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SUMMARY

Ebola virus (EBOV) is a highly infectious pathogen, with a casemortality rate as high as 89%. Rapid therapeu-
tic treatments and supportive measures can drastically improve patient outcome; however, the symptoms of
EBOV disease (EVD) lack specificity from other endemic diseases. Given the high mortality and significant
symptom overlap, there is a critical need for sensitive, rapid diagnostics for EVD. Facile diagnosis of EVD re-
mains a challenge. Here, we describe a rapid and sensitive diagnostic for EVD through microring resonator
sensors in conjunction with a unique biomarker of EBOV infection, soluble glycoprotein (sGP). Microring
resonator sensors detected sGP in under 40minwith a limit of detection (LOD) as low as 1.00 ng/mL in serum.
Furthermore, we validated our assay with the detection of sGP in serum from EBOV-infected non-human pri-
mates. Our results demonstrate the utility of a high-sensitivity diagnostic platform for detection of sGP for
diagnosis of EVD.

INTRODUCTION

RNA viruses are an area of critical concern and a major threat to

global health; between 25% and 44% of all emerging infectious

diseases are caused by RNA viruses (Binder et al., 1999; Jones

et al., 2008; Morens et al., 2004; Woolhouse and Gowtage-Se-

queria, 2005). This is in part attributed to their ability to mutate

rapidly, a consequence of low-fidelity RNA-dependent RNA

polymerases (Bishara et al., 2011; Greenbaum et al., 2013; Insti-

tute of Medicine Committee on emerging Microbial threats to

Health et al., 1992; McLeod et al., 2014; Mudanyali et al.,

2013), as well as increased contact between both humans and

zoonotic vectors (Carrasco-Hernandez et al., 2017). Filoviruses

are among the most lethal human single-stranded, negative-

sense RNA viruses, with high case fatality rates up to 89%during

outbreaks (Rugarabamu et al., 2020). Ebola virus (EBOV) is the

causative agent of EBOV disease (EVD), characterized by

pathognomonic symptoms of internal and external bleeding, in

addition to a constellation of non-specific symptoms including

fever, fatigue, nausea, vomiting, diarrhea, and headache (Beech-

ing et al., 2014).

Previous outbreaks of EBOV highlight the need for rapid diag-

nostics to accurately and rapidly detect disease. Access to diag-

nostic information is critical for diseasemanagement by enabling

healthcare systems to initiate isolation protocols and begin sup-

portive measures that drastically improve patient outcomes

(Chertow et al., 2014; Khan et al., 1999; Lindblade et al., 2015).

In resource-limited settings, accurate diagnosis also enables

MOTIVATION Filoviruses, such as Ebola virus, are highly infectious pathogens with high mortality rates.
Current diagnostics for filovirusesmainly rely on PCR-based techniques, ELISAs, or lateral flow assays. Dis-
advantages of these techniques include limited multiplexing capabilities, limited quantitative information,
and lengthy assay times. We present a method for the detection of Ebola virus that addresses these con-
cerns, with a total assay time of under 40 min.
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healthcare providers to utilize limited resources more efficiently

to limit the outbreak spread. Current diagnostics for EBOV

mainly rely on PCR-based techniques, ELISAs, or lateral flow as-

says with varying degrees of success (Broadhurst et al., 2016;

Furuyama and Marzi, 2020; Kebenei and Okoth, 2021; Moran

et al., 2020). Each of these methods require additional elec-

tronics for sample processing and trained technicians to perform

studies. Moreover, these techniques have several disadvan-

tages, including low multiplexing capabilities, limited quantita-

tive information, lengthy assay times, and/or the requirement of

centralized laboratories or cold chain custody. Specific to EVD,

these assays rely on either the glycoprotein (GP) of EBOV or nu-

cleic acid-based testing, both of which are subject to a diag-

nostic window period during which infected patients will test

negative. Therefore, new technologies that bypass traditional

analytical limitations and technical requirements as well as infor-

mative actional biomarkers of EVD are needed to enable effec-

tive triaging and treatment of infected individuals.

