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Abstract—In this paper, we numerically and experimen-
tally propose a novel hollow-core microstructured optical
fiber (HC-MOF) biosensor for refractive index determination.
The sensing mechanism of the proposed sensor is based
on photonic bandgap effect and the location of transmis-
sion maxima of the fiber, which is strongly depend on
the liquid analyte Rl filled in the fiber core. The proposed
HC-MOF biosensor demonstrates the spectral sensitivity of
5636.3 nm/RIU with a Rl detection range of 1.333 to 1.3385 for
different ratios of plasmain blood serum in our experimental
studies. The HC-MOF proposed here can detect similar
liquid analytes with RI close to 1.33. The proposed sensor
with a high sensitivity, ease of operation and the possibility
of real-time sensing has a strong potential for detection of
liquid analytes and biomolecules with possible applications
in medicine, chemistry, and biology.

Index Terms—Fiber optic sensor, hollow-core microstr-
uctured optical fiber, photonics bandgap, biosensor.

I. INTRODUCTION

IGHT guidance in a low-index medium via pho-

tonic bandgap effect is the most important property
of hollow-core microstructure optical fibers (HC-MOFs).
In HC-MOFs, the micro-structured cladding of the fiber
induces photonic bandgaps, and the incident light wave-
lengths corresponding to these bandgaps are strongly reflected
by the cladding and guided in the core of the fiber [1].
HC-MOFs have been already utilized in different photonic
applications including coherent light-matter interactions [2],
spectroscopy [3], thermal imaging [4], supercontinuum gen-
eration [5], high power laser transmission, ultra-short lasing
and pulse compression [6], [7], and efficient terahertz
communications [8], [9].
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On the other hand, optical fibers have been recently studied
as an ideal medium for sensing different physical, chemical
and biological properties of samples/mediums including tem-
perature [10], pressure [11], mechanical strain [10], refractive
index [12] and bio-concentration [13]. The main advantages of
optical fiber sensors compared to conventional sensors are their
small probe size, immunity to electromagnetic interference,
low-cost, possibility of remote and distributed sensing and
their higher detection limits. Therefore, there is a growing
interest in design and fabrication of optical fiber sensors for
different applications especially in liquid sensing and biosens-
ing [13], [14]. Photonic crystal fibers (PCFs) are usually a
potential candidate in such applications. One of the most
important challenges of such sensors are the way you infiltrate
liquid in the fiber core or air holes [15]-[17]. In order to detect
a liquid sample, you have to use either an interferometric setup
(which is expensive) [16] or a plasmonic material [17].

Low-index light guidance in HC-MOFs can open the field
of optical fibers to new emerging research areas like gas
sensing [18], and low-index liquid sensing which can have
important applications in developing new biomedical instru-
ments, analyte detection and medical diagnostic tools [19].
The most important advantages of HC-MOFs compared to
regular optical fibers for liquid sensing are ease of selective
liquid filling, flexibility and also a low-loss medium for light
propagation using photonic bandgap effect. The first photonic
bandgap-based guiding fiber was reported in [1] where the
light guidance in air core of PCF at a particular wavelength
was demonstrated. The possibilities of filling the hollow-core
of the fiber with gasses or liquids are studied for different
applications. For example, HC-MOFs have been used for gas
sensing [18] and particle tracing [20].

While gas sensing and light-matter interaction inside
HC-MOFs has been the center of attention in recent years,
the possible applications of HC-MOFs in liquid analyte sens-
ing, biosensing and medical applications are neglected. There
were a few studies on possible application of HC-MOFs in
medical applications, for example determining the concentra-
tion of cholerogenum molecules in aqueous solutions [21]
or molecule-level chemical and biological detection [22]
using stimulated Raman scattering inside HC-MOFs. However,
as the Raman scattering effect mainly depends on the material
and laser energy, the intense heating of laser beams can destroy
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Fig. 1. (a) Scanning electron microscope (SEM) image of the cross-
section of the HC-MOF used in the experiments, (b) illumination of the
front facet.

the bio-samples and also results in low sensitivity for lower
index substances.

