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ABSTRACT: Label-free detection of single biomolecules in solution
has been achieved using a variety of experimental approaches over the
past decade. Yet, our understanding of the magnitude of the optical
contrast and its relationship with the underlying atomic structure as
well as the achievable measurement sensitivity and precision remain
poorly defined. Here, we use a Fourier optics approach combined
with an atomic structure-based molecular polarizability model to
simulate mass photometry experiments from first principles. We find
excellent agreement between several key experimentally determined
parameters such as optical contrast-to-mass conversion, achievable
mass accuracy, and molecular shape and orientation dependence. This
allows us to determine detection sensitivity and measurement
precision mostly independent of the optical detection approach
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chosen, resulting in a general framework for light-based single-molecule detection and quantification.
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1. INTRODUCTION

Recent developments in ultrasensitive light microscopy”” have
enabled the quantification of biomolecular mass, charge, and
size at the single-molecule level and in solution.” " In mass
photometry (MP), light scattered from a protein when it binds
to or moves along a glass coverslip in solution is detected
together with partially reflected light from the glass—water
interface (Figure la). MP has demonstrated both high mass
accuracy and precision on the order of a few percent of the
object mass, enabled by high-measurement precision at the
single-molecule level.’ This has been achieved through
selective attenuation of the reflected light using a mask in
the back-focal-plane (BFP) of the optical system,” coupled
with averaging of detected photoelectrons by the imaging
camera and post-processing of the raw images, enabling the
detection and resolution of oligomeric states and protein
complexes.'” As a result, MP can be used to quantify
interaction affinities and kinetics,"' molecular organization,12
and for studies of biomolecular dynamics."

The molecular mass, m, for unknown samples is inferred
from the optical contrast of the molecule under investigation
and an empirical scaling between the contrast and a species of
known molecular mass. This relationship can be approximated
by estimating the excess polarizability a using the refractive
index of proteins n, and assuming a spherical shape.'” In fact, a
number of approaches have been reported recently to calculate
the optical signal in interferometric scattering microscopy,
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which can be combined with such simplified models of
biomolecules to predict images and expected optical
contrast.'>° Nevertheless, all models to date did not consider
the atomic nature of biomolecules, making any attempts to
compare experimental and theoretical results largely qualitative
and unable to predict effects of molecular shape or orientation,
for example. Given that the refractive index of a single protein
is poorly defined, we thus lack a molecular-level description of
light-based mass measurement and what properties define the
limits and opportunities in measurement sensitivity, precision,
and accuracy.

We thus set out to develop an approach capable of
simulating images of individual proteins on a microscope
cover glass in an MP instrument coupled with an explicit
atomic description of molecular polarizability and thereby
explore key aspects such as (1) to which degree optical
contrasts reported to date experimentally match those
predicted by theory. (2) How the measured signal depends
on the molecular shape and orientation, thereby informing on
the ultimately achievable mass accuracy and resolution. (3)
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Figure 1. Fundamentals of image formation in a contrast-enhanced back reflection geometry. (a) Schematic of the simulated, widefield, MP setup,
including an attenuation mask in the BFP of the objective lens, which selectively reduces light reflected from the glass coverslip. (b,c) Simulated
ratiometric contrast for a single 24-mer of the small heat shock protein Hsp16.5 (m = 396 kDa) at an atomically flat glass—water interface. (d)
Relative SNR when varying the refractive indices of the substrate and buffer medium. The diagonal indicates refractive index matching, where no
reference field is available due to a lack of reflection. (e) Simulated phase retardation map at 4 = 445 nm arising from nanoscopic roughness of glass
coverslips on the order of ~2 nm height variations over ~100 nm (lateral) length scales. (f) Resulting speckle-like image using a 0.1% transmission
mask, normalized to the expected reflectivity from a flat glass—water interface (see Section S6). Scalebars = 0.5 ym.

The current and likely future limits on measurement sensitivity a given transmission strength lzl* (1%; unless otherwise
and resolution for light-based single-molecule characterization stated), motivated by experimental parameters.” The scattering
for MP and beyond. coeflicient s scales with the polarizability a of the protein,
which in the Rayleigh regime'* can be approximated to be
2. RESULTS proportional to the particle volume
Our model simulates an experimental setup based on plane w2 _p 2
wave illumination, a (simplified) single lens high numerical sxaqox Ve T
aperture (NA) objective for light delivery and collection that is n; + 2~nm2 (4)
refractive index matched to the sample interface (here, glass; o ] ) ) )
ny), and a protein embedded in a medium of refractive index Note tha.t our description of image formation mam.ly dlf.fers
ny, (e.g, water). A spatial mask is used to selectively attenuate from experimental MP setups through non-scanned illumina-
light reflected from the coverslip substrate, which increases the tion, which is experimentally used to allow for widefield
optical contrast, simplifies the accurate determination of the illurpination without being limited by speckle-artifac_ts and to
focal position for maximum contrast, and allows for higher min1rpize3 the spatial extent of the molecular p91nt-spread
illumination power, given limited camera full well capacities functlon.. Futher details on the employed th.eoret1cal .model,
(Figure 1a)."" We mathematically model the influence of the such as including the near-field effects of protein scattering at a
imaging system as the following convolution operation, defined refractive index interface, high NA focusing effects, and phase
oo N . aberrations due to imaging into a layer of different refractive
as f(x) ® g(x) = f_oo dx’ f(x )_)g(x — &), with an amplitude index (buffer vs glass) are given in Sections 4.1 and S1—S8.
point-spread-function (APSF)'” h We begin our numerical investigation with Hsp16.5, a highly
- - > symmetric small heat shock protein, which forms spherical 24-
I=I[E + E,] ® hP? 1) mers of m = 396 kDa adsorbed on a glass substrate covered by

