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Fluorescence microscopy has been a long-standing workhorse 
in biochemistry and biophysics1–5. However, a key limita-
tion is the need for labeling with fluorescent tags. Therefore, 

one current research frontier is the development of methods that 
enable label-free studies of single biological nanoparticles (BNPs) 
and biomolecules to complement fluorescence-based techniques. 
Label-free methods bypass the following limitations of fluorescence 
microscopy: (1) attaching a fluorescent label to a target may alter its 
properties6,7; (2) there is a limited number of label colors that can 
be used simultaneously; and (3) long-term measurements are com-
plicated by photobleaching. In addition, in cell-secretion-related 
studies8, it is very difficult to specifically label biomolecules of inter-
est and, most importantly, it is only possible to detect predefined 
labeled secreted entities, which means unlabeled but potentially 
important entities are probably overlooked.

Label-free single-biomolecule detection has been enabled 
recently by dielectric microresonators9, plasmonic approaches 
based on metallic continuous films10 and nanostructures11, and 
interferometric scattering microscopy (iSCAT)12–16. iSCAT has been 
used to investigate, for example, single cell secretion dynamics13  
and protein motion on a dielectric substrate14, on a supported 
lipid bilayer17,18 or on actin filaments15. Furthermore, in contrast to 
alternative methods, iSCAT enables quantitative molecular weight 
(MW) measurements of biomolecules, since the signal intensity is 
proportional to the weight of the imaged object12,16. However, and 
as a key point, these three label-free optical single-molecule detec-
tion methods require the investigated species to bind to a surface 
to be “visible”. This requirement can lead to misinterpretations 
when applied to biomolecular interaction studies because binding 

to a surface may affect the properties and accessibility of molecular 
binding sites19. In addition, binding is a selective process, meaning 
that only molecules that actually bind are detected, while a large 
fraction remains unseen. Consequently, the ability to label-free 
image and track diffusing single biomolecules directly in solution 
would constitute an important step in the field. However, the reso-
lution of current state-of-the-art microscopy techniques allows 
imaging only of much larger diffusing objects, such as viruses20, 
extracellular vesicles21 (EVs), or dielectric particles22. This is mainly 
because the scattering cross-section of individual biomolecules is 
very small, preventing their direct detection, and because their fast 
Brownian motion permits the accumulation of the light they scatter 
only for the extremely short time they spend in a diffraction limited 
spot and/or before they diffuse out of the focal plane.

To overcome these limitations, we present NSM, which enables 
the real-time label-free imaging of single BNPs and biomolecules 
in solution down to the few tens of kilo-Daltons regime inside a 
nanofluidic channel, without the need for surface immobiliza-
tion. Furthermore, it allows the simultaneous determination of 
MW from the optical contrast of the imaged nano-object, and of 
its hydrodynamic radius (Rs) and/or conformational state from the 
measured diffusivity.

Results
Nanofluidic scattering microscopy. NSM works by imaging nano-
fluidic channels nanofabricated into an optically transparent matrix, 
such as SiO2, by dark-field light-scattering microscopy (Fig. 1a).  
The channel cross-sectional dimensions can range from tens to 
hundreds of nanometers, depending on the size of the investigated  
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nano-object, while their lengths typically exceed the microscope’s 
field of view (Extended Data Fig. 1 and 2; see ‘Nanofluidic chips’ 
and ‘Experimental setup’ in Methods). In this arrangement, the 
nanochannels ensure the localization of the nano-objects within 
the microscope focal plane throughout the entire imaging process, 
similar to other tether-free microscopy methods23. Most impor-
tantly, the nanochannels improve the optical contrast of the imaged 
nano-object by several orders of magnitude.

To introduce the underlying principle, we consider a single bio-
molecule diffusing inside a nanochannel (Fig. 1a). The biomolecule 
and the nanochannel scatter light coherently into the collection 
optics, resulting in a total scattering intensity, It = cI0L|αt|

2k3/4, 
which depends on the incident intensity (I0), the wavenumber of 
the light (k), the length of the illuminated part of the nanochan-
nel (L), the collection efficiency (c) and the optical properties of 
the molecule and the nanochannel, defined by the total electric 
dipole polarizability (αt)24. The αt can be determined by the respec-
tive electric dipole polarizabilities of the biomolecule, αm, and of 
the nanochannel, αc, and can be approximated as αt ≈ αc + αm/L2, 
where the length L stems from the fact that the polarizability of 
a nanochannel is two-dimensional, whereas the polarizability of 
a molecule is three-dimensional (see Section 1 in Supplementary 
Information). The total scattering intensity collected from a 
region of a nanochannel of length L = 3π/ (2k) that contains a 
biomolecule can then be written as It ≈ Ic + Im − 2

√

IcIm , where 
Ic = cI0L|αc|

2k3/4 and Im = cI0|αm|
2k4/ (6π) are the scattering 

intensities produced by the biomolecule (Fig. 1b) and the nano-
channel (Fig. 1c) in isolation, respectively. The minus sign in front 
of the interference term stems from the fact that the nanochan-
nel resides in a high-refractive-index background (αc < 0 since 
nH2O ≈ 1.33 < nSiO2 ≈ 1.46), while the opposite is true for the 
biomolecule (αm > 0 since nm > nH2O). Since scattering from sub-
wavelength objects scales as volume squared, and because the nano-
channel volume is much larger than the molecular volume, Ic ≫ Im, 
the scattering signal stemming from the biomolecule is not directly 
detectable against the nanochannel background. However, by sub-
tracting the scattering image produced by an empty nanochannel 
(Ic) from a scattering image of a nanochannel with a biomolecule 
inside (It), the presence of the biomolecule can be revealed through 
the interference term, which contributes a sizeable (negative) sig-
nal ΔIt = It − Ic ≈ −2

√

IcIm  (Fig. 1d) that can be several orders 
of magnitude larger than the scattering intensity produced by the 

biomolecule alone (Im) outside the nanochannel. This key feature 
of NSM, which is related closely to homodyne detection in laser 
interferometry16,20, thus enables the direct imaging of diffusing bio-
molecules and other nano-objects inside a nanochannel.

