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a  b  s  t r  a  c  t

We report  the  fabrication  and characterization  of  hollow  core  micro-fibers  (HCMFs)  for  use  as  optical
waveguides  and  microfluidic  channels  meanwhile.  By one-step  heating-drawing  process  from  commer-
cial capillary  with  diameter  of  hundreds  of  micrometers,  HCMFs  with  diameters  down  to  subwavelength
scale  can  be  fabricated  with  excellent  repeatability.  The  HCMFs  reveal  good  optical  waveguide  properties
as waveguides  with  low  optical  losses  by  evanescently  coupled  from  silica  fiber  taper  within  the  visible
to  near-infrared  spectral  range.  Meanwhile,  the  wavelength-scale-diameter  hollow  core of  the  HCMF  can
be  used  as  a microfluidic  channel  to host  liquid  with  trace  amounts,  which  has an  intense  interaction  with
the  guiding  light.  Flexible  waveguide  properties  and  different  fractions  of  evanescent  fields  of  HCMFs  can
icrofluidic channel
luorescent detection
ltra-low-volume

be achieved  by  filling  the  core  with  various  liquids  with  different  refractive  indexes  (RIs),  which  might
be  useful  in  various  applications.  For  example,  we use  our  HCMF  to detect  the  fluorescence  intensity
for  monodisperse  micro-particles  solutions  with  an  effective  detection  volume  of  femtoliter  scale.  Our
work  provides  a promising  candidate  in  constructing  miniaturized  optical  devices,  which  can  be  used  for
detection of  ultra-low-volume  samples.

© 2018  Published  by  Elsevier  B.V.
. Introduction

Optical microfibers and nanofibers (MNFs) [1] have been found
o be a novel platform for optical detection and sensing technol-
gy [2–5] because of their outstanding properties, such as small
izes, good mechanical properties, low optical losses, strong optical
onfinement and large evanescent fields. Generally, a large frac-
ion of the guided fields is left outside the MNFs as evanescent
aves, which is highly sensitive to the change of the surrounding
edium. Based on MNFs, evanescent wave spectroscopy is an effec-

ive way to obtain the information including concentration and
tructure of liquid or solid surrounding the MNFs via absorption [6]
r fluorescence measurements. For example, Wiejata et al. exper-

mentally demonstrated fluorescent detection using a microfiber
ith a waist diameter of 3.69 �m.  Fluorescein solutions covered
he waist region of the microfiber, a 6.4 mm hole in a Plexiglas
late was drilled to serve as the chamber for holding the fluorescein
olutions [7]. To enhance the stability of the sensor, Li et al. demon-

∗ Corresponding author.
E-mail address: feixu@nju.edu.cn (F. Xu).

ttps://doi.org/10.1016/j.snb.2018.02.084
925-4005/© 2018 Published by Elsevier B.V.
strated an ultra-sensitive evanescent wave fluorescence sensor
made by using a nanofiber with a waist diameter of 720 nm. The
unstretched section of the nanofiber was completely embedded in
the polydimethylsiloxane (PDMS), and only the taper region was
surrounded by solutions filling the 125 �m wide, 150 �m deep,
and 5 cm long microchannel on the microfluidic chip [8]. Stiebeiner
et al. proposed an ultra-sensitive surface spectroscopy of deposited
molecules using a nanofiber with a waist diameter of 320 nm.  The
molecules are deposited on the nanofiber in waist region by placing
a crucible with crystals below the nanofiber and by heating it [9].

