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Light scattering by nanoscale objects is afundamental physical property
defined by their scattering cross-section and thus polarizability. Over the
past decade, anumber of studies have demonstrated single-molecule

sensitivity by imaging the interference between scattering from the

object of interest and areference field. This approach has enabled mass
measurement of single biomolecules in solution owing to the linear
scaling of image contrast with molecular polarizability. Nevertheless,
allimplementations so far are based on acommon-pathinterferometer
and cannot separate and independently tune the reference and scattered
light fields, thereby prohibiting access to the rich toolbox available to
holographicimaging. Here we demonstrate comparable sensitivity using a
non-common-path geometry based on a dark-field scattering microscope,
similar to aMach-Zehnder interferometer. We separate the scattering

and reference light into four parallel, inherently phase-stable detection
channels, delivering a five orders of magnitude boost in sensitivity in terms
of scattering cross-section over state-of-the-art holographic methods.

We demonstrate the detection, resolution and mass measurement of
single proteins with mass below 100 kDa. Separate amplitude and phase
measurements also yield directinformation on sample identity

and experimental determination of the polarizability of single

biomolecules.

A core challenge of optical microscopy isto generate detectable image
contrast arising from micro- or nanoscopic objects and features. One of
the most powerful methodsin this regard relies on the phase-contrast
conceptoriginallyintroduced by Zernike, which paved the way towards
highly sensitive imaging of phase objects. Here incident light and light
scattered by an object are considered to correspond to the two arms of
aninterferometer, where the addition of a /2 phase shift to the scat-
tered light results inan amplitude modulation, which can be imaged'~.
Limitations associated with thisinitial approach spurred the emergence
of numerous variations of the original concept to enable more quanti-
tative measurements’, as well as phase-shifting interferometry where
multiple images are recorded to enable phase and amplitude imag-
ing* . Further developmentsinclude digital holography and quantita-
tive phase imaging, as well as alternative implementations optimized
fornanoparticle imaging, tracking and characterization’'°. Regarding

sensitivity, recent advances have reached single metallicnanoparticles
assmall as 20 nminimaging” ™ and 15 nmin differential interference
measurements”. Common-path interferometry has been shown to
yield holographic information as well’®, although it requires recording
animage sequence of the same particle, which limits the sensitivity to
particles clearly visible above any static background, such as that of
regularly used glass coverslips”.

Despite their unique capabilities, these efforts have struggled to
match the sensitivities achieved with non-holographic, common-path
interferometric approaches, which have focused onimaging and quan-
tifying phenomenaat interfaces with high sensitivity'’®". The introduc-
tion of laser illumination dramatically improved the sensitivity by
increasing the illumination power densities, lowering shot noise and
enhancing spatiotemporal coherence of illumination. This enabled
access to the nanoscale down to 5 nm gold nanoparticles (AuNPs) in
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Fig.1| Total-internal-reflection optical quadrature microscopy. a, Output
from asingle-emitter laser diode is split by an anti-reflection-coated window.
One partis focused onto an NBK7 prism to illuminate the sample. The scattered
lightis collected by a x60 water-dipping objective. The other partis mode
filtered with a 25 pm pinhole and mixed with scattered light after introducing
different phase shifts to two orthogonal polarizations. The interference of
reference and scattered light is detected for each phase shift by a separate
camera. Note that the PBS after the objective reflects light out of the image plane
and transmits the vertical polarization. PBS, polarizing beamsplitter; NPBS,
non-polarizing beamsplitter; QWP/HWP, quarter-/half-wave plate; M, mirror;

NA, numerical aperture. b, lllustration of an ideal measurement in the absence of
substrate roughness. Depending on the phase shift, constructive or destructive
interferenceis observed. Combining fourimages with the correct phase

shifts reconstructs the amplitude and phase of the scattered field (bottom).
Supplementary Information provides details of the calculation. ¢, Representative
raw data of 40 nm AuNPs detected by the four cameras after subtraction of any
non-interferometric terms. d, Reconstructed amplitude (top) and relative phase
(bottom) of the electric field. e, Intensity of 40 nm AuNPs derived via holography
(top) and directly derived by dark-field microscopy.

the form of interferometric scattering microscopy?’ and ultimately
individual biomolecules??. The latter has recently demonstrated a
substantialimpact on the characterization of biomolecular structures,
dynamics and interactions through the development of mass photo-
metry>* ™, A direct consequence of common-path imaging, however,
is the difficulty to modify the reference field relative to the scattered
field, causing a loss of phase information.

