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ABSTRACT: When equal volumes of two immiscible liquids are
mixed (e.g., a hydrocarbon and a fluorocarbon), Janus droplets can
form in an aqueous solution. In a gravity-aligned Janus droplet, the
boundary between the two phases is flat and thus optically transparent
when viewed from above. When tipped due to interactions with an
analyte (i.e., agglutination), the resulting change in refraction and
reflection yields an optical signal that can be detected and quantified.
This study reports the detection and quantitation of interleukin-6 (IL-
6) using emulsions functionalized at the hydrocarbon:aqueous
interface with engineered proteins that bind IL-6 at high affinity and
specificity. Hyperthermophilic affinity proteins (rcSso7d) are derived
from thermophiles, giving them excellent thermal stability. Two
rcSso7d affinity protein variants were synthesized with a noncanonical
azide-functionalized amino acid to enable click chemistry to novel polymeric anchors embedded in the hydrocarbon phase. The two
binding proteins recognize different epitopes, enabling the detection of both monomeric and dimeric IL-6 via agglutination. It is
noteworthy that the rsSso7d protein variants, in addition to having superior thermal stability and facile recombinant synthesis in E.
coli, show superior performance when compared to commercial antibodies for IL-6.

■ INTRODUCTION
Interleukin-6 (IL-6) is a multifunctional proinflammatory
cytokine that plays an active role in immune responses and
inflammation.1 IL-6 can be synthesized in a variety of cell
types, and it induces the production of acute phase proteins,
such as C-reactive protein (CRP).2 IL-6 levels in serum can be
used as a diagnostic biomarker for sepsis and are a prognostic
factor for different cancers, such as Hodgkin’s lymphoma,3

renal cell carcinoma,4 bladder carcinoma,5 ovarian cancer,6 and
breast cancer.7−9 Additionally, serum IL-6 levels can be used
for prognosticating severe cases of COVID-19.10−13 Common
methods to measure IL-6 levels include enzyme-linked
immunosorbent assay (ELISA)14,15 and electrochemical
sensors16−18 with recent developments in point of care sensors
such as paper-based assays10,19 and lateral flow assays
(LFAs).20−22 Novel methods for the detection of IL-6 and
other inflammatory biomarkers will be instrumental in the
early diagnosis, monitoring, and treatment of a wide variety of
diseases. While there are existing assays for IL-6, here we
describe an agglutination assay for IL-6 as a proof-of-principle
that sensors that exploit droplet morphology can be used to
detect a single protein.

Dynamic complex droplets have traditionally been used for
drug delivery23−27 and in the food industry,28−30 but have the
potential to be leveraged as optical elements in the engineering
of novel testing strategies. One type of complex colloidal
droplets is composed of equal volumes of hydrocarbon and

fluorocarbon oil, resulting in gravity-aligned droplets due to
the higher density of the fluorous phase.31 When properly
stabilized with surfactants, the biphasic droplets adopt a Janus
morphology. The difference in refractive indices for the two
phases results in directional optical properties that are sensitive
to droplet alignment and morphology changes resulting from
interfacial activity.32 Thus, Janus droplets, or double emulsions,
represent a diverse platform for the generation of inexpensive
optical sensing systems. In sensing schemes relying on droplet
morphology changes in response to analyte, the directional
output of emitted light from the interior of the droplets is
highly sensitive to the droplet morphology. This method has
been used to detect the presence of mannan or Salmonella,32

hydrogen peroxide,33 and per- and polyfluorinated substan-
ces.34 Alternatively, when recognition elements are attached to
the hydrocarbon phase of the Janus droplets, the droplets can
agglutinate around their target, wherein the droplets tip toward
each other causing optical scattering from the agglutinated
clusters; previously, E. coli was detected using this mecha-
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nism.35 Additionally, emissive droplet agglutination assays have
also been used to detect Zika virus,36 Listeria,37 and SARS-
CoV-2.38

