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Ultralong Tracking of Fast-Diffusing Nano-Objects inside
Nanofluidic Channel—Enhanced Microstructured Optical

Fiber

Fengji Gui, Shigi Jiang, Ronny Férster, Malte Plidschun, Stefan Weidlich,

Jiangbo Zhao,* and Markus A. Schmidt*

Nanoparticle tracking analysis (NTA) represents one essential technology to
characterize diffusing nanoscale objects. Herein, uncovering dynamic processes
and high-precision measurements requires tracks with thousands of frames to
reach high statistical significance, ideally at high frame rates. Optical fibers with
nanochannels are used for NTA, successfully demonstrating acquisition of tra-
jectories of fast diffusion nano-objects with 100 000 frames. Due to the spatial
limitation of the central nanofluidic channel, diffusion of objects illuminated by
the core mode is confined, enabling the recording of Brownian motion over
extraordinarily long time scales at high frame rates. The resulting benefits are
discussed on a representative track of a gold nanosphere diffusing in water in
over nearly 100 000 frames at 2 kHz frame rate. In addition to the verification of
the fiber-based NTA using two data processing methods, a segmented analysis
reveals a correlation between precision of determined diameter and continuous
time interval (i.e., number of frames per subtrajectory). The presented results
demonstrate the capabilities of fiber-based NTA in terms of 1) determining
diameters with extraordinary high precision of single species and 2) monitoring
dynamic processes of the object or the fluidic environment, both of which are
relevant within biology, microrheology, and nano-object characterization.

1. Introduction

Nanoparticle tracking analysis (NTA) repre-
sents a key screening technology within
bioanalytics and microrheology to deter-
mine the properties of objects or processes
at the nanoscale. This approach relies on
using the light scattered from the target
objects for localization and tracking, with
the dimension of the object being deep sub-
wavelength. Examples of NTA applications
include biological matters,"™ dark-field
imaging,ls] multifocal microscopy,[é] and
living cell detection.”!

Within NTA, the length of the recorded
trajectory (i.e., the number of frames per
track) represents an essential and crucial
parameter. First, Brownian motion is sta-
tistically analyzed, with the estimated
parameters showing improved precision
with the number of samples, which in
the case here is the number of tracked
frames N. For data analysis, the method
of mean squared displacement (MSD) is
commonly used with the relative error of

measurement being limited by the Cramér—Rao lower bound

(CRLB), which is proportional to ~ /1/N. Moreover, observing
the nano-objects over long time scales principally allows to
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dynamically monitor the diffusion process, thus providing a
pathway to reveal either changes of the diffusing object itself
or a modification of the environment. This ultimately is essential
for the unlocking of dynamic processes in biology and micro-
rheology such as the interactions between nano-objects,!"” or
the measurement of anomalous diffusion. !

Especially in the case of fast diffusion, tracking a single nano-
particle over a large number of frames represents one key chal-
lenge in NTA. Current technologies show limitations on this
issue, particular in light of the fact that the positions of the
objects are not limited to a specific spatial area. Basically, a
trajectory ends if the object leaves the field of view (FoV) or
the focal plane of the objective, which typically happens after
a short time. For example, within a typical FoV of (6 x 6) pm?,
one can only observe a diffusing object with diffusion coefficient
D=1pm?s™! for 1s.'*'" Recently, experimental approaches
using axial confinement or tracking with adaptive focus and stage
have been reported.’'*'? They show that single-particle orbit
tracking can support a continuous tracking of 150 000 frames
but with a rather small diffusion coefficient of 0.017 ym? s~ *.1*%!