Here we combine sampleillumination by total internal reflection
with optical quadrature detection”, achieving single-molecule sensitiv-
ity reported so far only for common-path approaches. In analogy toa
time-domain lock-inamplifier, which mixes sinusoidal waveforms with
the modulated signal, we mix four reference fields of the same colour

but different phase shifts with the scattered field to retrieve the com-
plexamplitude of the scattered field. As aresult, we measure the com-
plex opticalfield of sub-diffraction particles, thatis, AuNPs and single
proteins. Therefore, we can experimentally quantify the polarizability
ofindividual biomolecules, implement holography-specific capabili-
ties such as optimizing the focus in post-processing®® and demonstrate
astep change in the sensitivity achievable with holographic imaging.

Results

Proof of concept

Our microscope is based on aMach-Zehnder interferometer where
a scattering object is located in one arm and the reference travels
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separately along the other arm (Fig. 1a). Placing a quarter-wave plate
at45°inthereference armgenerates equalamounts of vertical (v)-and
horizontal (h)-polarized light with arelative phase shift of t/2. Similarly,
ahalf-wave plateinthescattering armat 22.5° produces equalamounts
ofv-and h-polarized light with arelative phase shift of t. Recombination
by anon-polarizing beamsplitter (NPBS) generates four phase-shifted
interferograms: twointerferogramsin one armwhere the hand v polari-
zations contain phase shifts of 0 and /2, respectively. In the otherarm,
the two orthogonal polarizations contain interferograms with the cor-
responding phase shifts of mand 3m/2. The individual interferograms
are thensplit by two polarizing beamsplitters (PBSs) and imaged onto
four individual cameras, which are read synchronously.

This approach has several benefits. (1) Total-internal-reflection
illumination enhances the illumination field strength at the interface
and suppresses scattering from objects more than afew hundred nano-
metres from the interface, effectively reducing the sample-induced
background. Crucially, total internal reflection almost completely
extinguishes illumination light reaching the detector, except for
that scattered by interface imperfections. (2) The relative amplitude
of scattered and reference light can be easily adjusted to match the
full-well capacity of theimaging cameras at the desired read-out speed,
as well as to the expected scattering cross-sections of the sample.
(3) Theapproachisinherently phase stable, despite anon-common-path
geometry, because any phase differences identically propagate
through all the channels, resulting in an excellent overall phase stabil-
ity. (4) Individual blocking of either arm separately yields the reference
intensity, scattering intensity and interference of both fields.

Each cameraj, thus, records the interference of scattered and
reference fields:

2 2
1™ = |Eetl” + Escatl” + 2IErefl|Escarl COS(A@ + AP)), ¢y

where A®; is the additional phase shift introduced by the half- and
quarter-wave plates in front of the NPBS. In other words, each camera
records an interferogram of different phase shifts A®; e [O, g w2
(Fig.1b), where the scattered light of each particle interferes differently
with thereference field on all four cameras. To obtain the desired term
|Escalcos(Ag + A®)), we subtract any non-interferometric terms from
eachimage (reference field |E,¢|* and scattering field |E,,/*) and normal-
ize by |E,¢. The reference and scattered fields are directly recorded
before measuring the interference of both by blocking either the scat-
tering or the reference path. The resulting images are then combined
in a complex fashion according to their phase shifts, by multiplying
the corrected output of cameraj by exp(iA®;) and computing their
average, generating the final complex-valued holographicimage. The
processing illustrated in Supplementary Fig. 1 restores the complex-
valued scattered field E,, represented by its amplitude and phase
(Fig. 1b (bottom) and experimental data in Fig. 1c), which allows us
to generate the respective amplitude and relative phase images
(Fig. 1d). Due to the unknown illumination phase, we only obtain a
relative phase and not an absolute one. Reassuringly, the scattered
intensity derived via the square of the holographically reconstructed
scattered field |Esﬁg‘[°| is ldentlcal inbothappearance and intensity to
the dark-field intensity |Escat| of the same field of view recorded with
identical acquisition parameters by blocking the reference arm
(Fig. 1e). These results demonstrate that our approach indeed accu-
rately extracts the scattering amplitude, with a deviation of only ~20%
probably stemming fromimperfect coherence between the reference
and scattered fields. This constant scaling canbe compensated witha
calibration if absolute values for the scattered field are desired. With
alaser coherence length of approximately 150 pum (Supplementary
Fig.2), we ensure a consistent degree of interference over the field of
view and avoid background interference from additional reflections.
We normalized all data to exposure time and laser power to ensure
comparability between different experimental settings.
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Fig.2|Holography of 40 nm AuNPs and resulting amplitude and phase
decoupling. a, Images of four cameras (phase shifts 0, /2, mand 31/2) with
different phase shifts introduced by a movable mirror in the illumination arm.