The EBOV genome, consisting of seven genes, is highlighted

in Figure 1A. EBOV GP is expressed as two distinct transcrip-

tional products. These two proteins are expressed through

site-specific transcriptional editing of the GP gene. The primary

product of the GP gene is the soluble GP (sGP), a nonstructural

secreted GP that is expressed from the unedited RNA transcript.

sGP is dimerized by two cysteine bridges and released from

EBOV-infected cells (Pallesen et al., 2016; Volchkova et al.,

1998). The full-length GP, which coats the surface of mature viral

particles, is expressed only following transcriptional editing of

the GP gene, where an additional uridine residue is added to

the genomic RNA. This editing adds an additional adenosine res-

idue in the transcript, which results in an extended open reading

frame. The majority of transcripts are non-edited and therefore

sGP is the first and predominant product of GP gene transcrip-

tion and translation (Sanchez et al., 1998; Volchkova et al.,

1998). sGP shares the first 295 residues with GP but contains

a unique C-terminal tail.

There are several roles sGP appears to play in EBOV patho-

genesis. It has been proposed that the expression and secretion

of sGP allows EBOV to evade the host immune response via im-

mune decoy leading to increased virulence (de La Vega et al.,

2015; Zhu et al., 2019). Additionally, sGP has been shown to

have immune modulatory functions. It inhibits pro-inflammatory

cytokine production by macrophages, limits macrophage migra-

tion (Bradley et al., 2018), and reduces CD16b receptors on

Figure 1. Ebola virus genome, generation of sGP, and comparison of EBOV RT-PCR versus sGP values during infection

(A) The Ebola genome contains seven genes, including one encoding for glycoprotein (GP). A transcriptional stutter leads to the addition of seven additional

adenosines, which are edited to result in the full-length, transmembrane GP. In contrast, without editing, a soluble GP (sGP) is formed, which is secreted from the

infected cell.

(B and C) Comparison of RT-PCR values (blue bars) and an ELISA for sGP (orange lines) in non-human primates (NHPs) infected with EBOVwho (B) survived and

(C) were deceased. Treatment either with monoclonal antibody (mAb) or control (no treatment) is reflected under the plots.
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human neutrophils (Kindzelskii et al., 2000). sGP has been re-

ported to have a protective function in the context of endothelial

layer integrity as well, which may support viral replication (Wahl-

Jensen et al., 2005). sGP also activates theMAP kinase signaling

pathway, which is thought to increase the uptake and internaliza-

tion of EBOV virions (Furuyama and Marzi, 2020). Despite sGP’s

numerous functions, its role as a biomarker is only now being

appreciated.

In this study, we address critical diagnostic gaps for EVD by

adapting a silicon photon microring resonator platform to detect

EBOVsGP.Microring resonators are a class ofwhispering gallery

mode (WGM) device inwhich light circulatingwithin themicroring

interacts with biomolecules deposited on the ring surface, result-

ing in a shift in the ring’s resonant wavelength that is proportional

to the amount of the surface-adsorbed material. WGM devices

have been leveraged for sensing applications over the past

decade due to their amenability to multiplexing, high analytical

sensitivity, quick time to result, and ease of integration with mi-

crofluidics. This has enabled their use in awide variety of applica-

tions, including the detection of nucleic acids (Qavi and Bailey,

2010; Qavi et al., 2011; Scheler et al., 2012), proteins (Kindt

et al., 2013; Shia andBailey, 2013;Washburn et al., 2009), and vi-

ruses (McClellan et al., 2012). Recent work has integrated this

sensing platform into clinical workflows to use varying bio-

markers to profile disease states for diagnostic use (Carde-

nosa-Rubio et al., 2019; Robison et al., 2019, 2021; Wade et al.,

2015). We demonstrate that microring resonators are an

effective sensing platform for the rapid, multiplexed detection

of filoviral infection using sGP. We also establish sGP as a

sentinel biomarker and potential prognostic marker of EVD

outcome with anticipated benefits in outbreak management.

RESULTS

The EBOV genome consists of seven genes, with sGP resulting

from an unedited transcription of the GP gene (Figure 1A). This

secreted protein was detected using an ELISA assay developed

by Integrated Biotherapeutics and compared with RT-PCR in

non-human primates (NHPs) infected with EBOV (Figures 1B

and 1C). Samples were obtained following infection with EBOV

in both treated and untreated NHPs. In all cases, sGP levels

increased earlier or at the same time as RT-PCR values. Further-

more, NHPs with EBOV levels greater than 1,000 ng/mL suc-

cumbed to disease regardless of treatment status. These results

reinforce sGP as both a diagnostic and prognostic marker of

EBOV infection.