A novel NTA scheme that was introduced by the authors in
2015 relies on microstructured optical fibers that include
nano- and microfluidic channels along the entire fiber length,
supporting fast, label-free, and long-duration observation of
nano-objects.'*) This waveguide-based scheme has opened up
the field of fiber-based NTA (fNTA), examples of research includ-
ing the determination of the full 3D trajectory of diffusing gold
nanospheres via evanescent-field scattering position retrieval,**
the simultaneous evaluation of hundreds of diffusing 40 nm gold
particles inside antiresonant hollow core fibers,!**! or the mea-
surement of single-virus diffusion (diameter 19 nm) using nano-
bore optical fibers (NBFs).l"*'® The essential advantage of the
fNTA approach within the context of acquiring trajectory with
a large number of frames is related to the confinement of the
object to the nanofluidic channel, that is, the liquid channel
region. Specifically, three primary advantages can be identified:
1) high-intensity light-line-type illumination across the entire
observation length, 2) persistent occupancy of the nano-object
in the focus, and 3) high frame rates due to fast read out because
of the reduced FoV along 1D. These combined features suggest
fNTA to allow for the acquisition of trajectories with an extraor-
dinary number of frames of fast-diffusing objects, potentially
opening up new areas of application for NTA.

In this work, we experimentally demonstrate that through lim-
iting transverse particle diffusion via the nanofluidic channel of
an NBF, the fNTA concept enables the recording of nearly
100000 frame (40.3s) trajectories of a rapidly diffusing
nano-object in water. The corresponding Brownian motion
was investigated using power spectral density (PSD) and MSD
analysis, the latter showing a correlation between measurement
accuracy and continuous recorded time interval (i.e., number of
frames per subtrajectory), clearly identifying the advantages
of exceptionally long trajectories.

2. Working Principle and Design

The NBF-based fNTA approach relies on the detection of the elas-
tically scattered light of the nano-objects diffusing inside the
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central nanofluidic channel of the fiber. One of the keys to this
approach is the concentric fiber geometry, which contains a
doped fiber core and a central nanochannel that can be flexibly
filled with the nano-object-doped aqueous suspension
(Figure 1a). The objects diffusing inside the nanofluidic channel
scatter the light of the evanescent field of the fundamental mode
(red area in Figure la), which is laterally detected by a micro-
scope. This conceptual implement allows recording the
Brownian motion of nano-object along the longitudinal direction
via a continuous acquisition of individual images.

One common issue within the context of waveguide-based
NTA that uses total internal refraction as a light guidance mech-
anism is the low refractive index (RI) of water, being smaller than
that of almost all solid materials (Myaer < eolia). This prevents
direct light guidance inside the water-filled channel, therefore
demanding to use microstructured claddings. Within this work
this issue is circumvented by using the NBF approach: Here, a
high-RI region (i.e., optical core) surrounds the central water-
filled nanochannel, leading to the formation of evanescent fields
inside the nanofluidic channel. From the NTA perspective, this
geometric arrangement results in a light-line-like illumination
upon the diffusing objects, as the transverse intensity distribu-
tion the objects experience is essentially identical at any longitu-
dinal position.'” Note that due to the extension of the
nanofluidic channel along the fiber axis, longitudinal diffusion
is essentially unconfined, whereas transverse diffusion is
corralled due to the presence of the channel walls.

3. Experimental Section

The NBF used here consisted of a GeO,-doped silica core (diameter
2b=3.8um), with a RI that was slightly higher (An~ 8 x 1079
than that of the pure silica cladding (more details of the nanobore
can be found in the study by Schaarschmidt!'”)). The center of the
core included a hollow nanochannel (diameter 2a = 560 nm) filled
with gold nanoparticles dispersed in aqueous solution. This fiber
supported a fundamental mode with evanescent fields inside the
central channel at the operation wavelength (1= 532nm) (simu-
lated mode in Figure 1b). The strong evanescent decay (for water,
the penetration depth was 0.1 pm) limited the maximum nanobore
diameter. Note that due to its unique modal properties and, com-
pared with other types of microstructured fibers, its comparably
simple structure, the NBF was used in a series of experiments,
examples including nonlinear plasmonics™® or fiber-integrated
spectroscopy.[19]

The used aqueous solution contained ultrauniform gold nano-
spheres (average physical diameter Ep = (49.9 £ 2.2) nm, concentra-
tion: 4.2 x 10" partideml™, nano-Composix). The average
hydrodynamic diameter was measured in house by a Zetasizer
(Malvern) to be dy, = (57 4 10) nm (more details can be found in
Supporting Information).