b, Temporal evolution of the detected interference of a single AuNP (black circle
ina). Each trace corresponds to a different camera. c,d, Reconstructed amplitude
(c) and relative phase (d). The black trace corresponds to the highlighted AuNP
and the lighter-coloured ones, to the other particles in the field of view. The black
amplitude trace has arelative standard deviation of 0.31%.

Demonstration of amplitude and phase decoupling

Having verified that we canretrieve the correct scattering intensity,
we turn to the accuracy of our amplitude and phase measurements.
Toachieve this, we record videos where we temporally vary the phase
between the scattering and reference arms in a linear fashion by a
piezo-driven mirror in the scattering/illumination arm (Fig.1a). The
intensity of individual particles as a function of time reveals clear
oscillatory behaviour (Fig. 2a,b). This is caused by the interference
between the scattered field of each particle and the reference, which
exhibits a constant phase shift A@; and an additional temporally
modulated phase shift, resulting in a global phase shift Ag(t) between
the fields. Following the intensity of a particular particle (Fig. 2a,
black circle) on all four cameras reveals sinusoidal modulations
shiftedby =, mand 3" relative to the first camera (blue trace). Despite
the fact that the intensity in the individual camera images varies by
+100%, the reconstruction of the complex-valued scattered field
yields a constant amplitude with a standard deviation of only 0.31%,
demonstrating excellent separation of phase and amplitude. A resid-
ual variationin the amplitude might be related to imperfect circular
and linear polarization states generated by the quarter- and half-wave
plates, respectively, leading to phase shifts between the scattered
and reference fields deviating slightly from multiples of = (Supple-
mentary Fig. 3). The phase ramps down linearly as introduced by the
movable mirror. The same behaviour can be observed for all the other
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Fig. 3| Single-protein holography. a, Dark-field and holographically
reconstructed intensity and phase maps of amicroscope coverslip exhibiting
typical residual glass roughness. b, Amplitude image of the glass surface does
not visibly change before and after asingle protein landed. ¢, Moving mean
differences of subsequentimage stacks reveal individual proteins landing in
the amplitude and phase representations. d, Amplitude histograms (grey)

Sequence mass (kDa)

ofthe landing events from individual videos acquired over 120 s. Thered line
represents a fit of four Gaussians to the averaged data shownin black. e, Fitted
contrast versus sequence mass of the different oligomers. The red line indicates
alinear fit to the data points. The error bars give the standard error across three
measurements and are in the order of the data point size.

particlesinthe region of interest (Fig. 2c,d, light traces). Additional
measurements without phase ramping (Supplementary Fig. 4) con-
firm the high overall phase stability with a fluctuation of only a few
milliradians per second.

Optical holography of individual proteins

Given these encouraging results, we queried to which degree this
approach may be suited to detect, image and quantify very weak
scatterers, such as individual proteins. A cleaned microscope glass
coverslip produces a speckle pattern (Fig. 3a) reminiscent of that
observed iniSCAT? and high-performance dark-field microscopy*.

