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Introduction

Axial electrokinetic trapping of label-free
nanoparticles using evanescent field scatteringy

ab.c

Yera Ussembayev, ) 2P Farshad Rezakhanloo,$?® Kristiaan Neyts and

Filip Strubbe*®®

Anti-Brownian electrokinetic trapping enables the confinement of individual nanoparticles in liquids by
applying electric fields. This technique facilitates the long-term observation of nanoscopic objects, allow-
ing for detailed studies of their physical, chemical, and biomolecular properties. However, this method
has been largely restricted to nanoparticles that can be visualized by photoluminescence. While some
techniques avoid fluorescent labeling by using dark-field or interferometric scattering microscopy, they
are limited to two-dimensional particle trapping and lack control over the axial direction. Here, we
demonstrate the axial electrokinetic trapping of fluorescence-free nanoparticles that scatter the evanes-
cent field induced by total internal reflection. The distance between the particle and the glass surface is
directly related to the intensity of scattered light, and controlled by an applied electric field. Consequently,
nanoparticles can be trapped and monitored in response to applied voltages at kilohertz rates without the
need for fluorescent labeling. In addition, we utilize this approach to investigate how surface proximity
impacts the diffusion and mobility of the trapped nanoparticles. Our method paves a new way to study a
broad range of nano-objects that can be trapped at the single-particle level, relying solely on their light-
scattering properties, which offers significant potential for advancing research in surface chemistry,
single-molecule biophysics, and cell membrane biology.

investigate the mechanical properties of DNA and RNA mole-
cules, revealing details about their folding and interaction

Anti-Brownian electrokinetic (ABEL) trapping represents a pio-
neering advancement in the manipulation and confinement of
individual nanoparticles and molecules in liquid
environments.” Similar to electrostatic® and optical® traps,
ABEL trapping achieves stable localization of nanoscopic enti-
ties by feedback electric forces to neutralize the stochastic
motion induced by Brownian dynamics."®”” This capability
has unlocked new avenues for in-depth analysis of the physico-
chemical and biomolecular properties of nanoparticles and
molecules over extended durations. For instance, ABEL trap-
ping has been employed to study single-enzyme kinetics, pro-
viding insights into the dynamic processes of enzymatic reac-
tions at the single-molecule level.>® It has also been used to
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mechanisms.” Furthermore, ABEL trapping has found appli-
cations in fundamental physics and information theory.®™°
For example, it has been utilized to experimentally verify
Landau’s principle,'® which relates to the minimum amount
of energy required to perform a logical operation, thus brid-
ging theoretical and practical aspects of thermodynamic com-
putation at the nanoscale. Therefore, the versatility and pre-
cision of ABEL trapping make it a powerful tool to explore and
manipulate nano-objects for a wide range of applications.
Different realizations of ABEL trapping have been devel-
oped, including those based on epi-fluorescence™®* " and
laser-scanning®”"**'®* microscopy, but they have a common
limitation of relying on fluorescence-labeled particles or mole-
cules. They use fluorescence signals to track the position of
the nanoparticle or molecule in real-time, allowing for precise
feedback adjustments to counteract Brownian motion. This
dependence on fluorescent labeling restricts the range of par-
ticles that can be studied, as not all nanoparticles or molecules
can be easily tagged with fluorescent markers.'* Furthermore,
even if labeling is successful, it may alter the native properties
of the molecules, potentially influencing the outcomes of
experiments.’® Another significant drawback is fluorescence
bleaching,'® which limits the duration of observation as fluo-
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rescent signals diminish over time. Additionally, some fluo-
rescent nanoparticles, including quantum dots and semi-
conductor nanocrystals,’® often suffer from photo-
luminescence blinking,"”*® which causes intermittent emis-
sion and results in fluctuations in signal intensity. This blink-
ing can complicate the particle position analysis and hinder
accurate feedback for ABEL trapping. Consequently, the
reliance on fluorescence for nanoparticle detection introduces
limitations in both the duration and quality of observations,
emphasizing the need for alternative methods that can provide
stable and continuous monitoring of nanoparticles without
the drawbacks associated with fluorescence.

