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Preface to “Fiber Optic Sensors in Chemical and
Biological Applications”

Research on optical fiber sensors for chemical and biological applications began soon after the
production of optical fibers in 1970, and boomed at the end of the second millennium. At the
beginning, optical fibers served to explore light transmission from a measured area to a detector, and
research was focused on the fixation of known chemical indicators and/or sensitive biological parts
to the surface of an optical fiber. Currently, such types of sensors may be used in harsh conditions,
particularly in reactors. The miniaturization and availability of advanced electronic devices are the
reasons why extrinsic optical fiber chemical /bio-sensors have often been superseded by nanosensors
and optical sensors with wireless transmitters, above all, in medical and environmental applications.
Thus, recent research pertaining to optical fiber sensors in chemical and biological applications has
mostly been oriented around intrinsic optical fiber sensors, whereby the waveguide structure of the
optical fibers plays an active role in sensing. Such label-free chemical /bio-sensors are highly sensitive;
however, their low selectivities limit their practical use to very specific analyses, for the detection of
impurities.

In this Special Issue, the subjects of the papers truly reflect the contemporary stage of research

interests in the field of chemical and biological applications of optical fiber sensors.

Gabriela Kuncova
Editor

ix
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Abstract: Ammonia gas sensors were fabricated via layer-by-layer (LbL) deposition of diazo resin
(DAR) and a binary mixture of tetrakis(4-sulfophenyl)porphine (TSPP) and poly(styrene sulfonate)
(PSS) onto the core of a multimode U-bent optical fiber. The penetration of light transferred into
the evanescent field was enhanced by stripping the polymer cladding and coating the fiber core.
The electrostatic interaction between the diazonium ion in DAR and the sulfonate residues in TSPP
and PSS was converted into covalent bonds using UV irradiation. The photoreaction between the
layers was confirmed by UV-vis and Fourier transform infrared spectroscopy. The sensitivity of the
optical fiber sensors to ammonia was linear when exposed to ammonia gases generated from aqueous
ammonia solutions at a concentration of approximately 17 parts per million (ppm). This linearity
extended up to 50 ppm when the exposure time (30 s) was shortened. The response and recovery
times were reduced to 30 s with a 5-cycle DAR/TSPP+PSS (as a mixture of 1 mM TSPP and 0.025 wt%
PSS in water) film sensor. The limit of detection (LOD) of the optimized sensor was estimated to be
0.31 ppm for ammonia in solution, corresponding to approximately 0.03 ppm of ammonia gas. It is
hypothesized that the presence of the hydrophobic moiety of PSS in the matrix suppressed the effects
of humidity on the sensor response. The sensor response was stable and reproducible over seven
days. The PSS-containing U-bent fiber sensor also showed superior sensitivity to ammonia when
examined alongside amine and non-amine analytes.

Keywords: ammonia detection; layer-by-layer; U-bent optical fiber; porphyrin; poly(styrene
sulfonate); diazo resin; photocrosslinking

1. Introduction

The use of optical fibers for chemical and biological sensing has become popular for
both scientific and commercial applications [1,2]. Because of their unique properties, such
as small size, immunity to electromagnetic interference, and biocompatibility, they facilitate
remote and real-time measurements with high sensitivity and selectivity. Most importantly,
an optical fiber sensor (OFS) can be deployed in a harsh corrosive environment owing to
the chemically inert silica substrate of the fiber [3].

The different OFS geometries reported in the literature for refractive index (RI) and
absorption sensings include straight decladded [4], partially polished [5], laterally pol-
ished [6], D-shaped [7], and U-bent [8] fibers. Among the various reported designs, the
U-bent design has several advantages, such as (1) a high evanescent wave absorbance sensi-
tivity due to conversion of the lower-order modes into higher-order modes, (2) less fragility
compared to other geometries, (3) ease of probe fabrication and repeatability, and (4) ease
of development into a point sensor. Combining the advantages of the U-bent geometry
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and the stripped fiber core functionalized with nanomaterials enables the development of
a high-sensitivity sensor capable of binding target chemical species.

Ammonia (CAS No. 7664-41-7) is a widely used chemical in the chemical industry. It is
an important gas for assessing indoor air quality, particularly in the industrial sector, as its
presence in excess of its exposure limit results in health issues [9]. Its permissible exposure
limit is regulated to be 50 ppm (35 mg m?), according to the Occupational Safety and Health
Administration (OSHA) guidelines [10]. On the other hand, ammonia has recently attracted
a great deal of attention as a hydrogen carrier and an alternative energy resource to replace
hydrogen [11]. From this perspective, the development of technologies related to ammonia
gas detection, separation, condensation, etc., becomes an important issue. Moreover, the
use of ammonia as a biomarker in human breath [12,13] for detecting pathological disorders
such as renal insufficiency [14], hepatic dysfunction [15], Helicobacter pylori infection [16],
and halitosis [17], has recently gained significant interest from researchers [18].

From this perspective, OFSs provide an excellent base for developing low-cost, small,
sensitive, and reliable ammonia sensors, making them viable for on-field applications. In
the past decades, sensing agents made of various organic polymers, dyes, and pH indicators
using OFSs have been investigated for detecting ammonia. In these cases, the ammonia
reacts with the water molecules to produce hydroxide ions (OH™), which deprotonate the
sensing agent, resulting in a change in the absorption spectrum of the film [19].

In our previous work, we demonstrated evanescent-wave-based OFSs for ammonia
gas sensing, which were modified with tetrakis(4-sulfophenyl)porphine (TSPP) and several
cationic polymers via electrostatic interactions between the oppositely charged polyelec-
trolytes [20-22]. The exposure of the TSPP nanonassembled film to ammonia induced
unique optical changes in the transmission spectrum of the optical fiber, displaying the
characteristic absorption bands (two Soret bands and Q bands) of the assembled TSPP
compound [20]. A high extinction coefficient (>2.0 x 10°> ecm~! M~!) makes porphyrin
particularly viable for the creation of optical sensors. However, several issues challenge its
implementation when used with optical fibers, such as leaching out of the TSPP from the
nanoassembled films [21], undesirable sensitivity to humidity owing to the hydrophilic-
ity of the porphyrin, swelling of the immobilized polymer, long recovery time at high
ammonia concentrations (>1 ppm), and a longer requisite exposure time (>30 s) [22].

A solution to such problems is creating covalent bonds or effective interactions be-
tween the dyes and the embedding matrix. It has been reported that polyelectrolyte
complexes that are formed using diazo resin (DAR) as a cationic polyelectrolyte can be con-
verted into covalent bonds by irradiation with ultraviolet (UV) light [23]. Crosslinked DAR
films are stable even at high pH due to their high resistance to solvent etching, resulting in
denser and more rigid films [24].

The present study proposes a novel strategy for fabricating a U-bent OFS coated with
covalently crosslinked porphyrin layers. As mentioned above, the U-bent fiber geometry is
advantageous in improved evanescent wave interactions due to the ergonomic design of
the fiber compared to other fiber geometries. DAR as a polycation polymer and a binary
mixture of TSPP and poly(styrene sulfonate) (PSS) as polyanions were alternately deposited
as a film by the layer-by-layer (LbL) method on the U-bent fiber core. It is presumed that
the presence of PSS in the matrix imparts greater stability to the low-molecular-weight
dyes or pigments in the film and reduces the interference due to water on the sensor
response. On the other hand, it may affect the mobility or aggregate structures of the TSPP,
and thus, the amount of PSS employed in the film was optimized. Photopolymerization
via UV irradiation resulted in a greater stability of the TSPP inside the film, which was
co-assembled with PSS. Herein, the responses of the sensor to different concentrations
of ammonia were measured under nearly saturated humidity conditions, and the critical
sensor parameters, such as selectivity, sensitivity, and stability, were investigated.
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2. Materials and Methods
2.1. Materials

TSPP (Mw: 934.99 g mol ') was purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). PSS (Mw: 70.000 g mol~1) and acetone were purchased from Sigma-Aldrich
(St. Louis, MO, USA). NH,OH (28 wt% in H,O), which was used to produce the ammonia
analyte gas, and pyridine (Py), ethanol, toluene, methanol, and 1-hexanol, which were used
as additional analyte gases, were purchased from Wako Pure Chemical Industries (Osaka,
Japan). Trimethylamine (TMA, 30% in H,O) and 1-propanol were purchased from Kanto
Chemical Co., Ltd. (Osaka, Japan). Triethylamine (TEA) was purchased from Kishida
Chemical Co., Ltd. (Osaka, Japan). All chemicals were of analytical grade and were used
without further purification. DAR (Mw: ca. 2500 g mol~!) was synthesized according
to a previously reported method [25,26]. Deionized (DI) pure water (18.2 M()-cm) was
obtained by reverse osmosis, followed by ion exchange and filtration (Aquapuri 541; Young
In Scientific, Seoul, Korea).

2.2. Preparation of Optical Fiber Sensor

To fabricate the OFS, a short section of the plastic cladding of a multimode optical fiber
(HWEF 200/230/500T silica core/plastic cladding with a 200 um core diameter, CeramOptec:
Bonn, Germany) was burned and bent to a U-shape using a burner. The total length of the
fabricated U-bent OFS was approximately 40 cm, and the exposed length of the U-shaped
tip probe (without plastic cladding) was approximately 1 cm, as shown in Figure 1a. Then,
the exposed section of the silica core was rinsed in ethanol and DI water several times,
and treated with 1 wt% ethanolic KOH (ethanol/water = 3:2, v/v) for 20 min. Thus, the
negatively charged evanescent region was formed.

U-bent
SiO, core
© 200 um

(Sensing &
| coating area)

Spectrometer

(51024DW, Ocean Optics) |-
Es v 4
Optical A
~ fiber \‘ Light source

PC Analyte

Y (DH-2000-Ball, Mikropack)
solution

Measurement
chamber

Coated U-bent tip

Figure 1. (a) Photograph of a U-bent optical fiber. (b) Chemical structures of DAR, TSPP, and PSS
and a schematic of the LbL assembly of DAR and TSPP, or DAR and a TSPP+PSS binary mixture on a
multimode U-bent optical fiber core followed by exposure to UV-radiation at 365 nm. (c) Schematic
of the experimental setup for gas detection.
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Next, an electrostatic film was deposited by alternately immersing the negatively
charged activated core of the optical fiber into an aqueous DAR solution (1 wt%, pH 2.2)
and a mixture of TSPP (1 mM in H,O, pH 3) and PSS (0, 0, 0.025, and 0.1 wt% in H,O)
at room temperature for 15 min each, producing a DAR/TSPP+PSS bilayer (where one
cycle results in a DAR/TSPP or DAR/TSPP+PSS bilayer). This was achieved by adding
the coating solution (volume 70 pL) to a deposition cell with the intermediate processes
of water washing and drying by flushing with nitrogen gas being. Multilayer assemblies
can be formed by cyclic repetition of these two steps. Figure 1b shows the LbL assembly of
the photocrosslinkable DAR and TSPP or a binary mixture of TSPP and PSS. An LbL film
without PSS was prepared to evaluate the effect of PSS on the sensor response, and the
outermost layer of the alternate film was DAR in all cases. The films were deposited in the
dark to avoid the decomposition of the DAR. Finally, the U-bent optical fiber modified with
a 5-cycle DAR/TSPP or DAR/TSPP+PSS thin film was cured by exposing it to UV light
(Amax = 365 nm) at a distance of 10 cm for 15 min. Consequently, the ionic bonds between
the diazonium cationic ions in DAR and the sulfonate anionic residues in TSPP and PSS
can be converted into crosslinked covalent bonds by UV light irradiation.

2.3. Experimental Setup and Sensing Performance

The stripped section of the optical fiber that was coated with a functional film was
fixed in a specially designed cylindrical acrylic gas measurement chamber (3.6 cm in
diameter, 1.0 cm in height; internal volume: 10.2 cm?). As seen in Figure 1c, one end
of the optical fiber was connected to a deuterium halogen light source (DH-2000-Ball,
Mikropack), while the other end was connected to a spectrometer (S1024DW, Ocean Optics)
to monitor the assembly process and gas sensing. Spectra Suite® Spectrometer Operating
Software (Ocean Optics) was used for the analysis. The absorbance (A) was determined
by taking the logarithm of the ratio of the transmission spectrum of the coated fiber, T(7),
to the transmission spectrum measured prior to the film deposition, Ty(A), as shown in
Equation (1):

T(A)
AQ) = —log [ 55 (1)

The response of the U-bent OFS was measured by exposing it to ammonia and other
analyte gases at different concentrations, which were generated by placing a fixed vol-
ume (100 pL) of their aqueous analyte solutions of different concentrations inside the
measurement chamber near the U-bent tip. Each analyte solution was kept for approxi-
mately 3 min to attain equilibrium between the released gas and the solution (also kept
until the saturation of the signals measured at the wavelength of 706 nm). The individual
amine gas concentrations of ammonia, TMA, TEA, and Py were measured using gas tubes
(No. 3L for ammonia, No. 180 for TMA, No. 180L for TEA, and No. 182 for Py; GasTech,
Inc., Ayase, Japan). The actual amine gas concentrations were estimated using calibration
curves obtained from the corresponding amine concentrations in the solutions, as shown
in Figure S1.

The baseline spectrum of each experiment was measured by placing DI water (100 uL)
at the bottom of the measurement chamber near the tip of the U-bent optical fiber until
the signals measured at the wavelength of 706 nm stabilized. The relative humidity level
inside the measurement chamber during all measurements reached approximately 80%
at room temperature (approximately 24 °C) (Figure S2). The sensor response (SR) was
calculated using the following equation Equation (2):

I—1I
SR (%) = 010

% 100, ()

where I and I are the light intensities of the OFS in the absence and presence of an analyte
gas, respectively, measured at the same wavelength.
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2.4. Film Characterization

Scanning electron microscopy (SEM) measurements were performed with a Hitachi
S-5200 at an acceleration voltage of 10-15 kV. A 2-nm thick platinum layer was deposited on
all samples using a Hitachi E-1030 ion sputter at 15 mA and 10 Pa prior to measurements,
preventing the charge up of the sample surface. For Fourier transform infrared spectroscopy
(FT-IR) analysis, the films were prepared on a gold-coated silicon wafer plate and measured
using a Spectrum 100 FT-IR spectrometer (Perkin Elmer Japan Co., Ltd., Yokohama, Japan).
The contact angles of the samples were measured using a DropMaster 100 (DropMaster
Co., Ltd., Niiza, Japan).

3. Results and Discussion
3.1. Strategy for Sensitive and Reproducible Sensor Fabrication

TSPP, which has two distinct and unique aggregates (J- and H-) along with monomers
in nanoassembled films, has been extensively investigated in previous studies, including
our trials [21,27,28]. The concentrations of these structures usually change with the degree
of TSPP protonation or deprotonation [20,29]. These optical features can be used for
the detection of some analytes that are proton-donating or proton-accepting in aqueous
or gaseous media [22,27]. However, the TSPP aggregations inside the film are strongly
affected by humidity because of the hydrophilicity of TSPP. As a result, the water molecules
trapped in the film matrix retain the analyte for an extended period. This drawback of
the nanoassembled TSPP films for chemical sensing may be caused by the fundamental
features of the layered film, which are based on the electrostatic interaction between the
alternate layers.

DAR is a candidate molecule for solving this problem because it is capable of changing
the electrostatic bond between the layers to a covalent bond. The arene diazonium salt
(DAR-N2+) ion-complexed with an anionic species can be easily decomposed via UV
irradiation or heat treatment by releasing the N2 gas. Consequently, the negatively charged
sulfonate groups of TSPP can be covalently crosslinked through nucleophilic addition
to the carbocation formed in the terminal benzene ring of the DAR. Sun et al. reported
that negatively charged TSPP sulfonate ions complexed with DAR can be converted into
covalent bonds after photoreaction induced by UV irradiation [30]. In this study, a novel
approach was demonstrated to improve the hydrophobicity of the sensor films by using a
binary mixture of TSPP and PSS. PSS is an anionic polymer having sulfonate groups and
makes strong ion-complexes with diazonium functional groups. As illustrated in Figure 1b,
the assembled layers can be covalently crosslinked after UV irradiation and become much
more hydrophobic due to the neutrally transformed phenyl rings in the PSS. However, the
content of PSS employed in the sensor films may competitively affect the sensing ability
of TSPP.

3.2. Optical Features of Covalently Attached DAR/TSPP+PSS Multilayers

The layered film assembly with DAR and TSPP or DAR and a binary mixture of TSPP
and PSS was confirmed after each deposition cycle by monitoring optical changes in the
transmission spectra of the optical fiber. Optical fiber absorption spectra were obtained
by adapting Equation (1) to the transmission spectra recorded during the film deposition
(Figure S3). Figure 2a,b show the absorption spectra of a 5-cycle DAR/TSPP+PSS film
with an outermost layer of TSPP+PSS and DAR, respectively, where the PSS concentration
in the coating solution was adjusted to 0.025 wt%. This PSS concentration was optimal
for improving sensitivity to ammonia and hydrophobicity of the sensor film. Figure 2¢
shows the absorbance changes at 435, 490, and 706 nm during the film deposition when
the outermost layer was deposited with a TSPP+PSS binary mixture. The absorbance at
each wavelength increased linearly with the number of layers, indicating the uniform
film deposition for each component. The absorption spectra for the individual layers
with a TSPP+PSS outermost layer were characterized by a double peak in the Soret band
at 435 and 490 nm and a pronounced Q band at approximately 706 nm. In addition to
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these characteristic peaks, the absorbances at 380 and 309 nm correspond to the m—m*
transition of the diazonium group [30] and the benzene rings of DAR and PSS, respectively.
Notably, no significant changes in the position or shape of the TSPP absorption peaks
were observed when the outermost layer was deposited with DAR, which indicates that
the TSPP aggregate structures do not change when overlaid with DAR layers. Moreover,
mixing TSPP with a small amount of PSS did not significantly affect the absorption spectra
of the film.

The decomposition of the diazonium groups in the 5-bilayer DAR/TSPP+PSS (0.025 wt%)
film completed within 15 min. Figure 2d shows a decrease in absorbance at 380 nm, in-
dicating that the diazonium groups decomposed under UV irradiation. Simultaneously,
the absorbance of the Soret band of TSPP at approximately 435 nm also slightly decreased
without any change in the peak position and shape. This small decrease at 435 nm may
be due to masking of the diazonium group spectra. Therefore, we concluded that the
absorbance at 435 nm is mainly composed of the Soret band of the TSPP but partly overlaps
with the edge of the diazonium group band before UV irradiation. This result also suggests
that no significant changes occurred in the film conformation during the photocrosslinking
reaction, as reported in a previous study [24]. On the other hand, the Q band of TSPP was
blue-shifted (ca. 3 nm) with a slight increase in the absorbance at 706 nm, indicating that
UV irradiation may induce structural changes in TSPP J-aggregates.

(a) (b)
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0.7 1 Ei::é 0.7 === DAR-2 g o
8 0.6 4 2nd Soret ——T5PP-3 8 0.6-_DAR_3 ] 0.3
c =——TSPP-4 c — DAR-4 § 02
@ 051 380nm = TSPP-5 @ 0.577DAR-5 < o1

= DAR-6

-E 0.4 1 N -E 0.4+ De;oszitign"cygles
8 0.3 Q band 8
a Y a 0.3
< 02 < 0.2

0.1 0.1

0.0 0.0

200 300 400 500 600 700 800
Wavelength / nm

206 3(|)0 4(I)0 560 6(I)0 760 860
Wavelength / nm

~
N
~—

(d)

0.8 0.8
0.7 1 —— DAR-6
0.71 4 435nm A ) —— After UV-15min
Y 06| ® 490 nm /. Q 0.6 4
E : " 706 nm A/ g 0.5
© 0.5 / o 7]
2 A /' 5 04
= 0.4 -
E 03 & /' 8 03
31 n
. 0.2 1 A%. /./ 0.2 ]
. u
® ./ 0.1 ]
0.1 1 ./ 0.0
0.0 , : . i , ' ' ' ' '
1 2 3 a4 s 200 300 400 500 600 700 800

Deposition cycles Wavelength / nm

Figure 2. Evolution of the UV-vis absorption spectra of the DAR/TSPP+PSS (0.025 wt%) alternate
layers deposited onto the 1-cm-long stripped core of a U-bent optical fiber when the outermost layer
was deposited with (a) TSPP+PSS and (b) DAR, respectively. (c¢) Absorbance changes measured at
(A) 435, () 490, and (M) 706 nm. (d) Comparison of the UV-vis absorption spectra of the 5-cycle
DAR/TSPP+PSS (0.025 wt%) film with an outermost layer of DAR before and after exposure to UV
irradiation for 15 min.
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3.3. Sensor Responses to Ammonia

According to the equilibrium equation (Equation (3)), the ammonia gas that evapo-
rated from the aqueous ammonia solutions saturated inside the measurement chamber.

NH,OH(aq) < NH;(g) + H,0 3)

Figure 3a shows the intensity changes (defined as Al) in the transmission spectra due to
the presence of ammonia in the 5-cycle DAR/TSPP+PSS (0.025 wt%) film, which is obtained
by subtracting the transmission spectrum measured at a given ammonia concentration
from that measured using water. As the ammonia concentration increased from 0 ppm to
100 ppm (sol), the intensity changes in the transmission spectra increased at 485 and 706 nm
and decreased at 411 and 518 nm, respectively, as shown in Figure 3b. The most perceptible
change in the intensity of the transmission spectra was observed at 706 nm. This result
suggests the disappearance of the electrostatic interactions between the TSPP molecules
due to the deprotonation process induced by the adsorption of ammonia molecules [22,31],
indicating the distortion of the TSPP J-aggregates in the film.
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Figure 3. (a) Evolution of the transmission spectra induced by the exposure of the U-bent OFS modi-
fied with a 5-cycle DAR/TSPP+PSS (0.025 wt%) film to ammonia concentrations from 0 to 100 ppm
(sol). (b) The intensity changes at four different wavelengths versus ammonia concentration, ob-
tained from the three independent experiments conducted using the individual as-prepared sensors
fabricated under the same conditions. (c) The corresponding UV-vis absorption spectral changes
due to the exposure of the film to ammonia. The inset shows the decrease in absorbance of the Q
band centered at 706 nm induced by the presence of ammonia. (d) The intensity changes at 706 nm,
obtained from the four consecutive ammonia measurements.

As evident from Figure 3¢, the Q band centered at 706 nm shows perceptible ab-
sorbance changes in the corresponding absorption spectra obtained using Equation (1),
which are similar to the results observed in the transmission spectra shown in Figure 3a.
The absorption peaks at 490 and 706 nm, which are attributed to the TSPP J-aggregates in
the film, were reduced, while the absorbance of the peak at 435 nm increased.
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Figure 3d shows the intensity changes at 706 nm, obtained from the four consecutive
ammonia measurements in the concentration range from 0 to 100 ppm (sol). The intensity
changes after the first measurement of the as-prepared film exhibited good reproducibility,
with a standard deviation of £4.5 mV at 100 ppm concentration of ammonia, although the
average intensity change of ammonia measured thrice at 70 ppm (sol) was approximately
70% of the initial measurement. This decrease in intensity change after the first measure-
ment of the as-prepared film may be due to the optimization of the film structure after
continuous use. The higher amount of TSPP J-aggregates is present in the as-prepared film;
however, some of the TSPP molecules, particularly those covalently bound to the DAR, are
hard to return to the original J-aggregation state after the first use. The film matrix appears
not to recover the initial state completely. Consequently, the TSPP J-aggregation is subtly
realigned after the initial exposure to ammonia and optimized for ammonia sensing.