Again, the dark-field and holographically reconstructed images show
excellent quantitative agreement. Introducing ~40 nM of a soluble
90 kDa protein (DynAPRD) results in no discernible changes to the
amplitude images as a function of time (Fig. 3b). Computing the
differences of the mean of two moving subsequent windows with
alength of ten frames (6.25 ms per frame), however, reveals clear
signatures of individual proteins binding to the surface in both ampli-
tude and phase (Fig. 3c). We then quantified the contrast of each
landed protein by fitting a complex-valued point spread function
(PSF) model derived from the average PSF of all the landing events
(Fig. 3d and Methods).
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Fig. 4 | Phase-sensitive microscopy of single-proteins. a, Oblique angle of
illuminationimprints a phase gradient onto the scattered light as a function
oflanding position. b, Phase values of landing events versus landing position
(black data points). The subtraction of a linear phase gradient removes the
spatial dependence of the phase (red data points). c, Relative phase of each
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landing event versus its contrast. The red areas depict a Gaussian kernel density
estimation of the data via violin plots. Each violin plot was separately generated
for each oligomer. d, Zoomed-in view of the datashownin c. The grey data
points are the raw data, whereas red represents the average of each oligomeric
distribution together with its standard error.

The resulting histogram exhibits several sub-distributions, cor-
responding to the monomer, dimer, tetramer and hexamer of dynamin
(DynAPRD), asreported recently”. Their fitted masses correlate well with
the expected molecular weights 0f 90,180,360 and 540 kDa (Fig. 3e).
Thelinear relationship between contrast and molecular weight allows
us to deduce the mass of any unknown protein based on its image
contrast, with an average mass resolution of 28 kDa. Although this
mass resolution is slightly higher compared with state-of-the-art mass
photometry*, we expect substantial improvements achievable by
optimizing the illumination power and geometry.

In principle, we could also derive the scattering intensity by col-
lecting the dark-field scattering (Fig. 1e). Supplementary Fig. 5 shows
the PSF and histogram of protein landing events at the same glass spot
generated via holography and synthetic dark field. It is apparent that
only theinterferometricapproachyields well-defined events, whereas
the PSFs are distorted for dark-field imaging. As explained in the Sup-
plementary Information, in dark-field operation, the scattered field
interferes with the complicated wavefront of light scattered by the glass
interface, which prevents an accurate contrast estimate.

Until now, we only investigated the amplitude of landing events.
However, we simultaneously derive the phase shift associated with each
event. The obliqueillumination associated with total internal reflection
imprints a linear phase gradient onto the illumination field (Fig. 4a).
Thisgradientis corrected (Fig. 4b) by subtracting a position-dependent
phase from each landing event (Supplementary Information).

The corrected phase of all the individual oligomeric species falls
onto aline, as expected for a non-absorbing dielectric nanoparticle
(Fig. 4¢)". As confirmed by the simulation (Supplementary Fig. 8),
the corrected phase becomes less well defined as the contrast of the
particlebecomes lower, due to decreasing localization precision. Note
thatwe are notable to derive the absolute phase of the landing particles
as we lack knowledge about the phase relation between the illumina-
tion and reference fields. Zooming into the data along the phase axis

(Fig. 4d) reveals a slight but steady increase in the relative phase with
increasing contrast. This is to be expected, since the centre of mass
of heavier and thus larger particles will be further separated from the
interface compared with lighter particles. Furthermore, knowledge of
the complexscattered field enables usto change the focus during data
analysis (Supplementary Fig. 9a,b and Supplementary Information)*.
The standard deviation derived from the differential amplitude data
correlates well with the contrast to mass conversion (Supplementary
Fig.9c). We exploit this to automatically optimize the focus for all our
measurements to maximize the imaging contrast in post-processing.

Measurement of the polarizability of a single protein

Our holographic approachindependently quantifies the scattered field
of any unknown phase and optimizes focusing during post-processing,
both for AuNPs and dielectric proteins. We use these capabilities to
derive an experimental estimate for the polarizability of a protein
attached to a glass coverslip per molecular weight, which we will call
the specific polarizability. As a calibration, we first measure the contrast
of static AuNPs of different diameters (20,40 and 60 nm), because
their polarizability is well understood and characterized. The contrast
isnormalized to exposure time and laser power, which we reduced
for the larger AuNPs (40 and 60 nm). We did not use smaller AuNPs to
ensure clear visibility above the coverglass background.

