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INTRODUCTION: The pursuit of experimental methods for high- single-molecule detection fosters exceptional sensitivity, currently
resolution characterization of biomolecular properties continues to detecting molecular concentrations as low as 10 fM. The method’s
drive innovation in analytical technology development. Size and speed and precision support quantification of intermolecular
shape in particular are critical stereometric discriminators between interaction strengths across more than six orders of magnitude in
molecular species and states in solution. We describe a microchip- affinity constant and enable real-time monitoring of reaction
based method that leverages the combined advantages of random Kinetics. By tracking individual molecules, the approach also
thermal motion and size-dependent confinement effects at the resolves molecular-state heterogeneity at the highest resolution.
nanoscale to achieve high measurement sensitivity to molecular Lastly, we demonstrate the diagnostic potential of the technique by
conformation under native conditions in the solution phase. leveraging ligand-induced conformational changes in the insulin

receptor to sense insulin levels in serum.
RATIONALE: This approach visualizes the motion of fluorescently

labeled molecules within fluid-filled slits using widefield micros- CONCLUSION: Escape-time stereometry (ETs) delivers (i) quantita-
copy. Shallow slits constrain molecular movement vertically, tive insight into molecular 3D structure, (ii) thermodynamic and
whereas periodic indentations act as entropic traps, increasing the kinetic data on interactions, and (iii) a high-speed, high-sensitivity
time molecules spend in deeper regions. This effect is size- detection platform for diagnostics, addressing a long-standing

dependent: Larger molecules remain trapped longer. By engineering  integration challenge in molecular measurement technology. ETs is
the number of accessible states—translational, configurational, and likely to be particularly effective for detecting multimeric com-

conformational—entropy can be harnessed at the nanoscale to plexes formed through weak interactions, which are often difficult
amplify the influence of molecular size and shape on escape times. to identify with other methods. By enabling high-throughput,
Precise measurement of these escape times furnishes insight into solution-phase conformation mapping to molecular models, ETs
both the hydrodynamic radius and the diameter of the smallest could support machine learning approaches for 3D structure
bounding sphere enclosing the molecule, establishing a crucial link prediction, validation, and inference. This capability is particularly
between solution-phase three-dimensional (3D) conformations and valuable for studying complex structural problems, such as
molecular models. disordered proteins and RNA, and for detecting and characterizing

rare molecular states. [
RESULTS: The technique offers a broad, customizable dynamic range
for molecular weight n'leé}surf%men.ts, spanning from 500 Da to at *Corresponding author. Email: madhavi.krishnan@chem.ox.ac.uk tThese authors
least 500 kDa. It can distinguish differences as small as two carbon contributed equally to this work. Cite this article as X. Zhu et al., Science 388, eadt5827
atoms in small molecules and process complex samples. The (2025). DOI: 10.1126/science.adt5827
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High-speed measurement of molecular size and shape in solution. Escape-time stereometry (ETs) leverages optical observation of single molecules diffusing through a nanoscale
landscape of entropic traps. The average escape time (t,.) from a trap serves as a precise indicator of a molecule’s hydrodynamic radius (r;) and bounding-sphere diameter (D),
enabling a wide range of applications in molecular analytics and structure-conformation studies. Ky, dissociation constant; ko, off-rate; keq, equilibrium constant.
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Measurements of molecular size

and shape on a chip

Xin Zhu't, Timothy J. D. Bennett't, Konstantin C. Zouboulis*?,
Dimitrios Soulias', Michal Grzybek?, Justin L. P. Benesch'?,
Afaf H. EI-Sagheer*®, Unal Coskun®%78, Madhavi Krishnan®2*

Size and shape are critical discriminators between molecular
species and states. We describe a microchip-based high-
throughput imaging approach offering rapid and precise
determination of molecular properties under native solution
conditions. Our method detects differences in molecular weight
across at least three orders of magnitude and down to two
carbon atoms in small molecules. We quantify the strength of
molecular interactions across more than six orders of
magnitude in affinity constant and track reactions in real time.
Highly parallel measurements on individual molecules serve

to characterize sample-state heterogeneity at the highest
resolution, offering predictive input to model three-dimensional
structure. We further leverage the method’s structural sensitivity
for diagnostics, exploiting ligand-induced conformational
changes in the insulin receptor to sense insulin concentration in
serum at the subnanoliter and subzeptomole scale.

The pursuit of high-resolution biomolecular characterization has
driven substantial advances in analytical technology development
(1-10). However, most methods entail the use of strong electrical or
optical fields, immobilization and/or tethering of molecules to surfaces,
or the use of matrices. All these factors can perturb the integrity and
function of biomolecules and their complexes, whose structure and
conformation arise from the concerted action of weak inter- and in-
tramolecular forces (11, 12). Therefore, characterization methods in
the solution phase that offer high-precision readouts while preserv-
ing molecular structure and properties remain highly sought after.
The friction associated with an object moving through a fluid carries
a clear signature of its volume and shape and causes larger objects to
travel a shorter distance on average in a given period of time. The
Stokes’ or hydrodynamic radius, 7y, quantifies this property and has
been extensively used to characterize molecular species in solution
(13-16). The shape of an object may be further captured in terms of its
compactness given a fixed volume, as reflected in the diameter of the
smallest sphere, D, enveloping it. This quantity shares similarities with
the maximum spatial extent of the molecule, D,,,, encountered in
small-angle x-ray scattering (SAXS) (17) (Fig. 1C). Indeed, workhorse
laboratory techniques such as size-exclusion chromatography exploit
this molecular property to separate and sieve mixtures. Precise mea-
surement of the size and shape of molecules—“molecular stereometry”™—
achieved by direct observation of molecular motion in a suitably tailored
landscape thus offers the prospect of highly simplified structure-sensitive
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readouts traditionally believed to lie exclusively within the realm of high-
resolution techniques (Fig. 1A) (18, 19).

In this work, we leverage the combined advantages of random ther-
mal motion and size-dependent confinement effects at the nanoscale
to achieve high measurement sensitivity to molecular conformation
under native conditions in the solution phase. Spatially constraining
the vertical motion of an object diffusing in a geometrically tailored slit
can dramatically enhance the time the object spends in local, deeper,
“pocket” or trap regions, in a size-dependent fashion (Fig. 1, A and B,
and movie S1). The larger the object, or the greater the degree of con-
finement in the parallel-plate slit region, the longer it resides in the
trap. Engineering the number of states accessible to a molecule in the
slit—e.g., translational, configurational, and conformational states—
entropy in its various forms can be exploited at the nanoscale to am-
plify the impact of size and shape on molecular exit (escape) times.
Low-power, widefield imaging of trapped molecules with a large-area
camera detector confers on the method both speed and measurement
precision (movie S1). The ability to tune the magnitude of the mea-
sured response with device geometry offers unprecedented sensitivity
to molecular conformational properties, enabling the technique to out-
perform traditional solution-phase methods that rely solely on hydro-
dynamic friction, as will be demonstrated in this work (16, 20, 2I). The
technique offers wide and tailorable dynamic range in molecular weight
readouts from 500 Da to at least 500 kDa, quantitative sensitivity to
molecular concentration in solution, the ability to process complex
samples, and readout reaction rates and equilibrium constants, all in
a single platform, thus addressing a previously unmet integration chal-
lenge. We term the approach “escape-time stereometry” (ETs) and
demonstrate the broad ramifications of the method’s core working ele-
ment, the “entropic fluidic trap,” in a range of analytical application
areas, including molecular diagnostics (22).

Spatial tailoring of translational entropy enables
high-throughput measurements and molecular counting

In our experiments, we introduce fluorescent molecules at a concentra-
tion of 10 fM to 10 nM suspended in phosphate-buffered saline (PBS,
ionic strength ~160 mM) into a series of parallel-plate slits of height
h, that carry arrays of periodic cylindrical indentations of total height
h, (Fig. 1, A and B). Similar to findings in previous work, the “pocket”
nanostructures act as thermodynamic traps for single molecules in
solution (Fig. 1B) (3, 18, 19, 23). In contrast to previous work, the use
of high salt concentrations renders charge-related electrostatic effects
negligible, and the trap is expected to be effectively purely entropic
(22, 24) (supplementary text S1.4 and fig. S5). We image the diffusive
dynamics of molecules, labeled on average with a single fluorophore,
using standard widefield microscopy (Fig. 1A) (3). We measured average
escape times, t,., for a variety of molecules from small organic fluoro-
phores to disordered and globular proteins, nucleic acids, and protein
complexes by imaging the chip for about 1 min in each case (Fig. 1, D
and E, and Fig. 2A). Typical imaging conditions entail exposure times
texp = 5 ms and an imaging rate of 100 Hz, unless stated otherwise
(materials and methods). For low-copy number counting experiments
(fig. S5 and supplementary text S1.3) and for experiments on the in-
sulin receptor discussed later, slit surfaces were passivated by coating
with polyethylene glycol to minimize nonspecific molecular adhesion
(supplementary text S1.2).

