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ABSTRACT: The humoral immune response plays a key role in
suppressing the pathogenesis of SARS-CoV-2. The molecular
determinants underlying the neutralization of the virus remain,
however, incompletely understood. Here, we show that the ability of
antibodies to disrupt the binding of the viral spike protein to the
angiotensin-converting enzyme 2 (ACE2) receptor on the cell, the key
molecular event initiating SARS-CoV-2 entry into host cells, is
controlled by the affinity of these antibodies to the viral antigen. By
using microfluidic antibody-affinity profiling, we were able to quantify
the serum-antibody mediated inhibition of ACE2−spike binding in two SARS-CoV-2 seropositive individuals. Measurements to
determine the affinity, concentration, and neutralization potential of antibodies were performed directly in human serum. Using this
approach, we demonstrate that the level of inhibition in both samples can be quantitatively described using the dissociation
constants (KD) of the binary interactions between the ACE2 receptor and the spike protein as well as the spike protein and the
neutralizing antibody. These experiments represent a new type of in-solution receptor binding competition assay, which has further
potential applications, ranging from decisions on donor selection for convalescent plasma therapy, to identification of lead candidates
in therapeutic antibody development, and vaccine development.
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■ INTRODUCTION

The COVID-19 pandemic is causing not only a major public
health crisis but also unprecedented economic challenges. One
of the features of COVID-19 is the variability of disease
outcomes, with a large majority of patients presenting mild or
no symptoms, while others may become severely ill or die.1

Independently of the disease trajectory, the majority of acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infections
trigger a response of the adaptive immune system.2−4 Essential
for this immune response are antibodies that neutralize SARS-
CoV-2 (NAbs) by preventing virus binding to the host-cell
receptor angiotensin-converting enzyme 2 (ACE2).5−13

Effective NAbs target the receptor binding domain (RBD) of
viral spike proteins and hence inhibit ACE2 binding.13 Such
antibodies and their characterization are of great interest for
therapeutic approaches such as plasmapheresis14 and as
structural templates for rational vaccine design.15 Conse-
quently, there is a need for assays that identify the most potent
NAbs reliably and efficiently. The gold standard to detect
NAbs is a virus-neutralization test (VNT) on live cells, which
can be performed with either live viruses or pseudoviruses.16,17

While these assays are well established, VNTs are time-
consuming, logistically challenging, can take several days for
cell culture work and to obtain results, and necessitate

stringent biosafety measures to be in place for handling live
virus.18 Furthermore, it is challenging to standardize VNTs to
allow consistency among different laboratories, studies, and
patient cohorts.19 This situation has motivated the search for
easier to use and faster alternatives in the form of surrogate
VNTs (sVNTs). Such assays are typically based on an enzyme-
linked immunosorbent assay (ELISA), which provides
information on the titers of NAbs in a patient sample.20

Neither the standard VNTs nor the ELISA-based sVNTs can,
however, provide information on whether virus neutralization
is achieved by a high concentration of NAbs with weak binding
affinities or a lower concentration of NAbs with tight binding
affinities. This information, however, is of particular
importance not just for understanding the fundamental
physicochemical parameters that underlie neutralization but
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also has potential applications for the selection of suitable
donors for plasmapheresis.
Here, we investigate whether NAb efficacy can be predicted

based on affinity by assessing the binding free energies that
drive ACE2 displacement from the SARS-CoV-2 RBD. Using
microfluidic antibody-affinity profiling (MAAP), we demon-
strate that a ternary equilibrium of ACE2, SARS-CoV-2 spike
S1 (S1), and antibodies from seropositive, recovered
individuals predicts and quantifies the inhibition of ACE2−
S1 binding. MAAP is an in-solution assay that determines both,
the effective dissociation constants (KD) of polyclonal serum
antibodies and their concentrations.21,22 Based on these
findings, we suggest that the ratio of the dissociation constants
of ACE2−S1 binding and NAb−S1 binding (r = KD,ACE2/
KD,NAb) together with the experimentally determined concen-
tration of NAbs in serum are excellent measures to predict the
inhibitory potential of the polyclonal antibody response. Such
quantitative information on antibody-mediated inhibition of
ACE2−S1 binding is crucial to drive decision making in donor
selection for plasmapheresis, for lead identification in the
development of therapeutic antibodies, and in vaccine
development.

■ RESULTS AND DISCUSSION

Affinity Measurements in Prepandemic Control
Serum Using Recombinant ACE2, S1, and a Monoclonal
Neutralizing Anti-S1 Antibody. In this study, we investigate
whether the affinity of anti-S1 antibodies present in human
serum samples is a predictor for their neutralization efficacy.
For this purpose, we established a novel assay using
microfluidic diffusional sizing (MDS, Figure 1A) that utilizes
a recombinant, monoclonal NAb (NAb1) spiked into SARS-
CoV-2 prepandemic control serum in the presence of
recombinant ACE2 and S1. The NAb-mediated inhibition of
ACE2−S1 binding is physically determined by the ternary
equilibrium of ACE2, SARS-CoV-2 spike S1 (S1), and NAb,
which is described quantitatively by the KD values of the two
binary equilibria, ACE2−S1 and NAb−S1 (refer to Materials
and Methods for details). Thus, to validate the data generated
on the ternary system, we determined the KD values of the two
underlying binary reactions.
First, we measured the KD of ACE2−S1 binding in the

presence of 90% prepandemic control serum (Figure 1B). As
the S1 concentration was increased, more of the fluorescently
labeled ACE2 was found in the protein complex, and the
effective hydrodynamic radius (Rh) increased. Based on a 1:1
equilibrium binding model (eq 2), the KD of ACE2−S1 was