As long as Rayleigh scattering dominates, the holographic con-
trast depends on |E,.,| > & > V< r*, whereas the dark-field contrast is
described by |E,,|* =< a? < V* < %, Therefore, plotting the third root of the
holographicdata (Fig. 5a) and sixth root of the dark-field data (Fig. 5b)
linearizes the values with respect to the particle radius r. The linear
scaling of the mean values of ¢> and ¢¢, respectively, again indicates
the agreement of the retrieved scattering amplitude with theoretical
predictions. The values gathered via dark-field microscopy are 20%
(inintensity) and 3% (in (intensity)"®) larger than the values retrieved
by holography, consistent with imperfect coherence (Fig. 1e).
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Fig. 5| Quantification of the polarizability of asingle protein. a,b, Histogram
of the third root of the holographically derived particle contrast (a) and sixth
root of particle contrast derived from dark-field images for 20, 40 and 60 nm
AuNPs (b). ¢, Calibration of the scattering cross-section using AuNPs. The blue
data points are the holographically derived contrasts (a) versus their scattering
cross-section calculated using Mie theory. The grey line is a one-parameter linear
fit to the sixth root of the scattering cross-section. The black lines indicate the
measured contrast of our oligomeric protein sample. d, Based on the calibration
inc, we can plot the scattering cross-section of proteins (red dashed lines) versus
their theoretical molecular weight (blue data points). The solid line represents a
fit of equation (2) to the data.

For each particle size, we calculate a scattering cross-section
(Fig. 5¢) by assuming the AuNPs to be homogeneous and embedded
inahomogeneous medium of refractive index n =1.337. As previously
shown™, the scattering cross-section of the AuNPs used here (ranging
from 20 to 60 nm) can be well estimated by Mie scattering. By per-
forming a one-parameter linear regression on the derived scattering
cross-section against our measured contrast, we estimate the scatter-
ing cross-section of the measured protein, assuming equal collection
efficiency and near-field enhancement in total-internal-reflection
illumination® for AuNPs and proteins (Fig. 5d). We assume the scat-
tering of the proteinto be well described by the Rayleigh scattering of
adielectric particle®:

4
Ot = %(%) o, @

Fitting the scattering cross-section of the protein to equation (2)
yields a specific excess polarizability a per molecular weight of
239 + 4 A>kDa™. The statistical error is propagated from the stand-
ard deviations of the fit parameters. Assuming a specific volume of
0.7446 ml g (refs. 24,35), we can estimate the refractive index of the
proteinton =1.47.Boththese values—specific polarizability and refrac-
tive index—are well within the range of values reported previously
in the literature® %, although somewhat smaller than that recently
calculated using an atomic polarizability model®. We remark that this
polarizability measurement by comparison with AuNPs is distinct to
similar efforts made with acommon-path geometry, like iSCAT or mass
photometry, because they onlyyield anintensity, convolving amplitude
and phase contributions, with the phase generally being ill-defined.
Thisisaconsequence of the Gouy phase contribution of both scattered

and reflected light, which s difficult to accurately quantify when per-
forming experiments with single-molecule sensitivity. Furthermore,
a precise evaluation of the scattered phase shift for nanoparticles
>30 nmisnon-trivial due to contributions from path-length variations
and scattering phase.

Discussion

Using an inherently phase-stable approach, we have demonstrated
holographicimaging with a sensitivity reaching single biomolecules
with an average massresolution of 28 kDaand adynamicrange beyond
10%in terms of holographic contrast. Although the approach was cur-
rently unable to match the sensitivity and measurement precision
achievable with mass photometry, there are clear routes to potential
future improvements. First, our current experimental arrangement
was limited to a power density of 50 kW cm, an order of magnitude
lower thanin mass photometry, resulting inaloss of shot-noise-limited
sensitivity. Additionally, we did not yet optimize the electric-field
enhancement due to field confinement through total internal reflec-
tion as a function of incidence angle, resulting in a relatively low 10%
enhancement compared with the in-principle-achievable factor of
three inintensity™.

This confinement-induced increase in incident intensity at the
detectioninterface willincrease sample scattering for aconstant power
entering the sample. Inaddition, we expect areductioninbackground
scatteringarising fromanon-penetrating field, improvementin contrast
through the ability to optimize the phase difference between scattered
andreferencelight, reductioninimage noise duetoalack of beamscan-
ning and shot noise background optimization by matching the image
intensity to camera capabilities. Furthermore, the illumination phase
gradient has the potential to reduce coherent background by distribu-
tion over allthe channels. lllumination with arapidly scanned standing
wave together with active phase modulation, similar to structured
illumination microscopy*® or modulated localization microscopy®,
would enable a constant-illumination phase and therefore eliminate
the current phase uncertainty caused by limited localization precision.
Additionally, a bleed-through channel via the scattering arm would
enable the measurements of the absolute scattering phase. This could
be realized by immobilizing dielectric nanoparticles that would offer
precise control over the density and scattering strength. We expect that
these futureimprovements have the potential to deliver sensitivity and
mass resolution of single-molecule mass measurement beyond those
achievable with far-field, common-path geometries. Furthermore,
the use of a prism as a sample substrate provides an avenue towards
the realistic use of atomically flat substrates, which would reduce or
even eliminate optical background and associated mass broadening.