3.4. Optimization of the Content of PSS Employed in the Sensor Film

The reasons for employing PSS with TSPP in this study are as follows: first, a PSS
polymer has multiple sulfonate functional groups and can be crosslinked with DAR upon
UV irradiation, which helps form a covalently bonded stable film [23,24]; second, PSS may
enhance the hydrophobicity of the film when added by mixing it with TSPP; the enhanced
hydrophobicity of the film reduce the desorption of TSPP from it as well as its affinity
to water molecules. These advantages of PSS improve the stability and sensitivity of the
crosslinked film.

To investigate the effect of PSS in the sensor film on ammonia gas sensing under
highly humid conditions, three types of covalently crosslinked DAR/TSPP+PSS films
with different PSS contents of 0 wt%, 0.025 wt%, and 0.1 wt% were prepared. Figure 4a
shows an example of the dynamic SRs measured at 706 nm for the U-bent OFS coated
with a DAR/TSPP+PSS (0.025%) film when exposed to different ammonia concentrations
from 0 to 100 ppm (sol). The SR of the sensor film was recorded for 3 min after placing
100 pL of aqueous ammonia of a given concentration in the chamber; the ammonia solution
was then removed by suction and the chamber was flushed with dry air at a flow rate of
1L min~! for 1 to 2 min. The SR, calculated using Equation (2), was exceedingly quick
(<30 s) for each ammonia solution and recovered almost entirely even after exposure to a
high concentration of ammonia at 100 ppm (sol), exhibiting a SR of approximately 10%.
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Figure 4. (a) Dynamic sensor responses (SRs) of the U-bent OFS coated with a 5-cycle DAR/TSPP+PSS (0.025 wt%) film at
706 nm when exposed to different ammonia concentrations from 0 to 100 ppm (sol). (b) SRs of the sensor films with different

PSS contents of 0 wt%, 0.025 wt%, and 0.1 wt%, displaying a linear behavior within 17 ppm (sol) in each calibration curve.
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Figure 4b compares the SRs of the three DAR/TSPP+PSS sensor films, which were
measured at 706 nm in all cases. Interestingly, the SR was influenced by the PSS content
and increased in the following order: PSS 0.1 wt%, PSS 0 wt%, and PSS 0.025 wt%. In
particular, the sensor film without PSS exhibited a slightly different adsorption behavior,
having two linear ranges (0-7 ppm and 7-17 ppm), compared to the other two sensor films
containing PSS, indicating a slow reaction at low ammonia concentrations. It may be that
the diffusion of ammonia into the film is disturbed at low concentrations.

3.5. Sensitivity and Selectivity of the PSS-Containing Sensor Films

As seen in Figure 4b, the linear behavior of the calibration curves for ammonia were
observed within 20 ppm (sol). Interestingly, the film prepared with 0.025 wt% PSS exhibited
a high SR compared to the other two films. Except for the sensor film without PSS, the
SR of both PSS-containing sensor films to ammonia was almost linear with respect to the
ammonia concentration in the range of 0-17 ppm (sol). It is presumed that embedding
an appropriate amount of PSS inside the film increases the film’s hydrophobicity and
stability after photocrosslinking, suggesting that reduced water condensation inside the
film allowed the permeation of analyte gases under highly humid conditions. As a result,
the TSPP was able to repeatedly detect the presence of ammonia. Conversely, the rigidity
of the film upon PSS reinforcement may hinder ammonia gas diffusion into the film matrix.
Consequently, a decrease in sensitivity was observed when doping the TSPP layer with
a higher PSS content (>0.1 wt%). Thus, the optimum PSS concentration was found to be
0.025 wt%. Details of the response and recovery times of the fiber sensors are listed in
Table 1.

Table 1. Sensing parameters of the DAR/TSPP+PSS films with a different PSS content.

. Sensitivity (Slope) . b . Linear Range ®, LOD (sol) ¢, ppm
Film Name 2 % ppm-1 (R?) Response Time °, s Recovery Time, s ppm (sol) (sol)
DAR/TSPP+PSS 0.08 (0.991) 100 180 0-7 1.25
(0 wt%) 0.34 (0.979) 7-17 2.81
DAR/TSPP+PSS
(0.025 wt2%) 0.41 (0.988) 30 30 0-17 0.23
DAR/TSPP+PSS
(0.1 wt%) 0.16 (0.997) 45 40 0-20 0.61

2 Data measured at 120 s. ® Response time determined as the interval (tgp) needed for the signal to achieve 90% of its saturation measured
at 50 ppm ammonia (sol). ¢ Limit of detection (LOD) was estimated to be 0.096% SR as a 30 level, where o is 0.032% SR as a possible

noise value.

The noise levels of the SRs were calculated from the baselines in a steady state before
exposure to ammonia and were used to determine the limit of detection (LOD) of the U-bent
fiber sensors for ammonia (data not shown). Three or more stable baselines were selected
from the dynamic responses to ammonia in Figure 4a, and a value of 0.032 4 0.002% SR
was estimated as to be the noise value. Therefore, 0.096% SR at a 3 s level was used as the
LOD. As described in Figure 4b and Table 1, the best ammonia sensing performance was
observed in the DAR/TSPP+PSS (0.025 wt%) film, exhibiting an LOD of 0.23 ppm (sol) in
addition to its fast response and recovery times (each 30 s). This LOD value is about three
times smaller than that of the sensor film with 0.1 wt% PSS. Interestingly, the linear trend of
the sensor response—concentration curve for the sensor with 0.025 wt% PSS was extended
up to 50 ppm (sol) of ammonia when the exposure time (30 s) was shortened (Figure S4).

On the other hand, the curve for the sensor film without PSS displayed a shorter
linear trend only in the concentration range of 0-7 ppm with an LOD of 1.25 ppm (sol) of
ammonia. At a higher concentration range of 7-17 ppm, the film’s response was enhanced,
exhibiting a sensitivity of 0.34 + 0.03% ppm ™. This nonlinear sensitivity of the sensor film
without PSS is probably because of a different diffusion mechanism of the ammonia into
the film compared to that of both PSS-containing sensor films. Water molecules condensed
on the surface of the sensor films disturb the diffusion of ammonia into the film owing to
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the high solubility of ammonia in water. Therefore, the hydrophobicity of PSS embedded
in the film contributes to the efficient diffusion of ammonia gas at a high relative humidity.

An important sensor parameter is selectivity, that is, the capability to detect a particular
substance from other coexisting substances. Therefore, the U-bent OFS coated with a 5-cycle
DAR/TSPP+PSS (0.025 wt%) film was exposed to several amine and non-amine vapors
along with ammonia. Figure 5a shows the calibration curves based on the intensity change,
Al as sensor response, measured at 706 nm upon exposure to the vapors of ammonia, TMA,
TEA, and Py, which were present individually or as a mixture of equal concentrations
in the range of 0-17 ppm (sol). The DAR/TSPP+PSS (0.025 wt%) film exhibited the
highest response to ammonia and then to TMA starting at 10 ppm (sol). In contrast, no
sensitivity to TEA and Py was observed throughout the measured range (Al at 706 nm
<2 mV). The fiber sensor is most sensitive to ammonia among the four amine analytes;
however, the sensitivity to ammonia decreased slightly in a mixture of the four amine
analytes. This decrease means that the high sensitivity of the sensor to ammonia cannot be
explained only by the basicity of the analytes alone (conjugate acid dissociation constant at
logarithmic scale, pKa, at 25 °C: TEA, 10.75 > TMA, 9.87 > ammonia, 9.36 > Py, 5.25) [32].
An additional decisive parameter may be the vapor pressure of each analyte, which is
shown in decreasing order: 6650 mmHg (21 °C) >> 430 mmHg (21 °C) > 51.75 mmHg
(20 °C) = 23.8 mmHg (25 °C for ammonia, TMA, TEA, and Py, respectively [32]. The SR
to ammonia was four-fold larger than that to TMA at 15 ppm (sol) (ca. 60 and 15 mV for
ammonia and TMA, respectively). In addition, the calibration range for TMA was narrow,
ranging from 7 to 20 ppm (sol), compared to the concentration range of 0 to 17 ppm (sol)
for ammonia.

(b)

80
1 ® Ammonia R2=0.993 i ,,/"‘ R?=0.992
1 @ Mixture % 70 i 5
1 ATMA i é L E 60 - §¢ ® Ammonia
1 © TEA - 4 e . A TMA
1 X Py R?=0.981 £ 50 A
i rd S 40 1 ®
E [ ] T 1:‘ g ] .//A
. R2=0.974 N~ 30 -
| o = J
] | A 4 A i 0 4 [ A
| 9 u ‘ < 1 2 aR=0974
o A,
S - SN S— 0 1 — A-T4 | |
0 5 10 15 20 25 0 1 2 3 4 5
Analyte concentration / ppm (sol) Analyte concentration / ppm (gas)

Figure 5. Calibration curves for the intensity change (Al as sensor response, 1 = 3) at 706 nm of the 5-cycle DAR/TSPP+PSS
(0.025 wt%) film sensor (a) at different solution concentrations of ammonia, TMA, TEA, Py, and a mixture of all four analytes

(equal concentrations in the range of 0-17 ppm for each), and (b) at different gas concentrations of ammonia and TMA.

Figure 5b shows the calibration curves based on the intensity change at 706 nm of
the 5-cycle DAR/TSPP+PSS (0.025 wt%) film for different gas concentrations of ammonia
and TMA. The actual gas concentrations of the four amine analytes (ammonia, TMA, TEA,
and Py) vaporized from their corresponding aqueous solutions were measured using gas
tubes (Figure S1). The linear correlation coefficients between the liquid and gas phase
concentrations were estimated to be 0.090, 0.225, 0.059, and 0.188 for ammonia, TMA, TEA,
and Py, respectively. It is presumed that the actual gas concentrations of TMA and Py are
much higher than those of ammonia in the given concentration range. However, TMA was
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only detectable at gas concentrations over 1.5 ppm. Regardless of the relatively high gas
concentrations of TMA and Py, the U-bent OFS surprisingly revealed the highest sensitivity
to ammonia. Therefore, the decreased sensitivity in the case of the mixture of all four
amines may be attributed to the interference from the less sensitive TMA and Py with
relatively high gas concentrations.

Details of the sensitivity and LOD of the 5-cycle DAR/TSPP+PSS (0.025 wt%) film
obtained when the solution and gas concentrations for ammonia and TMA were used
are summarized in Table 2. When the actual gas concentrations for ammonia and TMA
were used for sensitivity calculation, the LOD for ammonia was estimated to be about
0.03 ppm from the calibration curve in Figure 5b for the DAR/TSPP+PSS (0.025 wt%)
film, whereas the LOD for TMA was 1.65 ppm, which is about 60 times the LOD for
ammonia. From the calibration curves in Figure 5b, it is supposed that about 0.1 ppm
of ammonia may be detectable even when 2 ppm of TMA coexists in gas samples. In
practice, the LOD for the amine mixture is approximately ten times larger than that for
ammonia, indirectly representing that the coexisting amines interfere slightly with the
ammonia sensor response.

Table 2. Sensitivity and LOD of the DAR/TSPP+PSS (0.025 wt%) film obtained when the solution and gas concentrations
for ammonia and TMA were used.

Sensitivity (sol) 2, mV

Sensitivity (gas), mV

Analyte ppm-1 (R?) LOD (sol) 4, ppm ppm-1(R2) LOD (gas) 4, ppm
Ammonia 4.05 (0.993) b 0.31 44.7 (0.992) 2.85 x 1072
TMA 1.73 (0.974) © 7.21 7.56 (0.974) 1.65
Mixture 3.11 (0.974) © 3.23 NA NA

2 Data measured at 120 s. Applied concentration ranges: ® 0-17 ppm and © 7-20 ppm. ¢ LOD was estimated to be 1.28 mV as a 3¢ level,
where o0 is 0.43 mV as a possible noise value (Figure S5). NA: not applicable.

On the other hand, this LOD (2.85 x 10~2 ppm) for ammonia is surprisingly 100 times
smaller than that of the same 5-cycle PDDA /TSPP film, where PDDA is poly(diallyldimethy
lammonium chloride, deposited on a linear optical fiber, which was reported in a pre-
vious study [22]. In addition, when considering the molecular weights of ammonia
(17.03 g mol~!) and TMA (59.11 g mol '), the LOD for ammonia was about 17 times
smaller than that for TMA in the gas phase, which implies a higher selectivity of the sensor
to ammonia.

Figure 6a,b show the dynamic responses of the intensity changes and the intensity
change-based relative SRs measured at 706 nm for ammonia, amines, and non-amine
analytes. Non-amines such as hexanol, ethanol, propanol, acetone, and methanol exhibited
slightly decreased intensity changes compared to those of ammonia and other amines. It
was confirmed that the transmission spectra of the U-bent fiber sensor were influenced
over the entire spectral range (Figure S6). These changes in the transmission spectra may be
attributed to increased light scattering due to the Rl values of the non-amine analytes [32],
because the order of RI for the non-amine analytes is hexanol (1.4178) > propanol (1.377) >
acetone (1.36) ~ ethanol (1.36) > methanol (1.33) ~ water (1.33). However, the effects of
the RI cannot be generalized, such as in the cases of toluene (1.50) and Py (1.51), where the
intensity remained unchanged at less than 2 mV over the tested concentration range of
~10,000 and 100 ppm, respectively, as shown in Figure S7. Additionally, the film structure
may be another reason. The film includes phenyl and secondary amine moieties, which
increase the optical thickness and result in a decrease in the intensity over the entire spectral
range when the film is exposed to alcoholic and polar analytes. Therefore, we conclude
that the DAR/TSPP film with PSS is specifically sensitive and size-selective to ammonia
among the low-molecular-weight volatile amine analytes through acid-base interactions.
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Figure 6. (a) Dynamic response to ammonia and other chemical analytes. (b) Comparison of the intensity change-based
relative SRs at 706 nm on exposure to ammonia (20 ppm), TMA, TEA, Py (20 ppm, 50 ppm, 100 ppm, respectively), and all
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3.6. Stability and Reproducibility of the Sensing System

To confirm the long-term stability of the SR, the DAR/TSPP+PSS (0.025 wt%) film
was repeatedly exposed to 7 ppm (sol) ammonia over seven days. As shown in Figure 7a,
the ammonia SR was almost stable over seven days, showing an average intensity change
of 34.8 = 1.5 mV, which is approximately 77% of the first measurement result of the
as-prepared film, where the standard deviation of 1.5 mV represents a variation of ap-
proximately 0.4 ppm in ammonia concentration from the sensitivity value (4.05 mV ppm 1)
in Table 2. As mentioned above, this small decrease in intensity at 706 nm may be due
to the optimal placement of non-crosslinked TSPP molecules inside the film. In addition,
similar results were obtained in a series of repeated ammonia exposure experiments over a

short period of time (inset in Figure 7a).
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Figure 7. (a) Long-term stability of the sensor response due to the repeated exposure (1 = 5) to 7 ppm (sol) ammonia over
seven days. The inset shows repeatable switching of intensity changes obtained in a series of repeated ammonia exposure
experiments in a short period of time. (b) Intensity changes in the transmission spectra due to the exposure of the U-bent

OFS to 50 ppm (sol) ammonia and after flushing with dry air.

The stability and reproducibility of the sensor response was also confirmed when the
sensor film was exposed to 50 ppm (sol) ammonia (Figure 7b). Improvements in sensor
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response and recovery times were observed in the PSS-embedded film when a 50 ppm
(sol) ammonia was repeatedly applied to both sensor films with and without PSS (0.025%)
(Figure S8). A twice as long exposure duration (>120 s) was required for the sensor film
without PSS compared to that (ca.60 s) of the film containing PSS. Additionally, a much
longer time was required for the recovery of the sensor response. One interesting finding
was that short-time exposure (<30 s) to ammonia gas resulted in high stability and quick
recovery of the sensor response, as reported in a previous study [33]. Herein, the sensor
response to a relatively high ammonia concentration (50 ppm) even for a long exposure
duration was fully reversible and repeatable over the entire spectral range, as shown in
Figure 7b, which was achieved by flushing the film with dry air for a few seconds.

3.7. Film Structure and Morphology

Figure 8 shows the SEM images of the DAR/TSPP and DAR/TSPP PSS (0.025 wt%)
sensor films before (Figure 8a,c) and after (Figure 8b,d) ammonia gas exposure. Both films
showed rod-like unique structures before gas exposure. Particularly, the DAR/TSPP+PSS
(0.025 wt%) film exhibited more extended aggregates and more uniform particles (Figure 8c).
However, the film morphologies drastically changed and most of the aggregated structures
disappeared after exposure to ammonia gas. On comparing the magnified SEM images
in Figure 8e,f, dozens of holes were observed after ammonia gas exposure in both sensor
films, particularly in the film without PSS. These differences in film morphology upon the
introduction of a small amount of PSS result in the high-performance ammonia gas sensing
ability of the DAR/TSPP+PSS (0.025 wt%) film. As morphological changes occur in the
film after gas exposure, the light-absorbing and scattering abilities of the exposed film vary
compared to those without gaseous exposure, resulting in a change in the evanescent wave
and output light intensities of the U-bent OFS.

i
5.0kV x100k

5.0kV x100k

Figure 8. SEM images of (a,b) 5-cycle DAR/TSPP and (c and d) 5-cycle DAR/TSPP+PSS (0.025 wt%) films deposited on
silicon wafer substrates (a and c) before exposure and (b,d) after exposure to 10,000 ppm (sol) ammonia gas for 2 min. The

arrows in white in (a,c) point to TSPP J-aggregates. Magnified SEM images showing dozens of holes (see arrows in yellow

in both cases) after ammonia gas exposure in the sensor films (e) without PSS and (f) with PSS (0.025 wt%).
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The formation of covalent linkages following the decomposition of the diazonium
group was further verified by FT-IR measurements. Two absorption peaks observed at
2168 and 2222 cm~!, which originate from the symmetric and asymmetric stretching
vibrational modes of the diazonium ion (N,*), respectively [23], disappeared entirely after
UV irradiation, indicating the decomposition of the diazonium groups. Details of other
FT-IR absorption peaks are shown in Figure S9.

3.8. Sensing Mechanism

The exposure of the sensor films to ammonia gas deprotonated the J-aggregated TSPP
and transformed it to its monomeric state. This deprotonation process distorts and reduces
the TSPP J-aggregates, decreasing the absorbance of the film at 706 nm, thereby causing
an increase in the absorbance at 435 nm, which indicates the partial transformation to
the mono-acidic state. The mono-acidic TSPP molecules were protonated again through
ammonia removal from the film after flushing with dry air. As a result, the TSPP J-
aggregates were reformed inside the film, regenerating the baseline.

The sensor fabrication and sensing mechanism of the photocrosslinked DAR/TSPP
sensor films with and without PSS are shown in Figure 9. The coexistence of PSS in
DAR/TSPP layered films can improve the sensitivity and reproducibility of the sensor
response owing to the following two factors. First, the enhanced electrostatic interaction
between the DAR and PSS layers increases the number of free TSPP molecules. This
facilitates reversible conversion between their deprotonated and protonated forms. Second,
there was less condensation on the films. The water molecules adsorbed on the film
facilitate the formation of a long residue of ammonium ions (NH4") produced by the
deprotonation of TSPP, requiring a longer recovery time for the sensor response. However,
as illustrated in Figure 9b—d, film formation with excess PSS prevents the introduction of
TSPP J-aggregates in the film, resulting in a reduced number of ammonia binding sites.
The further enhanced film rigidity also reduces the flexibility of the TSPP aggregates inside
the film and impedes gas diffusion into the film matrix.
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Figure 9. (a) Photochemical crosslinking reaction between DAR and the mixture of TSPP and PSS
within the multilayered thin film. Schematic illustration of the DAR/TSPP+PSS films with (b) PSS
0 wt%, (c) PSS 0.025 wt%, and (d) PSS 0.1 wt% and photographs of contact angles of the corresponding
films. The arrows indicate changes in the contact angle from DI water to a 70-ppm ammonia solution.
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The contact angles of the sensor films may help understand the changes in hydropho-
bicity due to the PSS content employed in the films. Contrary to our expectations, all
sensor films showed similar contact angles of over 80° after photocrosslinking by UV
irradiation. Compared to the low contact angles of typical layered films prepared via
electrostatic self-assembly [34], the DAR-based covalently crosslinked sensor films have
higher hydrophobicity. Interestingly, the contact angle of the DAR/TSPP+PSS (0.025 wt%)
film changed from 85.8° to 87.6° in the presence of 70 ppm (sol) ammonia after pure water,
despite the decrease in the contact angle in the other two films (0 wt% and 0.1 wt%). This
result suggests that adding an appropriate amount of PSS (e.g., 0.025 wt% for 1 mM TSPP
in water) encouraged rapid gas diffusion due to the improved hydrophobicity inside the
film, resulting in momentary ammonia gas condensation at the solid—gas interface.

As a summary, based on the above results, the key features of the U-bent OFS pro-
posed in this study are compared with the previously reported LBL OFSs for ammonia
sensing, as listed in Table 3. The PSS-assisted proposed sensor fabrication has the following
advantages: (i) long-term stability over seven days, owing to the covalently crosslinked
LBL film attachment, (ii) less leakage or detachment of the indicator (TSPP) in a wet at-
mosphere, (iii) improved hydrophobicity inside the film structure, (iv) efficient transport
of the ammonia analyte to the sensing layer, and (v) enhanced evanescent wave due to
the U-bent optical fiber geometry. To date, to the best of our knowledge, there is no sen-
sor with satisfactory sensitivity and selectivity for the detection of ammonia from highly
humidified samples.

Table 3. A summary based on the comparison of the proposed ammonia sensor to the previously published OFSs.

Sensing . . Fabrication Response Recovery Humidity
Platform Sensing Material Method LOD (ppm) Time Time Range
U-bent optical Crosslinked o
fiber (this study) DAR/TSPP+PSS LbL 0.03 30s (rt.) 30s (rt.) 85%
Fiber tip [35] TSPP Sol-gel 0.15 83s NA <70%
. . . . 20 min (r.t.)
U-bent optical Dip coating o 5 min (r.t.) .
fiber [36] Bromocresol purple sol-gel 10 (55.5 °C) 105 (55.5 °C) 10 molg )(55.5 NA
. . Chemical
Slcflieb}ea ;)E’S;Td Graphene/polyaniline in-situ 22.5 112s 185s NA
polymerization
Linear optical TSPP/PDDA LbL 3 9 s 1925 NA
fiber [22]
Fiber optic TSPP/PDDA LbL 0.67 NA NA NA
grating [28]
Tapered fiber [38] TSPP/PAH * LbL 2 100 s 240's NA

NA: not applicable; r.t.: room temperature; * poly(allylamine hydrochloride).