Figure 1. Measurement of S1 affinities and NAb-mediated inhibition of spike binding in 90% prepandemic control serum by microfluidic
diffusional sizing (MDS). (A) On a microfluidic device, a fluorescently labeled species is introduced into a diffusion chamber alongside an auxiliary
stream under laminar flow conditions. Migration of the fluorescently labeled species into the auxiliary stream is diffusion controlled at low Reynolds
number, which enables measurement of the hydrodynamic radius, Rh, from the ratio of fluorescence intensities in the diffused chamber and the
undiffused chamber. (B, C) Equilibrium binding of ACE2−S1 and NAb1−S1, respectively, measured by MDS in the presence of 90% prepandemic
control serum. Lines indicate fits in terms of a binary equilibrium (eq 2). Errors for KD are 95% confidence intervals. Error bars represent the
standard deviation from triplicate measurements. (D) Inhibition of ACE2−S1 binding by a recombinant, monoclonal NAb (NAb1) in 90%
prepandemic control serum measured by MDS. Fluorescently labeled ACE2 at 10 nM and S1 at 50 nM (predicted 80% of ACE2 bound to S1)
were mixed with increasing concentrations of NAb1. NAb1 displaces labeled ACE2 from S1, causing Rh to decrease to the level of unbound ACE2.
Red, empty circles indicate predicted change in Rh in terms of a ternary equilibrium (eq 11) based on the underlying KD values of ACE2−S1 and of
NAb1−S1. Dotted lines indicate Rh of free ACE2 and ACE2−S1 complex taken from Figure 1B. Error bars represent the standard deviation from
triplicate measurements.
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determined to be 7.0 nM (95% CI: 3.5−12.6), similar to
previously reported values.23

Next, we measured S1 binding to NAb1 in 90%
prepandemic control serum (Figure 1C). To do so, we
observed the increase in Rh caused by complex formation of
fluorescently labeled S1 and NAb1. The resulting KD of
NAb1−S1 was determined to be 5.1 nM (95% CI: 1.7−11.6),
which is a typical affinity range for high-affinity monoclonal
antibodies.24

Inhibition of ACE2−S1 Binding in Prepandemic
Control Serum by a Monoclonal Neutralizing Anti-S1
Antibody. After having characterized the binding between
ACE2 and S1 as well as between NAb1 and S1, we investigated
whether NAb1-mediated inhibition of ACE2−S1 binding
occurs in the ternary mixture of ACE2, S1, and NAb1. The
addition of NAb1 to a mixture of fluorescently labeled ACE2 at
a concentration of 10 nM and S1 at a concentration of 50 nM
resulted in a reduction of Rh, as NAb1 was binding to S1,
thereby displacing ACE2 from the complex (Figure 1D). At
NAb1 concentrations of approximately 1 μM, the effective Rh
of the ACE2−S1−NAb1 mixture corresponded to Rh of
unbound ACE2, indicating complete inhibition of ACE2−S1
binding. Quantitatively, NAb1-mediated inhibition is con-
trolled by the KD values of the two binary interactions, ACE2−
S1 and NAb1−S1, as well as by the total concentrations of the
three interaction partners, as outlined in Materials and
Methods. For the individual binary reactions, the KD values
were determined by MDS, as displayed in Figure 1B and C.
These two affinities enabled us to predict the inhibition
isotherm based on a competition binding model (eq 11).25 In
the ternary mixture used for the competition experiment
([ACE2]0 = 10 nM, [S1]0 = 50 nM, and 30 pM ≤ [NAb1]0 ≤
1 μM), 80% of ACE2 is predicted to be bound to S1 in the
absence of NAb1 and [NAb1]0 ≥ 500 nM should completely
displace ACE2 from S1 (Figure 1D, red). The experimental
inhibition isotherm was in remarkably good agreement with
the prediction, demonstrating that NAb1 targets the spike
RBD and competes with ACE2 for S1 binding, and that the
binary interactions sufficiently describe the ternary inhibition
interaction.
For a quantitative analysis of these inhibition data, we

globally fitted both, the two binary binding isotherms (taken
from Figure 1B and C) and the ternary inhibition isotherm
(taken from Figure 1D). The global fit utilizes the KD values of
ACE2−S1 and NAb1−S1 as well as Rh of unbound ACE2 as
global fitting parameters (Figure 2A). The KD values obtained
from the global fit were in agreement with those extracted from
the individual binary fits, demonstrating that NAb1-mediated
inhibition is driven by the binding free energy of the
competing protein complexes ACE2−S1 and NAb1−S1.
Next, we used KD,ACE2 and KD,NAb1 to calculate equilibrium
concentrations of free ACE2, S1, and NAb1 as well as of the
complexes formed by ACE2−S1 and NAb1−S1. Based on
those concentrations, we determined the S1-bound fraction of
ACE2 and the NAb1-bound fraction of S1 to evaluate NAb1
efficacy (Figure 2B).
An effective NAb will block viral spike proteins from binding

to ACE2, which is key to prevent host-cell infection. In vivo,
this is accomplished through a combination of NAb−S1
affinity and NAb concentration, as the other parameters that
govern the equilibrium, such as ACE2−S1 affinity and the
concentrations of ACE2 and S1, cannot easily be influenced by
the host. Thus, the most effective NAbs will have KD values

considerably lower than the KD of ACE2−S1 and concen-
trations considerably higher than their KD for S1 binding. This
condition is directly described by the ratio r = KD,ACE2/KD,NAb,
which is provided by our assay. For example, at r = 10, under
the condition that the concentration of NAb largely exceeds
that of S1, the concentration of NAb could be ten times lower
than the concentration of ACE2 to still bind the same amount
of S1.