Similar to other biosensor schemes, droplet agglutination
assays often rely on antibodies as the recognition elements.
Although they are powerful recognition elements, antibodies
are expensive, variable in quality, fragile, and not always readily
available in monoclonal form. A viable alternative are variants
of the hyperthermophilic protein, reduced-charge Sso7d
(rcSso7d).39 The Sso7d protein was originally a DNA binding
histone protein isolated from the hyperthermophilic archaeon
Sulfolobus solfataricus. It has proved to be an ideal scaffold for
the engineering of high-affinity binders to epitopes, due to its
small size, high thermal stability (∼98 °C), ease of expression
in both yeast and E. coli, and lack of cysteines or post-
translational modifications.40 The native protein was modified
to reduce the charge on its binding face, generating rcSso7d.
This protein was used to generate a yeast display library of
∼1.4 × 109 variants which could be used to identify high
affinity (low nM) binders against an epitope of choice. A
sandwich pair of two high affinity (low nM KD) IL-6 binders
were identified from the yeast display library using the Rapid
Affinity Pair Identification via Directed Selection (RAPIDS)
method, as previously described.41 Briefly, the library diversity
of 1.4 × 109 variants was reduced via multiple rounds of
selection for high affinity binders. This is achieved by attaching
magnetic beads to IL-6 (via a HIS tag) and pulling down yeast
expressing rcSso7d variants that bind with a high affinity to IL-
6. Subsequently, the library is further refined by labeling IL-6
with a fluorescent tag (via primary and secondary antibodies)
to enable fluorescence-activated cell sorting (FACS) of high
affinity binders until a reasonable number of unique clones
(∼100) can be sequenced. Analogous to a sandwich ELISA, we
also set out to create binders that bind to independent
epitopes. This was accomplished by replacing the primary and
secondary antibodies with an isolated rcSso7d variant labeled
with a fluorophore so that FACS could be used to identify
variants that bind to a different epitope.41 The resulting
sandwich pair binds to two different epitopes on IL-6 (termed
E1 and E2). E1 and/or E2 were used to functionalize the
hydrocarbon phase of Janus droplets.

We report an emulsion-based agglutination assay for the
selective detection of IL-6 made possible by using click
chemistry to attach high affinity rcSso7d binders to polymers
embedded in the hydrocarbon phase. Specifically, 4-azidophe-
nylalanaine (4AZP)-modified rcSso7d binders were used as
recognition elements. We then developed amphiphilic
surfactant polymers with click handles that localize at the
hydrocarbon and water interface of our biphasic Janus droplets.
Bioconjugation of the rcSso7d binders to the droplet surface
occurs through a strain promoted alkyne−azide cycloaddition
(SPAAC). Droplets containing immobilized rcSso7d binders
bind to IL-6; the binding of two or more droplets to IL-6 yields
agglutination such that droplets tip toward each other. In the
absence of IL-6, the droplets remain gravity-aligned due to
density-driven alignment. The deviation from a vertical
alignment caused by agglutination produces a strong optical
signal for detection, since the interface between the hydro-
carbon and fluorocarbon phases reflects and refracts light. IL-6
exists both as a monomer and a dimer. Thus, agglutination can
occur with droplets conjugated with a single rcSso7d variant
(in the case of IL-6 being a dimer) or with a 1:1 mixture of the
two different rcSso7d-functionalized droplets (analogous to a

sandwich ELISA that is able to bind to IL-6 monomers). These
clusters can be viewed under a microscope and counting of
agglutinated droplets gives a quantitative measure of the
amount of IL-6 present in a sample. Here we show that IL-6
levels at 50 ng/mL can be detected using the agglutination
assay. While not yet effective for physiological levels of IL-6
(<10 pg/mL),42 this work serves as a proof-of-principle that an
agglutination assay using Janus droplets can be used to detect a
single protein, and furthermore points to the possibility of
refinements for detecting IL-6 at biologically relevant levels.

■ EXPERIMENTAL SECTION
Materials. All reagents and solvents were purchased from

commercial suppliers and used without further purification
unless otherwise stated. PPFP-PPEG-b-PBn, PDBCO-PPEG-
b-PBn, PN3-PPEG-b-PBn, the azido-modified anti IL-6
antibody, and the DBCO-modified anti-IL-6 antibody were
synthesized as described in the Supporting Information.
Additional information on the materials and their purification,
including experimental details on cell culture and protein
purification, is provided in the Supporting Information.
General Procedure for the Preparation of Janus