To date, several ABEL trapping techniques have been devel-
oped to avoid the use of fluorescence in particle visualization,
based on brightfield microscopy®® (BFM), dark-field
microscopy”’ (DFM) or interferometric scattering (iSCAT)
microscopy.”> BFM offers a simple particle tracking setup®®?*
by directly illuminating the sample and detecting 3D particle
position changes using real-time Fourier-Bessel decomposition
method,?® but it lacks the sensitivity required to resolve small
sub-micrometer particles against a bright background. DFM
enhances the visibility of nanoparticles by illuminating the
sample with light that does not enter the objective lens
directly.>® Instead, only light scattered by the particles is col-
lected, creating a bright image of the particles against a dark
background. While this method effectively visualizes non-fluo-
rescent particles, it requires precise alignment and special-
ized optics, which can be complex and costly.>* In addition,
DFM is less sensitive compared to fluorescence methods,
potentially limiting its ability to detect very small or weakly
scattering nanoparticles.”* Another method is iSCAT, which
utilizes the interference between scattered light from the nano-
particle and a reference beam to enhance detection sensi-
tivity."> This technique allows for the visualization of very
small particles, including proteins®® and quantum dots,>?
without the need for fluorescent labeling. iSCAT can achieve
high resolution, making it a powerful tool for studying
dynamic processes at the nanoscale.”> However, iSCAT setups
are not commonly found in standard microscopy laboratories
due to their complex instrumentation. Despite these draw-
backs, BFM, DFM, and iSCAT provide valuable alternatives to
fluorescence-based methods, broadening the scope of nano-
particle research.

In this work, we aim to develop an alternative method to
visualize fluorescence-free nanoparticles integrated with ABEL
trapping. Our approach leverages evanescent field scattering
using total internal reflection (TIR) microscopy*®™® to circum-
vent the need for fluorescent labeling in nanoparticle visual-
ization as exemplified in Fig. 1. TIR microscopy creates an eva-
nescent field at the interface between the glass surface and the
aqueous solution, which decays exponentially with distance
from the surface®” (right graph in Fig. 1). Nanoparticles within
this field scatter the evanescent light, producing detectable
signals without the need for fluorescent markers. Feedback
trapping combined with this technique benefits from simpli-
city and accessibility of TIR microscopy, which is widely avail-
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Fig. 1 ABEL trapping based on TIR microscopy. Electrokinetic trapping
of a polystyrene nanoparticle with a diameter dyp = 190 nm and surface
charge g, moving in the evanescent field (intensity as a function of dis-
tance in the graph on the right side) along the z-axis in water. The
motion is influenced by an electric field E generated by the feedback
voltage V calculated on an FPGA from the measured intensity /measured
to hold the particle near the target intensity lirger. The sample is
confined between two glass cover slips with indium tin oxide (ITO) elec-
trodes, separated by a channel height h = 50 pm, over which the voltage
is applied. The image is not to scale.

able in biological laboratories.”® Moreover, the use of evanes-
cent field scattering will also enable electrokinetic trapping of
particles in close proximity to the glass surface. In contrast to
previous studies">”"*'*?* where particles are trapped laterally
(in xy-plane) with strong confinement along the z-axis
(achieved by using channel heights below one micron), our
proposed approach facilitates a full control in the axial direc-
tion within the evanescent field and quantitative analysis of
how surface interactions, including hydrodynamic drag and
electrostatic forces, influence the mobility and diffusion of
nanoparticles. This capability is particularly attractive for
research in surface chemistry, single-molecule biophysics, and
cell membrane biology. The technique may provide detailed
insights into the dynamic processes at the single-molecule
level, advancing our understanding of many complex bio-
molecular systems. Additionally, our proposed approach is
straightforward and robust, avoiding complex optical setups
required by DFM and iSCAT. While some techniques such as
dielectrophoresis®® (DEP) and electro-plasmonic trapping,*®
offer well-established methods for particle manipulation, our
proposed approach presents several notable advantages.
Unlike DEP, which requires precise electrode design and relies
on the dielectric properties of particles, our method offers
visualization without the need for specialized materials or
complex setups.”® Moreover, compared to electro-plasmonic
trapping, which involves plasmonic enhancement and typically
requires the use of metallic surfaces,’*' our method leverages
the simplicity and robustness of evanescent field scattering
without light absorption or plasmon-induced heating. By
relying solely on light-scattering properties, this technique will
offer an alternative route to study a wide range of nano-
particles, providing a versatile and practical tool for research-
ers exploring nanoscale phenomena.

