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Abstract
Nanoparticle tracking analysis is an optical and video-based technique for dynamic
monitoring and determining the size distribution of diffraction-limited objects in flu-
ids. Due to the ability to analyze individual nanoparticles, it has become a powerful tool
in life science and the study of biochemical processes. However, achieving high-precision
measurement of fast diffusing nanoparticles remains a challenge, as it principally re-
quires long trajectories of the mobile targets, and the depth of focus in the microscope is
finite. Therefore, a spatial restriction of the diffusive particles is needed. In this context,
microstructured optical fibers are excellent platforms to provide confined volumes for
the specimens, while the guided fiber modes can supply tailored illuminations, building
a compact environment for particle tracking experiments.
The thesis focuses on the approach of fiber-assisted nanoparticle tracking analysis based
on elastic light scattering, clarifies its capability of ultralong and fast-tracking of label-
free nanoparticles, points out the limitations in the current schemes, and proposes
related solutions. Firstly, the thesis reviews the fundamentals of fiber optics and Brow-
nian motion and presents the data methods used in this study. Secondly, a trajectory of
50 nm gold nanosphere with a typical length of 105 frames and duration of 40 seconds is
obtained by using optofluidic nanobore optical fiber, and the results are compared with
state-of-the-art methods. Although the nanochannel transversely confines nanoparti-
cles in the focal plane, the spatial-dependent modal fields cause the scattered intensity
to fluctuate with the motion of the target. The third part hence presents a pathway to
generate flattened modes within nanofluidic fiber, which allows constant intensity in
all three dimensions. As a result, the focal depth is remarkably improved for particle
tracking measurements. Also, the general flat-field condition is given for other types of
waveguides. Lastly, a novel fiber-integrated optofluidic chip is explored for nanoparticle
detection. The concept employs a freely propagating Gaussian beam as illumination for
the specimen that is filled in a core-less capillary fiber, aiming to establish a near-flat
light field and break through the limits of the flat-field condition in optical fibers.
Overall, the findings of the thesis demonstrate that the fiber-based schemes provide
extremely high accuracy and low noise in nanoparticle tracking analysis, and promote
the applications of the technique in nanomaterials characterization, microrheology, and
fundamental study of light-matter interactions.
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Zusammenfassung
Die Nanopartikel-Tracking-Analyse ist eine optische und videobasierte Technik zur dy-
namischen Überwachung und Bestimmung der Größenverteilung von beugungsbegren-
zten Objekten in Flüssigkeiten. Aufgrund der Möglichkeit, einzelne Nanopartikel zu
analysieren, ist sie zu einem leistungsstarken Werkzeug in den Biowissenschaften und
der Untersuchung biochemischer Prozesse geworden. Die hochpräzise Messung schnell
diffundierender Nanopartikel ist jedoch nach wie vor eine Herausforderung, da hierfür
grundsätzlich lange Trajektorien der mobilen Partikel erforderlich sind und die Tiefen-
schärfe von Mikroskopen begrenzt ist. Daher ist eine räumliche Begrenzung der diffu-
siven Partikel erforderlich. In diesem Zusammenhang sind mikrostrukturierte optische
Fasern hervorragende Plattformen, die begrenzte Volumina für die Proben bereitstellen
und deren geführten Fasermoden eine angepasste Beleuchtungen ermöglichen, sodass
in den Fasern eine kompakte Umgebung für Partikel-Tracking-Experimente gegeben
ist.

Diese Arbeit konzentriert sich auf den Ansatz der fasergestützten Nanopartikel-Tracking-
Analyse auf der Grundlage elastischer Lichtstreuung, verdeutlicht dessen Fähigkeit zur
ultralangen und schnellen Verfolgung von markierungsfreien Nanopartikeln, zeigt die
Einschränkungen in den aktuellen Ansätze auf und schlägt damit verbundene Lösungen
vor. Zunächst werden in der Arbeit die Grundlagen der Faseroptik und der Brownschen
Bewegung erläutert und die in dieser Studie verwendeten Datenverarbeitungsmetho-
den vorgestellt. Zweitens wird eine Trajektorie einer 50-nm-Goldnanokugel mit einer
typischen Länge von 105 Frames und einer Dauer von 40 Sekunden mithilfe optoflu-
idischer Nanobore-Lichtwellenleiter aufgenommen und dargestellt und die Ergebnisse
mit modernsten Methoden verglichen. Obwohl der Nanokanal die Nanopartikel in der
Fokusebene transversal begrenzt, bewirken die räumlich abhängigen Modenfelder, dass
die Streuintensität mit der Bewegung der Teilchen schwankt. Im dritten Teil wird
daher ein Weg zur Erzeugung abgeflachter Moden innerhalb nanofluidischer Fasern
vorgestellt, der zu einer konstanten Intensität in allen drei Dimensionen führt. Dadurch
wird die Fokustiefe für Partikel-Tracking-Messungen deutlich verbessert. Auch für an-
dere Wellenleitertypen ist die allgemeine Flatfield-Bedingung gegeben. Schließlich wird
ein neuartiger faserintegrierter optofluidischer Chip für die Nanopartikeldetektion un-
tersucht. Das Konzept verwendet einen sich frei ausbreitenden Gauß-Strahl als Beleuch-
tung für die Probenpartikel, die in eine kernlose Kapillarfaser gefüllt sind, sodass ein
nahezu flaches Lichtfeld geschafft wird, um die Grenzen der Flatfield-Bedingung in
optischen Fasern zu überwinden.

Insgesamt zeigen die Ergebnisse der Dissertation, dass die faserbasierten Verfahren
eine extrem hohe Genauigkeit und geringes Rauschen bei der Nanopartikel Tracking-
Analyse bieten und die Technik voranbringen, die bei der Charakterisierung von Nano-
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materialien, der Mikrorheologie und der grundlegenden Untersuchung von Licht-Materie-
Wechselwirkungen Anwendung findet.
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Chapter 1

1 | Introduction

1.1 Nanoparticle Tracking Analysis

Micro- and nano-scale particles, formed naturally or artificially, play important roles in
many research fields. Detecting and sizing these small objects are fundamental tasks in
the area of scientific analyses, for example, environmental monitoring 1,2, biochemistry3

and toxicology4,5. Particularly, if the particles have sub-diffraction sizes (usually the
scales are of tens nanometers which are below the resolution of the microscope) and
are suspended in liquid environments, where the Brownian motion is present, a random
movement resulting from the collisions of the liquid molecules. To accurately character-
ize these nanoobjects, electron microscopy (EM) is a possible option, but this remains
challenging as it relies on complex microfluidic cells and still presents experimental
difficulties6.

An alternative and commonly used technique for determining the size distribution of
Brownian particles is dynamic light scattering (DLS), which is based on the measure-
ment of scattered light intensity from an ensemble of diffusing particles 7. It has been
applied for analyses of colloids8, proteins9, and magnetic nanoparticles10. However,
the main drawback of DLS is that the sensitivity is dominated by large-sized parti-
cles, even though they constitute only a small fraction of the size distribution, since
the scattered intensity is proportional to the sixth power of the particle’s diameter 11.
Therefore, the accuracy is limited in measuring polydisperse suspensions of particles.
Besides, in DLS measurements, high concentrations of nanoparticles are needed to ob-
tain sufficient scattering intensity, which may require additional preprocessing of the
samples, such as centrifugation.

In this context, nanoparticle tracking analysis (NTA) has been developed as an
optical-based technique for the characterization of single nanoparticles in liquids. By
using a standard optical microscope and CMOS camera, NTA can measure the move-
ment rate—diffusion coefficient (D)—of the Brownian motion of the nanoparticle. In
case the D is measured from the particle tracking experiment, the size of the nanoparti-
cle can be calculated according to the Stokes-Einstein equation 12,13, which is associated
with the absolute temperature and viscosity of the liquid. NTA is based on the detection
of elastic light scattering, and thus can be applied to particles of different materials,
such as metals, polymers, and biological matter. Particles are detectable as long as their
scattering cross-section exceed that of the liquid medium, that is, the signal is above the
background noise. NTA supports the real-time monitoring and accurate analysis of the
size distribution for diffusing particles in a wide range of scales (from 10 nm to 1 µm).
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1.1 Nanoparticle Tracking Analysis

In recent years, NTA has become an emerging tool in numerous applications, including
life science (e.g., the study of virus or cells14–21 and biological materials22–24), nan-
otechnology (e.g., nanomaterials characterization 25–27) and nanomedicines (e.g., drug
delivery28,29 and vaccines30).

In contrast to DLS, a notable feature of NTA is the focus on individual trajectories
of nanoparticles, making it possible to do particle-by-particle analysis, termed single
particle tracking (SPT). Due to its ability to track and resolve the diffusion movement
of single nanoobjects, SPT has played a key role in many cutting-edge biophysical re-
searches such as single-molecule detection31–33, membrane dynamics34–38 and anoma-
lous diffusion studies39–41. A widely used method in SPT to determine D from the
trajectory of a Brownian particle is the mean square displacement (MSD) 12,42,43. The
simplest case is the tracking of freely diffusing nanoparticles in an isotropic medium,
where the displacements in a given time follow a Gaussian distribution and the MSD
is a linear function as the lag times. The D can be determined by conducting a linear
fitting to the calculated MSD. The MSD analysis taking into account the localization
uncertainty arising from the video-based tracking experiment has been developed by
Michalet, from which the theoretical expressions of MSD offset and error estimation as
well as the optimal number of fitting lags are given 44,45.

Due to the stochastic nature of the MSD method, the retrieved D has an inherent
statistical error that depends on the length of the trajectory (the number of captured
frames N), even though the measurement of the position is infinitely precise 46. Typi-
cally, the relative standard deviation of the measured D follows 1/

√
N , thus, obtaining

long enough trajectories is one key requirement of the NTA experiment regarding statis-
tical accuracy. However, this remains challenging, particularly for measuring nanopar-
ticles with large D (small diameter), since if the object is not spatially restricted in
the tracking area they can easily diffuse out of the illuminating volume or field of
view (FoV) of the microscope, resulting a small number of captured frames and thus a
reduced measurement accuracy.

Besides, in the detection of fluorescence-labeled nanoparticles, the frame rate is rel-
atively low because of the large exposure time required to detect sufficient fluorescent
photons, and the photobleaching also limits the total observation time. Alternative
approaches that can overcome these drawbacks are to employ elastic light scattering,
such as dark-field microscopy47–50 and interferometric scattering microscopy51 (iSCAT),
enabling fast-tracking of label-free single nanoparticles. However, the mentioned tech-
niques still suffer from the issues of being difficult to capture long trajectories or being
limited by the time-varying background noise 52. For example, in the case of free dif-
fusion (particles are unconfined), the scattered intensity reduces as the particle moves
away from the depth of focus of the microscope, leading to increased localization un-
certainty. Therefore, to achieve high-speed, label-free, and high signal-to-noise ratio
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Chapter 1

(SNR) tracking of nanoparticles, a new scheme based on optical fiber and elastic light
scattering was proposed by Faez et al.,52 termed as fiber-assisted nanoparticle tracking
analysis (FaNTA).

1.2 Fiber-assisted Nanoparticle Tracking Analysis

With the development of fiber drawing technologies, microstructured optical fibers
have been fabricated and widely used in many scientific researches. Thanks to its
customization and specificity, the applications cover multiple fields such as optical
communications53–55, laser systems56–59, fiber sensors60–66, nonlinear optics67–72 and
microfluidics73–78. Among them, optofluidic fiber with nanobore structure is naturally
an ideal platform for NTA applications. A comparison of the conventional NTA and
FaNTA is depicted in Fig. 1.1. The FaNTA approach in this study has unique features:
(i) nanoparticle solution is filled into an externally accessible nanochannel in the core
of a step-index optical fiber, and the guiding mode provides the illumination field to
the samples; (ii) objective lens is perpendicularly placed with the fiber to collect the
scattered light from nanoparticles; (iii) the dark-field illumination is established, thus
the particles are imaged in a dark background (only the scattered light enters the
objective), making it appropriate for obtaining the point spread functions of single
nanoparticles.

In conventional NTA schemes, the nanoparticles are freely diffusing in a bulk medium,
leading to the tracking duration being limited by the finite depth of field or illumina-
tion volume of the imaging system. For example, a 50 nm nanosphere in water (D=8.6
µm2/s) has an in-focus observation time of 2 s by using an objective with 20x magnifi-
cation and NA=0.4 (the depth of field ∼ 6 µm). One possible solution is to construct
an auto-focus imaging system to follow the object, but this requires the use of a fast-
response mechanical system, increasing the cost of the experiment. The main benefit of
FaNTA is that the nanochannel transversely restricts the mobile targets within the fo-
cal plane of the microscope, enabling continuous observation of typically tens seconds 52.
Furthermore, the FaNTA integrates both the optofluidic cell and dark-field illumination
in a single fiber, providing a compact platform for NTA experiments. Also, the frame
rate can be significantly increased (up to kHz) due to the high SNR and reduced FoV
(only focusing on the part of the nanochannel). All of these advantages are difficult to
achieve in conventional NTA setups.

1.3 Motivation of the Thesis

The original literature52 proposed and experimentally proved the working principle
of the FaNTA approach based on nanofluidic optical fiber. The innovative method
should be placed in the proper context, and the benefits of using the highly-confined

3



1.3 Motivation of the Thesis

Figure 1.1: Comparison of classic NTA and FaNTA setups. (a) Sketch of a typical
NTA setup, samples are placed on the focal plane of an objective lens, and illumi-
nated with a laser beam. Nanoparticles such as viruses, metal nanospheres, or DNA
molecules freely diffuse in liquid. (b) Sketch of the FaNTA setup, the sample solu-
tion (water) is confined in the nanofluidic channel of a step-index optical fiber and
illuminated by an evanescent-shaped mode (due to the low refractive index of the
liquid). Laterally scattered light is detected via an objective lens. The bottom right
inset shows a photo of the experimental setup.

nanochannel as well as the intrinsic accuracy of the measurements need to be clarified.
Therefore, the first task of the thesis is to demonstrate the capability of nanobore
optical fiber in ultralong nanoparticle tracking. With a large number of frames from a
single nanoparticle, it enables to quantification of the noise level and statistical accuracy
of diffusion measurement, as well as the size determination.

Secondly, the FaNTA relies on the detection of elastic light scattering of the nanopar-
ticle, and the signal intensity is proportional to the localized modal intensity within the
illuminating domain (Rayleigh Scattering). A sketch to illustrate this issue is presented
in Fig. 1.2. In the water-filled case, an evanescent field is formed in the nanochannel
due to the low refractive index of water. One problem that arises from this process is
that the brightness of the detected nanoparticles changes with the diffusive movement,
and tracking may be interrupted once the target is at a location of low modal intensity.
Therefore, generating a guided mode with spatial-invariant field distribution—a light
strand—in the fluidic area is ideal for continuously observing nanoparticles with con-
stant SNR. Another benefit of the flattened mode is unlocking the potential of FaNTA
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Chapter 1

Figure 1.2: Sketch of FaNTA with flattened mode. In a water-filled nanochannel,
the modal field is evanescent, leading to variant brightness of the imaged nanopar-
ticle as the diffusive movement. A spatial-independent modal distribution is desired
for continuous NTA measurement since the scattered intensity and SNR can remain
constant.

for intensity-based experiments, such as the refractive index measurement or the ro-
tational diffusion of non-spherical nanobjects. Therefore, this thesis has studied the
general condition of the flat-field mode in optical fibers and demonstrated the constant
intensity distribution through NTA experiments.

Finally, another possible route to obtain flattened fields in the fluidic domain is ex-
plored. The basic concept is the employment of a freely propagating Gaussian beam as
the illumination and the intensity variation can be ignored in the micro-scaled channel.
To achieve this purpose, any guiding modes need to be avoided. Hence, a capillary fiber
is aligned with the launching beam, and placed in the nanoparticle solution that has
the same refractive index as the glass, forming a homogeneous medium. This method
not only offers a near-flat illumination but also the nanoparticles are restricted in the
capillary, breaking through the flat-field condition that requires specified parameters
(geometries or refractive indexes of liquids) of the microstructured optical fibers. Be-
sides, the size of the capillary fiber is flexible to be chosen and integrated with an
on-chip optofluidic platform, which paves new ways for applications in nanoparticle
detection and the study of light-matter interactions.

1.4 Contents of the Thesis

Chapter 2: Fundamentals of optical fibers, specifically, step-index fiber and nanobore
fiber (NBF), are described based on wave optics. The formation of flat modes is studied

5



1.5 Highlight of the Contributions

from the theoretical and simulation perspectives. Brownian motion and MSD method,
as well as the error analysis, are presented.

Chapter 3: The capability of ultralong tracking using NBF is experimentally
demonstrated. With a large number of captured frames, the statistical accuracy of
the diffusing measurement is qualified via performing MSD analysis on individual sub-
trajectories, and the results are confirmed with theoretical prediction. The core bench-
marks obtained from the FaNTA are compared with state-of-the-art approaches and
the benefits are discussed.

Chapter 4: The flat-field condition in NBF is experimentally proved by performing
NTA measurements. The modal distribution in a nanoscale domain, which is difficult to
resolve by image-based measurement, can be retrieved through a statistical histogram
analysis. Furthermore, with the benefit of the designed analysis, the subtle transitions
of the mode shapes, Gaussian-flat-evanescent, can also be determined, which is imple-
mented by controlling the temperature of the fiber.

Chapter 5: A novel on-chip optofluidic fiber device with flat-field illumination is
explored. The designed chip aims at the use of core- and mode-less fiber configuration
and straightforward employment of Gaussian beam for illuminating the nanoobjects
in the microscale fluidic channel. The excellent performance in NTA application is
experimentally demonstrated. Similarly, the same analysis method is used to determine
the light intensity distribution within the fluidic area.

Chapter 6: The achievements of the thesis are summarized, and the outlook studies
originating from the results are pointed out.

1.5 Highlight of the Contributions

The main contributions of the thesis are listed below:

• It reveals the ability of FaNTA in dynamic monitoring of nanoobjects with ultra-
long time and high localization accuracy, which has been close to the theoretical
limit.

• The focal depth of FaNTA experiments is increased by employing the flattened
fiber mode, allowing a constant illumination field in all three dimensions.

• The designed fiber-assisted optofluidic device unlocks the spatial limitation of the
optical core in fibers while supporting the ultralong observation of nanoparticles
with nearly flat illumination.

• The results extend the application prospects of FaNTA in many scientific fields,
such as biochemistry sensing, nanomaterials science, and the fundamental study
of light-matter interactions.

6



Chapter 2

2 | Fundamentals of Fiber Optics and NTA

2.1 Introduction to Optical Fiber

Optical fibers are typically flexible and transparent strands that are made of glass or
plastic materials, which can be used to transmit light waves over long distances. The
simplest case is step-index optical fiber consisting of a core-cladding structure where the
core has a higher refractive index (RI) than the cladding. The total internal reflection
occurs on the interface and the light is confined in the core region, forming the guided
modes. With the development of the fiber drawing technique, more and more optical
fibers with complex structures are manufactured, including NBFs, hollow core fibers
(HCFs), and photonic crystal fibers (PCFs). These fibers with special structures and
functions greatly broaden their applications in sensing, optical communication, and
nonlinear optics. In this section, the fundamentals of step-index optical fiber and NBF
as well as their mode properties are discussed.

Figure 2.1: Sketch of the step-index fiber. The refractive indexes of the core and
cladding are noted as n1 and n2. The radial and azimuthal coordinates are noted as
r and ϕ. The radius of the core is a.

