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Light-guiding capillaries: a robust optofluidic
platform for nanoparticle tracking analysis
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Understanding nanoparticle interactions at the nanoscale is essential for numerous scientific fields and
applications, with waveguide-based approaches offering a promising solution. In this work, we present a
fiber-integrated platform for nanoparticle tracking analysis based on a fiber-type capillary structure
(hereinafter referred to as “capillary”) that achieves high performance comparable to more complex
microstructured fibers. By combining measurements with optical simulations, we validate light propagation
and loss behavior in water-filled capillaries, showing excellent agreement with theoretical predictions. The
capillary-based approach provides structural simplicity, robustness, and compatibility with fiber systems,
while enabling diffraction-limited imaging and accurate determination of hydrodynamic diameters for
mono- and polydisperse nanoparticle ensembles. The demonstrated platform may serve as a future
foundation for the characterization of nanoscale species in confined geometries and could be relevant for
applications in nanoscience, bioanalytics, and environmental analysis.

1 Introduction

Nanoparticle tracking analysis (NTA) works by recording
trajectories of individual diffusing nano-objects using image-
based tracking and analyzing them via mean square
displacement (MSD) analysis. Applying the Einstein-Stokes
relation, the hydrodynamic diameter of each nanoparticle
(NP) can be derived from its diffusion coefficient. This
technology makes it possible to characterize small NP
concentrations and polydisperse samples.

In addition to the NTA method, a range of diffusion-based
techniques have been developed to determine the
hydrodynamic diameter of NPs, which can be broadly divided
into two groups: (i) approaches that require fluorescent
labeling, such as microfluidic diffusional sizing (MDS),
nanofluidic diffusional sizing (NDS)* and fluorescence
correlation spectroscopy (FCS),® and (ii) label-free techniques,
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including dynamic light scattering (DLS),* interferometric
scattering microscopy (iSCAT)® and Taylor dispersion analysis
(TDA)®” (see SI, sec. S1 for details).

One promising NTA approach introduced in recent years
is fiber-assisted NTA (FaNTA).® Here NPs diffusing in a
liquid-filled microchannel along an optical fiber are
illuminated by the modal field and the trajectories are
obtained from the sidewise scattered light. In addition to fast
imaging and compatibility with fiber and microfluidic
systems, FaNTA's key advantage is the confinement of
diffusing NPs within the illuminated volume and focal plane,
enabling exceptionally long trajectories of fast-diffusing
objects and highly accurate size determination.

Various FaNTA-related experiments have been reported,
including 3D tracking in modified step-index fibers,’ or the
observation of previously unknown optical modes.’® A
particularly promising approach involves fibers with
anti-resonant elements, enabling core diameters in the
tens of micrometers range. This reduces confinement effects
and enables the parallel tracking of hundreds of NPs.

In addition to hollow-core fibers," the current
state-of-the-art FaNTA platform is based on fibers with
a single anti-resonant element (1-ARE). Here, light is
guided inside a thin glass annulus attached to the inner wall
of a support capillary. This platform has been used to assess
the polydispersity of polystyrene nanoparticles'? and to track
gold nanoparticles as small as 9 nm."® The concept has also
been extended to nanoprinted hollow-core waveguides on
silicon chips'* and fiber end faces."”
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Despite their effectiveness, 1-ARE fibers have several
limitations, including complex fabrication to achieve
homogeneous membrane thicknesses over extended lengths,
the need for precise geometric alignment during
measurements, and degraded optical imaging caused by
multiple curved interfaces in the microscopic path.

A promising alternative are single-interface capillaries,
which represent a concentric arrangement of a low-index
circular channel (core) surrounded by an infinitely extended
high-index medium. As the simplest form of
microstructured fiber, capillaries are straightforward to
fabricate, offer perfect azimuthal symmetry, and minimize
the number of transverse interfaces - favorable properties
for NTA. Note that since light guidance in capillaries is
governed by Fresnel reflection, they exhibit higher losses
than anti-resonant hollow-core fibers, which principally can
be mitigated by inner-wall coatings.'®

In this work, we investigate the use of fiber-type capillaries
for waveguide-based NTA by combining optical simulations,
loss measurements, and particle tracking experiments on
gold and polystyrene NP ensembles (Fig. 1).