Nanoscale, 2025,17, 8496-8504 | 8497
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Results and discussion

The goal of this work is to achieve stable ABEL trapping of
fluorescence-free nanoparticles that scatter the evanescent
field. As a study model, we consider polystyrene (PS) nano-
particles with a diameter dyp = 190 nm and surface charge g,
which are diluted in deionized water as shown in Fig. 1. These
nanoparticles are selected for their well-defined physical and
chemical properties, making them ideal for controlled experi-
mental studies. The sample is contained within a microfluidic
chamber constructed from two glass cover slips, each coated
with a thin layer of indium tin oxide (ITO). The ITO-coated
glass slides serve as parallel transparent electrodes separated
with a channel height of # = 50 um to generate a uniform elec-
tric field E. The nanoparticles are visualized using a custom-
built inverted microscope®****? (Methods) combined with TIR
laser excitation (ESI Fig. S1%). The laser has a free-space wave-
length of 1, = 532 nm and is focused at an incident angle Oz
~ 67° on a right-angle prism mounted on the top glass slide of
the flow cell to generate the evanescent field (Fig. 1). The
intensity of this field decays exponentially in the axial direc-
tion (right graph in Fig. 1) according to the expression:*’

I(z) = Ipe %/ % (1)

where I, is the light intensity at the interface (z = 0), which
drops to 1/e of its value over a distance dgr, known as the pene-
tration depth where EF stands for the evanescent field. This
depth can be estimated from the refractive indices n; = 1.5 for
glass and n, = 1.33 for water as:>’

Ao 1
4n \/nlz sin HTIRZ — n22

In our setup, the penetration depth is approximately
114 nm, which ensures that the interaction of the nano-
particles with the evanescent field is highly localized near the
glass surface. For example, Fig. 2a shows a series of video
frames where a single light-scattering nanoparticle is freely
diffusing within the excited evanescent field. The particle is
held near the center of the region of interest (ROI) by manually
tracking its lateral diffusive motion. The fluctuating diffraction
rings around the particle provide a clear indication of its move-
ment along the z-axis, revealing its random Brownian motion.
This visual evidence not only highlights the particle’s stochas-
tic behavior but also demonstrates the potential for achieving
stable ABEL trapping by leveraging the evanescent field.

Next, we utilize the experimental setup depicted in Fig. 1 to
control and monitor the positions of nanoparticles near the
glass surface by capturing the photons scattered by individual
particles within the evanescent field. By counting the number
of scattered photons I easured (Fig. 2¢ and d) within a binning
window of At = 1 ms, we generate a real-time feedback ana-
logue output (AO) voltage V (Fig. 2e and f) on the FPGA (field-
programmable gate array) board (Methods). This system oper-
ates at a sampling frequency of fao = 1 kHz, allowing for rapid
adjustments to maintain the nanoparticle within the evanes-
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cent field. The generated voltage is applied to the ITO electro-
des, creating an external electric field £ = V/h along the axial
direction. This field counteracts the natural Brownian motion
of the diffusing nanoparticle, effectively keeping it confined in
a stable trap at the desired target intensity Irgee (represented
by the black dotted line in Fig. 2d), as depicted in Fig. 1. The
FPGA calculates the trapping voltage using the following
equation:**2°

