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ABSTRACT: The spread of the COVID-19 pandemic around the
world has revealed that it is urgently important to develop rapid and
inexpensive assays for antibodies in general and anti-SARS-CoV-2
IgG antibody (anti-SARS-CoV-2 spike glycoprotein S1 antibody) in
particular. Herein we report a method to detect the anti-SARS-CoV-2
spike antibody level by using Janus emulsions or Janus particles as
biosensors. Janus emulsions are composed of two immiscible
hydrocarbon and fluorocarbon oils. The hydrocarbon/water inter-
faces are functionalized with a secondary antibody of IgG protein and
SARS-CoV-2 spike receptor binding domain (RBD), to produce two
different Janus emulsions. Mixtures of these Janus droplets enable the
detection of the anti-SARS-CoV-2 spike IgG antibody in an
agglutination assay caused by the antibody’s binding to both the
secondary antibody of IgG antibody and SARS-CoV-2 spike protein RBD. Both qualitative optical images and quantitative
fluorescence spectra are able to detect the level of anti-SARS-CoV-2 spike antibody at concentrations as low as 0.2 μg/mL in 2 h.
The detection results of clinical human serum samples using this agglutination assay confirm that this method is applicable to clinical
samples with good sensitivity and specificity. The reported method is generalizable and can be used to detect other analytes by
attaching different biomolecular recognition elements to the surface of the Janus droplets.

■ INTRODUCTION

SARS-CoV-2 (severe acute respiratory syndrome coronavirus
2), is the novel coronavirus responsible for the global COVID-
19 pandemic that began in 2019.1,2 Coronavirus disease has
some common manifestations such as cough, fever, fatigue, and
diarrhea. However, many patients are not receptive to
treatments3−6 and develop breathing difficulties, multiple
organ failure, cytokine storm syndromes and blood clots that
can lead to long-term organ damage and mortality.7−11

Effective vaccination, which could prevent continuous or
repeated pandemic has begun;12−14 however, there will be a
continuing need for methods to evaluate immunity. As a result,
rapid methods to detect the anti-SARS-CoV-2 antibody will be
a key component of combating the pandemic. The spike
protein of the novel coronavirus is a glycosylated protein that
assembled on the surface of the virus SARS-CoV-2,15,16 and is
essential for receptor recognition of the host cell’s
membrane.17−21 The presence of anti-SARS-CoV-2 spike
IgG antibody in human blood is a primary biomarker to
evaluate immunity and diagnose SARS-CoV-2 infection.22 As a
result, rapid, inexpensive, and uncomplicated methods are
needed to test for the anti-SARS-CoV-2 spike IgG antibody.
Water dispersed droplets can be produced by a number of

emulsification methods,23 and are important components of
cosmetic,24,25 medicine,26−28 and food.29−31 Janus droplets or
double emulsions have found applications in the development
of pharmaceuticals,32,33 biosensing,34−38 and in dynamic

optics.39,40 For example, complex emulsions behave as
microlens systems that can be used to measure enzyme
activity through catalytic processes modification of surfactants
that cause changes in droplet morphology and hence the
optical transmission.39 Changes in morphology can also
produce sensing responses when measuring emissive signals
from the interior of the droplets. In this case, the direction of
the emission is highly sensitive to the morphology and can be
used to detect the existence of carbohydrates or bacteria.36

