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DIAGNOSTICS

Ultrasensitive point-of-care immunoassay for secreted
glycoprotein detects Ebola infection earlier than PCR
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Ebola virus (EBOV) hemorrhagic fever outbreaks have been challenging to deter due to the lack of health care in-
frastructure in disease-endemic countries and a corresponding inability to diagnose and contain the disease atan
early stage. EBOV vaccines and therapies have improved disease outcomes, but the advent of an affordable, easily
accessed, mass-produced rapid diagnostic test (RDT) that matches the performance of more resource-intensive
polymerase chain reaction (PCR) assays would be invaluable in containing future outbreaks. Here, we developed
and demonstrated the performance of a new ultrasensitive point-of-care immunoassay, the EBOV D4 assay, which
targets the secreted glycoprotein of EBOV. The EBOV D4 assay is 1000-fold more sensitive than the U.S. Food and
Drug Administration-approved RDTs and detected EBOV infection earlier than PCR in a standard nonhuman pri-
mate model. The EBOV D4 assay is suitable for low-resource settings and may facilitate earlier detection, contain-

ment, and treatment during outbreaks of the disease.

INTRODUCTION
Ebola virus (EBOV) outbreaks are a public health emergency due to
the ease of contagion and high mortality rate associated with this
hemorrhagic fever virus. The Centers for Disease Control and Pre-
vention has determined that over 11,000 deaths occurred during the
2014-2016 West Africa outbreak, and more than 2200 deaths have
occurred thus far (I) in two ongoing outbreaks in the North Kivu,
Ituri, and Equateur provinces in the Democratic Republic of Congo
(DRC) (2). Although EBOV vaccines and treatments provide hope
for inhabitants of disease-endemic regions, there is a critical need
for a low-cost and highly sensitive rapid diagnostic test (RDT) that
could be deployed at the point of care (POC) to allow early-stage
detection of EBOV infection, rapid triage, and effective contact trac-
ing (3). One mathematical modeling analysis concluded that if avail-
able then, an RDT with the sensitivity and specificity of reverse
transcription polymerase chain reaction (RT-PCR) would have re-
duced fatalities during the 2014 outbreak by ~40% (4). The need for
early detection in the field was also highlighted by the 2019 Pamoja
Tulinde Maisha (PALM) trial, in which survival rates for patients
with Ebola treated with the neutralizing antibody (Ab) mAb114 at
an early stage of infection (at low viral load) were 90%, whereas sur-
vival rates for patients treated at a later stage were 30% (5).
RT-PCR, the current gold standard for EBOV diagnosis, can
diagnose EBOV 3 to 16 days earlier than serology or existing antigen
(Ag) detection tests (3, 6, 7). Recent advances in RT-PCR have
reduced assay complexity but the majority of molecular diagnostic
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tests for EBOV require laboratories and highly trained personnel (8).
More recently, single-use cartridge systems containing all reagents
needed for RT-PCR have expanded testing availability by reducing
the need for skilled technicians and stringent biocontainment infra-
structures (9), while delivering performance comparable to tradi-
tional RT-PCR (10, 11). In one example, the cartridge-based Xpert
Ebola molecular test (Cepheid) was widely deployed in the recent
DRC outbreaks. Although effective, this assay costs $22.50 USD
(U.S. dollars) per test (3), has a run time of ~90 min per assay, and
can only process one sample at a time per module. Thus, although
cartridge-based RT-PCR systems represent an important advance
for molecular testing, they do not yet conform to the desired target
product profile for rapid EBOV diagnostic tests (3, 7) as defined by
the World Health Organization (WHO) (12).

As an alternative to PCR, several lateral-flow assays have been
developed and evaluated by the WHO and the U.S. Food and Drug
Administration (FDA). Four LFA-based RDTs have received emer-
gency use status or FDA approval: OraQuick Ebola (OraSure
Technologies), ReEBOV (Corgenix), SD Q Line Ebola Zaire Ag (SD
Biosensor), and the DPP Ebola Antigen System (Chembio). These
LFA diagnostic tests are easy to use and yield results within 15 to
30 min but are limited by their lower sensitivity relative to RT-PCR,
with analytical sensitivities of tens to hundreds of nanogram per
milliliter for matrix protein (VP40) and/or nucleoprotein. Field trials
of OraQuick Ebola (13), ReBOV (14), and QuickNavi Ebola (15)
have shown clinical sensitivities as low as 60% for low-viral load
samples and clinical specificities of ~90% (16, 17). Because of the
potentially severe consequences of false-negative test results, the re-
duced sensitivity of LFAs has impeded their widespread adoption.

Here, we describe the development and preclinical testing of a
highly sensitive POC rapid immunodiagnostic test for EBOV and
other clinically relevant EBOV species including Sudan ebolavirus
(SUDV) and Bundibugyo ebolavirus (BDBV) (18, 19). The develop-
ment of this diagnostic assay involved five key strategies and tech-
nologies: (i) selection of a robust diagnostic target for early detection
of EBOV infection; (ii) the use of single-chain Ab phage display to
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generate high-affinity Abs specific for EBOV; (iii) a high-throughput
Ab-pairing strategy to identify the most sensitive capture Ab (cAb)-
detection Ab (dAb) combination; (iv) the inkjet printing of cAbs and
fluorescently labeled dAbs (FL-dAb) as microspots onto “D4 assay
chips,” which consist of glass slides coated with a cell- and protein-
resistant polymer brush coating (20-22), resulting in a single-step
sandwich immunoassay with up to femtomolar sensitivity (23, 24);
and (v) the development of a low-cost handheld wide-field fluores-
cence reader (the D4Scope), which quantifies the fluorescence
output from the D4 chip with a performance similar to that of a
fluorescence microarray scanner.

RESULTS

Target selection and Ab generation

For our diagnostic target, we selected EBOV secreted glycoprotein
(sGP), a truncated and actively secreted version of the GP; glyco-
protein, which acts as a decoy Ag that appears in serum earlier than
other viral proteins. sGP is thought to subvert the immune response
during EBOV infections and is produced in high amounts, account-
ing for ~80% of GP transcription (Fig. 1, A and B) (25, 26). Elevated
concentrations of a circulating early-stage EBOV biomarker provide
an opportunity to diagnose infection before contagion (27, 28).
Motivated by this rationale, we selected sGP as the target Ag and
incorporated it into the D4 assay (fig. S1) (24, 29, 30).

The D4 assay is a POC Ab microarray in a low-cost (~$0.25 USD
per test), easy-to-fabricate format. Stable cAbs and soluble FL-dAbs
are inkjet-printed onto a stealth, protein- and cell-resistant poly[oligo
(ethylene glycol) methyl ether methacrylate] (POEGMA) brush
surface grown in situ on glass slides by surface-initiated atom radical
transfer polymerization (20-22, 31, 32). This polymer brush surface
blocks nonspecific protein absorption and cell adhesion and, when
combined with high affinity Abs, results in high signal-to-noise and
femtomolar sensitivity (32). The dAbs printed on top of a soluble
trehalose pad dissolve and bind to the target analyte when a liquid
sample is added to the surface of a D4 chip. This dAb-analyte com-
plex is then captured by the cAbs, and, after a rinse step (fig. S2), the
fluorescence of the capture spots can be quantified by a fluorescence
scanner. The resulting EBOV D4 assay is a user-friendly, accessible,
highly portable, low-cost, mass-producible, ultrasensitive RDT that
can be used to diagnose infection for clinically relevant species
of EBOV.