Microfluidic Antibody-Affinity Profiling and Neutral-
ization Potency in Serum of SARS-CoV-2 Seropositive
Individuals. After establishing the assay using a recombinant,
monoclonal NAb, we applied the same approach to the
quantification of the potency of polyclonal anti-S1 antibody
responses in COVID-19 patient samples. To do so, we
analyzed blood sera of two individuals who had tested
seropositive for anti-SARS-CoV-2 IgG and IgM. Sample 1
was obtained from a 52-year old white female with mild
COVID-19 symptoms, while sample 2 was derived from a 44-
year old asymptomatic white male.
To determine the KD of anti-S1 antibody binding to S1, we

mixed fluorescently labeled S1 at a constant concentration with

Figure 2. Global analysis of NAb1-induced inhibition of ACE2−S1
binding in 90% prepandemic control serum. (A) Binary binding of
ACE2−S1 (red), binary binding of NAb1−S1 (blue), and the ternary
equilibrium of labeled ACE2, S1, and NAb1 (black). For analysis,
binding and inhibition isotherms were fitted globally in terms of eqs 2
and 16, respectively, using KD values of ACE2−S1 and NAb1−S1 as
well as Rh of unbound ACE2 as shared parameters. Experimental data
is the same as for the individual analysis shown in Figure 1B−D.
Errors for KD are 95% confidence intervals. Error bars are standard
deviations of triplicate measurements. (B) Speciation curves of the
ACE2−S1−NAb1 equilibrium as derived from the global fit,
displaying fractions of NAb1-bound S1 (blue) and S1-bound ACE2
(red).
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patient serum at various dilutions and determined Rh as an
indicator of complex formation (Figure 3A and C). Since the
anti-S1 antibody concentration in the two patient sera was
unknown, we extracted this information from the equilibrium
binding isotherms by using the concentration of antibody-
binding sites as a fitting parameter.21,22 To obtain well-
constrained binding-site concentrations, we measured anti-
body-binding isotherms at three different concentrations of
fluorescently labeled S1. To also assess the neutralization
potential of the anti-S1 antibodies in the patient sera, we
obtained inhibition isotherms from ternary mixtures of
fluorescently labeled ACE2, S1, and patient serum at various
concentrations (Figure 3B and D). Both seropositive samples
inhibited binding of ACE2 to S1. While sample 1 reached
complete inhibition at a serum concentration of 90%, ACE2
was not completely displaced from S1 in sample 2, which could
either be due to weak affinity antibodies or a too low
concentration of antibodies.
For each serum sample, we generated three binary binding

isotherms and one inhibition isotherm, which we used as a
combined set of data to extract KD values of antibody−S1
binding, concentrations of antibody-binding sites, and
neutralization potency. As demonstrated with NAb1 (Figure
2A), we globally fitted binary antibody−S1 (eq 2) and ternary

antibody-mediated inhibition (eq 16) using the KD of
antibody−S1 binding as a shared parameter across all sets of
data. The KD value of ACE2−S1 binding in human serum (7.0
nM) was used as a constant in the fit, based on the data shown
in Figure 1B. In both patients, global analysis of binding and
inhibition resulted in KD values in the subnanomolar range,
which is in line with the values obtained by fitting the binding
isotherms without the inhibition isotherm (Table S1 and
Figure S1). A MAAP study on a larger number of patient
samples showed a similar range of affinities among anti-spike
serum antibodies.21 Endogenous soluble ACE2 in human
serum is present in negligible amounts as compared with S1
and antibodies such that it will not affect the measured S1−
antibody binding affinities.26 To investigate the robustness of
the KD values derived by the global fits, we also analyzed the
data using Bayesian inference, as detailed in two other MAAP
studies.21,22 While the agreement of Bayesian inference with
the global fits was excellent, in both patient samples the
posterior probability for the KD distribution provided strong
constraints for the upper bound but weak constraints for the
lower bound, thus providing an upper limit on the KD value
and indicating a tight binding interaction. The best-fit values
from the global fits converged to this upper limit, representing
the higher end of KD values that describe the data. For sample

Figure 3. Global fits of antibody−S1 binding and antibody-mediated inhibition of ACE2−S1 binding for SARS-CoV-2 antibody positive,
convalescent serum sample 1 (A, B) and sample 2 (C, D). (A, C) Fluorescently labeled S1 at concentrations of either 10 nM (circles), 40 nM
(squares), or 100 nM (diamonds) was mixed with increasing concentrations of patient serum, and binding of antibodies was assessed as an increase
in Rh. Fits in terms of eq 2. (B, D) Inhibition of ACE2−S1 binding by serum antibodies. Fluorescently labeled ACE2 and S1 were mixed with
increasing concentrations of serum. Serum antibodies displaced labeled ACE2 from S1, causing Rh to decrease. Fits in terms of eq 16. Shared values
of antibody KD were used to describe panels (A) and (B) (sample 1) and (C) and (D) (sample 2). In all fits, KD,ACE2 was set to 7.0 nM and used as
constant parameter.
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2, the antibody-binding affinity was tighter than for sample 1.
The concentration of antibody-binding sites was 110 nM (CI
95%: 90−130) and 19 nM (CI 95%: 17−23) for sample 1 and
sample 2, respectively, values which are within the concen-
tration range observed in a MAAP study on a larger number of
samples.21 In both serum samples, the KD values of antibody−
S1 binding were considerably lower than the concentration of
antibody-binding sites, a condition which is required for
effective antibody binding. Moreover, in both samples the ratio
r = KD,ACE2/KD,NAb is 10 or higher, indicating that both
individuals produced antibodies against S1 with good
neutralization potential. The global fit describes the inhibition
isotherms (Figure 3B and D) of both patient sera remarkably
well, demonstrating that antibody-mediated inhibition of the
ACE2−S1 interaction is driven by serum-antibody affinity.
Furthermore, this indicates that most of the anti-S1 antibodies
raised by these two individuals target the receptor binding
motif of S1 and compete with ACE2 binding. Antibodies that
bind to other noncompetitive epitopes would result in data
that deviate from the combined analysis of binary and ternary
equilibria used here.