2.1.1 Step-index Optical Fiber

The sketch of step-index fiber in cylindrical coordinates is shown in Figure 2.1. The
time-harmonic guiding mode can be written as ψ = ψ(r, ϕ)exp[i(βz − ωt)], where
β = k0neff is the propagation constant, k0 = 2π/λ is the wave number, neff is the

7



2.1 Introduction to Optical Fiber

effective mode index and ω is the angular frequency. Starting from Maxwell’s equations,
∇× E⃗ = iωµ0H⃗ and ∇× H⃗ = −iωϵ0ϵE⃗, the transverse fields can be derived

Eϕ =
iβ

k20ϵ− β2

(
1

r

∂Ez

∂ϕ
− ωµ0

β

∂Hz

∂r

)
(2.1)

Er =
iβ

k20ϵ− β2

(
∂Ez

∂r
+
ωµ0

βr

∂Hz

∂ϕ

)
(2.2)

Hϕ =
iβ

k20ϵ− β2

(
1

r

∂Hz

∂ϕ
+
ωϵ0ϵ

β

∂Ez

∂r

)
(2.3)

Hr =
iβ

k20ϵ− β2

(
∂Hz

∂r
− ωϵ0ϵ

βr

∂Ez

∂ϕ

)
(2.4)

where ϵ = n2 is the dielectric constant of the materials. It shows that the problem now
is to solve the field components Ez and Hz, which both satisfy the wave equation[

1

r

∂

∂r

(
r
∂

∂r

)
+

1

r2
∂2

∂ϕ2
+
(
k20n

2 − β2
)]
ψ = 0, (2.5)

where ψ = [Ez, Hz]
T. The above equation can be solved by using the separation of

variables so that the solution is supposed as ψ(r, ϕ) = R(r)Φ(ϕ), then the wave equation
can be written as

− 1

Φ(ϕ)

d2Φ(ϕ)

dϕ2
= m2 (2.6)

r

R(r)

d

dr

[
r
dR(r)

dr

]
+
(
k20n

2 − β2
)
r2 = m2 (2.7)

where m is the azimuth index. The solution of Eq. 2.6 can be expressed as Φ(ϕ) =

sin(mϕ) or Φ(ϕ) = cos(mϕ). Eq. 2.7 is a Bessel equation and the solution is called the
Bessel function. The solutions that agree with the guiding mode in the fiber can be
expressed as 

E1
z = AJm(k1r)sin(mϕ), 0 < r < a

E2
z = BKm(k2r)sin(mϕ), a < r

H1
z = CJm(k1r)cos(mϕ), 0 < r < a

H2
z = DKm(k2r)cos(mϕ), a < r

(2.8)

where A, B, C, D are constants. k1 = k0
√
n2
1 − n2

eff and k2 = k0
√
n2

eff − n2
2. The

superscript (E) and subscript (k) refer to the regions: 1-core; and 2-cladding. Jm and
Km are the first and second kind Bessel functions, describing the radial profiles of the
mode in the core and cladding. According to the definitions of k1 and k2, The guiding
modes condition of the fiber should satisfy n2 < neff < n1. Some related parameters
are defined as

U = ak1 = k0a
√
n2
1 − n2

eff (2.9)
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W = ak2 = k0a
√
n2

eff − n2
2 (2.10)

V =
√
U2 +W 2 = k0a

√
n2
1 − n2

2. (2.11)

To determine the neff, put Eq. 2.8 into Eqs. 2.1 ∼ 2.4, and then apply the continuity
boundary conditions: tangential components are equivalent on the interface (r = a)

E1
z = E2

z ;H
1
z = H2

z ;E
1
ϕ = E2

ϕ;H
1
ϕ = H2

ϕ. (2.12)

The boundary conditions will produce four algebraic equations with respect to the
coefficients A, B, C, D, and then the eigenequation of the guided mode can be derived
as [

J ′
m(U)

UJm(U)
+

K ′
m(W )

WKm(W )

] [
n2
1

J ′
m(U)

UJm(U)
+ n2

2

K ′
m(W )

WKm(W )

]
= m2n2

eff

(
V

UW

)4

. (2.13)

The effective mode index neff can be numerically solved from the above equations if the
fiber parameters n1, n2, and a are specified. The neff of the fundamental mode (HE11)
as function of the wavelength is shown in Fig. 2.2.

Figure 2.2: The calculated neff of the fundamental mode as a function of the wave-
length with n1 = 1.45, n2 = 1.44 and a = 1.5 µm. The inset shows the modal
distribution at the wavelength of 600 nm.

In practical applications, the optical fibers commonly have small refractive index
contrasts, that is, (n1 − n2)/n1 ≪ 1, which are called weakly guiding waveguides. In
this approximation, the longitudinal components of the fields are negligible compared to
the transversal components, which means the modes are nearly TEM waves and linear
polarized (LP-mode)79. The fundamental mode in this case is termed LP01 (m = 0).
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2.1 Introduction to Optical Fiber

2.1.2 Nanobore Optical Fiber

In this thesis, NTA experiments are performed based on nanobore optical fiber (NBF).
The NBF has a nanoscale channel penetrating along the z-axis of a step-index optical
fiber, forming a 3-layer concentric structure (bore-core-cladding). The cross-section of
the NBF is shown in Fig. 2.3, where the refractive indexes are noted as n1, n2, and
n3 corresponding to the bore, core, and cladding, respectively. Similar to step-index
optical fiber, the working principle of NBF is also based on internal total reflection,
but it allows different types of modes that depend on the RI of the channel. On the one
hand, if the RI is lower than the core, such as air or water, the mode is evanescent in
the channel, appearing as a hollow core distribution. On the other hand, if the channel
is filled with high RI liquids, e.g., DMSO, the mode possesses an enhanced Gaussian
distribution and most of the field energy will be confined in the fluidic channel.

Figure 2.3: Sketch of the NBF cross-section. The refractive indexes of the bore, core,
and cladding are noted as n1, n2, and n3. a and b refer to the radius of the bore and
core, respectively.

Theoretical analysis of NBF is similar to step-index fiber, and the general solutions
of the radial profiles of the modes in the core can be expressed as the sum of Bessel
functions Jm(k2r) and Ym(k2r). The fields in the bore and cladding are proportional to
Jm(k1r) and Km(k3r), respectively. The azimuthal term of the electric field is supposed
to be sin(mϕ) and that of the magnetic field is cos(mϕ), thus the expressions of the
mode fields in the corresponding layers are

E1
z = AJm(k1r)sin(mϕ), 0 < r < a

E2
z = [CJm(k2r) +DYm(k2r)]sin(mϕ), a < r < b

E3
z = GKm(k3r)sin(mϕ), b < r

H1
z = BJm(k1r)cos(mϕ), 0 < r < a

H2
z = [EJm(k2r) + FYm(k2r)]cos(mϕ), a < r < b

H3
z = HKm(k3r)cos(mϕ), b < r

(2.14)
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where k1 = k0
√
n2
1 − n2

eff, k2 = k0
√
n2
2 − n2

eff and k3 = k0
√
n2

eff − n2
3, note here is

assumed n3 < neff < n1. According to the continuity boundary conditions we have

E1
z = E2

z , H1
z = H2

z , r = a,

E2
z = E3

z , H2
z = H3

z , r = b,

E1
ϕ = E2

ϕ, H1
ϕ = H2

ϕ, r = a,

E2
ϕ = E3

ϕ, H2
ϕ = H3

ϕ, r = b.

. (2.15)

Put Eq. 2.14 into Eqs. 2.1-2.4, and apply the boundary conditions Eq. 2.15, a se-
ries of linear equations for the coefficients from A to H can be obtained. This set
of algebraic equations can be rearranged into a matrix equation MX⃗ = 0, where
X⃗ = [A,B,C,D,E, F,G,H ]T. The non-zero solution of X⃗ requires the determinant of
the coefficients matrix to be zero, which yields

det[M ] = 0, (2.16)

where the elements of the matrix M are written as below

J1 0 −Ja −Ya 0 0 0 0

0 J1 0 0 −Ja −Ya 0 0
m
a
Q1J1 −ωµ0

β
Q1J

′
1 −m

a
Q2Ja −m

a
Q2Ya

ωµ0

β
Q2J

′
a

ωµ0

β
Q2Y

′
a 0 0

ωϵ0ϵ1
β
Q1J

′
1 −m

a
Q1J1 −ωϵ0ϵ2

β
Q2J

′
a −ωϵ0ϵ2

β
Q2Y

′
a

m
a
Q2Ja

m
a
Q2Ya 0 0

0 0 Jb Yb 0 0 −K3 0

0 0 0 0 Jb Yb 0 −K3

0 0 m
b
Q2Jb

m
b
Q2Yb −ωµ0

β
Q2J

′
b −ωµ0

β
Q2Y

′
b −m

b
Q3K3

ωµ0

β
Q3K

′
3

0 0 ωϵ0ϵ2
β
Q2J

′
b

ωϵ0ϵ2
β
Q2Y

′
b −m

b
Q2Jb −m

b
Q2Yb −ωϵ0ϵ3

β
Q3K

′
3

m
b
Q3K3


. (2.17)

The symbols in the matrix are defined below

Qj =
iβ

k20n
2
j−β2 (j = 1, 2, 3),

J1 = Jm(k1a), J ′
1 =

m
a
Jm(k1a)− k1Jm+1(k1a),

Ja = Jm(k2a), J ′
a =

m
a
Jm(k2a)− k2Jm+1(k2a),

Jb = Jm(k2b), J ′
b =

m
b
Jm(k2b)− k2Jm+1(k2b),

Ya = Ym(k2a), Y ′
a = m

a
Ym(k2a)− k2Ym+1(k2a),

Yb = Ym(k2b), Y ′
b = m

b
Ym(k2b)− k2Ym+1(k2b),

K3 = Km(k3b), K ′
3 =

m
b
Km(k3b)− k3Km+1(k3b).

. (2.18)

Combining Eqs. 2.17 and 2.18 with Eq. 2.16, it will give a transcendental equation
with respect to neff, which can be numerically solved once the fiber parameters and
operating wavelength are defined. The fundamental mode of NBF could have either a
Gaussian (neff > n1) or an evanescent modal distribution (neff < n1, substitute Jm(k1r)
into Im(k1r) in this case.).
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2.2 Introduction to Brownian Motion

The distribution of propagating modal intensity is given by the time-averaged Poynt-
ing vector

Sz = Re[E⃗× H⃗]z. (2.19)

In addition, the theoretical analysis for a multi-layer structured fiber (Bragg fiber) will
yield a matrix equation with a larger scale and the calculation is more cumbersome. In
that case, an effective method based on the transfer matrix could be used 80.

Finite Element Method Simulation

The analytical solutions are difficult to obtain if the optical fibers have complex struc-
tures. In these cases, a commonly used method to study the mode properties is the
numerical simulation based on the finite element method (FEM). The basic concept
of FEM is the discretization (a mesh) of the geometries, and the associated boundary
value problem can be solved via numerical algorithms 81. In the simulation of optical
fibers, the wave equation in the defined materials and boundaries is solved, and the
eigenvalues of the modes (neff), as well as the full components of the electromagnetic
fields, are computed. The commercial FEM software COMSOL Multiphysics is used in
this thesis for the mode calculations for optical fibers.

2.2 Introduction to Brownian Motion

In 1827, the botanist Robert Brown observed that small particles suspended in liquids
were doing random motion while he was studying pollen grains with a microscope, then
such motion was firstly called Brownian motion13. It was proved that this motion was
not caused by microorganisms, because this kind of behavior could be still observed
from some inorganic particles. In 1905, Albert Einstein published his famous paper and
explained the stochastic nature of Brownian motion based on molecular-kinetic theory
where the motion of the Brownian particle refers to the collisions of the surrounding
fluid molecules12, which connects the microscopically molecular motions and measur-
able diffusion rate. In the next hundred years, the mechanism of Brownian motion not
only promotes many theoretical developments for statistical physics 13,82, chaotic sys-
tem83 and fluid mechanics84,85 but also plays an important role in many application
fields, such as soft matters86,87, life science88,89 and biophysics90.

The next sections will discuss the mathematical descriptions of Brownian motion, the
diffusion equation, and the measurement of the random trajectory of the particle, the
data analysis methods including mean square displacement (MSD) and power spectra
density (PSD).
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2.2.1 Diffusion Equation

To describe Brownian motion, Einstein derived that the probability density function
(PDF) of the Brownian particle in free space should satisfy the diffusion equation 12

∂

∂t
f(x, t) = D

∂2

∂2x
f(x, t), (2.20)

where f(x, t) is the PDF in the one-dimensional case, representing the probability of
finding the particle at the position x and given time t. D is the diffusion coefficient
which is given by the Stokes-Einstein equation for the case of a spherical particle in a
liquid with a low Reynolds number

D =
KBT

6πηr
, (2.21)

where KB is Boltzmann constant, T is the absolute temperature, η is the viscosity
of the liquid and r is the hydrodynamic radius of the particle. This relation is the
foundation of the particle tracking analysis since it established a bridge between the
properties of the liquid and the measurable quantity D. For example, the radius of the
particle can be calculated when the values of D, T , and η are known.

With the initial condition f(x, t = 0) = δ(x − x0), the solution of the diffusion
equation is given by

f(x, t) =
1√
4πDt

exp
[
−(x− x0)

2

4Dt

]
, (2.22)

showing that the PDF is a Gaussian distribution with the initial position of the particle
defined as x0. According to the probability theory, the mathematical expectation of an
arbitrary function g(x, t) of the random variable x can be calculated by integrating the
product with the PDF f(x, t), which states

⟨g(t)⟩ =
∫ ∞

−∞
g(x, t)f(x, t)dx, (2.23)

the brackets ⟨⟩ denote the ensemble average in the whole space. In the above results,
the diffusion coefficient D is the key parameter that refers to the velocity of Brownian
motion, which can be measured from NTA experiments. One of the commonly used
approaches to retrieve D is based on the MSD method, from which the MSDs are cal-
culated and fitted for each trajectory of individual nanoparticles. In the next sections,
the theoretical derivations of MSD, including the completed expressions taking into
account the motion blur and exposure effect in video-based tracking, as well as the
error analysis are discussed.
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2.2 Introduction to Brownian Motion

2.2.2 Mean Square Displacement

MSD is one commonly used statistical method to measure the D of a particle with
Brownian motion based on its position information. The definition of MSD is

MSD(t) =
〈
[x(t)− x0]

2
〉
=

1

N

N∑
i=1

[x(t)− x(0)]2i , (2.24)

where N is the number of frames recorded from the moving particle, x(0) and x(t)

represent the initial position of the particle and the next position after the lag time t,
respectively. To calculate D from MSD, it can be expanded as

MSD =
〈
(x− x0)

2
〉

=
〈
x2
〉
+ x20 − 2x0 ⟨x⟩ .

(2.25)

Now the task is to calculate the average of x and x2. One can directly calculate them
by using Eqs. 2.22 and 2.23, another way is to apply the moment-generating function
to find out the k-th moment of PDF, which is exactly what we need. For the first step,
calculate the integral

⟨exp(ikx)⟩ = 1√
4πDt

∫ ∞

−∞
exp(ikx)exp

[
−(x− x0)

2

4Dt

]
dx

= exp[(ikx0 − k2Dt)],

(2.26)

then expand eikx by the Taylor series and take the average bracket

⟨exp(ikx)⟩ = 1 + ik ⟨x⟩+ (ik)2

2

〈
x2
〉
+ . . . , (2.27)

take the natural logarithm on both sides of the above equation

ln ⟨exp(ikx)⟩ = ln
[
1 + ik ⟨x⟩+ (ik)2

2

〈
x2
〉
+ . . .

]
= i ⟨x⟩ k + i2

2

〈
x2
〉
k2 − i2

2
⟨x⟩2 k2 + . . . ,

(2.28)

from Eq. 2.26, it has been known that

ln ⟨exp(ikx)⟩ = ikx0 − k2Dt, (2.29)

compare the coefficients of the same power of k in Eqs. 2.28 and 2.29, to yield

⟨x⟩ = x0, (2.30)

14



Chapter 2

〈
x2
〉
= 2Dt+ x20, (2.31)

insert Eqs. 2.30 and 2.31 into Eq. 2.25 then we can get the expression of MSD

MSD(t) = 2Dt. (2.32)

It shows that MSD is linearly proportional to t when the particle is freely diffusing,
where the D can be obtained from the slope of a linear fitting to MSD as a function of
the lag time. For cases of higher dimensions, the spatial coordinates are independent,
thus it can be derived that

MSD(t) = 2dDt. (2.33)

where d is the dimensional index, d =1, 2, 3 respectively for the 1-D, 2-D and 3-D
cases. In the next sections, the microscope-based particle tracking experiment will be
discussed, which includes the point spread function (PSF) and error analysis.

2.2.3 Video-based Tracking and Error Analysis

The tracking of a single particle is based on the microscope-camera system, from which
one can record a video of the moving particle and then extract the trajectory (particle’s
position as a function of time) by using image processing frame by frame 44. MSD of
the discrete data can be calculated as below

MSD(n∆t) =
1

N − n

N−n∑
i=1

[x((i+ n)∆t)− x(i∆t)]2 (2.34)

where ∆t is the frame time of the camera, N is the length of the trajectory, n∆t
represents the lag time of MSD (n=1, 2, 3, ..., N−1). The series of x(i∆t) are obtained
from the image processing program, and i refers to the index of each frame. The slope
of a linear fitting to the calculated MSD points as a function of lag times gives the
values of D (D=slope/2d, d is the dimensional index). It is worth noting that the
optimal number of lags in the MSD fitting depends on the localization uncertainty
(offset of MSD curve, e.g., the first two lags are used in case the offset is negligible),
which has been discussed in detail in the reference44. For each trajectory, the longer
the length leads to the higher precision of the estimation on diffusion coefficient 91 since
the standard deviation of fitted D is roughly proportional to 1/

√
N .

Dynamic Localization Uncertainty Induced MSD Offset

In the measurement of the particle position, localization error arises from the optical
diffraction limit and diffusing movement, leading to the offset in MSD. The image of a
point light emitter, such as a nanoparticle, behaves like the airy disk on the focal plane
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of the microscope, which means the real object has been blurred as a light spot described
by the PSF. In the particle tracking experiment under the standard microscope system,
a good approximation of the PSF is expressed as Gaussian function 44

I(x, y) = I0exp
[
−(x− x0)

2 + (y − y0)
2

2s20

]
, (2.35)

where I0 is the peak intensity of the light spot and (x0, y0) is the mass center of the
particle in the frame. s0 represents the standard deviation of the Gaussian distribution
and can be determined by

s0 = 0.21
λ

NA
, (2.36)

where λ is the working wavelength and NA is the numerical aperture of the objective
lens. It indicates that the actual position of the particle cannot be determined within the
area of s0 due to the optical diffraction limit, shown in Fig. 2.4, even though the mass
center of the PSF is assumed as the measured position. The localization uncertainty of

Figure 2.4: Schematic of the localization uncertainty in particle tracking analysis.
Due to the optical diffraction, the image of a static nanoparticle on the focal plane is a
light spot, described as the Gaussian PSF in Eq. 2.35, with a standard deviation of s0
(illustrated in the central area), whereas a diffusing nanoparticle leads to a broadened
PSF in the exposure time of the camera, depicted as the outer region. The standard
deviation of the broadened PSF is noted as s.

a static particle, neglecting the readout noise of the camera, can be described by using
the width of PSF s0

44

σ0 =
s0√
Nph

, (2.37)

where Nph represents the number of detected photons within the PSF, which can be
calculated by the product of the camera gain and the intensity counts in the frame 92.
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Compared with a static nanoparticle, the mobile objects will broaden the PSF (s0 → s,
see Fig. 2.4) in the finite exposure time. For a fixed exposure time (the captured
photons number remains the same), diffusion leads to a lower peak intensity I0 (larger
s0) of the PSF, the localization uncertainty will accordingly increase. The increased
standard deviation of PSF introduces additional errors in the determination of particle
position, which is called the dynamic localization uncertainty 44. Taking into account
the broadening of PSF caused by both diffraction and diffusion, the so-called dynamic
localization uncertainty can be expressed as44

σ =
s√
Nph

= σ0

√
1 +

DtE
s20

, (2.38)

where D is the diffusion coefficient and tE is the exposure time per frame. On one hand,
if the particle is fast diffusing (D is large), σ ≈

√
DtE/Nph, the diffusion is dominant

to the localization uncertainty; on the other hand, when the diffusion is slow, σ ≈ σ0,
the diffraction limit is dominant. In MSD analysis, the localization uncertainty will
contribute to the offset of MSD, which has been derived out, and the modified MSD is
given by44

MSD(t) = 2d(Dt+ σ2). (2.39)

It indicates that the MSD has a positive offset when the localization uncertainty is not
neglected.

Exposure Induced MSD Offset

In the video-based particle tracking experiments, one should consider another type of
contribution to the MSD offset, which is called the motion blur (or the microsteps) due
to the exposure time of the camera44. An intuitive explanation of this effect is that the
measured position is obtained by calculating the average of the microsteps during the
finite exposure time tE. In general cases when the frame time ∆t ≥ tE, this effect is
counted into a parameter named as the reduced square localization error 45

x =
σ2

D∆t
− tE

3∆t
. (2.40)

Taking into account the exposure effect, the completed expression of MSD is given by

MSD(t) = 2dD∆tx+ 2dDt

= 2d

(
σ2 − DtE

3

)
+ 2dDt.