Experimental setup and data analysis. To approach the photon 
shot noise level necessary for NSM imaging, we used a dark-field 
microscope (Mad City Labs RM21), a polychromatic light source 
(NKT Photonics, SuperK EXTREME EXB-6) and a high-speed 
CMOS camera (Andor, Zyla), enabling the recording of movies at 
200 frames per second at an averaged noise level of 0.005%. This is 
low enough to distinguish the optical contrast generated by single 
biomolecules with MWs ranging down to tens of kilo-Daltons. At 
the same time, the temporal resolution is high enough to capture 
their fast Brownian motion (Fig. 2). To extract single-molecule 
information from the raw data, every frame of a movie is corrected 
for long- and short-term mechanical and intensity instabilities, and 
an empty nanochannel background is estimated from every frame 
and subtracted from the signal. The resulting time-series of dif-
ferential dark-field images is normalized by the intensity profile of 
an empty nanochannel to correct for inhomogeneous illumination 
(see Section 5 in Supplementary Information). A selection of frames 
from a video so obtained of a single thyroglobulin protein (669 kDa) 
diffusing inside a nanochannel is shown in Fig. 2a (Supplementary 
Movie 1). Plotting the entire time-sequence of obtained images in 
a corresponding kymograph displays the movement of the protein 
in the nanochannel, where each horizontal line corresponds to 
the optical signal averaged across the short axis of the nanochan-
nel (Fig. 2b). A corresponding library of kymographs of different 
types of protein and double-stranded DNA molecules is displayed 
in Fig. 2c–h, obtained for the proteins inside a nanochannel with 
cross-sectional area AI = 100 × 27 nm2 (Channel I in Extended Data 
Fig. 3a) and for the DNA molecules inside a nanochannel with 
cross-sectional area AII = 110 × 72 nm2 (Channel II in Extended 
Data Fig. 3b).

MW and Rs determination. NSM can not only image individual 
biomolecules, but also determine their MW and hydrodynamic 
properties. The hydrodynamic properties contain important infor-
mation about Rs and/or shape. The MW determination is enabled 
by the integrated optical contrast (iOC) being linearly dependent on 
the polarizability of a biomolecule, αm, which is linearly proportional  
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Fig. 1 | Principle of NSM. a, Artist’s rendition of the experimental configuration where visible light irradiates a nanochannel with a biomolecule inside, and 
where the light scattered from the system is collected in dark-field configuration. b, Schematic of light scattered by a single biomolecule. c, Schematic of 
light scattered by a nanochannel and the corresponding dark-field image. d, Schematic of light scattered by a nanochannel with a single biomolecule inside, 
and the corresponding differential dark-field image obtained by subtracting an image of the empty nanochannel from the image of the nanochannel with 
the biomolecule inside.
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to its MW12,16 as αm ∼
= a ·MW, where a = 0.46 Å3 · Da−1 cor-

responds to values extracted from both measurements25 and cal-
culations16 of optical properties of a large number of proteins (see 
Section 3 in Supplementary Information). We also note that the 
linear dependency of αm on MW is connected directly to the f-sum 
rule that relates the number of electrons in a system to its optical 
extinction cross-cross section26. iOC is also inversely proportional 
to the cross-sectional area of the nanochannel, A, and proportional 
to n̄ =

(

1.5n2H2O + 0.5n2SiO2

)

/
(

n2H2O − n2SiO2

)

 (see Section 1 in 
Supplementary Information). Both these factors are constant dur-
ing the measurement and can be determined before it. Therefore, 
MW can be determined from iOC, as

MW = iOC ·
A
n̄a . (1)

The diffusivity of a molecule can be obtained from the statis-
tical analysis of its movement27. Subsequently, by approximating it 
as a hard neutral sphere, its hydrodynamic (Stokes) radius, Rs, can 
be estimated using the Stokes–Einstein equation corrected for hin-
drance effects associated with the diffusion of small objects in a 
restricted volume as28

Rs = K ·
kBT
6πηD, (2)

where kB is the Bolzmann constant, T is temperature, η is the vis-
cosity of the liquid in the nanochannel and K is the hindrance 
factor that takes particle-wall hydrodynamic interactions and ste-
ric restrictions inside a nanochannel into account. It is dependent 
on the size of the nanochannel relative to the dimensions of the  

biomolecule, and can be estimated using a phenomenological model 
suggested by Dechadilok et al.28 as

K =

(

1+ 9λ · lnλ/8− 1.56λ + 0.53λ2 + 1.92λ3 − 2.81λ4

+0.27λ5 + 1.1λ6 − 0.44λ7
)

/ (1− λ)
2 ,

where λ = Rs/r, r =
√

A/π is the radius of a circle defined by an area A.  
We note here that the diffusivity in principle also can be affected 
slightly by other surface-related effects that are not included here, 
such as the partial-slip boundary condition29.

To extract iOC and the position of the biomolecule along the 
nanochannel, x, we used a particle-tracking algorithm (see Section 6  
in Supplementary Information). It evaluates each frame in the 
kymograph (Fig. 2i), finds the responses corresponding to a biomol-
ecule and connects them in a trajectory. Each biomolecule is then 
represented by N values of iOCn (Fig. 2j) and N-1 values of spatial 
displacement in time Δxn (Fig. 2k), where N is the number of frames 
that constitute a single biomolecule trajectory. iOC pertaining to a 
single biomolecule is defined as mean value of iOCn and its D can 
be calculated as D = (Δxn)2/2Δt+ ΔxnΔxn+1/Δt 27. Furthermore, 
we have corroborated these results with an independent analysis 
employing machine learning (ML) algorithms (see Section 7 in 
Supplementary Information) to derive iOC and D directly from the 
raw data, whose results are in very good agreement with those of the 
standard analysis (SA) above.

As final comment, we note that the 28 nM molecular concentra-
tion chosen for the experiments is high enough to ensure sufficient 
throughput and, at the same time, low enough to enable correct and 
precise discrimination of individual biomolecules. It corresponds to 
0.7 and 2 biomolecules on average per field of view in Channels I and 
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II, respectively. Lower concentrations can be studied by applying a 
flow rather than relying on diffusion alone to improve throughput. 
For higher concentrations, more advanced particle trackers are in 
development.

