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ABSTRACT: Ebola virus disease causes widespread and
highly fatal epidemics in human populations. Today, there
is still great need for point-of-care tests for diagnosis,
patient management and surveillance, both during and post
outbreaks. We present a point-of-care test comprising an
immunochromatographic strip and a smartphone reader,
which detects and semiquantifies Ebola-specific antibodies
in human survivors. We developed a Sudan virus
glycoprotein monoplex platform and validated it using
sera from 90 human survivors and 31 local noninfected
controls. The performance of the glycoprotein monoplex was 100% sensitivity and 98% specificity compared to standard
whole antigen enzyme-linked immunosorbent assay (ELISA), and it was validated with freshly collected patient samples in
Uganda. Moreover, we constructed a multiplex test for simultaneous detection of antibodies against three recombinant
Sudan virus proteins. A pilot study comprising 15 survivors and 5 noninfected controls demonstrated sensitivity and
specificity of 100% compared to standard ELISA. Finally, we developed a second multiplex subtype assay for the
identification of exposure to three related EVD species: Sudan virus, Bundibugyo virus and Ebola virus (formerly Zaire)
using recombinant viral glycoprotein. This multiplex test could distinguish between the host’s immunity to specific viral
species and identify cross-reactive immunity. These developed serological platforms consisted of capture ligands with high
specificity and sensitivity, in-house developed strips and a compatible smartphone application. These platforms enabled
rapid and portable testing, data storage and sharing as well as geographical tagging of the tested individuals in Uganda. This
platform holds great potential as a field tool for diagnosis, vaccine development, and therapeutic evaluation.
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Ebola virus, a member of the filovirade family, is the
pathogen responsible for the viral hemorrhagic Ebola
virus disease (EVD).1 Over time, five distinct species of

the ebolavirus genus have been detected, four of which are
etiological agents of EVD: Ebola virus (EBOV), Sudan virus
(SUDV), Bundibugyo virus (BDBV), and Tai ̈Forest virus.2 This
RNA negative strand virus genome encodes seven structural
proteins, namely: nucleoprotein (NP), polymerase cofactor
(VP35), matrix protein (VP40), glycoprotein (GP), replication-
transcription protein (VP30), minor matrix protein (VP24), and

RNA polymerase (L).1 Out of these, the viral protein GP is the
most abundant protein expressed on the viral surface, and
induces the primary immune response mechanism in the host.3

Over the past decade, the frequency and amplitude of EVD
outbreaks have been vastly increased.4 The high-risk of this
pathogen was recently exemplified by the 2014 outbreak of
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EBOV in West Africa, when nearly 29 000 people were infected,
with over 11 000 fatalities.5,6 During this outbreak, the
limitations of currently available diagnostic and prognostic
tests led to a confirmed diagnosis in less than 60% of the cases.7

This outcome emphasized the need for convalescent point-of-
care diagnostic tools to identify and analyze individual survivors
in order to understand the spread of the disease.8

Recent evidence from human survivors showed that recovery
from EVD in humans is associated with the fast development of
both cell-mediated and humoral immune responses.9−11 Hence,
detection of a robust adaptive immune response may be used to
predict the survival likelihoods of infected individuals.12

Traditional serological diagnostics of Ebola virus-infected
patients is normally carried out using in-house laborious and
expensive whole antigen enzyme-linked immunosorbent assays
(ELISA),13 and takes up to 5 h in suitably equipped
laboratories.14,15 A promising alternative to lab-based ELISAs
is lateral flow immunochromatographic technology,16 which is
widely used in point-of-care diagnostic tests due to speed, cost
and simplicity.17,18 Where multiple classes of molecular markers
are detected on a single strip, multiplexing offers further
possibilities to increase specificity and speed, and also to lower
costs.19,20 Lateral flow technology usually needs to be coupled
with a readout device to enable semiquantitative analysis,
documentation, and data sharing. Given their computational
abilities, user-friendly interfaces, and digital connectivity,
smartphones are appealing portable devices by which to perform
such tasks.21,22 Even the most basic models of smartphones have
ample computational power, while their ubiquity, even in
developing countries, gives them great potential for use as
powerful healthcare tools.23 A critical sensor component is the
smartphone camera, which offers high-resolution image-capture,
and allows for the ready optical analysis of test strips to record
results. Combining lateral flow test strips with smartphone
readers has already created simple and cost-effective analytical
tools.24

Here, we designed and produced a lateral flow-based assay
with specifically engineered recombinant Ebola viral proteins and
combined this with a custom smartphone application (app) for
semiquantitative detection of EVD immunoglobulin G (IgG)
antibodies in human serum. We utilized serum samples obtained
from SUDV survivors from the 2000−2001 Gulu outbreak in
Uganda. The assay afforded in two platforms for either single- or
multiple-analyte detection using either SUDV recombinant
glycoprotein (GP1−649) or multiple SUDV recombinant proteins
(i.e., VP40, NP and GP1−649). In addition, we demonstrated a
proof-of-concept for viral subtype identification using a second
multiplex strip configuration to detect antibodies against GP1−649
of different Ebola viral species including SUDV, EBOV, and
BDBV. We semiquantified all of the tested samples using the
developed smartphone app including the geotagging of the
collected samples in Uganda. The platform combines lateral flow
strip technology with a custom-designed smartphone app,
providing a rapid, robust, simple, and portable device for the
specific and sensitive detection of IgG antibodies in EVD human
survivors. Our system shows great potential for use as a point-of-
care test for the surveillance screening and patient management
of recovered persons after Ebola disease outbreaks.