Takentogether, we have presented animplementation of optical
quadrature microscopy in combination with total-internal-reflection
illumination capable of holographic imaging of single biomolecules.
We verified our approach by showcasing the ability to separate the
amplitude and phase of the scattered field and confirmed its quan-
tification by a direct comparison with dark-field microscopy. The
resulting sensitivity enables the imaging of individual biomolecules,
which can be converted into a measurement of the polarizability of a
single protein based on the scattering of a well-characterized refer-
ence object. These results break new ground for optical holography,
providing access to the exciting sub-20 nm length scale for phase
and amplitudeimaging with applicationsin the biological, physical and
materials sciences. Among others, our method will enable the detailed
optical characterization of quantum and carbon dots, differentiation
of AuNPs with different shapes and distance measurements of single
particles and proteins on the nanometre scale.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Setup

The optical setup used in this study is similar to previously reported
optical quadrature microscopes®**. Aschematic of the setup is shown
in Fig. 1a and Supplementary Fig. 10 shows a photograph. A single-
emitter laser diode (450 nm, 500 mW, NDB4816, Nichia) is mounted
in a temperature-controlled mount (Thorlabs, 400 mA, 17 °C) and
collimated usinganasphericlens (f=3.30 mm, N414TM-A, Thorlabs).
The polarizationis vertically aligned using the light reflected offa PBS
(PBS251, Thorlabs) and guided to an anti-reflection-coated NBK7 win-
dow (WW11050-A, Thorlabs), which picks up ~0.5% of incident power
and reflects it into the reference arm. More than 99% of light propa-
gates towards the prism (12.7 mm Littrow prism (90-60-30), Edmund
Optics) and is focused into the focal plane of the objective using an
achromatic lens (f= 60 mm, AC254-60-A, Thorlabs). Standard glass
coverslips (24 x 75 mm?; thickness, 1.5; Carl Roth) are optically coupled
to the prism by immersion oil (n =1.52) to enable the fast exchange of
samples without the need for cleaning the prism. Scattered light from
the coverslip surfaceis collected using an objective (x60, 1.1 numerical
aperture, water dipping, Olympus) and is imaged onto four differ-
ent cameras by an achromatic tube lens (f=300 mm, AC254-300-A,
Thorlabs). Itisimportantto note that the tubelensis placed one focal
length away from the back focal plane of the objective to create a flat
wavefrontintheimage plane. The light reflected towards the reference
armis focused by anachromaticlens (f= 50 mm, AC254-50-A, Thorlabs)
ontoa25 umpinhole (P25CB, Thorlabs) tofilter the mode of the laser.
The diverging light is then collimated by the tube lens.

The central elements of this optical scheme are the two wave plates
infront of the NPBS: the two orthogonal polarizations of the reference
arm are phase shifted by a quartz quarter-wave plate (WPQO5M-445,
Thorlabs), resulting in a phase shift of 0 and /2 for h and v polariza-
tions, respectively. External reflection offthe NPBS introduces an addi-
tional phase shift of Tt, whereas the transmitted polarizations are not
affected. Light coming from the scattering arm propagates through the
polymer half-wave plate WPHO5ME-445, Thorlabs), whichintroduces
0 and 1 phase shifts to the two orthogonal polarizations. Mixing the
reference and scattering light at the NPBS and separating themviaa
PBS allows to create an image with the relative phase shifts of 0, /2,
mtand 3m/2. The four cameras (Grasshopper GS3-U3-23S6M-C, Teledyne
FLIR) detect the four phase-shifted images at 800 frames per second
inasynchronized fashion. Five consecutive frames are averaged, and
the data from all the cameras are aligned to the first camera (affine
transformation: scale, shift, rotation) followed by a 2.0 x 2.0 px? bin-
ning, resulting in an effective pixel size of 117.2 nm.