We utilized a silicon photonic microring resonator platform for

the detection of sGP. Microring resonators operate on the prin-

ciple of WGM sensing and continue to be a promising layout

for biosensing applications due to ease of fabrication, chip inte-

gration, and high multiplexing potential (Figure S1) (Jiang et al.,

2020; Yu et al., 2021). Light at a specific resonant wavelength

is confined in small microring cavities. As changes in the local

refractive index (RI) in the sensing region occur, the resonant

wavelength within the microcavity shifts, which can be tracked

in near real time. As each biomolecular binding event occurs

over the course of the sandwich-style immunoassay, the reso-

nant wavelength shifts relative to the initial wavelength. The

extent of the final net shift is proportional to the amount of analyte

bound on the microring resonator.

We first sought to validate the sandwich immunoassay and

assess antibody specificity. The steps of the developed immu-

noassay on the microring platform consist of sample introduc-

tion followed by secondary recognition and amplification steps,

highlighted in Figure 2A. Antibodies for EBOV sGP and Sudan vi-

rus (SUDV) sGP were functionalized in a multiplex fashion on

the surface of the microrings, with each capture agent spanning

8–12 microrings to provide technical replicates. The sample of

interest was introduced to the sensor surface through microflui-

dic fittings and automated with pumps as previously described

(Figure 2A, step 1) (Arnfinnsdottir et al., 2020; Medfisch et al.,

2020; Mordan et al., 2020; Robison and Bailey, 2017; Robison

et al., 2019; Wetzler et al., 2020). As the antigen is flowed across

the surface of the sensor, the primary binding occurred as EBOV

sGP was captured by the anti-EBOV sGP antibodies on the

sensor surface. After addition of sample, a buffer rinse washed

away unbound material prior to introduction of the recognition

molecule, a pan-EBOV-SUDV biotinylated tracer antibody

Figure 2. Schematic of sGP detection with microring resonators

(A) General workflow of sGP detection from infection to sample analysis.

During infection, sGP is secreted from infected cells into the patient’s circu-

lation and is isolated in patient serum. The immunoassay begins by binding of

the secreted sGP in serum (1) onto the functionalized microring surface using

specific antibodies (black), while off-target antibodies serve as negative con-

trols (blue). As a secondary recognition element, biotinylated pan-filoviral an-

tibodies (2) detect the captured sGP. This sandwich complex is recognized by

streptavidin horseradish peroxidase (3), which allows for enzymatic process-

ing of solution-phase 4-chloro-1-napthol (4). This final step leads to a large

shift in resonant wavelength that is proportional to the amount of sGP bound

by the capture antibodies.

(B) Corresponding microring traces for each of the steps in (A). The solid line

reflects the average response of 8–12 technical replicates, while the

surrounding halo reflects the spread of individual rings. Inset reflects the steps

1–3.
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produced by Integrated Biotherapeutics (Figure 2A, step 2), to

form a sandwich motif. This secondary tracer antibody recog-

nizes multiple filovirus strains via conserved binding epitopes

on the filoviral GP. These binding epitopes are different than

those used with the primary antibody. Using a second antibody

for this purpose increases the specificity of the assay, as any

agent non-specifically adhered to the capture antibodies would

not be recognized. After a buffer rinse, SA-HRP was flowed

across the sensor surface (Figure 2A, step 3). In the final ampli-

fication step, 4-chloro-1-napthol (4CN) reacts with the HRP to

form an insoluble product (Figure 2A, step 4). The precipitate is

localized on the sensor surface, leading to a drastic change in

refractive index proportional to EBOV sGP concentration. Un-

bound reagent is washed away with a final buffer rinse, and

the net shift of resonant wavelength from the start of the 4CN

amplification step to the end of the final buffer rinse is used for

analysis. Incorporating these amplification steps leads to reso-

nant wavelength shifts of �6,000 pm for the highest concentra-

tions, resulting in a larger dynamic range and lower limits of

detection in comparison with using the primary antigen binding

steps. An example trace of wavelength shift during the assay

for detection of EBOV sGP with controls is highlighted in

Figure 2B.

To address antibody specificity, cross-reactivity experiments

were performed between EBOV and SUDV sGP. SUDV and

EBOV are related species within the Ebolavirus genus, and

SUDV also secretes sGP. The EBOV and SUDV sGPs were indi-

vidually introduced to a sensor chip covalently functionalized

with anti-EBOV sGP, anti-SUDV sGP, and mouse immunoglob-

ulin (IgG) antibodies. Mouse IgG antibodies were used as nega-

tive controls to monitor non-specific adsorption interactions and

resonant wavelength shifts due to bulk refractive index change.