In this work, we propose a novel and robust HC-MOF
biosensor using a simple method for liquid infiltration in the
main core of the fiber for biosensing and medical diagnostics
applications. Using numerical simulations as well as exper-
imental data, we demonstrate the possibility of biosensing
using only the transmission spectra of the HC-MOF via the
photonic bandgap effect. The HC-MOF sensor first designed
using a finite element method and then fabricated using the
soft glass material. The sensing performances of the fiber
have been compared for different analytes (water and blood
serums). We show that the maximum transmission wavelength
of HC-MOF shifts with variations in bio-sample refractive
index. Finally, we show that by varying the concentration
of the analyte, various spectral responses can be obtained
which can be used for measuring the concentration of the
biomolecules in the sample.

Il. FIBER DESIGN AND FABRICATION

To design a sensitive biosensor, we used an HC-MOF which
can demonstrate tunable photonic bandgaps based on the liquid
material filled in the fiber core. The HC-MOF was fabricated
by SPE Nanostructured Glass Technology (Saratov, Russia),
and the details of the fabrication process of the fiber is dis-
cussed in [23]-[25]. The scanning electron microscope (SEM)
image of cross-sectional view of the HC-MOF is demonstrated
in Fig. 1(a).

According to Fig. 1(a), the HC-MOF consists of five con-
centric layers of capillaries and external buffer layer that pro-
vided structural totality in the drawing process [26]. We also
included a SEM image of the illumination of the front facet
of the fiber as shown in Fig. 1(b). HC-MOF is coupled with
white light source at visible range of 720 nm. The diameter of
the core is d = 172 pum. The thickness of the capillary walls

Fig.2. The cross section and electrical field distribution of the fundamen-
tal guided mode in the proposed HC-MOF in numerical simulations using
FEM with an excitation of 600 nm and the design parameters similar to
the fabricated fiber.

of each layers are t} =1.8 um, 1, = 2.6 um, t3 = 3.0 um,
t4 = 3.4 um and t5 = 4.1 um and filled with soft glass
n = 1.519 at the wavelength of 550 nm. The diameters of the
capillaries represent by m and n with values of five layers are
mip =14 ym, ny = 16 um, my =19 um, np =20 um, m3 =
22 um, n3 =24 um, mg = 26 pm, ng =29 um, ms = 31 um
and ns = 35 um, respectively as shown in the Fig. S1 (see
supplementary information).The fiber preform was assembled
from five circular layers of glass tubes of different diameters,
each layer consisting of 30 identical cells. The ratio of inner
to outer diameter of each individual tube was 0.85. Using an
outer buffer layer, this structure was suspended in a cylindrical
tube with a larger diameter. The entire fiber structure was made
from the Russian electro-vacuum glass, which is a soft optical
glass composed of 72% silica, 16% Na20 and smaller amounts
of Ca0O, MgO and BaO. This optical glass exhibits a refractive
index of 1.519 and an Abbe number V = 60, which makes its
optical properties nearly identical to Schott crown glass K7.
This glass was mainly chosen for its excellent thermo-elastic
properties and its suitability for the fiber drawing process [27].

[1l. NUMERICAL SIMULATIONS

To simulate the optical properties of the proposed HC-MOF
in sensing applications, a finite element method (FEM) has
been used to find the effective mode index of guided modes
in the fiber core. The electric field distributions of fundamental
guided mode profile for HC-MOF with 600 nm excitation
wavelength through FEM analysis using COMSOL Multi-
Physics software (version 5.4) is shown in Fig. 2. Note that all
of the design parameters of the HC-MOF have been adopted
from the fabricated structure.

In the simulations, a perfectly matched layer (PML) of 7 um
is applied to the boundary surfaces which can absorb the
radiant energy and resist the reflection of any stray energy
from the fiber axis. The scattering boundary condition is also
applied with PML which can assist in reducing the reflected
energy. Finally, a fine mesh size has been applied to the model
to ensure the accuracy of the results.

IV. EXPERIMENTAL SETUP

For biosensing setup, the optical beams transmitted to the
hollow core through fiber optical cable from the optical source
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Fig. 3. The diagram of experiments for biosensing using the HC-MOF.

