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Abstract

Significant technological advances of the last years have been possible by develop-
ments in Optofluidics, which is a field that deals with the integration of optics and
microfluidics into single devices.

The work described in this thesis is based on five scientific publications related
to the use of fiber optic technology to build integrated optofluidic devices. The first
three publications are within the field of life-science and point towards in-vivo and
point-of-care applications, whereas the last two publications cover the study and
the use of plasmonic nanoparticles for electrical modulation of light.

Aiming at developing useful tools for in-vivo biological applications, the first
publication consists of designing and testing a functional optical fiber for real-time
monitoring and selective collection of fluorescent microparticles. This probe relies
on a microstructured optical fiber with a hole along its cladding, which is used
to selectively aspirate individual particles of interest once their fluorescence sig-
nal is detected. On the same line of research, the second publication contemplates
the fabrication of a fiber probe that traps single microparticles and allows for re-
mote detection of their optical properties. This probe is also based on a microstruc-
tured fiber that enables particle trapping by fluidic forces. The third publication
addresses the development of an all-fiber miniaturized flow cytometer for point-of-
care applications. This system can analyze, with excellent accuracy and sensitivity,
up to 2500 cells per second by measuring their fluorescence and scattering signal.
A novel microfluidic technique, called Elasto-inertial microfluidics, is employed
for aligning the cells into a single-stream to optimize detection and throughput.

The fourth publication involves the experimental and theoretical study of the
electrical-induced alignment of plasmonic gold nanorods in suspension and its ap-
plicability to control light transmission. This study is done by using an all-fiber
optofluidic device, based on a liquid-core fiber, which facilitates the interaction of
light, electric fields, and liquid suspensions. Results show that nanorods can be
aligned in microseconds, providing a much better performance than liquid-crystal
devices. Finally, the fifth publication consists of an upgrade of the previous de-
vice by integrating four electrodes in the cladding of the liquid-core fiber. This
improvement enables nanosecond response time and the possibility of digitally
switching nanorods between two orthogonal aligned states, overcoming the limi-
tation of slow thermal relaxation.

The work presented here shows that optofluidics based on optical fibers is a
robust and convenient platform, as well as a promising direction for the developing
of novel instruments in fields such as life-science, non-linear optics, plasmonic, and
sensing.



iv

Sammanfattning

Stora framsteg har under senare år gjorts inom optofluidik, vilket är området som
kombinerar optik och mikrofluidik i integrerad komponenter.

Denna avhandling baseras på fem vetenskapliga tidskriftsartiklar där avance-
rad fiberoptisk teknologi använts för att konstruera integrerade optofluidiska kom-
ponenter. I de tre första artiklarna beskrivs komponenter som kan användas inom
livsvetenskaperna, med potential för in vivo- och point of care-tillämpningar, me-
dan de sista två artiklarna behandlar hur man kan styra plasmoniska nanostavar i
fibrer elektriskt, och dess använding för att modulera ljus.

I den första artikeln har en funktionell fiberoptisk prob designats för realtidsö-
vervakning och selektiv infångning av fluorescerande mikropartiklar som ett steg i
att utveckla användbara verktyg för biologiska in vivo-tillämpningar. Proben byg-
ger på en mikrostrukturerad optisk fiber med längsgående hål i manteln. Den an-
vänds för att fånga in mikrometerstora partiklar från en lösning när de detekterats
via fluorescens. I en uppföljningsartikel har vi använt en liknande fiberoptisk prob
för att fånga in och analysera enskilda mikropartiklar och bestämma deras egen-
skaper optiskt. Här utnyttjades hydrodynamiska egenskaper i fibrerna för att få en
kraftfull detektion. Den tredje artikeln handlar om en miniatyriserad flödescyto-
meter baserad på samma typ av optisk fiber. Med denna har vi med hög känslig-
het och noggrannhet kunnat analysera upp till 2500 celler per sekund genom att
mäta deras fluorescens och spridningssignatur. Här har vi också utnyttjat s.k. elas-
to inert-mikrofluidik, för att upplinjera cellerna i en fokuserad ström och därmed
uppnå optimerad detektion och flödeshastighet.

Den fjärde artikeln beskriver teoretiska och experimentella studier av plas-
moniska nanostavar i lösning i en vätskekärnefiber. Nanostavarna upplinjerades
med hjälp av elektriska fält applicerade på elektroder integrerade på en cell som
kopplats till fibern. Detta utnyttjades för att kontrollera transmissionen i fibern.
Kombinationen av ljus och stavarna i lösning med de integrerade elektroderna ger
en mycket kompakt och robust lösning på upplinjeringsproblematiken och de små
dimensionerna innebär att endast låga spänningar behövs. Komponenten reagerar
på mikrosekundskalan och har väsentligt bättre prestanda än traditionella väts-
kekristallmodulatorer. Den femte artikeln, slutligen, handlar om en förbättrad va-
riant av föregående komponent där fyra elektroder har integrerats i manteln på
fibern för upplinjering av nanostavarna i vätskekärnfibern. Nu erhölls switchtider
på nanosekunder och vi kunde få digital switchning mellan två ortogonala till-
stånd och därmed kringgå begränsningen i föregående experiment som orsakades
av den långsamma termiska relaxationen av nanostavarna när fältet var avslaget.

Arbetet som presenterats här visar att optiska fiber är en robust plattform för
optofluidik och det är ett lovande första steg mot instrumentering inom områden
som icke-linjär optik, plasmonik, mätteknik, övervakning och inom livsvetenskap.
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Chapter 1

Introduction

The work presented in this thesis is based on the development of advanced all-
fiber optofluidic devices for life-science and plasmonics applications. This intro-
ductory section gives a brief review of the fields explored in this work; fiber optics,
microfluidics, optofludics, and plasmonics. Subsequently, an introduction to lab-
on-a-fiber and all-fiber optofluidic devices is presented. This section ends with an
overview of the present thesis.

1.1 Fiber optics

Over the last four decades, optical fibers have become one of the most fundamental
parts of telecommunication and have enabled a tremendous growth of data trans-
mission capability [1]. Optical fibers are low-loss cylindrical waveguides typically
composed of a germanium doped-silica core surrounded by a silica cladding. The
germanium slightly increases the refractive index of the core, allowing the light to
be confined and guided by total internal reflection [2, 3]. Optical fibers are flexi-
ble, transparent, low-cost, suitable for harsh environments, and capable of guiding
light to and from areas which may be difficult to access. These properties have
stimulated the use of fibers in different areas beyond communications, such as
sensing [4], laser technology [5] and life-science [6]. Sensing technologies have
made use of optical fibers for a vast variety of applications involving acoustic, tem-
perature, pressure and strain monitoring [4, 7]. Currently, Fiber optic sensors (FOS)
are a well-established market providing measuring tools which are routinely used
in the industry. Furthermore, the fact that an optical fiber guides light with low-loss
in a controlled medium enables its use in the field of high-power lasers and ampli-
fiers [8]. For instance, stimulated emission can be obtained by doping the silica
core with rare-earth ions, which serve as the gain medium for laser action [9]. The
field of life-science has also exploited fiber optics to build less invasive instruments
for detecting and treating diseases. An example of this is the endoscope, a device
which provides imaging inside the human body [10, 11]. Optical coherence tomog-

1
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(a)

(b)

Figure 1.1: Microstructured optical fibers. (a) Fibers with holes along the cladding. (b)
Hollow-core photonic crystal fiber.

raphy (OCT), a technique that uses low-coherence interferometry to obtain three-
dimensional images of objects, has incorporated optical fibers to perform analysis
of biological tissues and organisms [12]. Aiming at developing novel technologies,
different microstructured optical fibers have been manufactured [13, 14], Fig. 1.1.
For instance, two holes along the fiber cladding, Fig. 1.1(a, center), provide the
possibility of inserting metal into these holes and applying an electric field across
the core for applications such as second-harmonic generation and electro-optical
modulation [15]. Photonic crystal fibers (PCFs) are a type of microstructured op-
tical fiber that possesses a periodic structure and allow for light confinement by
photonic bandgap effects. This enable the guidance of light in a hollow core sur-
rounded by a microstructured silica cladding (i.e. hollow-core PCF), Fig. 1.1(b),
resulting in a favorable platform for high-power transmission, non-linear optics,
and highly sensitive sensors [16].

1.2 Microfluidics and optofluidics

Microfluidics is a research field that deals with the physics and control of fluids in
channels of micrometer dimensions [17, 18]. Fluids in microchannels behave dif-
ferently than in channels of larger size. Capillary forces and surface tension are
dominant, while the effect of gravity is less relevant [19, 20]. The precise manipu-
lation of small fluid volumes provided by microfluidics techniques is particularly
important for life-science applications, where the amount of sample is limited and
the objects of interest, such as cells or bacteria, have dimensions that are compa-
rable to the ones of the channel [21]. Microfluidic technology allows, for instance,
controlled mixing of fluids [22], cell separation [23], and cell trapping [24]. The mi-
crofluidic platform has exploited optics by using external microscopes, embedded
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optical fibers, or waveguides to perform detection and analysis of bioparticles [25],
among other applications. The integration of optics and microfluidics has given
rise to the field of Optofluidics [25–28]. Applications found within Optofluidics
include dye lasers [29], active control and focusing of light [30, 31], optofluidics
microscopy [32], particle transport and trapping by light [33], and laser-induced
microdroplets [34, 35].

The field of Lab-on-a-chip (LOC) employs microfluidics and optofluidics as
part of its toolkit to integrate into a single microchip the instruments and processes
used in the medical laboratory [36, 37]. Currently, LOC is demonstrating its po-
tential, providing micro-systems that are low-cost, portable, efficient, and robust.
These properties make LOC systems suitable for point-of-care diagnosis (i. e. im-
mediate diagnostics at the patient’s location) and a viable replacement for expen-
sive large-scale instruments [38, 39].

1.3 Plasmonics

Plasmonic is a field that studies the interaction of light with metallic particles and
structures at the nanoscale [40]. Light impinging on a metal nanoparticle causes
collective oscillation of the electron cloud located at the interface between the metal
and the non-conductive medium. When the frequency of the light matches the
frequency of the oscillation of the electron cloud, resonant light absorption takes
place. This phenomenon is known as Localized surface plasmon resonance (Lo-
calized SPR) [41, 42]. The absorption spectrum of the light depends on the size,
shape, and material of the nanoparticle, as well as the medium refractive index.
Localized SPR has been exploited for developing sensors that allow for high res-
olution and real-time detection of biomolecules [43]. These biosensors rely on the
fact that a molecule in contact with the nanoparticle changes the local refractive
index and causes a shift in the absorption peak related to the surface plasmon res-
onance, which can be readily detected. Another application within the field of
plasmonics is Surface enhanced raman spectroscopy (SERS), which is a technique
capable of detecting single molecules by increasing the Raman scattering in orders
of magnitudes using metal nanostructures [44].

1.4 Lab-on-a-fiber

The numerous developments in optical fibers and processing techniques have re-
sulted in the surge of a field called Lab-on-a-fiber (LOF) [45, 46] which mostly fo-
cuses on life-science applications, analogously to lab-on-a-chip technologies. LOF
is a rapidly emerging field whose main goal is to increase the functionalities of
optical fibers to perform multiple and advanced tasks. For instance, LOF deals
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with the fabrication of functional fiber probes that can bring the capabilities of lab-
on-a-chip technologies for the analysis bio-samples to in-vivo applications. In the
future, this could allow performing real-time diagnosis and treatment of diseases
by inserting advanced fibers inside the human body. Although the LOF field is
at its beginning, many innovative ideas and devices have been demonstrated. For
example, fiber-tips with metallic nanostructures that allows for biosensing applica-
tions with SERS [47, 48], fibers probes for near-field imaging [49], and fiber-based
optical tweezers for single-cell trapping [50, 51]. Part of the work presented in this
thesis involves the development of optical fiber probes that allow for selective trap-
ping, isolation or collection of cells. These functional fibers represent a novel tool
for in-vivo studies, which could potentially avoid the need for invasive biopsy for
identifies diseases [51, 52].

