.x

Hoang, L. T., Shimizu, C., Ling, L., Adriana, H. T W, Levin, M., Hibberd, M L., et al.
(2014). Global gene expression profiling identifies new therapeutic targets in acute
Kawasaki disease. Genome Med. 6 (11), 541. doi:10.1186/s13073-014-0102-6

Hulina, A., Rajković, M G., Daniela, J. D., Jelić, D., Dojder, A., Čepelak, I., and
Rumora, L. (2018). Extracellular Hsp70 induces inflammation and modulates LPS/
LTA-Stimulated inflammatory response in THP-1 cells. Cell Stress & Chaperones 23 (3),
373–384. doi:10.1007/s12192-017-0847-0

Jiang, F., Yang, J., Zhang, Y., Dong, M., Wang, S., Zhang, Q., et al. (2014).
Angiotensin-converting enzyme 2 and angiotensin 1–7: Novel therapeutic targets.
Nat. Rev. Cardiol. 11 (7), 413–426. doi:10.1038/nrcardio.2014.59

Jin, G b., Unfricht, D. W., Fernandez, S. M., and Lynes, M. A. (2006). Cytometry on a
chip: Cellular phenotypic and functional analysis using grating-coupled surface
plasmon resonance. Biosens. Bioelectron. 22 (2), 200–206. doi:10.1016/J.BIOS.2005.
12.021

Joo, H-G., Goedegebuure, P S., Sadanaga, N, Nagoshi, M., von Bernstorff, W, and
Eberlein, T J. (2001). Expression and function of galectin-3, a β-galactoside-binding
protein in activated T lymphocytes. J. Leukoc. Biol. 69 (4), 555–564. doi:10.1189/jlb.69.
4.555

Kim, S H., Song, E S., Yoon, S., Eom, G. H., Kang, G., and YoungCho, K. (2021).
Serum ferritin as a diagnostic biomarker for Kawasaki disease. Alm 41 (3), 318–322.
doi:10.3343/alm.2021.41.3.318

Lee, J-H., Han, H-S., and Joon, K. L. (2020). The importance of early recognition,
timely management, and the role of healthcare providers in multisystem
inflammatory syndrome in children. Jkms 36 (2), 177–e20. doi:10.3346/jkms.
2021.36.e17

Li, L., Li, J., Gao, M., Fan, H., Wang, Y., Xu, X., et al. (2020). Interleukin-8 as a
biomarker for disease prognosis of coronavirus disease-2019 patients. Front. Immunol.
11, 602395. doi:10.3389/fimmu.2020.602395

Li, W., Dimitry, M., Stuart, B., Ganesan, R, Sa, S, Ferrando, R, et al. (2009). The serine
protease marapsin is expressed in stratified squamous epithelia and is up-regulated in
the hyperproliferative epidermis of psoriasis and regenerating wounds. J. Biol. Chem.
284 (1), 218–228. doi:10.1074/jbc.M806267200

Li, Y., Yang, S., Ding, P., Zhu, H.-M., Li, B-Y., Yang, X., et al. (2020). Predictive
value of serum cystatin C for risk of mortality in severe and critically ill patients
with COVID-19. World J. Clin. Cases 8 (20), 4726–4734. doi:10.12998/wjcc.v8.i20.
4726

Lie, M. A., Loos, B. G., Henskens, Y. M., Timmerman, M. F., Veerman, E. C., van der
Velden, U., et al. (2001). Salivary cystatin activity and cystatin C in natural and
experimental gingivitis in smokers and non-smokers. J. Clin. Periodontology 28 (10),
979–984. doi:10.1034/j.1600-051x.2001.028010979.x

Lopez-Labady, T, JeanethBologna-Molina, R., and Villarroel-Dorrego, M. (2021).
Expression of interleukin-1ß and interleukin-8 in oral potentially malignant disorders
and carcinomas. Front. Oral Health 2, 649406–6. doi:10.3389/froh.2021.649406

Lu, W., Cheng, P., and Chen, S. (1998). HSP60, HSP70 in the pathogenesis of
Kawasaki disease: Implication and action. J. Tongji Med. Univ. = Tong Ji Yi Ke Da Xue
Xue Bao 18 (3), 145–148. doi:10.1007/BF02888523

Mahmoud, S., EmanFouda, M., Kotby, A., Ibrahim, H.M., Gamal, M., el Gendy, Y. G.,
et al. (2021). The ‘golden hours’ algorithm for the management of the multisystem
inflammatory syndrome in children (MIS-C). Glob. Pediatr. Health 8,
2333794X2199033. doi:10.1177/2333794X21990339