Filling of the nanofluidic channel was conducted through cap-
illary force in minutes by placing the output side of the fiber into
the particle solution (Figure 2a). After the solution reached the
observation area, the output side of the fiber was sealed by a patch
of plasticine to prevent further flow, thus eliminating particle
drift and allowing the nano-objects to remain within the obser-
vation area.

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

www.adpr-journal.com

time [s]
— %0 10 20 30 40
objective T T T
. ) I
nano-fluidic
SICULT scattered light _sof ]

g 1 diffusing nano-sphere
5 I
nano-object = 70 |
a |
T 1
(] ~ nanobore =N |
: 3 |
© |
S 1
= 50 )
1
1

40 | - L 1
0 25000 50000 75000 100000
frame index

Figure 1. Nano-object tracking inside a nanofluidic channel-enhanced step-index fiber. a) Sketch of the concept, consisting of NBF, nanofluidic channel,
diffusing nano-objects, optical mode, and objective. The red area highlights the scattered light of a selected nano-object (the toroidal shape resembles the
principle scattering pattern, neglecting the reflection at various interfaces). The inset in the bottom-left corner shows the cross section of the fiber, that is,
transverse Rl distribution (I: nanofluidic channel, ny =1.3337, II: doped core, n, = 1.4687, Ill: silica cladding, n; = 1.4607. b) Simulated spatial intensity
distribution (linear scale, dark red: 1; dark blue: 0) of the fundamental mode in case the central nanochannel is filled with water (4 = 532 nm, geometric
and material parameters are given in the text). c) Scanning electron microscopic image of the central section of the NBF (scale bar is 1 pm, bore diameter:
0.56 um). d) Measured longitudinal trajectory (along the z-axis) of a 53 nm gold nanosphere diffusing in water as a function of frame index (bottom axis)
or time (top axis). This track includes a large number of frames (N, = 10°) and is used as a representative example dataset for the analyses in this work.
The vertical dashed dark cyan line shows the maximum trajectory length from our previous NBF work."®! The inset in the top-right corner shows an
example frame of that track (a close-up view of the scattering pattern of the particle can be found in Supporting Information).
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Figure 2. a) Experimental setup used for particle tracking, consisting of mode excitation arrangement, NBF, and microscope. The central inset (not to
scale) shows the scattering process including mode pattern and scattered light. The image in the lower left corner shows the measured image of the
detected particle in one frame. b) Statistical distribution of the experimental longitudinal displacement shown at three different lag-times (red: lag-time =1
frame (0.4 ms), blue: lag-time =10 frames (4 ms), and magenta: lag-time = 20 frames (8 ms)).

For the optical experiments (setup in Figure 2a), green laser
light (A =532 nm, WhisperIT, W532-50FS) was coupled into the
NBF via an objective (40x, NA = 0.65, Olympus), and the mean
flux in the channel was 1.8 W cm™2. The side-wise scattered light
from the nano-objects was collected via an oil-immersed objec-
tive (60x, NA =0.9, Olympus) and imaged onto a fast CMOS
camera (ANDOR Zyla 4.2 Plus, scale: 72.6 nm/pixel) with an
exposure time of t, =0.2ms, frame rate and frame duration
of yv=2480Hz, and At=0.4ms, respectively. Note that the
imaging system used in this work was diffraction limited and
well optimized, as can be seen from the airy pattern of the scat-
tered nano-object (see Supporting Information for more details).
The longest trajectory contained 100 000 frames (N, = 10° ) cor-
responding to an observation time of T=40.3s. The entire
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trajectory that is exemplarily evaluated in the following section
(Figure 1d) showed clear Brownian motion-based diffusion, as
the statistical distribution of the nanosphere’s z-position (three
examples of lag-time are shown in Figure 2b) was well fitted
for all lag-times by a normal distribution probability density func-
tion.”?% Note that the number of nanospheres within the FoV can
be estimated through the concentration of the solution
(4.2 x 10" particles ml ) and the volume in the region of obser-
vation (z-(110 pm)-((560/2) nm)* ~ 2.7 x 10~ ml), showing that
approximately one nanosphere is statistically located within
the FoV.

