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ABSTRACT: For many classes of biomolecules, population-level heterogeneity is an essential aspect of biological function�from
antibodies produced by the immune system to post-translationally modified proteins that regulate cellular processes. However,
heterogeneity is difficult to fully characterize for multiple reasons: (i) single-molecule approaches are needed to avoid information
lost by ensemble-level averaging, (ii) sufficient statistics must be gathered on both a per-molecule and per-population level, and (iii)
a suitable analysis framework is required to make sense of a potentially limited number of intrinsically noisy measurements. Here, we
introduce an approach that overcomes these difficulties by combining three techniques: a DNA nanoswitch construct to repeatedly
interrogate the same molecule, a benchtop centrifuge force microscope (CFM) to obtain thousands of statistics in a highly parallel
manner, and a Bayesian nonparametric (BNP) inference method to resolve separate subpopulations with distinct kinetics. We apply
this approach to characterize commercially available antibodies and find that polyclonal antibody from rabbit serum is well-modeled
by a mixture of three subpopulations. Our results show how combining a spatially and temporally multiplexed nanoswitch-CFM
assay with BNP analysis can help resolve complex biomolecular interactions in heterogeneous samples.

Population heterogeneity of biomolecules often bears
functional significance; for example, antibodies produced

by the immune system are highly polyclonal, with each
subpopulation exhibiting distinct binding properties.1−3 In
bulk assays of heterogeneous populations, only ensemble-
averaged properties are observed. To characterize subpopula-
tions directly, it is necessary to use techniques capable of
interrogating single molecules. Recently developed approaches
for single-molecule manipulation have led to many mechanistic
insights in biology, from the action of molecular motors during
transcription and replication, to the dynamic strength of
receptor−ligand interactions.4−8 However, the limited
throughput of traditional one-molecule-at-a-time methods
makes it difficult to fully resolve samples that are highly
heterogeneous such as polyclonal antibodies. While recent
advances in multiplexed single-molecule methods9−15 allow
statistics on many different molecules to be collected, sufficient
information must also be collected for each molecule, and a
suitable analysis framework is needed to interpret this data. In
this work, we demonstrate that by combining highly
multiplexed single-molecule centrifuge force microscopy
(CFM)14−16 with DNA Nanoswitches17−20 and Bayesian
Non-Parametric (BNP) inference,21−29 we can resolve and
characterize the unbinding kinetics of distinct subpopulations
in a polyclonal antibody sample.

The key to resolving heterogeneity is to collect enough
single-molecule statistics�both in terms of the number of
molecules interrogated, and the number of statistics collected
per molecule�to enable precise characterization of subpopu-
lation fractions and their corresponding molecular properties.
Accordingly, we have developed an experimental method with
sufficiently high throughput along both dimensions [Figure

1C]. To measure properties of hundreds of individual
molecules in parallel, we use the Centrifuge Force Microscope
(CFM) [Figure 1A],14,15 an inexpensive and easy-to-use
instrument capable of performing highly multiplexed9−12,30

single-molecule force spectroscopy. To collect multiple
statistics for a given molecule, we use programmable DNA
nanoswitches,17,18 nanomechanical devices31−33 that link
together receptor−ligand pairs.34−36 Of particular note, the
nanoswitch enables repeated measurements across multiple
binding-unbinding cycles. Nanoswitches also provide a unique
molecular signature which can be used to filter out aberrant
statistics. Together, the CFM and the DNA nanoswitch allow
hundreds of molecules to be individually, repeatedly
interrogated [Figure 1C].

We use antibody−antigen binding to demonstrate that this
method can resolve molecular heterogeneity. Antibody−
antigen interactions are central to immune function and
widely applied in molecular detection, diagnosis, and
therapeutics.37−39 The issue of heterogeneity is important for
antibodies because the immune system naturally produces
polyclonal antibodies.2,3,40 Many therapeutics and reagents are
also polyclonal.41,42

To validate our assay, we first measured a homogeneous
interaction between a monoclonal antibody and its cognate
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Figure 1. Schematic description of the assay. (A) Heterogeneous samples can contain multiple subpopulations with distinct unbinding kinetics
(left). We mount pairs of antibody and antigen molecules into a DNA nanoswitch construct so that binding and unbinding can be seen by a change
in DNA length (middle). The constructs are placed in a benchtop Centrifuge Force Microscope (CFM, right). (B) The CFM applies a centrifugal
force on the antibody−antigen bond (left), leading to rupture events with a distinct signature (middle). By simultaneously tracking all the beads in
the field of view, many pairs of molecules can be measured at once; with repeated pulls, multiple statistics can be collected per molecular pair
(right). (C) Transition times are determined from bead trajectories and collated into a table (left). Collectively, the unbinding kinetics are
multiexponential, but the individual subpopulations are single-exponential (middle). With Bayesian nonparametric analysis, the separate
subpopulations can be resolved (right).