To develop diagnostic Abs for the sGP D4 assay, M13 phage dis-
play (33, 34) was used to generate Abs that bind to sGP with high
affinity. Mice were immunized with recombinant EBOV (Mayinga)
sGP to elicit high-titer immunoglobulin G (IgG) responses (fig. S3A);
mouse spleens were then harvested to obtain mRNA to generate an
M13 phage library displaying single-chain variable fragment (scFv)
Abs. Through iterative enrichment, phage clones with a high bind-
ing affinity for EBOV sGP and SUDV sGP were identified (Fig. 1C
and fig. S3B). ScFv inserts from the phage clones with highest bind-
ing for sGP from EBOV, SUDV, and BDBV were subcloned and
expressed on an Fc scaffold in Expi293 cells to obtain soluble scFv-Fc
Abs (fig. S4A), which were purified using an IsoTag system (fig. S4,
B to D) (35). ScFv-Fc Ab-sGP binding profiles were then evaluated
using Ag-down enzyme-linked immunosorbent assay (ELISA) with
EBOV sGP (Fig. 1D and fig. S4E).

ScFv-Fc Ab-sGP binding kinetics were determined using surface
plasmon resonance (SPR) spectroscopy. Five of the six scFv-Fc Abs

Fontes et al., Sci. Transl. Med. 13, eabd9696 (2021) 7 April 2021

tested displayed an equilibrium dissociation constant (Kp) of ~10° M
for sGP; one Ab, A1F3-1, displayed roughly 100-fold greater bind-
ing affinity with a Kp of ~107'° M (fig. $5). We next identified the
optimal cAb-dAb pair for the RDT application. Leveraging the multi-
plexing capability of the D4 assay, we generated dose-response curves
for all six scFv-Fc Abs versus a single dAb in one experiment to char-
acterize all 36 cAb-dAb combinations (Fig. 1E). Figure 1 (F to H)
shows dose-response curves for all six scFv-Fc Abs as cAb, with
C2BA5-2, C2B6-2, and A1F3-1 as the dAb. Dose-response curves
for all 36 combinations are shown in fig. S6, as well as each pair’s
limit of detection (LoD) and dynamic range (DR). The optimal
pair—A1F3-1 as the cAb and C2BA5-2 as the dAb—showed an LoD
of 0.13 ng/ml and a DR of 3.6 log; for EBOV sGP.

After selecting A1F3-1 and C2BA5-2 as the optimal scFv-Fc
cAb-dAD pair, their variable regions were subcloned into mouse y2a
and «x chain expression vectors to obtain full-length IgG2a Abs
(fig. S7). The binding affinities of the full-length IgG2a Abs for EBOV
sGP were three- to fivefold greater than those of their scFv-Fc counter-
parts (Fig. 1, I and J). The binding affinities of the IgG2a Abs for
sGP from four other EBOV species—SUDV, BDBV, Reston ebolavirus
(RESTV), and Tai Forest ebolavirus (TAFV)—were 3- to 1000-fold
lower than for EBOV sGP (fig. S8), an expected result as the Abs
were selected on the basis of their affinity for EBOV sGP. We also
confirmed findings with Ag-down ELISA and evaluated if other Abs
were specific to sGP from other EBOVs (fig. S9).

To further test the specificity of the IgG2a Abs, we assessed their
reactivity to recombinant GP; from Marburg virus (MARV), a closely
related hemorrhagic virus, and to recombinant GP; from EBOV
(Fig. 1K). Neither Ab reacted with MARV GP;, whereas both Abs
recognized EBOV GPj, indicating that their epitopes lie within a
sequence common to sGP and GP;. This cross-reactivity between
sGP and GP; from EBOV may be beneficial in this RDT application
because it should allow improved EBOV detection at later stages of
the infection, when circulating sGP may decline and GP; is elevated.

EBOV D4 assay development
After their functional characterization, the A1F3-1 and C2BA5-2
IgG2a Abs were integrated into a new version of the D4 assay
(Fig. 2A) in which the dAb is noncontact printed onto trehalose
pads, reducing the fabrication time ~10-fold from that of the previ-
ous version in which dAbs were printed in 144 dissolvable detection
spots forming multiple concentric rings around the cAbs. This
reduction in fabrication time enables low-cost production of over
2000 tests per day in a research laboratory setting, an important
decrease in fabrication time and increase in throughput that allows
quicker turnaround for assay optimization and validation (3). Print-
ing parameters, including the concentration of trehalose and
Trublock—a reagent that minimizes cross-reactivity of mouse
monoclonal Abs with human anti-mouse Abs (HAMA)—were op-
timized by varying their concentration and assessing background
fluorescence, LoD, and DR of pooled human serum (HS) spiked with
sGP. Twenty-four individual RDT chips, each of which consisted of
10 central cAb spots surrounded by a ring of 12 dAb spots, were
fabricated on each POEGMA-coated glass slide, with a plexiglass
gasket isolating each test (Fig. 2A, i and ii). Samples containing sGP
at 125 ng/ml were detected by the fluorescence in the cAb spots after
incubation with the analyte (Fig. 2Aiii).

The EBOV D4 assay was initially tested using fetal bovine serum
(FBS) spiked with recombinant sGP from EBOV, SUDV, BDBV,
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Fig. 1. sGP as a diagnostic target and selection of capture and detection Abs for the EBOV D4 assay. (A) Schematic of EBOV infection. (B) Schematic of the GP gene
transcription profile. (C) Binding of scFv-phage clones to EBOV sGP measured using Ag-down ELISA. Each data point is N = 1 technical replicate for scFv-phage clones with
a distinct sequence. a.u., arbitrary units. (D) Binding of six scFv-Fc Abs to sGP, measured using Ag-down ELISA. Each data point represents the mean + SEM of N =2 repli-
cates. (E) Schematic of Ab pairing using the D4 assay. (i) cAb and FL-dAb printed onto POEGMA-coated glass are exposed to sGP-spiked sample. (ii) Fluorescent spots are
imaged; insets show spots with high (white) and low (red) fluorescence output. (iii) LoD and DR of each pair are calculated. (F to H) Dose-response curves using all six
scFv-Fc Abs as cAb and C2BA5-2 (F), C2B6-2 (G), and A1F3-1 (H) as the dAb. Dose-response curves show the mean + SEM of N =4 test runs and were fitted using a
five-parameter logistic fit. (I and J) SPR sensorgrams of C2BA5-2 and A1F3-1 binding to EBOV sGP. Kp, is the average + SEM of N =3 measurements. (K) Binding of A1F3-1
and C2BA5-2 binding to EBOV sGP, EBOV GP4, and MARV GP;. Each data point represents the average + SEM of N = 2 replicates. Insets of (D), (I), and (J): SDS-polyacrylamide
gel electrophoresis of purified scFv-Fc Abs under (1) reducing and (2) nonreducing conditions. NCP, noncontact printer; Kp, equilibrium dissociation constant; MARV,

Marburg virus; MW, molecular weight; kDa, kilodalton.
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Fig. 2. Performance of the EBOV D4 assay. (A) (i) Photograph of a POEGMA-coated glass slide containing 24 EBOV
D4 assay chips (one chip is indicated by the black box), with laser-cut acrylic and adhesive creating individual sample
wells. (ii) Photograph of a single EBOV D4 assay. (iii) Fluorescence image of incubation with sample containing sGP,
intense capture spots (white) and lower intensity detection spots (red) are visible. Bottom: Schematic of EBOV D4
assay. (B to F) Dose-response curves obtained using the EBOV D4 assay fabricated with A1F3-1 as cAb and C2BA5 as
dAb, for EBOV sGP (B), SUDV sGP (C), BDBV sGP (D), RESTV sGP (E), and TAFV sGP (F) in FBS. Insets depict individual
Ab-sGP binding profiles determined by Ag-down ELISA. (G and H) Dose-response curves using different incubation
times (15 and 60 min) and sample types (pooled HS and rhesus MoS). (1) 8-log;o dose-response curve using sGP-spiked
calf-serum. (J) Post-assay fluorescence stability: After running the assay, chips were incubated at 37°C and 50% humidity
for 30 days. (K) Thermal stability of EBOV chips stored in pouches with desiccant at 37°C after 30 and 60 days. (L) Double-
blinded spiked analyte recovery experiment in which sGP concentrations in pooled HS are determined by fluorescence
intensity. In (B) to (H) and (J and K), each D4 assay data points represents the mean + SEM of N=4 assays; In (I), data
points represent the mean of N =3 + SEM of N =3 assays and in (L), data points represent the mean of N =3 technical
replicates. Ag-down ELISA data points represent the mean + SEM of N =2 assays. A five-parameter logistic fit (dashed line)
was used to calculate LoD.