The Python package “Trackpy’>(DOI: 10.5281/zen-
0d0.3492186) was used for image processing to measure
the scattering intensity and localize the particles’ position

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

in each frame by center of mass (another possible software was
PyNTA which was recently released by Faez et al.*%). We con-
ducted a test with parallel programming with the following
result: the total computing time was 287 s: 1) 101 s for reading
the tiff stack file from disk; 2) 124 s for parallel particle locali-
zation; and 3) 53 s for particle trajectory linking. A trajectory
was formed out of the individual positions by a nearest-
neighborhood linking. Note that principally a graphics proc-
essing unit can be used to further speed up the computation
in the future.

4. Data Analysis

To reveal the improvement of the statistics in case of having tra-
jectories with a large number of frames, the hydrodynamic diam-
eter of one gold nanosphere has been determined under various
conditions. Here we apply 1D-MSD analysis using the tracked
positions along the longitudinal (z-) direction, which is sufficient
for the determination of the diffusion coefficient.”?) In addition,
the results are confirmed by PSD analysis.

4.1. MSD Analysis

The 1D MSD of a freely diffusing nano-object (z?)is proportional
to the lag-time A#**! and given by

(z(iAt)?) = 2Dgilt + 202 — %the (1)

Here, the free (unconfined) diffusion constant Dy is deter-
mined through the slope of Equation (1). The hydrodynamic
diameter d}, is then obtained through the Einstein—Stokes rela-
tion Dy = kg T/3znd, (kg: Boltzmann constant and #: viscosity at
temperature T).** i € {1, ..., N.} is the index of the lag-time
(N¢: number of continuous frames in a trajectory). The offset
of MSD curve is determined by both localization uncertainty
and motion blur, where o refers to the localization uncertainty
and t. to the camera exposure time.

Here, it is important to note that the transverse confinement pro-
vided by the nanofluidic channel leads to a confined diffusion/*°
through an increased viscosity, also hindering the diffusion along
the longitudinal direction because of the liquid’s high bulk modu-
lus. This effect is included here by the so-called average resistance
factor R,y leading to the corrected diffusion constant
D.= D¢/ Ravg[“’m (more details on the resistance factor can be
found in the Supporting Information and in the study by Jiang™*).

The error of the fitted slope of the MSD (Equation (1)) defines
the precision of the retrieved diffusion Dy and hydrodynamic
diameter d, and depends on the number of frames N_.[**)
Here it is important to note that the standard deviation op of
the obtained free diffusion coefficient can only be approximated
in the case of motion blur and finite localization error. Michalet
and Berglund have shown that the standard deviation of the dif-
fusion oy, reaches the CRLB?® in case N, is sufficiently large and
can be approximated by

op 2 1 1
s 2 A+ 2/TFx)i~ | — 2
D 2\, ) "RV @
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Equation (2) clearly shows that the precision of the analysis
increases with the number of frames over which the particle
is tracked.**2%3%

where x is the reduced square localization error (x

4.2. PSD Analysis

In addition to the MSD method, the free diffusion coefficient D¢
can also be retrieved by PSD analysis, which relies on fitting the
power spectrum of the position of the nano-object in the fre-
quency domain.?'*% The method is commonly used to analyze
the motion of single particles in harmonic potentials (as, e.g., in
optical trapping experiments®®). As there is no restoring force
along the longitudinal direction in our experiments, no harmonic
potential is present and the respective fitting function reduces to

2, De/2r’
fe+f

with Z(f) being the Fourier transformation of the particle’s tra-
jectory z(t) and f . the corner frequency, which is close to zero in
the case of free diffusion. The fitting is based on a maximal like-
lihood estimation (MLE).*?