To find and maintain focus in all the measurements, a collimated
laser beam (0.5 mW, 520 nm, Thorlabs) propagates through the back
aperture of the objective. The lightis focused onto the coverslip-buffer
interface. The reflected light is collimated and imaged by a camera
througha 50/50 NPBS. Theradius of the resulting circle is maintained
by a proportional-integral-derivative controller that controls the
axial distance between the objective and coverslip. All dataacquisition
and controlis handled by acustom-built LabVIEW (LabVIEW 2018 SP1,
National Instruments) program.

To achieve a phase-stable interferometer, we considered the fol-
lowing details as critical. (1) The beam path was chosen to be as low as
52 mm to minimize thermal drifts and mechanical vibrations. (2) All
the core components of the interferometer (except the sample stage)
wereinterconnected with a30 mm cage systemto further minimize the
relative motion of optical components over time. (3) Where possible,
the beam path was covered with plastic covers clipped into the rods
ofthe cage system (C30L24, Thorlabs) to minimize air density fluctua-
tions. (4) A separate cover was placed to house the whole microscope
to further minimize air density fluctuations. (5) The temperature of the
laser diode mount was equilibrated after switching on the emission
foratleast 30 min.

AuNP samples

All AuNPs were purchased from NanoPartz (A11-20-CIT-DIH-1-10, Al1-
40-CIT-DIH-1-10 and A11-60-CIT-DIH-1-10). First, clean coverslips were
rendered hydrophilic by placing them in an O, plasma for 30 s (30%
power, 0.5 mbar O,, Zepto-BRS 200, Diener electronic). For all sizes of
AuNPs, 10 pl was spin coated onto the hydrophilic coverslips for 18 s
at500r.p.m.and 18 sand 60 sat1,400 r.p.m. A polydimethylsiloxane
gasket (CultureWell CW-8R-1.0, Grace Bio-Labs) was placed at the centre
ofthe coverslip and 50 pl MilliQ water was added to achieve immersion
with the objective lens.

Proteinlanding assay

DynAPRD?* was diluted 25-50 fold from its stock concentration to
80-40 nM before replacing the droplet forimmersion with the diluted
solution. Landing events were recorded for 2 min after replacing the
immersion solution.

Data analysis

All the analysis was performed in custom Python scripts*’. Raw data
were firstaligned by finding an affine transform, which minimizes the
least squares of the differences of the aligned and target images. We
used only the scattered intensity for aligning the four channels since it
showed higher contrast than the interferometric measurement and
resultedinamorereliable alignment. The datawere then pixel binned
(2 x2binning) and normalized to the exposure time and laser power.
To extract the complex scattered field of static images, first the refer-
enceimage and darkfield (both recorded shortly before acquiring the
holographic data) were subtracted. To extract the scattered field only,
the resulting image was divided by the square root of the reference
image. The resultingimage now only contains 2|E.,/cos(®,) projected
along the positive and negative real and imaginary axes of acomplex
plane. By averaging the four images rotated all onto the positive real
axis, the complex field £, is recovered.

For static measurements, particles were detected onthe absolute
ofthe reconstructed scattering field |E,., | by calculating a radial sym-
metry map (a =1.0, radius = 3 px)** and finding the local maxima with
radial symmetry above the 99% quantile of the map.

Fitting static particles with the analytic PSF model
Forfitting the scattered field of particles, the following complex-valued
PSF model was used:

r

25 (L
E(r.) = |Eo| ( 4(G) exp (i(p)), 3)

r
[

where/, denotes the Bessel function of the first kind; o, the width; r,
the distance from the centre; |E,|, the amplitude; and ¢, the phase of
the landing event. The squared residuals (SR) of the sum of the real
andimaginary parts of the PSFs were used as an objective function for
minimization by optimizingx, y, |E,l and ¢:

SR = Re{data — E(x,y)}2 +Im{data — E(x,y)}z. 4)