We characterize modal losses in water-filled capillaries,
imaging  performance through ray-tracing
simulations, and demonstrate particle tracking using an
image-based analysis workflow. The results are benchmarked
against microstructured fibers (1-ARE fibers), to assess the
performance of the capillary platform.

evaluate

2 Results and discussion
2.1 Concept

Light guidance in a single-interface capillary structure is
governed by Fresnel reflection at the channel boundary. Due
to the lower refractive index of the channel (core), a portion
of the light is transmitted through the interface (channel
wall), resulting in modal losses. In the large-core limit (r. >
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Fig. 1 Illustration of light guidance in a water-filled capillary used for
nanoparticle tracking analysis (green: guided light, bright green:
diffusing nanoparticles, light gray: capillary).
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Ao, T'e: core radius, 1y: operation wavelength) mode formation
is well described by the Marcatili-Schmeltzer model'” or by
the model presented in ref. 18. The latter (see SI, sec. S2)
provides the following expressions for the loss of the various
modes in a water-filled silica capillary, depending on the core
radius r. [cm] at a wavelength of 532 nm:

7.878 %107 em?y7, : TEqn
9.426 107" cm?.j7, - TMon
V[dB Cmil} :i : -10 2 2 (1)
red ] 8.652x10 " cm”y;, , :HEp,
8.652x1070 cm?y2 ., EHppy

Here, jn., stands for the n-th root of Bessel function J,.
Particularly noteworthy is the 1/r.> dependence, which clearly
indicates that increasing the core size reduces modal losses.
Another key feature is the absence of resonances, enabling
capillary operation across a continuous wavelength range,
unlike  anti-resonant  waveguides, where  structural
interference in the membranes leads to alternating spectral
domains of high and low transmission.

Using experimentally relevant parameters (1, = 532 nm,
Nyater (20 °C, 532 nm) = 1.3354," ngjjica (532 nm) = 1.4607 (ref.
20)), eqn (1) predicts losses for the fundamental HE;; mode
in a water-filled capillary of 2.6 dB em™" < y < 11.9 dB ecm™
for microchannel diameters 25 um > d. > 15 pm (Fig. 2).

These values are significantly higher than those of
comparable annular structures (e.g. 1-ARE fibers). Notably,
higher-order modes exhibit substantially greater losses,
highlighting the relevance of the fundamental mode.

The NTA experiments involve recording the diffusive
motion of a NP ensemble in water by microscopically
imaging the laterally scattered light and statistically analyzing
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Fig. 2 Simulation of the modal loss as a function of the channel
diameter of different modes in a water-filled silica capillary (o =
532 nm). The different colors refer to different modes (red-solid:
HE;4, red-dashed: HE;,, green-solid: HE,;, blue-solid: TEq;, blue-dashed:
TMo1). The gray-dashed vertical lines indicate the experimentally relevant
core diameters used in our study.
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the individual trajectories using mean-square displacement
(MSD) analysis. The diffusion coefficient D of each NP is
extracted from the slope of its MSD curve and converted into
the hydrodynamic diameter dj, using the Stokes-Einstein
relation, taking into account the viscosity of water*! (see SI,
sec. S3). The mean hydrodynamic diameter of the ensemble
is computed by weighting each hydrodynamic diameter by its
trajectory length (unit: frames) and dividing the sum of all
weighted diameters by the total number of frames across all
trajectories. In addition, the coefficient of variation (CV = o/,
with ¢ as the standard deviation and y as the mean value) is
calculated to quantify the precision of this statistically
limited measurement method. Trajectories were extracted
using the Python package Trackpy (see SI, sec. S4). Note that
the accuracy of the diffusion coefficient obtained from MSD
analysis increases with the number of frames per trajectory."?
To further enhance the statistical significance of the results,
complex data processing was performed, including z-score
filtering and corrections for the effect of transversely
restricted diffusion (see sec. S4 of the SI).

2.2 Results

To validate the theoretically predicted losses, we performed
experimental measurements on capillaries filled with
ultrapure water, featuring channel diameters of 15.5, 17.8,
20.9, and 24.8 um (Fig. 2). Using a previously reported FaNTA
setup'>'*?? comprising a 532 nm laser (Coherent Verdi G), a
polarization controller, a microscope with tubus lens, and
camera (Fig. 3(a)), we recorded the intensity of side-scattered
light at different axial positions along the capillary. Light was
launched into the capillary via a butt-coupled homemade
delivery fiber (NA = 0.05, mode field diameter: 8.5 pm). To
enhance the scattered light collected by the microscope, the
input light was linearly polarized perpendicular to the optical
axis using a manual two-paddle fiber polarization controller.
Scattered light from the capillary's fluidic channel was
imaged using an Olympus Plan N 10 x 0.25 infinity-corrected
objective. The field of view along the capillary axis was 1.41
mm. Imaging was performed with a CMOS camera (Basler
acA4096-40um) featuring a (4096 x 2168) pixel sensor with a