RESULTS AND DISCUSSION
Lateral Flow Test Strip Design and Development. We

developed a lateral flow test strip for the detection of IgG
antibodies against Ebola virus (Figure 1). The test strip design

included two configurations: a single test line plotted with
recombinant viral SUDV GP1−649 (referred to as GP1−649
monoplex); or three test lines plotted with SUDV recombinant
viral proteins, including GP1−649, VP40 and NP, (referred to as
SUDV multiplex). Assay development and optimization
included gold nanoparticle (AuNP) functionalization with a
secondary antibody and characterization (Supplementary Figure
S1), selection of secondary antibodies (Supplementary Figure
S3), determination of test line sequences (Supplementary Figure
S6), and optimal sera dilution (Supplementary Figure S4). We
functionalized two populations of AuNP, 20 and 40 nm, with a

Figure 1. Smartphone lateral flow point-of-care test for Ebola virus
IgG detection. (A) Lateral flow strip illustration: serum applied onto
the sample pad migrates through the analytical area, and
subsequently forms complexes between the labeled gold nano-
particles (AuNPs) and the target analytes. Specifically targeted IgG
serum antibodies against single or multiple recombinant Ebola viral
proteins bind to preprinted test lines, forming a visual red-purple
line. A control line is used to validate assay function for the detection
of antihuman antibody-gold nanoparticle conjugates. Assay results
appear after 15 min. (B) Illustration of the smartphone application
(app) interface login window to record patient details; following
submission, the analysis window opens; once the red box is aligned
between the test and control lines, a tap on the screen provides the
strips’ analysis; result analysis window, which presents the relative
intensity of the test line and determines whether the result is positive
or negative based on an evaluated cutoff threshold. The window also
provides a summary of patient details and a description of the test
taken.

ACS Nano Article

DOI: 10.1021/acsnano.7b07021
ACS Nano 2018, 12, 63−73

64

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b07021


secondary antibody and validated the functionalization proce-
dure by recording a red-shift in the Surface Plasmon Resonance
(SPR) peak using UV−vis spectroscopy (Supplementary Figure
S1A). The volume of the functionalized particle as measured by
DLS (Supplementary Figure S1B) is described in sections 2.1
and 2.2 of the Supporting Information. We observed that the 40
nm particles provided greater color intensity at the analytical
region of the membrane compared to the 20 nm particles
(Supplementary Figure S1C) and therefore selected the 40 nm
AuNP to be used in all the developed test strips.
By comparing the recombinant capture viral protein blot

concentration and the strip configuration, we determined 1 mg/
mL to be the optimal concentration for the deposition onto the
nitrocellulose membrane, irrespective of protein blotting order.
To identify the dynamic range of the assay, we titrated the various
antibodies (anti-SUDV GP1−649, anti-BDBV GP1−649, and anti-
EBOV GP1−649) using lateral flow test strips spotted with SUDV
GP1−649, BDBV GP1−649, and EBOV GP1−649, respectively. The
limit of detection of the test strips was 200 ng/mL for all assay
formats (as described in Supplementary section 2.2 and
presented in Supplementary Figure S2B−D). The optimal
assay operation time was 15 min. The test was suitable for use up
to 16 weeks postproduction when kept in low humidity and at
room temperature, and showed no degradation in assay
performance, using either fresh or thawed serum specimens. A
total of 15 μL of serum was determined as an optimal volume in a
total of 20 μL of total applied sample volume to achieve highest
test line intensity for optimal test readout (Supplementary Figure
S4). We developed the assay for serum-based use rather than
whole blood mainly because of the availability of the sera biobank
that was accessed for the purpose of this study. Although the
separation of sera is considered a rapid and simple procedure to
perform under field conditions, the use of whole blood samples,

such as from a pricked finger, would simplify the operation
process even more and enable “on the spot” results without any
need for further equipment and facilities. Such studies for the
development and adjustment of IgG detection using whole blood
samples against several Ebola virus viral species are currently
underway.
We translated the qualitative lateral flow test strip results into a

semiquantitative readout using a tailored smartphone app
developed in-house (Supplementary section 2.4 and presented
in Supplementary Figure S7). The app analyses each captured
image to produce an intensity plot corresponding to the color
intensity of the analytical zone of the strip (Figure 2A). The
average height (across the peak) of the intensity plot of the test
line corresponds to the amount of the target analyte tested, and
thereby provides a semiquantitative analysis. The baseline of the
intensity plot is taken as the background signal (i.e., a
nonanalytical zone of the lateral flow test), to which the intensity
of the test line is normalized. We evaluated the performance of
the assay using a positive control, namely 3C10 monoclonal
antibodies against SUDV GP1−649, in a concentration range from
4 μg mL−1 to 200 ng mL−1 in PBS and in spiked serum. As
presented in Figure 2B, there is a high similarity between dose−
response curves obtained in both PBS and serum, demonstrating
that the assay functions in a serum environment. We evaluated
the specificity of the assay using a negative control, namely 2 μg
mL−1 6D8 monoclonal antibodies against EBOV-GP1−649. As
shown in Figure 2C, the readout of 6D8 is significantly lower
than 3C10 in PBS and in spiked serum. In addition, tests
performed using thawed or fresh serum samples showed no
significant difference in the assay readout (ANOVA p-value
<0.05).

Detection of IgG Immunoreactivity in Sudan Virus Human
Survivors Using GP1−649 Monoplex Assay. We validated the

Figure 2. Assay development. (A) Assay strips and corresponding raw intensity plots quantified by the smartphone app. (B) Dose−response
curves testing anti-SUDV GP (3C10) obtained in phosphate buffer and serum quantified and normalized by the smartphone app. Results are
plotted and fitted to a sigmoidal curve (r2 = 0.960, 0.967). Error bars indicatemean± standard deviation (n = 2). (C) Selectivity of SUDV-GP1−649
lateral flow strip, testing anti-SUDV GP (3C10) and anti-EBOV GP (6D8) (2 μg/mL) in spiked serum and in phosphate buffer. Error bars
indicate mean ± standard deviation (n = 2). * indicates p-value <0.05.