1.5 All-fiber optofluidic devices

Microfluidics chips are typically made of polymer materials such as PDMS [53,
54]. These materials are easy to mold, inexpensive, bio-compatible and transpar-
ent, resulting in a good platform for the manipulation and visualization of cells
in fluids. However, they have some limitation such as softness and high elasticity
that makes them deformable under high-pressure. Besides, they are gas permeable,
which despite being favorable for cell culturing, makes the control of fluid evapo-
ration troublesome [55, 56]. Additionally, polymer chips can absorb hydrophobic
molecules from solution, are incompatible with several organic solvents, present
difficulties for the deposition of metals and dielectrics, and their auto-fluorescence
can increase the noise in optical detection schemes [57]. These limitations can be
overcome by using glass substrates instead of PDMS. Silica glass is chemically in-
ert, has excellent optical characteristics, has low auto-fluorescence and maintains
its shape under high-pressure [58]. However, the fabrication of silica microchips
requires expensive instrumentation and clean-room facilities [59]. A low-cost and
convenient way of benefiting from the intrinsic advantages of silica for optofluidics
is by exploiting optical fiber technology. Silica optical fiber and capillaries are fab-
ricated in kilometer lengths and at a low-cost [60]. They can be assembled using
equipment developed for telecommunications to build optofluidic components [26,
61]. This all-fiber optofluidic platform, besides facilitating the integration of light
and fluidics, could considerably extend the capabilities of planar microchips by ex-
ploiting developments in microstructured optical fibers and photonic crystal fibers.
Examples of all-fiber optofluidics devices include high repetition fiber dye lasers
[62], liquid-filled PCFs for studying nonlinear propagation of light in solvents [63,
64], and fluidic components based on microstructured fibers for chemical sensing
and absorption spectroscopy [65, 66].

The all-fiber optofluidic platform is versatile and can incorporate develop-
ments in microfluidics and lab-on-a-chip to contribute to the miniaturization and



CHAPTER 1. INTRODUCTION 5

cost reduction of medical instruments for point-of-care applications. Part of the
work presented in this thesis involves the fabrication of an all-fiber miniaturized
flow cytometer [67, 68]. Flow cytometers are devices that enable health disorder
identification by performing high-throughput analysis of individual cells. Con-
ventional cytometers are expensive, bulky, difficult to operate, and, therefore, un-
suitable for point-of-care. Furthermore, the all-fiber optofluidics platform could be
used to build systems based on liquid-core fibers that enable long-distance inter-
action between light and particles suspended in liquid medium. In this thesis, we
present an all-fiber system that allows studying and controlling the optical absorp-
tion of a liquid suspension of plasmonic nanorods. Such studies could allow for
the development of light modulators and tunable optical elements.

1.6 Overview of this thesis

In general, Lab-on-a-fiber focuses on increasing the functionalities of a single op-
tical fiber, whereas the all-fiber optofluidic platform combines different types of
optical fibers and capillaries to build advanced devices for specific applications.
The work presented in this thesis is based on five papers, Papers I-V, which cor-
respond to applications of lab-on-a-fiber and all-fiber optofluidic technologies. In
the context of Lab-on-a-fiber, two advanced fiber probes are presented; In Paper I

we report a fiber probe that can selectively collect single microparticles based on
their fluorescent signal, and in Paper II we demonstrate a fiber probe that can trap
individual microparticles and allows measuring their optical properties. In the con-
text of all-fiber optofluidic devices; Paper III describes a high-performance micro-
flow cytometer entirely built by combining optical fibers and capillaries. This sys-
tem uses a novel microfluidic technique called Elasto-inertial microfluidics to align
particles and cells before detection to guarantee accurate and high-throughput de-
tection. In Paper IV we report an all-fiber optofluidic device that allows for the
interaction between light, liquid and electric field. We use this tool to study the op-
tical response of a plasmonic nanorods suspension aligned by an external electric
field. This paper provides a compelling description of the dynamics of plasmonic
nanorods by experimental and theoretical studies. Finally, Paper V describes a sig-
nificant technical improvement of the component presented in the previous paper
that allows for fast bi-directional switching of nanorods.

Chapter 1 introduces the fields explored in this thesis and motivates the
present work. Chapter 2 describes the theoretical background to deepen the
understanding of Papers I-V. Chapter 3 summarizes Papers I-V, highlighting the
motivation of each work. Chapter 4 presents the conclusions of this thesis and
possible directions for future work. Finally, the processes and instruments used,
as well as the electronic circuits developed are found in the Appendex. Papers I-V

are reprinted in the end of this thesis.



Chapter 2

Theoretical background

2.1 Optical fibers

In Papers I, II and III, we used optical fibers to excite fluorescence microparticles
and collect their emitted light. In this section, we present a theoretical background
for the problem of particle excitation and light collection by single optical fiber.

2.1.1 Optical fibers: basic definitions

As mention in the introduction, optical fibers are typically composed of a germa-
nium oxide doped-silica core with higher refractive index surrounded by a silica
cladding with lower refractive index, allowing for light guidance by total internal
reflection [3]. The numerical aperture NA of a optical fiber is defined as

NA =
√

n2
core − n2

clad, (2.1)

where ncore and nclad are the refractive index of the core and cladding, respectively.
As shown in Fig. 2.1, the numerical aperture characterizes the maximum angle
θmax of an incident ray that can be coupled and guided in the fiber,

NA = ni sin θmax (2.2)

The parameter ni is the refractive index of medium outside the fiber. A standard
single-mode optical fiber for telecommunications (SMF-28) has a numerical aper-
ture NA = 0.14 at a light wavelength of λ = 1310 nm, a core refractive index of
ncore = 1.4475, and a cladding refractive index of nclad = 1.444. The core diameter
dcore and the cladding diameter dclad are typically 9 μm and 125 μm, respectively.

6
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Figure 2.1: Optical fiber: Maximum acceptance angle.

2.1.2 Particle excitation and light collection

A light beam spreading out from an optical fiber of core diameter dcore has an
approximate Gaussian intensity profile I(r, z) given by [3]

I(r, z) =
2P

πw(z)2
exp

(−2r2

w(z)2

)
, (2.3)

where P is the total laser power and w(z) is the spot spatial distribition determined
by

w(z) = w0

√
1 +

(
z

zR

)2

(2.4)

The parameter zR is called Rayleigh range and is defined as zR = w2
0ni/λ, where

w0 = MFD/2 is the waist size. MFD is the mode field diameter of the fiber and
is typically slightly larger than the core diameter due to the fraction of the light
guided in the cladding. For instance, in standard telecoms fiber dcore = 9 μm and
MFD ≈ 10.4 μm for λ = 1310 nm. The Rayleigh range is the distance from the axial
position of the fiber waist (z = 0) to the position where the spot size is

√
2w0, as

illustrated in Fig. 2.2(a). Fig. 2.2(b) shows a simulation, obtained from Eq. 2.3, of a
Gaussian beam spreading out an optical fiber of MFD ≈ 10 μm. The intensity dis-
tribution shown in Fig. 2.2(b) describes the excitation signal available for optically
pumping fluorescent microparticles. The exicitation light is maximum for particles
located near the fiber end-face and aligned with the fiber core.

In the schemes used in Papers I-III, a single optical fiber carries the excitation
light towards the particles and collects the emitted light, which is guided back to-
ward a detection system. To estimate the efficiency of light collection by an optical
fiber, we used a theoretical approach based on the reference [69], "Enhanced fluores-
cence signal in nonlinear microscopy through supplementary fiber-optic light collection".

Consider a point-source emitting light in all directions which is located at
an axial distance z and a radial distance r from the fiber-end, as illustrated in the
Fig. 2.3(a). The amount of light that reaches the core of the optical fiber is defined
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Figure 2.2: Schematic of Gaussian beam spreading out from an optical fiber. (b) Bi-
dimensional map of Eq. 2.3 illustrating the divergence of a Gaussian beam exiting an opti-
cal fiber. Parameters used are: MFD = 10 μm, ni = 1.33, λ = 450 nm and P = 1.

by the solid angle Ωf (r, z),

Ωf (r, z) = 2π

[
1− cos

(
tan−1

(
dcore
2z

cos γ
3
2

))]
, (2.5)

where γ = tan−1(r/z) is the off-axis angle. The light defined by Ωf (r, z) is collected
and guided only if it is within the solid angle defined by the fiber numerical
aperture, ΩNA(r, z),

ΩNA = 2π

[
1− cos

(
tan−1

(
NA

ni

))]
(2.6)

Therefore, the collection efficiency (i.e. fraction collected of the light emitted by the
point-source) of the optical fiber η(r, z), normalized to 4π, can be obtained from

η(r, z) = min (Ωf (r, z),ΩNA)A/4π (2.7)

The quantity A corresponds to the area of the region defined by Ωf at z = 0 that
overlaps the fiber core, as shown in Fig. 2.3(a), and its calculation reduces to a
circle-circle intersection problem [69]. For a point source located at the fiber axis
r = 0, Fig. 2.3(b), A = 1 and Eq. 2.5 simplifies to

Ωf (z) = 2π

[
1− cos

(
tan−1

(
dcore
2z

))]
(2.8)

If the point-source is near the fiber-end, the collection efficiency is constant and
limited by ΩNA, Fig. 2.3(b). This means that light rays impinging the fiber core at
incidence angles larger than the acceptance angle θmax (Eq. 2.2) are not confined
and therefore lost, as illustrated in Fig. 2.1. On the other hand, if the point-source is
far from the fiber-end, the collection efficiency is limited by Ωf (z), Fig. 2.3(c), and its
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Figure 2.3: (a) Solid angle defined by a point-source located at (r, z). (b) Point-source
located at the fiber axis (0, z) and near the fiber-end, Ωf > ΩNA. (c) Point-source located
at the fiber axis (0, z) and far from the fiber-end, Ωf < ΩNA. The red cone illustrates the
solid angle defined by the numerical aperture ΩNA, within which rays are guided. The
green cone illustrates the maximum illuminated solid angle on the core at the fiber-end,
Ωf . (d) Detection scheme based on a double-clad optical fiber. (e) Bi-dimensional map of
the collection efficiency η(r, z) for a fiber with dcore = 105 μm and NA = 0.2. Figures (e)
and (d) correspond to the system presented in Paper III

value decreases with z. In this case, all the light rays reaching the fiber core have an
incidence angle smaller than θmax and, hence, the light collection efficiency is only
restricted by the size of the fiber core. For instance, in Paper III, we used a double-
clad fiber that allows for particle excitation with light guided in a small core and
for light collection by a larger inner cladding, as shown in Fig. 2.3(c). The diameter
of the inner cladding is 105 μm, and its numerical aperture 0.2. Considering these
parameters and applying dcore = 105 μm in Eq. 2.5, a bi-dimensional map of the
collection efficiency, Fig. 2.3(d), is obtained from Eq. 2.7. The collection efficiency
is maximum and saturated to 5.4× 10−3 for a particle located in the region defined
by ΩNA, according to Eq. 2.6. This means that 0.54% of the light emitted by the
particle is collected. Consequently, approaching an emitting particle along the axis
from 300 μm does not increase the fraction of light collected.

The detection schemes of the fiber probes presented Paper I and Paper II are
similar to the one described in Paper III. However, they differ in some character-
istics regarding the type fiber used. In Paper I, the same 8 μm core of optical fiber
with NA = 0.12 is used for both excitation and light collection, resulting in a maxi-
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mum collection efficiency of 0.25% for a particle located at a distance less that 40 μm
from the fiber-end. In Paper II the collection efficiency is considerably enhanced to
5.4% by using a double-clad configuration with high numerical aperture NA = 0.6,
made possible by a water cladding surrounding the core of a microstructured op-
tical fiber. Papers I-III, reprinted in the end of this thesis, provide a detailed de-
scription of these three different schemes, as well as the analysis of their efficiency
for particle excitation and light collection.