A single biomolecule library. Having established the theoretical 
framework of NSM, as well as its two main readout parameters, MW 
(calculated from iOC using Eq. 1) and RS (calculated from D using 
Eq. 2), we now apply it to a library of proteins and DNAs, and use 
the two nanochannels with the different cross-sections introduced 
above, that is, Channel I and Channel II. Accordingly, each data-
point corresponds to iOC and D determined from a trajectory of a 

single biomolecule in Channel I (Fig. 3a) and Channel II (Fig. 3b).  
Each molecular species exhibits distinct populations and there is 
a clear correlation between Rs, MW and the shape of the biomol-
ecules. Specifically, for proteins that are globular in shape, the Rs 
scales approximately as Rs ∼= b ·MW1/3, where b = 0.88 nm Da–1 
was determined empirically30 (gray solid lines in Fig. 3a,b). For 
DNA molecules that have a distinctly different geometry compared 
with globular proteins, D is distinctly lower at the corresponding 
MW (Fig. 3b), as expected for elongated molecules31.

To further analyze the obtained single biomolecule data, we 
plot one-dimensional histograms of iOC converted to MW for 
all biomolecules in Channel I and II obtained by SA (Fig. 3c,d).  
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Each detected trajectory is presented by N/
∑

N  counts of its deter-
mined iOC where 

∑

N  is the sum of the number of frames of all 
the trajectories that were identified in the sample. This way, the  
numbers of counts within the peaks correspond to the (relative) 
concentration of different populations present in the sample. To 
evaluate the main peaks that correspond to molecular monomers, 
we fit the histograms with Gaussian distributions using the Matlab 
curve fitting toolbox. The mean value of iOC ( iOC) is thus defined 
as the center of the Gaussian peaks, while the resolution in iOC 
is defined by their full-width-at-half-maximum (FWHM). For 
Channel I this translates into a MW resolution of 20–30 kDa and 
for Channel II of 30–40 kDa (details in Section 10 in Supplementary 
Information), which defines the limits for resolving different pop-
ulations in a sample. The resolution reached for thyroglobulin in 
Channel I (30 kDa) corresponds to a threefold improvement com-
pared with iSCAT, which determines MW from single binding/
unbinding events16. This improvement is enabled by the ability of 
NSM to track the diffusing biomolecules during the entire time they 
spend in the field of view, which, in some cases, can be much longer 
than the residence time on a surface.

As the final analysis step, we investigate the dependency of 
experimentally determined iOC on nominal MWs of monomers 
(see ‘Biomolecular solutions’ in Methods), compared with Eq. 1 
(Fig. 3e). Clearly, the theoretical prediction is reproduced very 
well for both nanochannels, despite their different cross-sectional 
dimensions and despite the different shapes of the imaged proteins 
and DNA molecules.

In a similar fashion, we derive the mean values of D ( ¯D) and 
the resolution in D and compare the dependency of ¯D of the pro-
tein monomers on their hydrodynamic radii taken from the lit-
erature32 (Rs = 8.6 nm for thyroglobulin, Rs = 6.1 nm for ferritin,  
Rs = 4.6 nm for ADH and Rs = 3.5 nm for bovine serum albumin 
(BSA)) with the confinement-corrected Stokes–Einstein equation 
(Eq. 2) (Fig. 3f). We find that the theoretically predicted values 
reproduce the experimentally measured ¯D values well, which sug-
gests that potential surface-related effects are negligible.

Further analysis of the data library also reveals molecular popu-
lations with higher MW and higher RS than expected for monomers. 

Specifically, for thyroglobulin and BSA, we observe indications of a 
second population with approximately double the MW and approx-
imately 1.3× higher RS, (marked ‘Dim’ in Fig. 3a,b for thyroglobulin, 
in Fig. 3c for BSA) that according to theory of asymmetric particle 
diffusion33 corresponds to dimers. For ferritin, we also find dimers 
and, interestingly, also multiple subpopulations characterized by 
MW values somewhere between the monomer and dimer popula-
tions that correspond to molecules with different numbers of coor-
dinated iron (details in Section 11 in Supplementary Information).

We also highlight that iOC and ¯D values determined by ML are 
in excellent agreement with SA (Fig. 3e,f), as well as their distri-
butions (inset of Fig. 3c for BSA and Extended Data Fig. 4 for all 
biomolecules). This validates the use of ML and we thus use it exclu-
sively from here forward since it is substantially more efficient in 
terms of computational time.

Surface passivation by supported lipid bilayer. So far, we had 
designed our experiments such that the biomolecules were predom-
inantly negatively charged to minimize attractive interaction—and 
thus nonspecific binding—to the negatively charged nanochannel 
walls. Nevertheless, we were able to observe rare events of molecular 
binding and unbinding to and from the nanochannel, respectively 
(Extended Data Fig. 5). For the data presented above, we excluded 
these transient binding events from the analysis (see Section 6 in 
Supplementary Information). At the same time, we also note that 
the demonstrated observation of nonspecific binding events opens 
the door to using NSM for affinity-based single molecule detection 
by analyte-specific receptors immobilized on nanochannel walls34.

To now demonstrate the active prevention of nonspecific bind-
ing, we applied a supported lipid bilayer (SLB) coating35 on the 
nanochannel walls, which is formed by adsorption and subsequent 
rupturing of large unilamellar vesicles (LUVs) (Fig. 4a; details in 
‘Supported lipid bilayer’ in Methods). The real-time NSM-response 
to the SLB formation inside a 225 × 200 nm2 nanochannel 
(Channel V; Extended Data Fig. 3e) is shown in Fig. 4b. To dem-
onstrate the surface-passivation effect of the SLB, we also coated 
an 82 × 40 nm2 nanochannel (Channel VI; Extended Data Fig. 3f)  
and used it to successfully characterize the positively charged 
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protein aldolase (Fig. 4c), which was impossible to analyze in an 
uncoated channel due to the strong electrostatic interaction with the  
negatively charged channel walls. The obtained values for aldol-
ase are in good agreement with the nominal values (Fig. 4d,e) and  
thus corroborate the wide applicability of NSM, irrespective of  
analyte charge.

Analysis of extracellular vesicles in cell culture medium. EVs act 
as mediators of physiological intercellular communication, play 
key roles in the pathobiology of several diseases36 and are promis-
ing diagnostic biomarkers37. Their functionality depends on both 
their composition and their size. However, these parameters are 
challenging to define precisely with existing methodologies, such 
as dynamic light scattering or nanoparticle tracking analysis (NTA), 
due to the substantial heterogeneity of EVs, in combination with 
their small sizes down to the tens of nanometers range38, and their 
existence in complex biofluids.