Only the sensor rings functionalized with the respective antibody

responded to introduction of EBOV or SUDV sGPs (Figures 3A

and 3B). When exposed to EBOV sGP, the anti-EBOV sGP func-

tionalized rings (black) increase over the final amplification step,

leading to a measurable net shift, while the anti-SUDV sGP func-

tionalized rings (red) and control functionalized rings (blue) have

low net shifts (<1,000 pm). The same trend is observed with an

SUDV sGP target, where the anti-SUDV sGP functionalized rings

result in a large net shift, while the anti-EBOV sGP and control

functionalized rings have comparable shifts. There was no evi-

dence of cross-reactivity in these assays, which is attributed to

the specificity of the primary capture antibodies.

Calibration of EBOV and SUDV sGP occurred simultaneously

over a range of concentrations spanning from undetectable

levels to saturation of the signal (Figure 3C). The net shifts for

all concentrations were fitted to a logistic function for calculation

of unknown concentrations based on net shift,

y =
A1 � A2

1+
�

x
x0

�p +A2 (Equation 1)

where y is the net shift of the sample, A1 is the maximum net

shift (Dpm), A2 is the minimum net shift (D pm), x is the sample

analyte concentration (pM), x0 is the center value (pM), and p is

the power parameter affecting the slope around the inflection

point (Table S1) (Robison and Bailey, 2017; Robison et al.,

2021). The calibration curve (Figure 3C) was constructed in

the biologic matrix of 1% serum. Curves were also constructed

for 10% and 50% serum (Figure S3). The limit of detection

(LOD) for EBOV sGP and SUDV sGP were determined to

be 1.72 ng/mL and 1.00 ng/mL in 1% sera, respectively;

4.20 ng/mL and 1.54 ng/mL in 10% sera, respectively; and

2.33 ng/mL and 7.76 ng/mL in 50% sera, respectively

(Table S2). We calculated the LOD as the concentration corre-

lating to the sensor response three standard deviations from

the blank signal. Our calibration curves of spiked sGP into

pooled human sera demonstrated a decreased LOD with

increased percentage of serum. However, given that the LOD

from 1% serum to 50% serum decreased by �2.5-fold for

EBOV and �5-fold for SUDV, we anticipated no difficulties in

detecting sGP from the NHP samples.

Analysis of NHP samples were done at 103 or 1003 dilutions

due to limited sample volume. Each sample was analyzed

using the same experimental and data extraction methods as the

calibrations, with each sample taking just under 40 min to com-

plete. The researchers were blinded to the subject number and

outcomeof subject but did knowa relative rangeof concentrations

Figure 3. Cross-reactivity of microring resonators and calibration

curves

Development of immunoassay for EBOV sGP and SUDV sGP detection. Chips

functionalized with anti-EBOV sGP antibodies (black) and anti-SUDV sGP

antibodies (red) show no cross-reactivity, as only those rings functionalized

with the specific antibody elicit a response in the presence of the respective

protein standard. Mouse IgG antibodies (blue) were functionalized on every

chip as negative controls. Error bars represent n = 8–12 technical replicates.

(A) Sensor chip with 600 ng/mL of EBOV sGP.

(B) Sensor chip with 600 ng/mL SUDV sGP.

(C) Calibration curves of both targets detected simultaneously in 1% serum.
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of EBOVsGP in each sample tomake appropriate dilutions for this

preliminary work. For the samples analyzed at two dilutions, the

dilution that resulted in the net shift closest to the calibration curve

inflection point was used for concentration determination. The

103 dilution was the most generalizable, ultimately being used

for 24 of the 30 samples (Figure 4). The remaining six samples

were those of highest sGP concentrations, resulting in the 103

dilution falling in the saturating range of the calibrations. However,

the 1003 dilution resulted in quantifiable results for these remain-

ing. Additionally, only one of the 30 samples contained sGP below

theLOD.Comparisonof themicroring resonatorsandELISAassay

are highlighted in Figure S4 and Table S3. The microring platform

had a positive correlation with the ELISAs (R2 = 0.94), but error

rates of the microring platform relative to ELISA varied between

2.5% and 88.7%.

DISCUSSION

The ongoing COVID-19 pandemic highlights the need for

sensitive diagnostic platforms and novel biomarkers. EBOV

sGP represents a unique and powerful biomarker for the detec-

tion of EBOV infection and EVD prognosis for several reasons.

The presence of sGP in the blood prior to, or simultaneously

with, PCR-based assays improves the diagnostic window. As

previously noted, survival outcomes from EBOV infection

depend critically on the initiation of supportive measures, which

heavily rely on accurate diagnoses in resource-limited settings.

