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Abstract-This paper reviews the application of optical
microfibersto microfluidics and bio-sensing.

I INTRODUCTION

Optical microfibers (OMs) are optical fibre tapensth a
micrometric or sub-micrometric uniform waist regigig. 1).

Uniform wais

Core region (<14m)

Optical fibre \ / Optical fibre

(12%um) Transitior (1251m)
region:
Fig. 1. Schematic of an optical microfiber (OM).€Tticrometric uniform
waist region is connected to two optical fibre pilgt by conical transition
regions.

OMs and related devices have attracted a contiftypous

increasing attention [1], because of the numeratra@rdinary
optical and mechanical properties that they offer:

- biocompatibility; OMs are manufactured from sili€ibres,
thus they show all the physical properties of aijlimcluding
the good compatibility with cells and biological teadal in
general.

- robustness: OMs exhibit a great mechanical sthgenghich
allows for a relatively easy handling with micrormanators
and tools/equipment typical of the macroscopic diorl

- flexibility: because of their small diameters, ®Nhave a
small stiffness and can stand micrometric bendiadiiy
increasing the device compactness.

- large evanescent fields: a considerable fractainthe
transmitted power can propagate outside the OM iphlys
boundary when the OM radius is small: the largenesaent
field and its strong dependence on the adjacentramaent
can be exploited for sensing and optical manipoitati

- strong confinement: when an OM has a diameterpeoable
to half of the wavelength of the light transmittad it, the
propagating beam is confined by diffraction to féimum
waist diameter. If an OM tip is metal coated, tlearn can be
confined well beyond diffraction (to 50-100nm),aaling for
sensing over extremely small areas.

- configurability: OMs are fabricated tapering agti fibres,
thus they have a practically lossless connectioa ¢onical
transition regions) to their pigtails, which maintéhe original
optical fibre size and can be easily connectedherdiberized

components.

Hereafter a summary of OM fabrication and propertidl be
presented, followed by an analysis of differentotggies of
applications to microfluidics and biology, includirsensors,
optical trapping and manipulation.

Il FABRICATION AND PROPERTIES

A. Fabrication

OMs have been manufactured mostly using one of the
following four methods [1]:

1) Flame-brushing [2]

2) Modified flame-brushing [3]

3) Self-modulated taper-drawing [4]

4) Micropipette puller [5]

The vast majority of OMs reported in the literatinave
been manufactured using the “flame-brushing” teghej
which was originally developed for the fabricatiohoptical
fibre tapers and couplers and relies on a smatidlavhich
travels along an optical fibre under longitudiness. The
profile of the tapered fibre can be controlled vathextreme
accuracy by finely controlling the flame movementahe
fibre elongation.

The modified flame-brushing technique replacesfltmae
with a different heat source: a microheater or ppkae
capillary tube heated by a Gaser beam. It has been used
to manufacture OMs from compound glass opticakibr

The “self-modulated taper-drawing” is the technique
which demonstrated the capability to manufactutecexely
small tapers (down to 10nm) and it is a two-stepcess:
firstly, a taper with a diameter of few micrometesdrawn
from an optical fibre using the conventional flabreishing
technique; then, the taper is broken into two figdishalves,
and one of them is wrapped onto a hot sapphirearat
pulled to sub-micrometric diameters. The sapphoé is
heated by a flame positioned at a distance fronfilthe, and
it conveys the heat in regular manner into a sk@lime.

Micropipette puller is a commercially availabletinsnent
originally developed to manufacture micropipettesnt
glass capillaries: this process is bases on al@¥@r source
which heats a fibre stretched by two spring-loadieanps.
Although this technique cannot achieve a good tahape
control, it can provide tips with diameter as snzl50nm
and very steep profiles.