■ CONCLUSIONS

In this study, we have used microfluidic antibody affinity
profiling to measure independently the binding affinities of the
two molecular interactions involved in neutralizing SARS-
CoV-2 cell entry, namely, that between ACE2−spike and
spike−NAb. Furthermore, we have demonstrated that the
knowledge of these thermodynamic parameters enables a
quantitative description of the ability of patient antibodies to
inhibit the binding of the viral spike protein to the host-cell
ACE2 receptor. The fundamental parameters characterizing
the binding interaction, the concentration of the antibodies
and their affinity to the target measured in our assay, are
independent of the concentration of probe molecules used and,
as such, the results are comparable even on an absolute basis
between individual experiments. The knowledge of both,
affinity and concentration of anti-S1 antibodies provides
valuable information that has the potential to support decision
making in research as well as in clinical practice. For example,
in convalescent plasma therapy, a donor with high-affinity,
high-concentration anti-RBD antibodies would be most
suitable as donor antibodies are diluted approximately by a
factor of 10 during the procedure. Specifically, based on this
analysis, sample 1 containing high-affinity antibodies at a
concentration of 110 nM should be preferred for plasmaphe-
resis over sample 2, which also contains high-affinity antibodies
but at a significantly lower concentration of 19 nM.
Furthermore, for the selection of antibodies as therapeutic
candidates, it is crucial to be able to deconvolute antibody
titers into the fundamental quantities of affinity and
concentration. Indeed, a given antibody titer, as measured
for example by conventional ELISA, could arise due to a low
concentration of very tightly binding antibodies, which would
be attractive candidates for further developments, or from a
high concentration of weakly binding antibodies, which are less
interesting as leads for further optimization for therapeutic use.
Finally, the ability to measure antibody concentration and their
affinity provides an added level of granularity in understanding
the diverse immune responses characteristic of COVID-19
infections. This has the potential to evaluate and understand
the potency of vaccines, which, in order to be optimally

effective, must generate immune responses that lead to high-
affinity virus-neutralizing antibodies at high concentrations.

■ MATERIALS AND METHODS
Fluorescent Labeling of Proteins. SARS-CoV-2 spike S1

domain (Val 16−Arg 685; S1N-C52H4, ACROBiosystems)
and the extracellular domain of ACE2 (Gln 18−Ser 740, AC2-
H52H8, ACROBiosystems) were each reconstituted in
phosphate buffered saline (PBS) at pH 7.4 (Merck) at a
concentration of 0.6 mg/mL according to the manufacturer’s
instructions. For labeling, the pH of 50 μg of protein solution
was adjusted to pH 8.3 using 1 M NaHCO3 (Merck) followed
by addition of Alexa Fluor 647 NHS ester (Thermo Fisher) at
a molar dye-to-protein ratio of 3:1. Samples were incubated at
4 °C overnight, and free dye was removed by size-exclusion
chromatography on an ÄKTA pure system (Cytiva) equipped
with a Superdex 200 Increase 3.2/300 column (Cytiva) using
PBS at pH 7.4 as a buffer. Labeled and purified proteins were
stored at −80 °C in PBS pH 7.4 containing 10% (w/v)
glycerol as cryoprotectant.

Affinity Measurements of Binary Equilibrium by
Microfluidic Diffusional Sizing. To determine the affinity
of ACE2−SARS-CoV-2 spike S1 binding, Alexa Fluor 647
labeled ACE2 (10 nM) was mixed with unlabeled SARS-CoV-
2 spike S1 at increasing concentrations (100 pM to 3.2 μM) in
the presence of 90% heat-inactivated human serum (H5667,
Merck) and incubated at 4 °C overnight. To determine the
affinity of a neutralizing antibody to SARS-CoV-2 spike S1,
fluorescently labeled SARS-CoV-2 spike S1 (10 nM) was
mixed with unlabeled NAb1(SAD-S35, ACROBiosystems) at
increasing concentrations (3.8 pM−250 nM) in the presence
of 90% heat-inactivated human serum and incubated at 4 °C
overnight. To measure complex formation by microfluidic
diffusional sizing (MDS), 5 μL of sample were pipetted on a
microfluidic chip, and analysis was performed at the 1.5−8.0
nm setting on a Fluidity One-W Serum instrument (center
wavelength for excitation is 630 nm with a bandwidth of 38 nm
and center wavelength for emission is 694 nm with a
bandwidth of 44 nm; Fluidic Analytics). Serum autofluor-
escence was determined in the absence of labeled protein and
used to correct MDS data measured of binding interactions.
Error bars shown in figures are standard deviations from
triplicate measurements. The equilibrium dissociation constant
(KD) was determined by nonlinear least-squares (NLSQ)
fitting (Prism, GraphPad Software) in terms of the following
binary equilibrium:

U L UL
KD+ H Ioo (1)

R R R R

K n K n n

( )

( U L ( U L ) 4 U L

2 L

h h,free h,complex h,free

D 0 0 D 0 0
2

0 0

0

= + −

×
+ [ ] + [ ] − + [ ] + [ ] − [ ] [ ]

[ ]
(2)

with Rh, Rh,free, and Rh,complex being the effective hydrodynamic
radii at equilibrium, of the unbound labeled species, and of the
complex of unlabeled and labeled species, respectively. The
parameter n is equivalent to the number of its binding sites.
Furthermore, [U]0 and [L]0 are total concentrations of
unlabeled and labeled species, respectively.

Measurement of Ternary Equilibrium (Recombinant
Proteins) by Microfluidic Diffusional Sizing. To assess
inhibition of ACE2−S1 binding by a recombinant NAb, a
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mixture of Alexa Fluor 647 labeled ACE2 and unlabeled S1 at
concentrations of 10 nM and 50 nM, respectively, was mixed
immediately with increasing concentrations of NAb (30 pM−
1.0 μM) in the presence of 90% heat-inactivated human serum
(H5667, Merck) and equilibrated at a temperature of 4 °C
overnight. MDS data was obtained as described above.
The following ternary equilibrium model25 was used for data

analysis:

Ab (S1ACE2) Ab ACE2 S1 (S1Ab) ACE2
K KD,ACE2 D,Ab

+ + + +H Iooooooo H Iooooo
(3)

In this ternary mixture, the two KD values are defined as
follows:

K
Ab S1
S1AbD,Ab ≡ [ ][ ]

[ ] (4)

K
ACE2 S1
S1ACE2D,ACE2 ≡ [ ][ ]

[ ] (5)

[Ab], [S1], [ACE2], [S1Ab], and [S1ACE2] are equilibrium
concentrations of the antibody, S1, ACE2, S1−antibody
complex, and S1−ACE2 complex, respectively.

n Ab Ab S1AbAb 0[ ] = [ ] + [ ] (6)

n ACE2 ACE2 S1ACE2ACE2 0[ ] = [ ] + [ ] (7)

n can be used to determine binding stoichiometry.

S1 S1 S1Ab S1ACE20[ ] = [ ] + [ ] + [ ] (8)

Substitution of eqs 6 and 7 into eqs 4 and 5, respectively,
yields:

n
K

S1Ab
Ab S1

S1
Ab 0

D,Ab
[ ] =

[ ] [ ]
+ [ ] (9)

n
K

S1ACE2
ACE2 S1

S1
ACE2 0

D,ACE2
[ ] =

[ ] [ ]
+ [ ] (10)

Insertion of eqs 9 and 10 into eq 8 leads to:

n
K

n
K

S1 S1
Ab S1

S1
ACE2 S1

S10
Ab 0

D,Ab

ACE2 0

D,ACE2
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[ ] [ ]
+ [ ]

+
[ ] [ ]

+ [ ]
(11)

Rearrangement gives a cubic equation:

p q rS1 S1 S1 03 2[ ] + [ ] + [ ] + = (12)

The coefficients are:

p K K n nAb ACE2 S1D,Ab D,ACE2 Ab 0 ACE2 0 0= + + [ ] + [ ] − [ ]
(13)

q K n K n

K K

( Ab S1 ) ( ACE2

S1 )

D,ACE2 Ab 0 0 D,Ab ACE2 0

0 D,Ab D,ACE2

= [ ] − [ ] + [ ]

− [ ] + (14)

r K K S1D,Ab D,ACE2 0= − [ ] (15)

The following root is the only physically meaningful solution:

p
p qS1

3
2
3

3 cos
3

2 θ[ ] = − + −
(16)

in which:

p pq

p q
arccos

2 9 27r

2 ( 3 )

3

2 3
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− (17)

Equation 16 describes the equilibrium concentration of
unbound S1 using the total concentrations of the individual
components, two KD values, and n.

Global Analysis of Binary and Ternary Binding
Experiments. To extract equilibrium concentrations and
corresponding bound fractions of ACE2 and S1 in the ternary
mixture with NAb, we globally fitted (NLSQ) binary (ACE2−
S1 and S1−NAb) and ternary (ACE2−S1−NAb) experiments.
The binary experiments were fitted in terms of eq 2, while the
ternary experiment was fitted in terms of eqs 13−17. KD,ACE2,
KD,NAb, and Rh,freeACE2 were set to be global fitting parameters,
while all other parameters were fitted locally. The stoichiom-
etry, n, was set to 1, as concentrations refer to binding sites.

Origin of Serum Samples. Anti-SARS-CoV-2 seropositive
human serum samples (convalescent) were obtained from
BioIVT. BioIVT sought informed consent from each subject or
from the subject’s legally authorized representative and
appropriately documented this in writing. All samples were
collected under IRB-approved protocols.