Figure 2. Validation of the CFM for homogeneous samples. (A) Unbinding lifetime distribution of the interaction between fluorescein and
monoclonal antifluorescein (mAF), with y-axis on a log scale. The fit line and characteristic lifetime τ show results from a maximum likelihood
estimation using a truncated exponential model. (B) Dependence of mAF unbinding lifetime on force as measured by CFM, with the best-fit line
(magenta) based on the Bell−Evans model: τ ∝ exp (−F/F0). An independent zero force lifetime was measured by EMSA (orange). (C)
Unbinding lifetime distribution of fluorescein and monoclonal antifluorescein (mAF), and DIG and monoclonal anti-DIG (mAD). Shown in gray is
the combined data, representative of ensemble-averaged kinetics in a mixed sample. The inset shows the narrowing of the two distributions by
taking per molecule averaged lifetimes (x-axis on log scale, y-axis normalized counts). The top panel contains the same data as in the main plot but
with the x-axis on a log scale. The middle and lower panels show the average of a random subset of 3 and 9 data points per molecular pair,
respectively, for all molecular pairs with at least that many statistics collected (the number of molecular pairs measured for the 3 repeat data was
Nmolecular pairs = 288 and 319 for mAF and mAD, respectively; correspondingly, for 9 repeats, Nmolecular pairs = 171 and 106).
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antigen. We chose fluorescein and its monoclonal antibody
(mAF) (Invitrogen 31242) as the test system. We tethered
together single pairs of fluorescein and mAF molecules on a
DNA nanoswitch construct [Figure 1A]; next, we immobilized
the constructs on a flow cell surface to allow a stretching force
to be applied with the CFM [Figure 1B, Figure S3] (see
Section S1 for methods). Bond rupture of individual
antibody−antigen pairs can be observed by tracking bead
motion under the microscope [Figure S4, Figure S5]. We
applied a constant stretching force of 30pN for a duration until
most pairs within the field of view ruptured; subsequently, we
reduced the stretching force to zero to allow relaxation and
rebinding before repeating the force cycle [Figure 1B]. After
20 force cycles, we collected 2642 individual unbinding events
of 341 validated single antibody−antigen pairs from a single
field of view. Collectively, the unbinding times show a clear
single-exponential distribution with a time constant of 45 ± 1 s
[Figure 2A].

Next, to assess the force-dependence of the unbinding rate,
we repeated the experiment under additional constant
stretching forces of 20pN, 25pN, and 35pN. For each
stretching force, > 2300 unbinding events were measured
from >293 validated pairs of molecules [Table 1]. In all cases

we observe clear single-exponential unbinding kinetics [Figure
2A]. We found that the mean lifetime varies exponentially with
force [Figure 2B], as described by the Bell−Evans model,7,8

indicating that the underlying interaction is homogeneous and
can be well-modeled as a single-bond interaction. A linear fit of
the log lifetime vs force yields a characteristic force scale of 12
± 6 pN, or an equivalent transition state length scale of 0.3 ±
0.2 nm, roughly the dimensions of a small molecule such as
fluorescein. The extrapolated equilibrium unbinding time of

600 ± 300 s agrees well with an independent bulk
electrophoretic mobility shift assay (380 ± 50 s) [Figure S1].

For comparison, we also measured the binding strength of a
second monoclonal antibody−antigen pair, digoxygenin (DIG)
and anti-DIG (mAD) (Invitrogen 700772). The unbinding
kinetics of mAF and mAD under a stretching force of 30pN are
presented in Figure 2C; both have single exponential decay
kinetics, but the mAD interaction has a longer lifetime of 259
± 11 s [Table 1].