(2.41)

It shows that the exposure time provides a negative contribution to the MSD offset,
for instance, if the particle is under a well-optimized imaging system (small σ) and the
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2.2 Introduction to Brownian Motion

diffusion is fast, then one can get a negative-offset MSD curve, which has been observed
in the publication of fiber-assisted particle tracking with ultralong trajectory 91.

Errors of Determined Diffusion Coefficient

MSD is a statistical method to extract the diffusion coefficient D from the recorded
positions of nanoparticles. In statistics, the lower limit of the errors for an unbiased
estimator can be calculated quantitatively according to the Cramér–Rao lower bound
(CRLB), which is the theoretical limit that none of the estimating methods can have
beyond precision. In the case of MSD fitting, an approximation, taking into account
both the dynamic localization uncertainty and exposure effect, of the relative standard
deviation of the measured D has been given by Michalet45

S(D)

D
≥

√
2

d(N − 1)

(
1 + 2

√
1 + 2x

) 1
2
, (2.42)

where d is the dimensional index, N is the length of the particle trajectory, x is defined
in Eq. 2.40, and note that the value of x should not be too large (compared to 1) when
this expression is used.

The Number of Lags for MSD Fitting

CRLB has quantified the theoretical limit of the errors arising from MSD analysis, and
the limit is correlated to the number of lags in MSD fitting. In the estimation of D, a
linear fitting to the MSD curve using unweighted least-square fit (LSF) achieves the best
output (the error on D is minimized) in case the number of lags is chosen correctly. Here
a simple empirical formula can be used to determine the optimal number of lags 44,45

pmin = E(2 + 2.3x0.52), (2.43)

where E(·) represents the round down to the closet integer. Note that this equation is
based on the prior knowledge of x defined in Eq. 2.40, from which the expected value
of D and imaging parameters should be known. If there is none of the prior knowledge,
pmin can be determined by an iterative method described in the reference 45.

Random Walk Simulation with Microsteps

The trajectory of Brownian motion in free space can be simulated by using random
walk based on random number generation algorithm. The process for one-dimensional
cases is described as {

x̃i+1 = x̃i +∆xi

xi+1 = x̃i+1 + χi

(2.44)
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where x̃i is the real position of the particle at the i-th step, ∆xi ∼ N(0,
√
2D∆t) is the

displacement governed by the normal distribution, xi+1 is the observed position which
has been deviated by the localization uncertainty χi ∼ N(0, σ). As discussed before, the
exposure effect (motion blur) can be simulated by introducing the microsteps between
the previously defined i and i+ 1 steps and calculating the averaged position44

˜̄x(i)q =
1

q

[
x̃i + (x̃i +∆x

(i)
1 ) + ...+ (x̃i +∆x

(i)
1 + ...+∆x

(i)
q−1)

]
= x̃i +

q−1∑
j=1

q − j

q
∆x

(i)
j ,

(2.45)

where q is the number of microsteps counted in the exposure time tE and the super-
script (i) refers to the i-th measurement, and q = mtE/∆t where m is the number of
microsteps in the frame time (∆t > tE). The duration per microstep is δt = ∆t/m,
and ∆x

(i)
j ∼ N(0,

√
2Dδt). Then the observed position at the (i)-th measurement can

be obtained by adding the localized uncertainty

x̄(i)q = ˜̄x(i)q + χi. (2.46)

Note that the starting position of the real trajectory in the next measurement (i + 1)
should be updated into

x̃i+1 = x̃i +
m∑
j=1

∆x
(i)
j . (2.47)

As shown in Fig. 2.5, the simulations with microsteps indicate that the offset of MSD
fitting can be positive or negative, depending on the contributions of both localization
uncertainty and motion blur, the value of x, that is, the offset is positive when x > 0,
or negative when x < 0.

Figure 2.5: Simulation results of the random walk taking into account the microsteps.
(a) simulated trajectories of the cases: x = −0.2 and x = 0.2. (b) Calculated MSD
and the corresponding fittings for the trajectories in (a).
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2.2 Introduction to Brownian Motion

2.2.4 Power Spectral Density Method

In addition to MSD, the diffusion coefficient of a Brownian particle can be extracted
by an alternative approach named power spectral density (PSD) 93. In the case of a
spherical particle, the trajectory (1-D) x(t) satisfies the Langevin equation

γ0x
′(t) + κx(t) = (2kBTγ0)

1/2F (t), (2.48)

where γ0 = 6πηr is the friction coefficient, η is the viscosity, κx(t) is the harmonic trap
force, F (t) represents a Gaussian process of random force in Brownian motion, having
⟨F (t)⟩ = 0 and ⟨F (t)F (t− t0)⟩ = δ(t0).

Take Fourier transformation on both sides of the equation and combining the prop-
erties of F (t), the PSD of x(t) is obtained

P (f) = |F(x(t))|2 = D

2π2(f 2
c + f 2)

, (2.49)

where F represents the Fourier transform, fc = κ/2πγ0 is called corner frequency, and
it refers to the magnitude of the trapping force, which is explicit in, for instance, optical
tweezers, or it tends to zero if the particle is freely diffusion.

In actual measurements, the motion blur leads to an averaged effect on the lo-
calization of nanoparticles, equivalently, the observed position can be approximately
described as a convolution between the real trajectory and boxcar function 94,95 of the
exposure time. In frequency domain, the PSD is modified by multiplying sinc2(πftE)

PB(f) =
D

2π2(f 2
c + f 2)

sin2(πftE)

(πftE)2
. (2.50)

The other distortion on PSD curve is aliasing, which occurs in the sampling process
that the frequency components higher than the Nyquist frequency overlap with the
sampled spectrum. The corrected PSD can be given by95

PA,B(f) =
∞∑

n=−∞

PB (|f + nfs|) , (2.51)

where n is integer and fs = 1/∆t is the sampling frequency. D and fc are the param-
eters to be estimated by fitting the experimental PSD using Eq. 2.51, for which the
unbiased fitting should perform the maximum likelihood estimation (MLE), and that
is equivalently to search the minimal of the cost function 95

Fc =
∑
k

nb

[
ỹk

yk(D, fc)
+ lnyk(D, fc)

]
, (2.52)
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where nb is the number of blocks for the averaged preprocessing to the positions data 96,
ỹk and yk are respectively the measured PSD and theoretical expression of PA,B. The
minimization of Fc gives the diffusion coefficient D and the associated corner frequency
fc. In case of free diffusion, fc = 0, otherwise, fc > 0, representing the presence of
restoring force on the particle, such as for optical tweezers.

2.3 Chapter Summary

In this chapter, the theoretical models of optical fibers, including the step-index fiber
and NBF, and Brownian motions of particles in liquids with the corresponding analysis
methods, including the MSD and PSD, have been introduced. These foundations are
the working principles of the FaNTA and can be appropriately applied for the related
data analysis. The next chapters present three research works: NTA using NBF with
ultralong tracking; and the realization of a flattened mode in NBF—the light strand—
to improve the performance of FaNTA; a fiber-based optofluidic device with flattened
illumination. The results have demonstrated that the FaNTA is compatible with general
analysis tools and can be further extended to applications, such as life science, refractive
index sensing, and fundamental studies of light-matter interactions.
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3 | Ultralong Tracking of Fast-Diffusing

Nanoparticle in Nanobore Optical Fiber

NTA plays a crucial role in characterizing the motions of Brownian nanoparticles in
liquids. To reveal the dynamic processes of nanoparticles in high-precision measure-
ment necessitates the acquisition of tracking with a long trajectory which ensures high
statistical significance. In this chapter, the FaNTA using NBF has demonstrated an
approach to enable the tracking of a fast diffusing golden nanosphere with 100,000
frames and a frame rate up to 2 kHz. The diffusion of nanoparticles is spatially con-
fined in the nanofluidic channel and illuminated by the guiding mode, allowing for the
recording of Brownian motion over ultralong duration at high frame rates. Due to the
benefits of the long trajectory, segmented data analysis is possible, which can reveal
the dependence between the measured diffusion coefficient and the number of frames
per sub-trajectory. The results show that the FaNTA not only possesses the ability to
monitor the dynamic processes of fast diffusing nanoobjects, but also determine their
size with extraordinary accuracy, both of which promote the applications of NTA on
biology, microrheology, and nano-object characterization.

This chapter is based on the publication by Gui et al. 91, reproduced with a CC-BY
license. Copyright 2021, The Authors, Published by Wiley.

3.1 Introduction

As discussed in chapter 2.2.3, the measurement accuracy significantly depends on the
length of the trajectory N , or the number of the frames per track, the statistical error
of the MSD method, described by the parameter CRLB, decreases as the N increases,
where the error is roughly proportional to 1/

√
N . Furthermore, the longer the obser-

vation duration of the nanoparticle, the more dynamic information can be monitored
from the diffusion process, providing more insights into the interactions between the
probe and the surrounding environment. Thus, long and continuous tracking is crucial
in the NTA applications, such as behaviors of nano-objects on membranes 22,24, or the
study of anomalous diffusion97,98. The tracking of a fast-diffusion single nanoparticle
with a long trajectory is a challenge in the experiments of NTA since the nanoparticle
can easily escape from the focal depth of the objective if there is no spatial limitation
to the field of view (FoV). The trajectory will interrupt once the object moves out
of the FoV, which can happen in a second, for example, a nanoparticle with diffusion
coefficient D = 1 µm2/s in the FoV of 6 × 6 µm2, the typical observing time is 1 sec-
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ond99,100. It is reported that a long tracking of 150,000 frames but with a low diffusion
speed D = 0.017 µm2/s has been achieved, where the axial confinement and adaptive
focusing stage has been used for orbit tracking of single-particle in glycerin solution 99.

In 2015, Faez et al. presented a novel NTA approach that utilizes microstructured
optical fibers featuring a nanofluidic channel along the fiber axis, the NBF as men-
tioned before, which enables rapid, label-free, and long observation of nano-objects or
single virus52,101. The field of fiber-assisted NTA (FaNTA) has been developed after this
innovative waveguide-based approach was proposed, and there is a series of research
works published in recent years. Jiang et al. reported the full 3D tracking of a single
nanoparticle based on intensity-dependent position retrieval in optofluidic microstruc-
tured fiber92,102. Foerster et al. presented the size measurements of multi nanoparticles
(hundreds) using antiresonant hollow-core fibers (ARHCF) 103.

The capability of FaNTA to acquire ultralong trajectories is attributed to the con-
finement of nanoobjects inside the fluidic channel as well as the light-strand illumi-
nation by the guiding mode, providing a well-confined focal depth and reduced FoV
(longitudinal direction of the fiber) that supports a higher readout speed (frame rate).
As a result, these comprehensive advantages can significantly improve the ability to
track fast-diffusion nanoobjects with ultralong trajectory, paving the way for new ap-
plications of NTA.

In this work, the NTA experiment is carried out using NBF and it demonstrates
that the FaNTA approach can support a tracking of fast-diffusion nanosphere (50 nm
diameter and D = 6 µm2/s) with an ultralong trajectory of 100,000 frames and the
observation time is nearly 40 s. To determine the D of the nanosphere, the data is
analyzed by using the MSD method. Due to the benefits of the large number of N ,
the data set can be segmented into sub-trajectory, and the related measurement errors
are calculated, showing a good agreement with CRLB, the lower error limit, which
indicates the advantage of the FaNTA in recording long trajectories.

3.2 Concept and Experimental Setup

NBF has a concentric 3-layer structure, including a central nanochannel to fill with the
nanoparticle solution, a Ge-doped core for guiding the optical mode in the fiber, and
a pure silica outer cladding, which is shown in Fig. 3.1 (a).

The tracking experiment is conducted in the water-filled NBF, and due to the low RI
of water (compared to the core), the mode field is evanescent inside the nanochannel,
where suspending nano-objects elastically scatter the light field, which is then collected
by a microscope. CMOS camera is used to image the scattered signal (depicted in the
bottom of (a)), and the motion of the nanoobject is recorded into a series of individual
frames. Fig. 3.1 (b) shows the scanning electron microscopic (SEM) image of the fiber
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Figure 3.1: NTA inside the NBF filled with nanosphere suspension solution. (a)
Illustration of the concept, including the NBF, nanosphere, objective, and a sample of
the imaged nanosphere. The cyan area refers to the nanochannel filled with nanosphere
solution, the light green area represents the doped core, and the gray part is the
silica cladding of the fiber, where the RI of the nanofluidic channel, doped core and
silica cladding are respectively n1 = 1.3337, n2 = 1.4687 and n3 = 1.4607. (b) SEM
image of the cross-section of the NBF, the diameter of the nanochannel is nearly 560
nm. (c) The simulated intensity distribution of the fundamental mode in the NBF
at the operating wavelength of 532 nm. (d) Recorded trajectory in the longitudinal
direction (z-axis) from a 50 nm golden nanosphere as a function of frames and the
observation time (bottom and top axes), where the total number of frames is 105 and
the corresponding time is 40 s.

cross-section, where the radii of the channel and Ge-doped core are a = 280 nm and
b = 1.9 µm, respectively. The RI of the water-filled channel, Ge-doped core, and pure
silica cladding are n1 = 1.3337, n2 = 1.4687 and n3 = 1.4607 (more detailed information
about the NBFs can be found in the publication by Schaarschmidt 104). As discussed
in the previous chapter, the guidance mechanism of NBF is based on the total internal
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refraction. Here, the RI of the doped core is higher than the cladding and water-filled
channel, the energy of the fundamental mode (at working wavelength λ =532 nm) is
mainly concentrated in the core region whereas the channel consists of the decaying
fields, forming an evanescent mode as shown in Fig. 3.1 (c). The mode field varies
only in the transversal direction and keeps invariant longitudinally, as a consequence,
a line-shaped illumination is formed upon the nanoobjects along the fiber length. The
diffusion motion of the nanoobject is then recorded as continuous frames and Fig.
3.1 (d) shows the results of longitudinal positions (z-positions) as a function of the
recording time or frames (the top or bottom axis). One feature of the NBF-based NTA is
that the high RI doped core can confine most of the mode power due to the total internal
reflection, preventing the illuminating light from entering the objective, which improves
the signal noise ratio (SNR) for the detection of the scattered light. Furthermore, since
NBFs possess distinctive modal properties and relatively simple structure compared
to other types of microstructured fibers, they have been applied in other experiments,
such as nonlinear plasmonics105 and fiber-integrated spectroscopy106.

Figure 3.2: Hydrodynamic diameter measurement of the nanospheres which is con-
ducted via an in-house ZetaSizer instrument.

The aqueous solution of ultra uniform golden nanosphere (mean diameter d̄p =

49.4± 2.2 nm, concentration: 4.2× 1010 particles/ml, nanoComposix) was used in the
experiment. The mean hydrodynamic diameter of the nanospheres is d̄h = 58 ± 10

nm, which is measured by the commercial instrument Zetasizer (Malvern), and the
detained information is shown in Fig. 3.2. The particle solution can be filled into the
nanofluidic channel via capillary force, which is achieved by immersing the output side
of the fiber into the sample and the liquid will flow along the channel spontaneously.
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The filling time for the nanochannel with a length of 10 cm and a diameter of 560
nm is about 20 minutes, which can be estimated by Washburn equation 107. Once the
solution reaches the observation area, the tip of the fiber is sealed using plasticine to
stop further flowing and maintain the nanoobjects within the observation area.

The sketch of the experimental setup is shown in Fig. 3.3. The input laser of 532
nm (WhisperIT, W532-50FS) is coupled into the NBF by an objective lens (40×,
NA = 0.65, Olympus). Shown as the inset of Fig. 3.3 (a), the scattered light from
the nanosphere suspending in the nanofluidic channel is collected by an oil-immersed
objective (60×, NA = 0.9, Olympus), and then detected by a fast CMOS camera
(ANDOR Zyla 4.2 Plus, pixel scale: 72.6 nm/pixel), where the acquisition settings
are exposure time te = 0.2 ms and frame rate ν = 2480 Hz. The imaging system is
well optimized and diffraction limited as can be seen in the sidebands of the PSF on
the image plane (see the inset at the lower left corner in Fig. 3.3 (a)). Note that the
number of nanoparticles per FoV in the tracking can be estimated by multiplying the
concentration (4.2×1010 particles/ml) and the volume of the nanochannel (2.7×10−11

ml), leading to nearly one nanoparticle in the FoV.

The image processing is programmed by using the Python package Trackpy to lo-
calize the position of nanoobject through calculating the mass center of the PSF in
each frame (another useful package PyNTA was released by Faez et al.108). For the
100,000 frames trajectory, the parallel programming yields a total computing time is
287 s, comprising 101 s for reading the frame stack in tiff format, 124 s for localiza-
tion of nanoparticle, and 53 s for linking the trajectory of the single particle (link the
nearest-neighborhood positions from the individual frames). The length of the entire
trajectory is 100,000 frames and the corresponding duration is 40.3 s, for which the
statistical histograms of the z-displacement with lagtimes (Fig. 3.1 (b)) are fitted by
normal distribution probability density function, indicating the nanoobject is diffusing
as Brownian motion13.

3.3 Methods

To demonstrate the advantage of the FaNTA in the acquisition of ultralong trajectory
and enhanced statistical accuracy, firstly, we apply 1D-MSD analysis to determine the
diffusion coefficient D using the position data of longitudinal direction (z-axis). In
addition, the PSD method as an alternative approach to estimate D is used to confirm
the results of MSD analysis. Furthermore, the long data set is segmented into sub-
trajectories for error analysis. It is important to note that the wall of the nanochannel
in NBF leads to a spatial hindrance to the diffusion of nanoparticles, this effect can be
described by the so-called resistance factor in the view of hydrodynamics. Therefore,
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Figure 3.3: Experimental setup of the FaNTA. (a) Sketch of the setup, including
laser coupling arrangement, NBF, and microscope system. The central inset shows
the mode excitation and scattering process of the nanosphere inside NBF. The inset
at the lower left corner shows one example of the imaged nanosphere, where the white
bar indicates a length of 1 µm. (b) Histograms of the displacement of the recorded
trajectory (the one shown in Fig. 3.1) with different lagtimes: 1 frame (0.4 ms), 10
frames (4 ms), and 20 frames (8 ms), respectively.

a theoretical model is introduced to calculate the resistance factor so that the free
diffusion coefficient (unconfined) can be corrected.

3.3.1 MSD Analysis

As discussed in the chapter 2.2.3, the 1D-MSD of nanoparticle with diffusion motion
is given by45 〈

z2(n∆t)
〉
= 2Dcn∆t+ 2σ2 − 2DctE

3
, (3.1)

where ⟨z2(n∆t)⟩ is the MSD in z-positions and calculated by using the expression
in Eq. 2.33, n=1, 2, 3, ..., Nc − 1 is the number of lagtimes and Nc is the number of
continuous frames in a trajectory. Dc represents the corrected diffusion coefficient in the
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nanochannel. The linear fitting is performed to the MSD calculated from the segmented
trajectory to obtain a time-resolved series of Dc, making it possible to conduct error
analysis with CRLB and clarify the measurement accuracy that depends on the number
of frames (N).

3.3.2 PSD Analysis

Besides the MSD method, the diffusion coefficient can also be determined through PSD
analysis that is to fit the power spectrum of the nano-object’s position in the frequency
domain93,95. The detailed expressions of PSD and the corresponding MLE fitting have
been shown in chapter 2.2.4. The PSD method is employed for video tracking of single
particles in harmonic potentials, such as optical trapping 109,110 and magnetic tweez-
ers111. For the nanoparticles’ diffusion in the nanofluidic channel of NBF, there is no
restoring force along the longitudinal direction, as a result, the z-direction diffusion
still keeps free and the related PSD curve will show a steadily decreasing function in
the positive frequency domain (the corner frequency fc is close to 0).