Rapid diagnosis facilitates faster treatment initiation, thereby

improving patient outcomes (Chertow et al., 2014; Feldmann

and Geisbert, 2011; Fowler et al., 2014). Quarantine of affected

individuals has profound implications in infection and outbreak

management and prevention. Alternatively, a confirmation of a

negative test allows for healthcare providers to efficiently

leverage their resources in treating patients. Because sGP is a

protein biomarker, there is flexibility in the assay designs that

can be used with the biomarker (e.g., lateral flow assays). The

NHP study suggests that levels higher than 1,000 ng/mL of

sGP may be a potential prognostic marker of EVD. Further

Figure 4. Detection of sGP from EBOV-in-

fected NHP samples

Average net shift and SD of microring resonators

toward EBOV-infected NHP samples. Error bars

reflect ±1 SD. Samples designated with L refer to a

sGP concentration range (confirmed via ELISA) be-

tween 100 and 1,000 ng/mL, M corresponding to

1,000–10,000 ng/mL, and H corresponding to

10,000–60,000 ng/mL. A total of 8–12 technical rep-

licates were performed for each sample.

studies are necessary to fully charac-

terize the prognostic value of sGP.

The role of sGP as a diagnostic marker

for infection has been previously

explored by several groups. In one

instance, researchers leveraged a modi-

fied D4 assay in combination with scFv-

Fc antibodies generated from phage-display libraries for the

highly sensitive detection of EBOV sGP (Fontes et al., 2021).

Similar to our study, Fontes et al., confirmed the presence of

sGP in EBOV-infected NHP with both a D4 assay and by

RT-PCR. A critical difference is the use of fluorescence-based

measurements, which requires a hand-held fluorescence reader.

The D4 assay platform provides highly sensitive, multiplexed

measurements; however, scalability of manufacturing may be

challenging. In contrast, Wang and coworkers demonstrated

the use of nanoparticles functionalized with nanobodies against

EBOV sGP with a turn-around-time (TAT) of as little as 5 min

(Chen et al., 2022). Through aggregation of nanoparticles and

optimization of nanobody pairs, the researchers were able to

detect both EBOV sGP and the receptor binding domain (RBD)

of GP using a low-cost LED reader. The authors of this study

only went up to 5% pooled sera and whole blood, due to the sig-

nificant decrease in LOD seen due to matrix effects.

Initial development of the EBOV sGP assay using themicroring

resonators focused on the direct, label-free binding of sGP to the

capture antibodies (Figures S2A and S2B). Label-free detection

of analytes has beendemonstrated in the pastwithmicroring res-

onators (Qavi and Bailey, 2010; Scheler et al., 2012; Washburn

et al., 2009); however, the LOD has typically remained in the

low ng/mL level for proteins in neat, buffered solutions. Our re-

sults were consistent with these findings, as no reliable calibra-

tion curve could be constructed based on primary binding data

in a neat-running buffer at low ng/mL concentrations. Even

more challenging is the elimination of primary binding profiles

due to bulk RI shift upon the addition of a complex matrix (e.g.,

serum). Given that the prognostic value of sGP rests around

1,000ng/mL, and thatdirect detectionof antigens in sera is signif-

icantly more difficult due to matrix effects, label-free detection

was insufficient for our purposes. We subsequently employed a

two-step sandwich assay with an amplification step (Kindt

et al., 2013). While the tracer antibody binding and amplification

steps result in additional assay time, they provides drastically

increased sensitivity and working dynamic range (Figures S2C

and S2D). Furthermore, because signal amplification is per-

formed in neat, buffered solutions in a separate step from sample
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introduction, there are no interfering matrix effects that would be

seen with direct binding in sera or plasma (Connell, 2012). An

addedbenefit of theassay format is the useof apan-Ebolamono-

clonal antibody (mAb) as a tracer antibody; that is, a single tracer

antibody can be employed despite multiple primary capture anti-

bodies and targets, simplifying the workflow of the assay.

An advantage of our sensor platform is the multiplexed

capabilities,with128activesensorsper chip.Whileour studyhigh-

lights three targets on a single chip, the microring resonator plat-

form has demonstrated up to 13-plex measurements on a single

chip (Robison et al., 2021). The total multiplexing of targets is

limited in part by the spotting of the capture antibodies on chip,

aswellas thenumberofdesired technical replicatesper run.None-

theless, the current assay design can be adapted toward a broad

range of pathogens. Given the non-specific symptoms seen with

EVD that overlap significantlywithother endemic tropical diseases

(e.g., malaria), there is potential to further improve the capabilities

of this assay by including additional targets (de Wit et al., 2016).