Note that all of these reported MNFs-based evanescent wave
sensors need to assemble an extra chamber or channel to host
the solid or liquid sample. The typical width of the channel on a
microfluidic chip is in a range of tens to hundreds of microme-
ters [10], which means expensive and time-consuming techniques
including electron beam and UV lithography [11], and femtosecond
laser direct writing [12] are needed to obtain such micro-channels.
To address these issues, standard-size microstructured fibers with
natural hollow cores [13–16] have been emerging as a promis-

ing platform for optical sensing technology. The hollow cores of
these fibers can be used as gas or liquid channels straightly, how-

https://doi.org/10.1016/j.snb.2018.02.084
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.02.084&domain=pdf
mailto:feixu@nju.edu.cn
https://doi.org/10.1016/j.snb.2018.02.084
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mentary materials). Fig. 2(a) shows an optical micrograph of the
coupling between a 1-�m-tip-diameter fiber taper and a 3-�m-
outer-diameter HCMF. Fig. 2(b–d) shows the optical microscopy
images of the HCMF coupled with 650 nm,  532 nm and 400 nm
Fig. 1. (a) SEM image of a HCMF of 5 �m in OD, 3.6 �m in ID. (b–d) SEM image

ver, the input/output coupling of both the light and liquid is still
hallenging.

In this study, a new type of HCMF with a natural microfluidic
hannel is proposed, which combines the advantages of the MNFs
nd the hollow core fibers. The proposed HCMF not only provides
ptical fields for light-liquid interaction, but also can offers a path
or microfluidics. The micro-sized hollow core of the HCMF can be
lled with various functional liquids, which enables the proposed
CMF to be used as a microfluidic channel with a femtoliter scale
ffective detection volume. Meanwhile, the spatial distribution of
ptical field of the proposed HCMF can be tuned by changing the
efractive index of the liquid in the hollow core. The integration of
ptical waveguide and microfluidic channel makes the HCMF be a
romising candidate in constructing miniaturized optical devices,
hich can be used for detection of ultra-low-volume samples.

. Experimental section

.1. Fabrication of HCMFs

For our experiments, we used a HCMF as an optical waveguide
nd a microfluidic channel. We  fabricated HCMFs by stretching a
lass capillary (TSP100170, Polymicro Technologies, outer diame-
er (OD) of the initial capillary is 140 �m,  inner diameter (ID) is
00 �m)  while heating it with a hydrogen/oxygen flame. In a brief,

 2 cm long section of the capillary was stripped of its protective
olymer jacket and then fixed over the flame by two  fiber hold-
rs. When the capillary was  heated to its softening temperature by
he scanning flame, it was drawn simultaneously in the horizontal
irection until the waist diameter went down to the desired value.
he scanning length of the hydrogen/oxygen flame is 4 mm in the
orizontal direction. The flow rate of the hydrogen is 125 standard
ubic centimeter per minute (SCCM). Compared to the fabrication
rocess of MNFs, a much larger drawing speed (0.1 mm/s) is used
o avoid the collapse of the hollow core during the fabrication pro-
ess of the HCMF. Because of the large drawing speed, a gas pump
ften used in the fabrication of hollow structure fiber is not needed

n our experiment. The drawing distance, scanning distance and
he flow rate of hydrogen were all well controlled by a computer,
s a result, we could produce HCMF with a homogeneous waist
iameter down to 1 �m and a typical extension of 2 cm with good

epeatability. Fig. 1 shows the scanning electron microscopy (SEM)
mages of the as-fabricated HCMFs. As shown in Fig. 1(a), the HCMF
5 �m in OD, 3.6 �m in ID) exhibited a very smooth and clean sur-
ace, which is very important for low loss optical wave guiding [17].
e cross sections of HCMFs with an OD of 5 �m,  3.5 �m and 1 �m,  respectively.

In order to verify the existence of the hollow core, focused ion beam
(FIB) is used to cut off the HCMF at the waist region. Fig. 1(b)–(d)
shows the cross section of HCMFs with an OD of 5 �m, 3.5 �m and
1 �m,  respectively.