Emulsions. Janus emulsions were fabricated via bulk
emulsification, which generates polydisperse droplets with
highly uniform morphology and composition. The disperse
and continuous phases consists of 1 mg/mL of PDBCO−
PPEG-b-PBn or PN3-PPEG-b-PBn in DEB and HFE-7500
combined in a 1:1 volume ratio and 0.1 wt % Tween 20:0.1 wt
% Zonyl in 1× PBS (10 mM, pH = 7.4), respectively. The
disperse phase was heated above the upper critical solution
temperature (42 °C) until the two phases become miscible.
The miscible disperse phase (30 μL) was rapidly added to 500
μL of warm continuous phase and subsequently emulsified via
a vortex mixer at 3500 rpm for five seconds. A 4:6 volume ratio
of 0.1 wt % CTAB:0.1 wt % Zonyl in 1× PBS was used as the
continuous phase for droplets that will be further modified
with DNA.
General Procedure for Droplet Bioconjugation.

rcSso7d protein or antibody was added to droplet solutions
consisting of 30 μL of droplets and 500 μL of continuous
phase and incubated overnight on an orbital shaker (100 rpm).
After incubation, the continuous phase was solvent exchanged
five times with fresh continuous phase solution to remove
unreacted rcSso7d protein or antibody. For droplets with
additional PEG subunits, poly(ethylene glycol) methyl ether
azide (PEG-N3) in 1× PBS (10 mM) was added to the
rcSso7d-conjugated droplet solution and incubated overnight
on an orbital shaker (100 rpm). The continuous phase was
then solvent exchanged five times with a fresh solution to
remove unreacted PEG-N3. Optimal functionalization schemes
include reactions with ∼1 nmol rcSso7d protein for 30 μL of
droplets in 500 μL overnight and passivation of the droplets
with 25 nmol of poly(ethylene glycol) methyl ether azide.
General Procedure for Agglutination Assays. For each

sensing experiment, the glass surface of a Thermo-Fisher
Scientific Invitrogen Attofluor Cell Chamber was wetted with
surfactant solution prior to depositing the droplets. For single
droplet variant agglutination studies, 14 μL of droplets was
used. For two droplet variant studies, 7 μL of each type of
droplet variant was used. Once the droplets were deposited
onto the imaging dish, they were spread out across the dish.
Depending on the experiment, different volumes of analyte
(IL-6 or CRP) were added to the experimental setup (total
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continuous phase volume = 500 μL). Specifically, 10 μL of
human serum and 104 μL of 2.4 mg/mL CRP were added as
analyte for the corresponding control experiments; a 0.1 w/v%
solution of BSA in the continuous phase was prepared for the 1
mg/mL BSA control experiment. If necessary, analyte solutions
were diluted with 1× PBS prior to addition. The droplets were
incubated for specified amounts of time, and orientational
changes were recorded using an inverted microscope.

■ RESULTS AND DISCUSSION
Polymer Synthesis and Characterization. To function-

alize and stabilize the hydrocarbon−water interface of the
Janus droplets, a suite of block copolymer surfactants was
synthesized with a hydrophobic block to anchor the polymer
to the hydrocarbon phase and a hydrophilic bioconjugation
block that is localized at the surface. An amphiphilic,
hydrophilic-b-hydrophobic diblock copolymer, PPFP-PPEG-
b-PBn, was synthesized via reversible addition−fragmentation
chain transfer (RAFT) polymerization. PPFP-PPEG-b-PBn
allows for easy access to polymers with different bioconjuga-
tion handles since the pentafluorophenyl (PFP) substituents
allows for postpolymerization modification with amino-
terminated functional groups enabling attachment of alkynes
for click chemistry. To obtain polymers capable of undergoing
SPAAC, PPFP-PPEG-b-PBn was reacted with either dibenzo-
cyclooctyne (DBCO)-amine or azido-PEG-amine to obtain
PDBCO-PPEG-b-PBn and PN3-PPEG-b-Pbn, respectively
(Figure 1 and Schemes S1−S2.) The hydrophobic block
consists of benzyl methacrylate subunits that anchor the
polymer to the hydrocarbon phase of the Janus droplets. The
hydrophilic block is a random copolymer of PEG methyl ether
methacrylate (Mn = 500) and DBCO or azido-PEG
methacrylate. PEG methyl ether methacrylate was chosen for
its hydrophilicity, whereas DBCO and azido-PEG methacrylate

were chosen to enable SPAAC with azido- and DBCO-
functionalized recognition proteins, respectively. 19F NMR
analysis indicates that approximately 80% of the original PFP
subunits were successfully converted to DBCO-subunits
whereas the azido-PEG-amine substitution is quantitative
(Figure S5). Substitution of the PFP subunits of PPFP-
PPEG-b-PBn with the azido-PEG-amine was further con-
firmed by FTIR (Figure S7).