Here, to apply NSM to complex biological sample analysis, we 
collected conditioned medium from human SH-SY5Y cells (details 

in ‘Conditioned cell culture medium’ in Methods), containing a mix-
ture of serum proteins and secreted EVs. To accommodate the size 
of EVs, we used a 225 × 200 nm2 nanochannel (Channel V), whose 
walls were passivated with an SLB to prevent nonspecific binding. 
To increase the throughput to up to ten particles per minute, we 
introduced a slow flow by applying a 0.25 Pa pressure drop along 
the nanochannel, resulting in individual particles being flushed 
through it, as revealed by the NSM signal (Fig. 5a).

Using this setup, we then collected a significant number of tra-
jectories of different BNPs, from which we derive iOC and D trans-
lated to RS using Eq. 2 (the applicability of the no-slip condition is 
discussed in Section 4 in Supplementary Information). This analysis 
reveals two distinct populations (Fig. 5b): one in the small iOC/RS 
regime (red circle) corresponding to most trajectories, and one in 
the large iOC/RS regime (blue circle) corresponding to a minor-
ity of trajectories. A control experiment with cell culture medium 
that had not been in contact with the cells reveals that the former 
population can be attributed to entities present in the serum supple-
ment, probably lipoprotein particles (Fig. 5c), whereas the second  
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population indeed corresponds to EVs secreted by the cells. The 
identified RS of 10–13 nm and 20–70 nm (Fig. 5d,e) correspond to 
values reported for low-density lipoproteins39 and EVs38, respec-
tively. In addition, the obtained size of EVs was validated by a com-
parative size distribution measurement using NTA (Supplementary 
Fig. 20; more details in ‘NTA’ in Methods). This clearly demon-
strates the applicability of NSM to detect and, importantly, dis-
tinguish nonlabelled analytes of biological relevance in a complex 
sample mixture retrieved from cell culture. However, we also note 
that precise translation of iOC into MW is more complicated for 
BNPs than for single molecules due to a large variety of molecular 
constituents with different optical properties whose representation 
and spatial distribution might be different for each BNP (that is, 
different constant a in Eq. 1). Therefore, we did not further explore 
the content of the EVs via the measured iOC.

Discussion
We have introduced NSM to quantitatively analyze single biomol-
ecules without the need for labeling or surface attachment, as they 
diffuse inside a nanofluidic channel. NSM provides spatio-temporal 
information about MW via optical contrast for biomolecules 
down to 66 kDa, and reveals Rs and molecular conformation via 
molecular diffusivity D. Furthermore, ferritin monomers with dif-
ferent iron content could be identified, showing the ability of the 
method to distinguish molecular subpopulations within a sample. 
Moreover, SLB coating on the nanochannel walls prevented non-
specific binding, thereby enabling analysis of both positively and 
negatively charged proteins. These key NSM attributes challenge 
existing label-free single biomolecule detection techniques, which 
all require analyte binding to a surface for detection, and enable up 
to threefold improvement in terms of MW resolution compared 
with state-of-the-art methods. Furthermore, NSM complements 
single molecule fluorescence microscopy in cases where labeling 
is unwanted or even impossible. Thus, NSM will find application 
in studies of conformational changes, aggregation processes or 
reactions between individual biomolecules, and help unravel the 
dynamics of such processes and molecule-specific heterogeneities 
that might be of physiological relevance40.

As a second aspect, we have analyzed conditioned cell culture 
medium collected from human SH-SY5Y cells, which contained a 
complex mixture of proteins and BNPs. We were able to accurately 
determine and, importantly, distinguish the size and correspond-
ing distributions of lipoprotein particles and EVs in this setting. 
Looking forward, this advertises NSM for label-free single-cell 
studies in real time, such as for the analysis of intracellular con-
tent or secretomes, for which we predict it to be particularly use-
ful due to minimized sample dilution in the nanofluidic system. 
Furthermore, rapid progress in detector technologies and ML-based 
data treatment promises to push the limits of NSM towards even 
smaller molecules and to enable up to two orders of magnitude 
increased throughput via parallel analysis of hundreds of nano-
channels that fit in the field of view of a microscope41. Therefore, 
we predict NSM to find applications across a wide range of fields, 
including genomic DNA analysis42, single particle counting43 and 
single particle catalysis44.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41592-022-01491-6.

Received: 30 April 2021; Accepted: 12 April 2022;  
Published online: 30 May 2022

References
	1.	 Shashkova, S. & Leake, M. C. Single-molecule fluorescence microscopy review: 

shedding new light on old problems. Biosci. Rep. 37, BSR20170031 (2017).
	2.	 Ha, T. et al. Probing the interaction between two single molecules: 

fluorescence resonance energy transfer between a single donor and a single 
acceptor. Proc. Natl Acad. Sci. USA 93, 6264–6268 (1996).

	3.	 Hoskins, A. A. et al. Ordered and dynamic assembly of single spliceosomes. 
Science 331, 1289–1295 (2011).

	4.	 Taniguchi, Y. et al. Quantifying E. coli proteome and transcriptome with 
single-molecule sensitivity in single cells. Science 329, 533–538 (2010).

	5.	 Wang, C., Han, B. R., Zhou, R. B. & Zhuang, X. W. Real-time imaging of 
translation on single mRNA transcripts in live cells. Cell 165, 990–1001 
(2016).

	6.	 Walker-Daniels, J. & Faklaris, O. Live Cell Imaging Methods Review. 
Materials and Methods 2, (2012).

	7.	 Skylaki, S., Hilsenbeck, O. & Schroeder, T. Challenges in long-term imaging 
and quantification of single-cell dynamics. Nat. Biotechnol. 34, 1137–1144 
(2016).

	8.	 Chen, Z., Chen, J. J. & Fan, R. Single-cell protein secretion detection and 
profiling. Annu. Rev. Anal. Chem. 12, 431–449 (2019).

	9.	 Vollmer, F. & Yang, L. Label-free detection with high-Q microcavities: a 
review of biosensing mechanisms for integrated devices. Nanophotonics 1, 
267–291 (2012).