Microfluidic Antibody-Affinity Profiling of Serum
Antibodies (MAAP). MAAP was used to determine
concentration of antibody-binding sites, [Ab], and KD of
antibodies in serum samples of SARS-CoV-2 seropositive
individuals. To do so, fluorescently labeled SARS-CoV-2 spike
S1 was mixed at constant concentrations of 10 nM, 40 nM, and
100 nM with serum at increasing concentrations (1−90%) to
generate three equilibrium binding isotherms per serum
sample. MDS data was obtained as described above, with the
only differences being that samples were incubated for 1 h at
4 °C before measurement and that PBS-Tween (0.05%)
supplemented with 0.75 mM human serum albumin (Merck)
was used to dilute serum samples. Autofluorescence of serum
samples was determined in the absence of labeled protein and
used to correct MDS data measured of binding interactions.
To determine the concentration of antibody binding sites and
KD, global NLSQ fitting in terms of eq 2 was used, having
Rh,free, Rh,complex, [U]0 = [Ab], and KD as global fit parameters.

Measurement of ACE2−S1 Binding Inhibition by
Serum Antibodies Using Microfluidic Diffusional Sizing.
For sample 1, Alexa Fluor 647 labeled ACE2 and unlabeled S1
at concentrations of 10 nM and 30 nM, respectively, were
mixed immediately with increasing concentrations of serum
and incubated at 4 °C for 1 h. For sample 2, Alexa Fluor 647
labeled ACE2 and unlabeled S1 at concentrations of 5 nM and
20 nM, respectively, were mixed immediately with increasing
concentrations of serum and incubated at 4 °C for 1 h. MDS
data was obtained as described in the previous section.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsinfecdis.1c00047.

Table S1: Summary of thermodynamic parameters and
95% confidence intervals; Figure S1: Microfluidic
antibody affinity profiling (binary binding model) in
serum obtained from two anti-SARS-CoV-2 seropositive
individuals (PDF)

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.1c00047
ACS Infect. Dis. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acsinfecdis.1c00047?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.1c00047/suppl_file/id1c00047_si_001.pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.1c00047?rel=cite-as&ref=PDF&jav=VoR


■ AUTHOR INFORMATION

Corresponding Authors
Heike Fiegler − Fluidic Analytics, Cambridge CB1 8DH,
United Kingdom; Email: heike.fiegler@fluidic.com

Tuomas P. J. Knowles − Centre for Misfolding Diseases, Yusuf
Hamied Department of Chemistry, University of Cambridge,
Cambridge CB2 1EW, United Kingdom; Cavendish
Laboratory, Department of Physics, University of Cambridge,
Cambridge CB3 0HE, United Kingdom; orcid.org/0000-
0002-7879-0140; Email: tpjk2@cam.ac.uk

Authors
Sebastian Fiedler − Fluidic Analytics, Cambridge CB1 8DH,
United Kingdom; orcid.org/0000-0003-0953-4327

Monika A. Piziorska − Fluidic Analytics, Cambridge CB1
8DH, United Kingdom

Viola Denninger − Fluidic Analytics, Cambridge CB1 8DH,
United Kingdom

Alexey S. Morgunov − Fluidic Analytics, Cambridge CB1
8DH, United Kingdom

Alison Ilsley − Fluidic Analytics, Cambridge CB1 8DH,
United Kingdom

Anisa Y. Malik − Fluidic Analytics, Cambridge CB1 8DH,
United Kingdom

Matthias M. Schneider − Centre for Misfolding Diseases,
Yusuf Hamied Department of Chemistry, University of
Cambridge, Cambridge CB2 1EW, United Kingdom;
orcid.org/0000-0002-1894-1859

Sean R. A. Devenish − Fluidic Analytics, Cambridge CB1
8DH, United Kingdom

Georg Meisl − Centre for Misfolding Diseases, Yusuf Hamied
Department of Chemistry, University of Cambridge,
Cambridge CB2 1EW, United Kingdom; orcid.org/0000-
0002-6562-7715

Vasilis Kosmoliaptsis − Department of Surgery and NIHR
Blood and Transplant Research Unit in Organ Donation and
Transplantation, University of Cambridge, Cambridge CB2
0QQ, United Kingdom; NIHR Cambridge Biomedical
Research Centre, Cambridge CB2 0QQ, United Kingdom

Adriano Aguzzi − Institute of Neuropathology, University of
Zurich, 8091 Zurich, Switzerland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsinfecdis.1c00047

Notes
The authors declare the following competing financial
interest(s): T.P.J.K. is a member of the board of directors of
Fluidic Analytics. A.A. is a member of the scientific advisory
committee of Fluidic Analytics. V.K., M.M.S., and G.K. are
consultants for Fluidic Analytics. S.F., M.A.P., V.D., A.S.M.,
A.I., A.Y.M., S.R.A.D., and H.F. are employees of Fluidic
Analytics.

■ ACKNOWLEDGMENTS

The authors thank Marine Barbaroux, Thomas Barnes, and
Richard Harrison (all Fluidic Analytics) for graphic design.
V.K. was funded by an NIHR fellowship (PD-2016-09-065).
T.P.J.K. is grateful for financial support by the Biotechnology
and Biological Sciences Research Council and the European
Research Council.