(halogen lamp). The light is then passed through a lens with
a focal length of 6 mm. We used a collimator, attached to the
two-coordinate x-y adjusting surface, to efficiently transmit
the light to the fiber optic cable. The length of the proposed
HC-MOF is 6.1 cm. The analyte samples are infiltrated in
a special glass cuvette (smart cuvette) to be inserted inside
the fiber core using a pipette dispenser. Under the action of
capillary forces, the biosample (50 ul) penetrates into core
of the waveguide. The quality of filling of the waveguide can
be assessed visually and by the characteristic shape of the
transmission spectrum. The output radiation is then collected
by the second lens from the HC-MOF and is transmitted to the
fiber optic cable of spectrum analyzer (Ocean Optics HR4000)
which was connected to a computer via USB-interface. The
schematic of the proposed biosensing setup is demonstrated
in Fig. 3.

V. SENSING PERFORMANCE OF THE
PropPoOseD HC-MOF

The transmission spectra and location of transmission peak
of HC-MOF strongly depends on the geometry structure of
the cladding and refractive index of the sample in the hollow
core region [1]. In this study, sensing performance of two
samples including blood serum for plasma detection and water
is experimentally analyzed to demonstrate the possibility of
biosensing using HC-MOFs and photonic bandgap guiding
mechanism.

The RI of the plasma in the blood serum is measured by
pocket refractometer (Atago PAL-RI) and determined to be
1.3342, 1.3346 and 1.3385 for 1/8, 1/4 and 1/2 plasma dilution
with water ratios as shown in the Fig 4. The ratio of 1/2, 1/4,
1/8 is actually defined for mixture of raw plasma serum with
distilled water. For example, 1/2 means 1 part of plasma serum
mixed with 2 parts of distilled water. Similarly, 1/4 and 1/8
is 1 part of plasma serum mixed with 4 parts of distilled water
and 1 part of plasma serum mixed with 8 parts of distilled
water, respectively. The RI of water is also determined to
be 1.333. Initially, we consider empty core of HC-MOF and
observed transmission spectrum at the visible/NIR wavelength
range of 400 nm to 900 nm as shown in Fig. 5.

The transmission spectra of experimental setup agreed very
well with predicted spectra from the FEM simulations. The
maximum intensity of peak wavelength is occurred around
650 nm for both experimental spectra and the spectra calcu-
lated using FEM simulations. This broad range of transmission
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Fig. 5.  Measured and simulated transmission spectrum of HC-MOF
filled by air.

spectrum is more suitable for many sensing application. The
obtained intensity of transmission bands depends on the size
of the hollow core, cladding arrangement, and core filling
material properties such as optical loss of the material and
its scattering coefficients. The detailed spectral properties of
HC-MOF were discussed in [23]-[25]. Similar to the previous
analysis, we studied the transmission spectra of HC-MOF
when the core of fiber was filled with water. A maximum
intensity of peak wavelength as 626 nm for experimental
and 611 nm for simulated as shown in Fig. 6. It is clear that
the maximum intensity of peak wavelength is red shifted with
increasing the RI of sample in the HC-MOF core. Further,
sensing performance of plasma detection in blood serum is
computed where hollow core filled up by blood serum. The
recorded transmission power spectrum for experimental and
simulation is shown in Fig. 6 for plasma sensing.

The maximum intensity of peak wavelength in experiments
is determined to be 641.55 nm, 645.6 nm and 657 nm for
serum 1/8, 1/4 and 1/2, respectively. The spectral sensitivity
is one of the main parameters that determine the performance
of a biosensor. One can easily obtain the spectral sensitivity
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Fig.6. (a) Experimental intensity spectra and (b) FEM simulation spectra
of core guided mode power in the proposed HC-MOF with different
analyte liquids filled in the core of the fiber. Note that the locations of
the main peaks (peaks with the highest intensities) are used to detect a
liquid analyte in the core of the HC-MOF.