camera
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Fig. 3 Schematic of the experimental setup. (a) Side view showing

the position of the objective relative to the capillary. (b) Front view of

the glass block with the capillary and two spacer fibers beneath the

cover slip.
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pixel size of (3.45 x 3.45) um. For mechanical stabilization
and background suppression, the capillary was mounted on a
polished fused silica block placed on a xyz-translation stage.
To reduce aberrations from the capillary's curved surface, a
0.4 mm-thick fused silica cover slip was placed over the
imaged region, and the gap between capillary and cover slip
was filled with index-matching liquid (np (20 °C) = 1.458). To
maintain parallel alignment of the cover slip with the block,
two identical capillaries were placed adjacent to the central
one (see Fig. 3(b)).

Losses were determined by measuring the side-scattered
light along the water-filled capillary over a distance of (8-10)
mm, with the fiber translated under the microscope in 1 mm
steps. To achieve sufficient signal intensity, an exposure time
of 1 s was used with a laser power of 120 mW at the
butt-coupling interface. As an example of the
measurement results, Fig. 4 shows selected images of the
sidewise emitted light from a capillary with a channel
diameter of d. = 17.8 um recorded at different
longitudinal positions. A clear decrease in intensity with
increasing distance from the capillary entrance is
observed, reflecting the transmission losses due to Fresnel
reflection at the core-cladding interface.

Based on these images, the longitudinal intensity profile
along the center of the water-filled core - i.e., the middle of
the bright regions of the images - was extracted. Fig. 5(a)
displays the combined profiles, with each color
corresponding to data from a single image, clearly showing a
decrease in intensity with increasing distance from the
capillary input. Note that as the step size (1 mm is smaller
than the captured image length (1.41 mm), the intensity
profiles partially overlap. A linear curve (white line in
Fig. 5(a)) was applied to the data, and the resulting slope was
used to determine the modal loss.

Using this procedure, the loss of four selected capillaries
with different channel diameters (Table 1) were determined
and compared with theoretical predictions (Fig. 5(b)). The
experimental results show excellent agreement with the
theoretical curve, confirming both the validity of the model
and the high quality of the fabricated capillaries. The slightly
elevated measured values may be caused by the excitation of
higher-order modes, which exhibit greater losses (Fig. 2).

Fig. 4 Examples of microscopic images showing side-scattered light
from a water-filled silica capillary with an inner channel diameter of d.
= 17.8 um (o = 532 nm). Each image represents a 1.41 mm-long
section along the capillary. The eight images are vertically stacked,
with the total distance from the capillary entrance indicated by the
labels on the left.
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Fig. 5 (a) Intensity distribution of side-scattered light from a

water-filled capillary (d. = 17.8 um, capillary B) along a total
length of 8 mm, resulting from evaluating the images shown in Fig. 4
each color represents a different distance from the capillary input (cf.
Fig. 4). The dashed white line indicates the slope corresponding to modal
loss. (b) Comparison of theoretically (solid line) and experimentally (red
points) determined modal loss of water-filled capillaries as a function of
channel diameter in the range of 15 um < d. < 25 um.

It is important to note that slight periodic intensity
modulations are observed in capillaries with large channel
diameter, caused by weak excitation of the HE,, higher-order
mode and the resulting beating with the fundamental
mode. This excitation arises from the mismatch between
the Bessel-like mode profile of the capillary and the
Gaussian mode of the delivery fiber (more details in SI, sec.
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S6). The resulting interference leads to periodic intensity
variations along the capillary, which, however, are
practically negligible due to the high loss of the HE;, mode.
The exposure time used in the loss experiments are about
500 times longer than in the actual NTA experiments,
making the contribution of light scattered by the water
negligible in the NTA measurements.

2.3 Applications

To demonstrate the suitability of capillaries (Fig. 6(a)) for
NTA, several FaNTA experiments were conducted on a well-
characterized ensemble of ultra-uniform nanospheres in
aqueous solution and compared with results obtained using
a 1-ARE fiber (Fig. 6(b)), starting with the characterization of
a monodisperse solution of gold nanospheres.