For asmall sphere whose radius R ~ ry; << by, wehavety, o 1y (hy/By),
which illustrates that the height modulation in the slit enhances mo-
lecular residence times by a factor &, /h, compared with the free-
diffusion value (Fig. 2C, red line; fig. S8; and supplementary text S3).
This entropic enhancement of residence times in the pocket region is
crucial to the method because it fosters high-throughput direct imaging
of the escape process on the order of 100 to 1000 molecules in 1 min or
less of measurement time, using both low incident optical power densi-
ties (~5 W/mm?) and a large-area detector such as a camera chip. Our
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Fig. 1. Principle and overview of escape-time stereometry (ETs) in solution. (A) Schematic representation of a microfluidic chip carrying a series of fluid-filled parallel-plate
nanoslits in which arrays of geometric indentations create local entropic traps for freely diffusing fluorescently labeled molecules in solution. A widefield fluorescence microscopy
image presents the central quarter of a typical field of view, time-averaged over 1 s, displaying ~25 molecules diffusing in the trap landscape. Scale bar, 5 pm. (B) (Top) Schematic
depictions of a globular protein molecule entering (state I), residing in (state II), and leaving (state Ill) a nanostructured indentation of diameter 550 nm, depth d ~ 220 to 290 nm,
and height h, = h; + d nm, located in a nanoslit of height h; = 20 to 70 nm. (Bottom) Corresponding entropic potential well of depth W in which molecules reside for an average
time given approximately by t,s. o ryexp(W/kgT), where ryis the hydrodynamic radius, ky is the Boltzmann constant, and T is the absolute temperature. (C) Graphic
representation of bounding spheres (gray) of diameter D, enclosing a rod-like dsSDNA molecule (left) and a globular protein molecule (right). ry, (yellow sphere) can be consider-
ably smaller than D, / 2 for a nonspherical molecule, in contrast to a globular molecule. D, and r,, values for a given species may be computed from a molecular structural model
(as described in supplementary text S5.2). (D) Intensity versus time trace of each trap locus in the lattice permits identification of molecular residence or escape events of
duration At. Representative events detected using a step-finding algorithm (dark lines) superimposed on raw traces. Three typical escape-time events for insulin (INS), carbonic
anhydrase (CA), and immunoglobulin G (IgG), illustrating that At depends on the molecular weight of the species. (E) Probability density distributions P(At) versus At for N = 10*
to 108 recorded escape events fit to the form P(At) « exp( — At/t,. ) to extract means t,, values. For visual comparison across samples, the fitted ... values in each case are
presented as vertical lines and symbols, with the measurement precision (given by the fit error) represented by a band on the reported mean value of thickness + 1o (bottom).
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Fig. 2. Sensitivity of measured escape times to molecular weight. (A) Measurements of escape time t,. versus molecular weight, M, presented on an abscissa scaled to the
power of 1/3, and covering approximately three orders of magnitude, including small organic molecules (green symbols), globular proteins (brown symbols), disordered proteins
(blue symbols), and dsDNA (purple symbols) in a device with h; ~ 25 nm. Globular proteins (insulin, carbonic anhydrase, transferrin, anti-insulin IgG, and apoferritin) and
disordered proteins (3) (Starmaker-like, Stm-I; prothymosin a, ProTa; and a 13-mer proline-rich polypeptide sequence given in table S2) reveal good agreement with scaling
behaviors .. o< MY3and M3/5, respectively. (B) (Left) Plot of ... versus M for small fluorescent organic molecules represented by different chemical derivatives of the
fluorophore ATT0532. The data display reasonable agreement with the r,; o« M3 expectation for small molecules (gray solid curve) (66). A linear trendline (dashed line) over a
narrow range of M illustrates how ~0.5% measurement precision on t,. implies the ability to detect differences of ~10 Da in the 1-kDa molecular weight regime. (Right) Real-time
tracking of the hydrolysis of the NHS ester derivative into the carboxyl form entails a change in molecular weight of 97 Da. The 3% overall change int,, over the course of the
reaction is much larger than the measurement precision of ~0.5% in a 1-min-long measurement window permitting rate of hydrolysis to be measured at pH 9 (details in
supplementary text S4.2). (C) Measured t,. values may be converted to r,;and D, values describing the molecular species using BD simulations (as described in supplementary
text S5.1). Simulated values for spheres of radius ry, (square symbols) in a device with d = 300 nm illustrate the increasing nonlinearity of the measured response with
decreasing h; and are well fit by the calibration function (Eq. 1) with A~ 0.3 s/um and t, = 5.83 ms, which is used for all protein experiments (red, green, and blue curves). An
example calibration measurement to determine the value of h; of the experimental device is performed using insulin (INS, orange), transferrin (TF, purple), and apoferritin (FER,
yellow), whose Stokes’ radii, ry,, are taken from molecular structures (as outlined in supplementary text S5.2). Measured t, data are fitted with the calibration function yielding
h,=23.8 + 0.1 nm, which agrees with the nominal design value of h; ~ 25 nm (dashed curve). (D) r,; values measured for a test set of proteins in the range M =10 to 30 kDa
compare well with theoretical expectations, as well as with measurements using fluorescence correlation spectroscopy (FCS) (fig. S10 and table S4). Filled symbols: Ub, ubiquitin;
TRX, thioredoxin, RNase A, ribonuclease A, MB, myoglobin; LGB, p-lactoglobulin; CA, carbonic anhydrase; open symbols indicate INS and TF calibrator molecules. (E) Single-
base pair differences in dsDNA in the range of 56 to 60 bp are clearly distinguishable, with the magnitude of measured differences increasing strongly with decreasing h;.

statistically dominated measurement imprecision depends on N, the
number of escape events observed, as 1/ \/ﬁ . A large value of N=10*
to 105, achieved with highly parallel observation of the escape process
at a molecular concentration of about 100 pM, implies < 1% measure-
ment imprecision on 7y, and is key to high-precision measurement
(fig. S7 and supplementary text S1.1). We currently achieve quantitative
detection of a labeled species down to ~10 fM in a 10-min continuous-
flow measurement, with opportunity for improvement by at least a
factor 100 through optimization of device design (fig. S5).
Measuring ¢, on a range of molecules spanning three orders in
molecular weight, we noted the scaling ¢, o« g o M 1/3 a5 expected for
globular molecules, which implies that < 1% imprecision on ¢, trans-

esc
lates to < 3% measurement imprecision in molecular weight (Fig. 2A).

Science 8 MAY 2025

By contrast, for disordered proteins, e.g., prothymosin-a (ProTa) and
Starmaker-like protein (Stm-1), we measure larger escape times that
are in agreement with the scaling relationship ., « 1y o« M?/% that is
characteristic of unstructured polymers (Fig. 2A and fig. S9) (25-27).

Examining escape times for a range of small-molecule chemical deriva-
tives of the fluorophore ATTO532 (molecular weight, M < 1 kDa), we
note that ~0.5% measurement imprecision on the escape time, ., im-
plies the theoretical ability to detect differences of about a single carbon
atom between molecular species, as shown in Fig. 2B (fig. S9). We dem-
onstrate the ability to clearly distinguish a molecular weight difference
of 25 Da between the N-hydroxysuccinimide (NHS) and maleimide de-
rivatives of the fluorophore ATTO532 (figs. S1 and S9). The NHS ester of
ATTO532 hydrolyzes in water to form carboxyl-ATTO532 and a leaving
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NHS group, with the rate of hydrolysis strongly accelerated under alka-
line conditions (28). Continuous-flow monitoring of the escape process
for an aqueous solution of ATTO532-NHS (M = 743 Da; fig. S1) at pH 7
and pH 9 performed as a series of intermittent measurements of 30 s
duration yielded average escape times Z,, over all recorded escape events
of duration At (Fig. 2B, right panel). A systematic overall reduction of
3% in t,, measured over the course of ~10 min implies a mass change of
about 100 Da, commensurate with that of the NHS leaving group. The
measured decay rate constant of 2.3 x 1072 s at pH 9 corresponds well
to reported half-life values of ~5 min (supplementary text S4.2) (28).
Real-time tracking of a change in molecular weight due to hydrolysis
illustrates the power of both the speed and precision of the approach.