P(f) = 1Z(f)

G)

4.3. Simulation

To examine our experimental findings, we simulated the diffu-
sion of particles for a configuration that corresponds to the exper-
imental circumstances for 10° frames and evaluated the data
similarly to those of the experiments. Here, only diffusion along
the fiber axis is considered, which excludes reflections at the lig-
uid/solid boundary and corresponds to free 1D diffusion. The
effect of hindered diffusion has been taken into account by
directly using the measured value of (corrected) diffusion coeffi-
cient D.. Note that the assumption of a free 1D diffusion solely
along the longitudinal direction has been proven experimentally
as the determined MSD/lag-time dependence is purely linear
and shows no visible sign of saturation. To make statistically rel-
evant statements, we simulated a large number of different tra-
jectories and averaged them appropriately. In the simulation, we
applied microsteps (m = 100) as introduced in the supplemen-
tary in the study by Michalet'*! to model the motion blur within
the individual exposure time for the detected particle.

5. Results

Within the first step of the analysis, the representative trajectory
shown in Figure 1d (N,=10°) is analyzed by both MSD and
PSD method to verify the appropriateness of the approaches and
validate the consistency of the results (Figure 3, links to the source
code and the data can be found in the Supporting Information).
Fitting the first two lag-times in the MSD by Equation (1) yields
a free diffusion coefficient of DMSP = (5.975.0.04) pm*s™"
(Figure 3a). Using the first two lag-times only is optimal for x < 1
(here: x = —0.16), because higher lag-times would contribute more
correlated noise than signal to the fit?®)), This value excellently
matches with the PSD results (DFSP = (5.985.0.05) pm*s™ ",

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 3. Data analysis of the entire representative trajectory shown in Figure 1d (N, = 10°) obtained from a) the 1D MSD analysis and b) the PSD
method leading to identical results. In (a), the first two lag-times (purple) have been considered for fitting Equation 2; in (b), the fitting (dark cyan line) was

conducted by MLE on the basis of Equation 3.

Figure 3b). The resulting hydrodynamic diameters are d)SP =
dPSP = (53.3530.6) nm, being in the range measured by the

Zetasizer (dy, = (57 £ 10) nm).

As shown by Michalet et al.*! the finite exposure time
(motion blur) leads to a negative offset according to
MSD, () = 2Dt — 2Dst. /3, where we assume the localization
uncertainty to be negligible compared with the offset term
2D¢t./3. For our experiments, the offset obtained from fitting
is —8.11.110 '®*m” (entire dataset and Ni,g = 2), which is in
agreement with the theoretical prediction (—2Dgt./3 = —7.96 x
10~ "®m®). Note that the nanosphere is actually never lost, that s,
is present in all frames of the representative dataset, allowing to
straightforwardly apply the MSD analysis reported in the study by
Jiang et al'" (more details can be found in the Supporting
Information).

To confirm the merits of having a trajectory with an extremely
large number of frames, a segmented MSD analysis of the mea-
sured diffusion coefficient has been conducted on the representa-
tive trajectory (Figure 1d). Specifically, the entire trajectory is divided
into Ny segments of equal length Ny = N, /N, which are analyzed
separately. As two examples, Figure 4a,c shows the time-dependent
retrieved-segmented free diffusion coefficient D{® in case of 200
and 50 segments with ~ Ny =500 and N¢ = 2000, respectively.
It can be clearly seen that the stable gold nanoparticles’ diffusion
does not change in time, verifying that fNTA is noninvasive.
Both curves indicate that same mean average segmented free dif-
fusion coefficient (obtained from averaging the different values of
Di®) Df® = g ZJNS D{®=597um’s " (horizontal magenta
lines). Note that, however, the curve in (a) fluctuates more strongly
(ie., has a larger standard deviation o1,° marked by the enlarged
yellow area) due to the smaller number of frames used in the anal-
yses of the individual subtrajectory N;. The histograms of the
retrieved hydrodynamic diameters are shown in Figure 4b,d, show-
ing a higher precision o1° in case of larger values of N¢. These
results therefore highlight the importance of understanding how
a large number of frames per subtrajectory Ny impacts the

Adv. Photonics Res. 2021, 2, 2100032 2100032 (5 of 9)

precision of the MSD analysis within the context of {NTA, which
has direct implications on potential experiments involving dynamic
size change of specimen.