Monodisperse solution of gold nanospheres. The choosen
NPs (nanoComposix) have a manufacturer-specified physical
diameter of (28 + 0.9) nm (TEM) and a hydrodynamic
diameter of d;, = 36 nm, due to the functionalization of the
nanoparticle surface with lipoic-dPEG;,—~COOH ligands, that
forming an electric double layer. The coefficient of variation
CV for the physical diameter, based on TEM data, is specified
as CV = 0.031. Note that the NP ensemble exhibits a very low
polydispersity index of 0.01 and can therefore be classified as
monodisperse.>® To ensure a statistically meaningful number
of NPs within the observation volume - defined by the
channel diameter (capillary: d. = 16 pum; 1-ARE fiber: d. =
16.6 um) and the camera image length (1.41 mm) - the stock
solution (2.4 x 10") NPs ml™ was diluted 2350-fold using
ultra-pure water containing 2 mM sodium citrate. The
sodium citrate serves to prevent nanoparticle aggregation
during measurements.

A water-filled capillary with a channel diameter of d. = 16
um (y =~ 10 dB em ™" at 4, = 532 nm) was selected for the FaNTA
experiments (Fig. 2 and 6(a)). This diameter was chosen to
match the depth of field of the microscope objective
(Olympus Plan N 10 x 0.25) used for particle detection,
avoiding deterioration in image quality when the NP
approaches the top or bottom of the microchannel. For
comparison, the selected 1-ARE fiber featured a channel
diameter of d. = 16.6 um (Fig. 6(b)), closely matching that of
the capillary. Note that a membrane thickness of 700 nm was
chosen for the ARE to ensure low-loss guidance at 4, when
the fiber is filled with water. The choice of the comparably
short excitation wavelength of 4, = 532 nm is optimal for 28
nm gold NPs due to the plasmonically enhanced scattering

Table 1 Comparison of theoretically and experimentally determined loss for four water-filled silica capillaries at 1o = 532 nm. Channel diameters were
measured by SEM, with the measurement uncertainty defining the error margins. Capillary C exhibits a slightly elliptical channel geometry, leading to an

increased diameter tolerance

Parameter Capillary A Capillary B Capillary C Capillary D
Core diameter [um], SEM 15.5 + 0.1 17.8 + 0.05 20.9 + 0.3 24.8 +0.05
Loss (theory) [dB cm™] 10.8 +£ 0.2 7.05 + 0.05 4.40 + 0.2 2.60 + 0.02
Loss (experiment) [dB cm™] 11.3 £ 0.1 7.30 £ 0.1 5.40 £ 0.1 3.00 + 0.10
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Fig. 6 Scanning electron micrographs (SEMs) of the fibers used in the
FaNTA experiments: (a) capillary with a circular cross-section and a
channel diameter of d. = 16 um, and (b) 1-ARE fiber featuring a
partially suspended annular channel with a diameter of d. = 16.6 um.

cross-section, while also being well suited for tracking
dielectric particles.

The experimental setup (Fig. 3) was identical to that used
for the loss measurements, with adjusted image acquisition
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parameters (frame rate 450 fps and exposure time 1.95 ms).
The optical power was kept sufficiently low (<40 mW in case
of the capillary) in order to prevent any light-induced heating
effects.”® Accurate determination of trajectories and
hydrodynamic diameters requires aberration-free imaging to
minimize localization errors - a key challenge in NTA
generally (details on the effects of misalignment, see sec. S8
of the SI). Details regarding the effects of the frame rate,
observation time, exposure time, and nanoparticle
concentration are included in the SI, sec. S5.

Fig. 7 shows the distribution of hydrodynamic diameters
from eight consecutive measurements (colored dots),
determined via MSD analysis for both fiber types (top row:
1-ARE fiber, bottom row: capillary; benchmark values in
Table 2). Note that the number of detected trajectories
exceeds the actual number of NPs, due to intersecting
trajectories or temporary loss of visibility when particles
approach the channel wall and shows reduced scattering
intensity. To ensure statistical significance, only trajectories

(b) -

0.5F

absolute occurrence [10° frames]

0_0 1 1
25 30 35 40 45 50

hydrodynamic diameter [nm]

0.5

ol L1 1 .

.0
25 30 35 40 45 50
hydrodynamic diameter [nm]
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Fig. 7 Distribution of the hydrodynamic diameter for an ensemble of gold nanoparticles with an average physical diameter of 28 nm, measured
using a 1-ARE fiber (top row) and a capillary (bottom row). (a) and (c) Hydrodynamic diameter as a function of trajectory length for eight
consecutive measurements, each shown in a different color. The vertical gray dashed line indicates the minimum number of frames (300) required
for a trajectory to be included in the analysis. (b) and (d) Corresponding weighted histograms. In all four plots, the blue dashed lines mark the mean

hydrodynamic diameter.