3.3.3 Random Walk Simulation

To examine the experimental results, a random walk simulation of particle diffusion that
matched the experimental conditions has been conducted, where te=0.2 ms, ν=2480
Hz, N = 105, NA = 0.9 and λ=532 nm. The random walk of 1D diffusion along
the fiber axis (z-direction) is performed, disregarding the reflections at the liquid/solid
boundary, and the localization uncertainty and motion blur (m=100 for microstep) were
included to produce the negative offset of MSD (discussed in chapter 2.2.3). Taking
into account the hindrance effect from the channel, the measured diffusion coefficient
(corrected value of the D in free diffusion) Dc has been used in the random walk. Note
that although the nanochannel restricts the transversal motions of the nanoparticles,
the random walk simulation in a longitudinal direction can be still considered as free
diffusion, since it has been demonstrated experimentally that the measured MSD is
a linear function as the first few lagtimes and not saturation observed in the delayed
ones.

3.3.4 Hindrance Effect and Averaged Resistance Factor

Due to the sub-micron diameter of the fluidic channel in NBF, it is important to
emphasize that the measured diffusion coefficient D here is modified by the transversal
hindrance of the channel, leading to the confined diffusion 112,113. As a result, the D has
decreased compared to the case without the confinement, or equivalently, the viscosity
of the liquid has increased. The diffusion in the z-direction is also slowed down, even
though there is no direct longitudinally hindrance. This effect can be accounted by the
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so-called average resistance factor Ravg
102,114, and the corrected diffusion coefficient

(with confinement) Dc = Df/Ravg, where Df is the free diffusion coefficient without
confinement. Note that the MSD of z-positions remains linear, whereas the MSD for
x or y-positions will be nonlinear and saturated with the lagtimes (confined diffusion).
However, the motion in the z-direction can be still regarded as free diffusion, and
modified by the factor of Ravg. A comparison of MSD curves of the nanosphere in z-
and y-directions is shown in Fig. 3.4.

Figure 3.4: MSD curves for transversal and longitudinal directions of the 50 nm
golden nanoparticle tracked in NBF. The MSD of free diffusion is calculated by 2Dt,
where D is obtained from the Stokes-Einstein relation.

Inside the channel, the viscosity of the liquid gradually increases towards the liquid-
wall interface, leading to a denser position distribution of the nanoparticle. Thus the
diffusion coefficient is dependent on the radial coordinates D(r), and given by114

D(r) =
Df

R(λ, r)
, (3.2)

where R(λ, r) is the resistance function, λ = rp/a, rp and a are the radii of nanopar-
ticle and fluidic channel, respectively. The expression of R(λ, r) has been given out by
Higdon, et al. based on the fluid mechanical model for spherical particles in cylindrical
tube114

R(λ, r) =
7∑

i=0

[ci(λ)ψi(λ, r)], (3.3)
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the corresponding parameters are defined as below

ψ0 = 1; ψ1 = λβ2; ψ2 = λβ4; ψ3 =
β2

ρ
β2m; ψ4 = (β

2

ρ
)2β2m

ψ5 = δ[ln( δ+1
δ
)− ln( δ0+1

δ0
)]− β2 δ0+1

δ0
;

ψ6 = ln( δ+1
δ
)− ln( δ0+1

δ0
)− β2( δ0+1

δ0
);

ψ7 =
1
δ
− 1+β2

δ0
; β = r

(a−rp)
; ρ = 1

λ
[1− β2(1− λ)2];

δ = 1
2λ
(1− λ)(1− β2); δ0 =

a−rp
2rp

.

(3.4)

Here the values of ci with respect to λ can be found in section 4 of the publication
by Higton et al.114, and arbitrary values of λ should be obtained by interpolations.
The calculation of the resistant factor for z-direction has m = 2. The weighted average
of the inverse resistance factor is obtained by the integral the R(λ, r) through the
cross-section of the nanochannel

1/Ravg =

∫
A
w/R(λ, r)dA∫

A
wdA

, (3.5)

transform to cylindrical coordinates and yield

1/Ravg =

∫ a−rp
0

w/R(λ, r)rdr∫ a−rp
0

wrdr
, (3.6)

assume that the particle is homogeneously distributing in the channel so that the
integral is unweighted (w = 1)102

1/Ravg =

∫ a−rp
0

/R(λ, r)rdr∫ a−rp
0

rdr
. (3.7)

Note that the Ravg is dependent on the radii of the nanoparticle rp and channel a, which
is supposed to be unknown in the NTA measurement. Thus it is needed to conduct
a numerical solution to the equation r̃p − rpRavg(rp, a) = 0, where r̃p is the measured
radius of the nanoparticle from MSD fitting (use Einstein-Stokes relation), and rp is
the actual radius we want to retrieve for the unconfined situation.

3.4 Results

3.4.1 MSD and PSD Analysis

The trajectory of a single nanosphere with 105 frames (Fig. 3.1 (d)) has been analyzed
by MSD and PSD methods, the corresponding results are shown in Figure 3.5, proving
the consistency of the results from both of the approaches. The measured DMSD

c = 5.97

µm2/s is obtained by fitting the first two lagtimes of MSD, which perfectly matches
the result from the PSD fitting, DPSD

c = 5.98 µm2/s. The retrieved hydrodynamic
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diameter of the nanosphere (without the confinement of nanochannel) is dh = 53.3 nm
(the expected value is 58 nm measured by Zetasizer) and the corresponding resistance
factor Ravg = 1.35.

Note that the choosing of the only first two lags is optimal since the value of reduced
square localization error x is small (here x = −0.16), leading to a negative fitting
offset, and more lags in the fitting could introduce additional error to the estimation
of D 45. As shown in Eq. 3.1, the term −2DctE/3 (motion blur in finite exposure time)
contributes to the negative offset in MSD fitting. In our measurement, the localization
uncertainty 2σ2 is negligible compared to the value of 2DctE/3, and the calculated
−2DctE/3 = −7.96× 10−16 m2 which is in agreement with the offset −8.11× 10−16 m2

from the MSD fitting.

Figure 3.5: Results of the MSD and PSD fittings using the 105 frames trajectory
shown in Fig 3.1 (d), yielding the identical Dc. (a) MSD fitting using the first two
data points (green) based on Eq. 3.1, showing a well-linear distribution and a negative
offset. (b) PSD fitting based on MLE using the expressions in section 2.2.4.

3.4.2 Segmented Trajectory

The obtained long trajectory of the single nanoparticle (N = 105 frames with tracking
duration of 43 seconds) can be divided into sub-trajectories with a shorter length.
Then MSD analysis is separately performed on each sub-trajectory for estimations of
the diffusion coefficients. As a consequence, a dynamic measurement of the diffusion
for a single nanoparticle is available and the time resolution is dependent on the length
of the sub-trajectory. Besides, due to the statistical nature of MSD, the determined
D has intrinsic deviation even though all the trajectories are obtained from identical
nanoparticle. This error can be quantified by using the segmented analysis.

Specifically, the entire trajectory is divided into ns segments with equivalent length
Nc = N/ns. The results of the calculated MSD curves, as representative, ns = 200;Nc =
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500 and ns = 50;Nc = 2000, are shown in Figs. 3.6 (a) and (b), respectively. It clarifies
that both the slopes and offsets of the MSDs are different, and the deviation is smaller
as the increasing of Nc. The corresponding diffusion coefficients Dseg

c fitted from the
MSDs as functions of time are shown in Figs. 3.7 (a) and (c), which vary in time
with random fluctuations around the mean value (Dseg

c = 1
Nc

∑
Nc
Dseg

c = 5.97 µm2/s,
labeled as the solid horizontal lines). The dashed horizontal lines denote the standard
deviations σseg

D of the Dseg
c in the related segments.

Figure 3.6: Results of the segmented MSDs from the full trajectory of a single
nanoparticle. (a) MSD curves with the number of segments ns = 200 and the number
of frames per sub-trajectory Nc = 500. (b) MSD curves for the case of ns = 50 and
Nc = 2000.

Note that both cases give the same mean value of Dseg
c , however, compare (a) and (c),

the larger length of the sub-trajectory (Nc) leads to the smaller fluctuations of Dseg
c .

The hydrodynamic diameters of the single nanosphere retrieved from the segments
analysis are plotted as histograms in Figs. 3.7 (b) and (d), which also demonstrate
the case of larger Nc produces a higher accuracy (narrower distribution). These results
experimentally reveal the dependence between the precision of MSD analysis and the
length of the trajectory, and show the potential of FaNTA on dynamic detection of a
single nanoparticle’s diffusion behavior.

3.4.3 Error Analysis

Due to the benefit of the ultralong trajectory, we can use the segments analysis to
quantitatively reveal the dependence of the error corresponding to the measured diffu-
sion coefficient and the length of the trajectory. In Fig. 3.6, the histograms clearly show
that the statistical average of Dseg

c keeps invariant as different frames Nc, however, the
relative standard deviation σseg

D /D
seg

c significantly depends on Nc. Thus, we use the
segment analysis for different numbers of frames ranging from 102 < Nc < 105. Note
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Figure 3.7: Results of the segmented MSD analysis with two examples: (a)-(b) The
measured diffusion coefficients with the number of segments ns = 200 and the num-
ber of frames per sub-trajectory Nc = 500 (the time resolution is 43/200 s=0.215 s).
The scatter plots show the resolved D from each sub-trajectory, where the standard
deviation σsegD = 0.58 µm2/s. The histogram shows the retrieved hydrodynamic di-
ameters from (a), where the standard deviation σsegd = 4.13 nm, obtained by using
inverse Gaussian fitting (solid line). (c)-(d) The measured diffusion coefficients for the
case of ns = 50 and Nc = 2000 (the time resolution is 43/50 s=0.86 s), the standard
deviations are σsegD = 0.28 µm2/s and σsegd = 1.97 nm.

that the results here emphasize the condition of "single nanoparticle", which means
the actual Dc or diameter of the object is never changed, and it differs from the mea-
surements based on dynamic light scattering (DLS) such as Zetasizer that characterize
a large number of nanoparticles. Figure 3.7 (a) shows the averaged hydrodynamic di-
ameters, having a similar value dsedh = 53 nm, and the standard deviations (plotted as
error bar) as functions of the frame length Nc, indicating that the σseg

d decreases as the
number of frames Nc, which is in agreement with the CRLB prediction (Eq. 2.36).

To deeply understand the errors that arise in FaNTA experiment, Fig. 3.8 (b) com-
pares the experimental results of the dependence between relative standard deviation
of the segmented diffusion coefficient σseg

D /D
seg

c and trajectory length Nc with the sim-
ulated and theoretical results (CRLB in Eq. 2.36). Note that when Nc < 103 the
experimental σseg

D /D
seg

c are in good agreement with the CRLB curve, but deviations
occur at the larger Nc. This is due to the decreasing sample size (number of subtra-
jectories) as the increasing length of subtrajectory and thus the statistical significance
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Figure 3.8: Statistical results of MSD analysis for the segmented subtrajectory from
representative trajectory depicted in Fig. 3.1 (d). (a) The averaged hydrodynamic
diameters and associated standard deviations (error bar) as functions of the number
of frames per sub-trajectory Nc. The final point labeled as full trajectory refers to
Nc = 105 and has no error bar. The bottom and top axes refer to Nc and the time
resolution (the duration of the sub-trajectory with a length of Nc). (b) Relative stan-
dard deviations of the measured diffusion coefficients as a function of Nc, where the
experimental results, simulations, and theoretical CRLB are indicated by cyan points,
magenta, and black lines, respectively (the dashed line refers to the averaged results
of CRLB from 5000 times simulations, and the dotted lines refer to the plus or minus
of the standard deviation of the simulations). The final point with the full trajectory
Nc = 105 predicts the standard error to be σsegD /D

seg
c = 0.7%.

is reduced. For example, there are only 10 subsets when Nc = 104 (the entire length
is 105), as a result, the value of σseg

D /D
seg

c fluctuates around the theoretical prediction.
To validate this impact, we performed 5000 independent simulations with completely
identical conditions as the experiment (including the segmented analysis) and obtained
the averaged σseg

D /D
seg

c and the associated deviations (presented by black lines in Fig.
3.8 (b)), which allows to reveal the system errors from the segmented analysis. Once
the sub-trajectory length Nc is fixed, the entire trajectory (105 frames here) yields
one value of σseg

D /D
seg

c , which will fluctuate around the CRLB curve, however, if one
conduct repeated simulations (5000 times here) the resulting averaged value will be
consistent with the CRLB prediction, shown as the black dashed line in Fig. 3.8 (b).

3.5 Discussion

A crucial finding of the segmented analysis (Fig. 3.8 (b)) is the experimental demon-
stration of the dependence between the error of the diffusion coefficient measurement
and the number of frames per sub-trajectory, given by the relative standard deviation
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σseg
D /D

seg

c . The results cloud guide the development of a NTA experiment with a de-
termined precision expectation using MSD analysis, for example, a relative error of 5%
for a measured diffusion coefficient or diameter needs at least 1000 continuous frames
in each trajectory of the nanoobject.

In addition, the number of frames in the entire trajectory is particularly essential in
the detection of the dynamic process of nanoobject (e.g., the environment-induced size
changes of the core-shell nanoparticles115), since each sub-trajectory (the length is Nc)
can be transferred into a time interval in which the diffusion coefficient is determined
and the associated time resolution is dependent on the frame rate (ν) of the camera,
∆T = Nc/ν, shown in the top-axis of Fig. 3.8. Note that the time resolution can be
improved by increasing the frame rate, however, it is limited by the minimal exposure
time tE to obtain sufficient signal from the nanoobject. This long tracking can be a
potential approach used for the dynamic monitoring of nanoparticle diffusion behavior
in complex environments where the Dc or dh is time-dependent.

To compare the presented results with other approaches, Table 3.1 collects some
of the key achievements from the NTA experiments reported in recent years. Even
though there is literature reporting a successful nanoparticle tracking with more than
105 frames, note that the FaNTA in this work supports tracking of fast-diffusion (100
times larger diffusion coefficient) nanoparticles due to the confinement feature of the
nanofluidic channel. Besides, the free diffusion length in FaNTA here (a distance that
the particle can diffuse during the recording time l =

√
2Dt) is 22 µm in 43 s, exceeding

most of the other reported works shown in Table 3.1.

Particle
/diameter

(nm)

Measured
D

(µm2/s)

Frame
rate
(Hz)

Frames
/duration
(1)/(s)

Diffusion
length
(µm)

Matter Approach

Au/50 5.97 2480 105/41 22 water NBF (this work)
Au/51 5 1000 2 · 104/20 14 water NBF52

Au/100 4 25 3 · 103/120 31 water dark-field
microscopy48

Au/20 1.6 105 105/1 1.7 membrane iSCAT100

Au/20 1.48 5 · 104 1.55 · 105/3 3 membrane iSCAT22

fluo-beads
/200 0.17 20 3 · 103/150 7.14 glycerol-

water
multifocal

microscopy116

Au/20 0.16 1000 5 · 103/5 1.26 membrane iSCAT24

fluo-beads
/20 0.017 250 1.52 · 105/608 4.5 glycerol fluo-

microscope99

Table 3.1: Comparisons of key parameters in this work with other NTA experimental
approaches in recent years.

To highlight the advantages of FaNTA compared with other scenarios, the measured
diffusion coefficients corresponding to the number of frames are presented in Table. 3.1
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are shown in Fig. 3.9. It indicates that the FaNTA approach possesses the ability
to track fast-diffusion nanoobjects and still acquire a large number of frames, which
enables high precision for the MSD analysis and dynamic detection of nanoparticle’s
diffusion behavior.

Figure 3.9: The measured diffusion coefficients and the recorded number of frames
in reported NTA experiments corresponding to Table 3.1.

In this work, 105 continuous frames from a single nanosphere (the trajectory is shown
in Fig. 3.1 (d)) are used for the MSD analysis, which is the typical number of frames that
have been successfully recorded via our FaNTA system. Using the 60× and NA=0.9
objective with ANDOR Zyla 4.2 camera, the width of FoV (the longitudinal direction
of the fiber) is approximately LFoV = 100 µm. The expected diffusion length of the 50
nm Au nanosphere is roughly 22 µm during the recording time of 43 s, meaning that the
nanosphere walks over 1/5 of the entire LFoV, thus the observation time could be further
prolonged in general cases for acquiring more frames before the nanoparticle going out
of the FoV. Other possible ways to increase the number of frames are to use a camera
with a larger sensor, such as Basler with 30 megapixels (the ANDOR camera has a
4.2 megapixels sensor), or choose objectives with lower magnification, sacrificing the
resolution, to enlarge the FoV. Our approach can be readily applied to bio-analysis,
such as viruses or vesicles, furthermore, possible extensions include the electrostatic
interaction-related measurements of the biological objects in liquids 101,117,118.

3.6 Chapter Summary

Due to the random nature of the Brownian motion, the high-precision measurements
of the nanoparticle’s diffusion coefficient necessitate the tracking containing a large
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number of frames to achieve high statistical significance. In this work, the presented
NBF-based NTA experimentally demonstrates that more than 105 frames from a 50
nm single nanosphere (the measured diffusion coefficient is 5.97 µm2/s) can be recorded
with the frame rate of 2480 Hz, which is attributed to the nanofluidic channel in the
core of a step-index optical fiber. The channel is illuminated by the evanescent field
of the mode and can restrict the transverse diffusion of the nanoobjects so that they
are forced to stay in the focal depth for a long observing time. Note that even though
the hindrance of the nanochannel reduces the measured diffusion coefficient of the
nanoobject, the defined resistance factor can correct this impact, which still allows us
to determine the hydrodynamic diameter in case of free diffusion (unconfined). The
averaged resistance factor is around 1.35 with 560 nm diameter nanochannel and the
corrected diameter of the nanosphere is 53 nm (the expected value is 57 nm measured
by Zetasizer). By conducting a segmented MSD analysis, we establish a clear correlation
between the errors of the determined D and the number of frames per sub-trajectory,
which is in good agreement with the CRLB prediction. The findings are compared
with previous NTA works, showing that our FaNTA provides a particular advantage
in capturing a large number of frames from fast-diffusing nanoobjects.

In outlook, this approach opens up a pathway for determining the size of single
nanoobjects with extraordinarily high precision and monitoring dynamic processes of
the probes or detecting the information of the fluids 119, both of which are useful in
living cell analysis120, microrheology121, refractive index sensing122.
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4 | Nanoparticle Tracking Analysis
with Flattened Mode in Nanobore
Optical Fiber

It has been demonstrated that FaNTA has advantages in ultralong tracking of label-
free and fast-diffusion nanoobjects with significantly high precision. However, the light
fields in optical fibers always exhibit spatial distributions, for example, the water-filled
NBF has an evanescent field in the fluidic channel. As a result, the signal of scattered
light in FaNTA fluctuates as the diffusion motions of the nanoobject. This feature
reduces the focal depth of the illumination in the tracking area and limits the detec-
tion capability of FaNTA in fast-diffusion nanoobjects. In this work, an approach to
creating a light field in the fluidic channel with ideally constant intensity in all three
spatial dimensions—a light strand—has been studied and demonstrated by nanopar-
ticle tracking experiments. This concept facilitates the applications of FaNTA such as
characterizing the unique shapes of nanoobjects, analyzing nanoscale chemical reac-
tions and rheology, and studying fundamental light-matter interactions.

This chapter is based on the publication by Gui et al. 123, reproduced with permission.
Copyright 2023, Optica Publishing Group.

4.1 Introduction

The key component of NTA experiments is the establishment of appropriate illumi-
nation fields in the volume of the specimens. A method to obtain customized light
fields is based on the structured light generation 124,125, which has multiple applica-
tions in the field of imaging technology, including the needle-shaped beams 126, light
sheets microscopy127,128 and 3D fluorescence imaging129. Manipulation and shaping of
light beams can be achieved through metasurfaces130,131, digital holography132,133 and
diffractive optical elements134. In particular, the concept of flat-top beams134–136 could
be useful in the context of NTA applications, for which the invariant light fields can
effectively improve the depth of focus. However, due to the diffraction of beams in free
space, the generation of an ideally constant light field in all three dimensions remains
a challenge.

Using optical waveguides can be a strategy to overcome the divergence of beams, as
waveguides, unlike the case of free space, confine light rays inside the core, forming the
optical modes, and the intensity distribution keeps invariant at any axial position of the
waveguide. Note that as long as the cross-section of the waveguide remains identical,
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the only factor that can reduce the mode intensity in the propagation direction is the
attenuation caused by the optical loss. So far, waveguides with designed nanostructures
provide a feasible route to generate tailored modes with nanoscale, examples include
strong field enhancement in slot waveguides137,138, the flat-top mode in dielectric slab-
waveguide139 and nanochannels in optical fibers140,141.