We report herein, the application of bioconjugated Janus
emulsions composed of equal amounts of fluorocarbon and
hydrocarbon oils to detect the anti-SARS-CoV-2 spike IgG
antibody. Functionalizing the hydrocarbon and continuous
phase (water) interfaces of Janus droplets separately with
SARS-CoV-2 spike RBD and Goat Anti-Human IgG antibody
produces two complementary emulsions. Mixtures of these two
droplet-bioconjugates in a 1:1 ratio are used to detect the anti-
SARS-CoV-2 spike antibody. The Goat Anti-Human IgG
antibody is a secondary antibody of IgG antibody and binds to
the Fc domain of anti-SARS-CoV-2 spike IgG antibody. The
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SARS-CoV-2 spike RBD is the antigen and hence binds to the
Fab domain of the anti-SARS-CoV-2 spike antibody.41 When
not constrained, Janus emulsions orient with their densest
phase on the bottom as a result of gravity. However,
agglutination triggered by binding of the anti-SARS-CoV-2
spike antibody to the complementary droplets interrupts this
ideal alignment. To quantify the degree of agglutination, we
have labeled Janus emulsions with two different dyes.
Specifically, we have designed dye pairs, one emissive and
one nonemissive, that segregate into the two phases of each
droplet. The nonemissive dye serves as a blocking element that
absorbs both the excitation light and emitted light from the
emissive dye. In a configuration wherein the path of the
excitation and emitted light must both go through the blocker
dye phase, a very low amount of fluorescence is observed
because few photons reach the emissive dye, and any emission
is further absorbed by the blocker dye prior to impinging on
the detector. To achieve this blocking effect, excitation and
detected wavelengths are matched to the Janus droplets such
that there is minimal emission when they are in their density
aligned state. However, when droplets are agglutinated around
an anti-SARS-CoV-2 spike antibody the alignment is changed
such that the blocker dye is not fully in the path of the
excitation and emission light. As a result, the level of anti-
SARS-CoV-2 spike antibody can be determined by the
intensity of a fluorescence signal. We also demonstrate that
this process can be applied to solidified (polymerized) Janus
emulsions. The polymerized Janus particles offer an increase in
stability that can extend the utility of this method to
demanding applications that may cause breakdown of a pure
liquid emulsion. Moreover, we perform the agglutination assay
with clinical human sera from COVID-19 patients, and the
results suggest that this method is applicable to the detection
of anti-SARS-CoV-2 spike IgG antibody in clinical samples.

■ RESULTS AND DISCUSSION

Bioconjugation and the Agglutination Assay. Figure
1a illustrates the chemical structure of the block copolymer
surfactant P-TCO, which contains an acrylic acid block
partially amidated with transcyclooctene (TCO) block, for
bioconjugation in a click reaction with tetrazine.34,42−44 P-
TCO (1 mg/mL) in dietheylbenzene (DEB) is mixed in a 1:1
ratio with fluorocarbon solvent (3-ethoxyperfluoro(2-methyl-
hexane), HFE7500). The mixture is heated above the upper
consolute temperature (40 °C) and dispersed into an aqueous
continuous phase containing PBS buffer and surfactants (0.5
wt % Zonyl/0.5 wt % Tween 20, 1:1 (v/v)). Cooling of the
emulsion results in phase separation to the Janus state and, as
illustrated in Figure 1b, interfacial bioconjugation is performed
in situ. In this process we add 60 μL of Tetrazine-Goat Anti-
Human IgG antibody (1.0 mg/mL) into the continuous phase
and allow it to react at room temperature overnight on a
rocker. Similarly, 60 μL of Tetrazine-SARS-CoV-2 spike
protein RBD (0.1 mg/mL) added to the continuous phase
results in bioconjugation after overnight on a rocker at room
temperature. After the quantification (Figure S1, see
Supporting Information for details), we calculated the area
per Goat Anti-Human IgG antibody and the area per SARS-
CoV-2 spike protein RBD on the surface of Janus droplets,
which are 4300 nm2/antibody and 6500 nm2/protein,
respectively. Droplets are washed three times with 0.5 mL of
0.5 wt % Zonyl/0.5 wt % Tween 20 1:1 (v/v) solution to
remove the unreacted reagents. As shown in Figure 1c, the
optical image of the 1:1 mixture of the droplets with Goat
Anti-Human IgG antibody or SARS-CoV-2 spike protein RBD
reveals that all the droplets are gravity oriented when no anti-
SARS-CoV-2 spike antibody is present in the continuous
phase. This latter observation confirms there is no aggregation
or nonspecific interactions between bioconjugated droplets.
Control experiments are conducted to reveal there is no
agglutination without the analyte anti-SARS-CoV-2 spike