In the following section, the segmented MSD analysis is used
to unlock the dependence of the determined hydrodynamic
diameter of the nanosphere and the related error on the length
of the segment (i.e., on different values of N¢). Specifically,
the result of fitting the histograms shown in the right-handed
plots of Figure 4 is statistically averaged, yielding the average
nanosphere diameter as a function of Ng, d;® = d;**(N¢) and
the associated relative standard deviation of the free diffusion
coefficient §o® = 6% /Dce. This procedure was repeatedly
conducted for various values of the number of frames per sub-
trajectory within the interval 10°< N¢ <10°. Note that the result-
ing quantities include the properties of “one single” nano-object
in case of different analysis conditions. This differs from
quantities that characterize a large set of particles, as it is the
case for Zetasizer measurements. The resulting distribution
of the hydrodynamic diameters shows a stable averaged value of
d;°® =53 nm (Figure 5a), whereas the associated relative error
(error bar in Figure 5a) decreases with the number of frames
per segment Ny, which is in qualitative accordance with
Equation (2).

To understand the behavior of the error in greater detail, the
relation between the standard deviation of the segmented diffu-
sion coefficient 6615 and Ny is compared in Figure 5b with values
from simulations and forms the theoretical CRLB obtained from
Equation (2). The experimental values of 5o,® are in good agree-
ment with theoretical prediction down to Ny = 10%, whereas at
higher Ny values the experimental results deviate from the
CRLB curve. This behavior can be attributed to the fact that the
number of samples used in the statistical analysis to retrieve
So5¢ (Ny/ N¢) decreases as Ny increases, so that the statistical sig-
nificance is reduced, correspondingly leading to a fluctuation of
the values in the vicinity of the CRLB curve. To confirm this effect,
we conduct 5000 simulations and averaged them (green curves in
Figure 5b) to reach a situation with substantially higher statistical

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 4. The segmented MSD analysis of the representative trajectory demonstrated by different segmentation examples (top row ((a)—(b)): no. frames
per subtrajectory Nf =500, (Ns = 200); bottom row ((c)—(d)): no. frames per subtrajectory Ny =2000 (N; = 50)). The plots on the left show the seg-

mented free diffusion coefficient D;*® as a function of time, with the horizontal magenta line showing the average segmented free diffusion coefficient D;®

and the yellow area referring to the error margin within the interval of the first standard deviation (D8 + 63%), where op¢=0.58 pm*s™' and
seg

op%=0.28 um*s ™" for Ny = 500 and N; = 2000, respectively. The plots on the right show the corresponding histograms of the hydrodynamic diameters

(hindrance corrected) with 638 = 4.13 nm for N = 500 and 6’8 = 1.97 nm for Ny = 2000, respectively, obtained from inverse Gaussian fitting (solid lines).
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Figure 5. Statistical results of the segmented MSD analysis considering the representative trajectory shown in Figure 1d. a) Averaged hydrodynamic

diameter (points) and associated standard error (lines) determined at discrete number of frames per subtrajectory N¢. The rightest point refers to the full

trajectory (N = 10°) and thus includes no error bars. b) Relative standard deviation of the segmented diffusion coefficient so5;® as a function of N¢

(bottom axis) and continuous time interval (i.e., number of frames per subtrajectory, top axis) for analyzed trajectory. The experimentally obtained errors

are indicated by cyan points. The green lines refer to the simulated results (dashed line: mean error value; dotted lines: corresponding standard deviation

from the mean value). The theoretical limit defined by Equation (2) is represented by the blue continuous line. The pink point at Ny = 10° predicts the
seg

relative error of the entire trajectory to dog¢ (N = N;) =0.7% or oy (N = N;) =0.04 pm?®s™".