Figure 4.1: Schematic of flattened mode (light strand) formation based on optofluidic
nanostructured optical fiber and associated nanoparticle tracking analysis. (a) Illus-
tration of the NBF filled with RI-adjusted liquid, supporting the flattened mode. The
blue area refers to the light strand. Scattered light from the nanosphere is collected
via objective for the NTA experiment to measure the intensity distribution within the
nanochannel. (b) The measured intensities (normalized) scattered by a 50 nm gold
single nanosphere diffusing in the nanochannel (filled with RI-adjusted liquid (green)
or water (magenta)) as functions of frame index (bottom axis) or time (top axis). (c)
Histograms of the measured intensities for those two cases.

In the field of micro-nano photonics, NTA is particularly benefiting from the devel-
opments of tailored light fields, examples are the real-time detecting and counting of
nanoobjects through optical force142 and localization of nanoparticles with angstrom
precision143. In recent years, FaNTA, as an innovative technology combining NTA and
optical fiber, has attracted more and more attention 52,102,103. As presented in the previ-
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ous chapter, the step-index optical fiber with axial nanochannel (NBF) was successfully
used to track a 50 nm gold single nanosphere over 100,000 frames 91.

However, one main disadvantage of FaNTA, as well as the free-space configuration, is
that the fiber mode intensity decreases rapidly in the transversal directions (evanescent
field). As a result, the nanoparticles experience different local intensities during the
diffusion motion, and the scattering intensity changes in real-time, which introduces
additional variables in the tracking experiment. This feature reduces the localization
accuracy of nanoobjects, limits tracking length and, in some cases, such as large-size
fluidic channels (radial intensity decreases several orders of magnitude), even truncates
the trajectory, all of which degrade the statistical significance of MSD analysis and the
accuracy in characterizing specimens. These examples indicate the great demand for
flattened fields, ideally keeping constant in all three dimensions.

In this work, an approach is presented to create a flattened mode with ideally con-
stant intensity in all three spatial dimensions—a light strand—based on nanofluidic
optical fiber filled with RI-adjusted liquid, shown in Fig. 4.1 (a). This concept inte-
grates the externally accessible nanochannel as well as the flattened fiber mode, al-
lowing for the study of light-matter interactions in nanofluidic environments under the
illumination of constant intensity. A single gold nanosphere was used as a probe to de-
tect the modal intensity distribution in the liquid-filled nanochannel via its Brownian
motion. The FaNTA results show that scattering intensities exhibit no dependence in
arbitrary spatial directions and demonstrate the formation of the light strand in the
nanochannel, as shown in Figs. 4.1 (b) and (c).

4.2 Working Principle

4.2.1 Flat-Field Condition

An electric field without radial dependence (dE(r)/dr = 0) typically occurs in the
core region of a waveguide if a critical condition is satisfied. As a simplified model, the
three-layer slab waveguide can be used to derive the flat-field condition. The structure
of the slab waveguide and associated parameters are illustrated in Fig. 4.2 (a), where
di refers to the width of the layers and ni is the corresponding RI (i = 1: central layer;
i = 2: high RI layer; i = 3: outer cladding).

According to the waveguide theory, the electromagnetic fields in the mirror-symmetrical
slab waveguide satisfy the wave equation and the TE-polarization modes can be written
with trigonometric and exponential functions

E1
y = Acos(k1x) 0 < x < d1/2,

E2
y = Bsin(k2x) + Ccos(k2x) d1/2 < x < d1/2 + d2,

E3
y = De−k3[x−(d1/2+d2)] d1/2 + d2 < x,

(4.1)
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where k1 = k0
√
n2
1 − n2

eff, k2 = k0
√
n2
2 − n2

eff and k3 = k0
√
n2

eff − n2
3 are the wave

vectors in layer 1, 2 and 3 (k0 = 2π/λ0, the wave vector in vacuum; neff, the effective
mode index), and A,B,C,D are constants. Note that here the wave vectors are assumed
to be real-valued (lossless mode), which means that the RI distribution considered for
the guided modes should have n2 > n1 > n3.

By applying the continuity boundary conditions of Ey and dEy/dx on interfaces of
the mediums, the dispersion equation corresponding to parameters of the slab waveg-
uide can be derived, reading as

k2cos(
k1d1
2

)[k3cos(k2d2)− k2sin(k2d2)] = k1sin(
k1d1
2

)[k2cos(k2d2) + k3sin(k2d2)]. (4.2)

The flattened fields require that the modal intensity is spatially invariant in medium
1, that is, the Poynting vector of the TE mode S1

z = −E1
yH

1
x ∝ cos2(k1x) needs to be

a constant. It implies that the wave vector k1 = k0
√
n2
1 − n2

eff = 0. Thus the flat-field
condition is obtained

n1 = neff. (4.3)

This relation indicates that a flattened field is formed when the effective mode index
is equal to the RI of the central medium. From the perspective of waveguides, firstly,
the flat-field condition cannot be applied to the modes in single-interface (step-index)
waveguides, which indicates the necessity of using multi-layer systems. Furthermore,
Eq.4.1 implies that the mode in the flat-field domain equals an associated plane wave
that has the same phase velocity as the mode in bulk medium. Due to the constant
field distribution, the differential equation describing the field components of medium
1 changes from a wave equation to a second-order ordinary differential equation, and
its general solution has the form E(x) = c1 + c2x (c1 and c2 are constants). Regarding
the symmetry of the slab waveguide geometry, we have c2 = 0 and the field in medium
1 is constant. Insert the flat-field condition Eq. 4.3 into Eq. 4.2, yielding

d2 =
1

k2

[
arctan(

k3
k2

) +mπ

]
, (4.4)

where m = 0, 1, 2, ..., is an integer number that refers to the mode order in layer 2.
This equation specifies the parameters of the slab waveguide designed to achieve the
flattened mode.

The calculated d2 using Eq. 4.4 as functions of wavelength and mode order m are
plotted in Fig. 4.2 (b). Numerical simulations have been conducted to validate the
flat-field condition. Figs. 4.2 (c) and (d) show the intensity distributions of the modes,
in which m = 0, d2 = 0.657 µm and m = 1, d2 = 3.288 µm for the slab waveguide
using parameters governed by Eq. 4.4, where λ = 633 nm, d1 = 0.4 µm, and the RI
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of the mediums are respectively n1 = 1.435, 1.445 (flat mode) or 1.455, n2 = 1.45 and
n3 = 1.44.

Figure 4.2: The fundamental mode (TE polarization) with flattened fields in a three-
layer symmetric slab waveguide. (a) Structure of the slab waveguide with the defined
widths and RIs corresponding to the layers. (b) The calculated d2 as functions of
wavelength and the mode order m in the flat-field condition. (c) Calculated modal
intensity distributions of the slab waveguide in the flat-field condition, where m = 0,
λ = 633 nm, d1 = 0.4 µm, d2 = 0.657 µm, n2 = 1.45 and n3 = 1.44. The values of
n1=1.435, 1.445 (flat field), and 1.455. (d) The modal intensity distributions for the
case of m = 1 and d2 = 3.288 µm.

4.2.2 Flattened Mode in NBF

As discussed in the previous section, the flat-field condition is given by neff = n1

for TE mode in slab waveguide. This condition can be generalized to optical fiber.
Considering the weakly guiding fiber, the modes in this case are quasi-TEM waves,
where the fundamental modes are denoted as LP01 modes (see section 2.1.1). The
transversal fields of LP01 mode are azimuthally independent (m=0) and satisfy the
scalar wave equation, [∇2

t + k20n
2 − β2]ψt = 0, where ∇2

t is the transversal Laplacian
in cylindrical coordinates79. Therefore, by using the relations of the flattened mode,
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dψt/dr = 0 and neff = n1 (note that the wave equation still holds), the expressions of
the flat fields in NBF can be expressed as

ψt(r) =


A, 0 < r < a

BJ0(k21r) + CY0(k21r), a < r < b

DK0(k31r), b < r

(4.5)

where k21 = k0
√
n2
2 − n2

1 and k31 = k0
√
n2
1 − n2

3. Here we apply the continuity bound-
ary condition for ψt and dψt/dr respectively on r = a and r = b, then the coefficients
matrix M is obtained as below

1 −J0(k21a) −Y0(k21a) 0

0 J0(k21b) Y0(k21b) −K0(k31b)

0 k21J
′
0(k21a) k21Y

′
0(k21a) 0

0 k21J
′
0(k21b) k21Y

′
0(k21b) −k31K ′

0(k31b)

 . (4.6)

Let det[M ] = 0 and rearrange the equation, yielding

J ′
0(k21a)

Y ′
0(k21a)

=
k21K0(k31b)J

′
0(k21b)− k31K

′
0(k31b)J0(k21b)

k21K0(k31b)Y ′
0(k21b)− k31K ′

0(k31b)Y0(k21b)
. (4.7)

The above equation associates the fiber parameters supporting a flat field. Note that
the flattened mode can only exist in a multi-layer structured waveguide (at least three
layers), due to the continuity of the derivative of the fields. Eq. 4.7 is a transcendental
equation corresponding to the parameters of n1, n2, n3, a, and b, and this relation
could be the design principle to obtain the flattened mode in NBF. In addition to the
theory model, finite element method (FEM) simulation is another effective way to the
mode analysis for optical fibers. In this thesis, the simulations were carried out by using
COMSOL Multiphysics 5.2.

4.2.3 Numerical Simulation

Fig. 4.3 (a) shows the solved core radius b as a function of wavelength for the flat
fields using Eq. 4.7 where a = 200 nm, n1 = 1.445, n2 = 1.45 and n3 = 1.44. At the
wavelength of 0.632 µm, the related b = 1.384 µm (noted as the red dot), supporting
the LP01 mode, and the simulated modal distribution is shown in Fig. 4.3 (b), where
the numerically obtained neff = 1.44498. In the next sections, the flattened mode is
demonstrated by FaNTA experiments using RI-adjusted NBF. The mode shapes near
the flat-field condition (Gaussian or evanescent) depend on n1 (n1 > neff or n1 <

neff), thus various applications based on this mechanism can be developed, such as
temperature sensing and RI measurements in nanoscale.

The flat-field condition of NBF has been discussed and Eq. 4.7 is derived to give the
combination of the demanded fiber parameters. Here, it experimentally demonstrates
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Figure 4.3: Flat fields in NBF. (a) Calculated b as functions of the wavelength,
where a = 200 nm, n1 = 1.445, n2 = 1.45 and n3 = 1.44. (b) The simulated intensity
distribution of the flattened LP01 mode, which refers to the red dot in (a).

the light strand by using NBF filled with RI-adjusted liquid, which is a suitable sys-
tem for achieving the flat-field condition. The used NBF is a silica step-index fiber,
consisting of a fused silica cladding (n3 = 1.457 at wavelength λ0 = 632 nm, and the
outer diameter is 125 µm) and optical core (GeO2-doped fused silica with doping con-
centration 5.3 mol./%, n2 = n3 + ∆n,∆n = 8 × 10−3, core radius b = 1.5 µm) which
contains a nanobore (radius a = 200 nm) in the center of the cross-section. The fiber
was designed and fabricated in collaboration with Heraeus Quarzglas GmbH & Co. KG
and has been applied in previous FaNTA-related works 52,91.

To establish a flat field, the RI of the nanochannel was numerically determined using
finite element simulations, and the value of n1 could be precisely tuned by mixing
water and DMSO with different concentrations106, for example, n1 ≈ 1.4646 when the
water/DMSO mixture is 9/91 wt%. Figs. 4.4 (a), (b), and (c) show the configurations
of the used NBF and the simulated flattened mode by filling with the RI-adjusted liquid
(n1 = neff = 1.46088). Fig. 4.4 (d) shows the intensity profiles of both RI-adjusted and
the water-filled cases (n1 = 1.3317) on the central line, where an evanescent field forms
in the water-filling nanobore.

The fabrication of the NBF is based on the high-temperature fiber drawing of a
doped silica rod containing a central hole, and the SEM image of the cross-section is
shown in Fig. 4.4 (b). The liquid-filled NBF works in single mode at 632 nm and is thus
insensitive to bending (more information on the NBF can be found in the reference 104.).
The dispersion relations of the modes in liquid-filled NBF have been studied using finite
element simulations by COMSOL Multiphysics 5.2. Fig. 4.4 (a) shows the results of
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Figure 4.4: The fundamental mode with flattened fields in NBF filled with RI-
adjusted liquid. (a) Schematic of the NBF cross-section with the defined nanobore
(blue), core (light green), and cladding (gray). (b) SEM image of the used NBF, the
measured diameters of the nanobore and core are 400 nm and 3 µm, respectively. (c)
Simulated modal distribution of the fundamental mode with flattened fields, where
λ = 632 nm and n1 = neff = 1.46088. (d) Modal distributions along vertical central
lines, which are measured from the flattened mode in (c) and corresponding to the
fibers filled with water or RI-adjusted liquid. The light blue area indicates the domain
of the nanobore, showing an evanescent (magenta) or a flat field (blue).

the fundamental mode (HE11) and the first higher-order modes (TE01, TM01, HE21).
In the simulation, the dispersion of DMSO/water solution is negligible 144, and the RI

Figure 4.5: Mode simulations of liquid-filled NBF. (a) Calculated effective mode
indexes of the first four order modes in the liquid-filled NBF, in case the RI of the
liquid is fixed to 1.461. The NBF is working in single mode when λ > 590 nm. The
flattened mode is obtained when neff = n1 at λ = 632 nm. (b) Three types of modes in
NBF: evanescent (blue, n1 = 1.33); flat (green, n1 = neff = 1.461); Gaussian (yellow,
n1 = 1.48).
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is fixed as n1 = 1.461, with which the fundamental mode has almost flattened intensity
distribution at λ = 632 nm. The RI of the fused silica (n3) is determined using the
Sellmeier equation145. The RI of the GeO2-doped fused silica core (doping level is 5.3
mol%) is higher than that of the cladding with an amount of ∆n = 8 × 10−3 at all
considered wavelengths. The radii of the bore and core are respectively a = 200 nm
and b = 3 µm.

As shown in Fig. 4.5 (a), the cut-off wavelength of the single-mode is λ = 590 nm.
Note that the neff of the fundamental mode is larger than n1 until the cross point at
632 nm, where the flat-field condition is met. Based on the numerical simulation, a
general routine to find out the flattened mode in waveguides is to calculate the neff

by scanning the parameters until the point of neff = n1is obtained. Fig. 4.5 (b) shows
other two cases that n1 is larger (n1 = 1.48) or smaller (n1 = 1.33) than neff, leading
to a Gaussian or evanescent modes. In the next section, experiments with tuning the
RI of liquids by temperature controlling are carried out to observe the transition from
the Gaussian to evanescent modes.

To reveal the influence of the mismatch of the liquid RI on the flat-field condition,
we calculated the modal profile for different radii of the nanochannel as functions of
n1 (the RI of liquid). The results are shown in Fig. 4.6.

Figure 4.6: The influence of the RI mismatch on the flatness of the modal fields
within the nanochannel. (a) The ratio of the intensity at the center and the liquid-
wall interface, K = I(r = 0)/I(r = a), as functions of the nanochannel’s radius and
its RI n1. (b) The slope of K(n1) as a function of the nanochannel’s radius.

Here, a benchmark K is defined to qualify the flatness of the mode within the
nanochannel, which is the ratio of the modal intensity at the center (r = 0) and the
liquid-wall interface (r = a), that is, K = I(r = 0)/I(r = a). We can expect that
K < 1, K > 1, or K = 1 correspond to the evanescent, Gaussian, or flattened modes,
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respectively. Fig. 4.6 (b) indicates that the smaller diameter of the nanochannel leads
to less sensitivity to the mismatch of the RI since the modal fields change across a
shorter distance.

4.3 Results

4.3.1 Diffusion Length Estimation

The formation of light strands in optofluidic NBF is verified through FaNTA experi-
ments, from which the basic idea is to measure the scattered light intensities of a single
nanosphere diffusing inside the nanofluidic channel. The inherent feature of a light
strand is that the field keeps a constant at all positions within the channel, thus the
light intensity scattered from a single nanoparticle should not vary with the diffusing
motions, as a result, the statistical histogram of the intensity signal has a narrower
distribution compared to the case of a non-flat field. Note that the histogram has an
intrinsic width (approximately Gaussian) even though the mode is flattened, which is
due to the noise of the imaging system and can be qualified by measuring a static
particle in the nanochannel.

To demonstrate this feature, the in-plane positions of a freely diffusing golden
nanosphere (mean physical diameter: 50 nm, nanoComposix) inside the nanochannel
are tracked, and the corresponding scattered intensity (details of the specimen and the
FaNTA setup can be found in the section of temperature scan). Note that for accurate
sampling of the light intensity within the nanochannel, the nanoparticle should occupy
the cross-section positions as many as possible in a single trajectory. In the presented
experiment, FaNTA allows observation of a single nanoparticle over an extraordinarily
long trajectory and duration91, thus providing high statistical significance in retriev-
ing the modal distribution. Here we estimate the number of times that a nanoparticle
travels the cross-section of the nanochannel, Nτ . For a nanosphere diffusing in liq-
uid, the diffusion coefficient can be calculated using the Einstein-Stokes relation, thus
D = KBT/6πηr. Then Nτ can be estimated as

Nτ =
2a

xdif
, (4.8)

where a is the radius of the nanochannel, xdif =
√
2Dτ is the diffusion length in

observation time τ . Given the experimental parameters (more details are listed in
Table 4.1), a 50 nm nanosphere can travel cross the nanochannel 24.4 times during
the time of 5.57 s, which provides sufficient statistical reliability to resolve the modal
distribution in this work.
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Parameter Symbol Unit Value
frequency ν Hz 3592
no. frames Nf 1 20000
observation time τ s 5.57
viscosity η mPas 1
temperature T K 293
nanosphere diameter dN nm 50
diffusion coefficient D µm/s 8.58
diffusion length xdif µm 9.78
nanochannel radius a nm 200
no.times nanoparticle travel through cross-section Nt 1 24.4

Table 4.1: Used parameters to estimate the diffusion length and the number of times
the nanoparticle travels through the cross-section of the nanochannel.

4.3.2 Experimental Setup

Fig. 4.7 shows the optical setup used for the experiment. The 632 nm laser was coupled
into the fiber through a polarizer (polarization direction is along the x direction) and
an objective lens (40×, NA=0.65, Olympus). The NBF was placed below the Peltier

Figure 4.7: Schematic of the FaNTA experimental setup. LD: laser diode, PL: polar-
izer, HWP: half-wave plate, OBJ: objective lens. The inset in the center of the figure
shows the elastic light scattering process of the nanosphere inside the nanochannel.
The bottom left inset shows one of the diffraction-limited images of the nanosphere
on the focal plane.

element with a distance of 1 mm (from the fiber to the heating surface), and a Bragg
grating sensor (accuracy ±0.5 K) was used for the temperature calibration. The scat-
tering light from a single nanosphere was collected by an oil-immersed objective (60×,
NA=1.25, UplanFl Olympus) and imaged in a CMOS camera (ANDOR Zyla 4.2 Plus,
scale: 72.6 nm/pixel) with the exposure time te = 0.08 ms and the frame rate ν = 3592

Hz. Glycerin was used as the immersion oil filled between the Peltier element and the
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objective lens, which also served as a heat transfer medium. The sample of nanosphere
suspension was filled into the nanochannel through capillary effect and the tip of the
NBF was sealed using plasticine after the filling was completed.

4.3.3 Modal Distribution Measurement

The intensity of scattered light from FaNTA remains constant in case the modal fields
are ideally flattened, however, due to background noise and RI mismatch of the liquid,
the signal always fluctuates as the movements of nanoparticles inside the nanochannel.
To characterize the modal intensity distribution, two spatial regions, noted as the side
bin (SB) and central bin (CB), as shown in Fig. 4.8, are defined in the cross-section
of the nanochannel, and the scattered intensities of the tracked nanoparticle with the
locations in the SB and CB are then analyzed, so that shape of the mode distribution
can be judged. From the data set of the FaNTA experiment, one can obtain the single
nanoparticle’s positions along both transversal (x-values) and longitudinal (z-values)
directions with the associated scattered intensities. Regarding the symmetry of the
circular cross-section, the averaged value of x has been subtracted, so that the data
is centralized to 0. Figs. 4.9 (a) and (b) show the intensities corresponding to the x-
positions for the experiment and simulation, respectively, as an example of the water-
filled NBF. Then we find the maximal of the x-values max(x), which should equal
the radius of the nanochannel. Finally, pick up the intensity data points of which the
x-values are located in the CB (|x| < r1max(x)) or SB (|x| > r2max(x)), respectively.
Here, r1 = 0.2 and r2 = 0.6, yield an 80 nm width to both the CB and SB. The chosen
width provides a 30% relative separation of the CB and SB histograms in the water
case, which is a proper reference for this analysis.