Figure 1. General scheme for interfacial bioconjugation of the Janus droplets’ hydrocarbon phase. (a) Chemical structure of polymer P-TCO. (b)
Bioconjugation scheme of Tetrazine Goat Anti-Human IgG antibody and Tetrazine-SARS-CoV-2 spike protein receptor binding domain (RBD) to
P-TCO at the hydrocarbon−water interface of Janus droplets. (c) Optical image of 1:1 mixture of P-TCO polydisperse Janus droplets after
bioconjugation with SARS-CoV-2 spike RBD and P-TCO Janus droplets after bioconjugation with Goat Anti-Human IgG antibody. Scale bar = 50
μm.
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antibody and the Janus emulsions further do not agglutinate in
serum solutions that also lack the antibody (Figure S2−S4).
Two droplet variants bioconjugated with Goat Anti-Human

IgG antibody and SARS-CoV-2 spike protein RBD are used in
a 1:1 ratio in assays for the anti-SARS-CoV-2 spike antibody.
The agglutination detection mechanism results in tipping of
droplets from their equilibrium density (gravity) alignment. To
allow for the anti-SARS-CoV-2 spike IgG antibody to
optimally agglutinate, we have designed the system to have
multiple interactions between the droplets and this target
biomolecule. The Goat-Anti-Human IgG antibody, as a
secondary antibody to IgG binds to the Fc domain, and does
not prevent the SARS-CoV-2 spike protein RBD from binding
to the Fab domains. To test this mechanism, we added anti-
SARS-CoV-2 spike IgG antibody to the continuous phase of a
mixture of the bioconjugated droplets for 2 h at room
temperature on a rocker (Figure 2a). The microscope images
in Figure 2b,c reveal the agglutinations formed by the
monodispersed droplets after being treated with 60 μg/mL
or 1 μg/mL of anti-SARS-CoV-2 spike antibody, respectively.
We clearly observe the formation of agglutinations in the
images and as expected there are more agglutinations at high
concentrations of anti-SARS-CoV-2 spike antibody (Figure
2b) than at low concentrations (Figure 2c). We also added 60
μg/mL of anti-SARS-CoV-2 spike IgG antibody into the
continuous phase of Janus droplets conjugated with SARS-
CoV-2 spike protein RBD. We observed formation of
agglutinations as shown in Figure S5, but the amount of
agglutination is much less than adding the antibody to the 1:1
mixture since only the two arms of antibody are available for
binding in this case.
Quantification of Agglutinations by Fluorescence

Spectra. It is possible to quantify agglutination events using

optical imaging and image processing software.37 However, a
simplified method is to quantitatively measure the degree of
agglutination using fluorescence signals under the conditions
of directional excitation and emission detection. The emissive
and blocker dyes have orthogonal solubility in the Janus
droplets and are strictly partitioned between the fluorocarbon
and hydrocarbon phases. As shown in Figure 3a, a nonemissive
blocker dye sub-PC localizes in the hydrocarbon phase and a
red emissive fluorescent dye F-PBI is only present in the
fluorocarbon phase.45 Figure 3b schematically represents the
formation of agglutinations of 1:1 mixtures of Janus droplets
bioconjugated with Goat anti-Human IgG antibody or SARS-
CoV-2 spike RBD protein after the addition of anti-SARS-
CoV-2 spike antibody. Figure 3c shows the optical image of
droplets before the addition of anti-SARS-CoV-2 spike
antibody indicating equilibrium droplet density alignment in
the absence of agglutination. Adding 20 μg/mL of anti-SARS-
CoV-2 spike IgG antibody to the continuous phase of the
mixture of the bioconjugated droplets for 2 h reveals
agglutination (Figure 3d).
Agglutination assays with the Janus droplets containing F-