Nanoscale confinement offers nonlinear sensitivity of the
readout to molecular size and shape

The measured ¢, values can be used to quantitatively infer molecular
hydrodynamic radii, 7, and bounding sphere diameters, D,. To do so,
we performed Brownian dynamics (BD) simulations of the escape process
for spheres of radius 7 and bounding sphere diameter Dy = 2ry; as de-
scribed previously (supplementary text S5.1) (29). Simulated average
escape times indeed display good agreement with the simple model out-
lined in the supplementary text (S3) and are captured by the follow-
ing equation:

tesc =A7'H (hZ_Ds) / (hl_Ds) + to (1)

with the coefficient A =~ 0.3 s/pm accounting for the viscosity, device
geometry, and various aspects of the imaging-based detection process,
and an offset ¢, = 5.83 ms ~ i,y (fig. S8). Thus, in a typical experiment,
we first use globular proteins of known 7y to determine £, from fits of
the data to Eq. 1; then we use this calibration function to convert the
measured £, for a test molecular species to hydrodynamic radius 7 (fig.
S10 and supplementary text S5.3). Inferred r; values for a set of globular
proteins measured in slits of calibrated height %, = 23.8 nm agree well
with values computed on the basis of molecular structures, using the pro-
gram HYDROPRO (174) (Fig. 2D, table S4, and supplementary text S5.2).

Equation 1 does indicate that, owing to rotational diffusion, mole-
cules of nonspherical shape may exhibit a further enhancement of z.,,
compared with their spherical counterparts of similar hydrodynamic
radius. Because rotational times are generally much faster than trans-
lational diffusion, we may assume that a molecule that rotates isotropi-
cally while translating sweeps out a local volume defined by a sphere
of minimum diameter D, > 2ry, as shown in Fig. 1C. Indeed, the
method’s high sensitivity to the molecular envelope is illustrated in
our ability to clearly distinguish differences of 1 base pair (bp) (~3.4 A)
between rod-shaped double-stranded DNA (dsDNA) fragments in the
size range ny,, = 56 to 60 bp (~20 nm in length) (Fig. 2E).

To test this ability further, we performed measurements on dsDNA
and dsRNA of length ny,, = 30 to 60 bp, entailing lengths in the range
7 to 21 nm (supplementary text S5.4). Performing measurements of
t.. 10 slits of depth A, ~ 25 nm, we found a progressive nonlinear
increase in ¢, with ry; values of the molecular species compared with
the expectations for spheres of the same hydrodynamic radius ry (fig.
S11). Fitting the measured ¢, versus ny,, data using Eq. 1, assuming
D, = bm,,, and using theoretical expressions for ry for cylinders, we
obtained a rise per base pair of b ~ 3.2 A for the B-form double helix
characteristic of dsDNA and b ~ 2.3 A for the A-form double helix
expected for dsRNA (Fig. 3A and fig. S11). These values are remarkably
close to those inferred from high-resolution structural measurements
and previous solution phase structural studies (3.32 + 0.19 A for
B-DNA and 2.3 A for A-DNA) (I8, 30).

Inferences on DNA-nanostructure size and shape
Because we expect ETs to offer strong and tunable shape-based dis-

crimination of molecules that may be effectively identical in all other
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relevant respects (e.g., in hydrodynamic radius, mass, and charge ), we
studied DNA nanostructures that carry the same number of base pairs
but differ in three-dimensional (3D) conformation (supplementary text
S5.5) (23, 31, 32). We considered DNA nanostructures composed of 240
bases in states referred to as “bundle” and “square-tile” as previously
described (23) (Fig. 3B), where Dg ~ 20 nm for the bundle provides an
estimate of the size regime of the measurement. The “bundle” and
“tile” are indistinguishable in diffusion coefficient measurements by
fluorescence correlation spectroscopy (FCS) (table S5) (23). We per-
formed ¢, measurements on both species in slits of height #; ~ 100,
70, and 40 nm (Fig. 3B). The relative insensitivity of Z., to molecular
conformation in the regime £, > 70 nm largely reflects a response
expected based on pure diffusion alone. However, we observe system-
atically increasing ¢, values, with disparities between the two DNA
nanostructures reaching a factor of 1.2 as &, decreases and approaches
D,. The measurement mode may thus be tuned to enhance the sensitiv-
ity of the escape-time readout to molecular 3D conformation, reflected
in D, as suggested by Eq. 1.

According to Eq. 1, measurements performed with two different val-
ues of i, ought to support a readout of two properties of the molecule,
namely ry; and D, We used ¢, measurements in slits of two different
mean-calibrated height values of #; = 41.4 nm and 73.9 nm to infer
these conformational parameters for the “bundle” and “tile” (fig. S12).
Figure 3C provides a graphic representation of the procedure behind
such an inference. A pair of independent measurements using suffi-
ciently different /, values yields two curves on a plot of D, versus 7y,
whose point of intersection reflects the 7y and D, values describing the
molecular state. Comparing our inferences with values expected from
molecular structural models obtained from coarse-grained molecular
dynamics simulations using oxDNA and verified using SAXS (32, 33)
does reveal good mutual agreement (Fig. 3C, table; and fig. S12). For
example, although the measured 7 values for the “tile” and “bundle”
are rather similar, their D, values are different and appear to be entirely
responsible for the measured disparity between the two species.

Resolving mixtures of molecular conformational states by
constructing single-molecule spectra

Escape-time data examined at ensemble level as shown in Figs. 1, 2,
and 3 can reveal multiple escape timescales, depending on the sample
(fig. S6 and supplementary text S2.2). A multitude of timescales gener-
ally contains important information on the sample, reflecting, e.g.,
heterogeneous states of multimerization or distinguishable 3D con-
formational states in monomeric molecules. Extracting these time com-
ponents and their abundances in ensemble measurements can under
certain conditions be subject to mathematical difficulties (34). Accessing
information at the level of individual molecules not only avoids po-
tential ambiguities of multiexponential fitting but can also furnish
insight into the nature of the underlying states, e.g., whether they stem
from individual molecules characterized by distinct 3D conformations
that are stable over the observation window or rather from faster in-
terconversion between different conformational states. Because we
observe the hopping dynamics of every individual molecule in the
microscope’s field of view, we may indeed construct spectra of mean
escape times reflecting single-molecule properties in a mixture of dif-
ferent molecular species or states as shown in Fig. 4. Performing mea-
surements at low sample concentrations (~10 pM) permits facile
recognition of trajectories arising from individual molecules whose
average escape time now describes the conformational properties of
individual molecular states (Fig. 4A, movie S2, and supplementary
text S6.1).

We first validated the ability to identify, distinguish, and quantify
stable single-molecule states by examining an equimolar mixture of
24-bp and 60-bp DNA: two geometrically highly well-defined and con-
formationally stable species (Fig. 4B, fig. S16, and supplementary text
S6.2). We constructed single-molecule spectra by recording the average
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Fig. 3. Sensitivity of the escape-time readout to molecular shape (3D conformation). (A) Measurements of escape time t,; versus number of base pairs, n,,,, for a series of
dsDNA (B-form double helix) and dsRNA (A-form helix), fitted with Eq. 1 yielding A= 0.35 + 0.01 s/pm for RNA, 0.18 + 0.01 s/um for DNA, and rise per base-pair values, b, that are
in good agreement with literature (Lit.) values from high-resolution structural methods (30). (B) DNA nanostructures composed of an identical number of nucleotides (nt) but in
different 3D conformations of a “square tile” and “bundle” display increasingly separated measured t,.. values with decreasing slight height h;. (C) Graphical representation of
the solution of Eq. 1, using t. measurements for two different mean-calibrated values of h; (solid and dashed lines; see supplementary text S5.5 for details). Shaded bands
around lines reflect the precision of the t,;. measurement. Region of intersection of the two uncertainty-broadened lines yields estimates of D and ry, for each nanostructure
(left) and Gaussian probability density distributions of molecular physical properties P(Dj, ry ). P(r ). and P(Ds ) (middle). Dashed superimposed curves demonstrate that the
widths of the distributions reflect the statistical uncertainty on t.. measurement and do not stem from detected conformational flexibility of the nanostructures. (Right) Table
comparing ETs measurements with inferences from coarse-grained structures simulated using oxDNA (see supplementary text S5.5 for details).

escape time ¢,, for a number of single-molecule hopping trajectories,
each consisting of Ny, escape events of varying duration Az. Each ¢,
measurement in the resulting molecular escape spectrum thus repre-
sents an average value originating from a separate molecule. At pres-
ent, we routinely record about Ny, = 200 to 300 hops from a molecule
before either the label photobleaches or the molecule diffuses out of
the field of view. Such a measurement implies a percentage measure-
ment imprecision on #,, approaching 1/ 4/Ny,, ~ 5 to 7% on a single
molecule. This quantity also reflects the fractional standard deviation,
o/ p, of Gaussian distributed ¢,, values with mean p, measured for a
number of single molecules, N, (as shown in Fig. 4, B and D), and
governs the ability of the method to resolve two closely separated
molecular escape-time states (Fig. 4B and fig. S15). By contrast, the
measurement imprecision on mean ¢,,, is approximated well by the
SEM, 6 / /N, and can be minimized by measuring a large number
of single-molecule trajectories (supplementary text S6.1). A wider field
of view combined with a lower incident power density will support
recording of longer single-molecule tracks (N, > 10%), which could
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take the resolution ¢ to ~1 to 2% (35), simultaneously enhancing both
molecular throughput (IV,,, ), which currently stands at a few hundred
molecules, and measurement precision (Fig. 4D). Trajectory-based
measurement of the mixture of dsDNA species indeed displayed two
peaks in the molecular escape-time spectrum at mean molecular ¢,,
values given by i, and p,, of fractional abundances m, = m, =~ 50%, that
were in agreement with the corresponding values obtained from a
biexponential fit of the same data in the ensemble approach (Fig. 4B,
bottom row).