The amphiphilic characteristics and surfactant effectiveness
of all the polymers were evaluated via pendant drop
tensiometry, a method that monitors the droplet’s dimension
and profile characteristics and uses the Young−Laplace
equation to determine interfacial tensions. When PDBCO-
PPEG-b-PBn and PN3-PPEG-b-Pbn are dissolved in dieth-
ylbenzene (DEB), the DEB-buffer interfacial tension, γH, drops
from ∼36 mN/m to <1.2 and 6.9 mN/m, respectively,
indicating that the diblock copolymers are surface active and
stabilize the interface by lowering the interfacial energy
between DEB and the buffer. The initial polymer with the
PPFP scaffold (PPFP-PPEG-b-PBn) also has high interfacial
activity with γH < 1 mN/m (Figure 1). In contrast to polymers
used in our previous studies that were synthesized by post
polymerization modification of commercial polystyrene-b-
poly(acrylic acid),36,38 the present synthetic approach allows
for more precise control over the hydrophobicity and
hydrophilicity, molecular weight, and ratio of PEG. Moreover,
it provides an efficient path for bioconjugation by incorpo-
ration of reactive pentafluorophenyl esters. The synthesized
polymers allow for the facile functionalization of Janus droplets
with IL-6 binders derived from rcSso7d or commercially
available antibodies.
Bioconjugation at the Interface of Janus Emulsions.

Polydisperse Janus droplets were obtained by combining a 1
mg/mL DEB solution of PDBCO-PPEG-b-PBn with an equal

Figure 1. Chemical structures of the atactic amphiphilic diblock copolymers and pendant drop analysis of the polymers in diethylbenzene (DEB).
An inverted pendant drop is utilized, because DEB is less dense than the buffer. Having copolymers dissolved in the DEB lowers the DEB-buffer
interfacial tension, which indicates that the diblock copolymers are surface active.
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volume of 2-(trifluoromethyl)-3-ethyoxydodecafluorohexane
(HFE-7500), a fluorocarbon solvent. The resulting mixture
was heated above its upper critical solution temperature (42
°C) to create a single phase and then dispersed into a larger
volume of an aqueous continuous phase solution composed of
1× Phosphate Buffered Saline (PBS) (10 mM, pH = 7.4) and
surfactants (0.1 wt % Tween 20:0.1 wt % Zonyl, 1:1 (v/v)).
Upon cooling, the polydisperse droplets phase separate into
Janus morphology. Interfacial bioconjugation with hyper-
thermophilic affinity proteins via SPAAC was performed by
adding the AZP-functionalized rcSso7d proteins (0.2−1 nmol)
to DBCO-functionalized droplets (30 μL volume) in 500 μL of
the aqueous continuous phase described above (Figure 2A).
The mixture was allowed to react overnight at room
temperature with mixing by an orbital shaker. The droplets
have a net density higher than that of the aqueous phase and
will settle at the bottom of a vial, thereby allowing for exchange
of the continuous aqueous phase to remove unreacted azide-
functionalized proteins. The AZP-functionalized rcSso7d
proteins for bioconjugation were purified via a gravity column
using HisPURE Ni2+ NTA resin unless otherwise stated. In the
bioconjugation step, only one of the two IL-6-binding rcSso7d
variants (E1 or E2) is added to the reaction mixture to produce
two different functionalized emulsions. To confirm successful
bioconjugation, E1 and E2 were labeled with NHS-FITC and
used in the bioconjugation step. Confocal fluorescence imaging
of the postconjugated droplets confirms successful bioconju-
gation of the rcSso7d proteins on the DEB-continuous phase

interface (Figures 2B and 2C). When N3-functionalized
droplets are used instead of the DBCO-functionalized ones,
no fluorescence is observed after addition of FITC-labeled E2,
which further confirms that the proteins are covalently bound
to the droplet surface (Figure S8).