significance. Note that for a fixed value of N the single trajectory ~ simulations include 5000 trajectories, each of which has been
analyzed here yields a single value of d65¢ which fluctuates  exposed to the segmented analysis, with the resulting averaged val-
around the theoretical curve, whereas the results of the ues (dashed green line in Figure 5b) following the CRLB behavior.
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6. Discussion

One essential result of the segmented MSD analysis (Figure 5b)
is an experimentally determined correlation between the preci-
sion of the diffusion coefficient determination and the number
of frames per subtrajectory, 565° = d65°(N¢). This dependency
allows adapting a potential experimental configuration with
respect to the precision of the diameter that needs to be deter-
mined. For instance, if a diffusion coefficient or diameter shall
be measured with a relative error of 5%, each subtrajectory needs
at least Ny =1100 frames.

The dependency o}, = o}, °(Ny) is essential in case fNTA is
used for analyzing dynamic processes, as the number of frames
per subtrajectory can be directly transferred into a continuous
time interval that can be used via the frame rate AT = N¢/v
(top axes in Figure 5a,b). For instance, if a time interval of 1s
is required, the relative error with respect to the diffusing coeffi-
cient is about 4% for the frame rate used here. Note that the time
interval AT is always related to the frame rate that is used in the
specific experiments. Long time intervals can be obviously
achieved for low frame rates, whereas, however, high statistical
significance cannot be reached in such experiments due to a low
number of frames per time interval.

To place the achieved results in the context of other
approaches, Table 1 shows several key parameters of reported
NTA experiments. While other experiments have reached similar
tracks length of the order of 10°, our approach uniquely com-
bines this with a precise analysis of a fast diffusion process
(i-e., a large diffusion coefficient)—a feature that essentially
results from the confinement of the nano-object to the nanoflui-
dic channel. Note that for the experimental situation considered
here the free diffusion length (distance over which the particle
can diffuse before it is lost) is 22 pm at kHz frame rates, exceed-
ing most of the other experiments shown in Table 1. This unique
property is particularly visible when the combination of the col-
umns “frame rate” and “calculated D” is considered. To empha-
size the benefit of having the transverse confinement, the
combinations of diffusion coefficient and number of acquired

www.adpr-journal.com
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Figure 6. Diffusion coefficient versus total number of frames for various
reported nanoparticle tracking experiments (according to Table 1). The
yellow star inside the blue circle indicates the results achieved in this work.

frames of the experiments shown in Table 1 are shown in
Figure 6. We would like to again emphasize that a fast acquisition
of a large number of data points enables both 1) evaluating the
entire trajectory and retrieving the diameter via MSD analysis
with high accuracy and 2) cutting the trajectory into segments
and evaluating each trajectory individually, thus allowing for
time-resolved diameter analysis.

The number of frames of the representative trajectory shown
in Figure 1d is Ny = 10°, which is the approximate number of
frames that can be continuously recorded with the current setup
configuration. This value mainly results from the extension of
our FoV of our imaging system along the longitudinal direction
having a length of Lg,y =100 pm. Within the recording time
(trec =40s), the nanosphere has an expected diffusion length
of Lgyy = /2D¢hee ~ 22 pm (defining the maximal length when
the particle diffuses in one direction along the fiber), which is
about five times shorter than Lg,y, yielding a very high probabil-
ity that the object remains in the FoV during measurement. Note
that recording time was selected based on experience. Further
increase of the number of frames for maintaining the situation
of having a high diffusion coefficient can be achieved by a camera

Table 1. Key benchmark figures of reported nanoparticle tracking experiments. The values in brackets refer to the corresponding free diffusion coefficients
calculated via the Einstein—Stokes relation. The column “calculated D (50 nm)” refers to the free diffusion coefficient of a 50 nm nanoparticle using the
respective viscosity value, therefore allowing for a direct comparison of the different diffusion scenarios.