Marusov, G., Sweatt, A., Pietrosimone, K., Benson, D., Geary, S. J., Silbart, L. K., et al.
(2012). A microarray biosensor for multiplexed detection of microbes using grating-
coupled surface plasmon resonance imaging. Environ. Sci. Technol. 46 (1), 348–359.
doi:10.1021/ES201239F

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: An R package for reproducible
interactive analysis and graphics of microbiome census data. PLOS ONE 8 (4), e61217.
doi:10.1371/journal.pone.0061217

Molony, R. D., Rice, J. M., Shetty, V., Dey, D., Lawrence, D. A., and Lynes, M. A.
(2012). Mining the salivary proteome with grating-coupled surface plasmon resonance
imaging and surface plasmon coupled emission microarrays current Protocols in
toxicology chapter. Curr. Protoc. Toxicol. 18 (53), Unit 18.16.1-19. doi:10.1002/
0471140856.TX1816S53

Mostafa, G A., Mohamed Ibrahim, H., and Abeer Al, S S., (2022). Up-regulated serum
levels of soluble CD25 and soluble CD163 in pediatric patients with SARS-CoV-2. Eur.
J. Pediatr. 181 (6), 2299–2309. doi:10.1007/s00431-022-04398-8

Newburger, J. W., Takahashi, M., and Burns, J. C. (2016). Kawasaki disease. J. Am.
Coll. Cardiol. 67 (14), 1738–1749. doi:10.1016/J.JACC.2015.12.073

Noordin, R., and Nurulhasanah, O. (2013). Proteomics technology – a powerful tool
for the biomedical scientists. Malays. J. Med. Sci. MJMS 20 (2), 1–2.

Okada, Y., Shinohara, M., Kobayashi, T., Inoue, Y., Tomomasa, T., Kobayashi, T, et al.
(2003). Effect of corticosteroids in addition to intravenous gamma globulin therapy on
serum cytokine levels in the acute phase of Kawasaki disease in children. J. Pediatr. 143
(3), 363–367. doi:10.1067/S0022-3476(03)00387-1

Osińska, Iw., Popko, K., and Demkow, U. (2014). Perforin: An important player in
immune response. Central-European J. Immunol. 39 (1), 109–115. doi:10.5114/ceji.
2014.42135

Patel, V. B., Parajuli, N., and Oudit, G. Y. (2013). Role of angiotensin-converting
enzyme 2 (ACE2) in diabetic cardiovascular complications. Clin. Sci. 126 (7), 471–482.
doi:10.1042/CS20130344

Phamduy, T. T., Smith, S., Herbst, K. W., Phamduy, P. T., Brimacombe, M,
Alexander, H., et al. (2021). Kawasaki disease hospitalizations in the United States
2016–2020: A comparison of before and during the coronavirus disease
2019 era.Pediatr. Infect. Dis. J. 40 (11), e407–e412. doi:10.1097/INF.
0000000000003289

Qiu, Z., Liu, H., GuoFan, Z., Chen, W. X., and Hu, P. (2022). The clinical implications
of serum ferritin in Kawasaki disease: A helpful biomarker for evaluating therapeutic
responsiveness, coronary artery involvement and the tendency of macrophage
activation syndrome. Archives Med. Sci. AMS 18 (1), 267–274. doi:10.5114/aoms/
144293

Radia, T, Williams, N., Agrawal, P., Harman, K., Jonathan, W., Cook, J., et al. (2021).
Multi-system inflammatory syndrome in children & adolescents (MIS-C): A systematic
review of clinical features and presentation. Paediatr. Respir. Rev. 38, 51–57. doi:10.
1016/J.PRRV.2020.08.001

Ramaswamy, A.i, Brodsky, N. N., Tomokazu, S. S., Comi, M., Asashima, H., Hoehn,
K. B., et al. (2020). Post-infectious inflammatory disease in MIS-C features elevated
cytotoxicity signatures and autoreactivity that correlates with severity. MedRxiv Prepr.
Serv. Health Sci. 2020, 20241364. doi:10.1101/2020.12.01.20241364

Reilly, M. T., Nessing, P. A., Guignon, E. F., Lynes, M A., and Fernandez, S. M. (2006).
SPR surface enhanced fluorescence with a gold-coated corrugated sensor chip. Proc.
SPIE 6099, 60990E. doi:10.1117/12.646165