2.2 Single particle trapping

Paper II describes a functional fiber probe that allow for trapping individual mi-
croparticles and measuring their optical properties. This section present a brief
review of some of the existing techniques for single particle trapping.

2.2.1 Optical tweezers and micropipette aspiration

The capability of trapping and precisely manipulating particles has been widely
used for studying properties of cells and biomolecules [70]. Two of the most com-
mon techniques for this purpose are optical tweezers [71] and micropipette aspira-
tion [72].

Optical tweezers allow for non-contact and three-dimensional trapping of di-
electric particles. This system is based on a highly-focused Gaussian laser beam
obtained using a microscope objective with high numerical aperture, as depicted
schematically in Fig. 2.4(a). A particle impinged by the laser beam experiences
a gradient force that drives it toward the beam waist, where the electric field is
stronger. Besides, a scattering force, originating from conservation of momentum
in the interaction between particle and photons, pushes the particle along the beam
direction. The balance between these two forces causes the confinement of the
particle at a position slightly below the beam waist [73]. Applications of optical
tweezers include single cell and bacteria manipulation [74, 75], mechanical stud-
ies of bioparticles [74, 76], and quantification of small forces (pico-newton) [77].
An important development in this technique is its extension to holographic opti-
cal tweezers, which allows for the trapping and independent control of multiple
particles by shaping the phase of the laser beam before focusing [78]. Aiming at
miniaturization and increased versatility, fiber-based optical tweezers have been
demonstrated by employing tapered optical fibers [50] or microstructured fiber-
tips [51], for instance. Such systems could find applications in deep-tissue cell
manipulation and in-vivo biological studies.

Micropipette aspiration relies on the simple use of a suction force to trap a par-
ticle at the tip of a pipette that has a diameter smaller than the particle, as shown
in Fig. 2.4(b). This technique has been used for studying physical properties of
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Figure 2.4: Schematic of (a) Optical tweezers, (b) Micropipette aspiration, (c) Deformation
studies by using micropipitte aspiration, and (d) DNA streching employing optical tweez-
ers and micropipitte aspiration.

biological membranes since it allows for deforming the cell membrane by extend-
ing it into the pipette [70, 72], Fig. 2.4(c). Measuring this deformation, by using
an external microscope, enables the retrieval of elastic and viscous parameters of
the cell, as well as provides information about its internal structure. For instance,
experiments based on micropipette aspiration have significantly contributed to the
understanding of how red blood cells deform and flow through tiny vessels [79].

Schemes that combine optical tweezers and micropipette aspiration have led
to valuable knowledge about mechanical properties of single DNA molecules [80].
In these experiments, a spherical microparticle trapped by an optical tweezer is at-
tached to one side of a DNA molecule, whereas the other side is attached to a par-
ticle trapped by a micropipette, as depicted in Fig. 2.4(d). Lateral displacement of
the micropipette trapped-particle stretches the DNA molecule and, at some point,
pulls the optically trapped-particle. Precise measurement of this pulling force, car-
ried out by analyzing the light scattered by the particle in the optical tweezer, al-
lows, for instance, estimating elastic properties of the DNA molecule.

The functional fiber probe presented Paper II integrates particle trapping us-
ing micropipette aspiration with optical analysis. A description of this optical fiber
probe can be found in Paper II, summarized in Sec. 3.2.
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2.3 Flow cytometry

As mentioned in the introduction, a high-performance micro-flow cytometer is re-
ported in Paper III. Accordingly, in this section, we present a brief description of
flow cytometry and developments that have been made in this field.

2.3.1 Flow cytometers: working principle

Conventional flow cytometers are automated laser-based tools that allow qualita-
tive and quantitative multi-parametric analysis of individual cells [67, 68]. They
are routinely used in the medical laboratory and biomedical research for health
disorder diagnostics and characterization of cell properties. Fig. 2.5(a) shows a
schematic of the working principle of a flow cytometer. They possess a fluidic sys-
tem that organizes fluorescently labeled cells into a single stream (i. e. cell focusing)
utilizing a sheath fluid. Typically, cells are analyzed by targeting them with laser
beams while they flow through a detection region, one at a time. The scattered
light at different angles and fluorescence emitted by the cells are measured by a
system of photomultiplier detectors. The data acquired is processed by a computer
software to retrieve parameters related to the properties of cells. Scattering mea-
surements quantify the total number of cells and provide information about cell
size, granularity, number of organelles, and membrane complexity. Fluorescence
measurements allow differentiating types of cells which have been labeled, for in-
stance, by specific fluorescent antibodies [81]. Modern flow cytometers achieve a

Fluorescence 

Scattering

Lasers

Sheath fluid 
Sample (labeled cells) 

Detectors

(a) (b)

Figure 2.5: (a) Schematic of the working principle of a conventional flow cytometer. (b)
Picture of a commercial flow cytometer.

throughput of more than thousands of cells per second and allow for fluorescence
measurements in several colors (up to 10 colors).

Apart from the conventional systems, flow cytometers that use different
schemes for cell detection or focusing have been demonstrated. For instance,



CHAPTER 2. THEORETICAL BACKGROUND 13

Imaging flow cytometers employ a high-speed camera and sophisticated data-
processing algorithms to analyze cells at high-throughput [82]. Impedance flow
cytometers, also called Coulter counters, analyze cells by measuring changes in
electrical resistance using electrodes embedded in the fluidic channel [83]. Flow
cytometers that carry out cell focusing by acoustics instead of sheath flows have
been recently commercialized, and are poised to provide a better performance
and solve clogging problems that occur in sheath flow-based devices [84]. More-
over, the biomedical laboratory has incorporated cytometers with additional
features. For example, FACS (fluorescence-activated cell sorting) are devices that,
in addition to cell analysis, can perform cell sorting by encapsulating the cells
into charged droplets and deflecting them with electrostatic forces triggered by
fluorescence measurements [85].

The latest research in flow cytometry points towards high-throughput and
label-free analysis that could provide new insights to characterize cells. For in-
stance, Raman flow cytometry [86] and Deformability flow cytometry [87] repre-
sent a promising direction that could enable identifying diseases at earlier stages,
as well as overcoming the limitations of cell labeling mechanisms.

2.3.2 Micro-flow cytometers

To date, flow cytometers are only available at advanced medical facilities, since, as
mentioned in the introduction, they are expensive, bulky (Fig. 2.5(b)), and complex
machines that required trained personnel to operate. This poses a disadvantage for
patients at locations where this instrument is not available. In this case, samples are
sent to a core medical laboratory to be analyzed, which delays obtaining the infor-
mation needed for deciding the most suitable treatment and could lead to sample
deterioration during the delivery time. A significant amount of effort is being made
to miniaturize flow cytometers in order to obtain portable units that can be used in
point-of-care applications. Systems based on lab-on-a-chip and optofluidics (i. e.
micro-flow cytometers) [88, 89] have been demonstrated by using embedded opti-
cal fibers [90, 91] or slab waveguides [92] to integrate optics into microfluidic chips.
However, despite recent advances, current microsystems are still slower and less
versatile than traditional instruments.

The all-silica fiber microflow cytometer reported in Paper III could represent
the basis for a point-of-care flow cytometer with performance comparable to com-
mercial systems. It integrates circular capillaries for cells and particles transport
and a double-clad optical fiber for detection. Elasto-inertial microfluidics, dis-
cussed in the next section, is used to focus particles or cells into a single-stream
at the center of a capillary in order to optimize detection.
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2.4 Microfluidics

In Paper III, we employed Elasto-Inertial microfluidics to control the transveral
position of particles flowing in a capillary. In this section, we present a theoretical
background of microfluidics, Inertial microfluidics, and Elasto-inertial microflu-
idics.

2.4.1 Navier-stokes equation

The motion of a fluid is governed by the continuity equation and the Navier-Stokes
(NS) equation, which describe conservation of mass and momentum, respectively
[18, 19]. For an incompressible Newtonian fluid, the continuity equation is

�∇ · �u = 0, (2.9)

and the NS equation is

ρ

(
∂�u

∂t
+ �u · ∇�u

)
= −∇p+ �∇ ·

[
μ
(
∇�u+ (∇�u)T

)
− 2

3
μ
(
�∇ · �u

)
�I

]
(2.10)

The parameter ρ is the fluid density, �u is the flow velocity, p is the pressure, μ is the
dynamic viscosity of fluid, and �I is the identity matrix. The term on the left-hand
side in the NS equation represents the inertial forces, whereas the first and the
second term on the right-hand side correspond to the pressure and viscous forces,
respectively. For a given geometry, the NS equation and the continuity equations
can be solved by numerical methods such as computational fluidic dynamics
(CDF) [93]. However, for some simple cases, these equations admit analytical
solutions. For instance, the velocity profile for a two-dimensional steady-state and
highly viscous flow between two parallel plates is [18]

u(y) =
1

2ρμ
(y2 − d2)

dp

dx
, (2.11)

where 2d is the width of the channel. In this case, the velocity profile is parabolic,
as shown in Fig. 2.6. The velocity is maximum at the channel center and minimum
at the walls. The same parabolic profile is obtained for three-dimensional channels
with rectangular and circular cross section. In general, this type of flow is known as
laminar and is characterized by the fluid traveling in regular paths, without lateral
mixing of streamlines. In contrast, a flow that shows abrupt and irregular changes
in velocity and trajectory is known as turbulent flow [18].

The Reynold number Re is an important parameter to discriminate whether
a flow is laminar or turbulent. This non-dimensional number represents the ratio
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Figure 2.6: Parabolic flow profile between two parallel plates (Laminar flow).

between inertial forces and viscous forces, and is calculated by

Re =
ρUDh

μ
, (2.12)

where U is the average fluid velocity and Dh is hydraulic diameter of the channel.
For Re < 2300, the flow tends to be laminar, whereas for Re > 2300 is expected to
see a turbulent behavior [18]. Eq. 2.12 indicate that the flow would be laminar for
low velocities, high viscocity, or channels with small dimension (microfluidics). It
is important to note that for Re << 1, the effect of the inertial term of the Navier-
Stokes equation can be neglected since it is much smaller than the effect of the
viscous term.

2.4.2 Inertial microfluidics

Inertial microfluidics is a field that deals with particles flowing in microchannels
in conditions where inertial forces affect the lateral position of the particles
[94–97]. In flows at Reynold numbers between 1 and 100, the inertial term of the
Navier-Stokes equation becomes relevant and gives rise to lateral migration of
particles. The phenomenon was first observed for 1 mm spherical particles flowing
in a cylindrical pipe of 1 cm diameter [98]. Particles moved laterally converging
to an annulus with a radius 0.6 times the pipe radius [98], as shown in Fig. 2.7(a).
Inertial migration of particles has been explained by the combined effect of two
forces; a shear-gradient lift force that pushes the particle towards the channel
walls, and a wall-induced lift force that pushes the particle to the channel center.
The shear-gradient lift force FSG arises from the difference in flow velocity on
either side of the particle due to the parabolic flow profile, and is calculated by [96,
97]

FSG =
CSGρU

2
ma

3

Dh

(2.13)
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Figure 2.7: Inertial focusing in a capillary pipe. (a) Cross-sectional view. (b) Lateral view.
(c) Equilibrium position for channels of different cross-section.

CSG is a non-dimensional coefficient that depends on the Reynolds number and
the transversal position of the particle, ρ is the fluid density, Um is the maximum
flow velocity, a is the particle diameter, and Dh is the hydraulic diameter of the
channel. As the particle approaches the wall due to the shear-gradient lift force,
the pressure becomes higher on one side of the particle giving rise to a second
force that repels the particle away from the walls. This wall-interaction lift force
FWI is given by

FWI =
CWIρU

2
ma

6

D4
h

, (2.14)

where CWI , similarly to CSG, is a non-dimensional coefficient with dependence
on the Reynold number and particle lateral position [97]. The balance between
the shear-gradient life force and the wall-induced lift force leads the particles to
focus at equilibrium positions in the microchannel. This is shown schematically
in Fig. 2.7(b). The focusing positions depend on the geometry of the channel. As
mention above, particles concentrate at an annulus for a cylindrical pipe. In the
case of square and high-aspect-ratio rectangular straight channels, focusing occurs
at four positions at the center of each wall and two positions at the center of the
wider walls, respectively (Fig. 2.7(c)) [95].
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Figure 2.8: Inertial focusing in (a) square straight channels (b) curved straight channel.