PBI and sub-PC dyes provide a fluorescence emission intensity
that correlates with the concentration of anti-SARS-CoV-2
spike antibody when measurements are performed as
schematically shown in Figure 4a. A bifurcated fiber-optic
probe is positioned over the droplets, allowing for directional
excitation and emission. Droplets have an equilibrium vertical
alignment as a result of the higher density of the fluorocarbon
phase, and in this configuration the blocker dye sub-PC is on
the top and in the optical path. The result is that the emissive
dye F-PBI dissolved in the fluorocarbon phase is not excited
efficiently because the blocker dye absorbs the 361 nm light.
Additionally, if any stray light reaches F-PBI, the blocker dye

Figure 2. Agglutination assay achieved by adding anti-SARS-CoV-2 spike IgG antibody into the continuous phase of the mixture of Janus droplets.
(a) Agglutination scheme with the addition of anti-SARS-CoV-2 spike antibody. (b) Bright field microscope image of a 1:1 mixture of Goat Anti-
Human IgG antibody and SARS-CoV-2 spike protein RBD bioconjugated monodispersed droplets, 2 h after the addition of 60 μg/mL anti-SARS-
CoV-2 spike antibody. The scatter light of the agglutinated droplets appears as dark objects. (c) The same assay as in panel b, but with 1 μg/mL
anti-SARS-CoV-2 spike antibody. Scale bar = 50 μm.
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absorbs the red emission (λmax = 580 nm) because it is in the
light path to the fiber optic. However, with the addition of anti-
SARS-CoV-2 spike antibody and the formation of agglutina-
tions, some droplets are tilted, and the fluorocarbon phase will
be exposed to the excitation light, thereby creating an emission
that is easily detected. Figure 4b details the fluorescence
spectra of an assay using droplets containing dyes that were
incubated with anti-SARS-CoV-2 spike antibody at different
concentrations. Figure 4c shows the correlation of the relative
fluorescence intensity at 580 nm and the concentration of anti-
SARS-CoV-2 spike antibody. The relative fluorescence
intensity at 580 nm in Figure 4c is calculated by the
fluorescence spectra shown in Figure 4b. The relative
fluorescence intensity at 580 nm is the fluorescence intensity
of the spectrum of the control group (treated with 0 μg/mL of
anti-SARS-CoV-2 spike antibody) at 580 nm to be divided by
the fluorescence intensity of other spectra at 580 nm. The data
are fit to a sigmoidal modal to provide the general trend. The
results are consistent with the optical images, and with
increasing agglutination, the emission intensity grows. As
revealed in Figure 4b,c, the limit of detection of anti-SARS-
CoV-2 spike antibody is 0.2 μg/mL.

Bottom Reading Scheme for Agglutination Quantifi-
cation. Many samples, such as whole blood, are highly
scattering and can complicate the assay shown in Figure 4. As a
result, we have developed a bottom reading scheme as shown
in Figure 5. This scheme makes use of the same bioconjugation
method but requires the inversion of the blocker dye and
emissive dye positions. We chose commercial Lumogen F
Orange 240 as the hydrocarbon soluble emissive dye. To
create a suitable blocker dye, we synthesized a fluorous soluble,
nonemissive blocker dye based on the black hole quencher
(BHQ) family of dyes (Figure 5a). This material, F-BHQ,
dissolves in HFE7500 and absorbs the 535 nm emission from
Lumogen F Orange 240 (synthesis procedures and character-
izations are shown in Figures S6−S14). Figure 5b shows the
optical image of the two dyes in their respective phases under
visible light or UV light. Simple visual inspection confirms the
orthogonal solubility, and it should be noted that the F-BHQ
in the bottom fluorocarbon phase is completely dark under
visible light or UV light. A plot of the ratio of molar extinction
coefficients of Lumogen F Orange 240 and F-BHQ reveals that
400 nm is the most efficient wavelength for blocking the
excitation light (Figure S15). Figure 5c shows the bottom
reading two-dye assay configuration. As mentioned before, in