The bioconjugation step is not assumed to be quantitative,
and when we push the reaction further by adding more than 8
nmol of rcSso7d binder, we observe some self-interaction
(droplet aggregation) when no analyte is present. These self-
interactions can be prevented by reacting the remaining
residual DBCO moieties on the droplets with poly(ethylene
glycol) methyl ether azide (Mn = 1000) overnight. The
resulting PEG- and rcSso7d-functionalized droplets do not self-
interact (Figure S9); the long PEG chains likely mitigate
interactions between neighboring droplets. Despite having
longer PEG chains on the surface than those present on the
polymer, these functionalized droplets can still readily detect
IL-6. Representative side-view images of droplets function-
alized with E1/E2 further confirm IL-6 dependent agglutina-
tion (Figures 2D-F). Agglutination can also occur due to
electrostatic interactions between cationic surfactants and
DNA (Figure 2G). As a result, our optimal functionalization
schemes include reactions with ∼1 nmol of rcSso7d protein for
30 μL of droplets in 500 μL of continuous phase overnight and
passivation of the droplets with 25 nmol of poly(ethylene
glycol) methyl ether azide.
Agglutination Assay with IL-6. Sensing experiments

were performed with rcSso7d+PEG-functionalized droplets in

Figure 2. A. Droplet bioconjugation scheme. PDBCO-PPEG-b-PBn-functionalized droplets were sequentially reacted with azide-functionalized
rcSso7d proteins, followed by poly(ethylene glycol) methyl ether azide. Images are not drawn to scale; droplets are orders of magnitude larger than
protein components. Fluorescence microscopy images of droplets reacted with B. FITC-labeled E1 and C. FITC-labeled E2. Side-view images of D.
E1+PEG-functionalized Janus droplets, E. and F. 1:1 E1+PEG- and E2+PEG-functionalized droplets incubated with 5 μg/mL of IL-6, and G.
DNA-functionalized droplets in 0.1 wt % of 4:6 CTAB:Zonyl that are agglutinated due to electrostatic interactions between the DNA and CTAB.
All images are of polydisperse droplets.
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cell chambers by adding different concentrations of IL-6 to the
continuous phase at room temperature. For the droplets to tilt
from their equilibrium gravity (density) alignment, the
rcSso7d-conjugated droplets need multiple interactions
between the droplets and the analyte (Figures 2E-F).
Orientational changes in the droplets were recorded for
quantitation using an inverted microscope with incubation
times varied from 1 h to overnight.

To test for specificity, the droplets were challenged with
other purified proteins (albumin and CRP), as well as complex
mixtures (human serum). Control experiments with rcSso7d
+PEG-functionalized droplets without IL-6 in 1× PBS and in
1× PBS with human serum showed no agglutination (Figures 3
and S10). Additionally, no agglutination was observed in
control experiments performed with 1 mg/mL of bovine serum
albumin (BSA) and 500 mg/L of CRP, which is 50 times
higher than the healthy physiological CRP levels (Figures 3
and S10). These results indicate high specificity in relevant
mixtures. Control experiments were performed with a 1:1 ratio
of each variant of rcSso7d+PEG-functionalized droplets. Both
rcSso7d proteins purified using a Ni2+ resin and proteins that
underwent additional purification via size exclusion chroma-
tography (SEC) were used for the previously described control
experiments. These results indicate that our sensing scheme is
selective for IL-6 and that there are no nonspecific interactions
between different rcSso7d-conjugated droplets. Furthermore,
the small impurities that may be present in the rcSso7d
proteins only purified with Ni2+ resin do not affect the
agglutination study. This shows that a simple, inexpensive, fast,
single step purification is sufficient for these assays, thereby
making these proteins accessible to laboratories that do not
have access to expensive fast protein liquid chromatography
(FPLC) machinery.

In principle, it is possible for agglutination to occur with
droplets functionalized with a single rcSso7d variant because
IL-6 exists as both a monomer and dimer under physiological
conditions.43,44 If IL-6 is in its dimeric form, there will be a

binding site for the same rcSso7d variant on each monomer
(Scheme S3). To determine the effect of a single or multiple
binding event(s), we performed three types of agglutination
assays that comprise (1) E1+PEG-functionalized droplets, (2)
E2+PEG-functionalized droplets, and (3) 1:1 ratio of
E1+PEG- and E2+PEG-functionalized droplets with rcSso7d
proteins purified via Ni2+ resin. At high IL-6 concentrations
(10 μg/mL), we observe agglutination after only 1 h of
incubation in all three types of assays (Figure S11). This
suggests that using just one rcSso7d variant is sufficient to
detect IL-6. The extent of agglutination intensifies with
incubation times, which means that the assay’s sensitivity
increases with time. Additionally, the extent of agglutination
also decreases with analyte concentration, allowing for the
creation of a quantitative IL-6 assay.
Quantification of the Extent of Agglutination.