RESTV, and TAFV, using a 90-min incubation period (Fig. 2, B to F).
The EBOV D4 assay achieved an LoD of 20 pg/ml when detecting
EBOV sGP and LoDs of 60 pg/ml for SUDV sGP, 30 pg/ml for
BDBV, and 220 pg/ml for RESTV sGP (Fig. 2, B to E) but was un-
able to detect TAFV sGP because the A1F3-1 Ab does not bind
TAFV sGP (Fig. 2F). (Fig. 2L).
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After initial verification of the assay,
we assessed the performance of the EBOV
D4 assay on samples from different ma-
trices with different incubation times.
Dose-response curves were obtained us-
ing EBOV sGP spiked into FBS, pooled
HS, and rhesus monkey serum (MoS),
with incubation periods of 15, 60, and
90 min (Fig. 2, G and H, and fig. S10, A
to D). An LoD of <100 pg/ml was ob-
served for all sample matrices using a
60-min incubation. To assess the assay’s
DR, defined as the range in which quan-
titation is accurate, and useful range,
defined as the range in which a positive
diagnosis can be obtained, we performed
a hook-effect evaluation using an 8-log;o
dose-response curve with a maximum
sGP concentration of 0.1 mg/ml. The
assay presented a DR range of 5.1 log,
and a useful range greater than 6.3 logj
(Fig. 2I). This large useful range reduces
the risk of false negatives due to the
hook effect at high concentrations of cir-
culating sGP and GP; in patients with
high viremia.

We next assessed the stability of the
assay in terms of its post-assay fluores-
cence when stored at 37°C at either 50%
relative humidity or in an aluminum
pouch with desiccant, as it would be ad-
vantageous if the chip could be read
later if a fluorescence scanner was un-
available at the point of testing. Chips
were processed using EBOV sGP-
spiked samples at different sGP con-
centrations and were stored as described
for up to 60 days before measuring their
fluorescence. The fluorescence output
was stable over 10 days when the chip
was stored at 37°C with 50% relative
humidity (Fig. 2J) and over 30 days
when stored at 37°C in a dry pouch (fig.
S11). We also evaluated the assay’s sta-
bility at warm temperatures. No loss of
performance was observed for up to
60 days at 37°C when D4 assay chips
were stored in aluminum pouches with
desiccant (Fig. 2K), demonstrating that
the assay does not require cold storage.
These results demonstrate the excellent
stability of the D4 assay under condi-
tions likely to be encountered in the

field. Next, we tested whether the fluorescence output could be used
to quantify sGP concentration by performing a double-blinded
analyte recovery experiment using different sGP concentrations
in HS. The fluorescence output showed a strong linear correla-
tion with sGP concentration spiked in the samples, (R* = 0.994)
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EBOV D4 assay can detect sGP from clinically relevant EBOVs
inwhole human blood

After validating the EBOV D4 assay in FBS, HS, and MoS, we sought
to demonstrate that our device could detect sGP from all clinically
relevant EBOVs in whole human blood (WHB), as this is the sample
of choice for POC applications, especially when testing for high-risk
pathogens where sample processing should be minimized. To assess
the EBOV D4 assay performance, we generated dose-response curves
for 15-, 60-, and 90-min incubation for single donor WHB spiked
with EBOV sGP (Fig. 3A and fig. S12). Sixty- and 90-min incuba-
tions demonstrated optimal sensitivity for detecting EBOV sGP with
LoDs of 0.01 and 0.02 ng/ml, respectively.

Next, we evaluated whether sGP from other EBOV's could be de-
tected in WHB such that the EBOV D4 assay could also be used
during SUDV and BDBYV outbreaks. Figure 3 (B to D) shows dose-
response curves for WHB spiked with different concentration of
sGPs from SUDV, BDBV, and RESTV. LoDs similar to those ob-
tained in FBS after 90-min incubation were also achieved when de-
tecting the different sGPs in WHB after incubation for 60 min.

We next assessed whether sGP could be detected in WHB after
viral inactivation procedures. Exposure to detergents has been
demonstrated to reduce infectivity by over 6 log;o when viral sam-
ples are treated with 0.1% (v/v) Triton X-100 for 1 hour (36). A 1%
Triton X-100 (v/v) with 20-min contact time has also been shown to
reduce EBOV infectivity in HS samples (37). To assess whether high
detergent concentrations added to the WHB containing sGP could
affect assay performance, we added Triton X-100 to a final 1% con-
centration in EBOV and SUDV sGP-spiked WHB. After 60 min of
contact time at room temperature, we added the treated samples to
EBOV D4 chips. Figure 3 (E and F) shows the dose-response curves
generated with the samples treated with detergent, which had no
effect on assay performance. We also evaluated whether heated sam-
ples treated with Triton X-100 would affect assay performance, as
the combination of detergent and heat is recommended for inacti-
vation of potentially infectious samples (38). Figure 3G shows the
dose-response curve for WHB spiked with EBOV sGP that were
treated with 1% (v/v) Triton X-100 for 30 min at 56°C. There was
a ~10-fold loss in sensitivity when compared to untreated samples,
although the assay still displayed a sub-nanogram-per-milliliter LoD.

D4 assay performance relative to lateral flow assays

To compare the performance of the EBOV D4 assay with that of a
standard LFA, we fabricated LFA test strips using the same cAb-dAb
pair (A1F3-1/C2BA5-2) and tested the resulting LFA in parallel
with the EBOV D4 assay (fig. S13). The EBOV D4 assay was up to
600-fold more sensitive than an LFA fabricated using the same Ab
reagents and displayed a sensitivity over 1000-fold greater than that
reported for FDA-approved LFAs. The LoD of the LFA using our
cAb-Ab pair (6 ng/ml) surpassed the performance of other LFA-
based EBOV RDTs tested in the field (13, 14, 39, 40) (LoDs of 50 to
160 ng/ml for RDTs targeting VP40 Ag). It also matched the LoD of
7.8 ng/ml for an RDT targeting sGP that includes a silver-enhancing
signal amplification scheme (41). These results demonstrate the effec-
tiveness of the Ab selection methods used for the EBOV D4 assay and
the greater sensitivity of the D4 assay compared to current LFAs.

A handheld detector toimage the EBOV D4 assay
All EBOV D4 assay results described were obtained using a commer-
cial table-top microarray scanner (GenePix), which is unsuitable for
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Fig. 3. EBOVs sGP detection in WHB. (A) D4 assay dose-response curves using
different incubation times (15 and 60 min) for EBOV sGP spiked in WHB. (B to D) D4
assay dose-response curves for SUDV sGP (B), BDBV sGP (C), and RESTV sGP (D) spiked
in WHB and incubated on the chips for 60 min. (E and F) Dose-response curves for
WHB samples spiked with EBOV sGP (E) and SUDV sGP (F) and treated for 60 min at
room temperature (~23°C) with Triton X-100 to a final 1% (v/v) concentration be-
fore being added to D4 chips. Treated samples were incubated on the D4 chips for
60 min. (G) Dose-response curves for blood samples spiked with EBOV sGP and
treated for 30 min at 56°C with Triton X-100 to a final 1% (v/v) concentration before
being added to D4 chips. Treated samples were incubated on the D4 chips for
60 min. Each data point represents the mean + SEM of N =4 assays; a five-parameter
logistic fit (dashed line) was used to calculate LoD.