Figure 3. Illustration of the agglutination assay with Janus droplets containing blocker dye sub-PC in the hydrocarbon phase and emissive dye F-
PBI in the fluorocarbon phase. (a) Scheme of a P-TCO functionalized Janus droplet with a blocker sub-PC dye in the hydrocarbon phase and the
F-PBI red emissive dye in the fluorocarbon phase. (b) Agglutination scheme with the two-dye system. (c) Optical microscope image of the fully
bioconjugated monodispersed droplets (1:1 mixture) that also contain the two dyes showing their aligned state without the addition of anti-SARS-
CoV-2 spike antibody. (d) Optical microscope image of the same 1:1 mixture as in part c, but with the addition of anti-SARS-CoV-2 spike antibody
at a concentration of 20 μg/mL after 2 h. Scale bar = 50 μm.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c00173
ACS Cent. Sci. 2021, 7, 1166−1175

1169

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00173/suppl_file/oc1c00173_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00173/suppl_file/oc1c00173_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00173?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00173?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00173?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00173?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00173?rel=cite-as&ref=PDF&jav=VoR


the droplets equilibrium configuration the denser fluorocarbon
will normally be located at the bottom. As a result, in the
nonagglutinated state the blocker dye F-BHQ will be at the
bottom and the emissive dye Lumogen F Orange 240 will be
on the top. Locating the detector and light source (the
bifurcated fiber-optic) at the bottom of a glass analysis dish,
reveals minimal emission with 400 nm excitation in the
absence of anti-SARS-CoV-2 spike antibody. Agglutination
with the addition of anti-SARS-CoV-2 spike antibody causes
droplet tilting, and the hydrocarbon phase containing emissive
dye is exposed to the light source and increased emissive
signals are detected. Figure 5d shows the fluorescence spectra
of the 1:1 mixture of the bioconjugated Janus droplets with this
dye pair after being treated with different concentrations of
anti-SARS-CoV-2 spike IgG antibody. With higher concen-
tration of anti-SARS-CoV-2 spike antibody, the emissive signal
at 535 nm increases. The correlation of concentration of anti-
SARS-CoV-2 spike antibody and relative fluorescence intensity
at 535 nm indicates a limit of detection of 0.2 μg/mL (Figure
5e).

Agglutination Assay with Polymerized Janus Drop-
lets. To create assays with additional robustness, we have
created a polymerized version of our top-read assay. Figure 6a
schematically illustrates the preparation, bioconjugation and
polymerization of the Janus droplets. Polymerizable Janus
droplets are created by replacing hydrocarbon/fluorocarbon
oils in emulsion droplets with photopolymerizable liquid
formulations that consist of hydrocarbon and fluorocarbon
oligomers and cross-linkers. Specifically, fluorinated acrylate
oligomer, fluorinated cross-linker, 1,4-butanediol diacrylate,
and trimethylolpropane ethoxylate triacrylate are used as the
dispersed phase, and 1 wt % of phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO) is used as the
photo initiator. P-TCO is dissolved in the hydrocarbon phase
as before, and its role as a surfactant allows for prepolymeriza-
tion bioconjugation with Goat anti-Human IgG antibody or
SARS-CoV-2 Spike protein RBD. To achieve comparable
agglutination results, twice the protein concentration is
required in the bioconjugation of the Janus droplets. After
bioconjugation, the Janus droplets are cooled in ice and