ACS Nano Article

DOI: 10.1021/acsnano.7b07021
ACS Nano 2018, 12, 63−73

65

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b07021/suppl_file/nn7b07021_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b07021


GP1−649 monoplex assay with sera from previously infected and
recovered people, referred to as “survivors”, from the 2000−2001
SUDVGulu outbreak in Uganda; noninfected locals were used as
controls. This SUDV strain model is very relevant for validation
as it enables the study of the long-term immunity of Ebola virus
survivors.
We analyzed a total of 121 serum samples, of which 90 were

obtained from survivors and 31 from noninfected controls.
These samples were split into two groups, known and blind. Of
these, 91 known samples (65 survivors and 26 controls) were
previously analyzed by ELISA and reported elsewhere.25 A total
of 30 blind serum samples (25 survivors and 5 controls) were
obtained in the field study across Uganda and analyzed fresh
within 24 h upon collection in Uganda Virus Research Institute.
An additional 27 noninfected controls samples were used to
calibrate the cutoff of GP1−649 monoplex. Noninfected EVD
negative serum samples were obtained from local individual
volunteers, who were either survivor family related, or had no
close contact with any Ebola survivors (all samples previously
tested negative by standard ELISA and PCR method as reported
elsewhere,12 and clinically showed no Ebola virus infection
symptoms). Careful selection of this group for the determination
of the cutoff value was a key component to establishing the
specificity and sensitivity of our assay, since they represented the
native condition of our target population. All serum samples were
also previously tested using a standardized whole antigen SUDV
ELISA and a recombinant GP1−649 ELISA, which was previously
reported elsewhere.12,25 Tested samples were classified as
positive with levels of IgG antibodies against SUDV GP1−649
(Table 1) above the set cutoff. Out of the known samples, we
determined 40 tests as positive and 51 as negative using the
GP1−649 monoplex strips. Data analysis revealed that all positive

samples originated from SUDV survivors, while an additional 25
survivors tested negative. All tested noninfected controls were
IgG negative. The ELISA results showed that a total of 39 and 52
samples tested IgG positive, and 42 and 49 IgG tested negative,
using the gold-standard whole SUDV antigen and GP1−649
SUDV ELISA, respectively (Table 1). Box plot analysis of the
known samples, Figure 3A, presents a similar readout distribution
of the samples analysis using GP1−649 monoplex, GP1−649 ELISA
and SUDV ELISA. We first analyzed the blind samples using
GP1−649 monoplex and then we analyzed these samples using
GP1−649 ELISA and SUDV ELISA. We demonstrated 100%
correlation between GP1−649 monoplex and GP1−649 ELISA, as
well as SUDV ELISA. Out of the 30 blind samples 18 tested as
IgG positive and 12 as IgG negative samples. We evaluated the
analytical parameters of the GP1−649 monoplex as compared to
the gold-standard SUDV ELISA and demonstrated a correlation
of 99% between the two assays, with 100% sensitivity and 98%
specificity. A Receiver Operating Characteristic (ROC) analysis
yielded 99.8% and 98.2% area under the curve for GP1−649
monoplex and GP1−649 SUDV ELISA, respectively (Supple-
mentary Figure S5). In total, 64% (58 out of 90) of the survivors
demonstrated a positive IgG immune response when tested with
GP1−649 monoplex, while all 31 negative controls showed no
immunoreactivity. The survivors that tested with positive IgG
results were in line with previous studies performed on this same
cohort of survivors.12,25 Although the in-house made GP1−649
ELISA demonstrated 100% sensitivity and 95% specificity, it
requires up to 5 h operation time using laboratory equipment.
Readout representation results using GP1−649 monoplex strips

for three survivors (S1−3) and two noninfected negative
controls (C1−2) are shown in the inset of Figure 3B. The box-
plot analysis demonstrates no difference in the range of signal
readout between fresh sera (blind samples, 3B) and frozen-thaw
sera (known samples, 3Ai), which enabled using the previously
evaluated cutoff. For the blind samples, we generated a graphical
image of a surveillance map to visualize the geo-location of each
patient sample collected in the field, together with the test result
(positive or negative) (Figure 3C). The color intensity of the red
pins corresponds to the semiquantitative immune response to
GP1−649 of each tested individual. The higher magnification map
represents individuals tested at the same geographical location,
with the spacing between these samples being produced
artificially in order to display the information on each tested
individual.
Through developing a smartphone app for the semi-

quantitative readout of lateral flow strips, data communication
and storage, and geographical tagging of the results, we have
made our technology broadly available and transportable. The
app was developed for an Android operating system and
validated with Samsung Galaxy S4, which has high usage in
central Africa.26 The developed features of our smartphone-
based assay system can potentially be used as an on-site
surveillance tool, and could be readily adjusted to detect other
Ebola virus species. Not only does our system enable portable
and simple strip quantification, it also facilitates ready data
storage, sharing, and real-time surveillancemapping.We envision
that these features could provide an indispensable tool to
facilitate rapid epidemiological studies of disease spread at times
of critical need, such as demonstrated by the recent Ebola
outbreaks in West Africa and Uganda.15 For instance, the use of
the app could potentially improve the efficiency of patient
screening during the acute and postrecovery stages of disease
progression. It may also provide potential options for evaluating