Particle/ Measured D*  Calculated Calculated D Frame Frames/ Diffusion Environment Approach Reference/
diameter [nm] [pm?s7] viscosity? (50 nm) rate [Hz] duration length® year
[Pas] [hm?s™"] (/6] (km]

Au/50 5.97 (8.6)9 0.0014 5.97 2480 100 000/41 22 Water Nanobore fiber This work
Au/51 5 (8.4)9 0.0017 5.05 1000 20000/20 14 Water Nanobore fiber [13]/2015
Au/100 ~4 (4.3)9 0.0011 7.81 25 3000/120 31 Water Dark-field microscopy [5]/2014
Au/20 ~1.6 0.0134 0.64 100 000 100000/1 1.7 Membrane iSCAT microscope [11]/2014
Au/20 ~1.48 0.0145 0.59 50000 155 000/3 3 Membrane iSCAT microscope [1]/2016
Fluo-beads/200 0.17 0.0126 0.68 20 3000/150 7.4 Glycerol-water ~ Multifocal microscopy [6]/2019
Au/20 ~0.16 0.1342 0.064 1000 5000/5 1.26 Membrane iSCAT microscope [2]/2014
Fluo-beads/20 0.017 1.2731 0.0068 250 152 000/608 4.5 Glycerol Fluo-microscope [10]/2013

?Calculated viscosity * = kg T/3zD*d; P Calculated diffusion coefficient of 50 nm particle using the viscosity 5;*; 9/ = v/2D"t, t is the recording time; 9The ones in brackets are

the free diffusion coefficients of the related particles in water, using Stokes—Einstein relation.
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with a larger chip. For instance, Basler cameras can have chips
with 4000 pixels instead of 1000 used in the current experiments,
leading to a 4 times larger area and consequently to 16 times lon-
ger observation time. Moreover, establishing a lower resolution
by lowering magnification increases the FoV accordingly, leading
to longer observation time. Note that the presented fiber-based
NTA system can be straightforwardly applied to dielectric
nano-objects such as viruses or vesicles, suggesting significant
relevance of the results achieved within the context of bioanaly-
sis. A possible extension of the results presented here is repre-
sented by applying electric field, while observing the object under
investigation,**** representing an interesting future direction
toward measuring, for example, electrophoretic mobility, as sug-
gested by first experiments.*®!

7. Conclusion

NTA represents one essential technology to characterize the
motion of diffusing nano-scale objects with applications in fields
such as bioanalytics, microrheology, and nano-object characteri-
zation in general. Here, the analysis of dynamic processes and
high-precision measurements requires tracks with thousands of
frames to reach high statistical significance, ideally at high frame
rates. In this work, we successfully demonstrate that NBF-based
NTA allows for acquiring trajectories of fast diffusion nano-
objects with hundred thousand frames at kHz frame rates.
The essential feature of this concept is the inclusion of a nano-
fluidic channel in the centre of a doped core step index fiber. This
geometry confines the diffusion of the nano-objects to the obser-
vation region by preventing transverse diffusion and allows to
record the Brownian motion of the object over extraordinary long
time scales via microscopically detecting the elastically scattered
light. The benefits of the concept are discussed on a representa-
tive track of a gold nanosphere (diameter: 53 nm) diffusing in
water in over nearly 10° frames, recorded at frame rates of more
than 2kHz at a diffusion constant of 6 pum?s™*. MSD and PSD
analyses are both in excellent agreement with expectations justi-
fying the NBF-based NTA approach. A segmented MSD analysis
reveals an unambiguous correlation between the precision of
determined diameter and continuous time interval (i.e., number
of frames per subtrajectory) that is in line with theory. The results
are placed in the context of reported works, showing that
NBF-based NTA uniquely provides the opportunity to acquire
tracks with thousands of frames of fast-diffusing nano-objects
exceeding the capabilities of current systems.

The presented results demonstrate the opportunities and
limitations of using NBFs within the context of NTA with regard
to analyzing the properties of single nano-objects. This provides a
future pathway 1) for determining diameters with extraordinary
high precision of single species and 2) monitoring dynamic pro-
cesses of the object itself or of the fluidic environment, both of
which are relevant within biology (living cell analysis'”), micro-
theology,*! and nano-object characterizations in general.
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