V= k(Imeasured - Itarget) (3)

where k is the feedback strength. This method allows us to
maintain the nanoparticle within the evanescent field without
the drawbacks associated with fluorescence-based techniques,
such as bleaching and blinking. For instance, Fig. 2b presents
a series of time-lapse images of a light-scattering nanoparticle
that is electrokinetically trapped in the axial direction using
the generated electric fields. The nanoparticle is maintained at
a target intensity of 150 photons per millisecond with a feed-
back strength of k = 0.06 V ms photons™'. The intensity traces
further illustrate this behavior: the freely diffusing nano-
particle exhibits a variable intensity signal (Fig. 2c), while the
trapped nanoparticle maintains a stable light intensity
(Fig. 2d). By manually tracking (Methods) the diffusive motion
of the particle in the xy-plane, we ensure that it remains cen-
tered within the selected field of view, enabling continuous
measurement over an extended period of up to 10 seconds. We
can observe larger particles for extended periods due to their
slower diffusion (ESI Video V1t), as demonstrated in ESI
Fig. S2,T where a 520 nm diameter polystyrene bead remains
trapped for over 20 seconds. In contrast, smaller particles
(2150 nm) diffuse too rapidly, making manual tracking chal-
lenging. One can overcome this limitation by integrating the
developed technique with real-time video-based tracking®??
combined with fast piezo stages or by implementing 2D elec-
trokinetic trapping with additional set of electrodes in the xy-
plane."” Overall, the obtained results demonstrate the success-
ful implementation of ABEL trapping combined with TIR
microscopy, allowing for precise control and continuous obser-
vation of label-free nanoparticles at the single-particle level.

The experimentally demonstrated axial ABEL trapping
offers a powerful and versatile tool for probing a wide range of
nanoparticle properties. This technique is particularly well-
suited for examining how proximity to surfaces impacts the
mobility, diffusion, and overall stochastic behavior of nano-
particles. In general, the random Brownian motion of a nano-
particle is fundamentally characterized by its diffusion con-
stant, as described by Einstein’s relation:

D, =T (4)

Yo
where D, is the diffusion constant in bulk, kz = 1.38 x 107>% ]
K™ is the Boltzmann constant, T = 293 K is room temperature,
and y, is the friction coefficient of the particle in the surround-
ing medium. The friction coefficient, also known as the hydro-
dynamic drag, is directly related to the particle’s radius

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Electrokinetic trapping of 190 nm polystyrene nanoparticles scattering the evanescent field. (a) Time-lapse images showing a nanoparticle
undergoing Brownian motion, with varying diffraction rings indicating movement in the axial direction. (b) A sequence of video frames capturing a
nanoparticle electrokinetically trapped at the targeted distance from the glass surface due to the applied feedback voltage. The green frames corres-
pond to no electric field, while the red frames indicate the presence of an applied electric field for ABEL trapping. The particles are kept centered
within the area of interest by manually tracking their diffusive motion in xy-plane. (c) The photon counts as a function of time for a freely diffusing
particle (left) and the corresponding histogram of its Brownian motion (right). (d) The intensity time trace for a nanoparticle (left) that remains elec-
trokinetically trapped at a targeted distance from the glass surface, with the corresponding histogram (right). (e) The feedback voltage as a function
of time used to trap the particle shown in (d). (f) The applied voltage as a function of gathered photon counts the for the traces shown in (d) and (e),
with green circles showing the measured data and the red line is a linear fit.

R = dnp/2 and the dynamic viscosity n = 1 mPa s for water. Faxén’s law reveals that as the particle approaches the
It can be calculated using Stokes’ law: surface (i.e., as z decreases), the diffusion constant diminishes
due to increased hydrodynamic drag, reflecting the boundary’s