Table 1. Summary of Results from the Analysis of Sera
Samples Screened with GP1−649 Monoplex Assay, Whole
SUDV ELISA, and GP1−649 ELISA

known serum panel
(survivorsa n = 65;
controlsb n = 26)

blind serum panel
(survivorsa n = 25;
controlsb n = 5)

analytical test positive negative positive negative

GP1−649 monoplex lateral
flow/app

40 51 18 12

(40/65) (25/65) (18/25) (7/25)
(0/26) (26/26) (0/5) (5/5)

GP1−649 ELISA 42d 49d 18 12
(42/65) (23/65) (18/25) (7/25)
(0/26) (26/26) (0/5) (5/5)

Whole SUDV antigen
ELISAc

39d 52d 18 12

(39/65) (26/65) (18/25) (7/25)
(0/26) (26/26) (0/5) (5/5)

analytical test

diagnostic
sensitivityc

(n = 57)

diagnostic
specificityc

(n = 64)
area under the
curve (AUC)c

GP1−649 monoplex
lateral flow/app

100% 98% 0.998

GP1−649 ELISA 100% 95% 0.982

aPreviously infected and diagnosed EVD patients from the 2000−
2001 SUDV outbreak in Uganda. bNoninfected controls obtained
from closely related (family, close contact) and nonrelated EVD
survivors volunteers. cEvaluated utilizing whole SUDV antigen ELISA.
dELISA test results for known samples, which are a subset of those
measured in previous published studies.12,25
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Figure 3. Monoplex SUDV platforms for the detection of IgG against single viral protein. (A) A sample readout comparison between (i) GP1−649
monoplex, (ii) GP1−649 ELISA, and (iii) whole SUDV ELISA. ELISA test results in (ii) and (iii) are for known samples, that are a subset of those
samples measured in a previous study and published.12,25 Box plots of the known samples for each test showing the 25th, median, and 75th
percentile for the known survivors and noninfected controls. Out of the 65 analyzed survivors, 40, 42, and 39 tested positive when analyzed with
(i) GP1−649 monoplex reported in positive percentage (%PP), (ii) GP1−649 ELISA reported in positive percentage (%PP) and (iii) Whole SUDV
ELISA reported in signal to background noise (S/N), respectively. All 26 controls tested negative. Whiskers show the 10th and 90th percentile,
and the open squares indicate the mean signal in each set. The dashed line represents the cutoff of each method calculated from the average value
of the 27 controls plus three times the standard deviations. (B−C) Blind sample screening. (B) Box plot of the tested samples using the GP1−649
monoplex during field study in Uganda, in the inset, lateral flow strips of three survivors (S1−3) and two noninfected controls (C1−2). (C) Map
generated by on-site testing of survivors of the 2015 collection in Uganda. Red corresponds to positive and green to negative, zoomed in map
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the suitability of individual survivors as plasma donors for
therapeutic purposes.27

We prepared additional monoplex lateral flow test strips with a
single test line for other SUDV recombinant viral proteins: NP
and VP40 and directly compared the performance of these tests
with receptive viral recombinant protein ELISA in a small study
using 7 different and randomly selected survivors and 5 controls.
The output signal of the monoplex assays is presented as a
relative test line intensity obtained using the smartphone app
(Figure 3D). Results are classified as positive or negative in IgG
response to each protein separately (NP, VP40) based on an
independent cutoff established for each protein (Figure 3D).
Data analysis between the two methods demonstrates 100%
semiquantitative correlation with a total of 5 survivors testing
positive to IgG immunity against viral NP, and VP40. All
noninfected controls tested negative to both proteins.

Detection of IgG Immunoreactivity Profile in Sudan Virus
Human Survivors Using Recombinant Viral Protein Multiplex
Assay. We developed a multiplex lateral flow assay using three
SUDV-Gulu recombinant viral proteins: VP40, NP, and GP1−649
(as schematically presented in Figure 4A). The selection of these
viral proteins is based on previous studies demonstrating their
ability to elicit strong IgG humoral response in this cohort of
SUDV survivors.12,25

The lateral flow test strip comprised of three test lines plotted
in the following sequence (from the sample pad): VP40, GP1−649,
and NP. We validated the SUDV multiplex in a pilot study with
15 samples obtained from SUDV survivors and 5 from
noninfected controls. All samples were also tested using the
GP1−649 monoplex, as well as individual recombinant proteins
(results in line with SUDV multiplex and therefore not shown)
and whole SUDV antigen ELISA. The SUDV multiplex test

Figure 3. continued

represents spread of the points for visual aid. A tap on each entry displays patient details. Credit: Map data ©2017 Google. (D) Detection of IgG
antibodies in human sera against recombinant NP and VP40 using monoplex in relative test line intensity units (black) and positive percentage
(normalized to anti-His6) ELISAs (gray). A total of 6 and 7 out of 7 survivors tested positive to IgG antibodies against (i) NP and (ii) VP40,
respectively. All 5 controls tested negative. The performance of the NP and VP40 monoplex showed 100% correlation with recombinant NP and
VP40 ELISA. Black and gray dashed lines represent the assay and ELISA cut-offs. The data was averaged over 2 experimental repeats in triplicates
for ELISA. Error bars represent ± RTLI for results from lateral flow and ± %PP for ELISA.