4. Conclusions

Photocrosslinking of DAR and TSPP or DAR and a binary mixture of TSPP and PSS
on the core of a U-bent optical fiber was demonstrated for the fabrication of a humidity-
resistant OFS. The use of PSS in the film helped obtain stable sensor responses with good
gas diffusion into the film. However, the addition of excess PSS inhibited the flexibility of
the film and was not beneficial for ammonia gas sensing. Thus, in this study, the optimum
PSS concentration was 0.025 wt% with 1 mM TSPP in water. The optimized U-bent OFS
exhibited optical responses that had a linear relationship with the aqueous ammonia con-
centration in the range of 0-17 ppm. The effective response time was less than 30 s, and the
baseline was quickly regenerated by flushing the film with dry air after each test. The cur-
rent sensor system enables the detection of ammonia gas at approximately 30 ppb (parts per
billion) concentration. So far, a few standard methods have been developed for ammonia
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gas sensing, mainly focused on solid-state or electrochemical sensors, along with limited
optical sensors. More advanced methods such as gas chromatography—-mass spectrometry
(GC-MS) and selective ion flow tube-mass spectrometry (SIFT-MS) methods enable very
accurate ammonia measurement. However, their use still has some drawbacks in terms of
practicality, such as analysis by qualified staff, time-consuming sample preparation and
measurement, and complicated operation and maintenance of equipment [39].

Humidity is one of the most influential sources of interference in the development of
chemical sensors [40] and no practical method has been demonstrated to solve it yet. From
this perspective, the sensor system demonstrated in this study offers a potential and feasible
application of chemical sensors to detect ammonia in human breath and in industrial
samples as well as ammonia mixed with other amine gases at almost saturated humidity
levels. Furthermore, the current study provides a methodology for developing sensor
architecture capable of utilizing a non-conventional photocrosslinking LBL method. Our
future work will focus on improving the current sensor system by precisely investigating
the contribution of hydrophobicity applied in the sensor films.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/s21186176/5s1, Figure S1: Calibration curves between the actual amine gas concentrations
and the corresponding amine concentrations in the solutions, Figure S2: Relative humidity changes
inside the measurement chamber during the sample measurement, Figure S3: Evolution of the
transmission spectra of the DAR/TSPP+PSS (0.025 wt%) alternate layers deposited onto the 1-cm-
long stripped core of a U-bent optical fiber, Figure S4: Comparison of the SRs and calibration
curves of the OFS coated with a DAR/TSPP+PSS (0.025%) film when exposed to ammonia gas
for 30 s and 120 s, Figure S5: A baseline of the DAR/TSPP+PSS (0.025 wt%) film in a steady state
before exposure to ammonia, Figure S6: Intensity changes in the transmission spectra due to the
exposure of the U-bent OFS coated with a DAR/TSPP+PSS (0.025%) to different non-amine analytes,
Figure S7: Intensity changes in the transmission spectra due to the exposure of the U-bent OFS coated
with a DAR/TSPP+PSS (0.025%) to toluene (10,000 ppm) and Py (100 ppm), Figure S8: Comparison
of dynamic SRs at 706 nm upon repeated exposure to 50 ppm (sol) of ammonia for the 5-cycle
DAR/TSPP+PSS (0 and 0.025 wt%) films, Figure S9: FI-IR spectra of a 10-cycle DAR/TSPP+PSS
(0.025 wt%) film deposited on a gold-coated silicon wafer substrate before and after UV irradiation.
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Abstract: Mercury is an important contaminant since it is accumulated in the body of living beings,
and very small concentrations are very dangerous in the long term. This paper reports the fabrication
of a highly sensitive fiber optic sensor using the layer-by-layer nano-assembly technique with gold
nanoparticles (AuNPs). The gold nanoparticles were obtained via a water-based synthesis route that
use poly acrylic acid (PAA) as stabilizing agent, in the presence of a borane dimethylamine complex
(DMAB) as reducing agent, giving PAA-capped AuNPs. The sensing mechanism is based on the
alteration of the Localized Surface Plasmon Resonances (LSPR) generated by AuNPs thanks to the
strong chemical affinity of metallic mercury towards gold, which lead to amalgam alloys.

Keywords: fiber optic sensor; gold nanoparticles; localized surface plasmon resonance; mercury; ppb

1. Introduction

The presence of mercury in the environment is a real concern nowadays. It is well known
that mercury not only causes damage to the environment, but also to human health [1]. It is a
highly toxic element known to cause DNA damage, lipid peroxidation, and protein oxidation and
deactivation and is also associated with cardiovascular diseases [2]. This has become a priority matter
in the European Union (EU) and the United States Environmental Protection Agency (US-EPA) [3],
which seek to take actions against diverse harmful agents that attack the environment like solvents,
hydrocarbons, pesticides, and heavy ions (mercury among them). Their objective is to improve the
determination of human exposure through integrated monitoring of the environment and food [4,5].
In 2006, the International Conference on Chemicals Management adopted the “Dubai Declaration on
International Chemicals Management”, the “Overarching Policy Strategy”, and endorsed the “Global
Plan of Action”, in which priority attention is given to mercury [6].

Those international institutions have regulated that any water source and aquifer as well as
some specific food products should be monitored and controlled in order to guarantee that they have
admissible levels of a series of dangerous contaminants [7], but this task cannot be done nowadays
because these tests would require unaffordable costs and complexity. That is why there are many
research works that are focused on finding simpler, better, and more accurate ways to detect mercury,
where the biggest challenge is to obtain quick, cost-effective and accessible results.

To solve this problem, new methods and perspectives with the use of different sensor devices
have been reported. Classical approaches include the monitoring of electrochemical reactions,
using techniques like galvano-static techniques, impedance measurement, electrochemiluminescence,
and others [1-3]. However, most suffer some reproducibility and stability problems [4].

Sensors 2019, 19, 4906; doi:10.3390/s19224906 www.mdpi.com/journal/sensors
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Among the different sensing materials, gold nanoparticles are one of the most interesting materials
for optical sensing applications [5], because of their stability, compatibility with the aqueous medium,
easy surface functionalization along with miniaturization [6], and their optical properties. When gold
nanoparticles interact with light, there is a resonant light-matter energy coupling known as Localized
Surface Plasmon Resonances (LSPR) which can be used as a sensing signal [7-10]. The LSPR occurs
thanks to the energy transfer from incident light to certain collective oscillation modes of the free
electrons within the nanoparticles that creates an intense optical absorption band. The location of
this resonant peak in the visible or infrared region depends on multiple factors such as shape, size,
aggregation state, distribution or interaction of the nanoparticles [9]. The consequences of exciting
the LSPR are the selective absorption of certain excitation wavelengths and the generation of locally
enhanced or amplified electromagnetic fields (EM) on the surface of the nanoparticles and their resonant
condition is very sensitive to refractive index variations of the close surrounding medium and the
surface chemistry of the nanoparticles [11]. Some studies base their sensing mechanism on the variation
of the optical absorbance intensity of the LSPR bands [12-14] of the gold nanoparticles simply due to
their surface interaction with mercury ions. Sensors of this type can have low detection limits [15,16].
Furthermore some of the reported works require the use of additional measuring techniques such
as ellipsometry [17], SPR reflectometry [18] or involving biological reactions, such as aptamer-based
recognition [15], allowing highly sensitivities (LODs around), but increasing the sensors complexity
and their cost. Those approaches suppose a limitation for the practical use of such sensors, and the
development of more robust, simple and effective sensitive coatings is still a challenge nowadays.

Fiber optic sensors can be a simpler and powerful alternative to these nanoparticles
dispersions analysis because have small size, electromagnetic immunity, electrically passivity,
and biocompatibility [19]. One of the most common approaches to create optical fiber sensors
is the immobilization of the sensitive material onto the surface of the optical fiber. In this manner,
the guided light is altered by the interaction with the sensitive material whose optical properties can be
affected by the presence of the target to be measured. Therefore, the photonic signal traveling through
the fiber will be also modified, which constitutes one of the most common transduction principles
of optical fiber sensors for chemical measurements [20]. So far, gold nanoparticles are the most
popular solution for the development of highly-sensitive mercury fiber optic sensors, thanks to their
stability, small size, low cost, and outstanding optical properties. In most of the approaches, additional
molecules or biomolecules are needed to cause this LSPR variation, such as the tendency of mercury to
form complexes with certain proteins [13] or the use IgG-anti IgG as bioreceptor—analyte pair [14].
Other sensors study the change of LSPR resonance wavelength. For example, it has been reported the
plasmon-coupling effect in gold nanoparticles core-satellites nanostructures linked by thymine(T)-rich
DNA hybridization [21]. It is known that the shape and distribution of gold nanoparticles can generate
changes in the LSPR, causing wavelength shifts [11]. The process of Au-Hg alloy is able to modify the
shape of gold nanoparticles causing changes remarkable blue shifts. Such changes occurred because of
the chemical modification of the nanoparticles near their surface (Hg-Au amalgam formation) modify
their effective size and shape [22] altering the LSPR resonant condition.

In this work, it is proposed the embedding of gold nanoparticles in a polymeric matrix that
allow the interaction with mercury ions (Hg?"). The sensing mechanism is based on the strong
chemical affinity of metallic mercury (Hg®) towards gold [18] to form stable amalgam-like alloys [17],
and consequently altering the LSPR resonance of the gold nanoparticles, therefore, providing a
wavelength-based sensing signal. It has been already reported that the reaction of metallic mercury
on the surface of the gold nanoparticles can cause the change of their shape, affecting to the LSPR
resonance conditions [22].

The layer-by-layer nano-assembly technique is used here for such embedding of the metallic
nanoparticles in the matrix that can facilitate the gold-mercury interaction. This sensing mechanism is
simpler than the previous approaches reported in the literature and does not involve the utilization of
auxiliary biomolecules with the gold nanoparticles.
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2. Materials and Methods

2.1. Materials

The polymer poly (allylamine hydrochloride) (PAH) (Mw~15.000) was used as polycation during
the LbL process. For the synthesis of AuNPs it was used poly (acrylic acid) (PAA) 35 wt% solution
in water, Borane dimethylamine complex (DMAB) and Gold (III) chloride trihydrate. The pH of the
solutions were adjusted using HCl and NaOH. The mercury samples were prepared with Mercury (II)
chloride (HgCl,) in buffer phosphate. For the buffer solutions it was used sodium phosphate dibasic
(NapyHPO,) and sodium phosphate monobasic (NaH,PO,). Piranha solution was also used, which is
the combination of sulfuric acid (H,SO,) with hydrogen peroxide (H,O,), 3:1 ratio. All materials
were supplied by Sigma Aldrich and aqueous solutions were prepared using ultrapure water with a
resistivity of 18.2 M()-cm.

2.2. Synthesis Method of the PAA-Capped AuNPs

There are other works that describe different synthesis routes for metallic nanoparticles of various
morphologies [23-26]. In this case, to AuNPs synthesis it was used a chemical reduction route carried
out in water-based solutions in which the PAA act as a stabilizer [23]. Gold nanoparticles have been
prepared by adding 20 mL of HAuCly-3H,0 (5 mM) to 120 mL of PAA (10 mM). This solution was
stirred for 2 h. Afterwards 1 mL of fresh DMAB (0.1 M) solution was added under vigorous stirring,
and the reaction was left overnight. All operations were performed at room conditions. UV-VIS
absorption spectra of the synthesized nanoparticles dispersions were characterized using a Jasco
V-630 spectrophotometer. The UV-VIS absorption spectra of the PAA-AuNP dispersions showed a
LSPR absorption band centered at 540 nm. Transmission electron microscopy (TEM) has been used
to determine the morphology of the AuNPs, resulting in spherical shape particles, with a diameter
ranging from 10 to 20 nm [23].

2.3. Optical Detection Setup

Optical fiber sensors were made from multimode optical fibers 200 um-core diameter with
polymeric cladding, 0.39 NA (THORLABS FT 200EMT). The sensor structure was based on the
mechanical removal of the acrylate cladding of a segment of approximately 2 cm of the optical fiber.
This removal was performed with the help of a few drops of dry acetone and a blade, exposing the
bare optical fiber core, in its entire cylindrical section. Subsequently, this optical fiber segment was
immersed for 5 min in piranha solution to eliminate the acetone that could remain. The ends of the
optical fiber were terminated using temporary SMA connectors (THORLABS BFT1). The sensor was
excited from one of the connectors with a halogen white source and the other end collect the optical
response with a CCD spectrometer (HR4000-UV Ocean Optics).

2.4. Layer-By-Layer Nano-Assembly

Using layer-by-layer nano-assembly (LbL) it is possible the deposition of oppositely charged
polyelectrolyte ultra-thin layers by dipping the substrates into a sequence of solutions. A solution of
PAH (10 mM) was used as polycationic solution, and PAA-capped AuNPs (PAA-AulNPs) dispersion
was used as polyanion. The optical fiber substrates were immersed into each charged solution for 5 min.
After every polyelectrolyte adsorption step it is necessary to rinse the assembly in ultrapure water with
same pH of the polyelectrolytes [24,25]. Each polycation/polyanion layer combination is called bilayer.
In this work, a total of six bilayers of (PAH/PAA+AuNPs) are deposited onto the cladding removed
optical fiber segment (Figure 1). All solutions were adjusted to pH 7. Before starting the deposition of
layer by layer, the entire fiber segment where the cladding was removed was immersed in KOH (1M)
for half an hour to achieve substrate surface electrostatic charge
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Figure 1. Layer-by-layer nano-assembly built-up of the sensitive coatings. Construction of fiber optic
sensor with (PAH/PAA+AuNPs) over a cladding-removed 200 um-core optical fiber.

2.5. Mercury Samples

Phosphate buffer (PB) was prepared dissolving 2.198 g of Na,HPO, in 400 mL of ultrapure water.
This solution was stirred for 15 min, then 0.62 g of NaH, PO, was added and 100 mL of ultrapure water,
and stirred for 15 min, obtaining a pH = 7.6. The different concentrations of Mercury (II) chloride
(HgCl,) were dissolved in the PB. Different concentration mercury samples must be in metallic form to
interact with the AuNPs, consequently, before exposing the optical fiber sensor to the mercury ions,
it is necessary to reduce Hg?* to Hg” using DMAB (12 mL of a freshly prepared DMAB stock solution
(0.1 M) as reducing agent. The reaction was stirred at room temperature conditions for 2 h (kept away
from direct sunlight). The Hg concentrations analyzed were 1, 2, 4, 8, 10, and 20 ppb. All samples were
kept under stirring until the moment of measurement.

In order to vary only the mercury concentration and keep the rest of parameters constant,
the DMAB amount is corrected for every sample just adding a certain amount of blank PB stock
solution. For every measurement, the optical fiber sensor was immersed into the Buffer PB + DMAB
solution prior to the exposure to the mercury ion stock solutions, in order to get a stable baseline for
the latter mercury detection.

2.6. Sensors Regeneration

It is known that nitric acid forms highly instable complexes with Hg?* and favors the separation
of mercury from gold nanoparticles [26]. The regenerating solution was prepared starting from a stock
PB (pH 7.6) and HNOj3 was added dropwise until the pH was lowered to 4.6 and the dissolution was
keep at a constant temperature of 55 °C.

2.7. Data Processing

During the immersion in the mercury solutions all spectra were recorded continuously and the
LSPR maxima were estimated using a Matlab® algorithm. This provides live information about the
time response of the sensors. The results obtained will be estimated by their dynamic response as a
way to obtain parameters for rapid estimation before the responses obtained from the sensor.

2.8. Cross-Sensitivity to Other Metals

There are other metals whose presence in the organism is necessary because they are involved
in biological functions, however, when they exceed a certain threshold they can be considered toxic,
among them we can find zinc and nickel [27]. Consequently it is very important to characterize the
mercury sensor cross-sensitivity against other metal ions such as Fe2*, Ni?*, Pb?*, Cd?*, and Zn2*.
All the solutions were prepared under the same conditions as the mercury samples. All ionic species
for the cross-sensitivity test has been set to the maximum concentration used with the mercury (20 ppb).
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This concentration of the other ionic species are significantly higher than the limits required by the
regulation [28] like for Fe (6.2 ppb), Cd (3.4 ppb) and Zn (1.8 ppb).

3. Results and Discussion

3.1. Effects of Hg” on AuNPs in Dispersion

Prior to the construction of the fiber optic sensor, a preliminary study was made in order to
characterize the effects of mercury on the optical properties of the gold nanoparticles in dispersion. It is
known the Hg? can be bonded onto the surface of Au-based nanomaterials to form a solid amalgam-like
alloy [29,30].

Samples in dispersion were analyzed with different Hg concentration and keeping constant the
volume and concentration of AuNPs solutions. US-VIS spectra of the dispersions showed a dramatic
change of LSPR resonance wavelength clearly seen with the naked eye as a color change (Figure 2).
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Figure 2. Change of Localized Surface Plasmon Resonances (LSPR) wavelength of PAA-AuNP
dispersion with different Hg concentration. Cuvette 1: as prepared only with AuNPs. Cuvette 2:
PAA-AuNP + DMAB. Cuvette 3: PAA-AuNP + DMAB and mercury (2.7 ppb). Cuvette 4: PAA-AuNP
+ DMAB and mercury (27 ppb).

In Figure 2 it is shown the UV-VIS spectrum of cuvette 1 that contain only a PAA-AuNPs dispersion
as prepared that shows an violet-reddish color. The spectrum shows the typical LSPR attenuation band
centered in 540 nm which is compatible with the synthesis routes available in the literature. Since it
is necessary to reduce mercury ions to their metallic form (Hg’) to enable the amalgam interaction,
cuvette 2 is equal to cuvette 1, except that 200 uL of 0.1 M DMAB were added. Here itis observed a slight
blue shift of the LSPR resonance wavelength of 8 nm, that remained stable in time. This LSPR variation
is probably due to the modification of the polymeric PAA stabilization cap thanks to the interaction
with the DMAB. For lower mercury concentrations such as 2.7 ppb (cuvette 3), the displacement also
occurs, but to a lesser extent, in 18 nm respect to the cuvette 2 that is the optical reference with no
mercury. When 300 pL of Hg (103 M) were added to the dispersion keeping the same concentration
and volume of PAA-AuNPs and DMAB solution, it was obtained 27 ppb of mercury concentration
and the LSPR resonance experimented a stronger blue shift, almost disappearing, yielding a clear
yellowish color.

In the synthetic process of AuNPs, the reduction of gold ions (AuBt) to gold nanoparticles (Au®)
is possible thanks to the use of a protective agent (PAA), which contributes to control the shape and
size of the resultant nanoparticles, preventing their agglomeration or precipitation in the colloidal
solution and the DMAB that acts as a reducing agent [9]. The small displacement of LSPR resonance
wavelength that occurred in the case of cuvette 1 as a result of interaction between AuNP-PAA with
the additional DMAB present in the sample solutions (with no mercury in cuvette 1). This LSPR
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wavelength shift could be induced by the refractive index variation in the optical fiber immersion media.
However, cuvettes 2, 3, and 4 have the same concentrations of AuNP-PAA and DMAB, they only differ
in a very small mercury concentration that induces a more severe LSPR resonance displacement thanks
to the chemical modification of the AuNPs.

3.2. Obtaining the AuNPs LSPR onto the Fiber Optics

The absorbance of the (PAH/PAA+AuNPs), coating onto the optical fiber was registered during
the LbL process. With every bilayer increment the absorbance spectrum show an increasing of the
intensity around the 540 nm wavelength suggesting a homogeneous growth of the LbL coating.
After an optimization study of the LbL process it was found that using six bilayers it is possible to
obtain a well-defined LSPR absorption band (Figure 3) consequently this number of bilayers was kept
constant for all the sensors in this work.
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Figure 3. Absorption spectra of LSPR resonance wavelength for every layer of (PAH/PAA+AuNPs)
deposited on 200 pm-core optical fiber.

The absorbance of the LbL (PAH/PAA+AuNPs), films (being n the number of bilayers) is shown
in Figure 3. The absorbance spectra confirm the existence of an absorption band centered at 540 nm,
which corresponds to the LSPR of the AuNPs. This demonstrates that the absorption band of the
coatings matches with that of the AuNPs dispersion initially synthesized by chemical reduction seen
in Figure 2 (cuvette 1).

3.3. Detection of Mercury lons with Fiber Optic Sensor

In Figure 4, it is shown an initial immersion of the sensor in the Buffer PB + DMAB solution, it was
registered a small displacement of LSPR resonance wavelength (approximately 5 nm) and after a few
minutes it remained stable. In this work, all sensors were kept in this solution for one hour in order to
have a stable baseline for the later mercury detection stage. Nevertheless, shorter immersion times
could be also acceptable. After the sensor it was immersed in a 20 ppb mercury sample and there was
a variation of absorption with respect to the condition of the baseline. In addition, for the mercury
concentration of 20 ppb there is a change in the LSPR resonance wavelength of 15 nm with respect to
the Buffer PB + DMAB solution.
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Figure 4. Displacement in wavelength of the LSPR for 20 ppb of mercury concentration.

Different sensors were fabricated with the same materials and methods mentioned in Section 2,
and each one was used to detect a particular mercury concentration (shown in Figure 5).
Although the wavelength shift of the LSPR band was easily visible in a few seconds for the highest
mercury concentration, the (PAH/PAA+AuNPs)s sensors showed a settling time of nearly 3000 s
(from 10% to 90%). Consequently, all the sensors were immersed in the mercury solution for 50 min.
All sensors’ LSPR bands experimented a blue-shift when exposed to mercury. The absolute wavelength
shift increases with the mercury concentration; for 20 ppb of mercury solution, the LSPR maximum
wavelength change is 16 nm, and for 1 ppb is 1.11 nm.
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Figure 5. Dynamic response of the sensors to different Hg concentration, ranging from 20 ppb to 1 ppb.

This wavelength-based response can be seen in Figure 6, where it is shown the maximum variation
in wavelength [AAmax| for each mercury concentration and the linear fitting.
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Figure 6. Maximum variation in wavelength (AAmax) for each mercury concentration (1, 2, 4, 8, 10,
and 20 ppb) after 3000 s.

From the continuous data acquisition of the baseline during the immersion in Buffer PB + DMAB
(0 ppb), it is possible to calculate the standard deviation (o). The limit of detection (LOD) of the sensor
can be estimated as 30, that is 0.147 nm, which is equivalent to 0.7 ppb, which is below the 2 ppb
detection limit stated by the US-EPA and 1 ppb for the EU [29,30].

The results presented so far are accurate enough to provide reliable measurements of aqueous
samples without any further chemical or biological agent, and they could be performed in the field.
Nevertheless, the sensors still need relatively long time measurements. In order to overcome this,
a measurement technique is proposed to obtain faster measurements. In this sense, the values of the
slopes of each dynamic curve (Figure 5) could be used as a fast estimation parameter. In Figure 7,
the slope of the sensor’s response approximated by the linear fitting of the first 500 s (roughly 8 min) is
plotted for every Hg concentration.

— 20 ppb

|AAmax|
w

0 100 200 300 400 500
Time (s)

Figure 7. Fast estimation of the optical fiber sensor response using the slope of the linear fitting of the
samples of the first 500 s. The Hg concentration has been varied from 1 to 20 ppb.

As can be observed, the value of the slope increases with the increase in mercury concentration,
getting lineal response (Figure 8a). In Figure 8b it is shown the high correlation between the absolute
wavelength shift and the slope of each curve, meaning that it can be reliably used as a fast response
estimator. These results allow estimating the behavior of the sensor in different mercury concentrations

in a faster way, after 500 s.
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Figure 8. (a) Slopes of the linear fitting of the first 500 s vs. mercury concentration. (b) Correlation
between the mercury measurement using the absolute wavelength shift of the LSPR, and the fast
slope estimation.