B.  Beam confinement Fig. 2 shows the relation betwegg andA/r for different
In OMs light is index guided [6] by the refractiiedex types of surrounding materials, the refractive indéwhich
contrast between glass and the surrounding meditma.  (Nsur) varies between 1 and 1.4 increases monotonically
OM guiding properties are determined by the valie/o  for increasingh/r and it reaches 50% far~4 in air (n~1)

defined as and for A/r~2.4 in water (n~1.33). Fok/r>5 for most of
27T dense surroundings, while for aif= ~1 forA/r~10 [8].
v =="rNA 1) *
where A is the wavelength, r the OM radius, lIl. MICROFLUIDIC
NA(= ncz,M - n;m ) the OM numerical aperturey, the Because of the large fraction of power propagaiinthe
OM refractive index andn,. the refractive index of e€vanescent field, OMs have been exploited for sena
surrounding environment. microfluidic channels. In fact, if the evanesceatd overlaps

Like for optical fibres, OMs experience single modeWith the microfluidic channel, a change in the cosifion
operation forV<2.405 and have maximum confinement for and/or the refractive index of the fluid implieslzange in the
V~2 [6]. AsV decreases below 2, the mode becomes less aftioperties of the mode propagating in the OM. )
less bound; because of diffraction, the beam spmt @  BY embedding an OM in a transparent low refractive
continuously expands until it becomes orders ofmitage  iNdex polymer (Sylgard 184, also called PDMS) inxamity
larger thanr for V<0.6. Since for silica OMs at maximum ©f @ fluidic channel [9], the evanescent field betmode
confinementw~A\/3 in air andw~A/2 in water, sub-100nm propagating in the OM .ovgrlaps W'th the microflgidi
spot sizes cannot be achieved with visible/nedigi. This ~ channel, thus the refractive-index difference betwehe
limitation has been overcome by using coated taperROlymer and the fluid strongly affects the OM tramitssion.
(generally with Al), which exploit the evanesceieid along '€ &ccuracy in the loss measurement affects tiermm
the longitudinal direction. In metal coated taps when r ~ Mmeasurable feffacg"’e index change, which resuftebe of
is smaller than M6, an evanescent field exists in the the order Of ~5.LO' This is relatively smalll compared to
longitudinal direction of decreasing sections; thas been refrzctometrlc b|q?ensgrs basid onbplasmonlcs. d i
exploited to produce highly divergent light beamgero more sensitive device has been proposed expioitin

extremely small apertures at the tip apex. Althoulis resonators. Resonators exhibit_ strong narrow dip$héir
. . ) > . transmission spectra. These dips are very senditivthe
technique providedw<100nm, the device transmission

efficiency T, was poor; indeed the field of the fundamentalsurroundlng conditions and shift their central wewgth

) o . when the surrounding refractive index is changed. B
mode decays exponentially along the longitudinegdion: monitoring the dip v?avelength shift. it is poss%bg
for a 20nm aperture ¥108 [7]. '

determine the refractive index change in the sudog
C. Evanescent field environment. As for the tip sensors, functional@aican add
selectivity to the sensors, inducing a refractiveex change
only for selected compounds.

Two different typologies of resonating devices haeen
realised: homogeneous and heterogeneous. In hoeaggen
resonating devices the resonator is fabricated ¥pjoiting
the OM modal self coupling given by the large ewaeat
field: by coiling an OM onto itself, modes propagatin two
adjacent sections can overlap and couple, produeing
extremely compact resonator. In heterogeneous eV
is simply used to insert/extract light from the HiQ
resonator manufactured by other means.

For V<<2, in uncoated tapers a considerable fractib
the power propagates in the evanescent field auttie
fiber. The fraction of power propagating in the mascent
field (77e=) depends on the ratid/r and on the refractive
index of the surrounding medium [6,8].
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A Homogeneous resonators

Three types of OM homogeneous resonators have been
) proposed: loop resonator [10], knot resonator [4]d a
—9— n_,=1.3 (teflon) microcoil resonators (MR) [11]. While loop and knot
& n,, =133 (waten) resonators are 2D systems, MR are truly 3D systerhsre
& n,,=1.375 (UV375) . h .
i 1214 (sicone rubber) coupling between different turns occurs continupusbng
: | | : : the whole length of the microcoil. Theoretically,Rd with
0 1 2 3 4 5 6 larger numbers of turns offer higher Q-factors|l,stiihen
realistic losses are taken into consideration,efffoar turn
Alr resonators exhibitQ-factor close to the practical limit.