Figure 4. Multiplex platforms for the detection of IgG antibodies against multiple viral proteins. (A) (i) SUDV-multiplex test strip with three test
lines for simultaneous detection of IgG response to SUDV against VP40, GP1−649, and NP in sera. (ii) Capture of strips from tested sera obtained
from survivors (S4, S6, S7, S9), noninfected controls (C1, C2) and (iii) monoclonal anti-His6 as a positive control. (B) EVD species-multiplex. (i)
Geographic distribution of EVD outbreaks in central Africa classified by viral species up to October 2016.30 (ii) Illustration of species multiplex
test strip; test strips consist of three lines spotted with GP1−649 from SUDV, BDBV, and EBOV, control line spotted with human IgG and AuNPs
conjugated to antihuman antibodies. (iii) Testing human sera fromEVD survivors and noninfected controls. Six samples obtained from survivors
(S11, S12, S13, S14, S15, S16) infected with different Ebola virus subtypes and two controls (C1, C2) from noninfected individuals. Visual
appearance of each test line represents the detection of IgG response to specific GP1−649 from each species.
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positive results are determined based on visual appearance of at
least one viral protein test line. A summary of results is presented
in Table 2. The multiplex results showed positive recognition of

13 out of the 15 survivor samples tested, out of which 9, 10, and 7
samples were determined as positive for GP1−649, NP, and VP40,
respectively. A total of 3 survivors (S4, S6, and S7) tested positive
to all three viral proteins (test strips presented in Figure 4A).
Moreover, a single sample obtained from S9 demonstrated
relatively low but nonetheless detectable immunity against VP40
only. Representative strips of two controls obtained from
noninfected volunteers (C1−2) exhibited no immunoreactivity
against the tested viral proteins and demonstrated the high
specificity of the developed assay. In addition, we also tested
monoclonal mouse anti-His6 as a control to demonstrate the
position of the test lines. The GP1−649 monoplex test detected 9
positive samples, while the whole antigen IgG ELISA assay
determined 8 out of the 15 survivors as IgG positive samples. All
8 positive samples in whole antigen ELISA were also positive
with SUDV multiplex as well as with GP1−649 monoplex.
Noninfected control samples showed no positive recognition
in all three assays, as expected. The SUDVmultiplex assay results
demonstrated 100% sensitivity and specificity when compared to
the SUDV ELISA. Interestingly, the SUDV multiplex yielded
detection of a higher number of positive IgG samples in over 86%
of the total tested survivors compared to 53% and 60% using
whole SUDV and GP1−649 monoplex, respectively. The
identification of a higher number of survivors with positive IgG
immune recognition using the SUDVmultiplex compared to the
whole antigen ELISA could potentially be attributed to the
concentration of purified recombinant proteins used in the
recombinant format (multiplex, monoplex) compared to the
total concentration of viral protein expressed in the SUDV
ELISA assay (SUDV purified inactivated antigen). We
hypothesize that the amount of each recombinant viral protein
spotted on each test line might be higher than in the SUDV
ELISA, which leads to an improved detection ability in our assay
system. Further, since gamma irradiation may change the
structural proteins without causing viral lysis,28 one can assume
that the structure of the surface protein, GP, may be altered
resulting in a reduction in binding of GP IgG antibodies and
limiting the availability of internal viral proteins (e.g., NP) for the
detection of other humoral IgGs. Although further experiments
are needed, the SUDV multiplex test, which simultaneously
detects the profile of three IgG antibodies, might enable an
improved detection of humoral immunity during the early stages

of recovery and provide an essential tool for the detection of
asymptomatic infections and prevaccination assessment.

Detection and Differentiation of IgG against Multiple
Species in Ebola Virus Human Survivors Using the Species
Multiplex Assay. We also developed a multiplex subtype assay
test for the identification of immunity to Ebola virus species
SUDV, BDBV, and EBOV using recombinant GP1−649 viral
protein. Outbreaks of these viral species from the past 10 years
occurred within a distance of 1000 miles (Figure 4Bi). To
demonstrate proof-of-concept, serum samples were tested from
three survivors of the 2000−2001 SUDV-Gulu outbreak in
Uganda (S11, S15 and S16), two survivors from the 2007 BDBV
outbreak in Uganda (S12 and S14), and one survivor from the
2014−15 EBOV outbreak in West Africa (S13). Representative
test strips are presented in Figure 4Biii. The results show that out
of the six serum samples tested, S11, S12, and S13 demonstrated
immunity to a single viral subtype (SUDV, BDBV, and EBOV,
respectively). Another three survivors were positive for two
different subtypes: S14 to BDBV and EBOV, S15 to SUDV and
BDBV, and S16 with responses to BDBV (stronger) and SUDV
(weaker). Additionally, two noninfected control samples (C1
and C2) showed no recognition of any of the three viral subtypes,
as expected. Out of the six tested survivor samples obtained from
different viral outbreaks, three demonstrated a specific IgG
immune response to a single viral species. The other three
samples exhibited cross reactive immunity between EBOV and
BDBV, which are phylogenetically closely related,29 and BDBV
and SUDV, which infected within geographically similar areas.
Although further validation of this platform is still needed, it is
clear that such an assay could help in understanding exposure to
the virus in areas such as central Africa, which has been affected
by multiple EVD species.

CONCLUSIONS
The Ebola virus outbreak that occurred in 2014−2015 in West
Africa saw the disease progress from a rare, localized and rural
disease to a highly virulent worldwide threat.31 While many
researchers do not expect another outbreak on this scale, at the
time of writing, an additional outbreak has been reported in the
Congo in June 2017. As a consequence, international
organizations are stressing that rapid diagnostic tests are key to
improving both epidemic control and patient management.32 In
the light of such outbreaks, great effort has been made to develop
point-of-care tests for early stage diagnosis of EVD through
detection of viral antigens33,13 and automated molecular
tests.19,32 However, detection of antibody response to EVD
infection is still performed with traditional in-house ELISA
within lab-based facilities.34−36 Since most Ebola virus cases
occur in rural areas, simple and portable tests for the detection of
host immune response that boast comparable performance to
standard lab-based immunoassays are clearly required for
effective disease management.37