RDTs in low-resource settings. We initially attempted to use a cell
phone image sensor as the detector; however, this method displayed
a 20-fold decrease in sensitivity relative to the tabletop scanner (24).
We therefore developed a low-cost, battery-powered, compact, wide-
field fluorescence reader that can image microarray spots with high
sensitivity, called the D4Scope (Fig. 4, A and B, and fig. S14). The
D4Scope uses oft-the-shelf components in a modular design, so that
components can be easily replaced if a new wavelength is required
for fluorescence imaging or if the reader is damaged in the field.
The fluorescence excitation in the D4Scope is set at an oblique
angle (45°) relative to the assay chip and is achieved by collimating
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Fig. 4. The D4Scope, a handheld fluorescence detector. (A) Photograph of the D4Scope. (B) Three-dimensional
design, highlighting core components and computer-on-a-chip-based architecture, with an integrated touchscreen
and CMOS camera. (C) D4Scope illumination scheme, depicting oblique angle laser excitation (at a 45° angle to the
surface of the D4 chip), bandpass filter, and Raspberry Pi 4 processing unit. (D) Dose-response curve obtained by
plotting fluorescence intensity measured by D4Scope versus concentration of EBOV sGP spiked into pooled HS. Inset:
Comparison of fluorescence readout using a GenePix scanner and the D4Scope. (E) Dose-response curve for EBOV
sGP spiked into rhesus MoS imaged by a technician using the D4Scope at the Galveston National Laboratory (GNL;
BSL-4) after a 30-min training session. Inset: Comparison of fluorescence readouts from SensoSpot fluorescence scanner
and D4Scope at GNL. (F) Double-blinded spiked analyte recovery experiment at GNL, with sGP concentrations in rhesus
MoS determined by fluorescence intensity using D4Scope and SensoSpot scanner. D4 assay data point represents
the mean + SEM of N =4 independent assays; blinded analyte recovery data points represent the mean of N=3

values, with R* = 0.9877 (Fig. 4F). The
D4Scope results (LoD, 0.19 ng/ml) were
also compared on-site to results obtained
using a commercial tabletop fluorescence
imager (SensoSpot; LoD, 0.11 ng/ml)
(fig. S15B). The SensoSpot and GenePix
scanners were also compared by scan-
ning the same set of D4 assay chips that
were run with sGP-spiked FBS and
showed excellence concordance in their
fluorescence readouts with an R* =
0.9977 (fig. S15, C to E). Collectively,
these results demonstrate that the EBOV
D4 assay can be performed using the
D4Scope by a novice user after a brief
training session.

sGP concentration throughout
infection time course

We next validated the D4 assay for the
early detection of EBOV infection using
nonhuman primates challenged through
intramuscular injection of EBOV
(Makona), a well-established EBOV in-
fection model (42, 43). Ten rhesus ma-
caques were used. Baseline blood and
serum samples were obtained from each
animal before infection (day 0). Because
of the need to fully anesthetize the ani-
mals to obtain samples and the strict
constraint on blood volume drawn, only
three samples were obtained from each

technical replicates.

highly coherent red laser light onto the sample. The longer wave-
length emission from the FL-dAD is filtered using a bandpass filter
and is imaged onto a high-efficiency complementary metal-oxide
semiconductor (CMOS) sensor for single snapshot capture without
moving parts (Fig. 4C). The D4 scope has 21 cm by 16 cm by 9 cm
dimensions, weighs 1.1 kg, and a single prototype costs less than
$1000 USD to fabricate (table S1). In contrast, the commercial mi-
croarray scanner GenePix, a high-resolution nonconfocal tabletop
fluorescence scanner, has dimensions of 43 cm by 65 cm by 34 cm,
weighs 45 kg, and costs $150,000 USD. Despite its considerably
smaller size and lower cost, the D4Scope displayed an LoD (0.10 ng/ml)
(Fig. 4D) comparable to that of a commercial microarray scanner
(GenePix; LoD, 0.07 ng/ml) (fig. S15A) and a near-perfect correlation
(R? = 0.9992) between its fluorescence readout and sGP concentra-
tion as measured by the GenePix when imaging a set of D4 assay
chips tested with HS spiked with different concentrations of sGP.
We next evaluated the performance of the EBOV D4 assay at the
Galveston National Laboratory (GNL) biosafety level 4 (BSL-4) fa-
cility. A GNL technician was instructed on the use of the assay in a
30-min training session. Figure 4E shows a dose-response curve gen-
erated with sGP-spiked rhesus MoS performed by the GNL technician.
A double-blinded analyte recovery experiment was also performed
in rhesus MoS by the GNL staff member, and sGP concentrations
were determined on the basis of the measured fluorescence signal
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animal during the course of the infec-

tion. The three collection time points

were staggered to cover a 6-day period
(Fig. 5A). For all time points, EBOV D4 assay fluorescence output
was determined using the D4Scope and compared to plaque-forming
units (PFU) obtained from plaque assays using Vero cells and viral
genome copies, determined by RT-PCR with probes targeting the
VP30 gene. Plaque assay and RT-PCR results for this set of samples
are reported in (44) and further detailed in fig. S16 and table S2.

As the samples were previously characterized with an RT-PCR
method developed in-house, we generated standard curves of cycle
threshold (Ct) counts to assess the assay’s performance (fig. S17).
The assay presented an LoD < 1000 viral genome copies/ml, a
sensitivity that is comparable to the Xpert Ebola and other RT-PCR
assays in the market (45).

All baseline (day 0) samples were negative by all assays. On day
1, one sample was positive by EBOV D4 assay and negative by the
other two assays. On day 2, three samples were positive by EBOV
D4 assay; two of these were negative by the other two assays, and
one was negative by RT-PCR but presented a PFU of 8.3 by the
plaque assay, which is above baseline albeit below the assay’s LoD of
25 PFU. All samples collected on day 3 or later were positive by all
three assays, and fluorescence output intensities were statistically sig-
nificant when compared to baseline values (P < 0.0001) (Fig. 5, A and B,
fig. S16, and table S2). There was evidence of a hook effect at later
time points in the EBOV D4 assay, as seen by the decreasing fluo-
rescence intensity at days 5 and 6. Elevated PFU and genome copy
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counts indicate that this was due to high
concentrations of sGP and GP; associ-
ated with viremia in end-stage disease.

Samples tested positive by RT-PCR
starting on day 3, 1 day later than by the
EBOV D4 assay. The OraQuick Ebola
and ReEBOV assays have sensitivities of
~1.0 x 10° PFU, based on WHO, FDA,
and other reports (13, 39, 46, 47). In the EBOV (Makona) intramus-
cular model in our study, this PFU translates to day 5 of the infec-
tion, which is also when animals become symptomatic (44). The
DPP Ebola Antigen System has a reported sensitivity of ~2.0 x 10
PFU (46), which translates to mixed results on day 4 in our study
(one of the two samples had a PFU < 1.0 x 10° on day 4), but its
evaluation with samples presenting low viremia indicated a sensi-
tivity of only 56% (48). The LFA test using our A1F3-1 and C2BA5-2
Abs showed a sensitivity of ~1.0 x 10° viral genome copies, equivalent
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to ~3 x 10* PFU in the nonhuman primate model, a better sensitivity
than that of current WHO- and FDA-approved RDTs.

sGP concentration in the rhesus macaques samples collected
throughout the course of the infection were determined by convert-
ing D4 assay fluorescence intensity to analyte values using a dose-
response curve with sGP-spiked rhesus MoS (Fig. 4E). sGP
concentration increased on each day after infection, rising from
picograms per milliliter on days 1 to 2, to nanograms per milliliter
on Day 3, to micrograms per milliliter on day 4 (Fig. 5C). To confirm
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the presence of sGP in the samples, as cAb and dAb also bind GP;,
serum samples from days 0, 3, and 6 of monkey 3 and sGP and GP
controls were run on a Western blot (Fig. 5C and fig. S18). There
was a strong linear correlation (R® = 0.9921) between sGP concen-
tration and viral load (determined by PCR) for sGP concentrations
in the D4 assay’s linear range (Fig. 5D). The fluorescence signal
measured by the D4Scope was in good agreement with fluorescence
measurements using a tabletop fluorescence scanner (R* = 0.9667)
(Fig. 5E).