3.4. Sensor Regeneration

Another critical aspect is the reusability of a single optical fiber sensor for multiple measurements.
In fact, it is possible to regenerate the sensor in a HNOj solution, the sensor was deposited in the
solution mentioned in Section 2.6 for 1 h. During the immersion in the regenerating solution it was
observed a red shift of the LSPR resonance wavelength, which is a similar to the first reaction curve.
After regeneration the sensor was submerged again in a second Hg dissolution of 20 ppb. As can be
seen in Figure 9, the comparison of two measurements of the same optical fiber sensor against two
different samples of mercury (20 ppb) is represented. The first measurement corresponds to the freshly
fabricated sensor that was deposited in a first mercury sample (20 ppb). After reacting to mercury was
deposited in the regenerative solution that allowed the sensor to recover the initial conditions, so it
was deposited in a new sample of mercury (20 ppb), thus obtaining the second measurement, yielding
a very similar wavelength shift as in the first measurement.
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Figure 9. Regeneration of the optical fiber sensor. Repeatability of the sensor under 20 ppb of mercury
after its regeneration in a dilute nitric acid solution. The final wavelength-shift is very similar in both
cases, and the response slope is even more stable.

3.5. Cross Sensitivity

Finally, the selectivity of optical fiber sensor against different heavy metal ions (Fe?*, Ni**, Pb?*,
Cd?*, and Zn?*) is also studied the same sensor has been exposed to the same concentration (20 ppb)
of the different metal ions, and all solutions were prepared using the same protocol as in the previous
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mercury tests (PB + DMAB @pH 7.6). The results of the final wavelength shift after the immersion in
the different ion solutions are showed in Figure 10.

1
0
FeZ+

Ni2+ Pb2+ Cd2+ Zn2+ Hg2+
Metal ions

Figure 10. Selectivity analysis against the most common heavy ions. The measurements were carried
out using the same sampling preparation process, and with the same concentration (20 ppb).

As it can be seen in Figure 10, the proposed optical fiber sensor showed a significantly higher
response to the presence of mercury compared to the other metal ions, nearly 400% higher than the
second more reactive cross-contaminant (in this case iron) enjoying a high selectivity towards mercury.

The metal ions analyzed have detection limits allowed in water higher than of mercury [28],
for example Ni (15 ppb), Fe (6.2 ppb) among others. Therefore, in normal samples, our sensor would
be more selective to mercury than to other metal ions. A further study would require the evaluation of
the present devices in real aquifer water samples, but this is out of the scope of the present contribution.
This work presents a competitive approach for a mercury optical fiber sensor, with a simple and direct
measurement of mercury in water.

4. Conclusions

In this work, a simple and highly sensitive mercury optical fiber sensor has been proposed.
Its sensing mechanism is based on the wavelength shift of the AuNPs LSPR, thanks to the strong
chemical affinity of mercury towards gold. The gold nanoparticles were obtained by synthesis method
of the PAA-capped AuNPs, using PAA as a stabilizing agent and DMAB as reducing agent. The LBL
nano-assembly technique was used for the incorporation of gold nanoparticles onto optical fiber
in a stable sensitive thin-film, (PAH/PAA+AuNPs)s. The absolute wavelength-shift was a reliable
and robust signal with a relatively long response time of around one hour. In order to obtain faster
measurements, the slope of the wavelength variation proved to give reliable results in only 8 min.
It is possible to reuse the sensor, something that reduces costs and manufacturing time. In addition,
this sensor showed low cross sensitivity towards other metal ions. It was achieved a limit of detection
of 0.7 ppb, which is lower than the standard limits recommended by the European Union (1 ppb)
and US-EPA (2 ppb). The sensor proposed in this work could be competitive alternative for mercury
detection, a problem of global concern.
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Abstract: A laser-induced breakdown spectroscopy (LIBS) system using a microchip laser for plasma
generation is proposed for in-situ analysis of trace minerals in human hair. The LIBS system is more
compact and less expensive than conventional LIBS systems, which use flashlamp-excited Q-switched
Nd:YAG lasers. Focusing optics were optimized using a Galilean beam expander to compensate
for the low emitted pulse energy of the microchip laser. Additionally, hundreds of generated LIBS
spectra were accumulated to improve the signal-to-noise ratio of the measurement system, and argon
gas was injected at the irradiation point to enhance plasma intensity. LIBS spectra of human hair
in the UV to near IR regions were investigated. Relative mass concentrations of Ca, Mg, and Zn
were analyzed in hairs obtained from five subjects using the intensity of C as a reference. The results
coincide well with those measured via inductively coupled argon plasma mass spectrometry. The
lowest detectable concentrations of the measured LIBS spectra were 9.0 ppm for Mg, 27 ppm for Zn,
and 710 ppm for Ca. From these results, we find that the proposed LIBS system based on a microchip
laser is feasible for the analysis of trace minerals in human hair.

Keywords: laser-induced plasma spectroscopy; microchip laser; hair analysis

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a technique that measures emission
spectra from luminous plasma generated by irradiation with nano-, pico-, and femto-second
laser pulses and is useful for multi-elemental analysis of various target materials [1,2]. A
microchip laser [3-6] that emits a pulse energy of hundreds of microjoules has become
popular because it makes the LIBS system more compact and lower in cost than conven-
tional systems, which use flashlamp-excited Q-switched Nd:YAG lasers [7,8]. Portable
LIBS systems with microchip lasers and compact fiber-coupled spectrometers have been
developed [9]. These compact systems have been used for quantitative analysis of steel
composition [10,11] and aluminum alloys [12,13].

LIBS techniques are useful for qualitative and quantitative analysis of biological sam-
ples and have been applied in the diagnosis of some diseases, such as cancer [14]. In
biomedical applications, one of the advantages of the LIBS technique is that pretreatment
of samples is not required, unlike in other elemental analysis methods such as inductively
coupled argon plasma-atomic emission spectroscopy (ICP-AES) or mass spectrometry
(ICP-MS) [15]. For healthcare applications, such as nutritional status monitoring, analysis
of easily harvested biological specimens, such as nails and hair, is useful. ICP-AES and
ICP-MS have already been applied to the analysis of a variety of biological samples, in-
cluding nails and hair [16]. However, as mentioned above, ICP-AES and ICP-MS need
relatively complicated pretreatment processes and, therefore, real-time analysis is diffi-
cult. Additionally, the large-scale and high-cost equipment that is necessary for those
analysis techniques is not cost-effective for most healthcare applications. Therefore, many
groups have proposed LIBS techniques for the analysis of biological samples. LIBS spectra
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of fingernails have been measured for the diagnosis of diseases, such as diabetes. As
nails are relatively hard tissues with high mechanical and chemical strength, stable LIBS
measurements are possible [17-20].

Hair is another target tissue for LIBS measurements because the concentrations of
trace elements in hair are generally higher than that in other biological tissues. Haruna
detected Ca in human hair using LIBS and qualitatively analyzed Ca variation with age
and sex [21]. Corsi et al. quantitatively analyzed mineral content (Mg, K, Ca, Na, and
Al) in human hair and compared their results with those obtained through a commercial
analytical laboratory [22]. Emara measured trace elements in horsehair and compared the
results with those obtained via atomic absorption spectroscopy [23]. More recently, Zhang
combined LIBS with ultrasound-assisted alkali dissolution to analyze Zn and Cu more
accurately in human hair [24]. In these LIBS applications, conventional Q-switched Nd:
YAG lasers are used. This is because conventional Q-switched Nd: YAG lasers can obtain
relatively high plasma intensity by irradiation with pulse energy of more than 10 mJ, which
is necessary to detect trace elements in hair. The use of these lasers makes the LIBS system
large in scale and not easy to handle. In addition, irradiation with high energy pulses easily
induces severe damage to hair and sometimes the hair is torn off, which can cause changes
in the detected signal while obtaining the LIBS spectra.

In this paper, we propose LIBS analysis of human hair while using a microchip laser
for plasma generation. To obtain plasma intensity that is sufficiently high for trace element
analysis, we optimally designed the focusing optics. We then accumulate hundreds of LIBS
spectra generated by the microchip laser emitting at high repetition rate pulses while Argon
gas is injected at the irradiation point to enhance plasma intensity. Table 1 presents the
typical concentrations of trace elements contained in the black hair of Japanese adults [25].
Among these elements, we analyzed the relative mass concentrations of Ca, Mg, and Zn
of hairs obtained from five subjects while using the intensity of C as a reference. The
concentration results coincide well with those measured via ICP-MS.

Table 1. Typical concentrations of trace elements contained in the black hair of Japanese adults [25].

Element Ca Zn Mg Fe Al K Na
Concentration (ppm) 810 179 164 144 130 70 65

2. Materials and Methods

In our experiment, a passively Q-switched microchip laser (L11038-11, Hamamatsu
Photonics, Hamamatsu, Japan) emitting optical pulses with an energy of 2 mJ and pulse
duration of 1 ns at a wavelength of 1064 nm was used as the light source. The measurement
setup is shown in Figure 1. The experiment was conducted under atmospheric pressure.
The plasma generated from the sample was delivered to the spectrometer by a step-index
silica-glass fiber with a core diameter of 600 pm and NA of 0.22. The distal end of the fiber
was located at a distance of 2 mm from the irradiation point. The spectra were measured
using a fiber-coupled spectrometer (HR2000+, Ocean Insight, Orlando, FL, USA) which
was synchronized with the laser pulses using an external pulse generator. The integration
time of the spectrometer was set to 1 ms, which was the shortest possible setting, and was
not gated. Therefore, the plasma emission generated by a nanosecond optical pulse was
completely detected. Three types of spectrometers were used to obtain LIBS spectra from
the ultraviolet (UV) to visible (Vis) regions. With the combined use of three spectrometers,
the wavelength ranges of 200-343 nm, 355-474 nm, and 480-597 nm were covered with a
wavelength resolution of 0.14 nm.
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Figure 1. Measurement setup.

Dozens of human hairs were bundled and fixed on a metal substrate to create samples.
The substrate had a hole with a diameter of 12 mm at the center to avoid generating the
plasma from the underlying substrate. The hairs were washed twice with pure water after
degreasing with acetone. When irradiating with optical pulses, the sample was moved
slowly along the longitudinal direction at a speed of approximately 2 cm/min to avoid
severely damaging the hair sample. Our protocol was approved by the ethical committee
on the Use of Humans as Experimental Subjects of Tohoku University (No. 20A-29), and
informed consent was obtained from the examinees.

We first focused the laser beam, using a spherical BK7 lens with a focal length of
100 mm, to obtain the LIBS spectrum shown in Figure 2. For each measurement, 300 con-
secutive spectra were accumulated. Because of the limited data acquisition speed of the
spectrometer, the repetition rate of the laser was set to 10 Hz, and thus, it took 30 s for a
single measurement. To identify elements from the LIBS spectra, we referred to the NIST
Database [26] and OSCAR Database [27]. Although we confirmed emission peaks of Ca at
Cal:422.7 and 445.5 nm, Ca II: 393.3 and 396.8 nm, and of the C-N bond at 388.29 nm, we
could not detect peaks of another material because of the low signal-to-noise ratio (SNR) of
the LIBS system.
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Figure 2. Laser-induced breakdown spectroscopy (LIBS) spectrum of hair measured by a focusing
system with a single lens.

To improve the SNR, we designed focusing optics to increase the optical power
density at the focusing spot. To obtain a more focused beam spot, we built a Galilean
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beam expander with 5x magnification. The focused beam size was reduced to 0.12 mm
from 0.37 mm by introducing the expander. The power density at the focal spot was
approximately 4.5 x 10° W/cm?. Figure 3 shows a LIBS spectrum of hair measured with
and without the beam expander. We found that the peak intensity was enhanced by
approximately 10 times.
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Figure 3. LIBS spectra of hair measured with and without an expander.

To further increase the sensitivity, we injected argon gas onto the focusing spot. It
was reported that the optical emission intensity of plasma induced by laser irradiation is
enhanced in the argon atmosphere [28]. One of the reasons for this is that the energy decay
of free electrons in plasma is suppressed in an argon atmosphere. In addition, high plasma
temperature is maintained in argon because of its lower thermal conductivity. Figure 4
shows LIBS spectra of human hair measured with and without argon injection. Argon gas
was injected from a nozzle set at a distance of 2 mm from the focused spot with a flow rate
of 1 L/min. It was found that the peak intensity was enhanced approximately 1.8 times
using argon injection; small peaks that can be attributed to C-N bond were observed at
around 358 nm.
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Figure 4. LIBS spectra of hair measured with and without argon gas injection.

To find the optimum number of spectrum accumulation in a LIBS measurement, we
changed the accumulation number from 1 to 900 and measured the LIBS spectra of human
hair. Figure 5 shows the correlation between the SNR of the obtained spectra and the
accumulation number. The SNR was defined as (Peak area of Ca II at 393.3 nm)/[(standard
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deviation of background signal) x (full width of the Ca II peak at half maximum)]. We
found that the SNR was almost saturated at an accumulation number of 300, and therefore,
we set the accumulation number to 300 in consideration of the measurement time.

400

SNR

200

O 1 1 1 1
0 200 400 600 800 1000

Accumulation number

Figure 5. Correlation between signal-to-noise ratio (SNR) of obtained spectra and accumulation number.

3. Results and Discussions

Figure 6 shows a LIBS spectrum of human hair measured from 480 to 597 nm. In
this wavelength region, emission peaks for the C—C bond at 512.8 and 516.4 nm, Ba I at
553.5 nm, and Na I at 589.6 nm are observed. Figure 7 shows a spectrum measured at
200-340 nm. In the measurement results for the UV region, we found that there was less
background noise from calcium emission; thus, we changed the focal length of the lens
from 100 mm to 50 mm to further increase the energy density at the focused spot. The focal
spot size was reduced to 0.09 mm from 0.12 mm. In this region, we observed peaks of C I
(247.8 nm), Mg II (279.5 nm), and Ca II (315.8 nm). Figure 8 shows an enlarged spectrum at
around 330 nm. Although the peak intensities are relatively low, we found that the peaks
coincide with that of Zn I at 328.26, 330.26, and 334.51 nm. Since it was found that the peak
at 330.26 nm was affected by the peak of Na I at 330.3 nm, we hereafter use the peak at
328.26 nm for analysis of Zn I, which is one of the trace minerals essential for human life.
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Figure 6. LIBS spectrum of hair measured in the visible wavelength region.
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Figure 7. LIBS spectrum of hair measured in the ultraviolet wavelength region.
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Figure 8. An enlarged LIBS spectrum of hair measured at around 330 nm.

We performed LIBS measurements to observe individual differences in the relative
concentrations of the trace minerals. We collected hair samples from five volunteers,
aged 23-25, and compared the results of LIBS analysis to those obtained via ICP-MS
analysis. LIBS measurements were used to observe individual differences in the relative
concentrations of these trace minerals. As the concentration of trace elements in hair
depends on the position along the hair length, we analyzed the hair around 2.5 cm from the
root for all the measurements. We utilized the commercial service of the Kyorin Preventive
Medicine Institute [29] for ICP-MS analysis of hair samples that were taken from the same
subjects at the same time. For ICP-MS analysis, the same part of hair as described above
was used for comparisons.

As the intensity of observed peaks varies widely because of the small diameter of
the hair samples, the relative concentrations obtained via LIBS analysis were calculated
by setting the peak intensity of C I as the reference because C is a primary composition
component of hair; as such, the individual difference should be relatively small. Table 2
shows the observed peak intensities of Mg II (279.5 nm), Zn I (328.26), and Ca II (315.8 nm)
measured for samples taken from the five subjects. The coefficients of variation (CV) were
calculated from the results of three measurements for each subject, and we confirmed that
the variations reduced considerably upon using the peak intensity of C as a reference. We
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also tried to normalize the peak intensities by the total emission intensity of measured
LIBS spectra. However, we did not obtain better results because of the relatively large
background noises in the measurement. The calculated total emission intensity largely
changed with baseline correction processing.

Table 2. Effect of normalization based on the peak intensity of C I at 247.8 nm. In the table, “X” and “X/C” show the
coefficients of variations (CV) before and after normalization, respectively.

Subject 1 2 #3 4 5
Element X Mg Zn Ca Mg Zn Ca Mg Zn Ca Mg Zn Ca Mg Zn Ca
cv X 0126 0350 0.134 0.159 038 0209 0.249 0573 0285 0.034 0.053 0.141 0.107 0.151 0.157
X/C 0043 0189 0.037 0.102 0.212 0.046 0.152 0.505 0.055 0.044 0.022 0.082 0.023 0.170 0.073

Figure 9 shows the relative mass concentrations of Mg, Zn, and Ca measured for the
five subjects compared with the absolute concentrations analyzed via ICP-MS. In the LIBS
results in Figure 9, the dots are the average values of three measurements, and the error
bars show the minimum and the maximum measured values. The measurement variability
was sufficiently small to see individual differences and the trends between the subjects
coincided with the results of ICP-MS analysis.

We confirmed good linearity between the results of the LIBS and ICP-MS methods,
and the determination coefficient R? was 0.921 for Mg, 0.670 for Zn, and 0.952 for Ca. We
observed relatively small correlation for Zn; this may be because of the small peak intensity
compared to the ones of Mg and Ca. The lowest detectable concentrations, defined by
SNR = 3, were 9.0 ppm for Mg, 27 ppm for Zn, and 710 ppm for Ca. Since these values
are lower than typical concentrations of these trace minerals, we confirmed the feasibility
of the proposed LIBS using a microchip laser for analysis of relative mass concentrations
in human hair. In the above analysis, we did not consider the variability of plasma
temperature, electron density, and upper energy levels of the observed transitions [30]. For
more accurate analysis of trace elements in human hair, corrections based on these factors
may be necessary.
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Figure 9. Cont.
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Figure 9. Relative mass concentrations of (a) Mg, (b) Zn, and (c) Ca measured for the five subjects
and compared with the absolute concentrations analyzed via ICP-MS.

4. Conclusions

As a compact and low-cost LIBS system for in-situ analysis of trace minerals in human
hair, we proposed a system using a microchip laser for plasma generation. Since the pulse
energy emitted from a microchip laser is lower than that of conventional flashlamp-excited
Q-switched Nd:YAG lasers, we optimally designed the focusing optics utilizing a Galilean
beam expander to obtain plasma intensity sufficiently high for analysis of trace elements in
hair. Additionally, we accumulated hundreds of LIBS spectra to improve the SNR of the
measurement system and injected argon gas on the irradiation point to enhance the plasma
intensity. After investigating LIBS spectra of human hair in the UV to near IR regions, we
focused on the spectra in the UV region because of the location of emission peaks of Mg
and Zn, which are trace minerals essential for human life.

We analyzed relative mass concentrations of Ca, Mg, and Zn in hairs obtained from
five subjects while using the intensity of the C peak as a reference. The results coincided
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well with those measured via ICP-MS. We estimated the lowest detectable concentrations
from the SNR of the measured LIBS spectra: 9.0 ppm for Mg, 27 ppm for Zn, and 710 ppm
for Ca. From these results, we have concluded that the proposed LIBS system based on a
microchip laser is feasible for the analysis of trace minerals in human hair.

Owing to the low-cost and compact proposed system, we expect that it will be a useful
biomedical sensor for health-care applications based on non-invasive and real time analysis
of hair.
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Abstract: In this study, we show the repetitive detection of toluene on a tapered optical
fiber element (OFE) with an attached layer of Pseudomonas putida TVA8 bioluminescent
bioreporters. The bioluminescent cell layer was attached on polished quartz modified with
(3-aminopropyl)triethoxysilane (APTES). The repeatability of the preparation of the optical probe
and its use was demonstrated with five differently shaped OFEs. The intensity of measured
bioluminescence was minimally influenced by the OFE shape, possessing transmittances between
1.41% and 5.00%. OFE probes layered with P. putida TVA8 were used to monitor liquid toluene over a
two-week period. It was demonstrated that OFE probes layered with positively induced P. putida TVA8
bioreporters were reliable detectors of toluene. A toluene concentration of 26.5 mg/L was detected
after <30 min after immersion of the probe in the toluene solution. Additional experiments also
immobilized constitutively bioluminescent cells of E. coli 652T7, on OFEs with polyethyleneimine (PEI).
These OFEs were repetitively induced with Lauria-Bertani (LB) nutrient medium. Bioluminescence
appeared 15 minutes after immersion of the OFE in LB. A change in pH from 7 to 6 resulted in
a decrease in bioluminescence that was not restored following additional nutrient inductions at
pH 7. The E. coli 652T7 OFE probe was therefore sensitive to negative influences but could not be
repetitively used.

Keywords: whole-cell biosensor; bioluminescent bioreporter; optical fiber biosensor; toluene;
Pseudomonas putida TVAS; Escherichia coli 652T7

1. Introduction

Primarily controlled chemicals identified in regulations (i.e., United Nations Environment
Programme) are selected due to their toxicity in low concentrations, bioaccumulation potential,
persistency, carcinogenicity, and repeated assessment in monitoring programs [1,2]. Due to the
widespread use of petroleum products and their chemical properties, the most common and stressed
water pollutants are benzene, toluene, ethylbenzene and the xylene isomers (BTEX) [3]. It has been
shown that these chemicals have adverse health effects, specifically leukemia, cancer, plastic anemia,
or bone-marrow disorders in humans, even at low doses [4-6]. Solid-phase microextraction techniques
and stir-bar sorptive extraction in combination with chromatographic and mass spectrometric analysis
have been widely accepted for the analysis of various water pollutants [7,8].

Sensors 2020, 20, 3237; d0i:10.3390/s20113237 www.mdpi.com/journal/sensors
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Bioluminescent bioreporters producing light as a response to the presence of specific pollution,
such as organic compounds or metals, have been constructed since 1992 [9]. The development
and application of whole cell bioreporters has shown great promise in the laboratory and under
controlled conditions [10-12]. In recent years, smartphones [13] and drones [7] have been used as
whole cell biosensor devices with bioluminescent bioreporters. Regardless of many assays, case
studies, and constructions of unique biosensor devices such as bioluminescent bioreporter integrated
circuits (BBICs) [8], there is no company or institution that has yet established the commercial
utilization of bioluminescent bioreporters for the evaluation of pollutant bioavailability. Chemical
analysis based on gas chromatography and mass spectroscopy (GC/MS) remains the preferred method,
although its combination with bioluminescent bioreporters might reduce the cost and increase the
speed of identifying polluted sites, interpreting the hazard of pollutants, and predicting suitability
for biodegradation as well as monitoring of biodegradation. A main reason for the limited use of
bioluminescent bioreporters is legislative regulation against the environmental release of genetically
manipulated cells, e.g., [14]. To better establish the potential utility of bioluminescent bioreporters
and their complementary optical biosensor devices, more empirical evidence of field applications and
studies of reproducibility and stability, as well as facilitation of analytical protocols and biosensor
constructions, are needed.

Continuous monitoring with whole cell biosensors requires repeated inoculation [7] or
immobilization [15] of cells on the sensing element. In comparison with other immobilization
techniques, the immobilization of bioluminescent bioreporters by attachment on a surface of the
sensing element has two advantages: the formation of a layer of cells attached to a surface does not
involve any dropping or printing machines, and the cells adhere tightly to the sensing element to
minimize loss of the detected bioluminescence signal.

Reporter cells immobilized on the tip of an optical fiber can enable continuous measurements
in small volume samples and remote localities. The tiny dimensions of an optical fiber (diameter
of fiber end <600 um) make it possible to immobilize only a few cells on the fiber tip. However,
such a small number of cells provides a low light intensity, resulting in low biosensor sensitivity. To
increase the signal intensity, the light coupling efficiency can be increased by etching the fiber tip and
increasing the number of adhered reporter cells by encapsulation into alginate beads [16]. An increase
in bioluminescence signal intensity has also been achieved by the immobilization of reporter cells on
the wider end (& 1 mm-1 cm) of a tapered optical fiber element [17,18].