■ REFERENCES
(1) WHO. (2021) Coronavirus Disease (COVID-19) Weekly
Epidemiological Update Global Epidemiological Situation.
(2) Wajnberg, A., Amanat, F., Firpo, A., Altman, D. R., Bailey, M. J.,
Mansour, M., McMahon, M., Meade, P., Rao Mendu, D., Stadlbauer,
D., Stone, K., Strohmeier, S., Aberg, J., Krammer, F., and Cordon-
Cardo, C. SARS-CoV-2 Infection Induces Robust, Neutralizing
Antibody Responses That Are Stable for at Least Three Months.
medRxiv, July 17, 2020. DOI: 10.1101/2020.07.14.20151126.
(3) Garritsen, A., Scholzen, A., Nieuwenhof, D. W. A., van den
Smits, A. P. F., Datema, E. S., Galen, L. S., and van Kouwijzer, M. L.
C. E. Two-Tiered SARS-CoV-2 Seroconversion Screening in the
Netherlands and Stability of Nucleocapsid, Spike Protein Domain 1
and Neutralizing Antibodies. medRxiv, October 9, 2020.
DOI: 10.1101/2020.10.07.20187641.
(4) Emmenegger, M., De Cecco, E., Lamparter, D., Jacquat, R.,
Ebner, D., Schneider, M., Condado Morales, I., Schneider, D.,
Dogancay, B., Guo, J., Wiedmer, A., Domange, J., Imeri, M., Moos, R.,
Zografou, C., Trevisan, C., Gonzalez-Guerra, A., Carrella, A., Dubach,
I., Althaus, C., Xu, C., Meisl, G., Kosmoliaptsis, V., Malinauskas, T.,
Burgess-Brown, N., Owens, R., Mongkolsapaya, J., Hatch, S.,
Screaton, G., Schubert, K., Huck, J., Liu, F., Pojer, F., Lau, K.,
Hacker, D., Probst-Mueller, E., Cervia, C., Nilsson, J., Boyman, O.,
Saleh, L., Spanaus, K., von Eckardstein, A., Schaer, D., Ban, N., Tsai,
C.-J., Marino, J., Schertler, G., Ebert, N., Thiel, V., Gottschalk, J., Frey,
B., Reimann, R., Hornemann, S., Ring, A., Knowles, T., Xenarios, I.,
Stuart, D., and Aguzzi, A. Early Peak and Rapid Decline of SARS-
CoV-2 Seroprevalence in a Swiss Metropolitan Region. medRxiv,
August 7, 2020. DOI: 10.1101/2020.05.31.20118554.
(5) Brouwer, P. J. M., Caniels, T. G., van der Straten, K., Snitselaar, J.
L., Aldon, Y., Bangaru, S., Torres, J. L., Okba, N. M. A., Claireaux, M.,
Kerster, G., Bentlage, A. E. H., van Haaren, M. M., Guerra, D., Burger,
J. A., Schermer, E. E., Verheul, K. D., van der Velde, N., van der Kooi,
A., van Schooten, J., van Breemen, M. J., Bijl, T. P. L., Sliepen, K.,
Aartse, A., Derking, R., Bontjer, I., Kootstra, N. A., Wiersinga, W. J.,
Vidarsson, G., Haagmans, B. L., Ward, A. B., de Bree, G. J., Sanders, R.
W., and van Gils, M. J. (2020) Potent Neutralizing Antibodies from
COVID-19 Patients Define Multiple Targets of Vulnerability. Science
369 (6504), 643−650.
(6) Cao, Y., Su, B., Guo, X., Sun, W., Deng, Y., Bao, L., Zhu, Q.,
Zhang, X., Zheng, Y., Geng, C., Chai, X., He, R., Li, X., Lv, Q., Zhu,
H., Deng, W., Xu, Y., Wang, Y., Qiao, L., Yafang, T., Song, L., Wang,
G., Du, X., Qin, C., Gao, N., Liu, J., Xiao, J., Su, X., Du, Z., Feng, Y.,
Qin, C., Jin, R., and Xie, X. S. (2020) Potent Neutralizing Antibodies
against SARS-CoV-2 Identified by High-Throughput Single-Cell
Sequencing of Convalescent Patients’ B Cells. Cell 182, 73−84.
(7) Ju, B., Zhang, Q., Ge, J., Wang, R., Sun, J., Ge, X., Yu, J., Shan, S.,
Zhou, B., Song, S., Tang, X., Yu, J., Lan, J., Yuan, J., Wang, H., Zhao,
J., Zhang, S., Wang, Y., Shi, X., Liu, L., Zhao, J., Wang, X., Zhang, Z.,
and Zhang, L. (2020) Human Neutralizing Antibodies Elicited by
SARS-CoV-2 Infection Plasma Antibody Response against SARS-
CoV-2. Nature 584, 115−119.
(8) Liu, L., Wang, P., Nair, M. S., Yu, J., Rapp, M., Wang, Q., Luo, Y.,
F-W Chan, J., Sahi, V., Figueroa, A., Guo, X. V., Cerutti, G., Bimela, J.,
Gorman, J., Zhou, T., Chen, Z., Yuen, K.-Y., Kwong, P. D., Sodroski, J.
G., Yin, M. T., Sheng, Z., Huang, Y., Shapiro, L., and Ho, D. D.
(2020) Potent Neutralizing Antibodies against Multiple Epitopes on
SARS-CoV-2 Spike. Nature 584, 450−456.
(9) Rogers, T. F., Zhao, F., Huang, D., Beutler, N., Burns, A., He, W.,
Limbo, O., Smith, C., Song, G., Woehl, J., Yang, L., Abbott, R. K.,
Callaghan, S., Garcia, E., Hurtado, J., Parren, M., Peng, L., Ramirez, S.,
Ricketts, J., Ricciardi, M. J., Rawlings, S. A., Wu, N. C., Yuan, M.,
Smith, D. M., Nemazee, D., Teijaro, J. R., Voss, J. E., Wilson, I. A.,
Andrabi, R., Briney, B., Landais, E., Sok, D., Jardine, J. G., and Burton,
D. R. (2020) Isolation of Potent SARS-CoV-2 Neutralizing
Antibodies and Protection from Disease in a Small Animal Model.
Science 369, 956−963.
(10) Seydoux, E., Homad, L. J., Maccamy, A. J., Pancera, M.,
Mcguire, A. T., Stamatatos, L., et al. (2020) Analysis of a SARS-CoV-