	10.	Zhang, P. et al. Plasmonic scattering imaging of single proteins and binding 
kinetics. Nat. Methods 17, 1010–1017 (2020).

	11.	Taylor, A. B. & Zijlstra, P. Single-molecule plasmon sensing: current status 
and future prospects. ACS Sens. 2, 1103–1122 (2017).

	12.	Piliarik, M. & Sandoghdar, V. Direct optical sensing of single unlabelled 
proteins and super-resolution imaging of their binding sites. Nat. Commun. 5, 
4495 (2014).

	13.	McDonald, M. P. et al. Visualizing single-cell secretion dynamics with 
single-protein sensitivity. Nano Lett. 18, 513–519 (2018).

	14.	Liebel, M., Hugall, J. T. & van Hulst, N. F. Ultrasensitive label-free 
nanosensing and high-speed tracking of single proteins. Nano Lett. 17, 
1277–1281 (2017).

	15.	Ortega Arroyo, J. et al. Label-free, all-optical detection, imaging, and tracking 
of a single protein. Nano Lett. 14, 2065–2070 (2014).

	16.	Young, G. et al. Quantitative mass imaging of single biological 
macromolecules. Science 360, 423–427 (2018).

	17.	Foley, E. D. B., Kushwah, M. S., Young, G. & Kukura, P. Mass photometry 
enables label-free tracking and mass measurement of single proteins on lipid 
bilayers. Nat. Methods 18, 1247–1252 (2021).

	18.	Heermann, T., Steiert, F., Ramm, B., Hundt, N. & Schwille, P. Mass-sensitive 
particle tracking to elucidate the membrane-associated MinDE reaction cycle. 
Nat. Methods 18, 1239–1246 (2021).

	19.	Grawe, R. W. & Knotts, T. A. T. The effects of tether placement on antibody 
stability on surfaces. J. Chem. Phys. 146, 215102 (2017).

	20.	Mitra, A., Deutsch, B., Ignatovich, F., Dykes, C. & Novotny, L. 
Nano-optofluidic detection of single viruses and nanoparticles. ACS Nano 4, 
1305–1312 (2010).

	21.	Szatanek, R. et al. The methods of choice for extracellular vesicles (EVs) 
characterization. Int. J. Mol. Sci. 18, 1153 (2017).

	22.	Midtvedt, D. et al. Size and refractive index determination of subwavelength 
particles and air bubbles by holographic nanoparticle tracking analysis. Anal. 
Chem. 92, 1908–1915 (2020).

	23.	Tyagi, S. et al. Continuous throughput and long-term observation of 
single-molecule FRET without immobilization. Nat. Methods 11, 297–300 
(2014).

	24.	Bohren, C. F & Huffman, D. R. Absorption and Scattering of Light by Small 
Particles (Wiley-VCH, 1983). .

	25.	Barer, R. & Joseph, S. Refractometry of living cells. 1. Basic principles. Q. J. 
Microsc. Sci. 95, 399–423 (1954).

	26.	Yang, Z. J. et al. Ultimate limit of light extinction by nanophotonic structures. 
Nano Lett. 15, 7633–7638 (2015).

	27.	Vestergaard, C. L., Blainey, P. C. & Flyvbjerg, H. Optimal estimation of 
diffusion coefficients from single-particle trajectories. Phys. Rev. E Stat. 
Nonlin. Soft Matter Phys. 89, 022726 (2014).

	28.	Dechadilok, P. & Deen, W. M. Hindrance factors for diffusion and convection 
in pores. Ind. Eng. Chem. Res. 45, 6953–6959 (2006).

	29.	Olsen, E. et al. Diffusion of lipid nanovesicles bound to a lipid membrane is 
associated with the partial-slip boundary condition. Nano Lett. 21, 8503–8509 
(2021).

	30.	Tyn, M. T. & Gusek, T. W. Prediction of diffusion-coefficients of proteins. 
Biotechnol. Bioeng. 35, 327–338 (1990).

	31.	Doose, S., Barsch, H. & Sauer, M. Polymer properties of polythymine as 
revealed by translational diffusion. Biophys. J. 93, 1224–1234 (2007).

	32.	La Verde, V., Dominici, P. & Astegno, A. Determination of hydrodynamic 
radius of proteins by size exclusion chromatography. Bio. Protoc. 7, e2230 
(2017).

Nature Methods | VOL 19 | June 2022 | 751–758 | www.nature.com/naturemethods 757

https://doi.org/10.1038/s41592-022-01491-6
https://doi.org/10.1038/s41592-022-01491-6
http://www.nature.com/naturemethods


Articles NaturE MEtHoDS

	33.	Petsev, D. N., Thomas, B. R., Yau, S. & Vekilov, P. G. Interactions and 
aggregation of apoferritin molecules in solution: effects of added electrolytes. 
Biophys. J. 78, 2060–2069 (2000).

	34.	Mawatari, K., Kazoe, Y., Shimizu, H., Pihosh, Y. & Kitamori, T. 
Extended-nanofluidics: fundamental technologies, unique liquid properties, 
and application in chemical and bio analysis methods and devices. Anal. 
Chem. 86, 4068–4077 (2014).

	35.	Persson, F. et al. Lipid-based passivation in nanofluidics. Nano Lett. 12, 
2260–2265 (2012).

	36.	van der Pol, E., Boing, A. N., Harrison, P., Sturk, A. & Nieuwland, R. 
Classification, functions, and clinical relevance of extracellular vesicles. 
Pharm. Rev. 64, 676–705 (2012).

	37.	Simpson, R. J., Lim, J. W., Moritz, R. L. & Mathivanan, S. Exosomes: 
proteomic insights and diagnostic potential. Expert Rev. Proteom. 6, 267–283 
(2009).

	38.	Gurunathan, S., Kang, M. H., Jeyaraj, M., Qasim, M. & Kim, J. H. Review of 
the isolation, characterization, biological function, and multifarious 
therapeutic approaches of exosomes. Cells 8, 307 (2019).