Rice, J. M., Lawrence, J., Stern, E. F. G., D A. L., Lynes, M A., and Lynes, M. A. (2012).
Antigen-specific T cell phenotyping microarrays using grating coupled surface plasmon
resonance imaging and surface plasmon coupled emission. Biosens. Bioelectron. 31 (1),
264–269. doi:10.1016/J.BIOS.2011.10.029

Russell, S. E., Anne CMoore, P. G. F,Walsh, P. T., andWalsh, P. T. (2012). Soluble IL-
2rα (SCD25) exacerbates autoimmunity and enhances the development of
Th17 responses in mice. PLOS ONE 7 (10), e47748. doi:10.1371/journal.pone.0047748

Teraura, H., Kotani, K., Minami, T., Takeshima, T., Shimooki, O., and Kajii, E.
(2016). The serum concentration of soluble interleukin-2 receptor in patients with
Kawasaki disease. Ann. Clin. Biochem. 54 (2), 209–213. doi:10.1177/
0004563216677583

Tizard, E. J. (2005). Complications of Kawasaki disease. Curr. Paediatr. 15 (1), 62–68.
doi:10.1016/j.cupe.2004.09.002

Unfricht, D. W., Colpitts, S. L., Fernandez, S.M., and Lynes, M. A. (2005). Grating-
coupled surface plasmon resonance: A cell and protein microarray platform. Proteomics
5 (17), 4432–4442. doi:10.1002/PMIC.200401314

Frontiers in Bioengineering and Biotechnology frontiersin.org18

Maltz-Matyschsyk et al. 10.3389/fbioe.2023.1066391

https://doi.org/10.1177/154411130201300606
https://doi.org/10.1177/154411130201300606
https://doi.org/10.1038/s41598-022-05968-4
https://doi.org/10.1056/NEJMOA2021680
https://doi.org/10.1016/J.XCRM.2021.100287
https://doi.org/10.1002/art.24574
https://journals.lww.com/md-journal/Fulltext/2017/06020/Association_between_interleukin_8_levels_and.18.aspx
https://journals.lww.com/md-journal/Fulltext/2017/06020/Association_between_interleukin_8_levels_and.18.aspx
https://doi.org/10.1128/mBio.03656-20
https://doi.org/10.1128/mBio.03656-20
https://doi.org/10.1016/j.cplett.2013.10.081
https://doi.org/10.1111/IJCP.14450
https://doi.org/10.1111/j.1600-065X.2009.00794.x
https://doi.org/10.1111/j.1600-065X.2009.00794.x
https://doi.org/10.1186/s13073-014-0102-6
https://doi.org/10.1007/s12192-017-0847-0
https://doi.org/10.1038/nrcardio.2014.59
https://doi.org/10.1016/J.BIOS.2005.12.021
https://doi.org/10.1016/J.BIOS.2005.12.021
https://doi.org/10.1189/jlb.69.4.555
https://doi.org/10.1189/jlb.69.4.555
https://doi.org/10.3343/alm.2021.41.3.318
https://doi.org/10.3346/jkms.2021.36.e17
https://doi.org/10.3346/jkms.2021.36.e17
https://doi.org/10.3389/fimmu.2020.602395
https://doi.org/10.1074/jbc.M806267200
https://doi.org/10.12998/wjcc.v8.i20.4726
https://doi.org/10.12998/wjcc.v8.i20.4726
https://doi.org/10.1034/j.1600-051x.2001.028010979.x
https://doi.org/10.3389/froh.2021.649406
https://doi.org/10.1007/BF02888523
https://doi.org/10.1177/2333794X21990339
https://doi.org/10.1021/ES201239F
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1002/0471140856.TX1816S53
https://doi.org/10.1002/0471140856.TX1816S53
https://doi.org/10.1007/s00431-022-04398-8
https://doi.org/10.1016/J.JACC.2015.12.073
https://doi.org/10.1067/S0022-3476(03)00387-1
https://doi.org/10.5114/ceji.2014.42135
https://doi.org/10.5114/ceji.2014.42135
https://doi.org/10.1042/CS20130344
https://doi.org/10.1097/INF.0000000000003289
https://doi.org/10.1097/INF.0000000000003289
https://doi.org/10.5114/aoms/144293
https://doi.org/10.5114/aoms/144293
https://doi.org/10.1016/J.PRRV.2020.08.001
https://doi.org/10.1016/J.PRRV.2020.08.001
https://doi.org/10.1101/2020.12.01.20241364
https://doi.org/10.1117/12.646165
https://doi.org/10.1016/J.BIOS.2011.10.029
https://doi.org/10.1371/journal.pone.0047748
https://doi.org/10.1177/0004563216677583
https://doi.org/10.1177/0004563216677583
https://doi.org/10.1016/j.cupe.2004.09.002
https://doi.org/10.1002/PMIC.200401314
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1066391