Our current study describes the development, optimization,
and validation of a lateral flow and smartphone-based assay for
the detection of IgG antibodies against EVD in human survivors.
The monoplex assay is designed to detect IgG response to the
GP since previous studies have shown that this protein: (a)
evokes high levels of antibody production,38 and (b) boasts an
important role as the basis for most currently developed
vaccines.39 We validated the GP1−649 monoplex strip using a
total of 90 SUDV survivors and 31 noninfected controls collected
in Uganda, including known and unknown cohort samples,
demonstrating 100% sensitivity and 98% specificity compared to

Table 2. Summary of Serum Screening Results of SUDV
Multiplex and Monoplex Lateral Assays and Whole SUDV
Antigen ELISA of SUDV Survivors and Noninfected Controls

survivorsd (n = 15) controlse (n = 5)

method positive negative negative

SUDV Multiplex assaya 13 2 5
SUDV GP1−649 Monoplex assayb 9 6 5
Whole antigen ELISAc 8 7 5

aSUDV multiplex lateral flow test strips spotted with VP40, GP1−649
and NP viral proteins bSUDV GP1−649 lateral flow test strips cWhole
inactivated SUDV antigen ELISA dPreviously infected and diagnosed
EVD patients from the 2000−2001 SUDV outbreak in Uganda.
eNoninfected controls obtained from closely related (family, close
contact) and nonrelated EVD survivors volunteers.
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standard whole antigen ELISA. Moreover, we designed a SUDV
multiplex recombinant SUDV protein platform to detect and
classify IgG antibodies against two additional viral proteins. This
platform design is relevant because long-recovered SUDV
survivors can maintain different levels of IgG humoral immunity
against GP1−649

1, while others demonstrate a complete lack of
memory immunity.40 Thus, the simultaneous screening of a
broader profile of humoral IgG response provided an impetus for
developing this multiplex assay. Such multiplex assays could
potentially increase sensitivity and specificity and allow for the
identification of more exposed or recovered EVD patients
compared to both the monoplex format and the traditional whole
antigen ELISA currently in use. Additionally, compared to the
monoplex format, the combination of multiple viral proteins is
expected to better mimic the host profile of humoral immune
response as it occurs during native viral infection. In the final
stage of our work, we demonstrated a proof-of-concept for the
detection of positive IgG immune response against the
recombinant GP1−649 of several viral strains (SUDV, BDBV,
and EBOV) and were able to simultaneously detect and
distinguish between the immune recognition to these three
Ebola species.
In addition to the advantage of detecting several potential

exposures in one assay, our platform identifies human IgG
antibodies against Ebola virus GP. This is especially advanta-
geous for vaccine development, which has increased dramatically
in the wake of the recent outbreaks in West Africa. Tremendous
efforts are underway to fast track the development of vaccines
based on immunization against Ebola GP.39,41 The immunoge-
nicity of these vaccines is measured using antibodies from
antisera by ELISA, neutralization assays for IgG response, and
intracellular cytokine staining for T-cell immune response.14 The
availability of a point-of-care test to detect IgG immune response
against Ebola virus GP in monoplex or multiplex platforms
should enable a more enhanced evaluation of vaccine efficiency
under outbreak conditions. The serological platforms presented
in this paper, which are based on engineered recombinant viral
proteins, also offer key advantages of lower production costs, and
bulk production and clearance for use in biological safety facilities
(BSL-2), which are more available in remote areas.42

Overall, our current findings have addressed the critical need
for faster, simpler, and more portable serology tools for detecting
the deadly Ebola virus. The developed simple and portable lateral
flow-based assay system has the ability to detect IgG antibodies in
Ebola survivors with high sensitivity and specificity. Further work
is still needed to evaluate specificity and sensitivity in larger
cohort groups, vaccine evaluation studies, and assay compati-
bility under a wider range of environmental conditions at the
point of care. It is nonetheless clear that the development and
validation of the point-of-care systems as presented in this study
is both timely and essential, as underscored by the fallout from
the 2014−2015 Ebola virus outbreaks in West Africa.

EXPERIMENTAL METHODS
1. Ethics Statement. This study was approved by the Helsinki

committees of the Uganda Virus Research Institute in Entebbe, Uganda
(reference number GC/127/13/01/15); Soroka Hospital, Beer-sheva,
Israel (protocol number 0263−13-SOR); and the Ugandan National
Council for Science and Technology (UNCST) (registration number
HS1332). L.L. and J.J.L are responsible for all ethical approvals. Written
informed consent, as well as a personal health questionnaire, was
completed for each subject under the supervision of L.L. and J.J.L.
2. Sample Collection. A total of 127 serum samples were tested,

obtained from survivors of the 2000−2001, 2007, and 2014 EVD

outbreaks in Uganda and West Africa. Subjects included confirmed
survivors, according to patient PCR and ELISA results, and healthy local
community members that were not infected.43 The collected samples
were divided into two groups: survivors, those that were infected with
the virus during the outbreak; and controls obtained from healthy
volunteers that were not infected with the virus. All samples were gamma
irradiated.