Statistical analysis, using histograms and non-parametric kernel density estimations,
is performed on the data points in the SB and CB separately. Based on the his-
tograms analysis, the following parameters can be defined: (1) the intensity at which
the histogram gives the highest probability is noted as Ibin

max; and (2) the full-width-
half-maximum (FWHM) of the intensity distribution, that is, the width between the
intensities that drop to half of the highest probability, p = pmax/2, is noted as ∆Ibin

FWHM

(bin: SB or CB). All of the intensities presented in the histograms have been normalized
corresponding to the intensity that has the highest probability in CB. To describe the
shape of the measured mode, the relative distance between the peaks of the CB and SB
histograms is defined as δImax = (ICB

max − ISB
max)/I

CB
max. This analysis is based on the fact

that the sign of δImax (plus or minus) can refer to the mode types in the nanochannel of
NBF. On the one hand, if the fields are evanescent (n1 < neff), intensities sampled from
the SB are higher than that from the CB, leading to a larger peak of the SB-histogram,
thus, δImax < 0, on the other hand, if fields are Gaussian-shaped (n1 > neff), we have
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Figure 4.8: Definition of the bins for mode analysis. The cross-section of the
nanochannel is divided into two spatial regions in the x-direction, noted as CB (light
green) and SB (light purple).

δImax > 0. In the following, the segmented analysis is applied for two cases: evanescent
mode in water-filled NBA; and near-flat mode in RI-adjusted NBF.

4.3.4 Case 1: Water-Filled NBF

Firstly, the NBF was filled with gold nanospheres (d=50 nm, concentration is 4.2×1010

particles/ml, ultrauniform, nanoComposix) suspended in water of which the RI is n1 =

1.3317 < neff, thus the modal distribution in the nanochannel should be evanescent.
The data of FaNTA experiments are processed by using the segmented analysis and the
results are shown in Fig. 4.9 (c). The intensity histograms of CB and SB have separating
maximum probabilities, and SB has obviously higher intensity than CB, that is, ISB

max >

ICB
max and δImax = −0.332. The results indicate that the modal intensity on the sides of

the channel is larger than that in the central area, and this is a typical feature of an
evanescent field, which is also in agreement with the results of the simulation, shown in
Fig. 4.9 (d). The bandwidths of the histograms, ∆ISB

FWHM = 0.251 and ∆ICB
FWHM = 0.275

are relatively high, which is due to the spatial dependence of the evanescent field in
the channel. Thanks to the confinement of the nanochannel, a large number of frames
can be recorded, which is a key advantage of FaNTA, leading to sufficient data points
in the CB and SB, where NCB = 6715 and NCB = 579.
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Figure 4.9: A representative example of the statistical analysis for the modal fields
in the water-filled NBF. The intensity data is sampled by elastic light scattering
from a nanosphere (d = 50 nm) diffusing in the nanochannel. The intensities and
the corresponding x-positions were obtained from (a) experiment and (b) simulation.
Histograms of the probability distribution of the scattered intensities in the CB (green)
and SB (purple) defined in Fig. 4.8, obtained from (c) experiment and (d) simulation.
The number of data points in the histograms are N exp

CB = 6715, N exp
CB = 579, N sim

CB =
4771 and N sim

CB = 2263. The inset in (d) shows the simulated line modal distribution
in the water-filled channel (n1 = 1.3317).

4.3.5 Case 2: RI-adjusted Liquid and Temperature Scan

We performed FaNTA experiments in NBF to verify the flat-field condition by using
dimethyl sulfoxide (DMSO) aqueous solution of which the RI can be adjusted by mix-
ing DMSO and water with different ratios. Furthermore, the RI of the liquid in the
nanochannel is finely tuned based on the thermo-optic effect by using a Peltier ele-
ment to control the temperature of the fiber, so that a series of RI above or below the
flat-field condition can be achieved.

The temperature-dependent RI of the DMSO aqueous solution is assumed as a
liner function, that is, n(λ, cm) = n0(λ, cm) + ∆nT · (T − T0), where n0(λ, cm) is the
dispersion of the mixture at a reference temperature T0 and wavelength of λ, cm is
the ratio of DMSO weight in the mixture (e.g., cm = 100 wt%: pure DMSO), and
∆nT is the thermo-optic coefficient, which can be obtained from the literature 144. The
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authors present an empirical relation to calculate the temperature-induced changes of
RI ∆nT = −( dn

dT
· 10−4), where

dn

dT
= −0.0000116c2m + 0.0429cm + 1.0837. (4.9)

The liquid filled into the fiber was a mixture of DMSO and in-water suspending gold
nanospheres (d=50nm, concentration is 4.2×1010 particles/ml, ultrauniform, nanoCom-
posix), where the weight ratio cm=91 wt%, and the RI is n1 = 1.4646 at λ = 632 nm
and 21 ◦C (more information can be found in section 4.5.1). The calculated RIs of the
DMSO/water mixture as a function of the weight ratios and temperatures are plotted
in Fig. 4.10.

Figure 4.10: RIs of DMSO/water mixture as functions of the ratio of the weight
between DMSO and water with different temperatures at the wavelength of 632 nm,
which are calculated by using Eq. 4.9.

Similar to Fig. 4.9, the experimental results of the temperature scan are presented
by using the CB/SB histogram analysis, which is shown in Fig. 4.11 (a) (the intensi-
ties associated with the x-positions used for the estimations can be found in Fig. 4.14
in section 4.5). Both probability histograms of the CB and SB show well-symmetric
distributions centering to Ibin

max, which is unlike the results of the water-filled case. The
probability histograms correspond to the sampled intensities and appear as Gaussian-
like distributions, demonstrating that the spatial variation of the intensity is quite
small in the nanochannel. Note that even in the case of an ideally constant field, it is
supposed to observe a Gaussian distribution in the histogram of the measured intensi-
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Figure 4.11: Statistical analysis of the FaNTA experiments with the RI of liquid (9
wt. % water and 91 wt. % DMSO mixture) tuned by temperature scan to determine
the flat-field conditions. (a) Histograms of the CB and SB with temperature of 20,
23, 25, 30, 35 ◦C. The number of intensity points used in each histogram is noted as
NCB or NSB. The dotted horizontal lines indicate the positions of the histogram peaks
Ibin
max. (b) The relative shifts of the peaks δImax = (ICB

max − ISB
max)/I

CB
max as a function

of temperatures (bottom axis) and RI of the liquid (top axis). The temperature at
which the flat field condition occurs is determined by the linear interpolation of the
two points beside. The colored backgrounds refer to the types of the mode near the
flat field condition (light green: Gaussian-type, light blue: evanescent-type).

ties, since some inevitable noise, such as the background scattering and readout noise
of the camera, can broaden the intensity distribution. In the simulation, noise-induced
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broadening can be performed by adding Gaussian noise in the generated intensities
from the random walk in a circular area.

A comparison of the statistical benchmarks between the water and RI-adjusted
cases can be found in Table 4.2. It shows that the intensity bandwidth of the RI-
adjusted mixture (∆Ibin

FWHM = 0.093, intensities range from 0.85 to 1.15) is obviously
narrower than that of the pure water case (∆Ibin

FWHM = 0.26, intensities range from 0.65
to 1.7). Another notable difference is the distance between the peaks of CB and SB
histograms, defined as δImax = (ICB

max−ISB
max)/I

CB
max. The δImax of RI-adjusted experiments

are over 10 times smaller than that of the water case (RI-adjusted: δImax = 0.02; water:
δImax = 0.332, see Table 4.2). All of these results straightforward indicate a modal field
with less spatial dependence occurring in the RI-adjusted nanochannel.

Case ∆I ∆ICB
FWHM ∆ISB

FWHM δImax
water 0.65∼1.70 0.275 0.251 -0.332

RI-adjusted liquid 0.85∼1.15 0.096 0.091 -0.015∼0.02

Table 4.2: Comparison of the benchmarks between the water-filled and RI-adjusted
FaNTA experiments. Note that the ∆Ibin

FWHM of the RI-adjusted case is the average
value from all of the temperatures.

The temperature scanning experiments are based on the fact that the mixed solution
of DMSO and water has a negative thermo-optic coefficient (see Fig. 4.10), that is, the
increasing of temperature results in a decrease of RI (n1). Although the changes of
the modal fields near the flat-field condition are quite small, thanks to the statistical
analysis, the relative shifts between peaks of the CB and SB histograms δImax can still
be observed (the value is around 1%), as shown in Fig. 4.11 (b). This is evidence that
directly reveals the transition of the mode types in the nanochannel. The sign of δImax

changes from plus to minus, indicating that the modal field transfers from a Gaussian-
type (n1 > neff) to an evanescent-type distribution (n1 < neff) within the nanochannel.
The temperature at which the mode becomes flattened in the nanochannel is T ≈
28.5◦C, plotted as the blue dot in Fig. 4.11 (b), and the corresponding n1 ≈ 1.4616.

Simulations are performed to verify the temperature measurements (see Fig. 4.17 for
details), and the results are highly consistent with the experimental data. In particular,
the relative shifts of the CB/SB histogram peaks depending on the temperatures,
δImax(T ), are in good agreement with the results shown in Fig. 4.11 (b). Compared with
the experiments, the temperature of the flat-field condition in the simulation occurred
at T sim

flat = 30.45 ◦ C, and the in the experiment is at T sim
flat = 28.5 ◦C. The deviations

can be attributed to the difference between the assumed parameters in the simulation
and the actual geometry of the used fiber. In addition, the intensity distributions in the
simulation are narrower than those in the experiment, which is due to the inevitable
errors in the experiment, such as the localization uncertainty during the exposure time.
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4.4 Discussion

To clarify the properties of flat-field in nanochannel with different sizes, we performed
numerical simulations (see Fig. 4.6). It shows that the modal intensity has less change
with the mismatches of RI in smaller nanochannels, which means that it provides more
error tolerance in the preparation of the liquids for the achievement of flattened mode.
The used NBF in the NTA experiments relies on the weakly guiding approximation
(the RI contrast between the core and cladding is small), and the fundamental mode
has no azimuthal dependence so that the flat-field condition can be satisfied not only
in the longitudinal direction but also along the radial directions. However, for large
RI contrast, the situation is different, since the fiber could be multimode. Therefore,
further studies are needed to clarify the behaviors of the flat-field mode in case the
fiber has different geometry or RI configurations.

This work demonstrates the generation of a flat-field mode—the light strand—in the
fluidic channel of NBF, leading to the illumination with constant intensity in all three
spatial directions in the tracking area. This will effectively improve the depth of focus
for NTA experiments and prevent interruptions of trajectory recordings arising from
the diffusion motions of nanoparticles to the spatial area with low-intensity illumination
(e.g., the edge of the nanochannel). It also eliminates the correlation between the signal
intensity and the locations of nanoobjects in the nanochannel. As a consequence, the
scattered intensity from a single nanoobject could be used as an independent parameter
to extract some of the intensity-related information, such as the rotational dynamics of
non-spherical nanoparticles, as well as the RI and morphological analysis, which opens
up new potential applications of NTA.

Note that the intensity-related measurement is performed inside a waveguide, which
is faster than conventional image-based analysis due to the reduced FoV of the track-
ing area, and the microfluidic environment is also applicable for monitoring biological
and chemical reactions in the nanoscale. Besides, waveguides carrying flat-field modes
could provide a new platform for nanorheology, for example, to study complex fluid
phenomena or inhomogeneous media. Fundamentals of light-matter interactions with
nanoscale can also be investigated by using the light strand. One example is the mea-
surement of photon pressure under constant illumination, which may be useful in the
context of the Abraham-Minkowski controversy.

The general condition of the flat-field formation, neff = n1, is derived, which can also
be applied to other layer-structured waveguides in cases the guidance mechanism is
based on total internal reflection, one example could be the nanoslot waveguide 137,138.
The strong modal dispersions of leaky waveguides such as hollow-core systems may
suggest that the flat-field condition could be also applicable, the examples include
the optofluidic light cages115, microgap waveguides146, ARROW147, hollow-core103 or
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single-element anti-resonant-element fibers148. Note that the guiding mechanism of
NBF used in this work is fundamentally different from that of leaky waveguides, thus
more studies are needed to explore the features of flat-field mode in the background of
leaky waveguides, which is one of the directions of future works.

4.5 Materials and Methods

4.5.1 Nanoparticle Solution

Gold nanospheres with 50 nm mean diameter (ultrauniform, nanoComposix) were used
for FaNTA experiments in this work. The nanosphere’s aqueous suspension was mixed
with DMSO with particular ratios of weights, allowing to roughly adjust the RI of the
liquid. A more precise tune of the RI is conducted by temperature control using the
Peltier element. The thermo-optic coefficient of the liquid as a function of mixing ratio
was calculated using the equation described in Eq. 4.9, where the reference temperature
T0 = 25◦C and the corresponding RI n0 can be obtained by using the dispersion
equation from interpolation of the measured data

n(λ,X) =

√
1 +

A(X)λ2

λ2 − B2(X)
, (4.10)

where λ is the wavelength and X is the ratio of water weight in the mixture (e.g.,
X = 100%, pure water), and A(X), B(X) are expressed as polynomials

A(X) =
3∑

i=0

CiX
i; B(X) =

3∑
i=0

DiX
i. (4.11)

Values of the coefficients are shown in Table 4.3. For example, at room temperature

C0 C1 C2 C3

1.129563 -0.270527 -0.287922 0.181959
D0 D1 D2 D3

0.117524 -0.025920 0.017386 -0.008894

Table 4.3: The coefficients for the polynomial expressions defined in Eq. 4.11. The
data were measured by Dr. Jiangbo (Tim) Zhao.

T = 25◦C and λ = 632 nm, the RI of the solution ranges from 1.33 to 1.47 depending on
the ratio of the mixture, which allows to have a RI for the flat-field condition. DMSO is
used as a solvent because of its stable chemical properties and solubility of water. Our
previous work using DMSO for the FaNTA experiment has been reported 102 and the
relevant physical and chemical properties can be found in the literature 149. For filling
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the liquid into the nanochannel, the NBF is inserted in the prepared sample and the
liquid will spontaneously flow into the nanochannel via capillary force.

In the FaNTA experiment, the modal intensity in the nanochannel is measured
by detecting the elastic scattering light from the gold nanosphere. The scattering
cross-section of the nanoparticle determines the scattered intensity and whether the
nanoobject can be detected or not. Thus the scattering cross-section of the used gold
nanosphere in pure water or DMSO/water mixture has been studied by using FEM
simulations, the results are shown in Fig. 4.12. For example, in a 50 nm nanosphere in
liquid of RI=1.461, the scattered cross section is about 2000 nm2 at the wavelength of
532 nm, which is 2 times larger than the case of water (RI=1.33).

Figure 4.12: Simulated scattering cross-section of gold nanosphere as functions of
the wavelength and diameters. (a) The nanoparticle in a liquid of RI=1.33. (b) The
nanoparticle in a liquid of RI=1.461.

4.5.2 Optical Setup

Linear polarized laser (632 nm) is coupled into the liquid-filled NBF, and the fiber
is kept straight to prevent mode distortions and polarization coupling effects. The
Peltier element is placed above the optical fiber tracking area, in which the oil can
eliminate the imaging aberration and act as a heat transfer medium. The RI of the
liquid is finely tuned by controlling the temperatures. The optic-thermo coefficient of
water/DMSO mixture is around 4× 10−4/K, which is higher than that of silica by two
orders of magnitude. Thus the temperature-induced RI changes of the fiber materials
are negligible.

In the FaNTA experiments, 20000 frames are recorded to sample the transversal
intensity distribution of the channel, where the frame rate is ν = 3592 Hz, duration is
τ = 5.6 s, and exposure time te = 0.08 ms. Due to the confinement of the nanochannel,
the diffusion of nanoparticle is limited and extremely long trajectories can be recorded.
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Within the 400 nm nanochannel, the nanoparticle can travel around the cross sec-
tion more than 20 times in the recording duration, which guarantees high statistical
accuracy of the intensity measurement.

Note that the relative standard deviation of the intensity variations around the flat-
field condition is about 3.7% (shown in Figs. 4.11), arising from the modal distribution
due to the RI mismatch and the systematic noise. Here we measured a static nanosphere
inside the channel to show the errors in the imaging process, and the results are shown
in Fig. 4.13. The relative standard deviation of the measured scattered intensity is
about 0.45%, which has a Gaussian distribution and is contributed by the inherent
noise of the optical imaging system.

Figure 4.13: Intensity measurement of a static nanoparticle. (a) Scattered intensity
as a function of the frame number. (b) Histogram of the intensities.

4.5.3 Data Analysis

The Python package Trackpy was used for the image processing of the recorded frames.
The integration of the brightness within the pixels of the imaged nanoparticle refers
to the scattered intensity, and the associated position (x and z) was determined by
the centroid of the nanoparticle in each frame (taking the brightness-weighted average
position of the pixels). Histograms and nonparametric kernel density estimation are
then used to analyze the intensities in selected bins of the nanochannel’s cross-section
(defined as CB and SB in Fig. 4.8).

By comparing the relative shift of the peaks of CB and SB intensity histograms,
δImax, we can judge the mode shapes in the nanochannel (shown in Fig. 4.11). For
the case of n1 > neff, the mode is Gaussian-like, meaning that the intensities around
the central part are slightly higher than those around the edges, thus δImax > 0. For
the complementary case, n1 < neff, the mode is evanescent-like, as a consequence,
δImax < 0. Thanks to the statistical analysis, the mode shape can be determined by
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Figure 4.14: Scatter plots of the measured intensities corresponding to the transver-
sal positions at temperatures 20, 23, 25, 30, and 35◦C. The CB/SB histograms analysis
are based on x-positions and the results are shown in Fig. 4.11.

comparing the peaks of the CB and SB histograms even though the mode distribution
changes very slightly near the flat-field condition. The flattened mode is obtained when
the peaks lie at the same intensity, that is, δImax = 0, which can be estimated by fitting
the δImax as a function of temperatures.

The measured scattered intensities corresponding to the transversal (x) positions
for different temperatures are depicted in Fig. 4.14. The scatter plots show a trend
that as the temperature gets higher (RI of the liquid is lower), the intensities at the
edge area of the nanochannel are slightly increasing. This is due to the mode transition
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from Gaussian-like to evanescent-like, which is in agreement with the results of the
histogram analysis shown in Fig. 4.11.

4.5.4 Random Walk Simulation in Circular Domain

The analysis of the modal distribution utilizes the Brownian motion of a single nanopar-
ticle whose scattered signal is proportional to the local modal intensity in the nanochan-
nel. To model this stochastic sampling process, a random walk simulation was per-
formed in a circular domain. The generated positions (x and y) were combined with
the calculated mode fields for simulating the randomly fluctuating scattered intensity
caused by the Brownian motion. The simulations include the following steps:

1. 2-D random walk simulation of a 50 nm nanoparticle was carried out in a circular
domain (diameter is 400 nm, frame rate is 3592 Hz) where reflecting boundary
condition is used to model the wall of the nanochannel. The trajectory (xi, yi) is
generated where the total number of steps is 2× 104.

2. The intensity distribution of the fundamental mode was calculated by using FEM
modeling (Comsol Multiphysics 5.2). The RI of the liquid was calculated accord-
ing to the temperature.

3. The intensity distribution inside the nanochannel was fitted by Gaussian function
I(x, y) = Aexp[(x2 + y2)/B] + C, where A, B and C are fitting constants.

4. The local scattered intensities were obtained by using the generated positions in
Step-1: I(xi, yi) = Aexp[(x2i + y2i )/B] + C. Then the data is processed following
the defined CB/SB histogram analysis.