3D conformation of a riboswitch in aqueous solution

Like proteins, RNA can fold into well-defined 3D structures to carry
out a wide range of cellular functions, but structure determination
and prediction for RNA has lagged behind their protein counterparts
(36). We used ETs to examine the solution phase 3D conformation of
the SAM-IV riboswitch, whose structure has been recently solved by
cryo-electron microscopy (cryo-EM) (figs. S13, S17, and S18, and sup-
plementary text S5.6) (37).
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Fig. 4. Single-molecule spectra of SAM-IV riboswitch conformation and comparison with a structural model. (A) Schematic depiction of measured individual molecular
trajectories of the SAM-IV riboswitch diffusing in a landscape of entropic traps in slits of height h; ~ 20 nm. The time evolution of each trajectory is indicated by the color intensity,
which is scaled relative to the total trajectory durationt,,, typically 2 to 10 s. Numerals 1, 2, and 3 denote example single-molecule trajectories of similar duration tij, ~7's, but

of rather different average escape times, tes, reflecting the three distinct states detected in the sample as shown in (D) and (E). (B) (Top) Validation of the single-molecule
escape-time spectrum approach on a 1:1 mixture of 24-bp and 60-bp DNA. Each integer entry in the histogram corresponds to the average escape time, t,,, recorded for one
molecular trajectory, with the gray level denoting the observed number of hops, Ny,,. Pure 24-bp and 60-bp DNA samples show single peaks of average times, p ~ 15 and 26 ms,
respectively, and the mixture displays two components of approximately equal fractional weight, m;. Fits of the spectra are performed according to eq. S24 (black curve; see
supplementary text S6.1 for detail). (Bottom) The same single-molecule trajectory data pooled and fit with a biexponential reveals two timescales and fractional weights that agree
within error with the single-molecule trajectory analysis. Measurement precisions on the characteristic timescales are well estimated by the SEM and are captured by the fit errors
ony;andt; in the single-molecule and ensemble approaches, respectively. (C) Multiple possible 3D conformations reported for the SAM-IV riboswitch compared with a 119-nt
unstructured ssDNA (fig. S13). (D) (Top) Single-molecule spectra of the SAM-IV riboswitch, accompanied by (bottom) superimposed spectra of ATTO532-carboxy dye and 30-bp
DNA. Fitted timescales and component fractions p;and m; in each case permit assignment of species and molecular states to the three inferred peaks in the ETs spectrum of SAM-IV.
State 1 maps on to free dye, also present in other nucleic acid samples (M1~ 12 ms). Two distinct conformations attributable to SAM-IV (states 2 and 3) are much more compact than
the unstructured 119-nt ssDNA control (fig. S18), and display ; values similar to 30 bp DNA. (E) Recorded time traces of sequential escape events At, averaged over 16 consecutive
escape events, for molecules 1, 2, and 3, display distinct and stable overall average values t,, over the >6-s measurement duration. (F) Ensemble measurements and corresponding
multiexponential fit of N = 4.4 x 10* escape events of SAM-IV reveal three timescales, t;, and weight fractions that capture the timescales and molecular fractions detected in the
single-molecule spectra. Comparing SEM values on the measured average t; with those on the corresponding p; values in (D) illustrates how the measurement precisions delivered
by the single-molecule trajectory approach outstrip the ensemble approach even though the trajectory approach relies on half the number of total recorded events (N = 2.1 x 104).
(G) Theoretical (D, ryy ) plot for objects of fixed volume 40 nm°—corresponding to an RNA molecule with M = 38.51 kDa characterizing SAM-IV—presents limiting cases for oblate
(solid line) and prolate ellipsoids (dashed line), which intersect at a point given by the most compact, spherical state corresponding to an escape time tp,, = 18.9 ms (see
supplementary text S5.6 for details). Measured escape times and associated uncertainties shown in (D) and (F) imply (D, ry) values as follows: Values from single-molecule
measurement 3 (blue symbol) and the mean ensemble~fit timescale t; (blue shaded zone) indicate (D, ry ) coordinates describing a structure centered on either the oblate or
prolate curves. Inferred coordinates for an oblate ellipsoid lie very close to the point characterizing the cryo-EM structure (PDB code: 6UES; black cross). Timescale K2 (red symbol) is
consistent with a more compact state, on either the “oblate” or “prolate” curves, with red shaded regions corresponding to indications from ensemble-measurement value t,.
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Rather than a single timescale corresponding to the predominant
cryo-EM structure (70% abundance, Fig. 4C), we found that both
ensemble-averaged measurements and single-molecule spectra of the
fluorescently labeled SAM-IV riboswitch revealed three distinct escape
timescales (Fig. 4, D to F, and fig. S18). Examination of individual
molecular trajectories revealed average molecular escape times falling
into three distinct classes over the ~6-s measurement window, indica-
tive of stable molecular conformations rather than rapid interconver-
sion between states (Fig. 4, D to F, and fig. S17). To benchmark the
observed timescales, we performed control measurements on free fluo-
rescent dye, 30-bp dsDNA, and a 119-nucleotide (nt) single-stranded
DNA (ssDNA), all of which entail little or no secondary structure (Fig.
4, C and D, lower panels; fig. S18; and supplementary text S6.3). The
smallest timescale, p; ~ t; = 10 ms, in both the single-molecule spec-
trum and the ensemble measurements of SAM-IV sample, can be at-
tributed to free fluorescent dye molecules in the mixture, which are
generally difficult to remove entirely. However, we attribute the second
and third measured timescales to two different conformational states,
or similar groups of states, of the SAM-IV molecule —one compact and
the other more extended. The larger of the molecular timescales, p,
is similar to the timescale measured for 30-bp dsDNA, whose value of
D, ~ 9.6 nm in fact closely resembles that of the reported structure
(37) (Fig. 4D). The smaller of the two observed SAM-IV timescales, p,,
in turn is indicative of a conformation of ~60% abundance, suggesting
an overall more compact and globular state. All mean timescales at the
ensemble-level and single-molecule level are in good mutual agreement;
ie., t; ~ p; (Fig. 4G). Figure 4G displays a summary of the conformation
analysis where the main conclusions are (i) that the measurements
t; ~ p; (Fig. 4G, blue symbol and shaded zone) are consistent with that
of an oblate ellipsoid characterized by D, and 7 values that are very
similar to those computed for the cryo-EM structure (Fig. 4G, black
cross) and (ii) that the observation ¢, = |, indicates a conformation
characterized by an ellipsoid of smaller D, and ry; than the reported
structure (red symbols and shaded region).

Upon addition of a high concentration of the SAM ligand, the escape-
time spectra remained comparatively unchanged, indicating the absence
of a conformational change in the riboswitch upon ligand binding (fig.
S18). This observation is in line with cryo-EM data as well as with obser-
vations on other riboswitch aptamers, e.g., SAM-I and lysine riboswitches
that do not change conformation upon ligand-binding (38, 39).

Measuring binding affinities and rates of intermolecular
association and dissociation

Nucleic acid interactions

We next explore the capability of our approach in making rapid, quan-
titative measurements of intermolecular interactions in mixtures, as
reflected in measured dissociation constants, K;, as well as of on- and
off-rates of binding, &, and k4 (Fig. 5 and supplementary text S7.2
and S7.3). DNA hybridization provides a simple, tuneable system where
intermolecular binding affinities can be varied substantially using
single -base pair increments between complementary stretches, support-
ing comparisons of measurements not only with independent experi-
mental techniques but also with theoretical estimates. We validated
the measurement approach with fluorescent molecular “bait” repre-
sented by short strands of ATTO532-labeled ssDNA ranging in length
from 7 to 15 bases hybridizing to the corresponding complementary
sequence at the 5’ end of an ~200-base-long “scaffold” of unlabeled
ssDNA (Fig. 5, A and B). Mixtures of the labeled oligo at a concentra-
tion of 0.02 to 1 nM, and unlabeled DNA at various concentrations,
are incubated to equilibrium, loaded into the trap landscape, and their
escape times recorded over a period of 1to 5 min. Histograms of event
durations reveal two dominant timescales: a short ¢, ~ 10 ms corre-
sponding to the free labeled oligo and a longer ¢, & 30 ms correspond-
ing to the oligo bound to the 200-base ssDNA (Fig. 5A). The fractional
abundances of the two species m, , are determined with biexponential
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fits and plotted as a function of the concentration of the unlabeled
binding partner to determine the K, value of the interaction (Fig. 5B,
upper panel; and supplementary text S7.1, S7.2, and S7.5).