3. Cloning and Expression and Purification of Recombinant
Viral Proteins. Purified recombinant His-tagged (His6) GP1−649 viral
polypeptide (lacking the transmembrane domain) of SUDV, EBOV, and
BDBV was prepared as previously described.12

cDNA constructs coding for SUDV-Gulu nucleoprotein (NP) and
VP40 genes (GenBank AY729654) were synthesized and cloned
commercially (DNA2.0) using optimized codon frequencies for E. coli.
A His6 was added to the C or N- terminus of NP and VP40 proteins,
respectively.

cDNA constructs were transformed into chemically competent E. coli
BL21(DE3) (Stratagene, Catalog #200131) and plated onto LB agar
containing 25 μg/mL of Kanamycin (LB-Kan). A single colony of the
transformant was inoculated into 10mL of LB-Kan broth and cultured at
37 °C with vigorous shaking overnight at 225 rpm. The overnight
culture was diluted 1:50 into LB-Kan and grown at 37 °C with vigorous
shaking until the OD600 reached 0.6−0.8. Isopropyl-beta-d-thiogalac-
topyranoside (IPTG) was then added into the culture, which was further
incubated at 37 °C for 4 h. Cells were harvested by centrifugation at
6000 rpm for 20 min and frozen at −80 °C until used. The pellet was
resuspended in lysis buffer (50 mMNaH2PO4, 300 mMNaCl, 5 mM b-
mercaptoethanol (b-Me) and 10 mM imidazole, pH 8.0). One mg/mL
lysozyme, 3 U/mL benzonase nuclease, and protease inhibitor cocktail
(1:100) (P-8465; Sigma-Aldrich) were added to the lysis buffer and
incubated for 30 min on ice. Cell walls were disrupted by three cycles of
ultrasonication for 1 min at 100%. The whole process was carried out on
ice. The broken cells were centrifuged at 10 000g for 60 min at 4 °C to
separate the soluble and insoluble proteins.

VP40 was purified from the soluble fraction. The supernatant
containingHis-tagged VP40 was applied onto a column containing 1mL
Ni−NTA agarose resin (Qiagen) and incubated with the resin mixture
for 1 h on a rocking platform. The column was washed with lysis buffer,
and protein was eluted with a buffer consisting of 50 mMNaH2PO4, 300
mM NaCl, 5 mM b-Me and 250 mM imidazole, pH 8.0. Using a
Centricon 10K cutoff spin filter (Millipore), the eluted protein was
concentrated, and buffer was exchanged with 50 mMTris-HCl, 150 mM
NaCl, 5 mM b-Me, pH 8.0.

NP protein was purified from the insoluble fraction or inclusion
bodies. Protein expression, cell lysis, disruption, and centrifugation were
carried out as described above, except that insoluble material was
collected. The insoluble material was washed once with lysis buffer
containing 1% v/v Triton X-100, followed by two washes with lysis
buffer without Triton X-100. The insoluble material was dissolved in the
denaturing solubilization buffer (50 mM Tris, 500 mM NaCl, 8 M urea,
10 mM imidazole, pH 8.0) and mixed on a platform shaker for ca. 1 h at
room temperature. The mixture was sonicated again as described above
and centrifuged at 10 000g for 30 min at 4 °C. The supernatant
containing solubilized NP was collected and loaded onto 1 mL of Ni-
NTA resin (Qiagen), which was pre-equilibrated with solubilization
buffer. The protein was eluted from the column with solubilization
buffer containing 500 mM imidazole.

Refolding of NP protein was carried out by diluting to a uniform
concentration of 0.1 mg/mL and dialyzing against refolding buffer
containing 50 mM Tris-HCl, 500 mM NaCl 0.5 M L-Arginin, 50 μM
ZnCl2, 10% v/v glycerol, 0.5 mMDTT, 50 mM imidazole and 3 M urea,
pH 8.0, at 4 °C for 4 h. Afterward, another dialysis step was performed
against a buffer containing 50 mM Tris-HCl, 500 mM NaCl 0.5 M L-
Arginin, 50 μMZnCl2, 10% v/v glycerol, 3 mM reduced glutathione, 0.3
mM oxidized glutathione, 50 mM imidazole and 1.5 M urea, pH 8.0 at 4
°C overnight. A third dialysis step was performed against a buffer
containing 50 mM Tris-HCl, 500 mM NaCl 0.5 M L-Arginine, 50 μM
ZnCl2, 10% v/v glycerol, 1.5 mM reduced glutathione, 0.15 mM
oxidized glutathione, 50 mM imidazole and 0.75 M urea, pH 8.0, at 4 °C
for 4 h. A final dialysis step was performed against buffer containing 50
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mMTris-HCl, 300 mMNaCl, 0.2 M L-Arginine, 50 μMZnCl2, 10% v/v
glycerol, 0.3 mM DTT and 0 M urea, pH 8, at 4 °C for 4 h. Dialyzed
protein was concentrated using a Centricon 30 K cutoff spin filter
(Millipore).
Endotoxins were removed from the purified proteins using a

ToxinEraser endotoxin removal kit (L00338, GenScript, USA)
according to manufacturer’s instructions. Quantification of endotoxins
was performed using a ToxinSensor gel clot endotoxin assay kit
(L00402, GenScript, USA) according to manufacturer’s instructions.
The purity of the protein samples was estimated by SDS−PAGE
staining with Coomassie brilliant blue R-250. The total protein
concentration was determined using a Bradford protein assay kit.
Endotoxin content in the purified proteins was less than 1 EU/mg for all
recombinant proteins used in the assay.
4. Lateral Flow Immunochromatographic Strip Test. 4.1. Gold