An example of the simulated random walk trajectory (the first 1000 steps are shown)
and the corresponding intensities are shown in Figs. 4.15. The use of the Gaussian func-
tion in Step 3 is justified since the modal field within the nanochannel is mathematically
given by a modified or regular Bessel function, which can be well approximated by a
Gaussian function in the case of small RI contrast between the core and nanochannel.
Figs. 4.15 (b) and (c) depict the RI of liquid are 1.44 and 1.48, respectively. As ex-
pected, the evanescent mode (the side region has a larger modal intensity) shows an
up-curved intensity distribution and the peak intensity of SB is larger than that of the
CB; whereas, the Gaussian mode shows the opposite tendency.

The simulation is also applied for the temperature scans, where the related liquid
RIs are calculated using Eq. 4.9. Fig. 4.16 shows the simulated scattered intensity
corresponding to the x-position. It is observable that the intensities at the edge area of
the nanochannel are slightly increased as the temperature gets higher. It indicates that
the mode transit from Gaussian to evanescent, which is in agreement with the measured
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Figure 4.15: Simulation of the random walk and the sampled intensities. (a) Trajec-
tory (1000 steps shown) of a 50 nm nanosphere within the nanochannel (the diameter
is 400 nm). Intensities corresponding to the x-positions, and the histograms of the
CB/SB, where the RI of liquids is (b) 1.44 (evanescent mode) or (c) 1.48 (Gaussian
mode), respectively.

results shown in Fig. 4.14. The simulated CB/SB histograms corresponding to the
temperatures are depicted in Fig. 4.17, and compared with the experimental results
(Fig. 4.11), the results exhibit a high similarity, from which the simulated flat-field
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condition occurs at 30.45 ◦C and the measured one is 28.5 ◦C. Thanks to the FaNTA
which provides a long trajectory of the nanoparticle, it ensures sufficient accuracy in
the statistical analysis. Even if the mode intensity changes very slightly around the
flat-field condition, we can still judge the mode types through the peak positions of the
histograms.

Figure 4.16: Scatter plots of the simulated intensities corresponding to the transver-
sal positions at temperatures 20, 23, 25, 30, and 35◦C.
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Figure 4.17: Simulation of the FaNTA experiments with the RI of liquid (9 wt. %
water and 91 wt. % DMSO mixture) tuned by temperature scan to determine the
flat-field conditions. (a) Histograms of the CB and SB with temperature of 20, 23, 25,
30, 35 ◦C. The number of intensity points used in each histogram is noted as NCB
or NSB. The dotted horizontal lines indicate the positions of the histogram peaks
Ibin
max. (b) The relative shifts of the peaks δImax = (ICB

max − ISB
max)/I

CB
max as a function

of temperatures (bottom axis) and RI of the liquid (top axis). The temperature at
which the flat field condition occurs is determined by the linear interpolation of the
two points beside. The colored backgrounds refer to the types of the mode near the
flat field condition (light green: Gaussian-type, light blue: evanescent-type).
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4.6 Chapter Summary

This work presents for the first time the realization of an optical field with constant
intensity along all three spatial directions (including the propagation direction), the
so-called light strand, based on optofluidic nanostructured fiber. The essential feature
of this approach is the integration of externally accessible nanochannel in the core of
the step-index optical fiber, which enables the studies of light-matter interactions in
nanoscale fluidic environments. This optical mode is generated by filling the nanochan-
nel with RI-matched liquid and the RI is finely tuned through temperatures, which
makes it satisfy the flat-field condition, resulting in an optical field intensity that ex-
hibits no transversal or longitudinal intensity variation within the fluidic nanochannel.
The analytical model reveals the generally valid condition for obtaining flat fields and
modal dispersion properties, which can be appropriately extended to other types of
waveguides.

Furthermore, the light strand was verified by performing FaNTA experiments, where
a 50 nm gold nanosphere was used as a Brownian nanoprobe to sample the spatial in-
tensity distribution inside the flat mode domain. The statistical method is designed
to analyze the measured intensity data and the results clearly show evidence of the
homogeneous intensity profile. Regarding the feature of waveguide mode, the longitu-
dinal range of the light strand can be further prolonged to arbitrary length, which is
principally challenging in free space optics due to the inherent diffracting nature of
light. The flat-field condition is not limited to the regimes discussed in this work and
could be extended to other waveguide systems, such as nanoslot waveguides, on-chip
hollow-core waveguides, and antiresonant fibers, however, due to the specificities of the
waveguide structures, more detailed studies are needed to uncover the mode properties.

In outlook, the concept of light strand provides a new platform applicable for many
research fields, including life sciences (e.g., characterization of nanoobjects such as
viruses and biomacromolecules and analysis of chemical or biological reactions), fluids
dynamics (e.g., studies of softer matters or rheology in nanoscale), fundamentals of
light-matter interactions (e.g., measurements of light scattering and photon pressure on
nanoobjects), and optical sensing (e.g., measurements of RI, temperatures and viscosity
of liquids).
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5 | NTA in Fiber-assisted Optofluidic

Device with Flattened Illumination

Thanks to the spatial restriction of nanoobjects by microfluidic channel and simulta-
neously the guided mode in microstructured optical fiber, the FaNTA platform can
achieve ultralong and label-free tracking of the Brownian motions of a single nanopar-
ticle. The previous chapter demonstrated the formation of a flattened light field in the
fluidic nanochannel—light strand— could effectively increase the focal depth of the
tracking measurement. However, regarding the used NBF, the volume of the specimen
has been limited by the dimensions of the nanobore and optical core of the fiber. Thus,
to detect and identify nanoparticles in extended space, a concept of a fiber-assisted
optofluidic chip with flattened illumination is proposed in this work. It experimentally
demonstrates that the device can work for a long nanoparticle tracking without spatial
dependence of light field, in particular, a large fluidic channel (diameter is 4µm) is
available, which may provide a new platform applying for the studies of nanomaterials
and microfluidic technologies.

This chapter is based on the publication by Gui et al. 150, reproduced with a CC-BY
license, published by De Gruyter.

5.1 Introduction

The development of microfluidic platforms has attracted great research interests and
widely employed in many fields, such as biosensors 151–154, living cell analysis155–159,
nanomaterials characterization160,161 and nanomedicine162,163. In recent years, one of
the key directions is the detection of nanoparticles based on optofluidic devices, aiming
to have high sensitivity, selectivity and high system integration, which is becoming an
important experimental approach used in advanced biochemical sensing 164–166.

It has been demonstrated that the waveguide-based optofluidic system, such as the
FaNTA using NBF as presented in the previous chapters, is an emerging scheme applied
in NTA experiments. However, a common issue that may limit the use of waveguides in
NTA is that the guided modal fields are spatially dependent, according to the guidance
mechanisms. Although the flattened mode is developed in the NBF, the transversal
dimension is nanoscale (400 nm). Furthermore, simulations show that as the channel
size increases, more precise control (liquid RI or temperature) is required to obtain the
flat-field condition. This fact may limit the applications of the light strand due to the
restricted volume and accessibility of the specimens.
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There is an increasing demand for integrated optofluidic sensing chips, e.g., spec-
troscopy measurements based on 3-D nanoprinted waveguide 167, on-chip molecular
biosensor168, single particle traps and fluorescence detection using optofluidic chip 169

and on-chip fluorescence optofluidic microscope170. In this context, a fiber-integrated
optofluidic chip is proposed and employs a capillary fiber with a larger fluidic channel
(the diameter is 4 µm) for containing the analytes, and a single-mode launching fiber
for straightforward illumination on the observing region. Note that the RI of the liq-
uid needs to be consistent with that of the silica capillary (nc=1.4607), which is by
using a DMSO aqueous solution. As a result, the illuminating beam can propagate in
a homogeneous medium and there is no guiding mode formation in the capillary fiber,
which is the key aspect of the working principle for this device. This solution can not
only achieve the constant illumination of nanoobjects but also shows two advantages
compared to the light strand concept: i) it offers the specimens a larger volume capacity
for light-matter interactions; ii) the optofluidic system has a higher on-chip integra-
tion degree, which provides more capacity and efficiency in understanding biochemical
processes.

In this work, the proposed concept was experimentally verified by implementing
NTA measurement, where a single 50 nm gold nanosphere was tested and the length of
the obtained trajectory is 65000 frames with a total duration of 60 seconds. The light
field distribution in the microchannel was analyzed by using statistical histograms,
defined by the center and side regions according to the x-positions (see section 4.3.3),
of the scattered intensity. The overlapping histograms indicate that the illumination
in the microchannel is flattened. Therefore, these results confirm that the proposed
optofluidic chip can achieve a uniform light field within the observation area and has
the ability to track single nanoparticles with a large number of frames, demonstrating
the potential of this technology applied in fundamental studies of life science and light-
matter interaction.

5.2 Working Principle

The concept of fiber-assisted optofluidic chip for NTA measurement is illustrated in
Fig. 5.1 (a). The experimental setup consists of a launching optical fiber and a capillary
fiber which are aligned on a silica v-groove and exposed to the liquid environment of
interest. The nanoparticles to be measured are filled in the capillary and the transversal
diffusing motions are limited by the walls of the microchannel so that the nanoparticles
will stay in the depth of focus for a long observation time. The lateral scattered light
is collected via a standard optical microscope above the capillary fiber and imaged on
a CMOS camera.
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The crucial part of this approach is the special type of illumination provided for the
tracking area. Here, the beam emitted from the launching fiber can be approximated
as a Gaussian beam171. During the propagation, the diameter of the beam continues
to expand, and when it reaches the observation area, the beam width will exceed the
actual diameter of the microchannel. By properly adjusting the distance between the
two fibers, the intensity distribution of the beam across the microchannel is almost
uniform (the difference in light intensity between the center and edge of the channel is
less than 1%, as shown in the inset of Fig. 5.1 (a)).

5.2.1 Illumination with Gaussian Beam

The top view of the chip with detailed parameters is shown in Fig. 5.1 (b). The intensity
profile of the launching beam can be described as a Gaussian function,

I(r, z) = I0[
ω0

ω(z)
]2exp[− 2r2

ω2(z)
], (5.1)

where ω(z) = ω0

√
1 + (z/zR)2 is the beam radius as function of the propagating dis-

tance z, zR = πω2
0n/λ is the Rayleigh range, ω0 is the beam waist, λ is the wavelength

and n is the RI of the medium.

Using Eq. 5.1 and the experimental parameters that the diameter of the microchan-
nel is 4 µm, λ = 0.532 µm, and ω0 = 4.2 µm, the light intensity at the liquid-solid
interface (r = 2 µm, denoted as I1) and that at the center of the microchannel (r = 0

µm, denoted as I2) are calculated. The arrangement and coordinate system of the cal-
culations are presented in Fig. 5.2 (a). The ratio I1/I2 as a function of the propagation
distance z is shown in Fig. 5.2 (b). It indicates that the intensity difference along the
transversal direction of the microchannel is about 1% when z = 1 mm. The longitudi-
nal intensity of the beam is reduced by 17% starting from z = 1 mm (the entrance of
the capillary fiber) to z = 1.1 mm, as shown in Fig. 5.2 (c).

Consider a single nanoparticle, e.g., the 50 nm gold nanosphere used in the exper-
iment has a diffusing length of Ldif =

√
2Dτ = 17 µm, where D = 2.23 µm2/s (the

measured diffusion constant) and τ = 65 s (the observation time) are used for calcula-
tion. Thus, taking into account the dependence of the longitudinal intensity (decreasing
17% in 100 µm), the relative fluctuation of the scattered intensity of a single nanopar-
ticle during the tracking can be estimated by δI = 17%×17% = 2.9%, which indicates
that the illumination has a good flatness for the NTA measurement. Note that the
distance between the launching fiber and the capillary fiber can be further enlarged to
reduce the intensity variation of the beam in all three dimensions.

The calculation is based on the ideally homogeneous medium where none of any leaky
modes exist. Once the RI of the liquid is inconsistent with that of the silica cladding,

67



5.2 Working Principle

Figure 5.1: The concept of the fiber-assisted optofluidic device for NTA experiment
under flattened illumination. (a) The concept of the nanoparticle tracking analysis
using capillary fiber, where the launching and capillary fibers are placed on a silica
V-shaped groove for alignment of the optical axis. The blue area refers to the flu-
idic channel with golden nanoparticles filled by water-DMSO mixture of which the
refractive index is consistent with the cladding of the capillary. The insert shows the
light intensity in the liquid strand with an almost flat field (the difference between
center and edge is less than 1%). (b) The top view of the device and the corresponding
parameters of the system.

leaky modes can emerge in the capillary fiber, depending on the RI contrast of the
medium, which needs to be avoided in the NTA experiment. Numerical simulations are
performed to study the mode properties in the presence of RI-mismatch.

5.2.2 Numerical Simulations

The key point of the working principle is the use of DMSO aqueous solution of which
the RI (noted as n) needs to match the RI of the silica capillary fiber (nc) to avoid

68



Chapter 5

Figure 5.2: Intensity calculation of the launching beam using the experimental pa-
rameters λ = 0.532 µm, ω0 = 4.2 µm and n = 1.4607. (a) The arrangement and
coordinate system in the calculation. (b) The ratio of the beam intensities at the
wall-liquid interface, I1 (r = 2 µm), and the center, I2 (r = 0 µm), of the microchan-
nel as a function of the propagation distance z. (c) The longitudinal intensity of the
beam (I2) in the range from z = 1 mm to z = 1.1 mm.

leaky mode formation in the capillary fiber. However, in practice, there is always an
RI mismatch in the prepared liquids. Therefore, to investigate the mode behaviors in
the presence of RI differences between the liquid and silica capillary fiber, numerical
simulations are performed using FEM software COMSOL Multiphysics 5.2.

In the simulation, the frequency domain solver with a 2-D axisymmetric model is
applied to compute the modal field distribution in the capillary fiber. The outer space
is surrounded by perfectly matched layers (PML) to simulate the infinite domain.
Without loss of generality, a plane wave is set as the excitation field in the simulation
domain and the scattered field is computed in the existence of the fluidic microchannel.
The working wavelength is 532 nm and the RI of silica nc = 1.4607 with a capillary
hole diameter of 4 µm. Note that the liquid domain extends a distance of 1 µm outside
the capillary as the launching area of the beam so that the excitation plane wave in the
simulation can be written as piecewise expressions by using the Fresnel equation: (i)
liquid part: E1 = E0exp(−ik1z)+r0E0exp(ik1z); (ii) capillary part: E2 = t0E0exp(ik2z),
where r0 = (n − nc)/(n + nc) is the reflection coefficient and t0 = 2n/(n + nc) is the
transmission coefficient at the liquid-silica interface. E0 is the amplitude of the plane
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wave, k1 = 2πn/λ and k2 = 2πnc/λ are the wave numbers in the liquid and capillary
fiber, respectively. The simulation model is depicted in Fig. 5.3 (a).

Figure 5.3: Simulations of the intensity distributions of electric fields in the capillary
fiber filled with water that n = 1.33. (a) Sketch of the simulation domain, where the
excitation fields are plane waves, and the scattered fields from the liquid channel are
simulated. The length of the liquid part is set as 1 µm in the simulation. (b) A 3-D
view of the modal distribution in the water-filled capillary. The red arrow indicates
the position of z=50 µm. (c) Line plot of the radial modal intensity measured along
the red arrow denoted in (b).

It is worth noting that the NTA experiment is conducted in the input area of the cap-
illary fiber (∆z < 200 µm) taking into account two factors: (i) to avoid multi-reflection
from the outer interface of the capillary fiber; (ii) to provide enough illuminating inten-
sity for the detection of scattered light (central intensity of the beam reduces to 1.2%
after a propagation distance of 1 mm). The longitudinal dimension of the simulation
domain is 50 µm starting from the entrance of the microchannel. Firstly, the 3-D view
of the field distributions for the case of the water-filled capillary is computed and shown
in Fig. 5.3 (b), and the corresponding line plot of the radial profile is shown in Fig. 5.3
(c), which is measured at the position of 50 µm inside the microchannel.

It clarifies that leaky modes occur in this case since the total internal reflection fails
due to the low RI of the water channel. There are complex field distributions in the
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channel and cladding, showing both horizontal and longitudinal dependencies, which
are not suitable for NTA experiments since the scattered intensity will change rapidly
with the diffusing motions of the nanoparticle. For example, the light intensity at the
edge of the microchannel has dropped by 90% compared to the center. As a result, the
received scattered signal of the nanoparticle will be blinking as the diffusing motions,
and the trajectory interrupts at the positions where the intensity is too low. This will
significantly deteriorate the accuracy of the NTA measurement.

Figure 5.4: Simulations of the intensity distributions of electric fields in the capil-
lary fiber filled with RI-mismatches, ranging from -0.008 to 0.008. The line plots are
measured at the position of 50 µm inside the microchannel.

Next, the cases of relatively small RI-mismatch that could happen in practical appli-
cations are studied and the results of radial profile (measured at the position of 50 µm
inside the microchannel) are shown in Fig. 5.4. The RI-mismatch is denoted as ∆n and
the RI of the liquid is denoted as n = nc+∆n. The results indicate that when ∆n > 0,
the total internal reflection is valid and the capillary acts as a step-index optical fiber,
most of the light fields are confined in the high-RI channel, forming a waveguide mode.
On the contrary, once the ∆n < 0, the leaky modes emerge in the cladding, and as the
RI difference decreases, the amplitude of the leaky mode is further increasing. In the
case of ∆n = 0.002, the capillary fiber works as a weakly-guide optical fiber and the
core mode is approximately Gaussian, where the modal intensity drops by 40% from
the center to the channel’s wall.

As a representative, the 3-D viewed distributions of electric field intensity with the
RI-mismatches ∆n = −0.004, 0.004, and 0.000 are shown in Figs. 5.5 (a), (b), and (c),
respectively. The radial modal distributions measured at the distance of 50 µm inside
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the microchannel are shown as the line plots in Fig. 5.5 (d). The results indicate that
when the ∆n = 0.004, a guided mode will be excited in the microchannel and the modal
intensity of the center is about 3 times larger than that of the liquid-wall interface.
Whereas, when ∆n = −0.004, the leaky mode occurs, and within the microchannel,
the central light field is about half of the lateral field intensity.

Figure 5.5: Simulations of the intensity distributions of electric fields in the capil-
lary fiber with RI-mismatches of the liquid ∆n. (a) ∆n=-0.004. (b) ∆n=0.004. (c)
∆n=0.000. (d) Line plots of the radial modal intensity measured at the position of
z=50 µm.

5.2.3 Experimental Setup

We performed an NTA experiment to demonstrate the fiber-integrated optofluidic de-
vice with flattened illumination. The experimental setup is shown in Fig. 5.6. Here, the
launching fiber and capillary fiber (channel diameter is 4 µm) were aligned on a silica
V-groove chip, where the launching fiber was fixed on the chip by using UV curing
epoxy (Vitralit ®1605) and maintained a distance of approximately 1 mm from the
capillary fiber. To eliminate any potential bubble issues, plasma treatment with 100 W
for 1 minute was performed before the tracking experiments.
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In the experimental setup, the laser light (Coherent Verdi G, λ=532 nm) was de-
livered by a single-mode fiber (Thorlabs, S405-XP), which was then spliced with the
polarization controlling loops (polarized along the x-direction) that were made by a
low NA fiber (NA=0.05). The light was fiber-to-fiber coupled into the launching fiber
(NA=0.05 and core diameter is about 7 µm), which is operating in single mode. The sus-
pended solution of 50 nm gold nanospheres (nanoComposix, ultrauniform) was mixed
with DMSO (the volume of water in the mixture is 18.2%). Then the liquid sample
was loaded on the chip and a glass coverslip was covered above to improve the imaging
quality. The nanoparticles were imaged using a 10x objective (Olympus Plan Achro-
mat, NA=0.25, depth of field dz = 10 µm) and recorded by a CMOS camera (Basler
acA4096-40 um) where the FoV of the captured frame is 30×600 pixels2, and the used
frame rate and exposure time were 1000 Hz and 0.2 ms, respectively.

Figure 5.6: Experimental setup of the fiber-assisted optofluidic device with flattened
illumination from a divergent Gaussian beam. The chip is placed under a standard
optical microscope for the tracking measurements. 532 nm laser is delivered through
a single-mode fiber with polarization control loops and fiber-to-fiber coupled into the
launching fiber. The liquid is loaded directly on the chip and filled into the microchan-
nel via capillary force, and the capillary is sealed by glycerin after the filling is done.
A glass coverslip is used to enhance the imaging quality.