Fig. 2. Dependence of the fraction of powgge] propagating in the ExperimentallyQ-factors as high as i@ave been recorded.
evanescent field of an OM on the normalised wagtte @ is the light

wavelength and r the OM radius) for different sunding media.
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Fig. 3. Schematic of a microfluidic refractometsensor based on OM
microcoil resonators. The mode propagating in thel@as the evanescent
field partly overlapping with the fluid flowing ithe microfluidic channel.
Since MR can have an intrinsic channel (Fig. 3)civhi !
can be exploited for microfluidic applications, hageneous

refractometric sensors have been proposed [12] and,

demonstrated [13] using embedded MRs. Any chandbédn
analyte refractive index is reflected in a shiftthe resonant
wavelength. The wavelength shift is strongly degecbn
the ratior/A and on the coating thicknedsbetween the MR
and the fluidic channel. Sensitivities as high $s10°
nm/RIU (refractive index unit) have been predididthin d.
Experiments were carried out with an MR embedded in
Teflon having a 1mm-wide microfluidic channel. The
sensitivity of the device was tested by insertihg MR
sensor in solutions of isopropanol and methanolrasdited
to be ~40nm/RIU because of the non-optimised design

B. Heterogeneous resonators

Heterogeneous microfluidic resonators have beeedbas
on resonant modes in microcapillaries [14].

mode

Polymer

Fig. 4. Schematic of a heterogeneous sensor basatcoocapillary.
The mode propagating in the OM is coupled intord®®nating mode of a
microcapillary, the evanescent field of which oagd with the fluid.

If an OM approaches a capillary orthogonally, itll wi
excite a resonant mode which is bound to the capill
surface. If the capillary wall thickness is smétle mode will
have a large overlap with the fluid flowing in ndit can be
used for sensing. Liquid core optical ring-reson@t€ORR)
sensors with Q>%0and a sensitivity of several nm/RIU have
been demonstrated. By using capillaries with sub-
micrometric wall thickness, S>390nm/RIU have been
demonstrated. Using Ag nanoparticles and Rhodaréi@e

Rhodamine 6G 1360cm Raman
demonstrate detection below 410pM [15].

peak allowed to

Functionalization with methyl phenol polysiloxane o

polyethylene glycol allowed for the vapours of etblaand
hexane within 1s [16]. The flow rates used in #iperiment
were few considerably smaller than those of othatical

vapour sensors: only 1 mL/min. Functionalizatiothwi13-

specific antibodies allowed the detection of filatws
bacteriophage M13; vira concentration as small .&s1@®

pfu/ml (pfu is the plaque-forming unit and it repeats the
number of infectious viruses) have been achieved.

IV. BIO-APPLICATIONS

Bio-applications based on OM can be broadly classif
n three groups: tip sensors, optical manipulation,

heterogeneous resonant sensors.

Tip sensors

Bio sensors based on OM have exploited the extgemel
small end-face cross section (sub-200nm) to anatynete
areas, typically cell components. As explain intisecll.B,
in order to achieve extreme confinement, tip sensogre
manufactured from metal coated OMs. The end facelefa
uncoated (fig. 5) and it underwent functionalizatito
facilitate covalent bonding of the targeted bio-ewoile.

Functionalized apex
Pump

—
Fluorescence

Metal coating

Fig. 5. Schematic of an OM tip sensor. Light ingetat the fibre pigtail
pumps the functionalised coating, which emits faszent light that is
collected when it is in proximity of the target goound.

The functionalization compound is excited using the
evanescent field generated inside the coated Higs bnly
molecules in the immediate proximity of the OM apex
aperture are affected by the optical field. Funelzation is
generally carried out in three steps: silanizatiactjvation
and bonding of a biorecognition agent (usually geris or
antibodies with a fluorophore). The first OM empédyfor
intracellular sensing was used to measure pH [17].
Functionalization was carried out using a chromogh(®-
fluoresceinylacrylamide) in an acrylic copolymer.her
chromophore was excited using blue light lasertlighd
fluorescence was collected at 490, 540 and 610hhm phe
range 4 to 9 was measured from the ratios between
fluorescence peaks at different wavelengths (548ABand
540/610nm). The sensor response time was of ther @
1~100ms. Biochemical compounds measured in-vivéiye
cells include benzopyrene tetrol and benzo[a]pyrgri&s,
cytochrome c [19], Caspase-9 [20], a telomerasé §atl
DNA sequences [22]. The small sensor size allowirfeitu
detection of specific chemicals without visible dage to the

dye as target molecule, SERS spectroscopy has beegp|l. DNA specific y-actin mRNA strands were detected