Yo = 6mnR (5) influence on the particle’s motion. Additionally, the electro-

phoretic mobility of the nanoparticle is also affected by surface

However, when a nanoparticle is near a boundary, such as a  proximity, as the interaction with the boundary modifies the
glass surface, its friction coefficient and diffusion constant can particle’s ability to respond to external forces.>® By employing
be modified by the proximity to the surface. This effect is cap-  4xial ABEL trapping, we can experimentally control the posi-
tured by Faxén’s law, which provides a correction to the axial tion of nanoparticles near a surface and measure their
diffusion constant based on the distance z from the giffysion and mobility characteristics. This approach will
surface:*"** allow us to explore deviations from bulk behavior as nano-
s . s particles approach surfaces, providing valuable insights into
D(z) = Dy <1 9 (E) +1 (B) 45 (E) 1 (5) ) (6) surface effects, which can alter the friction coefficient and
16 \z 8\z 256 16 \z diffusion constant. To delve into this, we trap the nano-
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particles at varying target intensities, ranging from 125 to 50
photon counts per millisecond (ESI Fig. S3b-et), which corres-
pond to increasing distances from the glass surface. For com-
parison, we also collected photon counts for a nanoparticle
adhered to the glass surface (ESI Fig. S3af) and the back-
ground noise in the absence of particles (ESI Fig. S3f}). At
higher target intensities (above 175 photons per ms), the par-
ticles tend to adhere to the ITO electrodes due to their close
proximity to the glass surface. Conversely, at a lower target
intensity of 25 photons per ms, the particle signal becomes
comparable to the background noise (ESI Fig. S3ff), causing
them to move out of the evanescent field range and the field
of view rapidly. This limitation in measurable intensity range
constrains our ability to track particles at very small or very
large distances from the surface, as adhesion and signal loss
become significant challenges. Despite this, the collected data
allow us to examine how nanoparticle motion transitions from
surface-dominated behavior to bulk-like diffusion. By compar-
ing the diffusion characteristics at different target intensities,
we can infer how confinement near the surface influences the
effective friction coefficient and diffusion constant.

To evaluate the nanoparticles’ response to the feedback
electric field, we calculate the intensity variation AI = I; — I;_q,
associated to the particle displacement Az = z; — z; 4, in
relation to the applied voltage V;_;, as shown in Fig. 3. The
diagram in Fig. 3a is based on data derived from the intensity
and voltage traces presented in Fig. 2d and e, respectively,
while Fig. 3b-e display data obtained from the intensity traces
shown in ESI Fig. S3.7 The distribution observed in the data
reveals several key parameters of the trapped nanoparticles.

a 100+
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|
0 02 04 06 08 1

80

60
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0
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5.43 hv/ms
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Specifically, the relative intensity at V = 0 reflects the distri-
bution of intensity increments expected from Brownian
motion,*® as depicted in the inset graph of Fig. 3a, because
here AI arises from the stochastic dynamics of the particle. By
fitting a Gaussian distribution (red line) to this histogram
(green bars), we determine the standard deviation, or intensity
variance, o1, which is related to the position variance o,:

2D(z)At (7)

O; =

The ratio o,/o1 between these two variances provides a con-
version factor for the z-position within the linear approxi-
mation, expressed as o,/0; = Az/AI To estimate the electrophor-
etic mobility of the particles, we apply linear regression to the
data (black solid lines in Fig. 3) and use the following
formula:*°

oy h Al

r= o1 AtV (8)
where the ratio AI/V represents the slope of the linear fit to the
obtained data as shown in Fig. 3a. A steeper slope indicates
more mobile particles, as they exhibit a greater response to the
applied voltage, suggesting reduced friction or drag when
assuming a fixed electric charge. Conversely, a shallower slope
corresponds to less mobile particles with larger friction. This
behavior is observed in the plots of Fig. 3, where the variation
in slope (the values are indicated in the bottom left corner of
each diagram) for different target intensities is associated with
differences in particle mobility due to surface proximity.

b1 : 1 n
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Fig. 3 Analysis of the acquired data for the nanoparticles trapped at different target intensities. The relative intensity is plotted as a function of the
applied voltage, demonstrating the particle’s response to the electric field when trapped at target intensities of 150 (a), 125 (b), 100 (c), 75 (d), and 50
(e) photons per ms. The inset in (a) shows the normalized density distribution as a function of photon counts at V = 0. The black solid lines in each
graph represent the linear regression of the measured data, with the slope values Al/V indicated in the bottom left corners of each graph.
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Additionally, we can characterize the trap strength using the
dimensionless parameter:*’