Although the population-level unbinding kinetics of these
particular monoclonal antibodies are distinguishable, this
distinction would be less clear if fewer statistics were available,
or if the two underlying time constants were more similar. The
challenge of discriminating between two subpopulations is
exasperated by the broad, exponential shape of their lifetime
distributions, as shown in Figure 2C. Crucially, discrimination
between subpopulations can be improved by averaging across
the repeated measurements of each molecular pair. This per-
molecule-averaging reduces the width of the lifetime
distribution, as illustrated in the inset of Figure 2C. Compared
to the case with no averaging, the two peaks are more easily
distinguished after averaging as few as 3 lifetime measurements
per molecular pair. The variation in per-molecule-averaged
lifetime is further reduced by averaging over 9 repeats [Figure
2C lower inset; Figure S5]. Thus, the ability to make repeated
measurements can enable multiple species with similar
lifetimes to be more easily distinguished.

To characterize how well this approach could discriminate
subpopulations, we next considered mixtures of two distinct
monoclonal antibodies. A handmade mixture of monoclonal
antibodies is conceptually similar to polyclonal antibodies
generated from the natural immune response. At the ensemble
level, the unbinding kinetics of a mixed sample is a sum of
exponentials, illustrated by the gray curve in Figure 1C.
However, at the single-molecule level, the unbinding statistics
obtained from a given molecular pair should be distributed
monoexponentially. The rate constant is identical for all
molecular pairs in the same subpopulation but differs between
subpopulations. To more confidently infer which subpopula-
tion a molecular pair belongs to, we take the average of the
repeated statistics per molecule; to determine the subpopula-
tion fractions, we count the number of molecular pairs
assigned to each subpopulation. These two capabilities are

Table 1. Statistics for Monoclonal Datasets Collected

Nmolecular pairs Nevents Lifetime (s)

mAF 20pN 405 4273 109 ± 2
mAF 25pN 349 2300 91 ± 2
mAF 30pN 341 2642 45 ± 1
mAF 35pN 293 2847 33 ± 1
mAD 30pN 415 2385 259 ± 11

Figure 3. Validation of Bayesian Non-Parametric (BNP) inference with known samples of mAF and mAD for pure samples (A) and handmade
binary mixtures (B). The inferred lifetime posterior is shown in dark purple. The distribution is a histogram of Monte Carlo samples of the lifetime
[Figure S8, second row], weighted by the subpopulation fraction of that lifetime [Figure S8, first row] (see Section S2). The width of a peak
represents its statistical uncertainty; the integrated area its population fraction. Solid line shows the cumulative probability; the inferred mAF
proportion is the integrated area of the leftmost peak. (C) Correlation between true mAF proportion and inferred mAF proportion.
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enabled by greater throughput of our assay at the molecule and
population level, respectively.

The task of parameter fitting to heterogeneous samples is
more difficult than for homogeneous samples. It is necessary to
infer a separate population fraction pk and average lifetime τk
for each subpopulation of the mixture; furthermore, each
molecular pair has a latent (unobserved) variable for which
subpopulation it is in. To infer these parameters from our data
set, we developed a nonparametric Bayesian model and
sampled the posterior distribution with a Monte Carlo method,
detailed in Section S2. The model assumes that, for all beads in
the same subpopulation, the rupture time is distributed
monoexponentially, as we verified with monoclonal samples.

We first tested this analysis method with the unmixed mAF
and mAD data sets [Figure 3A]. The inferred lifetimes agreed
with a simpler maximum-likelihood fit to a monoexponential.
Interestingly, the mAF data set exhibits a small (∼5%) fraction
of molecular pairs with an ∼3-fold longer average lifetime, a
subpopulation which is hidden in population-level histograms
[Figure 2C].

Next, we created mixed samples of mAF and mAD at
molecular ratios of 2:1, 1:1, and 1:2. As shown in Figure 3B
and 3C, Bayesian analysis correctly recovers the mixing
proportion and lifetime of each species, validating our
approach for two-part mixtures with a known ground truth.

Finally, to test these experimental and analysis techniques,
we characterized a polyclonal anti-FITC antibody (pAF,
Invitrogen A-889) of unknown composition. The data
collected from this sample show clear signs of heterogeneity:
the ensemble unbinding kinetics exhibit a nonexponential
pattern [Figure 4A], and the per-molecule-averaged distribu-
tion of lifetimes does not approach a normal distribution
[Figure 4B].