	39.	Satyanarayana, U. Biochemistry (2nd ed.). (Kolkata, India: Books and Allied, 
2002).

	40.	Lu, H. P., Xun, L. & Xie, X. S. Single-molecule enzymatic dynamics. Science 
282, 1877–1882 (1998).

	41.	Friedrich, R. et al. A nano flow cytometer for single lipid vesicle analysis. Lab 
Chip 17, 830–841 (2017).

	42.	Muller, V. & Westerlund, F. Optical DNA mapping in nanofluidic devices: 
principles and applications. Lab Chip 17, 579–590 (2017).

	43.	Zhang, H., Chon, C. H., Pan, X. & Li, D. Methods for counting particles in 
microfluidic applications. Microfluid Nanofluidics 7, 739 (2009).

	44.	Levin, S. et al. A nanofluidic device for parallel single nanoparticle catalysis 
in solution. Nat. Commun. 10, 4426 (2019).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as 

you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons license, unless 
indicated otherwise in a credit line to the material. If material is not included in the article’s 
Creative Commons license and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2022

Nature Methods | VOL 19 | June 2022 | 751–758 | www.nature.com/naturemethods758

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturemethods


ArticlesNaturE MEtHoDS

Methods
Biomolecular solutions. Alcohol dehydrogenase (ADH) from Saccharomyces 
cerevisiae (MW = 150 kDa; pI = 5.4) and aldolase from rabbit muscle 
(MW = 158 kDa; pI = 8.16) was purchased from Sigma-Aldrich. Ferritin (MW 
= 440 kDa; pI = 5.1–5.7) and thyroglobulin (MW = 669 kDa; pI = 4.7) were 
purchased from GE Healthcare. A concentration of 28 nM of the protein solution 
in PBS (pH 7.4, Sigma-Aldrich) was used. DNA fragments (MW = 650 Da × 
number of base pairs) and BSA (MW = 66 kDa, pI = 4.7) were purchased from 
ThermoFisher Scientific; a concentration of 28 nM of the DNA solution in 0.05× 
TBE (ThermoFisher Scientific) was used.

Supported lipid bilayer. 1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine 
(POPC) was purchased from Avanti Polar Lipids. Marina blue 
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Marina Blue DHPE) 
was purchased from ThermoFisher Scientific. PBS (tablets) was purchased from 
Sigma-Aldrich. PBS buffers were filtered with Millipore filters (0.1 μm) from Merck 
and water was deionized and filtered using a Milli-Q system from Merck.

LUVs were prepared by mixing lipids (POPC/Marina Blue (99/1 mol%)) in 
round-bottom flasks followed by drying of the lipid films overnight under vacuum. 
The lipid films were rehydrated and mixed with PBS to a total lipid concentration 
of 1 mg ml–1. Afterwards, rehydrated lipids were disrupted by five freeze-thaw 
cycles using liquid nitrogen and a 37 °C heat block except for the last cycle, which 
was thawed at room temperature. Finally, LUVs were obtained by extrusion using 
a mini-extruder (Avanti Polar Lipids), with two polycarbonate filters of 100 nm 
pore diameter (21 passages). To form a SLB in nanochannels of size 225 × 200 nm2 
(Channel V), we let the LUV solution flow through the nanochannels for 30 min 
by applying the pressure drop of 2 bar. For nanochannel of size 80 × 40 nm2 
(Channel V), the process was prolonged to 12 h. In addition, to prevent eventual 
clogging, the direction of the flow was switched periodically with a period of 10 s 
using microfluidic pressure controller MFCS-EX (Fluigent).

Conditioned cell culture medium. Fetal bovine serum (FBS), Ham’s F-12 
nutrient mixture (F12), DMEM GlutaMAX, nonessential amino acids (NEAA) 
and trypsin-EDTA were purchased from ThermoFisher Scientific. Amicon Ultra-
15 centrifugal filter unit 100 kDa 15 ml and PBS (tablets) were purchased from 
Sigma-Aldrich. PBS buffers were filtered with Millipore filters (0.1 μm) from 
Merck and water was deionized and filtered using a Milli-Q system from Merck.

SH-SY5Y human neuroblastoma cells (1.2 × 106) were seeded in T25 flasks 
(ThermoFisher Scientific) in 5 ml cell culture medium containing a 1:1 mix of 
MEM and F12 supplemented with 10% FBS and 1% NEAA and cultured for 48 h 
at 37 °C with 5% CO2. The conditioned medium was then harvested, filtrated 
through a 0.22 μm filter (VWR) and centrifuged for 20 min at 4,000 rpm at 4 °C 
in an Eppendorf Centrifuge 5430/5430 R with Rotor F-35–6–30 to remove large 
cell debris. The supernatant was then loaded onto Amicon Ultra-15 100 kDa 
filters (pre-equilibrated with 5 ml filtered PBS for 10 min at 5,680 rpm at 4 °C) to 
concentrate EVs and protein particles. The Amicon tubes were centrifuged for 2 h 
at 6,350 rpm, 4 °C. Afterwards, flowthrough was discarded and Amicon tubes were 
loaded with 5 ml filtered PBS and centrifuged for 2 h at 6,350 rpm, 4 °C. Finally, the 
concentrated conditioned cell culture medium was collected from the filter. For 
the control experiment, 5 ml cell culture medium that had not been in contact with 
the cells was concentrated on Amicon filters using the same protocol. For NSM 
measurements the samples were diluted 130× in PBS to reach a sufficiently low 
particle concentration.

Nanofluidic chips: design. The nanofluidic chips used in our experiments 
(Extended Data Fig. 2) contain a series of nanochannels with tailored cross-sectional 
dimensions and 30 μm length (Channels I–IV and VI) and 200 μm length 
(Channel V), which are connected to macroscopic in- and outlets through two 
microchannels with cross-section dimensions of 50 × 1.5 μm2. The transport of the 
30 μl liquid sample from the inlets to the nanochannels is controlled by pressurizing 
the inlets to 2 bar. During the measurements in Channels I–IV and VI, the applied 
pressure is turned off to solely rely on diffusion for molecular motion through the 
nanochannels during imaging. The dataset corresponding to the ADH molecule in 
Channel I was collected from three different nanochannels of the same geometry and 
the same nanofluidic chip. No statistically relevant differences between the results 
from different nanochannels were found. The other data sets corresponding to a 
combination of a specific biomolecule and a specific nanochannel were collected 
from the same volume of biomolecular solutions and the same nanochannel.