We observed a systematic increase in binding affinity with increasing
oligo length, reflected in progressively decreasing measured K, values,
in good agreement with previous reports (Fig. 5D and supplementary
text S7.5) (40). Although samples are incubated over timescales ranging
from several hours to several days to ensure that the binding reaction
reaches equilibrium, the ¢, , measurements corresponding to one point
on a plot displayed in Fig. 5B take about 1 to 5 min over the range of
concentrations of unlabeled binding partner that are probed (fig. S19
and supplementary text S7.3). Furthermore, the speed of the readout can
be harnessed to perform real-time monitoring of the sample after either
the mixing of the two unbound species, or alternatively, after the addition
of an unlabeled “chaser” binding partner to the bound complex (Fig. 5C,
lower panel; fig. S20; and supplementary text S7.3) (41). Measuring the
fractional abundances as a function of time, similar to what is shown in
Fig. 2B, permits the measurement of off-rates and corresponding on-rates
for the same reaction. We find that these measured rates yield measures
of K4 = ko / k,p, that are consistent with the equilibration-based mea-
surement approach as well as with theoretically expected values (40, 42)
(Fig. 5C and supplementary text S7.5).

DNA-protein and protein-protein interactions

We further examined DNA-protein binding affinity measurements
performed with a singly labeled dsDNA molecule binding to unlabeled
restriction enzymes (Fig. 6A, fig. S22, and supplementary text S7.6)
(43). Here, we added the unlabeled binding partner—the restriction
enzyme EcoRI—at various concentrations to a fixed concentration of
0.25 nM of fluorescently labeled 24-bp DNA containing the enzyme
recognition site. In general, binding systems that produce large shifts
in ¢, of a factor 2 to 5 upon binding yield P(A¢) histograms that are
amenable to multiexponential fitting and the extraction of fractional
abundances of the underlying species (Fig. 5A). We determined the
bound fraction of DNA from fitting two timescales to the ., data, as
described in Fig. 5, and obtained a value of K4 ~ 1.5 nM, which is in
excellent agreement with the reported value of K; ~ 1 nM (43).
However, many binding reactions are associated with small changes
in size or conformation of the complex, which implies small changes in
t.sc» SOMetimes as low as 10% or less. Here, the similarity of timescales
corresponding to the two molecular states can render robust extrac-
tion of two exponential components and their individual fractions
from the escape-time data untenable (34). Therefore, rather than fit-
ting escape-time histograms, we track the quantity ¢,,, which repre-
sents a simple average over all escape events of duration, At, in the
mixture of the two interacting species (supplementary text S7.1). We
applied this procedure to examine a well-characterized antigen-
antibody interaction between human leukocyte antigen (HLA) isoform
A*03:01 (HLA A*03:01) and W6/32, a mouse-derived pan-HLA class
1-reactive monoclonal antibody (figs. S3 and S22, and supplementary
text S7.7) (44). Anti-HLA antibodies are important as clinical biomark-
ers for evaluation and monitoring of allograft rejection risks in cell
and organ transplantation (45). Binding of the labeled HLA antigen
(M =~ 49 kDa) to its antibody (M ~ 150 kDa) results in a 40% increase
in ¢,, relative to that of the free, labeled bait. Analyzing the ¢,, data to
determine the bound fraction, we obtained K, ~ 0.4 nM for this inter-
action, in excellent agreement with reported values of K3 ~ 0.4 nM
and K; ~ 0.7 nM (Fig. 6B and fig. S22) (21, 46). Furthermore, our
measurement displays sensitivity to the HLA antibody at concentra-
tions as low as < 100 pM, providing a general approach to detecting
antibodies in solution. The measurements also shows that ¢,, alone
can serve as an excellent quantitative measure of the fraction of fluo-
rescent bait in the bound state, and this approach is utilized again in
investigations involving direct detection of free insulin in solution,
described next (fig. S21).
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Fig. 5. Measuring association and dissociation rates and binding affinities in DNA hybridization. (A) lllustration of the experimental approach to determine the fractions
of free and bound molecules in a bimolecular binding reaction. A labeled 10-nt ssDNA oligo binds to an unlabeled 200-nt ssDNA fragment. Incubation with a high concentration
of 200-nt ssDNA shifts the free oligo timescale from t; ~ 10 ms to the fully-bound timescale t, ~ 35 ms. At intermediate concentrations, escape-time histograms obtained in
1-min-long measurements are fit with a biexponential holding t; and t, fixed to yield amplitudes of two exponentials reflecting the bound fractions m; and m,. E; denotes event
fractions that are distinct from fractional species abundances, m; (see supplementary text S7.1). (B) (Left) Measurements of m, after incubation of 0.02 to 1 nM of labeled oligo
with 200-nt ssDNA of increasing concentration are fit with eq. S29 to obtain the affinity, K, of the interaction. (Right) Measurements for a range of oligos of length n, =7 to

15 bases demonstrate Ky measurements in the range 107 M to 10~* M. (Bottom) Constructing P(At) histograms of the reaction mixture in real time after mixing provides a
measure of m, versus reaction time, t, which is fit with eq. S30 to obtain the effective on-rate constant k., . Equilibrated, fully bound mixtures of labeled oligo and 200-nt ssDNA
are mixed with an excess of unlabeled oligo and the decaying bound fraction, m,, measured as a function of time to yield the dissociation rate constant k using eq. S32. k.,
and k4 together determine the association rate constant, k,,, using eq. S31, from which K, can be determined independently using eq. S33. (C) Measurements of K, from both
equilibrium (circles) and kinetic (squares) approaches compare well with theoretically estimated and literature values (crosses) over a range of nearly seven orders of magnitude

(see supplementary text S7.5 for further discussion).

To explore the possibility of detecting a small, medically relevant pro-
tein analyte such as free insulin in a complex sample, we first examined
the use of a fluorescently labeled 31-base insulin-binding aptamer (IGA3)
that is expected to bind insulin in the folded G-quadruplex-containing
state (47) (Fig. 6C). Upon formation of the structured state, ETs directly
detects a 10% reduction in ¢,, for the aptamer (Fig. 6D and fig. S23). We
incubated 5 nM of singly labeled, folded aptamer with 100 pM unlabeled
insulin, which is well above the reported K, of the interaction (48, 49).
We noted a 15% increase in ¢,, for the folded aptamer, which may be
expected on the basis of the increase in mass of the complex alone.
Notably, we measured no change in £,, for the unfolded aptamer in the
presence of insulin, pointing to the apparent requirement of secondary
structure in the aptamer for insulin binding (47). Measuring ¢, for mix
tures containing variable concentrations of free, unlabeled insulin and
a fixed low concentration of labeled aptamer bait of 1 nM, we obtained
a K4~ 90 nM, which is in broad agreement with literature values (supple-
mentary text S7.8) (48, 49). This measurement demonstrates a straight-
forward, rapid and general approach to detecting the presence of a small,
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medically important analyte in solution. However, the relatively modest
affinity of the aptamer for insulin is a major limitation for direct insulin
sensing at physiologically and biochemically relevant concentrations.

We therefore set out to characterize a higher affinity interaction for
insulin by using a biologically relevant binding partner that is tuned
to respond to low-nM physiological concentrations of insulin. The
insulin receptor (IR) is a transmembrane receptor tyrosine kinase that
is activated by insulin binding to its extracellular ectodomain (ECD)
(50). We measured the binding affinity between a singly labeled insulin
molecule (M ~ 6 kDa; fig. S2) and the soluble IR-ECD (M =~ 280 kDa)
by ETs (supplementary text S7.9). The large disparity in timescales
between free and bound insulin facilitates a direct measurement of
bound fractions, using two fixed timescales in the ensemble fit (Fig.
6C and fig. S22). The highest affinity we measured for the interaction
was K, =~ 7nM, which is smaller than the previously reported K; ~ 30 nM
value measured for the same IR-ECD by nano-differential scanning fluo-
rimetry (50, 51) and closer to the sub-nM high-affinity binding of the
first ligand binding site of the full-length IR (52-54).
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Fig. 6. Measuring binding affinities in DNA-protein and protein-protein interactions. When disparities in escape times characterizing the bound and free states, t; and
t,, are larger than a factor of two, the method shown in Fig. 5A can be used to determine m, and therefore K values for the interaction of (A) the restriction enzyme EcoRI
(molecular weight ~28.5 kDa) with 250 pM of a labeled 24-bp DNA oligo (~15 kDa) carrying the restriction sequence, (D) the insulin receptor ectodomain (IR-ECD, 280 kDa)
with 2 nM of fluorescently labeled insulin (~6 kDa). When the shift in timescale upon binding is much smaller (~5 to 10%), we use the average escape time, t,, as an indicator
of m, (see fig. S21 and supplementary text S7 for more details). Using this method, we determine interaction affinities of (B) 100 pM of the fluorescently labeled HLA antigen
(~48 kDa) with the corresponding immunoglobulin G (IgG, ~150 kDa). (C) Folding of the insulin-binding 31-base IGA3 aptamer results in a 10% reduction of t,, that
subsequently systematically increases upon binding of increasing concentrations of insulin added to 5 nM of the aptamer. In all cases, the measured K values are in good

agreement with the literature.