In our previous research [19], we demonstrated bioluminescent monitoring of toluene over a
period of 135 days by adherence of P. putida TVAS to the chemically modified wider end of a tapered
optical fiber element (OFE). This study aims to further elucidate the characteristics of such an OFE-type
biosensor. Five different OFEs and two bacterial bioluminescent bioreporter strains were examined.
Apart from P. putida TVAS, whose bioluminescence is positively induced by toluene [20,21], we also
immobilized Escherichia coli 652T7, whose bioluminescence is constitutive and decreases in the presence
of biotoxicants or other factors that affect cell viability [22]. The bioluminescence of cell layers of P.
putida TVAS, adhered to several types of OFEs, were induced daily with toluene. Similarly, adhered cell
layers of E. coli 652T7 were exposed to Luria-Bertani (LB) nutritional media for two weeks. Transmission
profiles of all OFEs were calculated with a software script [17] and the results were compared to
measured light intensities.

2. Materials and Methods

2.1. Materials and Solutions

All chemicals used were purchased from Fisher Scientific. Piranha solution contained concentrated
H,50, and 30% HO, in a volume ratio of 7:3. LB medium contained tryptone (10 g), yeast extract (5 g)
and NaCl (10 g) dissolved in 1 L of distilled water. For solid medium, 17 g of agar was added. Selective
LB medium was supplemented with kanamycin (LBy,y,) at a final concentration of 50 mg/L. Phosphate
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buffer (PB) contained NayHPO,-12H,0 (23.637 g) and KH, PO, (8.98 g) in 1 L of distilled water. The trace
element solution contained H3BO;5; (0.062 g) in 1 L of 1M HCI, than CaCl, (2.94 g), ZnSO4-7H,0
(1.44 g), CuSO4-5H,0 (0.39 g), NayMoO4-2H,0 (0.53 g), MnSO,4-H,O (3.5 g), and FeClz-6H,O (5.4 g/L)
was added in 1 L of distilled water. The mineral salt medium (MSM) consisted of MgSO,4-7H,O
(0.2 g), NH4NO3 (0.2 g), trace element solution (0.1 mL), ferric chloride solution (0.1 mL), PB (100 mL)
and distilled water (900 mL). The yeast minimal medium (YMM) consisted of yeast nitrogen base
without amino acids (6.7 g/L), synthetic drop-out supplement Y1774 (1.46 g/L), and glucose to the final
concentration of 2% (w/v). For solid medium, 20 g of agar was added.

The toluene induction solution consisted of MSM (19 mL) and toluene-saturated water (1 mL).
The final concentration of toluene was 26.5 mg/L, pH 7.2.

The LB induction solution contained 75% of MSM and 25% of LB medium.

The LB, PB and MSM media were autoclaved at 121 °C for 40 min. The trace elements, ferric
chloride, and glucose solutions were sterilized by filtration through polytetrafluoroethylene Nalge
Nunc Syringe Filters, 0.2 pm from Fischersci.com (Pittsburgh, PA, USA). The YMM was autoclaved at
121 °C for 20 min and was supplemented with sterile glucose to achieve final 2% concentration.

2.2. Microorganisms and Their Cultivation

Bioluminescent bioreporter microorganisms were kindly provided by the University of Tennessee.
Pseudomonas putida TVAS is a bioluminescent bioreporter harboring a chromosomal tod-luxCDABE
fusion [23] and produces bioluminescence in the presence of BTEX (benzene, toluene, ethylbenzene
and xylene) and trichlorethylene. The constitutively bioluminescent bacterium Escherichia coli 65217
is a luxCDABE-based strain that was used by Du et al. (2015) to monitor the biotoxicity of cellulose
nanocrystals [22].

P. putida TVA8 and E. coli 652T7 cells were separately cultivated on LBy,, agar for 48 h at 28 °C
and then reinoculated to LBy, broth. The cultures were placed in a shaking incubator at 100 rpm and
28 °C and grown overnight to an optical density at 600 nm (ODgqp) of 0.3 + 0.15 [18,22].

2.3. Tapered Optical Fiber Elements (OFEs)

An OFE manufacturing starts with a preform which is heated in a furnace and drawn into an
optical fiber. The narrowing part between the dripped part and the fiber was used as an OFE (Figure
S1). The resulting shape is determined by preform size, drawing temperature and weight. The OFEs
were kindly donated from the Institute of Photonics and Electronics of the Czech Academy of Sciences.
The ends of OFEs were polished. Each OFE was characterized by diameters (Dy) measured in 10 mm
distances along its length (L = Z;4y) (Figures 1 and 2). For the purpose of software calculations
(transmittance), the OFE shapes were approximated by a bi-exponential equation (“Exp2”) in Matlab
software (Table 1). This software was used by Kalabova et al. (2018) [17] to compare the model
simulations to the real bioluminescence measured with OFEs.

Immobilized cells —-
Dmin y = Al*exp(-x/t1) + A2*exp(-x/t2) + y0O

Length

Dmax -~

Figure 1. Diagrammatic representation of a tapered optical fiber element (OFE).
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Figure 2. Photographs displaying the wider ends of the OFEs used in this study.

Table 1. Designation of OFEs used in this study. OFEs were approximated using the bi-exponential
equation y = y0 + Al*exp(-x/tl) + A2%exp(-x/t2). OFE diameters (Length, Dmax, Dmin) and equation
parameters (A1, t1, A2, 12, y0 = 0) are listed.

OFE Length [mm] Dmax [mm] Dmin [mm] A1l t1 A2 2
A 328.5 4.97 0.84 3.093 52.826 1.73 429.369
B1 424 4.1 0.73 3.117 69.541 0.984 1501.727
B2 268 4.1 0.89 3.259 73.314 0.832 12963.443
C 532.5 3.04 0.5 1.789 55.036 1.289 554.939
D 208.8 4.85 1.13 1.606 29.886 3.197 186.254

2.3.1. Preparation of OFEs for Chemical Modification

The OFEs were washed in acetone and rinsed with deionized water. The wider end of the OFE was
immersed in Piranha solution at 70 °C for 30 min, washed again in deionized water, and dried at 110 °C
for 1 h. After drying, the wider ends of the OFEs were modified with (3-aminopropyl)triethoxysilane
(APTES) or polyethyleneimine (PEI).

2.3.2. Surface Modification of OFE with APTES

The wider end of each OFE was immersed in a solution of 5% (v/v) APTES in dry toluene at
ambient temperature for 24 h. Afterwards, the OFE was rinsed with toluene and acetone and finally
dried at 110 °C for 1 h (modified protocol from [24]).

2.3.3. Surface Modification of OFE with PEI

The wider end of the OFE was immersed in a 0.2% (w/v) solution of PEI in deionized water for 30
min and then air-dried [25].

2.4. Adsorption of Bioreporter Cells on OFE Modified Surfaces

The APTES-modified end of the OFE was fixed vertically in an Erlenmeyer flask containing
150 mL of LBy, medium to which was added 1 mL of an overnight culture of either P. putida TVAS8 or
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E. coli 652T7. Cells grew and adsorbed on the wider element end in a shaker at 50 rpm and 28 °C for
4 days (i.e., the minimal time needed for P. putida TVAS cells to be adsorbed [19]).

To increase adsorption of E. coli 652T7 to the APTES modified OFE surface, FeCl; was added to
the LBy, growth medium at a final concentration of 150 uM [26].

Due to inadequate growth of E. coli 652T7 on the APTES modified OFE surface, the PEI modified
surface was attempted as an alternative. A 20 mL aliquot of an overnight culture of E. coli 652T7 in
LByan medium was centrifuged at 3000 g for 5 min. The pellet was resuspended in 20 mL MSM and
centrifuged again at 3000 g for 5 min. The pellet was then resuspended in 20 mL of 0.2% PEI in MSM
and left in a shaker for 30 min at 100 rpm and 28 °C. Finally, the culture was centrifuged at 3000 g for
5 min and the pellet resuspended in 20 mL of MSM [25]. The wider end of the PEI modified OFE was
then immersed in the 20 mL suspension of E. coli 65217 and shaken at 50 rpm for 30 min and 28 °C.

2.5. Measurement of Induced Bioluminescence

The thin end of the OFE was attached to a light guiding cable, which was connected to the Oriel
70680 photon multiplier tube. The accelerating voltage of the photon multiplier tube was set to 850 V
and the electrical current was manually read from the Oriel 7070 detection system. Experiments were
set-up and performed in a light-tight box. The wider end of the OFE with the adsorbed cells was fixed
4 +1 mm from the bottom of a 50 mL glass beaker that was then filled with 10 mL of induction solution
(toluene for P. putida TVA8 or LB/MSM for E. coli 652T7), thereby immersing the wider end of the
OFE in the induction solution (Figure 3). Reflective aluminum foil was placed underneath the beaker.
The current, proportional to the intensity of bioluminescence, was recorded every 30-60 min for 18 h at
an ambient temperature of 21 °C. Every 24 h, the wider end of the OFE was gently washed with MSM
using a pipette, and then re-immersed into fresh induction solution. Exceptions to these 24 h washings
were the 1-3 day pauses for holidays and weekends. On these days, the element remained immersed
in the induction solution for up to 72 h. Five different OFEs were tested (Figure 2) with each one being
measured over a period of 14-20 days.

NNNNNNNNNNANN

Figure 3. Experimental set-up for monitoring bioluminescence from P. putida TVA8 and E. coli 652T7
bioreporters adhered to surface modified OFEs. All experiments were performed in a light-tight box
that contained an adjustable stand (A), the induction solution (B), the OFE (C), and a light guiding
cable (D) that terminated to a photon multiplier measurement device (E).
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2.6. Visualization of OFE Cell Adherence Using Scanning Electron Microscopy (SEM)

SEM was used to verify the attachment of P. putida TVAS to its APTES modified OFE. Since the
OFEs themselves could not be processed for SEM imaging, quartz cones were used as an alternative
(Figure S2). Quartz cones were surface modified with APTES and P. putida TVAS cells were immobilized
as explained above. Surface modified quartz cones with adhered cells were placed in a 50 mL beaker
containing 30 mL of toluene induction solution. Bioluminescent signaling by the cells was verified
by taking light measurements in a Perkin-Elmer IVIS Lumina K imaging system. After two days of
immersion, SEM imaging was performed. The quartz cones with immobilized cells were fixed in
McDowell-Trump Fixative (Fischer Scientific), gold coated (SPI Module Sputter Coater), and then
viewed in a Zeiss Auriga SEM.

2.7. Statistics

Five different OFEs were tested (Figure 2). Five OFEs were modified with APES and one was
modified with PEI. Each OFE was used once in a single experiment, which lasted 20 days, where
light readings were taken every 30-60 min for 18 h. Replication of the immobilization technique on
APTES modified quarz surface, and measurement of bioluminescence was shown. Data from the five
OFEs plus one OFE from reference [19] were combined. Bioluminescence maxima, peak integrals,
and times of the first bioluminescence maxima within the 20 days were plotted and approximated
with polynomial and exponential curves respectively.

3. Results and Discussion

3.1. Imobilization and Induction of Bioluminescence from P. putida TVAS on APTES Modified OFEs

The APTES modification of OFE led to the successful adherence of P. putida TVAS on its
surface. Two days after beginning the immobilization procedure, lumps of cell clusters (100-1000 um
apart) among much smaller scattered clusters or single cells were observed under SEM (Figure 4),
which corresponds to standard biofilm establishment characteristics [27]. A fully developed biofilm
layer of P. putida TVA8 was photographed after 130 days on APTES modified quartz fiber and was
presented in a previous paper [19].

The time-records of daily inductions of the five different OFEs are shown in Figure 5.

The intensities of the detected light were low during the first few days after induction and then
gradually increased (Figure 6). This might be ascribed to an advanced covering of the base of the OFE
with cells. Most time-record curves show two peaks.

The times of the first bioluminescence maxima decreased from more than 10 h to 2-5 h after
the fifth day of induction. The same times of the first maxima were observed in a previous study
(Figure 7) [19]. The second bioluminescence maxima (appearing after 12-14 h) were probably caused
by the bioluminescence of cells growing in the induction solution, which supports the video record
(Video S1). This accelerated video shows the course of the induction of P. putida TVA8 adhered on the
OFE cone. A gradual increase in bioluminescence of cells adhering on the APTES modified surface,
the base, and the part of the cone, was followed by a high bioluminescence intensity located only on
the base. The bioluminescence of these attached cells fell below the detection limits and at the end
(12-15 h) a low light signal emerged in the induction solution.

The measured intensities of bioluminescence significantly differed among the five OFEs. Table S1
compares time-records, bioluminescence maxima, and integrals of bioluminescence. OFEs were
repeatedly induced over 20 days and bioluminescence always increased after immersion in the toluene
induction solution (A 10x, B1 14x, B2 16x, C 15x, D 14x). To use such an OFE biosensor for the detection
of toluene, a signal above twice the background noise of the detector (2 X 0.26 nA at 850 V) can
reliably confirm the presence of toluene in the liquid sample. This level of bioluminescence generation
appeared within 0.5 h after immersion in the induction solution. This growth was observed in all
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inductions (for all OFEs) with exceptions over the first two days. During this initial period, the cell
layers were likely not matured and performed slowly, with low bioluminescent responses.

s = SE2
FIB Probe = 10KV:20 pa

Figure 4. Scanning Electron Microscopy (SEM) image of P. putida TVAS8 on the (3-aminopropyl) (APTES)
modified OFE after the second day of adsorption.
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Figure 5. Time-records of daily inductions of bioluminescence of P. putida TVA8 immobilized on each
of the five available OFEs (A, B1, B2, C, D). Background noise of 26 nA was subtracted from the
measured data. Y-axis denotes detected bioluminescence intensity in nA. X-axis denotes time from the
induction of bioluminescence in hours. Each experiment lasted 15-19 days. Chart legends denote the
measurement day number.
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Figure 7. Time of the first bioluminescence maxima. Aggregated data from the five OFEs plus one OFE
from reference [19].

These results confirmed previous observations that OFEs adhering with P. putida TVA8 can
be repeatedly used as a detector for toluene after a few days of the stabilization of immobilized
cells [19]. A stabilization period of two to four days was observed, even if the cells were immobilized
in silica gel [18,28]. Possible ways to improve the stability of bioluminescence signal responses
include engineering a cell strain with two reporter genes (one under control of an analyte of
interest and one constitutively present to monitor cell viability). An alternative to this is the use of
two independent bioreporters (constitutive and inducible) derived from the same strain. Nevertheless,
in the optical fiber arrangement, this resolution requires two fibers, which complicates the sensor
construction. The analyte-specific signal must be than corrected according to cell viability [29];
or genetical manipulation of a bacterial strains ability to create and dissolve biofilm structure [30,31].
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3.2. Influence of the Shape of OFE

The calculated characteristics of OFEs are presented in Table 2. Transmittances were calculated
numerically as a percentage of rays that pass through the OFE from the wider end to a detector, which
is placed on the thin end of the OFE. The number of cells on the wider end of each OFE was determined
based on the assumption that the cells are spheres, with diameters of 1 pm, organized in one layer [17].
A product of transmittance and number of cells, referred to as OFE efficiency, is the relative amount of
light transmitted by the OFE from a monolayer of cells on the wider end to the detector connected to
the OFE thin end [32].

Table 2. Calculated transmittance, cell number and efficiency of the five OFEs used in this study.

OFE Transmittance [%] Number of Cells x 107 OFE Efficiency x 10°
A 1.41 2.47 3.48
Bl 1.62 1.68 2.72
B2 221 1.68 3.71
C 151 0.92 1.38
D 5.02 2.35 11.75

Using the same mathematical model Kalabova et al. [17], we predicted an outcome of experiments
with an OFE and a plastic-clad-silica (PCS) fiber, in this study transmittances calculated among the
five different OFEs differed by 3.6% at most (see Table 2). These transmittances are negligible in
comparison to the changes in bioluminescence production, likely due to a fluctuation in the number of
immobilized cells and their physiological state. Intensities of measured bioluminescence (Figure 5)
were independent of OFE transmittances and OFE efficiencies. Intensity of bioluminescence production
is susceptible to small variations of temperature, pH, medium composition, bioavailability of inducer
to each single cell, and many other factors that cannot be completely controlled and increase the higher
variability of the bioluminescence. Calculated transmittances of OFEs significantly increased as their
shape moved closer to a frustum cone (Figures S3 and S4). In reality, OFEs always exhibit such a
curved shape.

3.3. Immobilization and Induction of Bioluminescence from E. coli 652T7

In the LBk, growth medium, E. coli 652T7 did not adhere on the APTES modified base of the OFEs
regardless of the addition of ferric chloride which was added to theoretically enhance the adhesion
of microorganisms by lowering the repulsion forces [26]. Cell attachment was observed only at the
interface of growth medium and air (Figure 8). At this interface, photon-OFE binding efficiency is
<1%, thus bioluminescence of these attached cells did not significantly contribute to detected light.

Figure 8. (A) E. coli 652T7 on the surface of an APTES modified quartz cone after four days in
Lauria-Bertani (LB)g,n cultivation medium. (B) Bioluminescence of E. coli 652T7 induced after
immersion in LB medium as measured in an IVIS Lumina K imager (photons/sec/cm2/steradiar1)
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E. coli 652T7 was immobilized on the base of OFE-D with PEI The time records of daily inductions
with LB medium is presented in Figure 9. Other than the first induction intensities, bioluminescence
increased within 15 min after immersing the OFE into the LB solution. The intensities remained stable
for 18 h on the first day, 6-9 h on all other days, and then sharply decreased due to a depletion of
nutrients. To test the OFE with immobilized E. coli 652T7 as a biosensor for biotoxicity, HCl was added
to the induction solution on the eighth day. This caused pH lowering to pH = 6 and decreased the
bioluminescence, which did not recover after the following two inductions. These results imply that
an OFE immobilized with E. coli 65217 is sensitive to influences that affect cell viability but cannot be
repetitively used as a biosensor since the cells are dying and not recovering.

Bioluminescence [nA @ 850 V]

T T

03 06 09 12 15 18 21 24
Time [HH]

Figure 9. Time records of bioluminescence of E. coli 652T7 immobilized on OFE D in polyethyleneimine
(PEI). Legend denotes the days after the immobilization.

4. Conclusions

In this study, we immobilized the bioluminescent bioreporter P. putida TVA8 on a tapered
OFE in order to prepare a biosensor for the detection of liquid toluene. This study broadened our
previous research, where we used physico-chemical models, using contact angles and zeta potential,
to facilitate the attachment of P. putida TVAS to quartz surfaces after treatment with APTES. The biofilm
development of P. putida TVA8 with time was quantified and the repeatability of the biofilm preparation
and the repeatability of bioluminescence detection was determined. Other than a short maturation
period (~5 days), the OFEs exhibited a stable bioluminescent response for at least 20 days.

We additionally immobilized the constitutively bioluminescent toxicity bioreporter E. coli 652T7 on
a PEI modified OFE and demonstrated its potential use as a biosensor for cytotoxicity. Additionally, the
immobilization process that we used, without any bulky matrix requirements, could be applied towards
many other microbial bioreporters for the biosensing of a variety of different analytes. However, since
the reproducibility of the bioreporter responses remains low, the developed biosensor can be used for
online, rapid and multiplexed monitoring of the presence of a pollutant, but not its concentration.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/11/3237/s1.
Figure S1: Scheme of OFEs preparation with description; Figure S2: Quartz cones; Video S1: Video record of
bioluminescence of Pseudomonas putida TVAS8 attached on quartz cone. Video recorded for 17 h and accelerated to
20 s; Table S1: Integrals of intensities and maxima of bioluminescence for five OFEs; Figure S3: Plotted geometrical
shape of five theoretical OFEs with identical Dmax, Dmin, (radius r) and length L, but different shape (bent), OFE
models were used to calculate their transmittances; Figure S4: Calculated transmittances of the five theoretical
OFEs based on their geometrical shapes.
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Abstract: Glucose belongs among the most important substances in both physiology and industry.
Current food and biotechnology praxis emphasizes its on-line continuous monitoring and regula-
tion. These provoke increasing demand for systems, which enable fast detection and regulation of
deviations from desired glucose concentration. We demonstrated control of glucose concentration
by feedback regulation equipped with in situ optical fiber glucose sensor. The sensitive layer of
the sensor comprises oxygen-dependent ruthenium complex and preimmobilized glucose oxidase
both entrapped in organic-inorganic polymer ORMOCER®. The sensor was placed in the labora-
tory bioreactor (volume 5 L) to demonstrate both regulations: the control of low levels of glucose
concentrations (0.4 and 0.1 mM) and maintenance of the glucose concentration (between 2 and
3.5 mM) during stationary phase of cultivation of Saccharomyces cerevisiae. Response times did not
exceed 6 min (average 4 min) with average deviation of 4%. Due to these regulation characteristics
together with durable and long-lasting (>2 month) sensitive layer, this feedback regulation system
might find applications in various biotechnological processes such as production of low glucose
content beverages.

Keywords: yeast cultivation; feedback regulation; glucose detection; optical biosensor

1. Introduction

The number of people with diabetes has risen from 108 million in 1980 to 422 million
in 2014, and between 2000 and 2016 there was a 5% increase in premature mortality from
diabetes the World Health Organization (WHO) predicts that the diabetes will be the
seventh leading cause of death in 2030 [1]. The accurate evaluation of the glucose content
in foods is extremely important for the maintenance of its physiological level in blood
of diabetic individuals. Information about glucose content of foods and beverages is
essential for both producers and consumers. Glucose monitoring is crucial in tracing the
fermentation processes in the wine, brewing, and dairy industries.

The first qualitative test of glucose was published in 1848 [2]. Since that time many
methods of glucose quantification have been described [3]. Web of Science links to 25,000
references for key words glucose detection. Plenty of physical detection principles have
been used which are often non-specific to glucose [4]. For example, microwave resonator-
based sensors might be advantageous for glucose detection in blood [5,6] or in some
industrial applications as their linear range of measured glucose concentrations is from
zero to more than ten weight percent [7]. In comparison with these microwave-based
sensors, optical biosensors with glucose oxidase exhibit a high specificity to glucose.

The first glucose biosensor was realized in 1962 using glucose oxidase and a Clark
electrode [8]. Since that time, hundreds of glucose biosensors have been described with
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electrochemical or optical transducers [9]. Prevailing research effort was focused on biosen-
sors for monitoring concentration of glucose in blood and other physiological fluids [10,11].
Nevertheless, glucose biosensors for beverages and food industry have also been presented.
Ayenimo et al. described a polypyrrole-based bilayer amperometric glucose biosensor
integrated with a permselective layer, which was successfully employed for glucose deter-
mination in various fruit juices [12]. For glucose and galactose detection in fruit juices and
skim milk, the graphite working electrode, on which glucose oxidase and (3-galactosidase
were coimmobilized by means of covalent bonding, was developed by Portaccio et al. [13].
Amperometric biosensor based on modified screen-printed carbon electrodes for online
glucose monitoring during cultivation of Saccharomyces cerevisiae in microbioreactor was
published by Panjan et al. [14]. Otten at al. described a fluorescence resonance energy
transfer (FRET)-based glucose biosensor, which can be applied in microbioreactor-based
cultivations. The soluble sensor was successfully applied online to monitor the glucose
concentration in an Escherichia coli culture [15].