Microchannels with curved geometries have been employed to control the
focusing distribution of particles. The curvature of a microchannel induces a
secondary flow (i. e. Dean flow) that modifies the equilibrium positions found
in straight channels [96, 97]. The Dean flow is a consequence of the fluid inertia
and the alteration of parabolic flow profile by the channel curvature. When
the fluid enters a curved microchannel, the central streamline, which moves
faster and possesses a higher momentum, shifts towards the concave outer wall.
This causes recirculation of fluid due to conservation laws which results in two
counter-rotating vortices (Dean vortices), as depicted in Fig. 2.8. These vortices are
responsible for disturbances in the focusing positions of particles. For instance, in
a curved channel with a square cross-section, the Dean flow would make particles
to focus at two stable equilibrium position closer to the inner wall, as shown in
Fig. 2.8. The Dean flow is characterized by the Dean number De and a Dean drag
force FD. The Dean number is a non-dimensional number that depends on Re, Dh,
and the curvature of the channel R [97],

De = Re

√
Dh

2R
(2.15)

The Dean drag force depends on the average velocity of the Dean flow UD, the
particle size, and the dynamic viscosity of the fluid,

FD = 6πμaUD (2.16)

The magnitude of UD can be approximated by UD = 1.8 × 10−4De1.63 [99]. Micro-
channel with various curved geometries such as spiral and serpentine-shaped have
been used for engineering the equilibrium positions. Inertial microfluidics has led
to several life-science applications, for instance, bacteria and cell separation [100,
101], and sheath-less focusing of cells for flow cytometry [102, 103].
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Figure 2.9: Particle focusing in a cylindrical channel. (a) Inertial microfluidics. (b) Elasto-
inertial microfluidics.

2.4.3 Elasto-Inertial microfluidics

In addition to curved geometries, the focusing positions of particles can be
controlled by using Elasto-inertial microfluidics [104–111]. This is a method
that exploits fluid inertia and elastic forces that appear when particles flow in a
non-Newtonian viscoelastic fluid. This fluid is usually made by adding a polymer
(elasticity enhancer) to the solution. The elasticity of a non-Newtonian fluid is char-
acterized by a non-dimensional numbed called Weissenberg number Wi [110, 111],

Wi = λr
2U

w
(2.17)

The parameter λr is the relaxation time of the viscoelastic fluid, U , as mentioned
before, is the average velocity of the fluid, and w is the channel width. The
quantity 2U/w corresponds to the characteristic shear rate of the fluid. The elastic
force FE that a particle experiences in a non-Newtonian fluid depends on the
particle diameter and the first normal stress difference N1 [110, 111],

FE ∼ a3∇N1 (2.18)

This elastic force, added to the inertial forces (shear gradient lift and wall-induced
lift), results in a modification of the focusing positions of the particles. For instance,
it has been shown that, with the aid of the elastic force, particle focusing can be
achieved in a single-stream at the center of the cylindrical channel, instead of the
annular distribution found in Inertial microfluidics [106]. This behavior, illustrated
in Fig. 2.9, is explained by the fact that elastic force points towards the center of the
channel where N1 is minimum.

Paper III presents an experimental characterization of particle focusing in
cylindrical capillaries by Elasto-inertial microfluidics for various Reynolds number,
particle size, and capillary diameter. This study is done by taking long-exposure
fluorescence images of flowing particles.
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2.5 Liquid crystals devices

In Paper IV and V, we propose that the electrically induced alignment of gold
nanorods in suspension can provide faster response times than liquid crystals de-
vices for light intensity modulation. In this section, we present a brief description
of the working principle of liquid crystal devices and a theoretical background of
their dynamic properties. This theory is not discussed in the Papers IV-V. How-
ever, we find useful to include it here in order to understand the limitations of
liquid crystals devices for fast electro-optical modulation and motivate research on
plasmonic nanorods suspensions as a feasible alternative.

2.5.1 Liquid crystals devices: Basics

Liquid crystals (LCs) is a phase of matter where anisotropic molecules have fluidic
properties like liquids, however, they possess an intrinsic order similar to crystals
[112]. LCs molecules can be aligned with an external electric field, allowing for
the control of the light transmitted through them [113–115]. This capability has
led to groundbreaking technology such as flat displays for computers and smart-
phones. The commercial use of LCs for electro-optical modulation started off with
the development of the twisted-nematic liquid crystal (TN-LC) devices [113]. These
devices exploit the nematic phase of LCs where molecules tend to self-align with
their long axes in the same direction. Fig. 2.10 illustrates the working principle of
a TN-LC cell. Nematic liquid crystal is placed inside a cell composed of two par-
allel glass plates. The glass plates are bonded to alignment layers that are used to
induce planar alignment to the LC molecules near the surface (surface anchoring).
The alignment layers can be obtained, for instance, by using a surface with paral-
lel micro-grooves [116]. In Fig. 2.10, the alignment layers cause the LC molecules
that are near the first and second glass plate to align in the z- and x-direction, re-
spectively. The orientation of the molecules in the cell follows a smooth transition,
organizing themselves into a helix, as seen in Fig. 2.10(a). Polarizers P1 and P2 are
placed on either side of the cell at orientations z and x respectively (crossed polar-
izers). After P1, light enters the cell with its polarization in the z-direction, parallel
to the orientation the molecules anchored to the first glass plate. As the light prop-
agates through the cell, its polarization gradually rotates to the x-direction due
to the birefringence of the LC molecules and their helicoidal distribution. Hence,
light exiting the cell will be polarized at the same orientation of P2 and it will be
transmitted, Fig. 2.10(a). The glass plates are coated with a transparent conduc-
tive material. If a voltage is applied between the two plates, the long axis of LC
molecules will align to the electric field along y-direction, as seen in Fig. 2.10(b). In
this case, the polarization is not rotated, and light will be absorbed by P2. After
switching off the voltage, the LC molecules will return to their helicoidal distri-
bution and light will be once again transmitted. This alignment of LC molecules
under an electric field is known as Freedericksz-transition.
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Figure 2.10: Working principle of a TN-LC cell. (a) No voltage applied. (b) Voltage V

applied. P1 and P2 are polarizers oriented at the z- and x-direction, respectively.

2.5.2 Liquid crystals devices: Response time

The mathematical treatment presented in this section is based on the reference [115]
"Liquid crystal displays: fundamental physics and technology".

The major limitation of LC crystal devices is the slow response time, which
has constrained potential electro-optic applications. The Ericksen-Leslie dynamic
continuum theory [115, 117] can be used to study the characteristic response times
of LC devices and their limitations. For simplicity, consider the case when the
molecules are aligned along the x-direction on both surfaces and an electric field
of magnitude E is applied in the y-direction, �E = Eŷ. Thus, the electric field
only causes the molecules to twist on the xy-plane (in-plane switching), as seen in
Fig. 2.11. Consider also that the alignment of molecules located at surfaces does
not change when the electric field is applied (i. e. strong anchoring condition).

The time evolution of the twist angle φ, Fig. 2.11, is governed by the Ericksen-
Leslie equation [115],

γ1
∂φ

∂t
= K22

∂2φ

∂z2
+ ε0ΔεE2 cosφ sinφ (2.19)

γ1 and K22 are the viscosity and the twist elastic constant of the liquid crystal,
respectively. ε0 is the vacuum permittivity and Δε is the dielectric anisotropy.
Eq. 2.19 represents an over-damped system where the first term of the right-hand
side comes from the elastic energy and the second term from the torque produced
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Figure 2.11: In-plane twist geometry. (a) No electric field; LC molecules aligned in the
x-direction (b) Molecues aligned by an electric field along the y-direction.

by the electric field due to the dipole moment of the LC molecules. Using a small
angle approximation, φ << 1, Eq. 2.19 can be linearized by substituting sinφ ≈ φ

and cosφ ≈ 1,

γ1
∂φ(z, t)

∂t
= K22

∂2φ(z, t)

∂z2
+ ε0ΔεE2φ(z, t) (2.20)

Considering the initial conditions φ(z, 0) = φ0 and φ0(0) = φ0(d) = 0, where d is
thickness of the cell. The solution of Eq. 2.20 can be obtained in term of Fourier
series as

φ(z, τ) =
∞∑
n=1

An sin
(πnz

d

)
e−t/τn , (2.21)

where the Fourier coefficients An are

An =
2

d

∫ d

0

φ0(z) sin
(πnz

d

)
dz (2.22)

Replacing Eq. 2.21 in Eq. 2.20, it is found that the relaxation time of the n-th Fourier
mode is

τn =
γ1

ε0Δε (n2E2
th − E2)

(2.23)

The parameter Eth is the threshold electric field,

Eth =
π

d

√
K22

ε0Δε
(2.24)

Eth is a common parameter in Freedericksz transition-based devices [115] and
measures the relative importance of the two terms on the right-hand side of
Eq. 2.20. If E < Eth, then τn > 0 and φ decays exponentially to zero, therefore
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alignment of molecules does not take place, as seen in Eq. 2.21. Contrarily, if
E > Eth, then τn < 0, and φ rapidly increases, causing LC molecules to align
towards the direction of the electric field. For E > Eth the on-time τon of the LC
molecules is defined as

τon = −τ1 = − γ1
ε0Δε (E2

th − E2)
. (2.25)

This expression can be written in terms of the voltage applied, V = Ed,

τon =
γ1d

2

π2K22 (V 2/V 2
th − 1)

, (2.26)

where the substitution ε0ΔεV 2
th = π2K22 was used (Eq. 2.24). Switching off the

electric field causes the molecules to decay to their undisturbed initial state in a
time τoff (off-time) given by

τoff =
γ1d

2

π2K22

(2.27)

The response time of the LC device can be analyzed with Eq. 2.26 and Eq. 2.27.
While the on-time can be arbitrarily reduced by increasing the voltage applied,
the off-time, since it only depends on the physical properties of the LC and cell
thickness, cannot be easily improved. For instance, if γ1 = 0.1 N sm−2, K22 =

10−11 N and d = 5 μm, the off-time is τoff = 25 ms. The slow off-time limits the
overall response time of a Freedericksz transition-based LC devices to the order of
milliseconds. For the parameters mentioned above and Δε = 12.7, the threshold
electric field, obtained form Eq. 2.24, is Eth = 0.19 Vμm−1. In the next section,
the theoretical background for the alignment of nanorods under an electric field is
presented. As it will be shown, this nanorods-based system presents a much faster
response time than liquid crystals for electrical modulation of light intensity.

2.6 Plasmonic properties of nanorods and electri-
cally induced alignment

In Papers IV and V, we present all-fiber optofluidic devices that allow orienting
gold nanorods in suspension with an electric field and studying their optical prop-
erties. As mentioned before, this work is motivated by the fact that a scheme based
on nanorod suspensions could enable electro-optical modulation with much faster
response times than liquid-crystal devices. In addition, this scheme could exploit
the plasmonic properties of gold nanorods such as tunable optical absorption.

This section introduces surface plasmon resonances of nanorods and describes
a theoretical model with corresponding numerical simulations for the electrically-
induced alignment of nanorods in suspension. This model is used to analyze and
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100 nm

Figure 2.12: TEM image of gold nanorods of length 100 nm and width 25 nm. Picture
provided by Jake Fontana, NRL

fit the experimental data in Paper IV, obtaining optical and dynamics parameters.
Papers IV and V are summarized in Sec. 3 and reprinted in the end of this thesis.