Structural inferences on the “apo” and “liganded” states

of the IR-ECD

We then explored the general potential our platform for membrane
protein receptor-based immunoanalysis and diagnostic applications.
We used fluorescently labeled IR-ECD as bait to detect the much
smaller, unlabeled insulin molecule in solution. IR-ECD is expected to
bind up to four insulin molecules, entailing an increase in molecular
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weight of ~9% (AM =~ 25 kDa) and a modest concomitant increase of
ca. 3% in t, (or 1) (51).

To examine the conformational properties of the apo- and liganded
IR-ECD, we first carried out a structure and conformation analysis of
IR-ECD in the insulin-free and bound states by using ETs (as described
in Figs. 3 and 4). On the basis of structural data from cryo-EM, the
soluble ECD of the IR is expected to have an approximate spatial extent
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of 17 nm, a hydrodynamic radius of 7y = 6 nm, and can bind up to four
insulin molecules. Molecular structures obtained with x-ray crystal-
lography and cryo-EM indicate that upon insulin binding, the IR-ECD
undergoes a substantial conformational change from an “inverted-V”
apo-state to a fully liganded “T-state” including intermediate states with
a lower number of bound insulin molecules (51, 55), as also reported
for snail venom insulin-human IR-ECD interactions (56) (Fig. 7A).
However, the generation of crystal structures of IR-ECD in the apo
state has relied on internal conformational stabilization. Indeed, the
high degree of conformational flexibility of the apo state compared to
its liganded counterpart has hindered identification of a representative
3D structure for the ligand-free state using cryo-EM (57).

We performed £,, measurements on 1 nM labeled IR-ECD, both in
the absence and presence of insulin at a concentration of 100 nM, well
above the expected K, of the interaction (supplementary text S5.7). In
contrast to the molecular binding measurements discussed in the pre-
vious section, all of which entailed an increase in size of the complex
and therefore of ¢,, upon binding of the small, labeled ligand, here we
found that z,, values of the fluorescent complex decreased by about
7% to 21 + 0.1 ms compared to 22.5 + 0.3 ms for the ligand-free species
(Fig. 7A). Within our view of the underlying measurement principle,
a decrease in ¢,, that occurs despite an increase in mass upon binding
indicates a reduction in the overall spatial extent of the complex in
the bound state. This strongly suggests that the readout is in fact
dominated by conformational compaction of IR-ECD upon insulin
binding. However, the x-ray structure of the conformationally stabi-
lized apo state and the cryo-EM structure of the liganded state suggest
very similar ry and D, values, which would entail negligible differences
in £, in our experiment, contrary to the experimental observations
(Fig. 7A, top panel, and fig. S14,).

To quantitatively explore the implied conformational difference be-
tween the two states of the receptor in solution, we repeated ¢,, measure-
ments in slits of systematically smaller height in the range %, ~ 30 to 60 nm
(Fig. 7A, lower panel, and fig. S14:). Similarly to what we observed on
the DNA nanostructures, we noted progressively larger disparities in ¢,
between the “apo” and liganded states, increasing from ~5% in the deep-
est slits to > 20% in the shallowest (Fig. 7A). The plots in Fig. 7B graphi-
cally represent permissible values r; and D, for the two molecular states,
inferred from measurements at four different slit heights (fig. S14;). The
ry and D, values inferred from the intersection of lines representing a
pair of measurements corresponding to mean values of 2, = 38.7 nm and
62.6 nm show that the two states are well resolved, highlighting system-
atic differences ADg = Dy, — Dg o # 1.5 nm and Ary < 0.25 nm. The
uncertainty in determining the calibrated height #,, which can be as high
as ~3 to 4 nm in some cases, limits the level of accuracy on absolute
values of some of our present readouts of ry and D,, but this can be
improved upon in the future (Fig. 7C). Notwithstanding the current un-
certainties in determining absolute values of 7 and D, we note system-
atic measured differences between the apo and liganded states that are
relatively robust to uncertainties in &, (Fig. 7D). Furthermore, the analysis
readily admits solutions for ry and D, that agree reasonably with the
corresponding values characterizing the cryo-EM structure of the ligand
saturated state [Protein Data Bank (PDB) code: 6SOF] for values of &,
within the calibration error (Fig. 7, C and D, black symbol).

Taken together, our results indicate that the liganded state may
indeed be more compact than the ligand-free “apo” state. Although
the absence of a 3D structure of the apo state in solution precludes a
quantitative assessment of our molecular property readouts against
an independent structural model, our measurements do point to an
apo state characterized by greater flexibility than the liganded state
(Fig. 7C, right panels). Thus, in contrast to the binding of the aptamer
bait to insulin, the smaller ¢,, value of the IR-ECD bait in the presence
of insulin appears to be a direct consequence of conformational com-
paction as the IR-ECD transitions from the insulin-free apo state to
the insulin-bound liganded state. This conformational compaction is
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large enough to offset the effect of a modest increase in mass (up to
~25 kDa) that occurs upon binding of up to four insulin molecules. The
relative insensitivity of the hydrodynamic radius 7 of IR-ECD to the
presence or absence of insulin is in broad agreement with diffusion
measurements on the same samples using FCS, as well as with com-
putational estimates based on the molecular 3D structures of the sta-
bilized apo and liganded states (Fig. 7C, fig. S14, and table S4). Thus,
the overall measured response is dominated by the conformational
change in the receptor induced by ligand binding, as reflected in the
reduced diameter of the molecular bounding sphere, D, (Fig. 7, C and D).

Affinity-based detection of free insulin in serum

Lastly, Fig. 7E demonstrates a route to exploiting conformation changes
in a receptor protein to detect analytes near physiologically relevant
concentrations in complex samples. We first incubated 80 pM labeled
IR-ECD with a range of insulin concentrations in PBS buffer for 1 hour
at room temperature. Imaging the chip for about 5 min per incubated
sample, we noted a gradual reduction in ¢,, with increasing insulin con-
centration, with the maximum and minimum timescales corresponding
to those expected for the apo (22.5 ms) and liganded states (21 ms) in a
slit of 2; ~ 40 nm. Assuming that ¢,, is proportional to the amount of
IR-ECD in the liganded state, we obtain K = 2 to 12 nM, which is in good
agreement with the literature (50-54).

We then titrated insulin into simulated serum containing ~100 pM
of labeled IR-ECD, incubated the samples for 30 min at room tempera-
ture, and assessed the binding, as indicated by ¢, (fig. S24: and supple-
mentary text S7.10). We found K values around 2 to 4 nM, supporting
detection of free insulin at 21 nM in serum, which lies at the higher
end of the typical physiological range (<1 nM). Similar measurements
in a sample of true human serum, however, revealed a substantial
conformation change with small amounts of added insulin, indicating
an estimated K4 ~ 100 pM and demonstrating that the readout prin-
ciple is not affected by the complex background of human serum (fig.
S24 and supplementary text S7.10). Genetically modified and confor-
mationally stabilized variants of IR-ECD are known to offer much
higher affinities of K; ~ 80 pM, comparable with the full-length IR
(57, 58). Given an affinity reagent with K; <100 pM, our ability to quan-
titatively measure ¢,, at femtomolar concentrations offers the subpico-
molar detection sensitivity required for highly quantitative, rapid, and
sensitive detection of analytes in ultrasmall volumes of serum or plasma
in the picomolar regime (Figs. 5B, 6B, and fig. S5). The same detection
principle may be applied to a host of diagnostic biomarkers, including
small-molecule hormones and metabolites, and such detection assays
may be run in a highly parallel spectrally multiplexed fashion.