This journal is © The Royal Society of Chemistry 2026
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Table 2 Comparison between NTA results and manufacturer specifications, showing the mean hydrodynamic diameters and coefficient of variation

values determined using the capillary and the 1-ARE-fiber

Measurement method Mean hydrodynamic diameter [nm]

DLS (manufacturer) 36
FaNTA with 1-ARE-fiber 33.8+0.7
FaNTA with capillary 35.3+0.9

with a minimum length of 300 frames were included in the
analysis (vertical dashed grey lines in Fig. 7(a and c).

The experiments demonstrate that the mean
hydrodynamic diameters (blue dashed lines in Fig. 7)
obtained from both fiber-based systems closely match each
other and agree well with DLS reference measurements
(Table 2), confirming the suitability of capillaries as a
platform for NTA.

The strong agreement between the two FaNTA results is
particularly noteworthy, given that two different NP
ensembles were measured. The slightly smaller diameters
observed in the FaNTA experiments compared to DLS may be
attributed to the approximately 2300-fold dilution of the NP
stock solution required for FaNTA, which could have led to
partial detachment of PEG ligands from the NP surface.
Comparable CV values for both fiber types further support
the reliability and applicability of the capillary-based FaNTA
approach.

Polydisperse mixture of polystyrene nanoparticles. To
demonstrate the applicability of the capillary system for
analyzing polydisperse NP mixtures, measurements were
performed on a 1:1 mixture of polystyrene NPs (Thermo
Fisher Scientific Inc.) with physical diameters of (100 + 4) nm
(specie 3100A) and (122 + 3) nm (specie 3125A). Experimental
details including measurements of monodisperse solutions
are provided in sec. S9 of the SI. Note that this mixture

160
150
140
130
120
110
100
90
80o L

hydrodynamic diameter [nm]

5000 10000

trajectory length [frames]

Ccv Standard deviation of the distribution [nm]
Not specified Not specified

0.093 + 0.014 3.1+0.5

0.095 + 0.010 3404

consists of the same particle types that were used in our
previous work (M. Nissen et al'> addressing FaNTA in a
1-ARE fiber.

As shown in Fig. 8, the capillary-based approach enables a
clear distinction between the two NP populations in terms of
their hydrodynamic diameters. Notably, some particles
exhibit trajectory lengths of up to 11000 frames, indicating
that they remained trackable over 27.5 s, representing an
exceptionally long observation time in the context of NTA.

As summarized in Table 3, the hydrodynamic diameters
obtained for the NP mixture are in very good agreement
with those measured for the corresponding monodisperse
samples. In addition, the observation that the particle
solution with the larger nominal diameter (3125A) exhibits
a slightly narrower diameter distribution (lower CV value)
is confirmed by our FaNTA measurements and is
consistent with the manufacturer's TEM specifications.
The results are also in good agreement with those
reported by M. Nissen et al.'?

Cluster formation of functionalized gold nanoparticles. To
demonstrate the capability of the capillary-based FaNTA
approach to characterize cluster formation, core-shell-type
poly(N-isopropylacrylamide) (PNiPAAm)-functionalized gold
NPs exhibiting thermo-responsive clustering behavior
depending on the ionic strength of the solution®*** were
investigated. These surface-grafted macromolecules possess a
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80 100 120 140 160

hydrodynamic diameter [nm]

Fig. 8 Results of NTA measurements on a 1:1 mixture of 100 nm and 122 nm polystyrene NPs using a capillary with an inner diameter of 20.2
um: (a) hydrodynamic diameter as a function of trajectory length for two independently analyzed ensembles of the mentioned mixture (ensemble
1: red dots; ensemble 2: blue dots), each comprising eight consecutive measurements. (b) Corresponding histogrammic representation of the
hydrodynamic diameter distribution including a bimodal Gaussian fit. In both plots, the purble dashed lines indicate the mean hydrodynamic
diameter of the respective distributions. In Fig. 8(a) the vertical dashed gray line indicates the minimum number of frames included in the analysis.
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Table 3 Results of the FaNTA measurements obtained with the capillary-based FaNTA platform (this work) and the 1-ARE fiber (data taken from

M. Nissen et al.*?) for the two monodisperse polystyrene NP samples and their 1: 1 mixture. Note that in the DLS measurements the two components in
the mixture measurements could not be resolved; therefore, no mean hydrodynamic diameters can be reported for the mixed sample