2.6.1 Surface plasmon resonances of nanorods

Metallic nanorods (NRs) have been exploited in a variety of fields like spectroscopy
[118], biosensing [119], and optical tracking [120]. Fig. 2.12 shows a TEM image
of gold nanorods of length 100 nm and width 25 nm. As mentioned in Sec. 1.3,
metallic nanoparticles exhibit surface plasmon resonances when they interact with
visible light [41, 42]. Metallic nanorods present a longitudinal surface plasmon
resonance (LSPR) and a transversal surface plasmon resonance (TSPR) associated
to oscillations in the parallel and perpendicular direction [121], as illustrated in
Fig. 2.13. The Maxwell-Garnett (MG) model can be used to calculate the intrinsic
absorption coefficients of metal nanorods [122, 123],

μ‖(⊥) =
2πIm(ε)

λnh

∣∣∣∣ εh
εh + L‖(⊥) (ε− εh)

∣∣∣∣
2

(2.28)

The MG model is valid for particles smaller that the optical wavelength λ, where
absorbance is dominant over scattering. The subscript ‖ (⊥) indicates the direction
parallel (perpendicular) to the long axis of the nanorod. The parameter ε is the
complex dielectric function of gold, εh and nh are the dielectric constants and
refractive index of the host medium respectively, and L‖(⊥) are the depolarization
factor. An approximation of the complex dielectric function ε can be obtained from
the Drude model [42],

ε = 1 + εinter +
ω2
p

ω2 + iβω
, (2.29)
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Figure 2.13: Schematic of the longitudinal and transversal surface plasmon resonances of
nanorods

where the term, εinter, is a constant that represents the contribution from interband
electron transitions. The frequency-dependent term is the contribution from
intraband electron transitions, ω is optical frequency, ωp is the plasma frequency
of gold, and β is the damping constant [121]. In gold, Eq. 2.29 is valid for visible
frequencies, where εinter can be considered a constant. Due to the finite size of the
nanoparticles, β differs from its bulk value and depends on the particle size [42].
Approximating the nanorod to a prolate ellipsoid, the depolarization factors L‖(⊥)

are given by [123, 124]

L‖ =
b2

a2 − b2

[
a

2
√
a2 − b2

ln

(
a+

√
a2 − b2

a−√
a2 − b2

)
− 1

]
,

L⊥ =
1− L‖

2
,

(2.30)

where a and b are the long and short semi-axis of the ellipsoid which correspond
to half the nanorods length L and width W , respectively. Fig. 2.14(a) shows the
total absorption coefficient of a nanorod μT = (μ‖ + μ⊥)/2 as a function of the
wavelength. The parameters used in the simulation are listed in Table 1 and corre-
spond to the experimental conditions described in Paper IV, where gold nanorods
are suspended in toluene. These parameters result in an optical response with a
larger LSPR peak center at 742 nm and a smaller TSPR peak centered at 532 nm.
One of the properties that makes metallic nanorods interesting is that their optical
response can be tuned by adjusting the size, shape, medium and material. For in-
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Figure 2.14: (a) Simulation of the total absorption coefficient as a function of the wave-
length. (b) Shift of the LSPR for nanorods of different length L. Parameter used are listed
in Table 2.1.

stance, increasing the nanorod length modifies the depolarization factors causing
a shift of the LSPR towards the infrared, as illustrated in Fig. 2.14(b).

Parameter Value

L 75, 85, 95, 105 nm

W 25 nm

nh 1.49 (toluene)

εh 2.38 (toluene)

εinter 13.5

ωp 14.9× 1015 rad s−1

β 3.4× 1014 rad s−1

Table 2.1: Parameter used for simulation of Fig. 2.14. Values correspond to the
experimental conditions presented in Paper IV.

2.6.2 Motion equations for a Brownian particle

To develop a theory for the electrically-induced alignment of nanorods suspended
in a liquid medium, the first step is to consider the Brownian motion of a particle
immersed in a fluid. The one-dimensional Newton’s motion equation for the
velocity of Brownian particle v(t) is

m
d�v

dt
= �F (t), (2.31)

�F (t) is the time-dependent total force determined by a friction force proportional
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to the velocity of the particle −γ�v(t) and a random force �ξ(t) due to the collisions
of the particle with the molecules in the fluid (i.e. background or white noise) [125,
126]. The coefficient γ is the dynamic viscosity and is given by the Stoke law (for a
spherical particle, γ = 6πηr, where η is the medium viscosity and r is the particle
radius). The random force �ξ(t) is a stochastic function with known statistical
properties [126]. Generally, the equations of motion of the Brownian particle can
be expressed as

d�x(t)

dt
= �v(t)

d�v(t)

dt
= −γ�v(t) + �ξ(t) + �FEX(�x, t),

(2.32)

where x(t) is the particle position and �FEX(�x, t) is any external force acting on the
particle. In the case of the electrical-induced alignment of nanorods, as discused
below, this force is calculated from the torque produced by the electric field. In the
limit of strong friction (high viscosity) the inertial force d�v(t)/dt can be neglected,
obtaining

γ
d�x(t)

dt
= �ξ(t) + �FEX(�x, t) (2.33)

This equation is known Langevin equation [125], and corresponds to an stochastic
equation that depends on the random function �ξ and the deterministic external
force �FEX . An approach to solve Eq. 2.33 relies on using the Fokker-Plank equation
[125], which describes the time variation of the probability distribution P (x, t) of
a degree of freedom x of a particle under the influence of friction forces, external
forces, and random forces,

∂P (x, t)

∂t
= D

[
∂2P (x, t)

∂x2
+

1

kT

∂

∂x
(FEX(x, t)P (x, t))

]
(2.34)

D = γ/kT is the diffusion coefficient and defines the characteristic relaxation time
of the system, k is the Boltzmann constant, and T is the temperature. P (x, t) is
normalized as ∫

P (x, t)dx = 1 (2.35)

The Fokker-Plank equation can be derived directly from the Langevin equation by
considering that the background noise has a Gaussian probability distribution,

Pnoise(x, t) =
1√
4πDt

exp

(
− x2

4Dt

)
, (2.36)

which satisfies the diffusion equation
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∂Pnoise(x, t)

∂t
= D

∂2Pnoise(x, t)

∂x2
(2.37)

2.6.3 Einstein-Smoluchowski (ES) equation

Consider the case of a nanorod being aligned by an electric field �E(t) applied in z

direction. The torque exerted on the nanorods by the electric field is given by [123,
124, 127],

�T = ε0

(
�α �E

)
× �E. (2.38)

ε0 is the vacuum permittivity and �α is the polarizability tensor of the nanorod.
The quantity �α �E corresponds to the dipolar moment. To study the rotation of the
nanorod, it is convenient to transform the system to spherical coordinates. The
polarizability tensor can be written as

�α = α‖1̂1̂T + α⊥(2̂2̂T + 3̂3̂T ), (2.39)

where,

1̂ = sin θ cosφx̂+ sin θ sinφŷ + cos θẑ,

2̂ = cos θ cosφx̂+ cos θ sinφŷ − sinφẑ,

3̂ = − sinφx̂+ cosφŷ,

(2.40)

are the unit vector in spherical coordinates restricted to the surface of a unit sphere
(radial coordinate, r = 1). As illustrated in Fig. 2.15(a), θ is the polar angle between
the nanorod long axis of the nanorod and the z-axis, φ is the azimuthal angle
between the x-axis and the projection of the nanorod long axis onto the xy-plane.
The values for the polarizabilities α‖ and α⊥ are given by [123],

α‖(⊥) =
ε‖(⊥) − εh

εh + L‖(⊥)

(
ε‖(⊥) − εh

)V, (2.41)

where, as mentioned above, the subscript ‖ (⊥) represents the direction parallel
(perpendicular) to the long axis of the nanorod. V is the volume of a nanorod, ε‖(⊥)

are the real dielectric constants of the nanorods, and εh is the dielectric constant
of the host medium. Using Eq. 2.39 and Eq. 2.40, the torque, Eq. 2.38, can be
expressed as

�T = Δα cos θ sin θε0E
2(t)3̂ (2.42)

The parameter Δα is the anisotropy in polarizability defined as Δα = α‖ − α⊥. In
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Figure 2.15: (a) Schematic of a nanorod under an electric field along the z-direction. (b)
Simulation of the probability distribution P (θ, t) for E = 0 and E = 2 Vμm−1. The param-
eter used for the simulation (b) are D = 5000 s−1 and Δα = 1.2× 10−22 m3

order to study the effect of the torque on the orientation of nanorods in suspension
(Brownian particles), we use the Fokker-Plank equation (Eq. 2.34) expressed in
spherical coordinates,

∂P (θ, t)

∂t
= D

[
1

sin θ

∂

∂θ

(
sin θ

∂P (θ, t)

∂θ

)
+

1

kT

1

sin θ

∂

∂θ
(sin θFEX(θ, t)P (θ, t))

]
,

(2.43)

where the probability distribution is invariable respect to the azimuthal angle φ.
Applying FEX = |1̂× �T | (Eq. 2.42) and simplifying

∂P (θ, t)

∂t
= D

[
1

sin θ

∂

∂θ

(
sin θ

∂P (θ, t)

∂θ
+

Δαε0E
2(t)

kT
P (θ, t) sin2 θ cos θ

)]
(2.44)

This form of the Fokker-Plank equation is known as Einstein-Smoluchowski (ES)
equation [124, 127–129]. In this case, D is the rotational diffusion constant. The
probability distribution P (θ, t) can be obtained by numerically solving the ES equa-
tion. If E = 0, there is no nanorods alignment and P (θ, t) is uniform. If E > 0,
nanorods alignment takes place and P (θ, t) becomes peaked around 0 and π, as
seen in Fig. 2.15(b).

2.6.4 Nanorods interacting with polarized light and electric
fields

In this section, we study the optical response of the system by considering an
ensemble of nanorods in suspension interacting with polarized light and an
external electric field, as depicted in Fig. 2.16

The total absorption coefficient μ(t) of the system can be calculated as [123].
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Figure 2.16: Schematic of a nanorod under an electric field. (a) Electric field off, nanorods
are randomly oriented. (b) Electric field on, nanorods aligned

μ(t) =

∫ 2π

0

∫ π

0

(Aμ‖ +Bμ⊥)P (θ, t) sin θdθdφ. (2.45)

The parameter A corresponds to the square of the projection of the nanorod long
axis in the direction parallel to the light polarization, and B corresponds to the
sum of the squared projection of the nanorods on the two axes perpendicular to
the light polarization. The projection is squared due to the inversion symmetry of
nanorods. From Fig. 2.15, the Cartesian coordinates are

x = sin θ cosφ

y = sin θ sinφ

z = cos θ

(2.46)

If the polarization of the light is parallel to the direction of the electric field (z-axis),
then A = z2 and B = x2 + y2. Hence, the total absorption coefficient μ(t) is given
by

μ(t) =

∫ 2π

0

∫ π

0

(
μ‖ cos2 θ + μ⊥ sin2 θ

)
P (θ, t) sin θdθdφ (2.47)

On the other hand, if the polarization of the light is perpendicular to the electric
field, then A = x2, B = y2 + z2, and therefore μ(t) is

μ(t) =

∫ 2π

0

∫ π

0

[
μ‖ sin2 θ cos2 θ + μ⊥

(
1− sin2 θ cos2 θ

)]
P (θ, t) sin θdθdφ (2.48)

Finally, the absorbance of the nanorods suspension A(t) can be retrieved using the
Lambert-Beer law [123]

A(t) = μ(t)fl/ ln 10, (2.49)

where l is the path length where the light interacts with the nanorods and f is the
volume fraction of the nanorods in the suspension. To compute the absorption
coefficient μ(t) and the absorbance A(t), we calculate the probability distribution
P (θ, t) from numerically solving the ES equation, and μ‖(⊥) from the Eq. 2.28.
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Figure 2.17: Simulation of the absorbance spectrum for a 2 Vμm−1 electric field applied
parallel or perpendicular to the polarization of the light. Parameters used in this simulators
are listed in Table 2.1 with L = 75 nm, D = 5000 s−1 and Δα = 5× 10−22 m3

Fig. 2.17 shows the simulated absorbance spectra of nanorods aligned under
an 2 Vμm−1 electric field parallel and perpendicular to the polarization of the light.
The parameters of this simulation are the same used for Fig. 2.14, Table 2.1 with L =

75 nm. In addition, the values for the rotational diffusion coefficient and anisotropy
in polarizability are D = 5000 s−1 and Δα = 5× 10−22 m3. Without an electric field
applied, the distribution of nanorods is random with the absorbance corresponding
to the blue curve in Fig. 2.17. When the nanorods align with their long axis parallel
to the electric field, orange curve in Fig. 2.17, the LSPR peak, centered at 742 nm,
increases, whereas the TSPR peak, centered at 532 nm, decreases. Contrarily, when
nanorods align perpendicular to the light polarization, green curve in Fig. 2.17, the
LSPR decreases and the TSPR increases. Note that the change in absorbance for
parallel alignment is twice the change in perpendicular alignment. This difference
can be understood by approximating the random distribution as; (1) 1/3 of the total
number of nanorods oriented along the laser beam direction. (2) 1/3 perpendicular
to the laser polarization and perpendicular to the laser beam direction. (3) 1/3
parallel to the laser polarization and perpendicular to the laser beam direction.
Nanorods initially in (1) and (2) only contribute to a change in absorbance when the
electric field aligns them parallel to the light polarization. In this case, the fraction
of aligned nanorods goes from 1/3 to 1, whereas for alignment in the direction
perpendicular to the light polarization, the fraction goes from 2/3 to 1.