Another advantage is addition of unfunctionalized thermal control

microrings,whichnegatesanyenvironmental fluxes thatmay influ-

ence measurements. Additionally, our covalent linkage chemistry

utilizes BS3, a homobifunctional crosslinker that reacts agnosti-

callywithprimary amines. Thisability touse unmodifiedantibodies

or other capture agents and swap components within the assay

represents a significant benefit in flexibility of assay design.

One concern with the microring assay is the percentage error

from ELISAs. Despite higher analytical sensitivity compared with

the ELISAs, our results suggested variable error in sGP concen-

tration from the ELISA samples (Figure S4). At higher concentra-

tions, the error appears to approach�60%. It is unclear whether

this is due to degradation of the sample over time, as the NHP

samples were originally obtained in 2013, or a fundamental lim-

itation of mass diffusion of the antigens. The microring platform

leverages active fluidics in comparison with ELISAs relying on in-

cubation steps. Further studies are necessary to resolve this

discrepancy. Nonetheless, our platform was able to successfully

detect EBOV sGP in 29 out of the 30 NHP samples. With the

limited NHP samples available, we had to dilute samples to

reach the minimum volume of �300 mL to run the assay. Given

the assay’s ability to calibrate in 50% serum with limited

decrease in the LOD, we anticipate no significant problems in

the direct analysis of serum.

Another concern of the microring resonator platform is the

expense of the instrument for an in-field assay. While the sin-

gle-use disposable chips and cartridges are cost effective, the

optical readout system itself can be cost-prohibitive, especially

in resource-limited settings. There have been pushes to reduce

the cost of these systems, either through distributed Bragg

reflect (DRB) lasers (Xu et al., 2016) or alternate tuning mecha-

nisms (Adolphson et al., 2022). Additionally, this instrument is

not portable but is well suited for a field hospital or laboratory.

An additional concern with the assay is biocontainment. While

the need for biocontainment is a consideration for any assay

running human samples, this is especially relevant in the context

of biosafety level 4 (BSL-4) work. One potential solution is pre-

treatment of samples for EBOV inactivation. Current methods

include the use of irradiation (Elliott et al., 1982; Sagripanti and

Lytle, 2011), alkylating agents (Warfield et al., 2007), acetic

acid with heat (Mitchell and McCormick, 1984), or Triton X-100

with heat (Lau et al., 2015). An alternative to inactivation would

be a self-contained sensor unit. In the context of WGM sensors,

optofluidic devices such as liquid core optical ring resonators

(LCORRs) (Suter et al., 2008; Zhu et al., 2007) or microbubble

resonators (Giannetti et al., 2015) integrate the optical sensor

component with fluidic handling.

Together, our results indicate that microring resonators that

detect sGP are an appealing diagnostic platform for the detection

of EBOV infection. We demonstrate that sGP is a diagnostic and

prognostic marker for EBOV infection and, when leveraged in

conjunction with a sensitive diagnostic assay, can provide action-

able clinical information. Our work provides proof of concept and

a framework for further optimization and assay development.Mul-

tiplexed measurements enabled by our platform will allow for a

broader range of pathogens to be assessed, as well as the poten-

tial to incorporate other biomarkers relevant toward infection.

Limitations of the study
While our study highlights a potential biomarker for EVD and a

new utility of the sensor platform, there are some areas for future

development. Our technique requires the use of an instrument

capable of interrogating optical resonators, which requires a

tunable laser source within an optical readout instrument. While

there have been pushes to miniaturize these instruments (Xu

et al., 2016), current devices are laboratory based and one of

themost expensive components of the assay.De novo detection

of these antigens is not possible with our assay format. Further

work is also required to fully characterize the diagnostic and

prognostic value of sGP in EVD.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-EBOV capture Ab, desalted, stored at 0.5 mg/mL Integrated BioTherapeutics Cat#: 0365-001

Anti-SUDV capture Ab, desalted, stored at 0.5 mg/mL Integrated BioTherapeutics Cat#: 0302-030