For the data presented in Figs. 2c,d and 5a, the measurements of
immobilized nanoparticles were analysed during which the length of
the sample path was varied with a piezo-shifted mirror to introduce
a phase shift. A segment of the measurement where the phase shift
linearly increased by 61t was selected; the particles were detected on
asum of |E,.,.| over all the phase shifts. A 23 x 23 px? thumbnail was
independently fitted with the complex PSF for each phase shift. For
Fig. 5a, the cubic roots of the amplitudes were averaged over all the
phase shiftsand particles, with arelative standard deviation of the cubic
root of theamplitude above 10% or astandard deviation of the position
above 0.2 px was rejected.
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The dark-field measurements ofimmobilized nanoparticles were
analysedinasimilar way. For the particle fitting, the scattered intensity
|E...|> was independently fitted with an intensity PSF (square of the
complex PSF in equation (3)) in all the four channels. For Fig. 5b, the
sixth roots of the amplitudes were averaged over all the channels and
particles, with a relative standard deviation of the sixth root of the
amplitude above 10% or a standard deviation of the position above
0.2 pxwasrejected.

For dynamic videos (that is, landing events of proteins), only the
reference image was subtracted. Theresultingimage was divided by the
squareroot of the reference and the complex video was calculated by
complex summation (Fig.1). Temporal phase changes were corrected
by applying the phase shift .,,, which minimizes the difference to
the first frame.

rg‘in (' IEscat (t)l - IEscat (t = O)I |) (5)

The corrected complex video was then further analysed by aslid-
ing difference of ten-frame window length to remove static features
like the glass roughness and other proteins that landed before the
analysed window. As shown in Supplementary Fig. 11, the phase cor-
rection reduces the noise in the differential images.

Detection and fitting of protein landing events

For detecting the position and time of the landing events, a normal-
ized cross-correlation with a complex PSF (equation (3)) was applied
to the video followed by a maximum filter. The resulting mask was
then multiplied by the previous normalized cross-correlation and
thresholded at 0.15. This essentially gives the first approximation of the
location and time of all the landing events. We then convolved the
mask withacircle of radius 2 along the spatial axes and a pulse function
along the temporal axis with a length of ten frames to blur the found
particlelocations. We then searched for the local maximum of the scat-
tering amplitude in this mask, which we define as the landing position
and time.

Next, we created an experimental PSF model from the found events
to compensate for potential aberrations. First, a23 x 23 px*thumbnail
at the detected landing event position was fitted by the complex PSF
model (equation (3)), as described above, to find the refined spatial
coordinates for all the determined landing events. Coordinates that
deviated by more than 1 px from their initial guess were discarded to
suppress outliers from entering the experimental PSF model. Then,
23 x 23 px*thumbnails at the refined and filtered positions were aver-
aged in a complex manner, generating an average PSF. The average
PSF was then interpolated to create a complex-valued experimental
PSF model, which we used to fit the individual thumbnails found at the
refined positions minimizing the SR as described above (equation (4)).
The events contributing to the histogram were filtered according to
position precision (fit position closer than1 px to the initial guess), fit
position (omitevents too close to the border and trimevents where the
illuminationintensity is too uneven) and fit residuals (Supplementary
Fig.12).

Calculation of protein polarizability

The scattering cross-section of the AuNPs was calculated with the
Mie formalism* for awavelength of 450 nmand arefractive index of
n,, =1.528 +1.911i for gold*® and 1.337 for the embedding medium
(H,0) (ref. 47). Thelinear scaling factor between the cubic root of the
interferometric contrast c of the single particles and the sixth root
of the scattering cross-section o, was determined with an ordinary
least squares*® g, = (¢ x (28.1 + 0.4) nm)2 By using the cubic root of
theinterferometric contrast, anormal distributionin particle diam-
eterisassumed instead of anormal distribution in volume. With this
relation, the scattering cross-section of the different protein oligo-
mers (Fig. 5d) is estimated. From the Gaussian fits to the contrast

distributions of the oligomers and their known masses m, the relation-
shipc=m(6.82 +0.04) x 107 kDa " was determined with a least squares
regression using the inverse of the fitted peak variance as respective
weights. Combining these two relationships with the formula for
Rayleigh scattering of a dielectric particle in equation (2) yields a
specific polarizability of =239 + 4 A*kDa™.

Data availability

Therawdataand analysed datarequired to reproduce the figuresinthe
paper are available via the Oxford Research Archive at https://doi.org/
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Code availability

The Python code used for image processing, particle detection and
fitting is available via the Oxford Research Archive at https://doi.org/
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