Figure 4. Quantification of agglutination assay by measuring the fluorescence spectra. (a) Schematic of excitation and detection of fluorescence
from the naturally oriented or agglutinated dye containing emulsions. Light is only able to reach the red dye when the droplets are tilted in the
agglutinated structure. (b) Fluorescence spectra (λex = 361 nm) of 1:1 mixture of dye containing fully bioconjugated Janus droplets with the
addition of anti-SARS-CoV-2 spike antibody at different concentrations. Note that the fluorescence intensity increases with concentration. (c)
Correlation of concentration of anti-SARS-CoV-2 spike antibody and relative fluorescence intensity at 580 nm. All error bars are standard deviation
calculated from three independent experiments (n = 3), and the asterisks (∗∗) represent statistical significance (**p ≤ 0.01).
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polymerization is photoinitiated by irradiating with 365 nm
UV light (4.1 W) for 30 min. The cooling is required to ensure
phase separation as maintained throughout the polymerization.
The photopolymerized solid Janus particles are then evaluated
in agglutination assays. Similar to the other assays, we added
anti-SARS-CoV-2 spike antibody into the continuous phase of
the 1:1 mixture of two bioconjugated and dyed Janus particles
for 2 h. Figure 6b shows the optical image of the Janus particles
before the addition of anti-SARS-CoV-2 spike antibody

indicating that they are naturally aligned without anti-SARS-
CoV-2 spike antibody. Figure 6c shows the formation of
agglutinations after adding anti-SARS-CoV-2 spike antibody to
the 1:1 mixture of polymerized Janus droplets (Janus
particles). A SEM image of the Janus particles is presented
in Figure 6d indicating the success of polymerization, and the
particles are still round and Janus in nature. The photo-cross-
linking process is also studied by ATR FTIR (Figure S16).
Before UV irradiation, the IR spectrum of the photo-

Figure 5. Illustrations of Janus droplets containing emissive Lumogen F Orange 240 dye in the hydrocarbon phase and blocker dye F-BHQ in the
fluorocarbon phase and agglutination quantification. (a) A Janus droplet having an emissive perylene dye (Lumogen F Orange 240) in the
hydrocarbon phase and a nonemissive dye (F-BHQ) in the fluorocarbon phase. (b) Optical image of Lumogen F Orange 240 in DEB and F-BHQ
in HFE7500 under normal or UV light. (c) Bottom excitation and detection scheme of Janus droplets containing F-BHQ and Lumogen F Orange
240. (d) Fluorescence spectra (λex = 400 nm) of a 1:1 mixture of bioconjugated Janus droplets containing of F-BHQ dye in the fluorocarbon phase,
P-TCO, and Lumogen F Orange 240 dye in the hydrocarbon phase, after the addition of anti-SARS-CoV-2 spike antibody at different
concentrations. (e) Correlation of concentration of anti-SARS-CoV-2 spike antibody and relative fluorescence intensity at 535 nm. All error bars
are standard deviations calculated from three independent experiments (n = 3), and the asterisks (∗∗) represent statistical significance (**p ≤
0.01).
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polymerizable formulation presented the CC stretching
vibration band (at around 1625 cm−1) and theCH2 in-plane
deformation band (at around 1410 cm−1) of the acrylate units.
After 30 min of UV light irradiation, complete polymerization
of the emulsions was confirmed by the disappearance of the
acrylate bands in the FTIR spectrum. Fluorescence spectra are
measured to quantify the formation of agglutinations upon the
exposure to different concentrations of anti-SARS-CoV-2 spike
antibody as shown in Figure 6e,f. Similar to the Janus droplets
systems, the fluorescence intensity increases with the increase
of the concentration of anti-SARS-CoV-2 spike antibody, and
we can detect anti-SARS-CoV-2 spike antibody at or above the
concentrations of 0.2 μg/mL using the polymerized Janus
particles.
Agglutination Assay for Detection of Anti-SARS-CoV-