In order to study the dynamic response of the system, we perform time-
evolution simulations of nanorods aligned under a rectangular pulse electric field
of 100 μs. The light wavelength is fixed at 690 nm, which is within the LSPR
peak of the spectrum shown in Fig. 2.17. Fig. 2.18(a) and (b) show the case of
polarization parallel and perpendicular to the electric field, respectively. The
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Figure 2.18: Simulation of the absorbance time-variation for a rectangular pulse electric
field of 100 μs. Effect of the electric field magnitude for light polarized parallel (a) and
perpendicular (b) to the electric field for D = 5000 s−1. (c) Effect of the rotational diffusion
D for light polarized parallel to the electric field, E = 6 Vμm−1. The parameter used in
these simulations are listed in Table 2.1 with L = 75 nm and Δα = 5 × 10−22 m3. Dashed
lines define the rectangular pulse.

on-time of the alignment depends on the magnitude of the electric field, the
anisotropy in polarizability, and the rotational diffusion coefficient, according to
the ES equation (Eq. 2.44). The on-time of the alignment decreases with increasing
the magnitude of the electric field, as seen in Fig. 2.18(a,b) for E = 4 Vμm−1 and
E = 6 Vμm−1. When the field is switched off, the orientation of the nanorods
randomizes due to Brownian motion, thus the off-time only depends on rotational
diffusion coefficient. This is seen in Fig. 2.18(c) for D = 2500 s−1 and D = 5000 s−1.

2.6.5 Nanorods alignment: characteristic times

As seen in Fig. 2.18, simulating the ES equation enables the analysis of the response
time of the nanorods in suspension when aligned by an electric field. Additionaly,
a direct expression for the on-time τon can be obtained from Langevin equation,
Eq. 2.33, for the polar angle θ.

DkT
dθ(t)

dt
= Δα cos θ sin θε0E

2 + ξ(t) (2.50)
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with D = γ/kT . For a sufficiently large electric field, the Brownian term ξ(t) can
be neglected and the on-time can be obtained by approximating the derivative to
the ratio Δθ/τon, with Δθ = π/4 [123].

τon =
πkT

4DΔαε0E2
(2.51)

The off-time τoff of the system is related to the diffusion coefficient D by [130]

τoff =
1

6D
(2.52)

The rotational diffusion coefficient D for a particle with aspect ratio (i.e length
divided by width) AR can be calculated from hydrodynamic models [124, 131]

D =
3kT

πηL3

(
− 0.05

AR2
+

0.917

AR
+ lnAR− 0.662

)
(2.53)

For the nanorods used in Paper III, with L = 75 nm, AR = 3, η = 0.55 Pa s (toluene),
and T = 293 K), the theoretical rotational diffusion coefficient is D = 11200 s−1 and,
thus, the off-time is τoff = 16 μs. Such a response time is three orders of magni-
tude faster than traditional LC devices. The main reason for this improvement in
response time is that the off-time of a diluted suspension of nanorods, contrarily
to LC, does not depends of the length of the interaction cell (referred to as cell
thickness in Sec. 2.5) .



Chapter 3

Summary of Papers I-V

This section presents a brief description of the all-fiber optofluidic devices reported
in Paper I-V and summarizes the main results of each work. See publication
reprints found in the end of this thesis for more detailed descriptions and addi-
tional results.

3.1 Paper I: A fiber optic system for detection and
collection of micrometer-size particles

As mentioned in the introduction, the field of Lab-on-a-fiber is being developed
to increase the functionality of optical fibers for ultimately performing advanced
tasks in life-sciences. This technology could allow, by inserting a fiber into the
human body, the in-vivo realization of studies that have been limited to in-vitro
conditions, providing faster and more accurate diagnosis.

In Paper I, an optical fiber probe is presented capable of carrying out real-time
monitoring and selective collection of individual microparticles from a liquid so-
lution based on their fluorescence signal. This probe consists of a microstructured
optical fiber which has either one or two holes along its cladding for particle aspi-
ration, Fig. 3.1.

A schematic of the experimental setup is shown in Fig. 3.2(a). A laser emit-
ting at 491 nm wavelength is used for particle excitation. A telecom fiber, provided
with a ≈ 20 nm thick carbon-coating on the cladding surface, is fused to a piece of
the microstructured fiber (Fig. 3.1). The carbon-coating fiber decreases background
noise and, thus, increases the signal-to-noise ratio [132]. The excitation beam is
launched into the fiber core through a dichroic mirror and a focusing lens, and
propagated through the fiber to its tip. Fluorescence signal from excited particles
is collected and guided backward through the fiber core, transmitted through the
dichroic mirror and filters, and detected by a photomultiplier tube (PMT). Unde-

33
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Figure 3.1: Microscope images 125 μm diameter microstructured fibers. The diameter of
the holes is ≈ 30 μm.

 

Figure 3.2: Microscope image of a 125 μm diameter microstructured fiber. The diameter of
the hole is ≈ 30 μm.

sired light is eliminated using filters placed before the PMT, to ensure that only the
fluorescence from the particles is detected.

To allow for liquid flow through the microstructured fiber, one hole is opened
from the side by polishing, as schematically shown in Fig. 3.2(a). The polished re-
gion is inserted into a needle from the side, through an opening cut in the metal.
The needle is coupled to a vacuum pump to enable sample collection in the fiber us-
ing under-pressure. A solenoid valve is connected to the vacuum pump to switch
on and off the suction of liquid.

When a particle passes near the fiber-core, the PMT signal increases, as shown
in Fig. 3.3(a). A signal above a predefined threshold automatically triggers the
opening of the valve and, thus, the particle is collected into the hole of the fiber,
Fig. 3.3(b). Under typical experimental conditions, the valve is opened for 40 ms

and a liquid volume of ≈ 300 pL is sucked into the hole.
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Figure 3.3: (a) Time sequence of the detected signal in the PMT showing that three trigger
events take place. (b) Collection of green fluorescent microparticles. (left) The fluorescence
signal produced by the particle is detected and activates the trigger that starts the suction
mechanism. (right) The particle is retrieved into the hole with the surrounding liquid vol-
ume.

Proof-of-principle experiments demonstrate the capabilities of this device,
whose potential applications include the in-vivo minimally-invasive monitoring
and selective isolation of cells. The fluorescence detection scheme used here could
potentially be exchanged or combined with Raman or other scattering detection
methods.
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3.2 Paper II: Fluidic trapping and optical detection
of microparticles with a functional optical fiber

Single-cell manipulation has been widely used for analyzing cell properties and
their relation to specific diseases. The realization of in-vivo single-cell trapping
and analysis could lead to fast and accurate diagnosis of health disorders, as well
as a deeper knowledge about cells in their natural environment.

In Paper II, we present a functional fiber probe that can simultaneously trap,
excite, and detect fluorescent microparticles in a liquid medium. It integrates par-
ticle trapping by micropitte aspiration (Sec. 2.2.1) and light delivery by an optical
fiber (Sec. 2.1.2). This device is based on a microstructured optical fiber that has
five holes along its cladding and can guide light in a 8 μm central core, Fig. 3.4(a,
top), or in the 18 μm area delimited by the holes, Fig. 3.4(a, bottom).

Micro-particles liquid suspension

5-holes fiber

Liquid suction

Collected emission light

Excitation light

Trapped particle

5-holes fiber

Ø125 μm

 

a) b)

Collapsed

Ωf

d

Figure 3.4: Microscope images of the illuminated 5-holes microstructured optical fiber.
Laser light is confined in the 8 μm core (top) or in the 18 μm area delimited by the holes
(bottom). (b) Schematic of the fiber probe for fluidic trapping and optical detection.

A schematic of the fiber probe is presented in Fig. 3.4(b). The 5-holes fiber is
fused to a capillary tip which has an opening smaller than the size of the particle of
interest. The probe is immersed in a liquid suspension of fluorescent particles. Dif-
ferential negative pressure is applied to the remote end of the 5-hole fiber to make
the liquid flow into the fiber holes. This causes a suspended particle to be dragged
into the opening, where it is trapped. Applying differential positive pressure to the
remote end releases the particle. Laser light is coupled to the 8 μm core and travels
towards the fiber tip for fluorescence excitation of the particle. Fluorescence emit-
ted by the particle is collected and guided back in the 18 μm waveguiding region
towards a detector.

Experimental results are shown in Fig. 3.5. For the probe used here, the capil-
lary tip has an inner diameter of 8 μm. A sufficiently large particle (> 8 μm) blocks
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Figure 3.5: Trapping and optical detection of 10 μm fluorescent particles. (a) Particle flow-
ing towards the fiber probe. (b) Particle trapped in the opening of the fiber probe. (c,d)
Excitation (left) and recorded spectrum (right) of a green fluorescence particle (c) and a
yellow fluorescent particle (d).

the opening and is trapped, as seen in Fig. 3.5(a) and (b). The excitation beam illu-
minates the trapped particle and its spectrum is measured. Fig. 3.5(c) and (d) show
the recorded spectrum of two different types of particles present in the suspension.

The functional fiber probe presented here could be the basis for a system ca-
pable of performing an in-vivo and complete characterization of cells.
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3.3 Paper III: High performance micro-flow cytome-
ter based on optical fibres

As mention in Sec. 2.3.2, the successful miniaturization and cost reduction of flow
cytometers for point-of-care setting is still an open problem. Current micro-flow
cytometers do not provide the same performance and number of features than con-
ventional instruments.

In Paper III, we report a micro-flow cytometer entirely based on optical
fibers and silica capillaries. The heart of the present system is an integrated
micro-chamber where detection of flowing cells takes place. The micro-chamber
is built by assembling circular capillaries with a double-clad optical fiber, as
illustrated schematically in Fig. 3.6. The detection scheme used in this system was

DCF

Output capillary

Input capillary

Particle
Focusing

Excitation and
 Detection

Housing capillary
Fiber for alignment

Figure 3.6: Schematic of the fiber microflow cytometer, DCF: double-clad optical fiber.

described in Sec 2.1.2. Laser light propagates in the core of a double-clad fiber
(DCF) to the micro-chamber and excites the fluorescent particles or cells delivered
by the Input capillary one at a time. Fluorescence and scattering from the particles
are collected and guided by the large inner cladding of the same double-clad fiber
to the detection system constituted of photomultiplier detectors, dichroic mirrors,
and filters. Elasto-inertial microfluidics (Sec 2.9) is used to focus the cells into
a single-stream at the center of the Input capillary, guaranteeing accurate and
sensitive detection.