Nanoparticle Conjugation. Citrate coated AuNPs of 40 nm diameter
(selection of AuNPs size and characterization described in Supporting
Information section 1.1, 1.2 and 2.1) were purchased from BBI
Solutions, UK. Different AuNP conjugates were prepared with
secondary antibodies including antihuman IgG (FC specific) (selection
of secondary antibody described in Supporting Information 2.3),
antirabbit IgG (FC specific) and antimouse IgG (FC specific) (Sigma-
Aldrich). A 100 μL volume of 100 μg/mL secondary antibodies in water
was added to 1200 μL of AuNP solution, and incubated at room
temperature (shaking/rotating at 900 rpm) for 20 min. Subsequently,
100 μL of 1 mg/mL of bovine serum albumin (BSA) was added as a
blocking agent, and incubated for an additional 20 min at room
temperature. The particles were centrifuged for 10 min at 6000g (the
supernatant was discarded) and resuspended the AuNP in PBS pH 7.4.
The concentration was adjusted to 7 OD at a wavelength of 525 nm and
stored at 4 °C.
4.2. Strip Assembly. All materials for the lateral flow assays were

obtained from Millipore (Billerica, USA). Specifically, sample and
absorbent pads (CFSP001700), conjugation pads (GFCP00080000),
detection pad nitrocellulose membrane (SHF2400425) and backing
card (HF000MC100) were used. Test and control lines were spotted
using a microspotter (Microdrop, Autodrop System AD-P-800). All
spotted viral proteins were diluted with water to a final concentration of
1 mg/mL. The initial concentration of VP40 and NP, 0.2 and 0.4 mg/
mL, respectively, was adjusted to 1 mg/mL with BSA. The control lines
of the strips used for human samples testing were spotted with 1 mg/mL
(in water) human IgG antibodies from human serum, purchased from
Sigma. The control lines of the nonhuman strips were spotted with a 1:1
mix of rabbit and mouse IgG to a final concentration of 1 mg/mL. The
minimum distance between spotted lines was set to be 2 mm using the
“in-flight mode” of the microspotter. Finally, 3 mm single lateral flow
strips were cut with a paper guillotine.
5. Human Sera Testing with Lateral Flow Strip. Two groups of

samples were tested via lateral flow test strips: (1) samples that were
previously collected and characterized; and (2) newly collected and
tested fresh within 24 h after collection. Samples from the first group
were stored at −80 °C and fully thawed prior to use. In the second
group, blood samples were collected into serum-separating tubes. The
tubes were centrifuged at 2500g for 10 min at room temperature. The
serum was collected into cryovials. A total sera volume of 15 μL was
mixed with 5 μL of running buffer consisting of PBS pH 7.2, 0.1% v/v
Tween-20, and 5% w/v BSA. The sample mixture was added at the end
of the nitrocellulose membrane. A 10 μL volume of running buffer was
added after 2 min. Then, 10 μL of AuNPs labeled with antihuman
antibodies were added to the strip, and the mixture migrated along the
strip membrane to the test line, which bound and immobilized the gold
conjugated capture antibodies. After 5 min, an additional wash was
performed for 5 min. The results were quantified using the smartphone
app within 15 min. A positive result following the accumulation of
complex (human specific IgG bound to AuNP-mAb) was demonstrated
by the appearance of a red/purple color at the test and control lines.
Coloring of the control line only signified a negative test result. In the
GP1−649 monoplex assay, the tested samples were classified as positive
due to the presence of IgG antibodies against SUDV GP1−649. The
samples tested via SUDV multiplex were classified as positive in the

presence of IgG antibodies against GP1−649, VP40, or NP. To test the
signal readout between frozen and fresh samples, a one-way ANOVA
was conducted using the Bonferroni means comparison test, which
showed no significant difference between the years at a p-value <0.05.

6. Recombinant Viral Proteins andWhole Antigen ELISA. The
serum samples were analyzed using a standard ELISA protocol,
following literature protocols,2 with minor adjustments. A final
concentration of 2 μg/mL in a volume of 100 μL/well of the
recombinant and purified viral protein or whole inactivated SUDV
antigen was pipetted into each well of a 96-well microtiter plate
(MaxiSorp, Nunc). The plate was covered and incubated overnight at 4
°C. The plates were then washed with 200 μL of PBST (PBS (Sigma
P4417) with 0.05% (w/v) Tween-20 (Sigma P7949), pH 7.4. A 200 μL
volume per well of blocking solution of 10% (w/v) skimmed milk was
then dissolved in PBST buffer, added to the mixture, and incubated for 1
h at 37 °C. Following incubation, plates were washed using PBST. A
volume of 100 μL of diluted 1:400 sera was then added and incubated for
1 h at 37 °C along with a 1:1000 dilution of monoclonal antibody for the
positive control. Plates were then washed with PBST, and 100 μL/well
of secondary antibody conjugated to HRP (diluted 1:5000) was added.
After a 1 h incubation at 37 °C, plates were washed with PBST prior to
the reading step. Oxidizing reagent and enhanced Luminol reagent
solutions were inserted into the wells in a 1:1 ratio to reach a total
volume of 80 μL/well. Plates were read using a standard luminometer
(Thermolabsystems-Luminoskac Ascent).

7. Data Analysis. The developed smartphone app (as described in
Supporting Information section 1.4 and 2.4) was operated using a
Samsung Galaxy S-4 smartphone to quantify the lateral flow test line.
The resulting relative test line intensity was obtained by subtracting the
average intensity of the test line from the average intensity of the bare
membrane. The RTLI readout of the sera results of the SUDV GP1−649
were then normalized to a positive control sample. The serum ELISA
result was presented as a value %PP percentage, which was obtained as
the normalized raw result divided by the positive control that contained
antibodies against GP1−649, 3C10 diluted 1:1000. The readout from the
whole SUDV ELISA was normalized by the background noise (S/N).
For the GP1−649 monoplex, whole SUDV ELISA, and GP1−649 ELISA,
the cutoff threshold was established based on the average of the 27 tested
noninfected controls with addition of 3× the standard deviation. Based
on this value, the cutoff of tested survivor samples were categorized as
positive or negative. To test the signal readout between frozen and fresh
samples, a one-way ANOVAwas conducted using the Bonferroni means
comparison test, which showed no significant difference between the
years at a p-value <0.05.
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