5.3 Results

The designed optofluidic chip was tested by carrying out an NTA experiment and
directly exposed to the liquid sample of interest. The light beam emitted from the
launching fiber propagates about 1 mm and then reaches the end face of the capillary
fiber. Within the envelope of the illuminating beam, diffusing nanoparticles (the con-
centration is 8 × 108 particles/ml) can be observed in the free space. The region of
the NTA experiment was selected in the entrance part of the microchannel, where the
nanoparticles were transversely confined to obtain a long trajectory. The microscopic

73



5.3 Results

image of the working area of the device is shown in Figs. 5.7 (a) and (b). A representa-
tive image of the tracked nanosphere is shown in Fig. 5.7(c) using a logarithmic scale
and the Airy pattern indicates that the imaging system is diffraction-limited.

Figure 5.7: Representative images of the fiber-assisted optofluidic device and its
working status for NTA experiments. (a) Microscopic image of the device before filling
liquid. The distance between the launching and capillary is around 1 mm. (b) The
working device after loading the liquid sample. (c) Enlarged views of the nanoparticles
in the fluidic microchannel of the capillary. The nanoparticle framed by the green box
is displayed in the logarithmic scale.

5.3.1 Scattered Intensity Measurement

Due to the confinement of the microchannel, nanoparticles can stay in the FoV with
a long observation time to guarantee the statistical significance of the measurement.
More importantly, the loading liquid has the same RI as the capillary fiber so that
there is no guiding mode formation in the microchannel, leading to a free propagation
of the illuminating beam. As calculated in Fig. 5.2, within the channel, the transversal
intensity difference of the beam between the center and wall is less than 1%, which
can effectively increase the depth of focus for the tracking experiment. Besides, the
fluctuations of the longitudinal intensity of the beam can be ignored within the observ-
ing duration (60 s) due to the short diffusing length of the nanoparticle (17 µm). The
measured time-dependent scattered intensities of a single nanoparticle diffusing in the
microchannel are shown in Fig. 5.8.

A trajectory of a 50 nm single nanosphere has been obtained with 65,000 frames
recorded and the total observing duration is 65 seconds, shown in Fig. 5.8 (a). The time-
dependent scattered intensities have a Gaussian distribution, shown in Fig. 5.8 (b), from
which the relative standard deviation is δI = σI/I = 5.7%, which is consistent with the
estimation in section 5.2, demonstrating the benefit of the flattened illumination that
can improve the capability of the fiber-assisted optofluidic device in ultralong tracking
of single nanoparticles. Note that the variation of both the transversal and longitudinal
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intensity is negligible in the time window of the recording (typically 65 s and diffusing
length is 10 µm), which is shown in Figs. 5.8 (c) and (d).

Figure 5.8: Results of the scattered intensity of a single nanosphere with the flat-
tened illumination. (a) Scattered intensity (normalized by the averaged value) as a
function of the recorded frames (bottom axis) and time (top axis). Here, the obtained
trajectory length is 65000 frames with a total observation time of 65 seconds. (b)
Statistical histogram of the intensity, showing a well Gaussian distribution with a rel-
ative standard deviation of 5.7%. (c) Scattered intensity as a function of x-positions,
which shows a flat distribution along the transversal direction of the microchannel.
(d) Scattered intensity as a function of z-positions, which shows a diffusing length of
20 µm in the longitudinal direction.

To further analyze the light field distribution in the transversal direction of the
microchannel, similar to the method used in section 4.3.3, the cross-section was di-
vided into the center bin (CB) and side bin (SB) according to the x-positions of the
nanosphere, as shown in Fig. 5.9 (a). The data points of the scattered intensity located
in the defined bins were extracted and plotted into histograms, and the results are plot-
ted in Fig. 5.9 (b). It reveals that the histograms of the CB and SB possess well Gaussian
distributions and overlap to each other. The intensities in the histograms are normalized
by the intensity at the maximum probability (obtained by Gaussian fitting) of the CB.
The related outputs are ICB

max = 1.00001 and ISB
max = 1.00235, and the FWHM of the CB

and SB are ∆ICB
FWHM = 0.13351 and ∆ISB

FWHM = 0.13529, respective. The relative shift
between the peaks of the CB and SB is defined as δImax = (ICB

max−ISB
max)/I

CB
max = −0.23%,

which indicates that the intensity difference between the central and lateral areas of
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the fluidic microchannel is quite subtle and demonstrates a well establishment of the
nearly flattened illumination through the Gaussian beam.

Figure 5.9: Histograms analysis of the scattered intensity using the center/side bins
defined by the x-positions of the nanoparticle. The trajectory of the nanoparticle
includes 65,000 frames which has been shown in Fig. 5.8 (a). (a) The defined center bin
(CB) and side bin (SB) in the cross-section of the fluidic microchannel. (b) Statistical
histograms of the intensities in the CB and SB. The numbers of data points used for
the histograms are NSB = 14821 and NCB = 17632, respective.

The key results of the intensity measurement have been summarized in Table 5.1.
It is worth noting that here the diameter of the fluidic channel is 4 µm, which is much
larger than the ones used in NBF91,123. The advantages arise from the straightforward
illumination in a homogeneous medium that avoids the formation of guiding modes as
well as the spatial intensity dependency inside the microchannel.

Scattered Intensity of Static Nanosphere

To quantify the intrinsic noise of the optofluidic system, the scattered intensity of an
immobile nanoparticle in the microchannel was measured, and the results are shown
in Fig. 5.10. The time-dependent intensity has a Gaussian distribution with a relative
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standard deviation of 1.1%, which could be caused by the freely diffusing nanoparticles
outside the capillary.

Figure 5.10: Intensity measurement of static nanoparticle in the fluidic microchannel.
(a) Scattered intensity as a function of the frame index (bottom axis) and the recording
time (top axis). (b) Statistical histogram of the recorded intensities with a Gaussian
fitting, where the relative standard deviation is 1.1%.

Parameters Symbol Unit Value
Number of frames Nf 1 65,000
Recording time τ s 65
Frame rate ν Hz 1000
Exposure time te ms 0.2
Measured relative standard
deviation of intensity δIexp. % 5.7
Calculated relative standard
deviation of intensity δIcal. % 2.9
Peak intensity of CB ICB

max 1 1.00001
Peak intensity of SB ISB

max 1 1.00235
FWHM of CB ∆ICB

FWHM 1 0.13351
FWHM of SB ∆ISB

FWHM 1 0.13529
Peak shift δImax % -0.23

Table 5.1: Key results of the intensity measurements obtained from the NTA exper-
iments using the fiber-assisted optofluidic device.

5.3.2 MSD Analysis

With the benefits of the flattened illumination and confinement of the microchannel,
the nanoparticle can be continuously tracked with ultralong duration, providing ex-
traordinary statistical accuracy. Note that the total number of frames in this work
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may be limited by the tracking area chosen as the input part of the capillary (a length
of 100 µm). The trajectory of the nanosphere in z-direction as the index of recording
frames (time) is shown in Fig. 5.11 (a). For different lag times, the displacements dis-
play well Gaussian distributions, indicating that the nanoparticle behaves with good
characteristics of Brownian motion, which is shown in Fig. 5.11 (b). The diffusing co-
efficient of the nanosphere was measured by fitting the first two lag times of MSD, and
the output is D = 2.23 µm2/s. The result is verified by performing PSD fitting and
the obtained D = 2.37 µm2/s. The hydrodynamic diameter can be calculated using
the Stokes-Einstein relation d̃ = KBT/3πηD. Considering the experimental environ-
ment, the temperature T = 293.15 K, the viscosity of DMSO/water mixture is roughly
η = 3.3× 10−3 Pa·s, giving the d̃ = 58.44 nm.

Figure 5.11: MSD analysis of the obtained trajectory of a single nanoparticle. (a)
The trajectory of the nanoparticle in z-direction as a function of the frames (bottom
axis) and time (top axis). (b) Statistical histograms for the displacements of the
nanoparticle with different lag times of 1, 10, and 20 ms. Gaussian functions are used
for the fittings of the histograms. (c) MSD fitting using the full trajectory. The first
two lag times are used for the fitting. The cyan circles are the calculated MSD and
the dashed line is the fitted curve. (d) PSD fitting to the trajectory.
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Note that the calculated d̃ is measured in a confined domain with the walls of the
microchannel, which will be larger than the one diffusing in unconfined space (more
discussions see section 3.3.4). As shown in Fig. 5.11 (c), note that the nanoparticle is
still acting as free diffusing regarding the fact that the MSD has a linear dependency up
to the first 10 lag times, which means the hindrance effect of the microchannel does only
have a linear modification to the diffusion coefficient. The hindrance effect, referring
to the averaged resistance factor Ravg, is calculated based on the theoretical model
introduced in the literature114. The retrieved diameter of the nanosphere (unconfined)
df = d̃/Ravg = 54.82 nm, where Ravg = 1.066 and more details about the calculation
can be found in section 3.3.4.

Figure 5.12: Segmented analysis of the full trajectory. (a) Diffusion coefficient D as
a function of the number of frames per sub-trajectories Nc. (b) The diameter of the
nanosphere retrieved from the obtained D with corrections of the hindrance effect.
The error bars in (a) and (b) represent the standard deviations of the D and df in
the assembles of sub-trajectories. (c) MSD curves with the Nc = 5000. (d) Relative
standard deviations of the measured D as function of Nc, which are compared with
the theoretical prediction by CRLB.

To reveal the accuracy of the NTA experiment in the determination of diffusion
coefficient, MSD analysis was individually performed on the sub-trajectories that were
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segmented from the full trajectory (65,000 frames), and the standard deviations of D
were calculated. The obtained values of D and retrieved diameter df (corrected by the
resistance factor) as functions of the frames of sub-trajectories Nc are separately shown
in Figs. 5.12 (a) and (b), where the error bars refer to the standard deviations in the
assemble of sub-trajectories. It indicates that the errors of D and df are both decreasing
as the increasing of Nc, whereas the averaged D and df keep almost unchanged, giving
the values of 2.23 µm2/s and 55 nm, respectively.

Due to the statistical nature of MSD analysis, even though the sub-trajectories are
obtained from the identical nanoparticle, there are still deviations in the slopes (D)
and offsets of MSD curves. The fitted MSDs for which Nc = 5000 are represented
in Fig. 5.12 (c). The MSDs of 13 sub-trajectories have offsets which are all near to 0,
indicating the noise is very small in the measurement. The relative error of the diffusion
coefficients σseg

D /D obtained from the sub-trajectories as a function of Nc are plotted
in Fig. 5.12 (d), and compared with the theoretical CRLB. Here, the CRLB has been
expressed in Eq. 2.42 and rewritten as below

S(D)

D
≥

√
2

d(N − 1)

(
1 + 2

√
1 + 2x

) 1
2 ≈

√
6

Nc − 1
, (5.2)

where x ≈ 0 is the reduced square localization error45, referring to a negligible local-
ization uncertainty of the measurement.

The experimental results are in good agreement with the theoretical lower bound of
errors, which demonstrates that the proposed device has been working with an ultra-
low level of noise in the NTA measurement. The key results of the MSD analysis are
summarized in Table 5.2.

Parameters Symbol Unit Value
Diameter of the nanosphere d nm 50
Temperature T K 293.15
Viscosity of the liquid η Pa·s 3.3×10−3

Radius of the channel a µm 2
Diffusion coefficient (Nc=65,000) D µm2/s 2.23
Retrieved diameter (unconfined) df nm 54.82
Averaged resistance factor Ravg 1 1.066
Relative standard deviation of D (Nc=5000) σseg

D /D % 4.74
CRLB (Nc=5000) σD/D % 3.46
CRLB (Nc=65,000) σD/D % 0.96

Table 5.2: Key results of the MSD analysis for the segmented sub-trajectories and
the estimation of errors.
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5.4 Discussion

The concept of an on-chip fiber-assisted optofluidic device allows for nanoparticle
tracking analysis with ultralong trajectories, which is attributed to the confinement
of nanoobjects in microchannel and the flattened illumination, eliminating the spatial
intensity dependence of the scattered light. The constant field in the tracking area has
been demonstrated by the overlapping intensity histograms of central and lateral bins
of the microchannel, and the segmented MSD analysis clarifies that the approach can
provide ultralow noise in the determination of diffusion coefficient.

One key point of the working principle is the use of DMSO aqueous solution which
is prepared to have the identical RI with the silica capillary fiber, to construct a ho-
mogeneous medium for the launching beam and avoid any guided mode formation. In
the presence of RI-mismatches between the liquid and capillary, simulations show that
two types of modes can exist in the domain of capillary fiber, the leaky mode (n1 < nc)
and core mode (n1 > nc), for which the modal fields have complex distributions in
both transversal and longitudinal directions. Therefore the RI-adjusted liquid needs
to be calibrated and prepared carefully according to the experimental environment.
The launching and capillary fibers have the same outer diameter (125 µm) and are
placed on the V-groove to align their optical axes. Many freely diffusing nanoobjects
can be seen in the path before the launching beam reaches the capillary fiber, which is
shown in Fig. 5.7 (b). To reveal the impacts of these mobile scatters on the illumination
fields in the tracking area, the scattered intensity of a static nanoparticle inside the
microchannel was measured and the results are shown in Fig. 5.10. It indicates that
the time-dependent intensity in the channel remains quite stable (δI = 1%) and the
disturbing introduced by the dynamic scattering in the free space can be ignored.

Another important issue of the microfluidic chip is the air bubbles that could arise
from the trench of the V-groove. Thus plasma treatment has been done before loading
the specimen solution on the device to improve the surface wettability and adhesion
of the liquid, which can eliminate the risk of bubble formation. It is worth noting that
the tracking area was selected at the part close to the entrance of the capillary (∼200
µm as shown in Fig. 5.7), which is to avoid the disturbing by the reflected beams from
the outer surface of the capillary fiber. This may limit the applications of the device
due to the restricted tracking domain and static microfluidic environment. A potential
solution is to integrate a flow-controlling system so that the targets can be purposefully
selected and manipulated, which requires further design and study.

Regarding the NBF that uses the guiding mode to generate flattened fields 123, it re-
quires critical structural parameters of the optical fibers, and a single mode operation as
well as a particular RI of the working solution is desirable. As a consequence, the fluidic
channel may be restricted to a relatively small size. Whereas, the on-chip optofluidic
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device allows quite flexible scales of the channel (several micrometers in this work and
larger ones are possible), which unlocks the dimensional limit of the detecting volume
in NBF. With these benefits, the proposed method enhances the capability of FaNTA
for ultralong tracking of single nanoobjects and opens up new possibilities in funda-
mental studies of light-matter interactions, for example, characterizing the rotational
diffusion of nonspherical nanoparticles or for the size and RI measurements.

5.5 Chapter Summary

This work develops an on-chip fiber-assisted optofluidic device, and an NTA exper-
iment was performed to demonstrate that the method allows for ultralong tracking
of nanoparticles (65000 frames with a total observation of 60 seconds) and high ac-
curacy of diffusion coefficient measurement (relative error of 1%). This approach can
simultaneously illuminate and limit diffusing nanoparticles in microscale, particularly,
providing a spatial-independent illuminating field in the fluidic domain. The unique fea-
ture of the flat field is the employment of an expanded Gaussian beam as illumination
of the NTA experiment, where the intensity difference is negligible in the tracking area.
The working principle is based on the RI-matched liquid filling around the optofluidic
environment, leading to a vanished RI contrast between the solid-liquid components
and homogeneous medium for the launching beam. Moreover, the flat field supports
fluidic channels with microscale (4 µm) and the size can be further increased upon
request, which is difficult to achieve in case the guiding modes are used in NBF. These
advantages expand the FaNTA more application prospects in the context of life science
and the fundamental study of light-matter interactions.
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6 | Summary and Outlook

6.1 Summary of the Thesis

Chapter 1 starts from the background of Brownian motion of nanoparticles in liquid
environments and reviews the concept of NTA and its state-of-the-art applications in
multiple research fields. The chapter then introduces the FaNTA method and discusses
the advantages compared to the conventional setups. The motivation of the thesis is
to demonstrate the capability of FaNTA in ultralong tracking of label-free and fast-
diffusing single nanoparticles. Moreover, two schemes are proposed to further improve
the performance by utilizing the flattened light fields in microstructured fibers.

Chapter 2 introduces the fundamentals of fiber optics including step-index opti-
cal fiber and nanobore fiber, and the general condition of flat-field mode is given for
waveguides working with the total internal reflection. Then the theoretical description
of Brownian motion and the MSD method are presented. In addition, the PSD method
is introduced as an alternative approach to determine the diffusion coefficient from the
data of trajectory.

Chapter 3 presents an ultralong tracking of 50 nm gold nanosphere (typically
100,000 frames and 40 s duration obtained) by using NBF. This work clarifies the
advantages of NBF in continuous tracking of fast-diffusing single nanoobjects, which
is due to the fluidic nanochannel that spatially confines the targets in the FoV. It
demonstrates that the FaNTA is a useful platform in the dynamic characterization of
nanoparticles or associated fluids environment, in particular, it provides extraordinarily
high accuracy in the measurement of diffusion coefficient.

Chapter 4 points out an issue with using NBFs for NTA experiments: the length of
the tracking could be limited by the variant scattered signal arising from the spatial-
dependent intensity of the guided modes in optical fiber. To overcome this problem,
this work introduces a scheme to establish a flat mode—light strand—in the fluidic
nanochannel of NBF. The key feature of the light strand is the constant modal intensity
in all three dimensions of the tracking domain, which can significantly improve the
depth of focus for the NTA experiments. Besides, the flat mode is experimentally
demonstrated by analyzing the scattered light from a single nanoparticle diffusing in
the nanochannel, and the mode transition from Gaussian to evanescent is observed via
temperature-induced RI tunes of the liquid.

Chapter 5 presents an on-chip approach to realize the flat-field illumination for
NTA experiments by employing a fiber-assisted optofluidic device. The idea is to use
a divergent Gaussian beam for direct illumination of nanoparticles, and the changes
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in intensity of the beam are negligible within the tracking area. The concept has been
experimentally demonstrated by analyzing the scattered intensity from the central and
lateral regions of the microchannel, where 65000 frames (65 s duration) are typically
obtained and the intensity distribution is almost flat (3% relative fluctuation). Com-
pared to the light strand implemented in NBF, this method is free of guided modes
and allows larger-sized fluidic channels to accommodate more samples of interest, which
brings a new optofluidic platform in the context of NTA.

The main contributions of the thesis include two aspects: (i) to reveal the ability of
FaNTA in dynamic monitoring of nanoobjects with ultralong time and high localization
accuracy; (ii) to increase the focal depth of NTA experiments by employing the flattened
light fields within the observation area. The results indicate that FaNTA has application
prospects in the research fields, such as biochemistry sensing, nanomaterials science,
and the fundamental study of light-matter interactions.

6.2 Outlook

As an outlook of the current works, the smallest limit of the detectable nanoparticle in
FaNTA with flattened modes needs to be investigated. So far, the size measurement of
sub-10 nm nanoobjects using antiresonant-element optical fiber has been reported 172.
The NBF could also provide an opportunity to break through the limit in case the
illuminating fields are enhanced and flattened. Furthermore, the flat-field FaNTA is an
ideal platform for the intensity-based measurement of the scattered light. For exam-
ple, the rotational diffusion of non-spherical nanoparticles, such as nanorods, produce
varying scattered intensity to the azimuth angles of the cylindrical axis 173. Another
possible application of the flat field is the RI determination of dielectric nanoparti-
cles122, which relies on the measurement of the scattering cross-section. In addition,
the general condition of the flat field could be applied to other types of microstructured
waveguides, e.g., square-shaped microgap waveguide 146,174, microstructured graded in-
dex fiber102, nanoslot waveguide137 and cylindrical photonic-bandgap fibers80,175. More
detailed perspectives can be found at the end of each chapter.

Besides, regarding the applications of FaNTA in the fields of bioanalytics and life
sciences, future studies could focus on the interactions between nanoparticles and bio-
logical macromolecules. For example, it was reported that the conformations of a single
protein can be monitored by using a nanoparticle-based plasmon ruler 176. The FaNTA
is a potential approach used for that in case the samples can be prepared in proper
solutions. Furthermore, virus particles can also be analyzed by using FaNTA, and the
experiments for coronavirus have been reported177. In particular, the FaNTA with a flat
field may achieve better detection limits, enabling the characterization of smaller-sized
viruses.
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