2 Spike IgG Antibody in Clinical Human Sera. After
verifying that the agglutination scheme could detect the anti-
SARS-CoV-2 spike IgG antibody with a low limit of detection,
we use the top-read agglutination assay for the sensing of the
anti-SARS-CoV-2 spike IgG antibody in clinical human sera
from COVID-19 patients. We choose a top-read scheme since
it is more basic, and if a top-read scheme could achieve good
sensitivity, the other two methods might achieve even better

results. Figure 7a and Figure S17 summarize the calculated
concentrations of anti-SARS-CoV-2 spike IgG antibody in
human sera and the fluorescence spectra. The calculated
antibody concentrations of the clinical samples are relative to
the model antibody. We measured the anti-SARS-CoV-2 spike
antibody concentration of 10 serum samples from COVID-19
patients which are known to have anti-SARS-CoV-2 spike IgG
antibody, five serum samples from normal patients who are
negative for SARS-CoV-2, three serum samples from normal
patients who are negative for SARS-CoV-2 but have anti-
Influenza IgG antibody, and three serum samples from patients
who are negative for SARS-CoV-2 but have anti-MERS-CoV
spike antibody. The known details about the positive clinical
samples are shown in Table S1. Sera are added to the
continuous phase of 1:1 mixture of two bioconjugated and
dyed Janus droplets for 2 h. The fluorescence spectra indicate
that all the COVID-19 patients’ serum samples have
significantly higher levels of anti-SARS-CoV-2 spike IgG
antibody than the control group (0 μg/mL) indicating the
existence of anti-SARS-CoV-2 spike IgG antibody, which is
consistent with the enzyme-linked immunosorbent assay
(ELISA) results. In contrast, the SARS-CoV-2 negative
samples, serum samples containing anti-Influenza IgG anti-

Figure 6. Polymerization of Janus droplets to form Janus particles. (a) Schematic illustration of the polymerization of Janus droplets and their
agglutination. (b) Optical image of Janus particles before the addition of anti-SARS-CoV-2 spike antibody. Scale bar = 50 μm. (c) Optical image of
1:1 mixture of Janus particles 2 h after the addition of 20 μg/mL of anti-SARS-CoV-2 spike antibody. The red circles on the image signify the
agglutinations of Janus particles. Note that some minor agglutinations are not circled to minimize clutter in the image. Scale bar = 50 μm. (d) SEM
image of Janus particles after polymerization. (e) Fluorescence spectra (λex = 361 nm) of particles containing of F-PBI dye in the fluorocarbon
phase, P-TCO, and sub-PC dye in the hydrocarbon phase, after addition of anti-SARS-CoV-2 spike antibody at different concentrations. (f)
Correlation of concentration of anti-SARS-CoV-2 spike antibody and relative fluorescence intensity at 588 nm. All error bars are standard deviation
calculated from three independent experiments (n = 3), the asterisks (∗∗) represent statistical significance (**p ≤ 0.01).
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body, and serum samples containing anti-MERS-CoV spike
antibody all show no statistical difference as compared with the
control, indicating no anti-SARS-CoV-2 spike IgG antibody is
detected in theses samples. The ELISA results for the negative
samples and specificity panels are lower than 15 (cutoff) units
and are determined as having no anti-SARS-CoV-2 spike IgG
antibody in these serum samples, which is consistent with the
agglutination assay results. The concentrations of anti-SARS-
CoV-2 spike IgG antibody in sera are calculated from the
relative fluorescence intensity at 580 nm and the correlation
curve shown in Figure 4c. These results confirm that our
agglutination detection assay has high sensitivity to the
detection of anti-SARS-CoV-2 spike IgG antibody as well as
good specificity in clinical samples (Table S2). Notably, both
the sensitivity and specificity are 100%, which might be
overestimating since our results are based on a limited number
of tested samples. ELISA confirms that all the 10 COVID-19
patients’ serum samples have anti-SARS-CoV-2 spike IgG
antibody (cut off value is 15 units) and the trend of the
concentration of anti-SARS-CoV-2 spike IgG antibody
detected by the top-read agglutination assay is similar to the
data acquired from ELISA, which confirms the accuracy of our
assay (Figure 7b).