9)

This parameter quantifies the fraction of displacement
from the target intensity that is counteracted by drift during
each time step At, providing a measure of the trap’s effective-
ness. The calculated trap strength hovers around a mean value
of 0.4 across the measured distance range (ESI Fig. S4at). The
obtained values indicate that a relatively strong feedback trap
is being generated. Overall, a visual inspection of AI vs. V in
Fig. 3 reveals several key aspects: the linear proportionality
confirms successful trapping, the slope reflects the trapping
strength, and the deviation from this linear trend provides
insight into the particle’s diffusion coefficient.

To highlight the influence of surface proximity on nano-
particle motion in ABEL trapping, we summarize the experi-
mental results in Fig. 4, where the measured diffusion con-
stants of nanoparticles (Methods) are plotted against their dis-
tance from the glass surface. The top axis of the graph displays
the corresponding target light intensity, which diminishes as
the distance from the surface increases, demonstrating the

Intensity, I, ge; [hv/ms]
150 56 21 8 3
2.4, 1 L 1 1
to the surface —= » from the surface
1.92
v'_w
(8Y]
E
= 1441 1 1
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Fig. 4 Experimentally estimated diffusion constants of nanoparticles
measured via ABEL trapping. The diffusion of nanoparticles is shown as
a function of distance z from the surface (bottom axis) and corres-
ponding target intensities (top axis). The green filled dots and open
circles represent the measured and averaged data, respectively, while
the green solid line shows the fitting to Faxén’s law, using eqn (6). The
red double arrow indicates the direction of movement, either towards or
away from the glass surface. The inset graph illustrates the calculated
normalized evanescent field intensity and the normalized diffusion con-
stant as a function of distance from the surface, as predicted by the eqn
(1) and (6), respectively.
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inverse relationship between light intensity and proximity to
the surface. The obtained data (green filled dots) reveal a clear
trend: the diffusion constant increases as the particles move
farther from the surface, aligning well with theoretical predic-
tions shown in the inset graph. This inset graph illustrates the
correlation between evanescent field intensity and the
diffusion constant calculated according to the eqn (1) and (6),
respectively. It highlights the steep decline in intensity near
the surface, which corresponds with a rise in the diffusion
constant as the particle moves away. By fitting Faxén’s law
(green solid line) to the averaged data (green open circles), we
determine key parameters, including the bulk diffusion con-
stant D, = 2.4 pm® s~' and penetration depth dgr = 102 nm,
allowing us to convert the measured data accurately
(Methods). The results align well with theoretical predictions,
validating our approach. Using these diffusion constants from
Fig. 4 in eqn (8), we estimate the electrophoretic mobility of
nanoparticles, obtaining values in the range from —1.24 x 10~°
to —2.8 x 107" m> V' s~ for target intensities of 150 and 50
photon counts per millisecond, respectively (ESI Fig. S4ct).
These values are more than 10 times lower than the bulk
mobility measured by electrophoretic light scattering
(Methods), which yields a mobility of o = —4 + 0.75 x 10~ m?
v~ ' 57!, The reduced mobility observed in the axial ABEL trap-
ping experiments can be attributed to several interrelated
factors, primarily the proximity of the nanoparticles to the
glass surface. When nanoparticles are near a surface, they
experience increased hydrodynamic drag, which significantly
reduces their mobility. This proximity also introduces strong
electrostatic interactions between the electrode and the surface
charge of the particle, further hindering movement. This effect
becomes particularly evident when attempting to trap nano-
particles at target intensities above 150 photons per ms, where
they tend to adhere to the electrode shortly after feedback is
applied. Additionally, the effective electric field may be dimin-
ished due to the presence of mobile charge carriers in the
water, which screen both the particle surface charge and the
applied field, reducing the ability to effectively drive the par-
ticles. For deionized water with an electrical conductivity of ¢ =
0.055 pS em ™' and an electric permittivity of € = 700 pF m™",
the characteristic screening time constant***” is approximately
T 0.13 ms. This constant is much lower than the
sampling time A¢ = 1 ms applied in our experiments, leading
to a substantial reduction in the effective field amplitude due
to screening effects.’>***” This electric field screening, com-
bined with the confinement imposed by the evanescent field,
leads to lower observed mobility values compared to those in
bulk solutions, where surface-related effects are absent. The
observed trends highlight the substantial influence of surface
proximity on nanoparticle mobility and diffusion, showcasing
the capability of axial ABEL trapping to deliver quantitative
insights into nanoscale surface interactions.