Previously, an image processing program was implemented
to calculate the percentage of area covered by agglutinated
Janus droplets by evaluating the differences in the optical
intensity of the images before and after analyte exposure. The
program used the adaptive thresholding algorithm to
distinguish regions of higher transparency (pristine droplets)
from opaque regions (agglutinated droplets). However, the
program has limitations when applied to Janus emulsion assays
composed of polydisperse droplets since an average radius is
required as an input in order to properly use the adaptive
thresholding algorithm.35,37 To address the incompatibility of
polydisperse droplets with the previous software, we
established an alternate image processing work flow using
the free ImageJ software that is compatible with polydisperse
droplets. Briefly, each optical image was split into its red, green,
and blue components, and pixel counting was performed with
ImageJ’s built-in histogram function on the blue channel
image. The pixel thresholds for agglutination and baseline
correction were determined using optical images taken prior to
analyte addition. The percent agglutination level was calculated
by summing the number of pixels below the threshold and

Figure 3. Inverted microscope images of 1:1 E1+PEG- and E2+PEG-functionalized droplets incubated under different conditions overnight (0 μg/
mL of IL-6, human serum, 1 mg/mL of BSA, 500 mg/L of CRP, and 10 μg/mL of IL-6). The agglutinated droplets appear on their side and create
darkened spots in the images as a result of their efficient scattering of transmitted light. At the bottom right is a plot of the percent of agglutinated
pixels according to image processing for each control relative to the 10 μg/mL of IL-6 assay.
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dividing by the total number of pixels. This process was
applied to all images for a given time point, but the top quintile
of images or the three images with the highest level of
agglutination, whichever was greater, were used in the final
response curve. We note that the extent of agglutination is not
homogeneous across the entire imaging dish. The agglutination
is dependent on the droplet packing density. Therefore, image
analysis was performed only on regions that had at least ∼90%
coverage, which resulted in consistent determinations of the
amount of agglutination for a given amount of IL-6.

Additionally, images were taken across the entire dish to
account for the inhomogeneity. A full description of the image
processing work flow is provided in the Supporting
Information. The level of agglutination was also determined
for the different control assays (human serum, 1 mg/L of BSA,
and 500 mg/L of CRP). The percent of agglutinated pixels was
minimal and comparable to that of assays with no analyte
(Figure 3).

Response curves for the three types of agglutination assays
after overnight incubation with IL-6 were determined and are

Figure 4. Dose response curves for A. 1:1 ratio of E1+PEG- and E2+PEG- functionalized Janus droplets (k = 1.591, R = 0.98), B. E1+PEG-
functionalized droplets (k = 1.445, R = 0.99), and C. E2+PEG-functionalized droplets (k = 1.559, R = 0.95) after overnight incubation with IL-6.
Data are fit to linear responses, and standard errors are reported. The last data point for C. is excluded from the linear fit. Data represent n ≥ 3
replicates. Representative images of agglutinated droplets (1:1 ratio of E1+PEG- and E2+PEG- functionalized) after incubation with D. 0 μg/mL,
E. 2.5 μg/mL, and F. 10 μg/mL of IL-6.