2.2. Characterization of HCMFs as optical waveguides

We  investigated the optical waveguide property of the HCMF
by coupling light into it using evanescent coupling method [18].
First, a HCMF with an outer diameter of 3 �m was fabricated, and
then a ceramic knife was used to cut off the fabricated HCMF at
the waist section before taking it down from fiber holders. One
end of the opened HCMF was  fixed to a support glass slide and
the other end is suspended in air. Light of different wavelength
was then launched into the HCMF by evanescent coupling method
through a fiber taper under an optical microscope (see the Supple-
Fig. 2. Wave guiding tests of the freestanding 3-�m-outer-diameter HCMF by
evanescent coupling method using a fiber taper. (a) The optical microscopy image
of  the HCMF coupled with a fiber taper without incident light for clearly exhibiting
the details of the evanescent coupling. (b–d) The optical microscopy image of the
HCMF coupled with 650 nm,  532 nm and 400 nm laser, respectively.
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Fig. 3. Schematic of the HCMF and the simulation results of the HCMF when the hollow core is filled with liquids. (a) The schematic of the HCMF and the corresponding
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efractive index profile. (b) Electric field norm distribution on the cross-section wh
ross-section when the HCMF is filled with solution of n = 1.4. (d–e) Electric field no

aser, respectively. The propagation distance in Fig. 2 is about 1 mm.
he bright spots on the left side visually show the waveguide prop-
rty of the HCMF in the visible light region. It should be emphasized
hat slight light scattering in the HCMF was induced by surface
ontamination.

Fig. 3(a) shows the schematic of the HCMF and the correspond-
ng refractive index profile. The light beam coupled to the HCMF is
onfined in the silica ring due to total internal reflection (TIR) at the
ilica-air and silica-liquid interface. The optical field patterns of the
uided modes of the HCMF are studied by finite element method.

ig. 3(b–e) show the simulation results when the hollow core of the
CMF is filled with liquids of different refractive indexes. In this

imulation, the outer diameter of the HCMF is 2.8 �m,  the inner

ig. 4. Optical propagation loss of HCMFs versus different diameters at 400-nm
avelength. The inset shows schematic diagram of the experimental setup for prop-

gation loss measurement of the HCMF.
 HCMF is filled with solution of n = 1.33. (c) Electric field norm distribution on the
stribution along the dotted line in (b) and (c) on the radial position, respectively.

diameter is 2 �m.  The refractive index of the silica is 1.45 and the
refractive indexes of two  liquids are 1.33 and 1.4, respectively. It is
observed that the fraction of the modal field located outside the sil-
ica ring as evanescent field increases with the increasing refractive
index of the liquids, which allows the direct interaction between
the guided light and the filled liquids.

To evaluate the optical propagation loss of the various
diameters HCMFs, a propagation-distance-dependent output mea-
surement [19] was  employed in our work. The fabricated HCMF
was suspended across a homemade-glass-slide channel to avoid

substrate-induced leakage. Incident light was coupled into the
HCMF through a launching fiber taper. Output powers from the
HCMF at different propagation length were measured by another
fiber taper connected to an optical power meter, as shown in the

Fig. 5. (a) Scheme of the experimental setup for HCMF-based fluorescence detection
system. (b) The optical microscopy image of the HCMF coupled with a fiber taper.
(c) The optical microscopy image of the fluorescence excited by 400-nm light.
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ig. 6. (a) Fluorescence spectra of fluorescent microsphere suspensions at different c
icrosphere suspensions.

nset in Fig. 4. To obtain the propagation-distance-dependent out-
ut at 400-nm wavelength, we fixed the launching fiber taper and
oved the collecting fiber taper along the HCMF under an optical
icroscope, and recorded the distance-dependent output power.

o maintain an almost constant input coupling efficiency, we care-
ully adjusted the angle and position of the launching fiber taper
ntil the coupling is optimized with maximum output, and then
oved the collecting fiber taper with each step of 2 �m along the

ength of the HCMF. The collecting fiber taper is moved with a total
isplacement distance of 20 �m along the HCMF during a complete
easurement. Using an exponential decay function fitting method,
e obtained optical propagation loss coefficients at the waist sec-

ion for HCMFs with various outer diameters, three measurements
ere taken for each HCMF. The average loss coefficient is shown in

ig. 4 by black squares, and the bars in Fig. 4 are standard deviations
f each group of data. At 400 nm,  the optical loss of a 5-�m-outer-
iameter HCMF is about 2.4 dB/mm,  which is lower than the HCMF
ith smaller outer diameter. The increasing loss with decreasing
CMF diameter can be attributed to surface contamination. For

maller diameters, more light propagates as an evanescent wave
nd becomes susceptible to scattering by surface contamination.