Following time-course studies in rhesus macaques, we also tested
for sGP in a set of y-irradiated samples from cynomolgus macaques.
Three animals were intramuscularly challenged with 1000 PFU of
Zaire EBOV. Blood and serum samples were collected at days 0 and
6 or 7 for each animal. Viral genome copy was determined by
RT-PCR in blood samples and after viral neutralization by y-irradiation
(~5 mrad), serum samples were tested by the EBOV D4 assay, which
indicated a statistically significant increase in fluorescence output
(P <0.0001) at later time points when compared to samples collected
before viral challenge (fig. S19). sGP concentrations (table S3) were
determined by interpolating a dose-response curve with spiked sGP
in MoS (fig. S15B). sGP concentration in Makona and Zaire EBOV
at similar time points were comparable.

DISCUSSION

Since the first major Ebola outbreak that devastated West Africa,
public health experts have emphasized the need for rapid case as-
certainment (49). The rapid diagnosis of Ebola infection facilitates
triage and early treatment, reduces nosocomial transmission within
health centers, and markedly improves the efficiency of contact trac-
ing. In recent years, progress has been made on new diagnostics,
therapies, and vaccines for EBOV (45, 50). Despite this, the speed at
which infections can be identified and reported to health authorities
remains suboptimal. In the 2018-2019 DRC epidemic, the median
time for confirmation of infections during surveillance operations
was 6 days, due, in large part, to the time required to get patients to
testing sites, transport specimens to laboratories, and return results
(51). Since 2014, the WHO has highlighted the urgent need for rapid
POC EBOV diagnostic tests for use in decentralized health care
facilities and has developed a target product profile for such assays
(12). This need has been further underscored by the recent increase
in size and frequency of EBOV outbreaks (52-54).

Here, we described the development of a rapid diagnostic im-
munoassay for EBOV that, in large measure, conforms to the desired
WHO target product profile (12). The EBOV D4 assay is suitable for
use in decentralized health care facilities where no laboratory infra-
structure is available. Because the EBOV D4 displays a sensitivity
comparable to and potentially better than that of RT-PCR, it should
be capable of diagnosing acute EBOV infection in symptomatic pa-
tients without the need for confirmatory testing. Although the true
clinical sensitivity of the EBOV D4 assay has not been determined,
our studies in macaques suggest that it will be equal to or better
than RT-PCR.

The EBOV D4 assay provides quantitative results and is designed
to do so using capillary whole blood (WB) from a fingerstick. The
EBOV D4 assay requires less than three steps to be performed by
the operator and only one of these is timed. It requires no additional
biosafety measures beyond personal protective equipment, although
in its current embodiment, the assay requires a final wash step to be
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performed by the user. To address this limitation, D4 assay chips as
self-contained passive microfluidic flow cells should be developed,
which would require only the introduction of a drop of blood at one
port and ~150 pul of wash buffer at a second port. In this design, all
assay fluids could be collected by an internal wicking pad as the assay
runs to completion. Microfluidic D4 assay chips are anticipated to
provide improved biocontainment and biosafety. The EBOV D4
assay we describe here has no requirement for the transfer of pre-
cise volumes.

At 60 min, our current time to results does not meet the desired
target time of less than 30 min but is well within the acceptable time
of less than 3 hours. It is possible that shorter time to results can be
achieved by incorporating cAbs and dAbs of higher affinity. D4 assay
chips could also be constructed to include an internal control. Al-
though, as we demonstrated here, samples can be treated with high
concentrations of detergent and/or heat to allow viral inactivation,
there is no need to process the sample before performing the test. In
terms of operational characteristics, the EBOV D4 assay is heat stable,
although it has not yet been tested against all WHO stability stan-
dards. It requires no reagent reconstitution, and even unskilled users
can be trained in an hour. In terms of required equipment, the
D4Scope, which is used to measure fluorescence output and inter-
pret assay results, is a small portable handheld instrument weighing
less than 2 kg that is capable of being powered by a rechargeable
battery. Thus, although additional testing is required, the EBOV D4
assay appears capable of meeting almost all of the desired WHO
benchmarks. It can also detect sGP from all clinically relevant EBOVs
in human blood. This offers the advantage of using one assay to
examine all potential cases of EBOV infection, irrespective of viral
species, and could facilitate health care organizations’” responses to
outbreaks (55).

As demonstrated, the current prototype EBOV D4 assay offers
PCR-level sensitivity and specificity in a POC rapid diagnostic assay
format. Hence, it has the potential to allow the accurate diagnosis
EBOV infection in remote settings without the need for a confirma-
tory test. This could markedly improve the efficiency of surveillance
and contact tracing operations by rapidly delivering clear disease
diagnosis (56, 57). Its use could hence decrease the magnitude the
future of EBOV outbreaks (4).

The EBOV D4 assay may also offer cost advantages over other
diagnostic assay formats. The D4 required equipment cost is esti-
mated to be less than $1000 USD for the reader, whereas the pro-
duction costs of D4 assay chips at scale are expected to be around
$0.25 USD (24). Both of these values are considerably less than those
of RT-PCR-based diagnostics (3). Because LFAs require no equip-
ment, their initial cost would be lower than that of the EBOV D4 assay;
however, their production costs are higher, varying between $0.50 and
$1 USD per unit (58, 59). Thus, the EBOV D4 assay would become
more economical as the number of assays performed increases.

One characteristic of the D4 assay platform that we leveraged to
conduct the functional Ab screen and pairing, but not in the final
test, is the platform’s multiplexing capabilities. Several different Ab
pairs can be printed on a single D4 assay chip, allowing the detec-
tion of multiple distinct Ags without loss of sensitivity (24). Thus, in
principle, D4 chips could be produced to detect the presence of
multiple pathogens in a single test. This, however, raises the ques-
tion of whether the assay performance displayed by the EBOV D4
could be achieved in the case of the other infectious diseases. In our
view, the sensitivity and specificity obtained with the EBOV D4 assay
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were due to four factors: the choice of sGP as a target, the affinity
and specificity of the diagnostic Abs used, the optimization of cAb/
dAD pairing, and the intrinsic sensitivity of the D4 assay platform.
In many ways, EBOV sGP represents the ideal diagnostic target be-
cause it is secreted from infected cells in large amounts before viral
replication occurs (60-63). Unfortunately, few viruses produce such
targets. Lassa virus has been shown to produce sGP (64, 65), but
other filoviruses, such as Marburgvirus, do not (66). D4 assays for
other pathogens would therefore require the use of more traditional
diagnostic targets. The clinical sensitivity for these targets that could
be achieved in a D4 assay is not yet known but is expected to be
better than that of LFAs.

Here, we used scFv phage display to generate our diagnostic Abs.
This technology is widely applicable to other pathogens and is not
unique in its ability to yield high-affinity Abs. Phage display offers
two advantages in the production of diagnostic Abs. First, because
scFv libraries can be subjected to positive selection for target Ags
and negative selection against unwanted Ags, the specificities of the
selected Abs can be tightly controlled. Second, because they are mo-
lecularly cloned, scFvs can be subjected to in vitro affinity maturation
to increase Ab affinity by orders of magnitude (67, 68). Although
the importance of cAb/dAb pairing is well recognized, identifying
the optimal cAb/dAb pair can be extremely challenging and time-
consuming when faced with a large number of candidate pairs. By
inkjet printing Ab candidate pairs as microarrays, we were able to
efficiently generate full dose-response curves for all possible Ab
combinations. This allowed us to rapidly identify the optimum pair for
use in the D4 format without the need for SPR analysis or epitope
binning. The intrinsic sensitivity of the D4 assay platform has been de-
scribed previously and is applicable to a wide variety of diagnostic
applications (24, 69). Thus, we would expect that high-sensitivity
D4 assays could be developed for a broad range of pathogens.