Monodisperse sample NP mixture
Measurement method Parameter 3100A 3125A 3100A 3125A
FaNTA, capillary [this work] Mean hydr. diam. [nm] 110.3 £ 0.2 132.8 £ 0.3 110.4 £ 0.3 133.6 + 0.4
CV [%] 5.9 5.7 6.5 4.2
FaNTA, 1-ARE [Nissen et al.] Mean hydr. diam. [nm] 107.9 + 0.1 132.8+ 0.3 111.3 134.3
DLS [Nissen et al.] Mean hydr. diam. [nm] 108.7 £ 0.5 131.4 + 0.8 N.A. N.A.

lower critical solution temperature (LCST) of approximately = The pronounced broadening of the distribution demonstrates
32 °C at normal pressure. Above this temperature, the the transition from a predominantly monodisperse
polymer chains undergo an intra-chain coil-to-globule  suspension to a polydisperse ensemble of aggregates upon
transition,”® which in this case results in a reduction of the = heating above the LCST. Thus, supracolloidal assembly
hydrodynamic diameter from approximately 60 nm to about  processes induced by external stimuli can be effectively
37 nm.”” captured and resolved using capillary-based FaNTA.

With a collapsed polymer shell, this type of NPs remain Imaging considerations. In NTA, accurately determining
colloidally stable at low ionic strength due to electrostatic  the position of NPs within the water-filled channel of the
stabilization. In the case of high ionic strength achieved by = used measurement fiber requires aberration-free imaging
adding  electrolytes, electrostatic  screening reduces  through the cladding. To evaluate the image quality of our
interparticle repulsion and induces NP clustering.>*** Details ~ microscopic concept, we performed simulations using the
of the sample preparation and the thermo-responsive  ray-tracing software Zemax Optics Studio (version v22.1.1), in
behavior are provided in sec. S10 of the SI. order to determine the point spread function (PSF) and ray

Fig. 9(b) shows the trajectory-length-weighted histograms  distribution (spot diagram Fig. 10) in the image plane for
in case a precise amount of electrolytes are added to the NP different transverse positions (xy-plane) of a light-emitting
solution: At lower temperature (green), the distribution NP inside the water-filled channel (see sec. S7 of the SI for
exhibits a narrow, single-peak profile centered around  more details).
approximately 60 nm. This reflects the hydrated, expanded From the spot diagrams in Fig. 10(b and c), it is evident
coil state of the polymer shell below the LCST, where the NPs  that for NPs positioned in the focal plane (center of the
remain well dispersed. In contrast, at elevated temperature  capillary channel), all rays fall within the airy disk diameter,
(red), the distribution shifts significantly toward larger  confirming diffraction-limited imaging (an overview of the
hydrodynamic diameters and broadens markedly. The  key performance indicators can be found in Table 4). This is
appearance of particles with diameters extending beyond 150 supported by the small RMS (root mean square) value of the
nm clearly indicates temperature-induced cluster formation.  ray distribution (=5.2 pm), which is well below the airy disk
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— N 2) = (b)
E £
£ 250} ] s o
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Fig. 9 Temperature-induced cluster formation of PNiPAAm-functionalized gold nanoparticles (physical diameter 27 nm) in case the temperature
is increased from 20.7 °C to 40 °C. (a) Hydrodynamic diameters of the NP ensemble as a function of trajectory length at T = 20.7 °C (green) and T
= 40 °C (red). (b) Corresponding trajectory-length-weighted histograms of the hydrodynamic diameter distributions at T = 20.7 °C (green) and T =
40 °C (red). The z-score filtering (see sec. S4 of the Sl) was not used to determine the diameter distribution of the cluster formation.
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Fig. 10 Results of the ray-tracing simulations for four positions (top: (a),
center: (b), side: (c), and bottom: (d)) of a light-emitting NP inside the
water-filled channel (16 pm diameter) of the capillary (see Fig. S2(b) of the
SI, sec. S7). The top row shows the PSF (logarithmic gray scale, representing
3 orders of magnitude) in the image plane ((80 x 80) um after 10x
magnification) for the imaging system focused on the channel center (axis).
The bottom row shows the corresponding spot diagram in the image plane
(40 x 40) um, where each dot represents a single ray hitting the image
plane. The traced rays uniformly fill the objective aperture (NA = 0.25) with
square distribution. The black circle marks the airy disk, indicating the
diffraction-limited diameter (dar, = M-1.22 J//NA). The values dims
indicate the RMS diameter of all calculated rays. The imaging system is
considered diffraction-limited if the RMS diameter is smaller than the airy
disk diameter of =26 um in the image plane for the optical system used
(=2.6 um in the object plane).