As mention in Sec 2.9, Paper III presents an complete characeterization of par-
ticles focusing in cylindrical capillaries for various Reynolds number, particle size,
and capillary diameter. This study enables obtaining the experimental conditions
that optimize the focusing of particles and cells. The particle focusing characteriza-
tion is carried by taking long-exposure fluorescence microscope images of flowing
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Figure 3.7: Long-exposure fluorescence microscope images and transversal profiles of
10 μm particles focusing in 56 μm cylindrical capillary. (a) Inertial microfluidics. (b) Elasto-
inertial microfluidics.

particles. For example, Fig. 3.7(a) corresponds to microscope images of 10 μm fo-
cused in a 56 μm by Inertial microfluidics, where particles are suspended in a PBS
solution. As expected from Sec 2.4.2, the particles focus in an annulus at ≈ 0.6 times
the capillary radius. Elasto-inertial microfluidics, enabled by adding the polymer
PEO (elasticity enhancer) to the PBS solution, causes particles to focus into a single-
stream at the center of the capillary. This behaviour is shown in Fig. 3.7(b) for 2 μm,
10 μm, and 15 μm particles flowing in 25 μm, 56 μm, 90 μm diameter capillaries, re-
spectively. Focusing is achieved under specific conditions, which depend on the
flow rate (Q) and Reynolds number (Re), as indicated by the transversal profiles in
Fig. 3.7.

Fig. 3.8(a) shows the effect that single-stream focusing has on particle count-
ing. Green fluorescence particles of 10 μm diameter are injected into the input
capillary and flowed to the detection micro-chamber. The input capillary diame-
ter is chosen to be 56 μm, which provides conditions for obtaining both unfocused
and focused particle streams depending on the flow rate. Detection of unfocused
particles, flowing 25 μLmin−1, is shown in Fig. 3.8(a, top). The amplitude of the
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fluorescence peaks is non-uniform, presenting a coefficient of variation (CV , ratio
between standard deviation and mean) of 88%. Single-stream focusing is achieved
by increasing the flow rate to 100 μLmin−1, which produces uniform amplitude
peaks (CV = 9%), Fig. 3.8(a, bottom). Contrarily to previous studies in Elasto-
Inertial microfluidics, here it was found that particle focusing is maintained at high
flow rates 800 μLmin−1, enabling a throughput of 2500 particle/s.

To demonstrate the versatility of the system, simultaneous detection of two
color fluorescence and scattering was carried out with a mixture of 10 μm green
fluorescence particles (emission centered at 520 nm) and red fluorescence particles
(emission centered at 660 nm) flowed at 100 μLmin−1. The wavelength of scat-
tering signal is 450 nm, corresponding to the excitation wavelength of the green
fluorescence particles. For example, Fig. 3.8(b) shows a time-slot of 0.4 seconds in
a 2 minutes recording of the three signals produced by focused particles. There is
a 99% agreement between scattering peaks and the sum of red and green fluores-
cence peaks.
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Figure 3.8: Figure 3. (a) Detection of 10 μm fluorescent particles in a 56 μm diameter
capillary. Photomultiplier (PM) signal for (top) unfocused particles flowing at 25 μLmin−1,
and (bottom) focused particles flowing at 100 μLmin−1; (b) Detection of scattering and
fluorescence from a mixture of green and red 10 μm labelled particles. A total of 8003 green
and 2210 red fluorescence particles are detected in 2 minutes, while the scattering events
are 10113; (c) Comparison between number of particles measured by the fibre microflow
cytometer (FMC) and by Coulter counter for flow rates of 400, 600 and 800 μLmin−1 and
three different concentrations. 15 μm particles are focused in a 90 μm capillary.

The system accuracy is further studied by comparing the number of particles
counted with the fiber flow cytometer to measurements performed with a Coulter
counter (Beckman coulter, Z2). For this measurement, 15 μm are flowed in a 90 μm
capillary. The results of three different particle concentrations, measured in tripli-
cate, flowing at three different flow rates (400, 600 and 800 μLmin−1) are shown in
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Fig. 3.8(c). The good agreement between the measurements indicates that the fiber
microflow cytometer can perform accurate particle counting. Finally, the applica-
bility of the system was tested by analyzing fluorescently labeled cancer cell lines
at a high throughput.

The present system is robust, portable (Appendex B), simple and low-cost,
solving limitations that have hampered the implementation of flow cytometers at
the point of care.
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3.4 Paper IV: Microsecond switching of plasmonic
nanorods in an all-fiber optofluidic component

Liquid crystal (LC) technology relies on the electrically-induced alignment of
anisotropic molecules in a liquid-crystal phase. As described in Sec. 2.5, the
response time of liquid crystal devices is limited to milliseconds due to the
slow relaxation time of LC molecules when the electric field is turned off. The
electrically-induced alignment of plasmonic nanorods suspension has been pro-
posed as a novel paradigm for electro-optical modulation capable of providing
much faster response times than LC devices.

In Paper IV, we present a compelling study of the dynamics of gold nanorods
in suspension when aligned under an electric field, showing response times in the
order of microseconds. This study is carried out by using an all-fiber optofluidic
device that enables convenient interaction of light, electric fields, and liquid sus-
pensions. The optofluidic component is illustrated in Fig. 3.9. The interaction cell
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Electrode

Electrode
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10cm

20cm

Liquid out

Light out
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Figure 3.9: Schematic of optofluidic component. Below, photographs of the cross-section
at points 1-4. The core region becomes white by coupling light into the remote end of the
core

.

where light probes the nanorods consists of a 10 cm long liquid-core silica capillary
with inner/outer diameter 250/330 μm. The light is guided by total internal re-
flection using a solvent (toluene) that has a refractive index higher than silica. The
electric field to align the nanorods was created by two electrodes placed on either
side of the interaction cell. The electrodes were made by filling similar 250/330 μm
capillaries with a low melting temperature alloy 58Bi-42Sn. Light and liquid are
delivered to and from the central capillary by using twin-hole multimode fiber
(THMM fiber) where the side-holes are used for liquid supply. Optical access to
the core of the THMM fiber is provided by a spliced section of standard multi-
mode fiber. The smaller cross-section of this fiber allows splicing without blocking
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the holes of the THMM fiber. Liquid delivery is provided by a 90/125 μm input
capillary. The spliced region and a length of the input capillary are introduced into
a short (≈ 1 cm) section of housing capillary of diameter 252/330 μm. This housing
capillary is sealed on both sides with UV-curing glue, which prevents liquid from
escaping and locks in place the fibers and input capillary. Light coupled to the core
of the multimode fiber reaches the interaction cell via the twin-hole fiber. A pres-
sure pump is used to inject liquid into the input capillary, which fills the interaction
cell.

The absorbance spectrum for nanorods aligned under an 8 kHz alternating
electric fields of different magnitude is shown in Fig. 3.10. Alternating electric
field is used to avoid nanorods translation and attachment to the inner walls of the
interaction cell. The absorbance is defined as A = − log I0/I , where I and I0 are the
intensities transmitted through the optofluidic component filled with the nanorod
suspension and pure toluene, respectively. These measurements were performed
using a white-light source (halogen lamp) and a spectrometer. The polarization of
the light is set parallel to the direction of the electric field. The observed behavior
agrees with the theoretical description presented in Sec. 2.6.4. When the nanorods
align along the electric field direction, the LSPR absorption peak (742 nm) increases,
whereas the TSPR peak (532 nm) decreases. Optical parameters such as the plasma
frequency and damping constant can be retrieved by fitting the model presented
in Sec. 2.6 to the absorbance spectrum for E = 0 (black curve, Fig. 3.10). The values
obtained are ωp = 14.9× 1015 rad s−1 and β = 3.4× 1014 rad s−1.
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Figure 3.10: Experimental absorbance spectra as a function of wavelength for various ap-
plied electric fields (blue–red) and compared to the simulated spectrum at E = 0 (black).

Time-resolved measurements were carried out to investigate the dynamics of
the system. Fig. 3.11(a) shows the relative absorbance ΔA/A0 (A0 is the absorbance
for E = 0) of the nanorod suspension when appliying a 25 μs rectangular high
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voltage pulse that creates an electric field of 9.3 Vμm−1 or 4.1 Vμm−1 in the direc-
tion parallel to the light polarization. This measurement was perfomrded using a
690 nm diode laser and a fast silicon detector. Fitting the theorical model described
above allowed obtaining the rotational diffusion coefficent, the anistropy in polar-
izability, the on-time, and off-time. In this measurement, the retrieved values are
D = 5200 s−1, Δα = 7.5 × 10−12 m3, τon = 1.6 μs for 9.3 Vμm−1, and τoff = 33 μs.
The reason of the difference between the experimental value of D and the theo-
retical value 11200 s−1 (Sec. 2.6.5) is due to the polymer coating of the nanorods,
whose effect in the dynamics of the system is experimentally addressed in Paper

IV. Fig. 3.11(b) shows the on-time as a function of the applied electric field. Times
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Figure 3.11: Relative absorbance of nanorods aligned under a rectangular pulse signal
(red). (a) Pulse of 25 μs width with an electric field 9.3 Vμm−1 (blue) and 4.1 Vμm−1

(green). The simulation (black line) is obtained from the theoretical model described above.
(b) On-time as a function of the electric field. Eq. 2.51 has been fitted to the model (black
line).

from 18.7 to 1.49 μs are obtained for electric fields from 2.3 to 10.5 Vμm−1. The
black line corresponds to a fit of Eq. 2.51, which, as mentioned in Sec. 2.6.5, is valid
for strong electric fields. It is possible to see that this equation accuarately describes
the experimental data for > 4 Vμm−1.

In Paper IV, the dynamic response is studied in detail for rectangular pulses
of different magnitudes and alternating electric fields of different frequencies. This
work paves the way towards the use of nanorod suspensions in optical components
such as modulators, optical switches or polarization controllers.
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3.5 Paper V: Digital electric field induced switching
of plasmonic nanorods using an electro-optic
fluid fiber

The work presented in Paper IV shows that electrical switching of nanorod suspen-
sions can be achieved in microseconds times, offering a much better performance
than traditional liquid crystals devices. The limit of microseconds comes from the
decay time of nanorods when the electric field switches off (off-time), which is gov-
erned by rotational Brownian motion. Paper V presents a scheme that could po-
tentially enable nanosecond switching times. In Sec. 2.6.4, the optical response of
nanorods when aligned in two orthogonal states, parallel and perpendicular to the
light polarization, is simulated (Fig. 2.18). The on-time of the nanorods alignment
can be arbitrarily reduced by increasing the electric field applied. Therefore, if the
nanorods are digitally switched between these two orthogonal states, then ther-
mal relaxation can be circumvented and the overall response time (on-time and
off-time) would be controllable by the magnitude of the applied electric field.
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Figure 3.12: (a) Schematic of the fiber component. (b) Microscope image of the part (1) of
the fiber component. (c) Microscope image of the 5-hole fiber.

Proof-of-principle experiments of this scheme were performed using the all-
fiber optofluidic component shown in Fig. 3.12(a) and (b). This component is sim-
ilar to the one presented in Paper IV, but here the interaction cell consists of a
5-holes fiber, Fig. 3.12(c), which has the four outer 50 μm diameter holes filled with
metal (BiSn). The metal-filled holes serve as orthogonal digital pairs of electrodes
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(channel 0 and channel 1). The procedures for filling the fiber with metal and mak-
ing electrical contacts for the electrodes are described in Appendix A.2.

Time-resolved switching of the nanorods is presented in Fig 3.13. This mea-
surement was performed using a 730 nm laser and a fast silicon detector. The light
was linearly polarized parallel to the 0 channel. Two synchronized high voltage
(HV) switches were used to toggle a 200 kHz 2 kV driving signal in each chan-
nel (0−blue/1−red) on and off. The channels were triggered with a 0.6 ms period
square wave, Fig 3.13(black curve). The driving signal is applied to channel 0 when
the trigger is high and to channel 1 when the trigger is low.

0 1 1+0

0.0 0.5 1.0 1.5 2.0

0.0

1.0

2.0

Time ms

ln
te

ns
ity

a.
u.