Optical fiber sensors have showed a number of advantages over electrochemical
sensors due to their independence of electromagnetic involvement, security, sensitivity,
ruggedness, and fine dimensions of probes. In the last twenty years, the progress in the
development of optical fiber sensors of glucose was reviewed by Wolfbeis [16-20] and
Wang [21-23]. Among various principles of optical fiber sensing of glucose, enzymatic
sensors with glucose oxidase and optical oxygen transducers have been the most broadly
studied and used. The combination of high selectivity of glucose oxidase and ruggedness
of optical oxygen transducer allow them to be applied in industrial processes.

Except for fast and precise detection, food and biotechnology processes require low
deviations from desired glucose concentration (ccrPF®) and their quick compensation.
An advantageous solution to these demands is an incorporation of biosensoric detection
components into feedback loops, which keep actual glucose concentration (c;) on desired
value (cgr = cgrPE9), or in allowed limits throughout production process. A continuous
measurement of glucose in real-time without connection to glucose dispenser was described
by Maldonado et al. [24] and Blankenstein et al. [25].

The system of control of glucose concentrations of a perfusion medium in a rotating
wall perfused vessel bioreactor culturing BHK-21 cells was presented by Xu et al. in
2004. The custom-made glucose sensor was based on a hydrogen peroxide electrode. The
system first controlled the glucose concentration in perfusing medium between 4.2 and
5.6 mM for 36 days and then at different glucose levels for 19 days. A stock solution
with a high glucose concentration (266 mM) was used as the glucose injection solution.
The standard error of prediction for glucose measurement by the sensor, compared to
measurement by the Beckman glucose analyzer, was 0.4 mM for 55 days [26]. Commercially
available systems of glucose control in bioreactors (CITSens Bio, SEG-Flow) use the TRACE
filtration probe for harvesting cell-free filtrate from bioreactors and fermenters under sterile
conditions. Company Stratophase Ltd. (Hampshire, United Kingdom) developed a sensor
that regulated glucose concentration with an in situ optical glucose sensor. The sensor
with Bragg grating measures glucose concentrations as changes of refractive index. Such
measurements are nonspecific and, therefore, they suffer from great errors due to changes
of concentrations of the other medium components.

Enzymatic glucose sensor with oxygen transducer, its preparation and analytical
features, were described in previous papers [27-29]. The sensor withstands sterilization
by UV and ethanol as well as mechanical stresses caused by mixing of fermentation broth.
The sensor is based on the measurement of oxygen consumption due to oxidation of
glucose catalyzed by an enzyme, glucose oxidase. Ruthenium complex serves as an optical
transducer. Its fluorescence is quenched proportionally with oxygen concentration. Both
sensitive parts—the enzyme (preimmobilized on Sepabeads®) and the complex—are coated
in Ormocer® (organic-inorganic polymer). The polymer has a siloxane network and is UV
curable. Covalent attachment to a carrier (Sepabeads®) protects the enzyme against harsh
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conditions after mixing with Ormocer® and during the UV curing of the sensitive layer on
the acrylate lens.

Here, we present on-line feedback regulation of glucose concentration controlled
by this glucose sensor placed in the bioreactor vessel. The regulation was demonstrated
in both modes: in dilution and fed batch cultivation. Dilution mode was proposed for
production of beverages with limited content of glucose and for diabetics, where glucose
content should be close to zero. In fed-batch cultivation, microorganisms consume glucose,
but to keep cells alive and producing, the concentration of glucose must be maintained
at a level which allows cells to survive but limits their proliferation. In the fed batch
process, glucose regulation is demonstrated with the most industrially used microorganism,
Saccharomyces cerevisiae.

2. Materials and Methods
2.1. Chemicals

D-glucose p.a., sucrose p.a, glutaraldehyde 25%, K;HPOy- - - 3 HyO p.a., and KH,;PO4
p-a. were purchased from Penta s.r.o. (Czechia). Yeast extract, glucose oxidase type X-S
from Aspergilus niger with specific activity 228.4 kU/g (GOX*S), and glucose oxidase
type II-S from Aspergilus niger with specific activity 37.7 kU/g (GOX") were from Sigma
Aldrich® (St. Louis, MO, USA). Bacteriological pepton was purchased from Oxoid-Thermo
Fisher Scientific Inc. (Waltham, MA, USA). NaOH p.a. and H3PO, 85% were purchased
from Lach-Ner s.r.o. (Prague, Czechia). Sepabeads® EC-HA 403 (SEPA) were delivered by
Resindion S.r.1 (Binasco, Italy). Tris (4,7-difenyl-1,10-fenantrolin) ruthenium(lI) dichloride
(RuC) was purchased from ABCR GmbH (Karlsruhe, Germany). Ormocer® KSK 1248
(ORM) was obtained from Fraunhofer Institute for Silicate Research ISC (Wurzburg, Ger-
many). Photoinitiator Irgacure® 500 was from BASF, Germany. Polymethylmethacrylate
biconvex lens with diameter 7 mm was from Institute of Plasma Physics of the CAS, v.vi.
(Prague, Czechia).

2.2. Media and Gasses

Potassium phosphate buffer (50 mM, pH 7) was prepared by dilution KHPOy- - -3
H,0O (21.1 mL) and KHPOy, (28.9 mL) in distilled water (1 L). Final pH 7 was adjusted by
addition of NaOH (0.2 M) or H3POy4 (0.2 M).

YPG cultivation medium contained yeast extract (1 g), peptone (2 g) and glucose (2 g)
in distilled water (100 mL).

Concentrated glucose solution (1 mM) was prepared by dilution glucose (90 g) in
distilled water (500 mL).

Oxygen, 2.5 UN1072 and nitrogen 4.0, UN1066 were products by Linde Gas a.s.
(Prague, Czechia).

2.3. Microorganisms

Saccharomyces cerevisine was obtained from Collection of microorganisms of the Insti-
tute of Biochemistry and Microbiology UCT Prague. Overnight culture (50 mL) was added
into the bioreactor. Optical density (OD) of the overnight culture (3x diluted) was 0.5.

OD was determined in 1 cm cuvette at 600 nm by UV-VIS spectrophotometer HP8452A
(Hewlett-Packard, Palo Alto, CA, USA).

2.4. Preparation of Optical Sensitive Layers

Sensitive layers were prepared by procedure described in details by Kostejnova et al. [29].
Briefly, 200 mg of SEPA was activated by a stirring with glutaraldehyde (4 mL) for four
hours. After centrifugation and washing, the enzyme solution was added to activated
SEPA and the mixture was stirred for 18 h with the same velocity as was used during
activation. The mixture was centrifuged, the supernatant was removed, and Sepabeads®
with immobilized glucose oxidase (SEPA-GOX) were washed twice with buffer. Ormocer®
was mixed with Ru complex, Irgacure 500 and sucrose to form ORM-RC. Components
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of sensitive layers were mixed on glass slide in the ratio 2:1, ORM-RC: SEPA-GOX. The
mixtures were deposited on plastic lenses and cured by UV light for ten minutes. After UV
polymerization the lenses were immersed in phosphate buffer (50 mM, pH 5.9) overnight
to wash out sucrose. The thicknesses were measured with the microscope Tescan (Czech
Republic) in the center and on the periphery of the layers (see Figure 1). Parameters of
preparation and analytical characteristics (sensitivity (SN), linear dynamic range (LDR),
and response time (RT) of sensitive layers used in the tests are presented in Table 1 and on
Figure 1.

Table 1. Parameters and analytical characteristics of sensitive layers.

Enzyme

Velocity of Stirring in / Thickness SN LDR RT
Test Activation of (mgenzyme/gsEpa) * (nm) (usL (mM) (min)
Sepabeads®(rpm) GOXX-S GOXII-S mmol 1)
Dilution 20 125 — 280 0.452 0-1.5 3
Cultivation 20 — 12.5 225 0.091 0-7 5
Response 800 125 — 300 0.306 0-1.6 9
reproducibility

* The average of thicknesses measured with the microscope Tescan. ** Average values of SN, LDR, and RT during testing of reproducibility
of biosensor response.

(a) (b)

Figure 1. Photos of optical sensitive layer. (a) The lens with sensitive layer (used in the cultivation). (b) Scanning electron
microscopy photo of cross-section of this sensitive layer.

2.5. Feedback Regulation System

A schema with photos of the feedback regulation system is on Figure 2.
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Figure 2. Feedback regulation system. 1. container with buffer or concentrated glucose solution, 2. bioreactor Applicon
(5 L), 3. optical fibres, 4. lens with sensitive layer, 5. light source and the detector (Apx = 470 nm, App; = 580 nm), 6. PC

LabView, 7. control unit, 8. peristaltic pump, 9. temperature probe of NeoFox.

The bioreactor (Figure 2, position 2) was produced by Applicon V.B. (Schiedam, The
Netherland), it is autoclavable, comprised of a tempered glass vessel with volume of
5L and inner diameter 166 mm equipped with Bio controller ADI 1010 and Bio console
ADI 1025 for control of pH (pH electrode), the concentration of dissolved oxygen (dO2)
is measured with Clark electrode, has temperature control (resistance thermometer), and
monitors the velocity of mixing.

Optical probe for measurement of glucose concentration had identical shape as pH and
dO2 probes of the bioreactor (Figure 2, position 3—4). The probe consisted from stainless
steel tube with glucose sensitive layer, and a bundle of optical fibres connected to the light
source and the detector (Figure 2, position 5). NeoFox Sport made by Ocean Optic (Largo,
FL, USA) was used as light source and the detector. Increase of glucose concentrations
in the reactor was detected with sensitive layer on acrylate lens (Figure 2. position 4) as
the increase of fluorescence lifetime of RuC due to consumption of oxygen in oxidation of
glucose catalyzed by glucose oxidase.

Analog output signal from NeoFox was read by serial port of the control unit (Figure 2.
position 8). After evaluation with control software (Figure 2, position 7) the output sig-
nal was controlling rotation speed of peristaltic pump Masterflex 7518-00 (Cole-Parmer
Instrument Company, Vernon Hills, IL, USA) (Figure 2, position 9). Measurement and
control software was developed in Labview software environment. The Labview control
software allows for following settings: (1) desired glucose concentration cg; PF°, which
was set as life time set point; TPF° (2) a mode of concentration control—diluting or feeding;
(3) time resolution of glucose concentration measurement—averaging time, t . ;; and
(4) speed of glucose dosing with peristaltic pump as percentage of pump power. Actual
measured glucose concentration and indication of pump action (run/stop) were displayed
on the monitor. The software recorded measured glucose concentrations cg; and course
of administration of buffer or concentrated solution of glucose. The system responded on
deviation from cg; PES after checking time (f,.). During f,. the system only measures
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without responding. In dilution mode, the pump administrated buffer in case that cg; was
the same or higher than maximum allowed glucose concentration (cg;™4%). In cultivation
mode, the concentrated glucose solution was added into the bioreactor in case that ¢y
was the same or lower than minimum allowed glucose concentration (cg;M™N). To reach
desired concentration, cgy, = CGLD ES the volume of a dose (buffer/conc. glucose solution)
was calculated by the software with respect of volume of liquid in the bioreactor. The new
topee started after the pump finished dosing.

2.6. Reproducibility of Biosensor Response in Repetitive Measurements during 2 Months

The probe of the biosensor with sensitive layer (enzyme concentration 125 mg GOX*S /¢
SEPA, thickness of the layer 300 nm) was immersed in non-sterile buffer (50 mM, pH
7), which was bubbled by sterile air with volume flow 16 mL/min, mixed 400 rpm, and
tempered 25 °C. During two months, on working days, SN, LDR, and RT. were determined
once a day. Measurements and calculations of analytical characteristics are described in
details in previous paper [29].

2.7. Sterilization

The bioreactor filled with medium /buffer with inserted pH, dO2, T probe, together
with storage bottles of base, acid, concentrated glucose, dilution buffer, and all connection
pipes was sterilized in autoclave at 120 °C for 30 min. Before inserting into bioreactor,
glucose probe, and acrylate lens with sensitive layer were sterilized by immersing in
ethanol (70%) for 5 min and irradiation with UV for 10 min.

2.8. Off-Line Measurement of Glucose Concentration

Off-line glucose concentration was measured with Glucose oxidase Activity Assay kit
from Sigma Aldrich s.r.o. (Prague, Czechia).

2.9. Control of Glucose Concentration with Feedback Regulation System
2.9.1. Feedback Regulation of Glucose Concentration to Lower Level (Dilution Mode).

The bioreactor filled by 2 L buffer (50 mM, pH 7) was bubbled by sterile air with volume
flow 16 mL/min, mixed 400 rpm, and tempered 25 °C. The value of dO2 in the bioreactor
was 21%. The regulation was tested at two maximum concentrations, cg;M4X = 0.5 mM
and 0.125 mM for corresponding ccrPES = 0.4 mM and g PFS = 0.1 mM, respectively.

NeoFox was switch on and the system was left to stabilize fluorescence lifetime (%) at
zero glucose concentration (ccr?) for 15 min. To calibrate Neofox, glucose concentration
was increased by addition of concentrated glucose solution to cg. PF® = 0.4 mM or 0.1 mM
(Figures 3 and 4. green frames), which lead to increase of fluorescence lifetime (TDPES).
On user interface monitor were set T, TPES and corresponding car?, cgrPES, times for
averaging ., = 10 min and cg;MAX = 0.5 mM resp. 0.125 mM (Figures 3 and 4, red frames)
and corresponding TMAX calculated from the calibration. After three . (Figures 3 and 4,
position 1) concentration of glucose was increased from cg; PF° = 0.4 mM resp. 0.1 mM to
cctMAX = 0.5 mM resp. 0.125 mM by hand pipetting of solution of concentrated glucose
(0.2 mL, resp. 0.05 mL) into the bioreactor (Figures 3 and 4, position 2). After ., cerMAX
was detected and the pump of feedback loop dosed calculated buffer volume into the biore-
actor to reach cgy = cgr PF° (Figures 3 and 4, position 3). In reality, glucose concentration
after regulation (ccrREC) differs from ccrPES. The cycles of addition of glucose solution
and regulation were repeated three times during both tests. The test for cg;PE® = 0.4 mM
was reproduced three times (Figure 3.1-11I).
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Figure 3. Time record of the feedback regulation of lower glucose concentration (dilution with buffer) for three independent
experiments at the same conditions (L-IIL.). After the initial three f,. (position 1), the concentration of glucose was
increased from cg; PF° = 0.4 mM to cg; MAX = 0.5 mM by hand pipetting of concentrated glucose solution into the bioreactor
(position 2). After co MAX detection, the pump of feedback loop dosed buffer into the reactor (position 3). t; is time when
actual measured glucose concentration exceeded glucose concentration after regulation for 10% and ¢, is time when buffer

was added.
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Figure 4. Time record of the feedback regulation of lower glucose concentration (dilution with buffer, test IV). After the
initial three f,,. (position 1), the concentration of glucose increased from cgr P ES = 0.100 mM to cg;MAX = 0.125 mM by hand
pipetting of concentrated glucose solution into the bioreactor (position 2). After cg;M4X detection, the pump of feedback
loop dosed buffer into the reactor (position 3). t; is the time when actual measured glucose concentration exceeded glucose
concentration after regulation for 10% and ¢, is time when buffer was added.
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Response time (RTq) was calculated for each buffer dose according to equation
RTg9p =t — t3, 1)

where t; is time when actual measured glucose concentration exceeded glucose concen-
tration after regulation for 10% cgr = cgrreG + 0.1 X cgLrEG, and t; is time when buffer
was added.

Deviation (s) of glucose concentration after regulation from cg, P
each buffer dose

ES was calculated for

s = ((caL”F® — ccLREC) /cq PE%) x 100. 2)

2.9.2. Feedback Regulation of Glucose Concentration of Fed Batch Cultivation of
Saccharomyces cerevisiae in Stationary Phase (Cultivation Mode)

The bioreactor was filled with 2 L incomplete YPG medium. Throughout the ex-
periment, the bioreactor was tempered to 30 °C and bubbled with sterile air, oxygen,
or nitrogen to keep constant 402 = 21%. Concentration of glucose in incomplete YPG
medium was measured off-line. Double point glucose calibration was done in the first
hour of the experiment. The first point was the concentration of glucose in incomplete YPG
medium cg;MN (2 mM, Figure 4, red frame) and the second point was cc PES = 3.5 mM
(Figure 4, green frame) acquired by hand pipetting of concentrated glucose (3 mL). Neofox
corresponding fluorescence lifetimes, TMIN and tPES were set on user software monitor
together with ... Double the response time (RTy)), determined in calibration, was opted
for checking time, ¢, = 10 min.

After calibration, glucose (40 g) was added to complete YPG medium, thus cgy =111 mM,
which was out of the range (0-7 mM) of the biosensor (Figure 5, position 1). The bioreactor
was inoculated with night culture of Saccharomyces cerevisiae (50 mL, OD for 3x diluted
culture was 0.5) and feedback regulation was switched on (Figure 5, position 2). The
growing cells consumed glucose. After 11.5 h of fermentation, cgy, dropped below 7 mM
(Figure 5, position 3). Within 6 ¢, the measured glucose concentration cg; decreased
from 6.8 to 1.9 mM and cg; < cgMIN (Figure 6. position 1). At the end of 6th f,. the
pump started to dose concentrated glucose solution into the reactor so that cgy = ccrPES
resp. ccr REG, after the seventh f .. (Figure 6, position 2). Culture of Saccharomyces cerevisiae
consumed added glucose during the 8th f .. and ccrPES, and cgp REC dropped to (or under)
catMN, which activated dosing pump (Figure 6, position 3). The cycle kept adding glucose
to reach cg PES followed by consumption with yeast culture to cq MIN (cycle 1) was
repeated seven times. The experiment was twice reproduced.

Response times were calculated for each glucose dose according to

RTo =t; —ty, 3)

where #; is time when measured glucose concentration reach 90% of concentration after
regulation: c¢gr, = 0.9. ccrREG and t, is time when concentrated glucose solution was added.
Deviation (s") from cc; PES were calculated for each glucose dose according to

*

s'=(car”® = e ") /ear PP x 100. O

62



Sensors 2021, 21, 565

[ v T Y T y
6.5 |- 3.260
L 1 3
_ 5.0 |- 3.259
E L
£ @' 3.257
3 K
o
3.256
0.5 |- 3.254
'l ' AL ' 'l
0.0 3.5 7.0 14.0 17.5

t (h)

Figure 5. Time record of glucose concentration during fed-batch cultivation of Saccharomyces cerevisiae. After two-point
calibration (cg PES = 3.5 mM, cg,MN = 2 mM), glucose was added to complete YPG medium (cg; = 111 mM), which
was out of the range (0-7 mM) of the biosensor (position 1). The bioreactor was inoculated with an overnight culture of
Saccharomyces cerevisiae and the feedback regulation was switched on (position 2). After 11.5 h of fermentation, cgr,

dropped below 7 mM (position 3).
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Figure 6. Detailed time record of feedback regulation of glucose concentration during stationary phase of cultivation of

Saccharomyces cerevisiae.

63

3.260

3.259

3.257

3.256

3.254

17.5

7 (us)

7 (us)



Sensors 2021, 21, 565

3. Results and Discussion
3.1. Feedback Regulation of Glucose Concentration to Lower Level (Dilution Mode)

This regulation is demonstration of application of feedback system in production of
beverages for diabetes, where the demand is to keep glucose concentration at a level close
to zero. The sensitive layer, used in dilution mode, was chosen to meet the need of the
lowest detection limit. Based on our previous study [29], such demand best fit sensitive
layer comprising high content of enzyme, which is immobilized on undivided SEPA.

Monitoring and control of low glucose concentration levels are in Figures 3 and 4,
and characteristics of regulation are in Table 2. In all experiments, response times were
shorter than 5 min (RT9p < 5 min). Average deviation was 1.8% for glucose concentration
hold at 0.4 mM. For lower glucose concentration, the relative precision of measurement
decreased. Therefore, in case the desired glucose concentration was equal to limit of
detection (LOD) of used biosensor (cc PES = LOD = 0.1 mM, the test IV.), the average
deviation increased to 3.7%.

Table 2. Response times of the biosensor and deviations from desired glucose concentration in case
of step increase of glucose concentration.

DES REG
. cGL cGL RTy s
Experiment (mM) (mM) (min) (%)

0.388 3 3

L 04 0.380 4 5
0.411 4 3

0.404 2 1

IL 0.4 0.400 4 0
0.393 4 2

0.396 3 1

II. 0.4 0.398 5 1
0.400 5 0

0.097 5 3

IV. 0.1 0.093 5 7
0.101 2 1

3.2. Feedback Regulation of Concentration of Glucose of Fed Batch Cultivation of Saccharomyces
Cerevisiae in Stationary Phase (Cultivation Mode)

In cultivation mode, the sensitive layer should possess fast response time and wide
concentration range to measure glucose in sufficiently broad concentration range during
stationary phase of cultivation. In our previous paper [29], it was shown that LDR of the
layers increased with decreasing enzyme concentration. It was also shown that crushing of
spherical SEPA with immobilized glucose oxidase resulted in higher LDR. Unfortunately,
increasing LDR simultaneously increased RT, which is an undesirable effect for the feed-
back regulation system. Therefore, we must compromise between opposing demands on
analytical features of sensitive layer for cultivation mode. We used the sensitive layer with
RT < 6 min and LDR = 0-7 mM.

A time record of complete cultivation of Saccharomyces cerevisiae is presented on
Figure 5 and the detail of stationary phase, while glucose concentration was controlled
with the feedback regulation system, is on Figure 6. Table 3 shows that in all seven cycles
1T, response times were below 6 min (RT9p" < 6 min) and deviation from regulation did
not exceed 9%. The average RTq" was 4 min and the average deviation 3.9%.

In situ monitoring and control glucose concentration during cultivation were de-
scribed by Tric et al. [30]. They used also enzymatic sensor with optical glucose transducer;
however, glucose oxidase was fixed on optically isolated oxygen sensor with glutaralde-
hyde and covered by perflorated hydrophilic membrane. In comparison with this report,
where response times were 6 min for increasing and 10 min for decreasing of glucose
concentrations, we reached response times shorter than 6 min in all tests. The shorter

64



Sensors 2021, 21, 565

response times might be related to faster diffusion of oxygen and glucose in sensitive layer
comprising both enzyme and fluorescent complex in one mixture. These results implicate
that regulation response times less than few minutes are hard to reach with enzymatic
glucose sensor with optical oxygen transducer. Response times become shorter as the
activity of enzyme increases and sensitive layer is thinner [26]. Nevertheless, these parame-
ters are limited by technical feasibility of a preparing such layer. Selectivity, robustness,
and long-term reliability are favored features of enzymatic glucose sensors with oxygen
transducers for control of glucose concentrations in biotechnological processes but, if one
minute or less response times are necessary, another type of glucose sensor should be used.

Activity of microorganisms resulted in ¢y, decreased from 6.8 to 1.9 mM (cgr, < cGLmIN,
position 1). After this point, the pump started to dose concentrated glucose solution into
the reactor so that cgy = cqr PFS (position 2). Culture of Saccharomyces cerevisiae continued to
consume glucose and ¢y, dropped to cgrpn, which activated dosing pump again (position
3). t;" is time when measured glucose concentration reached 90% of concentration after
regulation and t," is time when concentrated glucose solution was added.