diameter (26 pm). Particles outside the focal plane
(Fig. 10(a and d)) show a broadened distribution, as evident
in Fig. 10(a) for the top position, where the particle is
located 7.5 um from the focal plane (0.5 um from the
capillary wall). Although some rays extend beyond the airy
disk diameter, the RMS value remains below it, confirming
diffraction-limited imaging even in this scenario. These
findings demonstrate that the configuration investigated
here maintains diffraction-limited optical resolution with
negligible aberrations. The primary effect observed is minor
defocusing at the top and bottom positions, which does not
affect tracking since NP positions are determined by fitting
the scattered light intensity profile to locate the centroid.
Simulations also reveal that for -capillaries with inner
diameters greater than 20 um, the RMS value for NP located
more than 7.5 um from the focal plane may exceed the airy

View Article Online
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disk diameter, resulting in imaging that is no longer
diffraction-limited (see Table 4).

2.4 Discussion

As the results show, capillaries represent a promising
alternative to 1-ARE fibers for NTA measurements. Despite
their significantly lower structural complexity, they yield
comparable benchmark figures, particularly in terms of
imaging properties. Their overall suitability depends on
optical losses and the signal-to-noise ratio (ratio of scattering
intensity between nanoparticle and liquid). For instance, at a
channel diameter of d. = 20 um, losses in capillaries are over
an order of magnitude higher compared to 1-ARE fibers."
These elevated dissipative losses stem from lateral light
leakage and result in a higher background scattering signal.

Based on the signal-to-noise ratio of the measurement on
28 nm gold NPs and the corresponding scattering
cross-section (27 nm?), we estimate the smallest detectable
diameter of gold NPs, using a capillary, to be approximately
15 nm. Results of the experimental verification of this
estimate are presented in the SI, sec. S11.

The experiments showed that this requires the use of
capillaries with larger inner diameter (e.g. a 25 um capillary with
y ~ 2.6 dB ecm™"), detection as close as possible to the capillary
input, and a laser power of at least 130 mW at the capillary input.

Unlike gold nanoparticles, dielectric particles have a
significantly smaller scattering cross-section due to their
lower refractive index contrast and the absence of plasmon
resonances, resulting in a larger minimum detectable
diameter. In case of polystyrene NPs (np ~ 1.6) in water, this
corresponds to a diameter limit of about 40 nm. Detection of
smaller NPs requires 1-ARE fibers, which offer lower loss and
higher SNR, enabling characterization of gold NPs down to 9
nm," albeit requiring a substantially higher structural
complexity of the waveguide used.

Importantly, the smallest detectable NP diameter in
FaNTA is fundamentally limited by the Rayleigh scattering
background of water. Consequently, increasing the excitation
power to enhance weak scattering signals also raises the
background, making the detection of small NPs challenging.

Note that the FaNTA approach generally enables accurate
characterization of NPs with dimensions well below the

Table 4 Results of the ray tracing simulations, showing the RMS-diameter of the spot distribution [um] for the capillary and 1-ARE fiber after 10x
magnification. The positions indicated in the table header correspond to the positions shown in Fig. S2 (in sec. S7 of the SI) for a channel diameter of 16
um or 25 um. Images with RMS-diameter values below 26 um can be considered as diffraction limited. Definition of the coordinate system: x — along
the channel, y - cross the channel, z - cross the channel and along the optical axis of the imaging system

Position Top Center Side Bottom
Type of fiber (%, y, 2) [um] (0, 0, 7.5) (0,0,0) (0, £7.5, 0) (0, 0,-7.5)
Capillary (16 um) 20.00 5.15 5.20 18.97
1-ARE fiber (16 pm) 20.71 4.64 4.69 20.33

(x) V Z) [“m] (O, 0, 12) (Ov 0, 0) (Oy +12, 0) (Oy 0, _12)
Capillary (25 pum) 31.42 5.27 5.46 29.65
1-ARE fiber (25 um) 32.44 4.70 4.79 31.72

Lab Chip
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wavelength of light, whereas larger particles are challenging
to analyze in the context of NTA due to hydrodynamic
hindrance, sedimentation, dominant forward light scattering,
reduced localization accuracy, and aberrations. Details are
provided in sec. S12 of the SI.