Trigger

0

1

Figure 3.13: Time-resolved digital nanorod switching. Intensity evolution for channel
0−blue, 1−red and green 1 + 0. The high voltage trigger is shown in black and corre-
sponding driving signals for each channel below, ω = 200 kHz, E = 14.8 V/μm (channel
0) and 13.5 V/μm (channel 1)

The blue curve in Fig 3.13 shows the response as just channel 0 is switched on
and off. With the channel on the nanorods quickly align, leading to a decrease in
the transmittance at 730 nm. When channel 0 is switched off, the nanorods begin to
randomize due to the thermal rotational diffusion, increasing the transmittance. In
contrast, if just channel 1 is switched on, then the transmittance rapidly increases
(red curve) and decays to the randomized intensity when channel 1 switches off.
The period of the driving signal (5 μs) was set to be faster than the thermal relax-
ation time of the nanorods, therefore, nanorods exposed to the electric field do not
have time to thermally decay per AC cycle.

If the driving signal is toggled between channels 0 and 1, then Fig 3.13(green
curve) shows the digital response of the nanorods, switching between the 0 and 1

aligned states, thereby demonstrating the removal of the thermal rotation diffusion
constraint from the switching mechanism. By fitting an exponential function to the
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leading or falling edge of the signals and retrieving the 1/e values, the on- and off -
times are defined. The digital on- and off -times in Fig. 3.13 (green curve) are both 8

μs, at least three times faster than thermal mediated diffusion, and is limited only
by the internal response time of the HV switch and driving frequency.

Additionally, Paper V presents spectral measurements for nanorods aligned
parallel and perpendicular to the polarization of the light, as well as experimental
results for the time response of nanorods aligned under a rectangular electric pulse,
showing switching of nanorods in 110 ns from an initial unaligned state.

The result presented in this work open the door for the development of electro-
optic modulators with nanosecond response by digitally switching nanorods in
suspension between two orthogonal states.



Chapter 4

Conclusions

The work presented in this thesis can divided in three different projects:

Advanced optical fiber probes for in-vivo life science applications: In Paper I, we demon-
strated an optical fiber-based system that allows for collection of microparticles
based on their fluorescence signal. In Paper II, we presented a functional fiber
probe that allows trapping microparticles and measuring their optical signal.
Both systems were based on microstructured optical fibers with holes along the
cladding, which provide the possibility of exerting fluidic forces on the particles.
Future work would be to demonstrate the applicability of the fiber probes for
in-vivo studies by testing them with biological particles. Additionally, label-free
detection methods, such as Raman scattering, deformability measurements or
auto-fluorescence, must be incorporated into these systems to perform cell analysis
inside living organisms. This implementation could be readily done in the fiber
probe described in Paper II, since particle trapping offers the possibility of long
detection times and fluidic forces enable stretching cells to characterize their
deformability.

Micro-flow cytometer for point-of-care applications: In Paper III we presented a high-
performance micro-flow cytometer capable of measuring scattering and two-color
fluorescence at a throughput of 2500 particles/s. The system was built by combin-
ing optical fibers and capillaries, exploiting the intrinsic advantages silica without
the need of clean-room facilities or expensive instrumentation. The fact of using
cylindrical capillaries for fluid delivery enables focusing of particles or cells into a
single stream by Elasto-Inertial microfluidics. This flow cytometer was built into
a portable unit (Appendix B) to be used for standard analysis of labeled cells in
point of care settings. In spite of the high throughput and accuracy demonstrated,
outperforming previous micro-systems, the present device does not provide all the
features of modern large-scale flow cytometers. For instance, conventional flow cy-
tometers measure scattering signal at different angles to retrieve information about
cell morphology and granularity of its membrane. This could be partially imple-
mented in this fiber system by detecting the light collected by the dummy fiber
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used solely for alignment during manufacturing. Nevertheless, a complete scatter-
ing analysis would require the incorporation of additional optical fibers placed at
different angles, which may be challenging in an integrated all-fiber component.
Another direction for future work could be to perform cells sorting based on their
fluorescence signal, potentially leading to the development of an all-fiber micro-
FACS machine. This implementation could be explored by using microstructured
fibers with internal electrodes. In summary, the system described in Paper III has
the potential to meet the requirements of point-of-care applications and, with fur-
ther improvements, could result in an alternative to expensive large-scale instru-
ments used in the medical laboratory.

Electrically-induced alignment of gold nanorods: In Paper IV we presented a theo-
retical and experimental study of the dynamics of the electrically-induced align-
ment of plasmonic gold nanorods in a diluted suspension. The optical response
is characterized by using an all-fiber optofluidic component that allows interac-
tion of light, fluids and electric fields. We demonstrated switching times as fast as
1.5 μs when nanorods align to the electric field and 33 μs when nanorods thermally
decay to their initial state. Optical and dynamic parameters were obtained by fit-
ting the theoretical model described in Sec. 2.6 to the experimental data. In Paper

V, we improved the fiber component presented in the previous work by using a
microstructured optical fiber with four internal electrodes, which enables digital
switching of nanorods between orthogonal aligned states. Experiments indicate
that this scheme could allow bidirectional nanosecond switching times, solving
the limitation of slow decay times. The results presented in Paper IV-V confirm
that nanorod suspensions are a viable alternative to liquid crystal devices for elec-
trical modulation of light intensity, providing a faster response time. Future work
includes studying the capability of nanorod suspensions to modulate the phase of
the light, which could considerably extend the number of possible applications of
this system.

To conclude, the three independent projects presented in this thesis and sum-
marized above make use of optical fibers to build optofluidic devices, either single-
ended fiber probes that integrate fluidics by using a microstructured fibers or com-
ponents composed of several fibers and capillaries for optical detection and fluid
delivery. This work shows that the all-fiber optofluidic platform, which is an un-
explored technology compared to planar microchips, is capable of providing ad-
vanced components for distinct applications and can be an alternative to lab-on-a-
chip when designing a new system.



Appendix A

Fiber components fabrication

This section describes the instruments and techniques used for manufacturing the
all-fiber components presented in Paper I-V.

A.1 Vytran GPX-3000

Processing of optical fiber and capillaries was carried out by using a Vytran GPX-
3000 station, Fig. A.1. This machine has two positioners that hold one optical fiber
each. The positioners enable translational and rotational alignment. A camera, an
objective lens, and a system of mirrors provide visualization of lateral and front
views of the fibers. Upon starting a process, a tungsten filament supplies the
fiber ends with localized heat, enabling fusion splicing. Fiber fusion splicing is a
standard process in telecommunications that consists on joining two optical fibers
end-to-end, Fig. A.2(a). The rotational control, given by the positioners and the
front-view imagining, permit splicing specialty optical fibers, such as polarization
maintaining fiber or microstructured optical fibers, Fig. A.2(b). Fibers of different
diameter and type can be spliced by appropriately setting the fusion parameters.
For instance, in Fig. A.2(c) a thin fiber of diameter 25 μm diameter is spliced to
a 125 μm microstructured fiber. This type of splice is utilized for manufacturing
the liquid-light combiner presented in Papers II. In addition to fusion splicing, the
Vytran GPX-3000 can perform fiber tapering, which is discussed in Paper II. Fiber
tapering consists of reducing the diameter of a fiber or capillary by simultaneous
pulling and heating it, Fig. A.2(d). This is done by placing a single fiber along the
two positioners and gradually moving them apart while heating the fiber. Addi-
tionally, fibers can be cleaved accurately at a desired position by using the Vytran
Cleaver (LDC 400). In Fig. A.2(e), a 125 μm diameter fiber is spliced to a 250 μm
diameter fiber and subsequently cleaved at 100 μm from the splice. This capability
was used to make the fiber-tip presented in Paper II and the component used in
Paper V. The flexibility provided by the positioners of the Vytran GPX-3000 can
also be exploited to assemble different capillaries and fibers. Fig. A.2(f) shows a
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Figure A.1: Vytran GPX 3000
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Figure A.2: Vytran GPX 3000 processes. (a) Fusion splice. (b) Front-view of a fiber. (c)
Splices of fibers of different type or diameter. (d) Taper of a capillary. (e) Splice and con-
trolled cleaved. (f) Fiber inside a capillary.

fiber inserted in a capillary. The capillary and the fiber are fixed by collapsing the
capillary onto the fiber with heat or by gluing them together at the capillary edge.
This process was used to fabricate the components described in Papers III-V.

A.2 Metal-filled fibers and electrical contacts

The components presented in Paper IV and V make use of capillaries or mi-
crostructured optical fibers that are filled with the metal BiSn. The process of
filling fibers with metal is shown schematically in Fig. A.3(a). A container with
solid BiSn is placed inside the pressure chamber and both introduced in an oven
at 160 ◦C, which is above the melting-point of BiSn (137 ◦C). Once the metal is
molten, the chamber is removed from the oven and seven fibers (420 μm diameter
with plastic jacket) are placed inside it, immersed in the liquid metal. The chamber
with the fibers is put back inside the oven. The free ends of the fibers are taken
outside the oven through an orifice. When the temperature of oven reaches again
160 ◦C, the chamber is pressurized, and the liquid metal flows into the fiber holes.
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Figure A.3: (a) Schematic of the process for filling fibers with metal. Microscope image of;
(b) five-holes fiber with the four outer holes filled with metal (c) Side-polished fiber with
exposed metal column, and (d) Electric contact made by silver-based conductive glue.

Finally, the oven is switched off and cools down to room temperature for the
metal to solidify. In order to obtain fiber ends free of metal that could be used for
splicing, the BiSn columns are shifted by repeating the same process described
above, but removing the container with metal from the pressure chamber.

The component used in Paper V requires filling the four outer holes of a five-
hole fiber with metal, leaving the central hole empty. This is done by splicing a
standard telecom fiber of diameter 125 μm to the five-hole fiber before filling it.
Since the diameter of the five-hole fiber is 125 μm, the central hole is fully blocked
by the 125 μm fiber, while the outer holes are only partly blocked and the liquid
metal can flow into them. A microscope image of a five-holes fiber with the four
outer holes filled with metal is shown in Fig. A.3(b). These metal filled-holes are
used as electrodes to apply voltage across the central hole, where the nanorod sus-
pension flows. The electric contacts for these electrodes are made by side-polishing
the fiber under a microscope, Fig. A.3(c). Once the electrode is exposed, a copper
wire is glued to it by using silver-based conductive glue, as shown in Fig. A.3(d).



Appendix B

Paper III: Portable system

Paper III describes a portable micro-flow cytometer for point-of-care applications.
A picture of the complete prototype is shown in Fig. B.1. The optical detection unit,
Fig. B.1 (center), was built by assembling components acquired form Thorlabs and
Ketek (silicon photomultipliers). The electronics was homebuilt and is described
in Appendix C. The photomultipliers gain control and data acquisition were per-
formed by a FPGA unit (Digilent) shown in Fig. B.1(left). The two lasers units,
Fig. B.1(right), are composed of pigtailed diode lasers and OEM electronic units,
both acquired from Thorlabs.

Figure B.1: FPGA control electronics (left), optical detection unit (center), and lasers (right)
of the micro-flow cytometer presented in Paper III.
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Paper III and V: Electronics

The electronic circuit used for controlling and reading the photomultiplier detec-
tors used in the prototype described in Paper III is shown Fig. C.1. The circuit
provides a regulated output voltage up to −40 V, from an input of 9 V, to the pho-
tomultipliers detectors by using isolated flyback converter. The gain of the detector
is set by an analog signal (1-5 V) from the FPGA. The signal from the detectors is
amplified by the circuit and sent to the FPGA for processing. Three of these circuits
were built to control and read the three detectors simultaneously.

The electronic circuit for the 2 kV 200 kHz AC supplies and the high voltage
AC switches used in Paper V are shown in Fig. C.2(a) and (b), respectively. The AC
supplies correspond to a resonant circuited based on the miniature ferrite trans-
former 28K077 (T1) acquired from Information unlimited (amazing1.com). The
high voltage AC switches consist of a bridge-rectifier and the high voltage power
MOSFET IXYS 4500V (Mouser).
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