In conclusion, our work demonstrates the successful
implementation of axial ABEL trapping for fluorescence-free
nanoparticles that scatter the evanescent field excited by total
internal reflection. By combining this advanced trapping tech-
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nique with TIR microscopy, we achieve precise control and
continuous observation of individual nanoparticles near a
glass surface. The experimental results reveal a clear depen-
dence of nanoparticle diffusion and mobility on surface proxi-
mity, confirming theoretical predictions and providing deeper
insights into nanoscale surface interactions. This approach
not only overcomes the limitations associated with fluorescent
labeling but also paves the way for future studies aimed at
understanding and manipulating the behavior of nano-
particles in close proximity to various interfaces. Additionally,
coupling this technique with detection capabilities that have
single-elementary charge resolution®*® would enable the
exploration of subtle charge-related phenomena at the nano-
scale. Integrating the developed method with video-based* or
laser-scanning® particle tracking systems could further
enhance our ability to monitor and analyze the real-time
dynamics of nanoparticles extended durations.
Furthermore, our method is versatile and can be applied not
only for water-based solvents with varying ionic strengths but
also to diverse range of non-polar media.*”*® Moreover, the
method holds promise for studying DNA-tethered nano-
particles and molecules,***' which could provide invaluable
insights into the behavior of biomolecules at single-molecule
level. Overall, this work opens up new avenues for exploring
the complex interplay of forces at the nanoscale, with broad
applications in both fundamental research and technological
development.

over

Methods

Total internal reflection microscopy

The optical setup (ESI Fig. S11) is based on a custom-built
inverted fluorescence microscope.>**>*® This microscope is
integrated with a continuous wave (CW) laser source (L532-
050-S, CrystalLaser) with a free-space wavelength of 532 nm,
guided and focused onto a right-angle prism (PS615, Thorlabs)
at an approximate total internal reflection angle of 67°. The
laser power is adjusted using an angle-adjustable half-wave
plate (HWP) combined with a polarizing beam splitter (PBS),
which splits the power between a direct laser illumination
path and a blocked path. The scattered light from the particles
is collected by a high numerical aperture (NA 1.3) oil immer-
sion objective lens (CFI Plan Fluor 100x Oil, Nikon) and pro-
jected onto both a high-speed CMOS camera (Zyla 4.2 sCMOS,
Andor Instruments) and a single-photon counting module
(SPCM, SPCM-AQRH-WS5, Excelitas Technologies) via a non-
polarizing beam-splitter (NPBS) with a 10:90 ratio, respect-
ively. A pinhole (PH) with a diameter of 1 mm is used to define
a selected region of interest (ROI), reducing photon counts
from the background. The small region of interest (15 pm),
defined by the pinhole, ensures a uniform signal from the par-
ticles within the applied field of view due to the large laser illu-
mination spot (2 mm), focused on the prism. Samples are
secured with a custom-built sample holder mounted on a verti-
cal microstage (MVS010/M, Thorlabs) and 2D horizontal
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microstages, used to track the particle’s lateral diffusive
motion manually to keep it centered in the selected field of
view. The manual tracking is based on video-imaging of nano-
particle motion in real-time. The sample is positioned on a
stage that is controlled to adjust the position dynamically,
allowing us to track the nanoparticle’s movement within
the field of view in xy-plane. By recording high-frame-rate
videos (ESI Video V1f), we can identify and manually
follow the particle’s trajectory under Brownian motion. A com-
bination of a removable mirror (RM) and a dichroic mirror
(DM) allows for quick switching between epi-fluorescence and
TIR microscopy modes. The laser power for the
measurements was set to 1.6 mW (measured at the entrance of
the prisms), which results in 400 photons per millisecond for
the light scattering by the particle stuck at the surface (ESI
Fig. S3at).