This study has limitations. In particular, the performance of the
EBOV D4 assay in human samples is not yet determined, but the
demonstration of sensitivity that rivals RT-PCR in nonhuman
primates justifies further characterization with patient samples.
Sample containment and the need for a user-assisted final rinse can
also be problematic and may expose health care workers to bio-
hazardous material, an important issue that may be overcome with
improved biocontainment. The use of a VP30-targeting RT-PCR
instead of the EBOV Xpert test is also a shortcoming of our study,
as ideally, we would compare our test with the gold standard used in
the field, even though both methods present similar analytical sen-
sitivity (45). A direct comparison of the EBOV D4 and EBOV Xpert
should be performed in future studies. sGP concentrations throughout
infection time course have not been reported in humans although
our study has demonstrated the temporal evolution of this biomarker
in macaques. These results, however, must be confirmed with pa-
tient samples. Even with these caveats, however, this assay is prom-
ising for the POC diagnosis of EBOV disease.

MATERIALS AND METHODS

Study design

The goal of this study was to develop a new POC diagnostic system
to detect EBOV sGP and demonstrate that EBOV nonstructural sGP
protein is the ideal target for early disease diagnosis. Using phage
display, we generated a new set of sGP-targeting Abs, which were
later screened using the D4 assay as a selection and pairing tool.
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Fabrication parameters for the EBOV D4 assay using the ideal Ab
pair were optimized, and the assay was evaluated with analyte spiked
samples that simulate those generated in the field. The analytical per-
formance of the test was evaluated with a tabletop and an in-house
developed handheld fluorescence scanner. To demonstrate the pres-
ence of sGP and establish the evolution of this biomarker throughout
the course of the infection, we selected samples previously collected
and characterized in studies approved by the University of Texas
Medical Branch (UTMB) at Galveston Institutional Animal Care
and Use Committee (IACUC) and UTMB’s Institutional Biosafety
Committee. A first set of samples from 10 male rhesus and cynomolgus
macaques, 3 to 5 years of age, weighing between 4 and 8 kg that were
intramuscularly challenged with EBOV isolate H.sapiens-tc/GIN/2014/
Makona-Gueckedou-C07, accession number KJ660347.2. was used.
This set had stacked samples that covered the initial stages of the dis-
ease when viremia is still undetected and the time point (day 3) where
RT-PCR can detect the presence of viral genome in circulation. A
second set of samples from three cynomolgus macaques, 3 to 5 years
of age and weighing 4 to 8 kg challenged intramuscularly with Zaire
EBOV from the 1995 outbreak (70, 71) was also used in this study.
Samples were not blinded to investigators, unless specifically stated.

Generation of scFv-fc constructs

After immunizations, scFv library construction, and phage selection
further detailed in the Supplementary Materials, eight scFv clones
previously selected by Ag-down ELISA were subcloned into pcDNA5
(Thermo Fisher Scientific) fused to a mouse Fc gene for expression
in a mammalian system. To this end, NEB 5-alpha competent
Escherichia coli (New England Biolabs) with pcDNAS5 plasmid was
grown in ampicillin (Calbiochem) rich terrific broth (TB) media
(Mo-Biolabs), and the plasmid was isolated with a QIAprep spin
miniprep kit (QIAGEN), as recommended by the manufacturer.
pcDNAS plasmid was digested with Nhe I and Xho I (New England
Biolabs) and gel purified. A gBlock DNA fragment (Integrated DNA
Technology) encoding the mouse IgG2a Fc sequence, and appro-
priate overhangs was inserted in a pcDNAS5 vector by Gibson
Assembly (New England Biolabs), according to the manufacturer’s
instructions. The resulting construct was then transformed into NEB
5-alpha competent cells (New England Biolabs), which were recovered
with super optimal broth (SOC) media (MilliporeSigma) for 60 min
at 37°C and later selected in TB (Mo-Biolabs) Agar (BD Biosciences)
plates with ampicillin (50 pg/ml; Calbiochem). E. coli with pcDNA5
vector containing the Fc insert was grown and isolated, and the plasmid
DNA was Sanger sequenced using appropriate primers (GENEWIZ).
The plasmid was then restricted with Nhe I and Bam HI (New England
Biolabs) and gel purified. gBlocks containing the eight scFv sequences
(Integrated DNA Technology) were inserted in the Fc-pcDNA5
construct by Gibson Assembly. The resulting constructs were trans-
formed into NEB 5-alpha competent cells and plated in ampicillin
(Calbiochem) TB (Mo-Biolabs) Agar (BD Biosciences) plates. E. coli
with pcDNA5 vector with scFv-Fc inserts were grown in rich TB me-
dia (Mo-Biolabs) with ampicillin (Calbiochem). The plasmids were
isolated with QIAprep spin miniprep kits (QIAGEN) according to
the manufacturer’s instructions, and the plasmid DNA was Sanger
sequenced to ensure lack of point mutations and frame shifts.

Generation of IgG constructs
A1F3-1 and C2BA5-2 scFv-Fcs were transformed into full-length
IgGs. gBlocks (Integrated DNA Technology) containing constant
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regions for mouse y2a heavy chain and mouse « chains with appro-
priate overhangs were inserted in pcDNAS5 vector through Gibson
Assembly as recommended by the manufacturer instructions (Gibson
Assembly Master Mix, New England Biolabs). Using the same pro-
cedure, gBlocks containing variable heavy and mouse y2a immuno-
globulin sequences for A1F3-1 and C2BA5-2 were also inserted in
pcDNAS (Thermo Fisher Scientific) vector through Gibson Assembly.
The resulting constructs were then transformed into NEB 5-alpha
competent cells (New England Biolabs), which were recovered
with SOC media (MilliporeSigma) for 60 min at 37°C and later
selected in TB (Mo-Biolabs) Agar (BD Biosciences) plates with
ampicillin (50 ug/ml; Calbiochem). E. coli containing pcDNA5 vec-
tors with inserts of interest were grown, isolated, and sequenced as
previously described.

Expression of scFv-fc and IgG Abs

scFv-Fc and IgG Ab expression was performed with an Expi293
high-efficiency transient system (Thermo Fisher Scientific). Purified
plasmids for each of the scFv-Fc and light and heavy chains of A1F3-1
and C2BA5-2 were retransformed into NEB 5-alpha competent cells,
plated, and cultured overnight in ampicillin (Calbiochem) TB (Mo-
Biolabs) Agar (BD Biosciences) plates. Isolated colonies were grown
in ampicillin (Calbiochem) rich TB media (Mo-Biolabs) and DNA
plasmid was purified using QIAprep spin miniprep plus kits (QIA-
GEN), as recommended by the manufacturer’s protocol. Purified
DNA was Sanger sequenced (GENEWIZ) to guarantee correct ex-
pression products and transfected into Expi293 cells (Thermo Fisher
Scientific), also following the manufacturer’s protocol. IgGs had
plasmids with light and heavy chain cotransfected at 1:1.2 heavy
to light chain molar ratios to a total of 1 ug of DNA/ml of cul-
ture. Culture supernatant was harvested 7 days after induction for
Ab purification.