water to enable direct comparison with early experiments.” In a
first iteration, we approximated the protein as a sphere of
radius 5.6 nm and refractive index n, = 1.480."” The substrate

yielding the detectable intensity I, with Eref and Em being the
reflected and scattered electric fields, respectively. These are

directly linked to the illumination Ey, through refractive index was chosen to be n, = 1.515 as typical for the
B B borosilicate microscope cover glass used in MP'® but assumed

ref & 1" Eilly () ; imolici ; imi
to be atomically flat for simplicity. Experimentally, the limited
B B full well capacity of CMOS imaging sensors requires both
sea O Fys7tyr By 3) spatial and temporal summing of detected photoelectrons to
where r and t are the Fresnel coefficients for reflection and reduce shot noise-induced background fluctuations and

thereby optimize the attainable signal-to-noise ratio (SNR),
taken as the ratio between the maximum signal amplitude
introduced by the protein and the unknown background
variations. In our simulations, we can take advantage of, in

. .18 . . =
transmission, ~ and the subscripts indicate transmission of E;,

from glass — water (t;) or that of the scattered field Esca from
water — glass (t,). Note that the influence of the attenuation

mask is realized by propagating both, Eref and Em; into the principle, unlimited full well capacities of the (virtual) camera
BFP of the objective lens, where they are being multiplied by a pixels, which simplifies the image generation. The original
circular mask (corresponding to an effective NA, of 0.58) with experiments on Hspl6.5 used 2 X 2 spatial binning,
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Figure 2. Simulation of protein landing events and resulting mass distributions as a function of mask strength. (a) Two consecutive sets of n

avg

frames are averaged before computing the ratiometric image, revealing individual proteins landing at different positions as a function of time (scale
bars: 1 um). (b) Mass histograms for four oligomeric states of a protein simulated as spheres of radius 3.8 nm and refractive index 1.46
(representing BSA) using different mask strengths and local reflectivity correction.” In all cases, the power incident on the detector was kept
constant. (c) Standard deviation of the fitted distributions (top) and ratiometric contrast (bottom) as a function of protein mass.

corresponding to 60 nm/pixel at the reported magniﬁcation,9
followed by summing photoelectrons from 100 subsequent
images, leading to a total of 10” detected photoelectrons per
spatio-temporally binned camera pixel.

The quantity typically used to report the optical contrast in
MP is that of the ratiometric contrast C

(s)

which is the relative difference between the measured intensity
with (Ig,) and without () the scatterer.” At the
experimental illumination wavelength of 4 = 445 nm, the
simulated (here, without shot noise; details on simulation
parameters are given in Section 4.2) ratiometric contrast of C
~ 0.62% is close to the experimental result of 0.6%, as is the
appearance of Airy rings arising from plane wave illumination
(Figure 1b). Note that the maximum contrast does not
coincide with the nominal focus position (Figure 1c), instead
requiring a displacement of the sample by ~190 nm along the
optical axis to optimize the phase difference between scattered
and reflected light by tuning the Gouy phase.”” Small particles
further away from the plane being imaged are typically not
detectable in MP due to their weak scattering and rapid
diffusion compared to the camera exposure time, yielding an
even smaller signal per pixel as it is distributed over a larger
spatial area once it has reached the image plane. Our simulated
results suggest that our model produces image contrasts in
good agreement with experiments, where the contrast is
optimized by maximizing the (spatial) standard deviation of
the glass roughness. At the same time, this agreement is to be
taken with care, given the rather arbitrary definition of particle
radius and refractive index.

To explore the dependence of the image contrast on the
refractive index of both the medium and the substrate, which
in principle are tuneable away from that of water (n,, = 1.333)
and borosilicate glass (ng = 1.515), we varied both parameters
and evaluated the achievable SNR for a constant power density
incident on the sample. While increasing both refractive
indices for a fixed refractive index of the protein (11p = 1.46),
which we assume to be non-tuneable, leads to a modest
increase in the achievable SNR (Figure 1d). Nevertheless,
these considerations may be of interest for measurements in

environments of different refractive indexes to water, such as
those containing glycerol or sucrose, even though such
refractive index tuning is unlikely to have a dramatic impact
on the ultimate performance of light-based single-molecule
detection and mass measurement.