Microfluidic device fabrication and sample preparation

Microfluidic devices were constructed using two glass sub-
strates: a 0.1 mm thick bottom substrate and a 1 mm thick top
substrate, both coated with indium tin oxide (ITO) electrodes.
The glass slides were separated by 50 pm spacer beads and
assembled using UV-curing glue (Norland Optical Adhesive
68). Prior to assembly, all glass substrates were cleaned with
isopropyl alcohol and acetone, followed by rinsing with de-
ionized water. The substrates were then glued together in a rec-
tangular pattern, forming a microchannel approximately
20 mm wide and 50 pm high. The fabricated microfluidic
devices were filled with water-based samples containing nano-
particles by capillary forces. As a study model, we selected
polystyrene nanoparticles (Magsphere Inc.) with a mean dia-
meter of 190 and 520 nm, which were diluted in deionized
water (18 MOhm cm) to achieve a desired concentration of one
particle (or fewer) per region of interest, based on the manu-
facturer’s technical datasheet. At least ten nanoparticles were
measured for each target intensity to ensure the stability of the
results. The flow cells with diluted nanoparticles were sealed
to prevent evaporation of the liquid. Samples prepared for
ABEL experiments were also analyzed using a Zetasizer Nano
(Malvern Instruments) to measure the electrophoretic mobility
of the nanoparticles, resulting in a mean value of —4 + 0.75 x
107 m?*v'sh

Data acquisition and analysis

An FPGA (field-programmable gate array, PCIe-7842R, National
Instruments) was programmed using the LabVIEW FPGA
Module (National Instruments) on a host PC. The FPGA oper-
ates two parallel loops: one to count photons based on the
digital input (DI) acquired from the SPCM and another to
apply a voltage across the microchannel based on the analog
output. Separate direct memory access (DMA) FIFO (first-in,
first-out) buffers are used to transfer input and output data
between the FPGA and the host PC. To calibrate the gathered
data, we apply the following analysis. The relative diffusion
parameter D, (left axis in ESI Fig. S51) is defined based on

This journal is © The Royal Society of Chemistry 2025
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the standard deviation of the measured intensity, scaled with
the target intensity (ESI Fig. S4b¥):

((TI /Itarget)2

Dio =
rel 2At

(10)

Next, the target intensity (top axis in ESI Fig. S5%) is con-
verted to the distance from the glass surface using eqn (1). The
position z, normalized to the penetration depth of the evanes-
cent field dgg, is determined by:

z T
Z _ <ﬁ>
dgr Iy

Here, the zero intensity I, = 400 photons per ms corres-
ponds to light scattering by a particle immobilized at the
surface (ESI Fig. S3at). The actual penetration depth is chal-
lenging to determine precisely as the incident light is not colli-
mated and there is a range of incident angles (with focus at
the glass-water interface), which sets up a continuous range of
different penetration depths. Therefore, we normalize the cal-
culated distance to the penetration depth since our aim is to
calibrate the diffusion constant rather than determine the
exact particle position. As a result, the normalized position z/
dgr (bottom axis in ESI Fig. S51) corresponds to increasing dis-
tances from the surface, with higher target intensities indicat-
ing closer proximity. To obtain the actual diffusion constants
and position z, we apply Faxén’s law and fit the averaged data
to eqn (6), yielding two fitting parameters Dg, = 20.1 s~ and
dgie = 102 nm. Using eqn (4), we calculate the bulk diffusion
constant D, = 2.4 pm” s~ and determine a conversion factor a
= Dy/Dgie. This factor is then applied to convert the measured
data to actual diffusion constants D = aD, (right axis in ESI
Fig. S51) whereas the position is obtained as z = (zdg.)/dgr. All
the obtained results are summarized in Fig. 4.

(11)
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