■ CONCLUSIONS
In summary, we report a sensitive, rapid and inexpensive
method of detection of anti-SARS-CoV-2 spike IgG antibody,
which could be used in diagnosis of the SARS-CoV-2 infection,
by using Janus emulsions or Janus particles polymerized from
Janus droplets as biosensors. These systems utilize secondary
IgG antibody (Goat Anti-Human IgG antibody) and SARS-
CoV-2 spike protein RBD to recognize and detect the anti-
SARS-CoV-2 spike antibody. Mixtures of Janus emulsions
coated separately with secondary IgG antibody or SARS-CoV-
2 spike protein RBD are exposed to different concentrations of
anti-SARS-CoV-2 spike antibody, and agglutination is observed
at or above antibody concentrations of 0.2 μg/mL. We

designed both top-down or bottom-up optical measurement
methods for quantitatively measuring the concentration of
antibody by using two pairs of dyes. Finally, we polymerized
the Janus emulsions to increase the long-term stability of the
assay materials. We find that these Janus particles could also be
used for the biosensing of anti-SARS-CoV-2 spike antibody
with similarly high sensitivity. The detection limits of our assay
are sufficient for the detection of anti-SARS-CoV-2 spike
antibody in real world samples,46 which is proved by the
agglutination experiment with serum samples from COVID-19
patients and normal patients. For some of the clinical samples
that contain very high concentrations of anti-SARS-CoV-2
IgG, dilution might be needed before doing the measurements.
As compared to the currently available serological test, our
method demonstrates a new concept of tracking the tilting and
formation of agglutination of Janus droplets or Janus particles
for detection of the anti-SARS-CoV-2 spike IgG antibody
levels in human sera with good sensitivity and specificity. Our
method could rapidly detect the anti-SARS-CoV-2 spike IgG
antibody level in 2 h with the LOD at 0.2 μg/mL without the
requirement of expensive and complicated equipment. The
inclusion of bottom-read scheme and polymerized droplet
scheme largely improved the range of potential applications of
our detection scheme, since the bottom-read scheme could
minimize the influence of impurities in the liquid samples and
the polymerized droplet scheme could improve the long-term
stability of the droplets. Our system could not only be applied
to the sensing of the anti-SARS-CoV-2 spike antibody but also
can be extended to other antibodies or proteins in the future.
For example, the method can be readily adapted to detect the
anti-SARS-CoV-2 N protein antibody by conjugating the
SARS-CoV-2 N protein to the Janus droplets and conducting
an analogous assay for the detection of antibodies against the
SARS-CoV-2 N protein.47 The anti-SARS-CoV-2 IgM anti-
body which is a pentamer in serum is also an ideal analyte for
our agglutination sensing schemes.48 Overall, this biosensing

Figure 7. Detection of anti-SARS-CoV-2 spike IgG antibody concentrations by top-read agglutination assay in clinical human serum samples from
COVID-19 and normal patients. (a) Summary of concentrations of anti-SARS-CoV-2 spike IgG antibody detected in human sera from COVID-19
patients (P1 to P10), patients who are negative for SARS-CoV-2 (N1 to N5), patients who are negative for SARS-CoV-2 but have anti-influenza
IgG antibody (Flu1 to Flu 3), and patients who are negative for SARS-CoV-2 but have anti-MERS-CoV spike IgG antibody (M1 to M3), by adding
sera into the continuous phase of 1:1 mixture of Janus droplets containing of F-PBI dye in the fluorocarbon phase, and P-TCO and sub-PC dye in
the hydrocarbon phase. Sample 0 μg/mL is the control with no addition of anti-SARS-CoV-2 spike IgG antibody or serum into the continuous
phase of Janus droplets. All error bars are standard deviation calculated from three independent experiments (n = 3), and the asterisks (∗∗∗)
represent statistical significance (***p ≤ 0.001). (b) Comparation of agglutination assay (black) and ELISA (blue) on the quantification of anti-
SARS-CoV-2 spike IgG antibody in human sera from COVID-19 patients.
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method has considerable utility in the creation of future diverse
bioassays.
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