High-throughput Ab pairing

Following POEGMA brush synthesis described in the Supplementary
Materials, D4 assays were fabricated as reported elsewhere in greater
detail (24, 29), with minor modifications. Down-selected scFv-Fc
Abs were directly conjugated to Alexa Fluor 647 (Thermo Fisher
Scientific) following the manufacturers’ instructions and diluted
with a trehalose (MilliporeSigma) stock solution in 1x phosphate-
buffered saline (PBS) (MilliporeSigma) to a final 10% (w/v) trehalose
(MilliporeSigma), Ab working concentration of 0.25 mg/ml. Aliquots
of the scFv-Fcs to be tested as the cAb had trehalose (MilliporeSigma)
added to a working concentration of 0.05% (w/v) in 1x PBS
(MilliporeSigma). cAbs were inkjet printed as a vertical column
of ~130-um diameter spots in the central area of the chip with an
interspot separation of 250 um, and the FL-dAb with 10% (v/v)
trehalose (MilliporeSigma) was also noncontact dispensed on a con-
centric pattern around the central area of the chip containing the
cAbs with the sciFLEXARRAYER S11 spotter (Scienion). After
printing, the chips were protected from light and left to dry in a
vacuum chamber (-25 inch Hg) lined with desiccant material for
1 hour. After fabrication, dose-response curves were generated by
incubating the D4 microarrays with FBS (Avantor) spiked with
EBOV sGP at different concentrations for 90 min. After incubation,
the chips were rinsed with 0.1% Tween 20 (v/v) (MilliporeSigma) in
1x PBS (MilliporeSigma) and spun dry with a C1303 slide spinner
(Labnet International). Arrays were imaged and quantified with an
Axon Genepix 4400 (Molecular Devices) with a photomultiplier
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gain of 750 and excitation power of 100. LoD was determined by
using low-concentration samples (LCS) and the mathematical for-
mula LoD = LoB +1.6456 cs, where limit of blank (LoB) is deter-
mined by measuring the mean fluorescence intensity (1) and SD (o)
from 12 blank samples and using the definition LoB = ppjank +
1.6456pjank- DR was determined by the range of concentration from
the LoD to the greatest concentration that had a fluorescent signal
greater than 3¢ of the next lowest concentration in the dilution
series. Data were fitted with a five-parameter logistic curve using
OriginPro 9.0 (OriginLab Corp).

Scalable D4 assay fabrication

To reduce D4 assay fabrication time, improve dissolution of the FL-
dAb, and to minimize HAMA cross-reactivity, the manufacturing
process used to fabricate the EBOV D4 assay chips was modified
from that used for high-throughput Ab pairing in this study and
reported in previous publications (24, 29). The first step in the fab-
rication of the D4 assay chip deviates significantly for the original
protocol as follows. Before printing the cAb spots, trehalose pads
are printed on the surface of the POEGMA substrate followed by
printing the dAb and blocking reagents on top of the trehalose pads
(Figs. 2 to 4 and figs. S10 to S12). The trehalose pads were inkjet
printed from a 10% trehalose solution in deionized water as a 12-spot
concentric pattern around the central region of the chip where the
cAb is printed (Fig. 2A) with an AD1520 (BioDot) noncontact dis-
pensing platform that allows nanoliter-sized drops to be dispensed—
compared to the picoliter drop size of the Scienion printer—of
highly viscous trehalose and dAb solutions. This reduced the number
of dAb/blocking reagent drops and arm movements needed to fab-
ricate a chip compared to the previous fabrication protocol of the
D4 assay that solely used the Scienion sciEFLEXARRAYER S11 ar-
rayer, resulting in a 10-fold increase in fabrication throughput (29).
After printing, the trehalose pads were left to dry for 10 min at am-
bient conditions. Next, a solution of the FL-dAb at 0.05 mg/ml in a
10% trehalose (w/v) (MilliporeSigma) and 1x PBS (MilliporeSigma)
solution was printed as nanoliter droplets using AD1520 (BioDot)
arrayer and was then dried under ambient conditions for 10 min.
Next, a solution of Trublock Ultra (Meridian Lifescience) at 12 mg/ml
in 10% trehalose (w/v) (MilliporeSigma) and 1x PBS (MilliporeSigma)
was also printed as nanoliter droplets on top of FL-dAbs also using
the AD1520 (BioDot) arrayer. After the detection spots were printed,
the protocol follows the previously reported process, where the cAb
is inkjet printed as 350-pl droplets on the surface of a POEGMA-
coated glass slide from a 1 mg/ml in 0.05% (w/v) trehalose in 1x PBS
solution using a sScitFLEXARRAYER S11 (Scienion). The capture
spots are left to dry at ambient conditions for 10 min. Next, we as-
sembled laser-cut 1-mm-thick Plexiglas (Astra Products) with double-
sided 9474LE adhesive (3M) to form gaskets and create 24 separate
D4 assay chips on a single POEGMA-coated glass slide. Chips are
then stored in aluminum pouches with 0.5-g silica bags (EASE
Medtrend) for later use.

Performance evaluation with multiple sGPs, matrix effect,
hook effect, and thermal stability evaluation of

EBOV D4 assay

The D4 assay chips were incubated with sGP from EBOV, SUDV,
BDBYV, RESTV, and TAFV spiked in FBS (Avantor) for 90 min to
generate dose-response curves for each variant of sGP. For matrix
effect assessment, D4 assay chips were incubated with different
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concentrations of EBOV sGP spiked in FBS (Avantor), pooled HS
(Innovative Research), single donor human blood (Innovative
Research), and rhesus MoS (Innovative Research) for 15, 60, and
90 min. sGP-spiked FBS was also incubated for 30 min. Hook effect
evaluation was performed by generating an 8-log;o dose-response
curve with a twofold dilution series from a stock concentration of EBOV
sGP (0.1 mg/ml). D4 assay chips were also incubated for 60 min with
sGP from SUDV, BDBV, and RESTV spiked into single donor human
blood (Innovative Research). Single donor human blood (Innovative
Research) spiked with different concentrations of EBOV and SUDV
was treated with a 10% (v/v) Triton X-100 (MilliporeSigma) solution
to a final concentration of 1% (v/v). Samples were incubated for
60 min at room temperature. Treated samples were then added to
D4 assay chips. Single donor human blood (Innovative Research)
spiked with different concentrations of EBOV was treated with a
10% (v/v) Triton X-100 (MilliporeSigma) solution to a final concen-
tration of 1% (v/v). Samples were incubated for 30 min at 56°C. Treated
samples were then added to D4 assay chips. After incubation, chips
were rinsed, dried, and imaged on an Axon Genepix 4400 (Molecular
Devices) with a photomultiplier gain of 750 and excitation power of
100. Figures of merit (FOMs)—the LoD and DR—were determined
as previously described.

Accelerated stability testing was performed with chips that were
individually packaged in heat-sealed aluminum pouches (EASE-
Medtrend) with silica desiccant (EASE-Medtrend) and incubated at
37°C. Samples were tested at 30 and 60 days later by incubating chips
with EBOV-spiked sGP in pooled HS for 90 min. After incubation, chips
were rinsed, dried, and imaged on an Axon Genepix 4400 (Molecular
Devices) with a photomultiplier gain of 750 and excitation power of
100. The LoD and DR were determined as previously described.

D4Scope fabrication and performance validation
The D4Scope’s fluorescence elements were mounted in an oblique
angle laser excitation format in a three-dimensional (3D) printed
body designed with SOLIDWORKS software (SOLIDWORKS) and
fabricated with a Lulzbot Taz 6 (Lulzbot) 3D printer using 1.75-mm
polylactic acid filament (HATCHBOX). The red 185-mW 635-nm
laser diode (Sharp) with high optical coherence in the fluorophore’s
excitation band (594 to 633 nm) is set at a 45° angle and excites the
Alexa Fluor 647 fluorophore on the EBOV D4 assay surface placed
in a chip holder that attaches to the D4Scope. The photons emitted
by the fluorophore are filtered by a FO1-676/37 25-mm bandpass
optical filter (SHEMROCK) embedded in the camera’s field of view
and are captured by a high-efficiency USB compatible AcA3088-
57um CMOS camera (Basler) with a MC100X lens (Opto Engineering).
To control the camera, and process and visualize the acquired images,
a Raspberry Pi 4 (Raspberry) system-on-board computer with a
3.5-inch thin-film transistor touchscreen (UCTRONICST) was in-
tegrated into the detector. Custom software was written to control
the camera’s exposure times, gain, and digital shift. Images are ac-
quired by the user by a one-touch button, which activates the laser
and records an image of the microspots, and the image and associ-
ated patient information are stored in the device and uploaded to a
dedicated cloud Mango/DB server. The software also previews the
images of the chips while they are being loaded on the device, thus
ensuring proper use of the device. The entire system is powered by
a 10,000-mAh power bank (Omars) mounted on the D4Scope.