Figure 5. Kinetics of agglutination at various concentrations (0−10 ug/mL) A. First 5 h after addition of IL-6. Lines indicate linear fit of data (0
μg/mL = −0.082, R = 0.95, 0.5 μg/mL = 0.29, R = 0.76, 2.5 μg/mL = 1.23, R = 0.99, 5 μg/mL = 1.27, R = 0.94, and 10 μg/mL = 1.52, R = 0.98. 1.0
μg/mL did not fit well to a linear (R = 0.255) but fit is still shown. B. Line graph of data collected overnight indicated increase in agglutination over
time as a function of concentration. Standard error is displayed. Data represent n ≥ 3 replicates.
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shown in Figure 4. The data were fit to linear regressions, and
the full set of data (unaveraged) is provided in the Supporting
Information (Figure S16). The limit of detection (LOD) of
assays performed with droplets functionalized with E1 only, E2
only, E1 and E2 are 320, 3000, and 50 ng/mL, respectively.
The sandwich assay utilizing 1:1 E1+PEG- and E2+PEG-
functionalized droplets unsurprisingly has the lowest LOD.
This is expected because when both rcSso7d variants (E1 and
E2) are present, both monomeric and dimeric forms of IL-6
can trigger agglutination, whereas only dimeric IL-6 is capable
of triggering agglutination with a single variant (E1 or E2).
Additionally, a single binder (E1 or E2) can bind to one IL-6
dimer at two locations at most, whereas the sandwich can bind
at four locations of a single IL-6 dimer. A response curve for
the sandwich assay after incubation for 5 h was also
determined (Figure S17). The response curve shows that IL-
6 levels can be quantified without overnight incubation with a
LOD of 3275 ng/mL. Furthermore, the kinetics of the
agglutination for the sandwich assay were monitored at 1 h
intervals for the first 5 h of the assay. The kinetics for the
sandwich assay for different IL-6 concentrations is shown in
Figure 5. This data shows qualitatively that the rate of
agglutination increases with increasing IL-6 concentration.

We have significantly improved the sensitivity and cost-
effectiveness of agglutination assays that use rcSso7d proteins.
Previously, we reported an emulsion agglutination assay that
utilized rcSso7d proteins to detect the hexameric Zika NS1
protein and achieved a LOD of 100 nM,36 which is 2 orders of
magnitude higher than the LOD of 50 ng/mL (∼1.1−2.2 nM)
that we achieved for IL-6. Unlike the Zika NS1 assay, which
relied on an optical detection scheme such as backscattering
and inner filter effect, the IL-6 agglutination assay does not
require additional fluorescent dyes in the hydrocarbon or
fluorocarbon phase or an optical fiber detection setup, thus
making it more cost-effective. The LOD of the IL-6 assay is
comparable to that of an agglutination assay for anti-SARS-

CoV-2 spike IgG antibody (0.2 μg/mL or ∼1.3 nM) that
utilizes antibodies instead of rcSso7d proteins as the
biorecognition element. The anti-SARS-CoV-2 spike IgG
assay takes advantage of fluorescent dyes and thus requires
an optical detection setup. We note that adding fluorescent
dyes and changing the detection setup can potentially lower
the LOD and incubation time of our IL-6 assay; however,
changing the detection scheme will increase the overall cost of
the assay. Additionally, the anti-SARS-CoV-2 spike IgG assay
utilizes monodisperse droplets produced using a microfluidics
device, whereas the IL-6 assay leverages polydisperse droplets
that are more cost-effective to produce. Furthermore, there are
significant advantages to utilizing rcSso7d over commercial
antibodies as biorecognition elements (vide infra). Compared
to the Zika NS1 protein and the anti-SARS-CoV-2 spike IgG
protein, IL-6, which is 21−28 kDa,43 is a much smaller analyte
and thus more challenging to detect. Although the Zika NS1
protein is 48 kDa and comparable in size to dimeric IL-6,45 it
exists as a hexameric lipoprotein particle in infected
individuals, and thus, there are six binding sites instead of
the two to four sites present for monomeric/dimeric IL-6.45

With respect to the kinetics of the system, the IL-6 assay
reaches its nM LOD overnight whereas the anti-SARS-CoV-2
spike IgG assays reaches a similar LOD in 2 h.38 One potential
explanation for the difference in the kinetics is the size of the
analytes. Since droplets functionalized with rcSso7d recog-
nition elements are relatively large compared to IL-6, a second
interaction between a droplet and IL-6 becomes more difficult
after the initial binding event.
Comparison with Commercial Antibodies. In previous

investigations, we have employed commercial antibodies in
droplet agglutination assays.37,38 In order to functionalize
droplets with antibodies, the antibodies first need to be
functionalized with the appropriate bioconjugation handle via a
reaction with the appropriate NHS ester. The NHS-
functionalization step results in variability in the position and

Figure 6. Inverted microscope images of anti-IL-6 antibody+PEG-functionalized droplets and 1:1 E1+PEG- and E2+PEG-functionalized droplets
incubated with 5 μg/mL of IL-6 overnight. Droplets with antibodies from ThermoFisher and R&D Systems and rcSso7d proteins purified via Ni2+

resin and subsequent FPLC are shown. Plot of the percent of agglutinated pixels according to image processing for each antibody-based assay
relative to the 5 μg/mL of IL-6 assay.
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number of lysines that react. In the rcSso7d proteins, we chose
the position of 4AZP to not affect the protein binding face and
guarantee that each droplet has only one bioconjugation
handle. Nevertheless, antibodies typically retain their activity
provided that standard NHS functionalization protocols are
followed, and we seek to determine the effectiveness of using
the rcSso7d proteins relative to commercial antibodies.