Table 3. Response times and deviation from desired glucose concentration during feedback control
of glucose concentration in stationary phase of cultivation of Saccharomyces cerevisae.

Number of cgrPES cgrREC RTyy s'

of cycle |1 (mM) (mM) (min) (%)
1 3.5 3.7 6 6
2 3.5 3.6 3 3
3 3.5 3.6 3 3
4 3.5 3.2 6 9
5 35 35 4 0
6 35 34 2 3
7 35 34 4 3

Deviation (s*) defined in Equation (4).

3.3. Reproducibility of the Biosensor Response during 2 Month.

During two months (42 measurements) the average SN was 0.306 ps L mmol~! with
relative deviation 10% (Figure 7) and an average maximum of linear dynamic range
(LDRMAXY 1.6 mM with relative deviation 12% (Figure 8). At the first measurement, RT
was 9 min. In the second measurement, RT increased to 14.7 min and this response time
was preserved in following 40 measurements. An average RT (without the first day) was
15.1 min with relative determinative deviation 8% (Figure 9) and it remained constant
throughout the repetitions (p > 0.9971). After the first experiment, an increase of RT is
probably a result of an adsorption of microorganisms from non-sterile buffer, which cause
diffusion slowdown of both substrates glucose and oxygen, in the sensitive layer.

3.4. Wider Applicability of the Biosensor

The presented biosensor was developed with immobilized glucose oxidase aiming for
the on-line monitoring of glucose concentration. Together with oxygen and pH, glucose
concentration is one of the most often measured parameters in biotechnology. Nevertheless,
the presented concept is general and replacing of glucose oxidase by other oxidases can
result in various analogical biosensors, such as for biological amines [26] or cholesterol
oxidase [27] for use on continuous systems. Of interest in near future might be sensors of
various environmental pollutants. Biodegradation pathways of many organic pollutants
often start with oxygenases enzymes [28,29] of different specificity, and these could serve
as a biosensing elements for regulation of continuous water treatment processes.
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Figure 7. Sensitivity of the optical sensitive layer in 42 repeated measurements during two months.
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Figure 9. Response time of the optical sensitive layer in 42 repeated measurements during
two months.

4. Conclusions

In this work, we presented the feedback system for regulation of glucose concentration
based on the enzymatic sensor with optical oxygen transducer. The system was demon-
strated for the case of maintaining low glucose concentration. An undesirable increase of
glucose concentration was compensated below 0.125 mM by dilution in less than 5 min.
In stationary phase of fed batch cultivation when glucose was continuously consumed by
growing microorganisms, the feedback system adjusted glucose concentration to 3.5 mM in
less than 6 min after detection of the concentration drop to 2 mM. The two-month stability
and reproducibility of biosensor response was demonstrated by daily measurements, in
which relative determinative deviations of analytical characteristics (sensitivities, linear
dynamic ranges, and response times) were less than 12%. In comparison to known and
commercially available glucose concentration regulations, the presented feedback system
has advantage in use of in situ sensor, robust construction, and long-term stability.
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Abbreviations

cycle |1 Cycle adding glucose to reach cg; PES followed by consumption with yeast culture to cgp N
TMAX Fluorescence lifetime corresponded with maximum allowed glucose concentration
TMIN Fluorescence lifetime corresponded with minimum allowed glucose concentration
TDES Fluorescence lifetime corresponded with desired glucose concentration

70 Fluorescence lifetime corresponded with zero glucose concentration

cGL Actual glucose concentration

cg MAX Maximum allowed glucose concentration

co MIN Minimum allowed glucose concentration

cq PES Desired glucose concentration

cq REG Glucose concentration after the regulation

car? Zero glucose concentration

do; Concentration of dissolved oxygen

GOXXS Glucose oxidase type X-S from Aspergillus niger with specific activity 228.4 kU g~
GOXIIS Glucose oxidase type I1-S from Aspergillus niger with specific activity 37.7 kU g~
LOD Limit of detection

LDR Linear dynamic range

LDRMAX Maximum of linear dynamic range

OD Optical density

ORM-RC Mixture prepared by mixing Ormocer® with Ru complex and Irgacure 500
RuC Tris (4,7-difenyl-1,10-fenantrolin) ruthenium(II) dichloride

RT ResP°nse time of the biosensor during testing of reproducibility of biosensor response
RTy Response time of biosensor during diluting of solution

RToy" Response time of biosensor during cultivation

s Deviation from desired glucose concentration after regulation during diluting of solution
s Deviation from desired glucose concentration after regulation during cultivation

SEPA Sepabeads® EC-HA 403

SEPA-GOX  Sepabeads® with immobilized glucose oxidase

SN Sensitivity

tCHEC Checking time
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Abstract: A novel and compact interferometric refractive index (RI) point sensor is developed using
hollow-core photonic crystal fiber (HC-PCF) and experimentally demonstrated for high sensitivity
detection and measurement of pure gases. To construct the device, the sensing element fiber (HC-PCEF)
was placed between two single-mode fibers with airgaps at each side. Great measurement repeatability
was shown in the cyclic test for the detection of various gases. The RI sensitivity of 4629 nm/RIU was
demonstrated in the RI range of 1.0000347-1.000436 for the sensor with an HC-PCF length of 3.3 mm.
The sensitivity of the proposed Mach-Zehnder interferometer (MZI) sensor increases when the length
of the sensing element decreases. It is shown that response and recovery times of the proposed sensor
inversely change with the length of HC-PCF. Besides, spatial frequency analysis for a wide range
of air-gaps revealed information on the number and power distribution of modes. It is shown that
the power is mainly carried by two dominant modes in the proposed structure. The proposed sensors
have the potential to improve current technology’s ability to detect and quantify pure gases.

Keywords: refractive index sensor; gas sensor; hollow-core photonic crystal fiber; Mach—-Zehnder interferometer

1. Introduction

Gas sensing is essential for safety and maintenance operations in many industries, including
the power generation [1], petrochemical [2], and food-processing sectors [3]. For detecting the presence
of gases, especially in extreme conditions, the silica optical fiber provides a promising platform, due
to its unique properties. These include immunity to electromagnetic radiation [4], high-temperature
durability [5], compactness, as well as high accuracy and sensitivity [6]. Researchers have
pursued the applicability of optical fiber sensors across many sensing applications, because of
their multifunctional sensing capabilities (e.g., refractive index (RI), temperature, and pressure) [7].
The various mechanisms that have been investigated for gas-sensing functionality include
Raman scattering [8], surface Plasmon resonance [9], evanescent-field absorption [10], derivative
spectroscopy [11], and interferometric sensors [6]. Successes in these research projects relied upon
experimentation with a range of optical fibers: D-shaped fiber, multimode fiber, fused silica fiber optic
bundles, and photonic crystal fiber (PCF) [6,8-11]. Various types of fiber optic interferometers have

Sensors 2020, 20, 2807; doi:10.3390/s20102807 www.mdpi.com/journal/sensors
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been studied for their RI-sensing capabilities: the Sagnac, Michelson, Fabry-Perot, and Mach—Zehnder
interferometers (MZIs) [6]. Wang et al. [12] developed a micro Fabry—Perot cavity interferometer
and achieved the RI sensitivity of 851 nm/RIU while having a very low-temperature sensitivity
of 0.27 pm/°C and low-temperature cross-sensitivity of 3.2 E~7 RIU/°C. Hu et al. [13] proposed
an intrinsic Fabry—Perot interferometer based on simplified hollow-core fiber and achieved a RI
measurement resolution of 6.5 E™. These types of sensors typically show low insertion loss and they
are relatively easy to fabricate. A Michelson interferometer was constructed by splicing a stub of
large-mode-area PCF to single-mode fiber (SMF) and an RI resolution of E~* in the RI range of 1.33-1.45
was reported [14]. Facile fabrication procedure and high stability over time were reported as key
advantages. Sun et al. [15] proposed a hybrid interferometer by forming a Fabry—Perot cavity in one of
the optical paths of the Michelson interferometer. The spectral response of this hybrid sensor allows
multiparameter sensing as it has two distinct interference fringes. The simultaneous measurement
capability was reported with an RI measurement resolution of 8.7 E™ in the RI range of 1.33-1.38 with
a temperature sensitivity of 13 pm/°C. A photonic crystal fiber Sagnac interferometer was developed
by Liu et al. [16] as an RI sensor, by filling the central hole of the fiber with microfluidic analytes.
Fabrication of these sensor types are complicated as filling air holes of a PCF is challenging. A high
sensitivity of about 19,000 nm/RIU with a resolution of 1.05 E™® was achieved in their work. MZI based
optical sensors have received significant attention because they are robust, compact [17], and low-cost
units that also have high levels of precision [18].

Researchers have proposed disparate configurations in fabricating in-line MZI sensors for sensing
ambient RI changes. Implementation techniques already tested extend from core mismatch splicing of
optical fibers [19] to cladding collapse of PCF [20], tapering of fibers [21], the use of microfiber [22],
and splicing of hollow-core fiber [23]. Similarly, many approaches have been used in attempts
to enhance ambient refractive index sensitivity of fiber-optic MZIs. Huang et al. [18] developed
a thin-core fiber-based MZI for ammonia sensing with a sensitivity of 850 nm/RIU in the RI range of
1.5-1.518. In other studies, graphene-coated fiber-optic MZI sensors were found to have gas sensing
sensitivity in the range of 3-6 pm/ppm [24,25]. Duan et al. [26] engineered a compact MZI by creating
a short-length (62.5 um) of cavity through offset-splicing the SMFs on both ends. Their innovative
design resulted in a sensitivity of 3400 nm/RIU in the Rl-range of 1.0 to 1.0022. PCF has also proven to
be an excellent choice for fabricating RI sensors because the effective RI of the propagating cladding
mode is highly sensitive to the surrounding environment [27-29]. Yang et al. [29] demonstrated
the viability of a compact PCF Mach-Zehnder refractometer for sensing methane. They coated
a polymer (fluoro-siloxane) over the internal surface of air holes, with one end of the PCF fusion
spliced to an SMF while the other end was open for gas-molecule penetration. Through this fabrication
technique, a sensitivity (defined as wavelength change per percentage of methane) of 0.514 nm%-1
was achieved [29]. This otherwise promising sensor type has drawbacks; it requires a long response
time when retrieving initial conditions and also has a low level of gas selectivity.

The article by Cregan et al. in 1999 was the first research that utilized HC-PCF for the application
of gas detection [30]. The presence of hollow channels in a fiber’s core and cladding regions makes
it difficult to fusion splice an HC-PCF to an SMEFE. The air holes in HC-PCF hold a large volume of
air. During fusion splicing, air will expand and distort the fiber structure. In 2011, Qu et al. [31]
suggested using hollow-core fiber to infiltrate various aqueous analytes in high RI measurements with
a sensitivity of 1400 nm/RIU. Subsequent to this innovative proposal, a 5.1 m HC-PCF gas cell was
used for the detection of methane [32]. Generally, it takes time for gas molecules to fill the cavities
of HC-PCEF, so this technique makes a delay in the initial measurement response to the presence
of the gas [33]. Furthermore, Wynne et al.’s [34] suggestion regarding the pressure-driven filling
of air-holes with gases is not applicable for real-time monitoring. Moreover, focused ion beam or
femtosecond laser-assisted micro-channels can be fabricated on the cladding of HC-PCF to accelerate
gas diffusion [35,36]. Nicholas et al. [37] proposed an HC-PCF-based MZI using ceramic ferrules
to connect a 344-mm-long HC-PCF to two SMFs. An alternative HC-PCF-based MZI gas sensor
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has been reported, which employs the HC-PCF as one of the interferometer’s arms [38]. Many of
the sensors proposed to date either have complex configurations or poor sensitivity and response
time for high-resolution measurement of gases. Ahmed et al. [39] reported a highly sensitive MZI
structure that uses a small stub of HC-PCF for monitoring of CO,; however, a detailed study on such
a configuration is necessary to better understand its performances and to explore other potential
applications. Recently, we studied length-dependent performance of these devices to understand their
sensing properties [40]. However, more studies are required to better understand design parameters
and sensing performance of these MZI sensors.

An in-line fiber optic MZI sensor, which is compact and robust with high sensitivity, is presented
in this report. The HC-PCF MZI sensor utilized a short length of HC-PCF placed in between two SMFs,
with gaps at each interface. The light propagation, working principles, and essential performance
parameters of the proposed gas sensor are presented in this study. These include response and recovery
times, RI sensitivity, as well as the number and power distribution of modes. Relative RI detection was
used in all experiments, because of the difficulties in absolute RI measurement with high accuracy [41].
Experiments show promising results in the sensor’s RI sensitivity. The device responds well to different
gases and shows good repeatability on gas detection.

2. Working Principles

Figure 1a schematically shows a fiber arrangement of the proposed MZI sensor. A short length
of HC-PCF was positioned on the V-groove and aligned with SMFs. There is an air gap at each end
of the sensing element fiber. The schematic illustration of light transmission in the sensor is shown
in Figure 1b. The lead-in SMF carries the incoming light wave. It radiates from the SMF core after
reaching the first sensor gap in region 2 and acts as a pseudo-point light source. In the first air gap,
the fundamental mode broadens and when it reaches the HC-PCF both fundamental and higher-order
modes are excited in the circular channels of the sensing element. Interaction between the light and
the gas molecules takes place in region 3 along the length of the sensor. Optical interference occurs
in region 4 (second gap) due to the phase difference between the fundamental mode and higher-order
modes. The lead-out SMF then transfers the interference spectrum to an interrogator (or spectrum
analyzer). The device’s reference and sensing arms are both in contact with gas molecules; however,
the effect of RI change on the interference in the sensing arm is higher than in the reference arm.
That imbalance occurs due to differences in optical-path lengths and phase shifts between the arms.
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(c)

Figure 1. (a) Schematic of the proposed sensor arrangement, (b) schematic of light transmission

within the sensor, and (c¢) microscopic image of the cross-section of 10-micron hollow-core photonic
crystal fiber (HC-PCF) fiber. SMF = single-mode fiber.

Figure 1c shows the cross-section of the HC-PCF used in this study. This fiber offers low index
guiding of light as the core-index of the HC-PCF is lower than the effective index of the cladding [42].
The photonic bandgap effect makes propagation impossible in the microstructure cladding leading
to light confinement in the core. This design enhances gas sensing capabilities as the HC-PCF
provides a remarkably strong interaction between gas molecules and light particles, due to strong field
confinement [43,44]. Higher-order core modes and surface modes are supported by HC-PCF fibers [45].
The optical path difference between the reference arm and sensing arm defines the fiber-optic MZI
sensor’s interference spectrum. Such interference is a function of core intensity (I core), cladding
intensity (I cladding), and phase difference (¢) [17,46], which can be written by the following equation:

I'=Ieore + Icladding +2 \[Icorelcladding cosJ (1)

Modes that are traveling the same distance (L) will have the phase difference (Ad) of:
Ad = 27(Aneg) LA™ )

Aneg is the difference in the effective RI between the core and cladding modes in equation 2, A is
the input wavelength, and L is the length of the HC-PCF path. Maximum transmission occurs at
A® = 2mm (m is an integer) and peaks forms on the transmission signal at the following wavelengths:

Am = (Aneff)L Hf1 (3)
Therefore, the mth order spectral shift can be written as:
ANy = (Aneff + AH)L m - Aneg m ! = AnL m™! (4)

L is constant in the above equation and consequently, a change in the refractive index of
the MZI’s core and cladding will change An and correspondingly AAy,. Consequently, a shift occurs
at the transmission spectrum of the device and such change can be used for sensing of a measurand.

3. Experimental Procedures

3.1. Fabrication of the MZI Sensor

Two types of fibers were used to fabricate the HC-PCF MZI sensors: the SMF (Corning SMF28)
and the HC-PCF (NKT Photonics HC-PCF 1550). Lead-in and lead-out fibers are standard single-mode
fibers (SMF-28) with a core diameter of 8.2 um, numerical aperture of 0.13, and a mode field diameter
(MFD) of 9.3 um (+0.5 pm). This sensor type utilizes an NKT Photonics HC-PCF fiber (HC-PCF 1550) as
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the sensing element. The HC-PCF fiber has a numerical aperture (NA) of 0.2, MFD of 9.00 um (+1 pum)
and core diameter of 10.00 um. This sensing fiber element also has cladding air holes of diameter
3.10 um and a cladding pitch of 3.80 um. These fibers can guide several modes within a transmission of
1490 to 1680 nm [30]. In constructing the sensor, the SMFs and HC-PCF were assembled on a standard
microscope glass slide (25 mm x 5 mm X 1 mm). Micro-machining created a V-groove on the microscope
glass (25 mm length, 95 um width, and 48 um depth) using a femtosecond laser, which is used to align
fibers. A CT-30 Fujikura cleaver was used to cleave fibers. To be able to cleave short lengths of HC-PCF
in the order of a few millimeters, it was necessary to extend the length of the adapter plate to decrease
the distance between the cutting blade and the adapter plate. Therefore, a 4 mm long aluminum plate
was machined and marks at increments of 1 mm on it. Attaching the extension plate to the adapter
plate made it possible to cleave fibers with lengths down to 2 mm. The cleaved stub of HC-PCF was
positioned in the middle of the V-groove and fixed using epoxy glue. The exact length of the fiber,
as well as the cleaving angles on both sides of the cleaved HC-PCF, were checked by examining them
under an optical tooling microscope. Afterward, the single-mode fibers were positioned in fiber holders
mounted on linear-translation micro stages and aligned with the sensing element fiber on the V-groove.
Figure 2a shows an isometric view of the fabrication setup. To achieve a strong interference spectrum,
gap lengths on both sides of HC-PCF were accurately adjusted. In this way mode splitting and
recombination can be controlled. Fibers were then glued to microscope glass when an acceptable
signal was observed. To provide mechanical strength to the assembly, the glass slide was secured
in a meshed stainless steel tube, as shown in Figure 2b. Testing proved the robust effectiveness of
the resulting sensor. Spacing between the HC-PCF and SMFs enabled ambient gas to diffuse into
the HC-PCF air holes.

S

Lead-out SMF

(b)
Figure 2. (a) Isometric view of the fabrication setup using two linear-translation micro stages for
accurate control of gap distances, (b) packaged sensor using meshed stainless steel tube.

The normalized transmission spectrum of a sensor with an HC-PCF length of 3.30 mm and a gap
distance of 1 mm on each side (Sensor C) is shown in Figure 3a. Figure 3b shows the fringe spacing of
the same sensor. The measurement was taken when the device was immersed in Nitrogen (99.99% pure,
atmospheric pressure) at room temperature. Each valley measured at the sensor’s output, see Figure 3a,
results from interference between the signal arms in the MZI at that wavelength. The magnified
spectrum graph shows a fringe spacing of 1.91 nm and a full width at half maximum (for transmission
dip) of 0.47 nm. For the same configurations, the fringe spacings of sensor A (L = 4.97 mm) and sensor
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B (L =4.73 mm) are 1.70 nm and 1.74 nm, respectively. The fringe spacing of the transmission spectrum
increases as the length of HC-PCF decreases.

Fringe spacing ~1.91 nm
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Figure 3. (a) Normalized transmission spectrum of an HC-PCF Mach—Zehnder interferometer (MZI)
sensor with HC-PCF length of 3.3 mm and gaps of Imm immersed in Nitrogen at room temperature
and atmospheric pressure, (b) fringe spacing of the same sensor.

3.2. Spatial Frequency Analysis

In order to analyze the modes participating in the modal interference process, the transmission
spectrum of MZIs with 4 mm of HC-PCF as a sensing element was Fourier transformed. This process
allowed us to obtain the sensor’s corresponding spatial frequency, described as v = % [47], where
Anggf represents the effective RI-difference between core and cladding of the sensing element and D is
the distance between SMFs at each of the sensor’s ends. D varies from 4 mm to 16 mm in 500-micron
increments. Different peaks in the spatial frequency graph correspond to the interference between
the fundamental mode and different higher-order modes.

Testing the MZIs with 10 um HC-PCF as their sensing element revealed several multimodal-
interference patterns occurring in the transmission spectrum. Further, in such a sensor, power is mainly
distributed between two dominant modes in the spatial frequency spectrum, a finding that holds true
across the entire range of gap distances. This phenomenon confirms that higher-order modes would
gradually leak off the sensing fiber, contributing to transmission losses. So, fewer peaks would turn up
in the spatial frequency graph due to a weakening interference-effect. As an example of the described
effect, Figure 4a presents the spatial frequency graph for an MZI with 4 mm of 10 pm HC-PCF and
gaps of 1.5 mm on each side (D = 7 mm). The sensor has a strong cladding mode with a spatial
frequency of 5 X 10~* (1/nm) and a normalized fast Fourier transform (FFT) value of 3.14: labeled
core-cladding 1. Besides this dominant cladding mode, the sensor has a relatively weaker cladding
mode (core-cladding 2) with a spatial frequency of 1.1 x 1073 (1/nm) and a normalized FFT value of
0.99. Experimental findings show that for gaps from 0 to 1.65 mm, core-cladding 1 is the dominant
cladding mode, while for higher gaps core-cladding 2 became the dominant mode. The highest power
transmission resulted in MZIs with gaps of 1.35 mm, and the amplitude of spatial frequencies was seen
to decrease intensely for gaps greater than 4.5 mm. Figure 4b was plotted by tracking dominant modes
to show how the magnitude of spatial frequencies increases by increasing gap lengths for this sensor.
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Figure 4. (a) Spatial frequency graph for MZI with HC-PCF length of 4 mm and D of 7 mm, (b) tracking
dominant modes of the sensor for D. D = length of the sensing element.

3.3. Characterization

In the first set of experiments, Rl measurements using three MZIs (constructed with different lengths
of HC-PCF as their sensing elements) were carried out and their relative performances were compared.
Figure 5 schematically shows the sensor evaluation system that includes the optical interrogator,
a circulator, the MZI sensor, a Fiber Bragg Grating (FBG), reference gas tank, and measurand gas tanks.
The MZI sensors under investigation were placed in a chamber with four gas intake valves. Reference
nitrogen (N;), and measurand gas-tanks (‘He’, ‘Ar’, and ‘CH,") were connected to these valves.
The experiment used helium, methane, and argon with purity levels of 99.999%, 99%, and 99.99%,
respectively. Using pressure regulators, an injection pressure of 15 psi was maintained during the testing
process. To maintain constant pressure in the test chamber a discharge tube with a bubbler was
connected to the test chamber. An interrogator (SM125) with a resolution of 1 pm was used to record
and evaluate changes in the transmission spectrum. In addition, a FBG (sensitivity ~10 pm/°C) was
positioned in the chamber to monitor and record the temperature variations. The spectral shifts of
three sensor types and FBG were analyzed using the Micron Optics” Enlight software. The experiments
started with injecting N, into the test chamber for long enough time to make sure an even gas diffusion
into the air holes of HC-PCF was achieved. Measurand gases were then injected into the chamber
(‘He’, ‘Ar’, or ‘CHy’). Using the mentioned software, spectral responses were recorded. Response
and recovery times as well as refractive index sensitivity are among important sensing performance
parameters of a gas sensor and were studied for three MZIs. The cyclic tests were performed using
the various sensors to inspect the repeatability of RI measurements. Temperature, pressure and
the injected gas species determined the spectral response of each sensor. Therefore, MZI sensors
were temperature-characterized to compensate for the effect of temperature fluctuations during
the experiments.