Biotinylated Anti-EBOV/SUDV pan Ab Integrated BioTherapeutics N/A

Ms IgG control Ab, 5 mg/mL Thermo Fisher Scientific Cat #: 0031903

Biological samples

NHP serum: Rhesus macaque USAMRIID (Pettitt et al., 2013) N/A

Pooled healthy serum: Human Innovative Research, Novi, MI Cat #: ISER50ML

Chemicals, peptides, and recombinant proteins

Recombinant EBOV Soluble GP (sGP) Integrated BioTherapeutics Cat#: 0565-001

Recombinant SUDV Soluble GP (sGP) Integrated BioTherapeutics Cat#: 0570-001

Acetone (7.9 mL) Fisher Chemical Cat#: A184

Isopropanol (2 mL) Fisher Chemical Cat#: A4154

3-aminopropyltriethoxysilane (APTES, 100 mL) Sigma Aldrich Cat#: 440140

Bis(sulfosuccinimidyl)suberate (BS3, 2 mg) Thermo Fisher Scientific Cat#: A39266

Acetic acid (2 mM) Fisher Chemical Cat#: A38-212

Glycerol (50% solution) Sigma Aldrich Cat#: G5516

DryCoat Assay Stabilizer Virusys Corporation Cat#: AG066-1

Starting Block Buffer Thermo Fisher Scientific Cat#: 37578

Streptavidin horseradish peroxidase Thermo Fisher Scientific Cat#: 21130

4-chloro-1-napthol (4-CN) Thermo Fisher Scientific Cat#: 34012

Software and algorithms

Genaltye Matchbox User Interface Genalyte, Inc. MavII Host 8.2

RStudio: Integrated Development Environment for R RStudio, Inc. Version 1.2.5001

Nanodrop1000 User Interface Thermo Fisher Scientific Version 3.8.1

Other

Matchbox Instrument, Maverick Detection System Genalyte, Inc. N/A

Unstripped Silicon Photonic Chips Genalyte, Inc. N/A

Chip Carriers with Back Door Adhesive Genalyte, Inc. N/A

Zeba Sip Desalting Columns, 7K MWCO Thermo Fisher Scientific Cat#: 89882

Vortexer Thermo Fisher Scientific Cat#: 12-812

Microscope Leica Cat#: EZ4W

The Belly Dancer Orbital Shaker IBI Scientific Model#: BDRAA115S

Microcentrifuge tubes (0.6 mL) Thermo Fisher Scientific Cat#: 02-682-000

Microcentrifuge tubes (1.5 mL) Thermo Fisher Scientific Cat#: 02-682-002

Microcentrifuge tubes (5 mL) Thermo Fisher Scientific Cat#: 14-282-300

DURX 670, cleanroom wipe Berkshire Cat#: DR670.0909.20

24 well plate with lid Thermo Fisher Scientific Cat#: 142485

96 well V-bottom plate Corning Cat#: 3357

20 mL Glass Screw-Thread Scintillation Vials Fisher Scientific Cat#: 03-340-4L

Monoject 1 mL Tuberculin Syringe (Regular Tip) Fisher Scientific Cat#: 22-257-135

BD PrecisionGlide Needle, 26G x ½ Thermo Fisher Scientific Cat#: 14-826-15

Nanodrop1000 Spectrophotometer Thermo Fisher Scientific Cat#: ND-1000(US\CAN)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the Lead Contact, Gaya Amarasinghe

(gamarasinghe@wustl.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d This study did not generate datasets.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Capture agents and antigens
Antibodies and antigens used in this study were obtained from Integrated Biotherapeutics (Rockville, MD), except for Mouse IgG

(ThermoFisher Scientific, Rockford, Illinois), which served as a binding control.

Photonic microring resonators
Measurements were performed with a Maverick Matchbox optical scanning instrument and silicon sensor chips fabricated by Gen-

alyte, Inc. (San Diego, CA). Experiments were performed on 43 6 mm sensor chips containing 128 microring sensors, each 30 mm in

diameter, arranged in clusters of four. The clusters are split between two microfluidic channels, with four additional unfunctionalized

temperature control rings on each chip.

Chemical functionalization and immobilization of capture antibodies on sensor chips
Antibodies were covalently attached to themicroring sensor surfaces as previously described (Robison and Bailey, 2017). Briefly, the

chips were silanized with 1% (3-Aminopropyl)triethoxysilane (APTES, Sigma) to add primary amines to the sensor surfaces. The sen-

sors were incubated with 5 mM bis(sulfosuccinimidyl)suberate (BS3, Thermo Fisher Scientific), an amine-reactive, homobifunctional

crosslinker, for 3 minutes. The sensor chips were dipped in H2O to remove unreacted BS3 and dried with N2. Approximately 0.2 mL of

each primary capture antibody diluted to 0.25 mg/mLwas spotted onto two to five ring clusters in each of the two channels and incu-

bated for 1 hour. Primary capture antibodies were desalted on Zeba Spin Desalting Columns (7K MWCO, Thermo Fisher Scientific)

prior to covalent attachment to the ring surfaces to remove any residual amines that would cross-react with BS3. The sensor chips

were blocked using starting block buffer (Thermo Fisher Scientific) for 1 hour, dried with N2 and coated with DryCoat Assay Stabilizer

(Virusys Corporation) for storage in a 4�C humidity chamber until use.