Two commercial anti-IL-6 antibodies from ThermoFisher
and R&D Systems that are typically utilized in ELISA assays
were functionalized with either azidobutyric acid NHS ester or
DBCO NHS ester, respectively. A full description of the
functionalization protocol is provided in the Supporting
Information. Briefly, a 1−4 mg/mL solution of antibody was
reacted with 8-fold molar excess of the corresponding NHS
ester in 20 mM HEPES (pH 8.0) and 100 mM NaCl for 4 h.
The resulting anti-IL-6 antibodies were then conjugated onto
either PDBCO-PPEG-b-PBn- or PPN3-PPEG-b-PBn-func-
tionalized droplets (0.2 nmol of antibody for 30 μL of droplets
overnight, with mixing); after the initial bioconjugation,
droplets made with PDBCO-PPEG-b-PBn underwent sub-
sequent functionalization with PEG-N3 by the same procedure
as used for the rsSso7d-functionalized droplets. Successful
bioconjugation was confirmed by using dye-labeled secondary
antibodies (Figure S12). Different combinations of the
antibody-functionalized droplets were incubated overnight in
5 μg/mL of IL-6 in 1× PBS, and no agglutination was observed
(Figure 6). Since less (0.2 nmol) of anti-IL-6 antibody was
used during the bioconjugation step compared to our
conventional procedure (1 nmol), we performed new assays
with droplets functionalized with 0.2 nmol of FPLC purified
rcSso7d proteins. We again observed agglutination at 5 μg/mL
of IL-6, thus confirming that the rcSso7d proteins are superior
to antibodies at detecting IL-6 in agglutination assays.

■ CONCLUSIONS
We report a new method of detection of IL-6 by using
polydisperse Janus emulsions, amphiphilic polymers, and AZP-
functionalized rcSso7d proteins. In contrast to previous
agglutination assays that utilize monodisperse Janus droplets
fabricated using microfluidic equipment, we have shown that
polydisperse droplets that can be readily produced without
specialized equipment are effective for IL-6 detection and
quantitation. An image processing workflow using an open-
source program was developed to quantify the degree of
agglutination. The rcSso7d proteins are proven to be an
attractive alternative to antibodies, as they are thermally stable
and precisely functionalized away from the recognition site.
Furthermore, the AZP-functionalized rcSso7d proteins out-
performed commercial anti-IL-6 antibodies, which displayed
no agglutination response at 5 μg/mL of IL-6. Only one
rcSso7d variant needs to present to produce a response;
however, sandwich assays with a 1:1 ratio of E1+PEG- and
E2+PEG-functionalized droplets perform better than the single
variant counterparts with a LOD of 50 ng/mL. Although the
LOD is not physiologically relevant, the amphiphilic polymers
and rcSso7d variants used in the assays are promising materials
that can be incorporated into other types of sensors such as
lateral flow assays, which have LODs as low as 93 fg/mL for
IL-6.20 Specifically, the amphiphilic polymers can be utilized to
anchor recognition elements onto supports, and the rcSso7d
variants can replace antibodies as recognition elements,
allowing for more shelf-stable assays. Furthermore, the
amphiphilic polymers in this study have the potential to be

leveraged in multiplex assays. Future studies will investigate
appending multiple recognition elements onto Janus droplets
to develop multiplex assays to ensure diagnostic reliability.
Additionally, previous successful assays were performed with
much larger objects for detection (microbes, viruses).
Remarkably, much smaller objects (i.e. IL-6) can tip droplets
if their affinity to their corresponding binder is sufficiently
high, despite the fact that the droplets are several orders of
magnitude larger than the analyte. This work demonstrates the
versatility of this assay from very large to comparably small
objects. In summary, the agglutination assay is generalizable for
a wide host of analytes by changing the biomolecular
recognition element on the surface of the Janus droplet and
thus has considerable utility in the creation of diverse
bioassays.
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