demonstrated in the microfluidic channel. The use o



functionalising the apex with molecular beacons];[2Bis
method has been proved capable to recognise diffesein
single couple of bases. lon concentrations weresuned by
functionalizing the sensor apex with plasticizedypwric
membranes embedding
fluorescent dyes. Potassium [20]
concentrations were detected using valinomycin Boda-
2/AM or fluo-3/AM calcium-dyes as highly-selective
ligands. Other compounds measured in live cellsude
oxygen [24], nitrites [25], chloride ion [25] nitrioxide [26]
and glutamate [27]. At the moment, the apex sidarited
by the tip transmission efficiency. For tips smaltban

50nm, T<10°® have been recorded [7]. A way to increage T

by orders of magnitude relies on the exploitatibrsurface
plasmons: by converting light into surface plasmamsl
then back into light, confinements to spot sizeslfmnthan
10nm should be possible [28], with extraordinarydfis
for the sensor size.

B.  Optical manipulation

Unlike tip sensors, which exploit the longitudinal
evanescent component of a non-propagating fielticalp
manipulation exploits propagating fields. Massivell ¢

manipulation [29] has been demonstrated on a planar

waveguide exploiting the fraction of the mode pggiang
outside the waveguide physical boundary. This effeas
explained as the contribution of two effects: 19 tiradient
force, which attracts and traps the cells lateratig 2) the
axial force due to photon scattering which propets
along the direction of light propagation. Becaukthe large
fraction of power propagating outside the OM phakic
boundary, OMs are particularly suited for this talskleed,

sensing in these types of high-Q resonators has beed to
monitor chemical and biological elements positionied
proximity of the resonator surface. As for the casfe
homogeneous resonators (section IIl.A), the anallyegs the

ion complexation agents ancesonance wavelength of the resonator and by nromtthe
and Calcium [23)wavelength shift it is possible to determine thealge

concentration with a high degree of accuracy. Inegal,
high-Q factors are associated with very high siiitséts, but
also with very difficult input/output coupling. OMhave
proved the best solution for coupling, providindgiaéncies
in excess of 90% [35].

Tunable
laser

Whispering Virus

gallery mode Sample cell

Fig. 6. Schematic of an heterogeneous resonanoisedi! couples light
into the resonant shispering gallery mode of a osphere (dashed line),
which is affected by the surrounding fluid.

Because of their high Q and of their extreme edse o
fabrication, microspheres have been widely used for
biological detection (fig. 6). Streptavidin was elgted using
a microsphere resonator with Q& functionalised with
bovine serum albumin biotin [36]. Specific DNA stds
were detected using multiple spheres coated firsh &
dextran-biotin hydrogel and then with a mixture of

OMs have been used to propel polystyrene microsgher biotinylated 27-mer oligonucleotides and streptiamif87].

with diameters in the range 3-10pum [30] and midhesp
clusters with diameters larger thanp®® [31]. A 500mW
fiberized Nd:YLF laser proved sufficient to propel
microsphere along a sybn OM with speeds as high as
10um/s [31].

Single particle manipulation has been achievedviiga
an OM in the maximum confinement region.
propagating beam rapidly diverges and the intergitfile
exhibits large gradients within very short distanc@&his
provide the ideal conditions for the so-called cgti
tweezers. With respect to lensed optical fibred,[8&ich
large sizes, difficult end face processing and dangode

field diameters (~10m), OM decreases the level of power

needed for trapping and allows for small probe disiens
and for sub-micrometric spot sizes [33]uml silica
microspheres in a water suspension were trappedvetrs

Single vira of Influenza A and its mass (~0.52 fggre
detected [38] by using a microsphere with radiuss@im
and light at a wavelengtih=763nm. Single cylindrical
bacteria were detected exploiting microsphere sarfa
adsorption and the related resonance bandwidthdbniag
associated to increased scattering losses: detditit of 44

The bacteria was achieved for Escherichia Coli [39].

Toroidal microresonator are also popular becausaeif
extremely high-Q. They have been used for detectibn
single molecules of interleukin-2 (a cytokine) [40]
functionalizing the silica surface to bind the &trgholecule:
by measuring the resonance wavelength shift, corateons
from 5 aM to 1 uM were recorded.
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