Assay set-up
Functionalized chipswere housed in a disposable, injectionmolded, two-channelmicrofluidic cartridge and inset into the instrument. All

fluidic handling was controlled at a flow rate of 30 mL/min via a series of pumps. Due to the two-channel microfluidic design, two assays

were simultaneously completed onone chip. For immunoassay analysis, running buffer (1X phosphate buffered saline, PBS,Sigma)with

0.5%bovineserumalbumin (BSA,Sigma)wasfirst flowedacross thechannel surface for at least 5minutes toequilibrate the systemprior

to analysis. Assay steps for each experiment were as follows: running buffer (2 min), sample (7 min), running buffer (2 min), biotinylated

tracer antibody (2mg/mL, 7min), runningbuffer (2min), streptavidin- horseradishperoxidase (3mg/mL,SAHRP,ThermoFisherScientific)

(7 min), running buffer (2 min), 4-chloro-1-napthol (4-CN, Thermo Fisher scientific) (7 min), running buffer (2 min).

Calibrations and sample analysis
Immunoassays for EBOV sGP and Sudan ebolavirus (SUDV) sGPwere simultaneously calibrated in parallel. Serial dilutions of antigen

from a saturating concentration to an undetectable concentration resulted in an eight-point calibration curve for each target.

Calibrations were constructed in 1%, 10%, and 50% serum matrices. Samples were diluted and analyzed at 10X or 100X, allowing

the concentrations to remain in the quantitative regime of the calibration curves.

NHP sera samples
The kinetics of sGP production in vivowas tested in rhesusmacaques challengedwith 1,000 PFU of EBOV and treated post exposure

with either a cocktail of three monoclonal antibodies (MB-03) (Pettitt et al., 2013) or vehicle control. Longitudinal serum samples on

days 0-15, 21, and 28 from survivors and days 0 through the day of death for fatal cases were prepared and tested by our quantitative

sGP ELISA content and by PCR for EBOV genome content. Samples were stored at �80�C until use in this study.
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All of these animal studies were performed under approval of the local IACUC committees. All work was performed in compliance

with the Animal Welfare Act and other federal statutes and regulations relating to animals. The USARMIID is accredited by the As-

sociation for Assessment and Accreditation of Laboratory Animal Care, lnternational (AAALAC) and adhere to principles stated in the

Guide for the Care andUse of Laboratory Animals, National Research Council. All challenge studies were conducted undermaximum

containment in an animal biosafety level (BSL)-4 facility at USAMRIID.

ELISAs
A quantitative ELISA to detect sGP resulting from virus infection was developed in-house at Integrated Biotherapeutics. Critical

reagents were generated to support the development of the ELISA. Specifically, a recombinant sGP was developed in-house at

Integrated Biotherapeutics in order to standardize the quantitation of sGP levels in serum samples. A capture antibody was gener-

ated that specifically recognizes EBOV sGP and not the full-length GP. A number of secondary antibodies were evaluated and one

monoclonal antibody was selected for use in this assay. Using these reagents, an ELISA method was developed and optimized for

reproducibility and robustness. sGP as early as day 3 post challenge was detected in NHPs. Also, the level of sGP in the serum ap-

pears to correlate with survival, similar to what is observed in the viremia results as determined by RT-PCR.

PCR
Blood samples were processed for qRT-PCR. USAMRIID standard procedure were used to process the serum samples and deter-

mine serum viremia levels (USAMRIID, 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

Microring resonator data analysis
Analysis of data was performed using an in-house developed R-script as previously described (Robison and Bailey, 2017), but could

be completed using standard excel software functions. Briefly, resonance shifts from each individual sensor were tracked over the

course of the experiment and the net shift of resonant wavelength of each sensor ring before and after the 4-CN amplification step

were analyzed. The net shift of all rings spotted with a specific antibody was averaged across each channel for each experiment. The

average net shift was used to calculate the target concentration in each sample based on the appropriate calibration curve fit (e.g.,

1% serum calibration for 100X dilution and 10% serum calibration for 10X dilutions). If two dilutions of the same sample were

performed, the dilution that resulted in a net shift closest to the inflection point of the respective calibration curve was selected

for use.
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