of the proposed HC-MOF using the following formula [28],
A/Ipeak

S (nm/RIU) = >
Ananalyte

ey
where, Alpeak is the difference between peak wavelengths
of HC-MOF spectra and Ananalyte is the difference between
analyte RI of the core filling liquids. The wavelength shift for
a RI change from 1.333 (water) to 1.3385 (blood serum 1/2)
is equal to 31 nm in experiments and 41 nm in simula-
tions. The shift of resonance wavelength with analyte RI
for experiments and simulations is demonstrated in Fig. 7.
Using Eq. 1 and Fig. 7, the spectral sensitivity of the proposed
HC-MOF is determined to be 5636.3 nm/RIU for experiment
and 7454.5 nm/RIU for FEM simulations with a RI detection
range of 1.333 to 1.3385. Furthermore, we fitted the data
points with an adjusted R-square of 0.9999 for experimental
(Fig. 7 (a)) and 0.99698 for numerical (Fig. 7(b)) simulation
data. The fitting equations and values are inserted in Fig. 7.
According to the data in the simulations and experiments,
we can detect the plasma presence in the blood serum using
the proposed HC-MOF biosensor and the proposed optical
setup. The high sensitivity of HC-MOF sensor together with

m Resonance wavelength
—— Polynomial fit for resonancewavelength

660
| (a) Experiment
__ 6554
E '
~ 6504
£
-Ia, L
c 45
H 645
g 4
= 6404
H |
) i = A Ay A
bt 635- Equation y = Intercept + B1*'x*1 + B2*x"2
E Adj. R-Squar  0.99999
h o

c
s 6304 Value Standard Err
n B Intercept  -2.83059E6 = 12124.65535
Du:, ) B B1 4.23355E6 18151.13924

625 B B2 -1.568261E6 6793.2447

1.3320 1.3335 1.3350 1.3365 1.3380 1.3395

Analyte RI
670
e 1(b) Simulation
E 660
£ ]
£ 650-
o
5 E
o 640+
>
g ]
e 630 +
g 1 | Equation y = Intercept + B1*x*1 + B2"x*2
g 6204 Adj.R-Squar  0.99698
8 1 Value Standard Erro
& 610 4 B Intercept  -4.46248E6 308060.51239
B B1 6.6751E6 461180.05784
600 1 _B B2 -2.49583E6 172601.23136
i Ll b T i Ll L4 1 b T
1.3320 1.3335 1.3350 1.3365 1.3380 1.3395
Analyte RI

Fig. 7. Resonance wavelength (transmission peak location) of the
HC-MOF as a function of analyte RI for experimental studies and FEM
simulations.

the ease of detection, low-cost of the setup and also the
possibility of real-time detection of liquid analytes can be
used not only for detection of blood plasma but also for
various biosensing applications and unknown analyte detection
in chemistry, medicine, and biology.

The sensitivity can also discuss with both high index
and lower index PCF in order to compete and prove for
the proposed work has in cherish of photonics. Infact, the
work based on higher index PCF [29], has good optimized
structure but still they did for simulation only and that work
not to be interacted with real bio samples whereas we have
demonstrated real time HC waveguide with abrupt optimized
structure and obtained sensitivity as 7545 nm/RIU. This
range is not so far from the earlier reported PCF sensitivity
value which has 9000 nm/RIU. In fact, the principle of
both hollow waveguide, silica waveguide is entirely different
but the effectiveness of the proposed structure is almost the
reached that sensing performances of PCF. While comparing
the hollow core anti resonant fiber [30], it will clearly depict
that sensitivity was obtained in GHz/RIU. While analyzing the
analyte value, it has higher index difference than our case but
still sensitivity reached for approximately 900 GHZ/RIU with
index difference of 0.005 whereas 1200 GHz/RIU for 0.06.
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While comparing the index difference, the proposed reach for
better sensitivity at the minimal index difference.

VI. CONCLUSION

In conclusion, HC-MOF Refractometer was designed. The
transmission power spectrums of HC-MOF were obtained
through numerical simulation and experimental studies with
hollow-core followed by a core filled with different liquid sam-
ples (water and blood serum). The proposed HC-MOF biosen-
sor demonstrates the spectral sensitivity of 5636.3 nm/RIU
with a RI detection range of 1.333 to 1.3385 for different
ratios of plasma in blood serum in our experimental studies.
We demonstrated the strong potential of our HC-MOF biosen-
sor for detection of different liquid analytes with RI close to
1.333 which can find important applications in biomolecule
detection with possible applications in medicine, chemistry,
and biology.
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