.3. Fluorescence measurement

Fluorescence measurement becomes more and more impor-
ant in chemical applications because of its sensitive detection. In
ur work, we systematically investigated the detection of fluores-
ence intensity of fluorescein solutions filled in the 3-�m-diameter
ollow core of the HCMF. Fig. 5(a) shows the schematic experi-
ental setup for HCMF-based fluorescence detection system. The

uorescent solutions were injected into the hollow core of the
CMF with a flow velocity of 50 �L/min by a syringe driven by a
echanical pump. The joint between the syringe and the HCMF
as sealed by AB glue and laboratory film (Parafilm M).  Excita-

ion light at 400 nm was first lens-coupled into a fiber taper. And
hen the excitation light was efficiently coupled into the HCMF
hrough evanescent coupling by placing the fiber taper and the
CMF in close contact. When the excitation light is guided through

he HCMF, the fluorescent signal of the solution is excited through
he strong interaction between the excitation light and the solu-
ion. We used a 10× objective (NA = 0.3, TU Plan Fluor, Nikon) to
ollect the scattered fluorescent signal, which was  then redirected

o a spectrometer (Nova, Ideaoptics) and a charge-coupled device
CCD) camera after passing through a long pass filter for removal of
he excitation light. A micro-positioning fiber integrated with the
pectrometer was used to locate the fluorescent detection region
trations. (b) Fluorescence peak intensity as a function of concentration of fluorescent

and collect fluorescence signal. The fluorescence signal from the
region within the circular collection area (dotted circle shown in
Fig. 5(b)) was collected. The selection of the 10× objective in our
experiment is a balance between the detection volume and the
detection sensitivity. The diameter of the collection micro-area
under 10× objective is about 100 �m,  leading to an effective detec-
tion volume of around 300 fL. The amount of the liquid that flows
in the waist of the capillary is about 3 nL. The amount of the liquid
that flows in the pigtails of the capillary is about 150 nL. Fig. 5(b)
and (c) shows the optical microscopy image of the HCMF coupled
without and with the excitation light, respectively.

In this work, a 400 nm laser (5 mW)  was  guided into the fiber
taper to excite the fluorescence. Solutions of fluorescent monodis-
persed polystyrene microspheres (R100, Fluoro-Max, Thermo
scientific, diameter of the single particle is 100 nm,  the emis-
sion wavelength is 612 nm)  with concentrations ranging from 1
to 30 nM were prepared before use. Each solution was  measured
under the same condition. As we  can see in Fig. 6(a) , when
the concentration decreases, the fluorescence intensity decreases
obviously. The peak intensity at 612 nm wavelength versus concen-
trations is shown in Fig. 6(b). A linear response range of 0–30 nM
was obtained. The response time of fluorescence measurement
mainly depends on the flow rate of liquid in the core of the HCMF.
The flow rate decreases with smaller channel under the same
pumping strength. The HCMF is reusable with a good repeatability
after flushing out the filled liquid because we do not need addi-
tional modification on the wall of the HCMF. It is worth noting that
the fluorescence intensity generally decreases with the increase of
ambient temperature (see the Supplementary materials). There-
fore, it is necessary to keep the temperature at a constant during
the fluorescence measurement.

3. Conclusions

In conclusion, we have proposed the fabrication of a new type
of HCMF and investigated the characterization of the HCMF as a
low loss optical waveguide. The hollow core of the HCMF offers a
path for the interaction between the guided light and the ultra-
low-volume microfluidics. The optical property of the HCMF can
be tuned by changing the refractive index of the filled liquids. The
fluorescent detection of the solutions filled in the hollow core was

systematically investigated. An extra chamber to host the solution
is not needed in our experiment. The integration of optical waveg-
uide and microfluidic channel makes the HCMF be a promising
candidate in constructing miniaturized optical detection devices.
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