To assess detector performance, optimized chips were exposed
to EBOV sGP spiked in HS (Innovative Research) for 90 min, rinsed,
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dried, and scanned with an Axon Genepix with 750 gain and 100%
power. The same chips were then loaded on the D4Scope and im-
aged with 1-s exposure, digital shift of 4- and 12-dB gain. Fluorescence
values were normalized using the formula Fyorm, = ((Fi — Fplank)/
F20 ng/m1) + cste where Fiorm, is the normalized fluorescence, F,, is
the measured fluorescence, Fyjan is the average fluorescence of blank
samples, Fy0 ng/m1 is the fluorescence of 20 ng/ml, and cste = 10. A set
of chips was also transported to UTMB BSL-4 facility, where a tech-
nician was trained for about 30 min to run the EBOV D4 assay and
operate the D4Scope. After training, EBOV D4 chips were exposed
to EBOV sGP spiked in MoS (Innovative Research) for 90 min,
rinsed, dried, and scanned with the D4Scope and a SensoSpot
(Sensovation) fluorescence scanner with 1-s exposure.

Compatibility between the tabletop scanners—the Axon Genepix
and the SensoSpot—and the D4Scope was ensured by scanning a set
of EBOV D4 assay chips incubated with EBOV sGP in FBS (Avantor)
for 90 min with the Genepix 4400 (Molecular Devices) and SensoSpot
(Sensovation) fluorescence tabletop scanners. Dose-response curves
were fit with a five-parameter logistic fit, and the output correla-
tion among tabletop scanners and between tabletop scanners and
D4Scope was determined by a linear fit. All fits and plots were per-
formed using OriginPro 9.0 (OriginL,, Corp).

Virus and challenge

The serum samples used in this work were previously collected and
characterized in studies approved by the UTMB at Galveston IACUC
and UTMB’s Institutional Biosafety Committee (44). In summary, a
seed stock of EBOV Makona from a 2014 fatal human case that
originated in Guékédou, Guinea was used. After passage in authenti-
cated Vero E6 cells (American Type Culture Collection, CRL-1586),
EBOV isolate H.sapiens-tc/GIN/2014/Makona-Gueckedou-C07, ac-
cession number KJ660347.2 was produced. This isolate was used to
challenge 10 healthy, filovirus-negative, male rhesus and cynomol-
gus macaques of Chinese origin (PreLabs) that were 3 to 5 years of
age and weighed between 4 and 8 kg with 1000 PFU intramuscularly.
A smaller subset of three healthy, filovirus-seronegative adult cyno-
molgus macaques of Chinese origin (PreLabs) that were 3 to 5 years
of age and weighed between 4 and 8 kg were challenged intramus-
cularly with 1000 PFU of EBOV (Zaire). The EBOV used in this
study was obtained from a fatally infected human from the former
Zaire in 1995 (70, 71). Animals were housed in the BSL-4 laboratory in
the GNL and monitored postchallenge for clinical signs of disease.

Virus detection and quantification

For the 10 rhesus macaques challenged with Makona EBOV, viral
titer was determined by plaque assay on Vero E6 cells from plasma
samples, and RNA quantification was carried out by RT-PCR with
probes targeting the VP30 gene (42) from blood samples. As reported
elsewhere in greater detail (44), cells were plated and grown to con-
fluency and virus was titrated in duplicate from 10~ to 10~® and
counted with neutral red stain. RNA was isolated from WB using
AVL buffer and Viral RNA Mini Kit (QIAGEN) using 100 ml of
blood and 600 ml of AVL buffer. Primers targeting the EBOV VP30
gene were used in the RT-PCR assay (72) to detect EBOV RNA on
a CFX96 (BioRad Laboratories) PCR instrument, using a One-Step
Probe RT-PCR kit (QIAGEN) with a cycle of 50°C for 10 min, 95°C
for 10 s, and 40 cycles of 95°C for 10 s, followed by 59°C for 30 s. Ct
values representing EBOV genome equivalents (GEq) were analyzed
with CFX Manager Software (BioRad Laboratories). A standard for
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the GEq was created from EBOV RNA stocks using the formula
Ncopies (mOIeCUIeS) = (Namount X 6.0221 x 1023 (molecules/mole)/(Nlenth X
1x 109(ng/g) X 340 (g/mole))> Where Neopies is the number of RNA copies,
Namount is the length of RNA molecule (19 kb) (73), 340 g/mole =
average mass of 1 bp of RNA, and the molecular weight of the
EBOV genome (6,086,991.8 g/mol). For comparison purposes, we
also evaluated the performance of RT-PCR targeting the GP gene
with the AGA CAG CTG GCC AAC GAG AC forward and TCG
CTG CAG CAA GAA ATC AA as reverse probes (fig. S17). Plaque
assays (74) had an LoD of 25 PFU/ml and the LoD of RT-PCR was
1000 genome copies/ml. Three cynomolgus macaques challenged
with Zaire EBOV had viral titers also quantified by RT-PCR from
WB as previously described.

sGP detection in nonhuman primate models

Previously characterized samples from 10 rhesus macaques chal-
lenged with Makona EBOV were run on the EBOV D4 assay. Chips
were imaged with the D4Scope and SensoSpot fluorescence scanners,
as previously described. Each data point of fluorescence intensity
reported is the average of three technical replicates. sGP levels were
calculated from the dose-response curve in Fig. 4E. Samples from
three cynomolgus macaques challenged with Zaire EBOV were run
on the EBOV D4 assay after being irradiated with ~5 mrad. Each
data point of fluorescence intensity reported results from a single
measurement. SGP concentrations were calculated from the dose-
response curve in fig. S15B.

Statistical analysis

Statistical analysis was performed with GraphPad Prism version 6.01
(GraphPad Software Inc). A one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc multiple comparisons test was used to
evaluate the statistical significance of differences between groups.
Raw data are provided in data file S1.

SUPPLEMENTARY MATERIALS
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Materials and Methods

Fig. S1. Schematic depiction of EBOV D4 assay.

Fig. S2. D4 assay procedure.

Fig. S3. Mouse IgG titers for sGP and reactivity of individual scFv-phage clones for EBOV and
SUDV sGP.

Fig. S4. scFv-Fc Ab expression, purification, and activity.

Fig. S5. Binding constants of scFv-Fc Abs for sGP.

Fig. S6. Ab pairing dose-response curves.

Fig. S7. Expression and purification of A1F3-1 and C2BA5-2 monoclonal IgG2a Abs.
Fig. S8. Binding constants of A1F3-1 (cAb) and C2BA5-2 (dAb) with multiple sGPs.
Fig. S9. Binding profiles of other scFv-Fc Abs with sGP.

Fig. $10. EBOV D4 assay performance.

Fig. S11. Post-assay fluorescence stability.

Fig. S12. EBOV D4 assay performance in human blood.

Fig. S13. EBOV sGP lateral flow assay fabrication.

Fig. S14. D4Scope design.

Fig. S15. Comparison of D4Scope, GenePix, and SensoSpot performance.

Fig. $16. RT-PCR and plaque assay.

Fig. S17.VP30- and GP-targeting RT-PCR.

Fig. S18. Western blot of MoS samples.

Fig. S19. Irradiated samples from EBOV-challenged nonhuman primates.

Table S1. D4Scope cost estimate.

Table S2. Summary of nonhuman primate model results.

Table S3. Summary of irradiated samples from EBOV-challenged nonhuman primates.
Data file S1. Raw data.
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Detecting disease with a decoy

Low-cost, rapid diagnostic tests that perform as well as PCR and can be used at the point of need can help
contain outbreaks of infectious diseases. Fontes et al. developed an immunoassay to detect Ebola virus secreted
glycoprotein (sGP), a decoy antigen present in infected blood. The assay detected sGP-spiked human and
nonhuman primate serum samples and human blood samples spiked with Sudan ebolavirus and Bundibugyo
ebolavirus . The immunoassay had a lower limit of detection than other lateral flow rapid diagnostic tests for Ebola
virus and detected sGP earlier than PCR using samples from infected nonhuman primates. Results support the
use of the immunoassay for rapid detection of Ebola virus.
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