Nanofluidic chips: nanofabrication. Fabrication of the nanofluidic chips was 
carried out in cleanroom facilities of Federal Standard 209 E Class 10–100, using 
electron-beam lithography (JBX-9300FS/JEOL Ltd), Ion-beam etching (Ionfab 
300 Plus/Oxford Plasma Technology), photolithography (MA6/Suss MicroTec), 
reactive-ion etching (Plasmalab 100 ICP180/Oxford Plasma Technology and 
STS ICP and PlasmaTherm/Advanced Vacuum), electron-beam evaporation 
(PVD 225/Lesker and HVC600/AVAC), magnetron sputtering (MS150/FHR), 
deep reactive-ion etching (STS ICP/STS) and wet oxidation (wet oxidation/
centrotherm), fusion bonding (AWF 12/65/Lenton), scanning electron microscopy 
(Supra 55VP/Zeiss) and dicing (DAD3350/Disco). In particular, the fabrication 

comprised the following processing steps of a 4-inch silicon (p-type) wafer of 
1 mm thickness:

Thermal oxidation: (1) cleaning for 10 min at 80 °C in 1:1:5 H2O2:NH3OH:H2O 
(SC-1), rinsing in water, HF-dip for 30 s, cleaning for 10 min at 80 °C in 1:1:5 
H2O2:HCl:H2O (SC-2), rinse in water and drying under N2-stream. (2) Wet 
oxidation in water atmosphere for 660 min at 1,050 °C (2,000 nm thermal oxide).

Fabrication of alignment marks: (1) spin coating HMDS adhesion promoter 
(MicroChem) at 3,000 rpm for 30 s and soft baking on a hotplate (HP) at 115 °C 
for 120 s. Spin coating S1813 (Shipley) at 3,000 rpm for 30 s and soft baking (HP) 
at 110 °C for 1 min. (2) Expose alignment marks for 12 s in contact aligner at 
6 mW cm–2 intensity. (3) Development in MF-319 (Microposit) for 60 s, rinsing in 
water and drying under N2-stream. (4) Reactive-ion etching (RIE, PlasmaTherm) 
for 15 s at 250 mTorr chamber pressure, 50 W RF-power and 80 sccm O2-flow 
(descum). RIE for 45 min at 100 mTorr chamber pressure, 100 W RF-power and 
40 sccm CF4-flow (900 nm etch depth in thermal oxide). (5) Removal of resist in 
50 ml H2O2 + 100 ml H2SO4 at 130 °C for 10 min, rinsing in water and drying under 
N2-stream.

Fabrication of nanochannels: (1) Electron-beam evaporation of 12 nm Cr (hard 
mask). (2) Spin coating 950k-PMMA A4 (MicroChem Corporation) at 6,000 rpm 
for 60 s and soft baking (HP) at 180 °C for 5 min. (3) Electron-beam exposure at 
1 nA with a shot pitch of 2 nm and 600 µC cm–2 exposure dose. (4) Development in 
IPA 4: 1 H2O for 45 s at 6 °C and drying under N2-streaI. (5) Ion-beam etching at 
10 mA beam current, 300 V beam voltage, 300 V acceleration voltage and 200 mA 
neutralizer current for 16 min. (6) RIE (Plasmalab) for 150 s at 2 mTorr chamber 
pressure, 40 W RF-power and 50 sccm NF3-flow. (7) Removal of Cr-mask in 
50 ml H2O2 + 100 ml H2SO4 at 130 °C for 10 min, rinsing in water, wet-etching in 
standard Cr-wet etch and drying under N2-stream.

Fabrication of microchannels: (1) spin coating HMDS at 3,000 rpm for 30 s and 
soft baking (HP) at 115 °C for 2 min. Spin coating S1813 (Shipley) at 3,000 rpm for 
30 s and soft baking (HP) at 110 °C for 1 min. (2) Expose microchannels for 8 s in 
contact aligner at 6 mW cm−2 intensity. (3) Development in MF-319 (Microposit) 
for 60 s, rinsing in water and drying under N2-stream. (4) RIE for 15 s at 60 mTorr 
chamber pressure, 60 W RF-power and 60 sccm O2-flow (descum). RIE for 20 min 
at 30 mTorr chamber pressure, 275 W RF-power, 50 sccm Ar-flow and 50 sccm 
CHF3-flow (1,500 nm etch depth in thermal oxide). (5) Removal of resist in 50 ml 
H2O2 + 100 ml H2SO4 at 130 °C for 10 min, rinsing in water and drying under 
N2-stream.

Fabrication of inlets (from backside): (1) magnetron sputtering of 500 nm Al 
(hard mask). (2) Spin coating S1813 at 3,000 rpm for 30 s and soft baking (HP) at 
110 °C for 1 min. (3) Expose inlets for 12 s in contact aligner at 6 mW cm−2 intensity. 
(4) Development in MF-319 for 60 s, rinsing in water and drying under N2-streaI. 
(5) Aluminum wet etch (4:4:1:1 H3PO4: CH3COOH: HNO3: H2O) for 10 min to 
clear the hard mask at inlet positions. (6) RIE for 30 min at 30 mTorr chamber 
pressure, 275 W RF-power, 50 sccm Ar-flow, 50 sccm CHF3-flow. (7) Deep RIE for 
1,500 cycles of 12 s at 5 mTorr chamber pressure, 600 W RF-power, 10 W platen 
power, 130 sccm SF6-flow (Si-etch) and 7 s at 5 mTorr chamber pressure, 600 W 
RF-power, 10 W platen power and 85 sccm C4F8-flow (passivation). (8) Removal of 
Al-hard mask in 50 ml H2O2 + 100 ml H2SO4 at 130 °C for 10 min, rinsing in water 
and drying under N2-stream.

Fusion bonding: (1) cleaning of the substrate together with a lid (175 µm thick 
4-inch pyrex, UniversityWafers) in 5:1:1 H2O:H2O2:NH3OH (SC-1) for 10 min at 
80 °C. (2) Prebonding the lid to the substrate by bringing surfaces together and 
applying pressure manually. (c) Fusion bonding of the lid to the substrate for 5 h in 
N2 atmosphere at 550 °C (5 °C min–1 ramp rate).