Rather often, e.g., when metal ions or small molecules bind to proteins,
molecular weight shifts can be miniscule compared with changes in
shape and conformational properties (59). Posttranslational modifica-
tions such as phosphorylation, glycosylations, or DNA methylation may
also be detected on the basis of changes in mass and/or conformation.
ETs presents a versatile chip-based measurement platform that meets a
variety of molecular analytical goals through highly conformation-
sensitive detection under native conditions in solution. The same plat-
form operated in “charge mode” enables state, structure, and chemical
discrimination based on molecular effective charge as previously de-
scribed (3, 18, 19, 23). Although the spectral and photophysical properties
of labels may be further leveraged to foster optical multidimensionality
in the measurement (60-62), detection based on scattered light will sup-
port label-free measurements, potentially enabling simultaneous mo-
lecular weight inferences (7).

In fluorescence detection, the labeled species present at trace con-
centrations can act as a reporter of molecular or complex state in the
presence of high background concentrations (mM) of unlabeled, inter-
acting matter of any mass, identity, and compositional complexity. Thus,
ETs may be well suited to the detection of multisubunit fragile macro-
molecular assemblies that form on account of weak interactions and
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Fig. 7. Detection and structural modeling of conformational changes of the insulin receptor ectodomain (IR-ECD) upon insulin binding. (A) Upon incubation with 100 nM
insulin, well above the expected K 4 of the interaction reported in Fig. 6B, the fluorescently labeled IR-ECD displays a reduction in average escape timet,, from22.5+ 0.3 msto 21 +

0.1 ms in a device where h; =~ 40 nm, used for K, measurements in (E). Examining the ligand-free “apo” and the liganded states of the IR-ECD in slits of height ranging from h; ~ 60 to

30 nm reveals progressively increasing fitted t. values for both states, as well as a systematically increasing ratio of the two timescales, clearly indicating differences in 3D conforma-
tion between the two states (plots a to d). (B) Graphical presentation of Eq. 1 for the liganded state (left) and “apo” state (right), using fitted t . values in slits with quoted h; values
determined by calibration (fig. S14). Lines represent (D, ry ) solutions expected for h; corresponding to the mean value obtained from device calibration (see fig. S14). Shaded grey
bands denote uncertainties given by the precision of the t.. measurement. Similar to what is shown in Fig. 3, the intersection of any two bands gives the range of allowed values of

(DS, ry ), characterizing the molecular state. (C) (Left) Three possible sets of solutions describing the “apo” and liganded states obtained by assuming h; values that vary within 1 SD of
the mean values measured for devices represented in (A), plots a and c. The true uncertainty in slit height (<~1 nm) is expected to be much smaller than that obtained by the calibration
procedure (3). Although absolute values for Dg and ry,are not determined with high accuracy at present, the difference between the two states is systematic and points to an increase

of ADy~ 1.5 nm and Ary; ~ 0.25 nm for the “apo” state compared with the liganded case. (Right) Conceptual view of the inferred conformational difference between the “apo” state
(PDB code: 42XB) and the cryo-EM ligand saturated state (PDB code: 6SOF) as inferred from ETs measurements. (D) Plots of D s, versus Dy i, and of ry s, Versusry i, for several
different pairs of h; values lying within the range inferred from calibration for the (a, c) device geometry pair represented in (A) and (B). The plots confirm a systematic compaction in
overall extent of the liganded state compared with the ligand-free “apo” state (fig. S14). (E) Affinity measurement for the binding of the IR-ECD to insulin. The bound fraction is inferred
from the reduction in average timescale t,,, of labeled IR-ECD due to the conformational change upon insulin binding, as shown in (A) (see Fig. 6, fig. S24, and supplementary text S710
for details). Measurements in both PBS (black circles) and in simulated human serum (brown crosses) give similar K, values that are consistent with the literature.

are challenging to detect with other methods (63). Rapid solution-phase
direct sensing of complex formation may also benefit investigations of
long-standing problems, such as pathological protein aggregation (64).

Lastly, the ability to map measurements of conformation onto mo-
lecular 3D structure-based computed quantities suggests that the ETs
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rare states.

readout could aid machine learning approaches to molecular struc-
tural modeling, validation, and inference, contributing to tackling
frontier problems in structural studies, e.g., the conformation of dis-
ordered proteins and RNA, including the ability to characterize
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Materials and methods

Commercially obtained samples

Recombinant human insulin (INS, 91077C) was obtained from SAFC
Biosciences, Andover, UK. Ubiquitin from bovine erythrocytes (Ub,
U6253), Thioredoxin from Escherichia coli (TRX, T0910), Ribonuclease
A from bovine pancreas (RNase A, R6513), Myoglobin from equine
heart (MB, M1882), p-Lactoglobulin A from bovine milk (LGB, L7880),
Carbonic anhydrase (CA, C7025), human apo-Transferrin (TF, T2036)
and Apoferritin (FER, A3660) were all from Sigma-Aldrich, Gillingham,
UK. Human insulin detector antibody (IgG, ab253508) was purchased
from Abcam, Cambridge, UK. HLA-ABC monoclonal antibody W6/32
(IgG, 16-9983-85) and Human EGF Recombinant Protein (PHG0314:)
were from Thermo Fisher Scientific. HLA-A*03:01 RLRAEAQVK was
provided by the NIH Tetramer Core Facility at Emory University, Georgia,
USA. EcoRI (R0101M) was obtained from New England Biolabs. Nucleic
Acid samples were mostly obtained from Integrated DNA Technologies
Inc., Coralville, IA, with sequences shown in table S1. With the exception
of the SAM-IV riboswitch sample, and reference DNA sample - synthesis
of these is outlined in the following sections. All fluorescent dyes were
obtained as lyophilized powder from ATTO-TEC GmbH, Siegen, Germany.
The disordered proteins Starmaker-like (Stm-1), prothymosin o (ProTa),
were obtained as described in (3). A 13-mer proline-rich polypeptide
was obtained by custom synthesis from Bio-Synthesis Inc., respectively.
Details of the sequences of these proteins can be found in table S2.
Samples were generally prepared using UltraPure DI water (Invitrogen)
and PBS (pH 7.4, Gibco). Samples, except for antibodies were aliquoted,
flash-frozen and stored at either —20 or —80°C as per manufacturer’s
instructions.

Protein-labeling procedure

To protein stock solutions in DI water or PBS (pH 7.4), 1 M NaHCO3
(Sigma-Aldrich) was added to a final concentration of 0.1 M in order
to adjust the pH to 7.5 to 8.3. After addition of a molar excess of
ATTO532 NHS-ester in DMSO or DI water, the reaction was incubated
for 1 hour at room temperature, protected from light. Unreacted dye
was removed by buffer exchanging twice into PBS (pH 7.4) using Zeba
micro spin desalting columns with 7 K or 40 K MWCO (Thermo Fisher
Scientific) following the manufacturer’s instructions. Labeled insulin
and dye were separated into PBS using size exclusion chromatography
on a Superdex 75 10/300 GL column (Cytiva) on an AKTA pure protein
purification system (Cytiva). Post-labeling concentrations and degree-
of-labeling (DOL) were calculated from absorbance measurements at
280 and 532 nm on a Nanodrop spectrophotometer (Thermo Fisher
Scientific), and are presented in table S3.

Electrospray mass spectrometry (ESI-TOF)

Reverse-phase chromatography on an Agilent 1100 HPLC system
(Agilent Technologies, Palo Alto, CA, USA) was coupled in-line to a
1969 MSD-ToF electrospray ionization orthogonal time-of-flight mass
spectrometer (Agilent Technologies Inc, Palo Alto, CA, USA). Samples
were diluted to a concentration of 0.02 mg/ml (for insulin) or 10 pM (for
ATTO532 dyes) in 0.1% formic acid. 50 pl were injected on to a 2.1 mm
by 12.5 mm ZORBAX 5-pm 300SB-C3 guard column. The column oven
was maintained at 40°C. Ultra-high purity water (Optima, LC-MS
grade, Fisher Chemical) with 0.1% formic acid (Optima, LC/MS grade,
Fisher Chemical) (solvent A) and methanol (Optima, LC/MS grade,
Fisher Chemical) with 0.1% formic acid (solvent B) were used as mobile
phases. Chromatography was started at 90% A and 10% B for 15 s,
followed by a two-stage linear gradient from 10% B to 80% B over 45 s
and from 80% B to 95% B over 3 s. Elution was performed isocrati-
cally at 95% B for 1 min 12 s followed by equilibration at 90% A and 10% B
over 45 s. The flow rate was set to 1.0 ml/min. For mass spectrometry
the instrument was configured with the standard ESI source and oper-
ated in positive ion mode. The capillary voltage was set to 4000 V and
the nebulizer pressure to 60 psi. The source temperature was kept at
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350°C with a drying gas flow rate of 12 liters/min. The ion optic volt-
ages were: fragmentor 250 V, skimmer 60 V and octopole RF 250 V.
Data analysis was performed using Agilent MassHunter Qualitative
Analysis B.07.00 software (Agilent Technologies, Palo Alto, CA, USA),
see figs. S1 and S2.