These results indicate that the polyclonal sample contains
multiple molecular species with distinct off-rates. However,
unlike the artificial binary mixture, the polyclonal sample
confers no a priori information about the number of
subpopulations. Our nonparametric inference method ac-
counts for this because it is general enough to encompass an
arbitrary number of subpopulations.22,27,28 The number of
significant subpopulations, K, converges onto a final value (or
distribution of values) based on the data set (see Section S2).
We find that the final value(s) of K is robust to the
initialization [Figure S6] but does depend slightly on a

hyperparameter, the concentration parameter of the Dirichlet
prior [Figure S7].

Results of Bayesian inference on the polyclonal anti-FITC
sample are plotted in [Figure 4C]. We find that three
components are necessary to explain the observed unbinding
kinetics. The posterior mean and standard deviation for each
parameter is listed in Table 2.

The task of resolving components in a mixture of
exponentials is a classic example of an ill-conditioned statistical
fitting problem and many methods have been pro-
posed.22,23,43−47 Compared to other situations involving
multiexponential decays in biophysics,28,48 our single-molecule
assay has the key difference that all statistics from a given
molecular pair are known to originate from the same mixture
component, i.e. from the same monoexponential distribution,
provided that the multiple decay times observed arise purely
from static heterogeneity. In Section S3, we discuss how this
extra information reduces the uncertainty in predicted
lifetimes. This approach for improving resolution could be
applicable in other areas of single-molecule biophysics.

We note that if two components have very similar off-rates,
then more repetitions are required to sufficiently resolve them,
since the width of the per-molecule averaged lifetime
distribution decreases in proportion to √N [Figure 2C,
Figure S5]. If two molecular species have identical off-rates but
are otherwise distinct (e.g., differ in sequence or post-
translational modification), it is not possible to distinguish
them with our current assay. Limitations like this are intrinsic
to any method which characterizes molecules based on their
functional binding strength, rather than by genotypic or
structural criteria. Interestingly, however, if two species differed
in the force-dependence of kinetics, then it could be possible to
resolve them by varying the force. Such an experiment would
give two properties (equilibrium off-rate and force-depend-
ence) by which subpopulations can be distinguished. Further
distinguishing properties such as binding epitope or protein
stability can be obtained by repeating CFM pulls under
different buffer conditions.

Figure 4. Demonstration of the CFM and BNP approach for an unknown polyclonal anti-FITC sample. (A) Population-level unbinding statistics of
the polyclonal antibody. The nonexponential kinetics indicates heterogeneity. (B) Histogram of the per-molecule average lifetime. (C) Posterior
distribution of lifetime inferred from Bayesian nonparametric analysis, as in Figure 3.

Table 2. BNP Inferred Parameters for pAF Dataset

τ1 (sec) τ2 (sec) τ3 (sec) p0 p1 p2
mean 35.451 119.566 400.079 0.140 0.266 0.594
std 4.186 17.970 54.083 0.032 0.067 0.075
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Several applications could benefit from resolving the
heterogeneity of polyclonal antibodies. These include charac-
terizing the immune response to a vaccine or measuring the
binding affinity distribution of a molecular detection reagent.
Population-averaged measures, such as an effective KD or IC50,
do not reveal which molecular species in a mixture are
responsible for activity.40 Advances in proteomics make it
possible to identify the sequences of the most prominent
species in a polyclonal antibody;3 however, further biophysical
description still requires separate cloning, expression, purifica-
tion, and assay of each species. In contrast, our assay directly
measures functional properties of each molecule, which could
complement information about sequence and structure.

In summary, by combining temporally and spatially
multiplexed single-molecule force spectroscopy with non-
parametric Bayesian analysis, we have developed a powerful
yet accessible method to directly assay biophysical properties
and resolve molecular heterogeneity at the single-molecule
level. As we demonstrated for polyclonal antibodies, our
approach enables the rapid and accurate resolution of multiple
functional subpopulations within a heterogeneous mixture�a
capability that should enable new insights into the immune
response and vaccine development. We expect this approach
will impact fields ranging from immunology to nanotechnology
by providing the ability to accurately characterize molecular
heterogeneity at a functional and single-molecule level within
both natural and synthetic samples.
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