Dicing of bonded wafers: cutting nanofluidic chips from the bonded 
wafer using a resin-bonded diamond blade of 250 µm thickness (Dicing Blade 
Technology) at 25 krpm and 2 mm s−1 feed rate.

Nanofluidic chips: scanning electron microscopy images. The nanofluidic 
chips were prediced from the back side to a depth of 400 µm at the position of the 
nanochannel arrays, using a resin-bonded diamond blade of 100 µm thickness (Dicing 
Blade Technology) at 35 krpm and 5 mm s−1 feed rate. The chips were then cleaved 
manually and 3 nm C was deposited on the cleaved surfaces with electron-beam 
evaporation (HVC600) for discharging during scanning electron microscopy (SEM) 
imaging. The nanochannels were imaged in cross-section with SEM at 15 kV beam 
voltage and a working distance of 2.5 mm using an in-lens detector.

To measure the cross-sectional area from the SEM images, the edges of 
the nanochannels were estimated manually from the positions of the pixels 
with the most rapid change of the intensity (dashed line in Extended Data 
Fig. 3) and drawn on top of the SEM image using a computer graphics tool 
(Affinity Designer). A secondary image containing only the derived shape of 
a nanochannel with dark pixels inside the area of the nanochannel and white 
pixels outside the area of the nanochannel was then created. The number of black 
pixels was then calculated using Matlab and translated into micrometers squared 
accordingly. The area derived (A) was translated into a format expressing the 
width × length that correspond to the dimensions of an equal-area rectangle. 
The measured areas of Channels I–VI correspond to AI = 100 × 27 nm2, 
AII = 110 × 72 nm2, AIII = 100 × 15 nm2, AIV = 145 × 27 nm2, AV = 225 × 200 nm2 and 
AVI = 82 × 40 nm2, respectively.
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Experimental setup. The optical setup was based on the versatile microscope 
platform RM21 (Mad City Labs) (Extended Data Fig. 1). A beam of collimated 
polychromatic light with wavelength range 400–2,350 nm generated by a 
supercontinuum laser (NKT Photonics, SuperK EXTREME EXB-6) was spectrally 
filtered by the tunable wavelength filter (NKT Photonics, SuperK VARIA) to a 
polychromatic beam with wavelength range 450–750 nm. The resulting beam with a 
total power of 250 mW was focused at the back focal plane of a microscope objective 
lens (numerical aperture (NA) = 1.49, Nikon), and directed to illuminate the fluidic 
chip under angle using a micromirror positioned at the back aperture of the objective 
lens. The effective NA of the objective was then lowered to 1.27 as the back aperture 
of the objective was partially blocked—decreased from a diameter of 23.8 mm to 
16.7 mm. The reflected light was spatially filtered using a second micromirror and 
the scattered light was imaged via a tube lens by a CMOS camera (Andor, Zyla). 
The resulting magnification was 220×. In the case of the experiments with 30 μm 
long nanochannels (Channels I–IV and VI), a beam of 1 mm diameter was used to 
illuminate an area of the fluidic chip of 10 μm diameter. An area of 30 × 600 pixels of 
the camera was then acquired at the frame rate of about 5,000 frames per second. In 
the case of the experiments with 200 μm long nanochannels (Channel V), the beam 
was expanded fourfold to illuminate an area of the fluidic chip of 40 μm diameter. An 
area of 30 × 2,160 pixels of the camera was then acquired at the same frame rate.

Nanoparticle tracking analysis. We performed NTA using a Malvern NanoSight 
LM10 instrument equipped with a 488 nm laser and operating in scattering mode 
and under a flow rate of 100 (B10 ml min–1) obtained with a Nanosight syringe 
pump module and with the cameral level set to 15. The sample was diluted 1,000× 
in PBS and analyzed in a set of five videos of 60 s each. The videos were analyzed 
with the built-in NTA 3.2 software using a detection threshold of five to be able to 
determine optimized size distributions and concentrations. The buffer viscosity 
was considered as that of water at 21 °C. Concentration values (particles per 
milliliter) were extracted and plotted.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All sample data are packaged with the code and can be found at gitlab.com/
langhammerlab/NSM-SA. Source data are provided with this paper.

Code availability
The codes for device control and data acquisition can be found at gitlab.com/
langhammerlab/NSM-DeviceControl. The code using SA described in Sections 
5–6 in Supplementary Information can be found at gitlab.com/langhammerlab/
NSM-SA. The code using ML described in Section 7 in Supplementary Information 
can be found at gitlab.com/langhammerlab/NSM-ML.
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Extended Data Fig. 1 | Schematic of the experimental setup.
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Extended Data Fig. 2 | Schematic of the nanofluidic chip.
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Extended Data Fig. 3 | SEM images of nanochannel cross sections of (A-F) Channel I – VI used in different experiments. The domain from which the area 
of the cross section was calculated is highlighted by the dashed line. The width and length correspond to the dimensions of a rectangle with area equal to 
the determined cross-sectional area of the nanochannel.
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Extended Data Fig. 4 | Machine-learning analysis results. (A, B) Scatter plots of iOC translated into MW using Eq. 1 in the main text, and D translated 
into RS using Eq. 2 in the main text for individual biomolecules of different types, measured in (A) Channel I and (B) Channel II using ML. Each dot is 
extracted from a single biomolecule trajectory. Color intensity scales linearly with frame number of the trajectory (N). The highest intensity corresponds to 
N = 2130 frames. The gray line corresponds to an empirical relation between MW and D for globular protein30 (C, D) iOC histograms of the biomolecules 
in (A, B) translated into MW using Eq. 1 in the main text.
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Extended Data Fig. 5 | Ferritin–nanochannel wall interaction. Kymograph of a single ferritin molecule inside Channel II. For each time frame, the dark spot 
in the image corresponds to the position of the ferritin that resides inside the field of the view. The position of the biomolecule changes stochastically in 
the left and right part of the image, whereas in the central part, it remains fixed for about 0.3 s. These two different behaviors correspond to two different 
states of a biomolecule – freely diffusing and bound to the nanochannel wall, respectively. The trajectory of the biomolecule was found using a particle 
tracking algorithm and from the statistics of the movement, the part of the trajectory corresponding to the bound state was identified and excluded from 
the further analysis (more details in SI section “Particle tracking”).
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