Native mass spectrometry method

HLA was desalted and buffer exchanged twice into 250 mM ammonium
acetate using Zeba micro spin desalting columns with 7 K MWCO fol-
lowing the manufacturer’s instructions and diluted to 10 pM. Spectra were
acquired on a Q Exactive UHMR Orbitrap mass spectrometer (Thermo
Fisher Scientific) with in-house prepared gold-plated capillaries using
the following parameters: capillary voltage of 1.3 kV, capillary tempera-
ture of 100°C, in-source trapping of —10 V and HCD energy 1. Spectra
were averaged and deconvolved using UniDec software (65), see fig. S3.

DNA nanostructure synthesis

Two DNA nanostructures were synthesized as described in (23). The
“square tile” consists of four terminally tethered 30-bp dsDNA helices,
and the “bundle” consists of two 60 dsDNA helices tethered at two
points along the length of the helix. Both structures consist of 240 nt,
and are labeled with a single ATTO532 dye.

SAM-1V riboswitch and reference DNA synthesis

ssRNA and DNA sequences, both 119 nt in length, were synthesized
(sequence information in table S1) on an Applied Biosystems 394 auto-
mated DNA/RNA synthesizer using a standard phosphoramidite cycle
of detritylation, coupling, capping, and oxidation on a 0.2 pmol scale.
For DNA, TCA (3% in dichloromethane), 1H-tetrazole (0.45 M in aceto-
nitrile), Cap A (10% acetic anhydride, 10% lutidine and 80% tetrahydro-
furan) / Cap B (16% N-methylimidazole in tetrahydrofuran) and iodine
(0.02 M in tetrahydrofuran, pyridine and water) were used. Pre-packed
nucleoside SynBaseTM CPG 3000/110 (Link Technologies) resins were
used and p-cyanoethyl protected phosphoramidites (dA-bz, dG-ib, dC-bz
and dT where bz = benzoyl and ib = iso-butyryl, Sigma-Aldrich) were
dissolved in anhydrous acetonitrile (0.1 M) immediately prior to use.
The coupling time for dA, dC, dG and dT monomers was 45 s, and 600 s
for the 5’-amino modifier phosphoramidite monomer. Stepwise coupling
efficiencies were determined by automated trityl cation conductivity
monitoring and were >98% in all cases.

For RNA, 2’-O-TC protected RNA phosphoramidites (A-bz, C-ac, G-ib,
U, Sigma-Aldrich) monomers were used. Monomers were dissolved in
anhydrous toluene: acetonitrile (1:1v/v) (0.1 M) immediately prior to use.
Capping and oxidation reagents were identical to those used in DNA
synthesis while ethylthiotetrazole (ETT) (0.25 M in acetonitrile, Link
Technologies) was used as a coupling reagent. The coupling time for all
monomers during RNA synthesis was 3 min. Stepwise coupling efficien-
cies were determined by automated trityl cation conductivity monitoring
and in all cases were >97%.

Selective $-cyanoethyl removal: RNA and DNA bearing the 5'-primary
amines were treated on-column with diethylamine (20% in anhy-
drous acetonitrile) for 20 min at room temperature. The resin was
then washed with acetonitrile (3 x 1 ml) and dried with argon.

DNA deprotection: DNA was cleaved from solid support and deprot-
ected by exposure to a concentrated solution of aqueous ammonia in
a sealed vial for 5 hours at 55°C. After drying in vacuo, oligonucle-
otides were dissolved in water and subject to further purification.

RNA deprotection (2'-0-TC): The solid support was exposed to dry eth-
ylenediamine: toluene (1:1 v/v) for 6 hours at room temperature,
washed with toluene (3 x 1 ml) then acetonitrile (3 x 1 ml), and dried
using argon. The cleaved RNA was eluted with water and purified us-
ing RP-HPLC.
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RP-HPLC purification: DNA and RNA and were purified using an Agilent
system with Kinetex C18 column (10 mm by 250 mm, pore size 100 A,
particle size 5 pm), a gradient of buffer A (0.1 M TEAA, pH 7.5) to buffer
B (0.1 M TEAA, pH 7.5 50% v/v acetonitrile), and flow rate of 5 ml/min.
A gradient of 0 to 50% buffer B over 28 min at 55°C was used in all
cases. After HPLC, Amicon Ultra-4 0.5-ml centrifugal filters (Merck, cat.
no. UFC5x) were used to desalt and concentrate oligonucleotide samples.

Postsynthetic oligonucleotide modification: Freeze-dried oligonucleotide
(20 nmol) was dissolved in NaHCO3 buffer (0.5 M, pH 8.5, 30 pl) and mixed
with ATTO NHS ester (200 nmol, 20 pl) dissolved in DMSO. The reaction
was then left for 4 hours at 25°C with 750 rpm shaking. After dilution
with water, the samples were desalted using NAP-10 Columns (Cytivia,
cat. no. 17085402) according to the manufacturer’s instructions. RNA or
DNA oligonucleotides were purified using HPLC as described above.

Oligonucleotide mass spectrometry: All DNA and RNA were character-
ized by negative-mode electrospray using a UPLC-MS Waters XEVO G2-
QTOF mass spectrometer and an Acquity UPLC system with a BEH C18
1.7-pm column (Waters). A gradient of methanol in triethylamine (TEA)
and hexafluoroisopropanol (HFIP) was used [buffer A, 8.6 mM TEA,
200 mM HFIP in 5% methanol/water (v/v); buffer B, 20% v/v buffer A in
methanol]. Buffer B was increased from 0 to 70% over 7.5 min or 15 to 30%
over 12.5 min for normal oligonucleotides and 50 to 100% over 7.5 min
for hydrophobic oligonucleotides. The flow rate was set to 0.2 ml/min.
Raw data were processed and deconvoluted using the deconvolution
software MassLynx v4.1 and Unidec (65); see fig. S4.

IR-ECD purification and labeling

The IR-ECD was purified as previously described by Gutmann et al.
(51). For labeling fivefold molar excess of Alexa Fluor 532 NHS ester
(A20001, Thermo Fisher Scientific) was used. The reaction was per-
formed on ice for 1 hour and was quenched with a fivefold molar excess
of buffered ethanolamine over Alexa Fluor 532 NHS. The labeled pro-
tein was separated from free dye on a Superdex 200 Increase 10/300
GL column equilibrated with 25 mM Hepes, 150 mM NaCl, pH 7.4. The
protein was aliquoted and snap-frozen with liquid nitrogen.

ETs experimental procedure

Fluorescence microscopy: Microfluidic devices were fabricated using pre-
viously described procedures (7, 24), with the exception that in this study,
all silicon dioxide etches were performed using reactive ion etching, and
the silicon and glass substrates were thermally rather than anodically
bonded. 10 to 100 pl of sample is loaded into one pair of loading reservoirs,
while the other pair of reservoirs are sealed and connected to a vacuum
pump (fig. S5). The pressure drop across the length of the channels loads
the molecules into the trapping area under steady Poiseuille flow. Movies
of fluorescent molecules diffusing through the trapping nanostructures
are recorded either with the pressure drop applied (under flow), or without,
depending on the modality of experiment. Movies are recorded for 1to 10 min
using an epi-fluorescent widefield fluorescent microscope at a frame rate
of 100 Hz, generally, with an exposure time of 5 ms. A detailed description of
the setup can be found in previous work (3). Briefly, for the measurements
reported in this study, a 3 W, 532-nm DPSS laser (Del Mar Photonics) is
used to illuminate a ~150 pm by 150 pm region of the device through a
water-immersion objective (UPlanSApo 60x W, 1.2 NA, Olympus). The emis-
sion is filtered with a 532-nm cut-off dichroic and long-pass filters (Chroma),
and imaged on an sCMOS camera (Kinetix, Photometrix).

Data analysis to determine the escape time of a molecular species:
Recorded movies of molecules in the trap landscape are analyzed as
described in previous work (3). Durations of residence times, A¢, of mol-
ecules in traps are extracted from intensity versus time traces, recorded for
each trap locus. At present, a I-min movie typically yields ~10* escape
events. The average escape time is the mean of the all the residence
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times collected, ¢,, = 1%] Y At, for a total number of residence times,
N. The uncertainty on determining ¢,, in such a measurement is given
by the standard error of all recorded residence times, fave = ﬁ . When
fits of the data are performed, a histogram of residence times is fitted with
a decaying single exponential function, P¢(At) with & =1 as shown in
Eq. 2, e.g., to determine a fitted escape time, ¢, = ¢;. Here, & is the num-
ber of components, E; is the amplitude of the component with escape
timescale, ¢;, and c is a constant value capturing an experimental offset.

k
E; _a
Py(At) = 2<t—fe ”i>+c

=1 \ U

2

The fit error on ¢, captures the SEM and, in general, corresponds
well to ¢

ave 4 €xpected.
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