Whittaker, E., Bamford, A., Kenny, J., Kaforou, M., Jones, C. E., Shah, P., et al. (2020).
Clinical characteristics of 58 children with a pediatric inflammatory multisystem
syndrome temporally associated with SARS-CoV-2. JAMA 324 (3), 259–269. doi:10.
1001/JAMA.2020.10369

Yamamoto, N., Sato, K., Hoshina, T., Kojiro,M., and Kusuhara, K. (2015). Utility of ferritin
as a predictor of the patientswithKawasaki disease refractory to intravenous immunoglobulin
therapy. Mod. Rheumatol. 25 (6), 898–902. doi:10.3109/14397595.2015.1038430

Yates, J. L., Ehrbar, D. J., Hunt, D. T., Girardin, R. C., Dupuis, A. P., Payne, A. F., et al.
(2021). Serological analysis reveals an imbalanced IgG subclass composition associated
with COVID-19 disease severity. Cell Rep. Med. 2 (7), 100329. doi:10.1016/j.xcrm.2021.
100329

Yates, J. L., DylanEhrbar, J., Hunt, D. T., Girardin, R. C., AlanDupuis, P., Payne, A. F.,
et al. (2021). Serological analysis reveals an imbalanced IgG subclass composition
associated with COVID-19 disease severity. Cell Rep. Med. 2 (7), 100329. doi:10.1016/j.
xcrm.2021.100329

Yuk, J S., Guignon, E. F., and Lynes, M. A. (2013). Highly sensitive grating coupler-
based surface plasmon-coupled emission (SPCE) biosensor for immunoassay. Analyst
138 (9), 2576–2582. doi:10.1039/C3AN00135K

Ziegelasch, N., Vogel, M., Müller, E., Tremel, N., Jurkutat, A., Löffler, M., et al.
(2019). Cystatin C serum levels in healthy children are related to age, gender, and
pubertal stage. Pediatr. Nephrol. Berl. Ger. 34 (3), 449–457. doi:10.1007/s00467-
018-4087-z

Frontiers in Bioengineering and Biotechnology frontiersin.org19

Maltz-Matyschsyk et al. 10.3389/fbioe.2023.1066391

https://doi.org/10.1001/JAMA.2020.10369
https://doi.org/10.1001/JAMA.2020.10369
https://doi.org/10.3109/14397595.2015.1038430
https://doi.org/10.1016/j.xcrm.2021.100329
https://doi.org/10.1016/j.xcrm.2021.100329
https://doi.org/10.1016/j.xcrm.2021.100329
https://doi.org/10.1016/j.xcrm.2021.100329
https://doi.org/10.1039/C3AN00135K
https://doi.org/10.1007/s00467-018-4087-z
https://doi.org/10.1007/s00467-018-4087-z
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1066391

	Development of a biomarker signature using grating-coupled fluorescence plasmonic microarray for diagnosis of MIS-C
	Introduction
	Materials and methods
	Biological samples
	Patient saliva processing
	Patient serum processing
	Printing of grating-coupled fluorescence plasmonic (GCFP) biosensor chip
	Grating-coupled fluorescence plasmonic detection assay
	16S-23S rRNA microbiome sequencing
	Microsphere immunoassay for cytokines identification
	Microsphere immunoassay for Ig response to Sars-CoV-2 epitopes
	Optimization of biosensor chip

	Results
	Identification and validation of regions of interest
	Development of the grating-coupled fluorescence plasmonic biosensor chip assay
	Analysis of patient samples by grating-coupled fluorescence plasmonic imaging
	Interrogation of grating-coupled fluorescence plasmonic saliva outliers using 16S-23S rRNA gene amplicon sequence analysis
	Refining the composition of a second-generation chip using Microsphere Immunoassay
	Comparison of grating-coupled fluorescence plasmonic biosensor chip biomarker signature to Cytokine Microsphere Immunoassay ...

	Discussion
	The Connecticut Children’s COVID Collaborative
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of Interest
	Publisher’s Note
	Supplementary material
	References