MP requires the removal of a static background image,
which is the main reason for generating ratiometric
images."””" This background resembles a speckle pattern
generally attributed to nanoscale roughness of a microscope
cover glass. Indeed, a recent report successfully correlated
nanoscale roughness measured by atomic force microscopy
with the corresponding image contrast.”> Using the reported
surface roughness parameters in terms of lateral (~100 nm)
and vertical (~2 nm) dimensions, we simulated the resulting
phase retardation y of the reflected field, through

| = [Eg€” + B ® hP (6)

Note that y describes an effective phase change, which also
accounts for the phase delay of the electric field that transmits
through the glass—water interface and eventually leads to
protein scattering. To obtain the speckle-like appearance in our
simulation, we create a spatial array of randomly chosen
numbers drawn from a uniform distribution U|_, y;, which is
then spatially low-pass filtered to yield a near diffraction-
limited speckle pattern. Overall, this yields a surface height
map Ah (varying between +0.8 nm),”” which can be converted
into the relevant phase distortion (Figure le) via

2n
V= YA )

Including this phase variation in our model predicts an
image contrast in agreement with experimental results (Figure
1f),” effectively resulting in a locally varying reflection
coefficient r.

Given that we can now produce raw images of both
microscope cover glass and of single proteins with appropriate
optical contrasts and spatial patterns, we can simulate a
standard MP experiment (a general description of the typical
experimental routine and materials is given in Sections 4.3 and
4.4). Here, a cleaned glass coverslip is usually covered by a
dilute solution of biomolecules of interest, which bind non-
specifically to the glass surface over time. These binding events
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Figure 3. Dependence of mass measurement on biomolecular shape and illumination polarization. (a) Experimentally observed mass distributions
for dsDNA illuminated with circularly (top) and linearly (bottom) polarized light. (b) Modeling the shape and orientation of a protein, here the
dimer of BSA (PDB ID 3V03), by computing the corresponding polarizability tensor. (c) Mass histograms for a simulated landing assay where all
BSA monomers (or dimers) land with the same (fixed) orientation (6, = 56°; 8, = 149°), or with random orientations, while being illuminated with
linearly polarized light. (d) Relative change of the ratiometric contrast for the BSA dimer for different orientations (changing 0, and 0,) relative to
the incident polarization. (e) Same simulation as in (c), except for circularly polarized illumination. (f) Kernel density estimation (Gaussian;
bandwidth = 2 kDa) of experimentally measured distributions of partially (SUMO-SRSF1; 4 repeats) and fully disordered (Starmaker; 4 repeats)
proteins. The vertical dashed lines represent the mass inferred from the measurement (colored) and the expected mass (gray).

are best visualized by averaging a series of camera frames of the
glass surface and computing the relative difference between
consecutive sets as a function of time® (see Section 4.5). In this
way, individual molecules are revealed, even though their
contrast is much smaller than that generated by the glass
roughness (Figure 2a).

Aside from detection sensitivity, the key performance
parameter that determines the utility of MP is the achievable
mass resolution, which originates in the measurement precision
achievable on a molecule-by-molecule basis. Using illumination
power (1% mask: 0.025 MW cm™% 0.1% mask: 0.25 MW
cm™?), wavelength (445 nm), and 107 detected photoelectrons
per pixel (Section 4.2), subsequent to temporal and spatial
binning, we find peak widths similar to optimal experimental
results on the order of ¢ = 8—9 kDa (Figure 2b, top). Using a
mask with lower transmission in combination with higher
illumination power leads to reduced peak widths at low mass
but a broadening as mass increases. This is caused by the
influence of the glass roughness on the ratiometric contrast,
which now not only depends on the scattering coefficient s but
also on the locally varying reflectivity r of the glass—water
interface (neglecting the purely scattering term)

o,
C 2 o0se ®)

with cos @ describing the phase difference between E. and
E

<o at the detector plane. The glass roughness now results in

the ratiometric contrast being dependent on where a particle

lands on the glass coverslip. In the simulation, this broadening
can be minimized by performing a correction step (based on

ref 23) by multiplication with [lpg, as this removes the

dependence on r

C=C" [lug = 2:[d-cose|Ey, 9)

Note that applying eq 9 does retain most (~99%) of the
overall landing events, while maintaining their respective
landing coordinates (~91% matching in x, y, and frame
number; see Section S17).

Applying this correction results in ¢ < § kDa peak widths but
requires a homogeneous illumination field that is non-trivial to
achieve in practice and the correction neglects an (unknown)
phase contribution from the glass coverslip, which, in principle,
results in residual broadening (see Section S6). In all cases, we
observe behavior that agrees with expectations based on the
selective reduction of reflected light by the transmission mask.
A ten-fold reduction in reflected light is expected to increase
the optical contrast by 10"/, which would result in a 3.2-fold
reduction in peak width (assuming a constant photon flux
reaching the detector), comparable to our results (Figure 2c,
top). Similarly, the concomitant increase in the contrast-to-
mass conversion factor is also confirmed by our simulations
(Figure 2c, bottom). These results validate the potentially high
mass accuracy of MP, while assuming a perfectly spherical
scatterer.
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