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.1c00047
ACS Infect. Dis. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heike+Fiegler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:heike.fiegler@fluidic.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuomas+P.+J.+Knowles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7879-0140
http://orcid.org/0000-0002-7879-0140
mailto:tpjk2@cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+Fiedler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0953-4327
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monika+A.+Piziorska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Viola+Denninger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexey+S.+Morgunov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alison+Ilsley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anisa+Y.+Malik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+M.+Schneider"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1894-1859
http://orcid.org/0000-0002-1894-1859
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+R.+A.+Devenish"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georg+Meisl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6562-7715
http://orcid.org/0000-0002-6562-7715
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vasilis+Kosmoliaptsis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adriano+Aguzzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.1c00047?ref=pdf
https://doi.org/10.1101/2020.07.14.20151126
https://doi.org/10.1101/2020.07.14.20151126
https://doi.org/10.1101/2020.07.14.20151126?ref=pdf
https://doi.org/10.1101/2020.10.07.20187641
https://doi.org/10.1101/2020.10.07.20187641
https://doi.org/10.1101/2020.10.07.20187641
https://doi.org/10.1101/2020.10.07.20187641?ref=pdf
https://doi.org/10.1101/2020.05.31.20118554
https://doi.org/10.1101/2020.05.31.20118554
https://doi.org/10.1101/2020.05.31.20118554?ref=pdf
https://doi.org/10.1126/science.abc5902
https://doi.org/10.1126/science.abc5902
https://doi.org/10.1016/j.cell.2020.05.025
https://doi.org/10.1016/j.cell.2020.05.025
https://doi.org/10.1016/j.cell.2020.05.025
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1016/j.immuni.2020.06.001
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.1c00047?rel=cite-as&ref=PDF&jav=VoR


2-Infected Individual Reveals Development of Potent Neutralizing
Antibodies with Limited Somatic Mutation. Immunity 53, 98−105.
(11) Wec, A. Z., Wrapp, D., Herbert, A. S., Maurer, D. P.,
Haslwanter, D., Sakharkar, M., Jangra, R. K., Dieterle, M. E., Lilov, A.,
Huang, D., Tse, L. V., Johnson, N. V., Hsieh, C.-L., Wang, N., Nett, J.
H., Champney, E., Burnina, I., Brown, M., Lin, S., Sinclair, M.,
Johnson, C., Pudi, S., Iii, R. B., Wirchnianski, A. S., Laudermilch, E.,
Florez, C., Fels, J. M., O’brien, C. M., Graham, B. S., Nemazee, D.,
Burton, D. R., Baric, R. S., Voss, J. E., Chandran, K., Dye, J. M.,
Mclellan, J. S., and Walker, L. M. (2020) Broad Neutralization of
SARS-Related Viruses by Human Monoclonal Antibodies. Science
369, 731−736.
(12) Wu, Y., Wang, F., Shen, C., Peng, W., Li, D., Zhao, C., Li, Z., Li,
S., Bi, Y., Yang, Y., Gong, Y., Xiao, H., Fan, Z., Tan, S., Wu, G., Tan,
W., Lu, X., Fan, C., Wang, Q., Liu, Y., Zhang, C., Qi, J., Gao, G. F.,
Gao, F., and Liu, L. (2020) A Noncompeting Pair of Human
Neutralizing Antibodies Block COVID-19 Virus Binding to Its
Receptor ACE2. Science 368 (6496), 1274−1278.
(13) Zost, S. J., Gilchuk, P., Case, J. B., Binshtein, E., Chen, R. E.,
Nkolola, J. P., Schäfer, A., Reidy, J. X., Trivette, A., Nargi, R. S.,
Sutton, R. E., Suryadevara, N., Martinez, D. R., Williamson, L. E.,
Chen, E. C., Jones, T., Day, S., Myers, L., Hassan, A. O., Kafai, N. M.,
Winkler, E. S., Fox, J. M., Shrihari, S., Mueller, B. K., Meiler, J.,
Chandrashekar, A., Mercado, N. B., Steinhardt, J. J., Ren, K., Loo, Y.-
M., Kallewaard, N. L., McCune, B. T., Keeler, S. P., Holtzman, M. J.,
Barouch, D. H., Gralinski, L. E., Baric, R. S., Thackray, L. B.,
Diamond, M. S., Carnahan, R. H., Crowe, J. E., Jr, and Bursky, J. M.
(2020) Potently Neutralizing and Protective Human Antibodies
against SARS-CoV-2. Nature 584, 443−449.
(14) Piechotta, V., Chai, K. L., Valk, S. J., Doree, C., Monsef, I.,
Wood, E. M., Lamikanra, A., Kimber, C., McQuilten, Z., So-Osman,
C., Estcourt, L. J., and Skoetz, N. (2020) Convalescent Plasma or
Hyperimmune Immunoglobulin for People with COVID-19: A Living
Systematic Review. Cochrane Database Syst. Rev., 7.
(15) Burton, D. R., and Walker, L. M. (2020) Rational Vaccine
Design in the Time of COVID-19. Cell Host Microbe 27 (5), 695−
698.
(16) Hoffmann, M., Kleine-Weber, H., Schroeder, S., Mü, M. A.,
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