As demonstrated capillary-based NTA provides a
streamlined platform for the characterization of nanoscale
particles in liquid environments. In the context of the present
study, its primary capability lies in the accurate
determination of hydrodynamic diameters and size
distributions of mono- and polydisperse NP ensembles,
which enables a wide range of applications. In nanoscience,
it enables real-time monitoring of the growth dynamics of
individual NPs with high spatial and temporal resolution. In
life sciences, the approach is particularly attractive as a non-
destructive method for the characterization of nanoscale
biological objects, such as viruses or vesicles.

Here previous FaNTA studies have demonstrated the
analysis of SARS-CoV-2 viruses,”® cowpea chlorotic mottle
viruses,® and bacteriophages (T4-phages,”® Lambda-phages'"),
with high precision and long tracking durations, highlighting
the capability of FaNTA for unlabeled viral particles in the size
range of a few tens to a few hundred nanometers.

In addition to bioanalytics, further
applications include monitoring the NP
industrial ~ fluids,>®**  detecting  and
nanoscale contaminants in  water
pharmaceutical products.

The capillary-based FaNTA approach is in principle
transferable to other liquid media, as demonstrated, for
example, for the 1-ARE fiber in a nanorheology study.>” Note
that reliable application requires careful consideration of the
medium viscosity and sufficient signal-to-noise ratio, which
depends on adequate refractive index contrast between the
particle and the surrounding liquid.** Overall, the structural
simplicity, robustness, and fiber compatibility of the capillary
approach make it a promising tool for routine
characterization of nano-objects across disciplines.

In contrast to scanning electron microscopy and
transmission electron microscopy, FaNTA enables analysis of
nano-objects in their native fluidic environment and does not
require particle immobilization, which can potentially alter
NP properties and interactions.

Even though the presented NTA experiments were
conducted under static conditions, the capillary platform is
inherently  compatible = with  microfluidic  operation
schemes. Stopped-flow configurations can be readily
realized by sequential introduction of defined particle
ensembles into the observation region,**> and NP
tracking under low, well-controlled flow conditions at
different Peclet numbers 1is feasible by incorporating
drift-correction.®® Thus, while the present study focuses
on methodological validation in a stationary regime, the
capillary platform offers a solid foundation for future
integration into flow-based lab-on-a-chip architectures,
which is the subject of a future study.

prospective
content in
characterizing
samples®>  and

This journal is © The Royal Society of Chemistry 2026
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The added value of the -capillary-based FaNTA
approach in a microfluidic context arises from its

intrinsic waveguide-based excitation directly within the
liquid-filled  channel, its compact fiber-compatible
geometry, the extremely small sample volume required,
and the fully enclosed configuration. Together, these features
enable straightforward integration into micro- and
optofluidic architectures while maintaining controlled
measurement conditions.

3 Conclusion

In summary, we have demonstrated that fiber-type capillaries
can be effectively used for waveguide-based nanoparticle
tracking analysis, enabling precise characterization of
mono- and polydisperse nanoparticle ensembles with
accuracy comparable to more complex microstructured fiber
platforms, like 1-ARE fibers. Our study quantitatively
validates optical losses in water-filled capillaries, showing
excellent agreement between experiment and theory.

The primary application demonstrated in this work is the
reliable determination of hydrodynamic diameters and size
distributions of various nanoscale species under different
scenarios in aqueous environments. Specifically, we
demonstrate the capillary system's ability to resolve
monodisperse ensembles and polydisperse nanoparticle

mixtures, as well as monitor the formation of
temperature-induced clusters of functionalized
nanoparticles.  Additionally, we defined the upper

operational limit for the largest nanoparticle size and
experimentally  verified the smallest diameter of
nanoparticles that can be determined with this system.

Optical simulations and experimental results confirm
diffraction-limited imaging performance, supporting reliable
particle tracking in a streamlined geometry.

While the present study primarily concentrates on the
methodological validation and benchmarking against
established fiber platforms in the context of FaNTA, the
capillary-based approach may serve as a foundation for future
investigations of nanoparticle behavior in confined
geometries. Owing to its structural simplicity, robustness,
and fiber compatibility, the system is well suited for potential
integration into microfluidic environments. In the future,
this technology may find applications in fields such as
nanoscience, bioanalytics, and environmental monitoring.
Overall, the capillary platform provides a streamlined and
accessible implementation of FaNTA for nanoscale particle
characterization = within the experimentally validated
parameter range.
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