Discharge tube

-

Circulator

Interrogator

Shut off valve —* -

53
Fine pressure regulator — B ¢

Figure 5. Schematic of the experimental setup; tests were carried out at atmospheric pressure and
room temperature.
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Another set of experiments sought to analyze the effect of gap distances on modal interference
in the proposed MZI gas sensor. Here, lead-in and lead-out SMFs were not glued to the glass to
facilitate easy adjustment of both airgaps. Using linear micro stages, gap lengths increased from 0 to
6 mm in 500-micron increments. Ensuring equal gap distance on both sides, we collected transmission
spectrums for an interferometer with 10 um HC-PCF as its sensing fiber. Spectrums were Fourier
transformed to produce spatial frequency graphs, to explore the power distribution and the number of
the sensor’s modes.

4. Results and Discussion

4.1. Refractive Index Sensing

Figure 6a illustrates the responses of sensor A (L = 4.97 mm) to methane, argon, and helium
for one cycle. MZI sensors were exposed to measurand gases separately, to determine its spectral
response to each gas. The sensor was interrogated with each measurand gas to investigate its spectral
response in a complete test cycle. Each cycle started with the injection of Nitrogen (99.99% pure) until
saturation followed by injection and measurement of target gas; and finally, an injection of Nitrogen
back into the chamber, to purge the gas. The injection of gases was carried out for 7 minutes at each
stage of a test cycle. As shown in Figure 6, the ambient gas in the test chamber determines the sensor’s
wavelength response. Considering the location of the spectrum in N, as the reference, sensor A showed
spectrum shifts of 780 pm (+6 pm) when immersed in helium, 45 pm (+1 pm) when immersed in argon,
and 440 pm (+ 3 pm) when immersed in CHy. Spectral shifts of three valleys at different wavelengths
were used to estimate mean wavelength shifts and measurement errors. Redshifts were recorded
in the transmission spectrum for Ar or He and blue shifts were recorded for CHy. This finding can be
explained in terms of spectral response to RI change. For a given ambient RI, the sensor’s transmission
spectrum shows redshift to a negative RI change and blue shift to a positive RI change. In standard
conditions, the RI values of He, Ar, N, and CHy4 are 1.0000347, 1.0002820, 1.0002944, and 1.0004365,
respectively. The interference fringe showed a redshift in the presence of helium and argon because
RI of nitrogen is higher than their Rls. In contrast, the spectrum underwent a blue shift for methane,
as the RI of nitrogen is lower than the RI of methane. The transmission fringe shifts of MZI sensors for
helium, methane, and argon are listed in Table 1.
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Figure 6. (a) The spectral shifts of sensor A when immersed in argon, helium, and methane injections,
(b) the results of sequential sensing of measurand gases with sensor A, with gas injections carried out
in the sequence of argon, methane, and helium.
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Table 1. Transmission fringe shift of the MZI sensors for helium, methane, and argon.

oo HCrCR L orSSn N Srsatont T sy oW et
A 4.97 mm 780 440 (negative) 45 3019
B 4.73 mm 1060 600 (negative) 70 4300
C 3.30 mm 1300 618 (negative) 100 4629

Sensor C, which has the shortest length of HC-PCF, shows the highest wavelength shifts among
the three sensors tested when interrogated with all three gases. In contrast, sensor A, which has
the longest HC-PCF stub of the three sensors, shows the smallest shifts. The RI sensitivities of
the interferometric sensors are listed in Table 1, all falling in the RI range of 1.0000347-1.0004365.
This RI range was selected based on the availability of gas tanks, and it could be extended in future
research. The highest sensitivity was achieved by sensor C: 4629 (nm/RIU). This suggests that the RI
sensitivity of the HC-PCF MZI sensors increases as the length of the HC-PCF stub decreases. As the next
step in our experiments, argon, methane, and helium gases were sequentially injected into the test
chamber, to investigate the sensors’ capacities to detect multiple gases. In each test cycle, the gas
injection was carried out in the sequence of N, Ar, Np, CHy, Ny, He, and N;. This sequence was
then repeated three times to determine sensing repeatability. Figure 6b shows the sequential gas
response for sensor A, where the test cycles produced identical results. An FBG was used to record
any temperature variation during the test. A maximum temperature fluctuation of 1 °C was recorded
during the entire experiment.

To check the consistency of the sensor’s measurements, repeatability tests were performed using
all three sensors. For each test cycle, the sequential injection of nitrogen, measurand gas, and nitrogen
was performed at 5 minutes intervals. Figure 7a shows the repeatability of sensing helium gas using
all three sensors for eight cycles. The repeatability test for sensing methane gas was conducted for
three test-cycles, as shown in Figure 7b. Both graphs below show the normalized wavelength shift
that resulted when the chamber was sequentially filled with nitrogen and measurand gases. The data
shows great repeatability of gas detection using the proposed HC-PCF interferometer.
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Figure 7. The normalized cyclic response of HC-PCF MZI sensors to (a) helium and (b) methane.

The RI sensitivity of sensors A, B, and C are 3019 nm/RIU, 4300 nm/RIU, and 4629 nm/RIU,
respectively. Figure 8 shows the RI sensitivity of sensor A in the mentioned RI range. These data
points were obtained via five separate measurements with a measurement error of + 1 E® +23E°,
and + 5 E~7 for methane, helium, and argon, respectively. The proposed sensor configuration can
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improve on current technology, due to its linear RI response and high sensitivity to gases. The proposed
interferometric sensor has, nonetheless, the potential for advancing current capacity for gas detection,
quantitatively analyzing changes in pure gases as well as environmental monitoring applications.
The RI characterization tests were conducted using an optical interrogator that has a wavelength
accuracy of 1 pm (0.001 nm). Therefore, the sensor C (sensitivity of 4629 nm/RIU) has a RI resolution of
2.1 E77. Similarly, the sensing resolution of sensors A and B can be calculated.

AL (pm)
He ® data point
1250 Linear Fit
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Figure 8. Sensitivity graph for sensor C to ambient RI change.
The refractive index of any target gas (RI target gas) can be written as:
Rltarget gas = Rln, — ARl = Ry, — AA/ (RI sensitivity) (5)

The spectral shift, AA in the above equation can be attained by tracking valleys of transmission
fringe of a sensor, as shown in Figures 6 and 7. Rly;, is the refractive index of nitrogen, and ARI is
the relative difference in RI between nitrogen and measurand gas. By knowing the wavelength shift
(AA) and sensitivity of the MZI sensor, ARI can be calculated.

Table 2 compares the sensitivity achieved in the present research with other similar and alternative
studies available in published works. The table shows that the proposed MZI configuration shows
much higher sensitivity in gas sensing compared to its counterparts in the RI range of 1 to 1.02.
As shown in [40], decreasing the length of HC-PCF, the sensitivity of this sensor can be further
improved. The proposed sensor is fairly compact (3.3 mm) compared to other HC-PCF based RI
sensors [31,32,37,38], some of which are as long as ~35 cm. Therefore, the proposed MZI configuration
is believed to perform much better in single-point gas sensing. It is worth mentioning here that
even though a compact Fabry—Perot fiber sensor (in the range of micrometer) can be fabricated using
ultrafast laser micromachining they have relatively poor RI sensitivity [12]. Despite its excellent
gas sensing capabilities, the reported device has few drawbacks including fabrication complexity as
it requires alignment and positing of the HC-PCF stub and cross-sensitivity to other measurands such
as temperature and pressure. With the recent improvement in automated fiber alignment and positing
systems, we believe the fabrication complexity can be drastically reduced for commercial applications.
Similar to other fiber-optic sensors, the cross-sensitivities can be eliminated or reduced using an in-line
fiber sensor such as a properly packaged FBG. The demonstrated sensor also needs to be packaged
with a suitable membrane for selective sensing of gasses.
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Table 2. RI sensitivity comparison for gas sensing with other reported fiber-optic gas sensors.

Optical Structure RI Range RI Sensitivity (nm/RIU) Reference
Proposed HC-PCF MZI 1.000034-1.000449 4629 This work
HC-PCF MZIL 1.0000-1.0005 1233 [37]
s 1.00027-1.00189
Fabry-Perot (FP) based on hollow silica tube 1.00007-1.00051 1546 [48]
Surface plasmon resonance (SPR) with metallic surface grating B
(tapered SMF) 1-1.41 500 [49]
Hybrid optical fiber FP interferometer 1.0005-1.00275 560 [50]
SPR based on fiber grating in multi-mode fiber 1-1.33 280 [51]
Cavity based FP 1.0000-1.0025 1053 [52]
Open cavity MZI 1-1.02 3402 [26]

4.2. Sensor Response and Recovery Times

Figure 9 illustrates the response and recovery times of sensor A for one cycle of methane sensing.
The time duration that an MZI device takes to reach 90% of the total wavelength shifts is defined as
response/recovery times. Accordingly, response and recovery times of sensor A are 32 s and 39 s for
methane. Response and recovery times of three HC-PCF MZI sensors to methane, helium, and argon
are listed in Table 3. Each reported time in this table is an average of five response or recovery times.
Results indicate that sensor A, which has the longest HC-PCF stub, shows the fastest response/recovery
times. However, the highest RI sensitivity was achieved using sensor C, which has the shortest length
of HC-PCF. Response and recovery times depend on HC-PCF lengths and the volume of the test
chamber. The test chamber has a dimension of 14.5 cm X 11.2 cm X 4.4 cm.
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Figure 9. Response and recovery times of sensor A for methane.

Table 3. Response and recovery times of HC-PCF MZI sensors to different gases.

HC-PCF Length (mm) A @497 B@73) C(3.30)
Helium: response (s)/recovery (s) 50/50 50/55 57/57
Methane: response (s)/recovery (s) 32/39 44/46 46/56

Argon: response (s)/recovery (s) 37/44 62/49 110/100

4.3. Temperature Characterization

The RI of a gas depends not only on gas species but also on ambient temperature and pressure.
All the experiments were conducted at atmospheric pressure and room temperature. However,
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fluctuation of ~1 °C was recorded using an FBG sensor during the experiments, a result shown
in Figure 6b. Therefore, it is required to characterize the temperature sensitivity of the HC-PCF
MZI sensor before deploying the sensor for applications in the field. As part of the present research,
HC-PCF sensors were placed in an oven, and the temperature was varied from 35 °C to 65 °C in 10 °C
increments. Figure 10 displays the resulting correlation between recorded wavelength shifts and
measured temperatures of the sensors and FBG. The temperature sensitivities of sensors A, B, and C
were found to be 33.1 pm/°C, 31.6 pm/°C, and 20 pm/°C, respectively. This finding shows that
the temperature sensitivity of the fiber-optic interferometer decreases when the length of the HC-PCF
decreases. As shown in Figure 10, a typical FBG has a temperature sensitivity of 10 pm/°C and it is
insensitive to ambient RI change. Therefore, an in-line or parallel FBG can be placed as a reference
to eliminate temperature cross-sensitivity in ambient RI measurement for practical applications.
Like temperature, a fiber-optic pressure gauge that is insensitive to ambient RI can be used to eliminate
pressure cross-sensitivity in real-life measurement.
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Figure 10. Temperature characterization of Fiber Bragg Grating (FBG) and HC-PCF sensors.

5. Conclusions

A compact fiber-optic MZI sensor is proposed and has been experimentally demonstrated for
ultra-high sensitive detection of gases. Different lengths of HC-PCF stubs were used to construct and
characterize several sensors. The resulting MZI sensors were able to measure the RI of target gases
and showed great sensitivity to measurand gases. The Refractive index sensitivity of 4629 nm/RIU
was achieved for the MZI with an HC-PCF length of 3.30 mm. The RI sensitivity of the proposed
MZI sensor inversely relates to the length of the HC-PCF stub. However, response and recovery
times turned out to be shorter for longer HC-PCF stubs. The effect of gap distances on the number
and amplitude distribution of the sensors’ modes was examined, and spatial frequency analysis
revealed that power is mainly carried by two dominant modes in the proposed MZI. These novel and
compact sensors have high-temperature sensitivity, compared to an FBG. With appropriate packaging,
the proposed sensor becomes robust and is a suitable choice for low-percentage detection of gases as
well as environmental monitoring.
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Abstract: Fiber optical refractometers have gained a substantial reputation in biological and chemical
sensing domain regarding their label-free and remote-operation working mode. However, the practical
breakthrough of the fiber optical bio/chemosensor is impeded by a lack of reconfigurability as well
as the explicitness of the determination between bulk and surface refractive indices. In this letter,
we further implement the highly flexible and reproducible long period grating called “VIOLIN”
in chemical sensing area for the demonstration of moving those obstacles. In this configuration,
the liquid is not only leveraged as the chemical carrier but also the periodic modulation of the optical
fiber to facilitate the resonant signal. The thiol compound that is adsorbed by the fluidic substrate can
be transduced to the pure alteration of the bulk refractive index of the liquid, which can be sensitively
perceived by the resonant drift. Taking advantage of its freely dismantled feature, the VIOLIN sensor
enables flexible reproduction and high throughput detection, yielding a new vision to the fiber optic
biochemical sensing field.

Keywords: fiber optics; long period grating; fiber optical sensors; refractive index; chemical sensing;
mercapto compound

1. Introduction

Optical fiber refractometer is a fast-developing candidate for biological and chemical sensing due to
its promising feature of without being subjected to molecular dying-process and laboratory settings [1-4].
Various types of fiber optic refractive index sensors have been developed to pry about the ambient
medium and can be categorized into gratings [5-7], interferometers [8-10], and resonators [11-14].
Among those sensors, long-period fiber grating (LPG) guides the core lightwave to outer cladding region
via a longitudinal index modulation structure with a period of hundreds of microns to millimeters,
allowing light to interplay further with the ambient medium. The LPG outperforms its counterparts
lying in the combination of ease of fabrication, the flexibility of design, the abundance of serviceable
signals, cost-effectiveness, and high sensitivity [15-17]. As a consequence, the LPG refractometer is soon
considered as a competitive approach for label-free and in-situ assessing biological and chemical targets
in which the molecular reaction events could be transduced simply by the grating resonance shift.

In the biosensing field, Chiavaioli et al. reported an IgG/Anti-IgG bioassay using the LPG
with a copolymer functional layer [18]; Liu et al. utilized the graphene oxide functionalized LPG
for the detection of the IgG [19] and hemoglobin [20], respectively; Xiao et al. facilitated a higher
order diffraction LPG for the analysis of prostate specific antigen [21]; Piestrzyriska et al. proposed
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a tantalum oxide nano coated LPG for the test of avidin and Escherichia coli [22]; Yang et al. used
a polyelectrolyte coated LPG to sense the staphylococcus aureus bacteria [23]; Janczuk-Richter et al.
achieved the LPG-based the virus sensor [24] and Quero et al. realized the cancer biomarker detection
upon applying the reflection mode of the LPG [25].

In chemosensing area, Yin et al. presented a 3D patterning of poly(acrylic acid) ionic hydrogel
decorated LPG pH Sensor [26]; Wang et al. adopted LPG sensing approach to measure humidity [27];
Wang et al. carried out an LPG sensor with nano-assembled porphyrin layers to detect the concentration
of ammonia gas [28]; Hsu et al. used a double notched LPG to sense CO, gas [29]; Baliyan et al.
proposed a lipid sensor using the LPG [30]; Celebanska et al. and Tripathi et al. had conducted their
trials on the aptasensor using LPG for monitoring cocaine [31] and toxin [32], respectively.

For those demonstrations, imposing a permanent index texture to the fiber is considered as a
laboratory routine to make an LPG and the analytical solution commonly serves as the bulk milieu.
In this strategy, reconfigurability and recyclability of the LPG sensor, however, remain challenging once
the target molecules are immobilized specifically on the device, impeding the promotion of the LPG
biochemical sensor with respect to the scenarios of high throughput screening as well as commercial
Point-of-Care test (PoCT).

To overcome the limitations, a promising alternative was reported by our group through the
use of a microfiber for the readout of information of a periodically patterned liquid, which can
be described in principle as “Liquid renders the resonance to light. Light deciphers the secret of
liquid” [33]. The vertical-fluid-array-induced optical microfiber long-period grating, analogous to
a violin instrument, further harnesses the light-liquid interaction in a highly flexible and practical
manner and facilitates the reproducibility through its nature of free combination of the two components,
i.e., “fiber bow” and “fluidic pad”.

In this letter, we further develop and demonstrate the VIOLIN sensor for the determination of
chemicals. Mercapto compounds, including cysteine, homocysteine, and glutathione, play an essential
role in the daily activity of lives. The alteration of the level of the mercapto compounds in bio-system
may forecast some critical diseases, such as cancer or cardiovascular disease [34-38]. Here, a kind
of mercapto compound, p-mercapto benzoic acid (p-MBA), was involved in the test. The channels
of the VIOLIN, which are gilded by a thin gold layer, could adsorb the p-MBA molecules as the
solution flows in the channels, resulting in a decrease of the bulk refractive index of the liquid and
therefore a blueshift of the VIOLIN resonance. The amount of the resonant blueshift indicates the
concentration of the p-MBA of the liquid quantitatively. Compared with the state-of-the-art of the LPG
sensors in literature, this work fully takes advantage of the liquid-light interaction and the recombined
feature of the VIOLIN structure. With high specificity and reconfigurability, this novel VIOLIN sensor
would bear great potential and occupy a competitive niche in the label-free detection of chemical and
biological molecules.

2. Materials and Methods

2.1. Materials

The optical fiber we used is the commercial single-mode telecom silica fiber (8/125 um) with a
numerical aperture (N.A.) of 0.14, which was obtained from Corning Inc (SMF-28, Corning, NY, USA).
Rhodamine B (RhB) and p-Mercaptobenzoic acid (pMBA) were purchased from Macklin (Shanghai,
China) and Aladdin (Shanghai, China), respectively. All the chemicals and reagents are at the highest
purity grade available and used as received. The polymethyl methacrylate (PMMA) plate was gotten
from Xintao Group (Shenzhen, China). The pure 100%-ethanol was acquired from HUSHI (Shanghai,
China) and was used throughout the experiment.
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2.2. Instrumentation

The CO; laser was purchased from SYNRAD with a home-made lasing-manipulation system
(SYNRAD 48, Mukilteo, WA, USA). The gold-sputtering machine was the Ion Sputter Coater (SBC-12,
KYKY Ltd., Beijing, China). A broadband LED source (GoLigtht Ltd., Shenzhen, China) was utilized
to launch a continuous spectrum light ranging from 1250 to 1650 nm into the microfiber. An optical
spectrum analyzer (OSA, AQ6370D, YOKOGAWA, Tokyo, Japan) was used for monitoring the output
spectrum of the microfiber. A standard refractometer (PAL-RI, ATAGO, Tokyo, Japan) was used to
calibrate the refractive index of the solution. A scanning electronic microscope (SEM Phenom pure+,
Thermo Fisher Scientific, Eindhoven, The Netherlands) and a Raman Spectrometer (DXR3, Thermo
Fisher Scientific, Waltham, MA, USA) were employed to characterize the substrates.

2.3. Principle of VIOLIN Device

The mode characteristics of an optical fiber could be fully elucidated through the
finite-element-method (FEM) to solve a three-layer cylindrical waveguide with the step-change
indices. For an LPG, the coupling between the fundamental mode and higher-order mode can be
described according to the phase match condition as [39]:

p1-p2 = 2 )

where 1 and B2 are the propagating constants of the fundamental mode and one higher-order mode,
respectively, and A refers to the grating period. The resonant wavelengths (A.es) of an LPG can be
expressed by transforming the Equation (1) to:

Ares = (Neff, = Negs ) X A = Anx A )

where N,g , and N4 ,, represent the effective indices of the fundamental mode and the v-order mode,
respectively. If the pattern of the grooves has a duty-cycle (A) of 1100 um, a microfiber with a diameter
of 35 um is optimally selected for the design of an appropriate resonant wavelength within the
telecommunication waveband. The inter-modal coupling occurs between the modes of LP01 and
LP21 [33].

2.4. Configuration of the VIOLIN Sensor

Figure 1a shows the diagram of the VIOLIN structure, which is consist of two elements, “string
pad”—The substrate and “bow”—The optical microfiber. First, the substrate of the VIOLIN takes the
PMMA plate as the base that has dimensions of (50 x 30 X 3) mm? (L x W x H). The 10.6 um—Wavelength
pulsed CO, laser is used to inscribe the V-groove-channels on the PMMA plate. The laser beam
is focused to a spot of a diameter of 50 um by a ZnSe lens. The scanning speed, output power,
and repetition frequency of the CO; laser are set to 1000 mm/s, 25 W, and 8 kHz, respectively, which are
precisely controlled by the home-made control system. Ten channels are neatly designed, as shown in
Figure 1b. Each V-groove-channel is engraved through an 8 cycle/3 s -laser irradiation. The channel
has a width of 360 um and a depth of 760 pum, as seen in Figure 1c. The period of the channels is
1100 pm. After the inscription, the substrate is coated with a thin film of gold by the Ion Sputter
Coater. Second, the optical microfiber is drawn from the commercial single-mode fiber using the
flame-heated drawing technique [40,41]. The diameter of the taper waist of the microfiber is set to
35 pm and placed vertically to the V-groove-channel array, as shown in Figure 1d. The analytical
liquids are pipetted into the channels for the activation of the VIOLIN. The broadband LED and OSA
are connected with the microfiber by the two ends to monitor the transmission spectrum and thus
facilitate the analytical readout. The experiment is carried out in the air-condition controlled lab and
the environmental temperature is kept at 24 °C. We have tried to make all the experiments at almost
the same room-temperature to eliminate the temperature cross-sensitivity [33].
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Figure 1. (a) Diagrams of the schematic of the VIOLIN sensor; Inset: the coupling between the two
modes as indicated. (b) Real product of the substrate. (c) Scanning electron microscopic (SEM) image
of the fluidic channel (horizontal view). (d) The optical microscopic image of the microfiber vertically
placed on the substrate (perpendicular view).

3. Results

3.1. Refractive-Index Response of the VIOLIN

The label-free sensing often harnesses a suitable and reliable transducing parameter. In this
configuration, since the liquid plays an indispensable role in the VIOLIN structure, solutes in the
liquid would affect the resonant spectrum tremendously through the alteration of the refractive index.
As a consequence, investigating the influence of changing different RI of liquids in the grooves is
of great necessity. A series of liquids are prepared by mixing the pure ethanol and deionized water
with different ratios. The concentrations of the ethanol in the mix were adjusted and represented by
the medium RI. The Rls of the mix were calibrated by the refractometer, ranging from 1.336 to 1.361.
Figure 2a displays the spectra of the resonances with respect to those liquids which are pipetted into
the channels. As the RI of the fluid increases, the resonant wavelength moves to the longer wavelength.
It is worth noting that variation of the spectral shape could be observed in the RI increasing process.
The reason should be attributed to that the liquid was not flowing ideally in the groove channels with
identical volume through manual operation of pipetting, probably leading to the insufficient interaction
between the liquid and the microfiber at some channels. Nevertheless, the periodic structure could
still guarantee a convincing resonant wavelength of the configuration for revealing the RI response.
The response curve, with a linear correlation (R? = 0.99), outputs a sensitivity of ~2228 nm/RIU, which is
similar to our previous report. The high RI sensitivity allows the VIOLIN to perceive a slight change in
the concentration of the chemical molecules in the solution.
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Figure 2. (a) Spectral change of the VIOLIN with respect to the RI increase of the liquid. (b) Response
curve between the resonance wavelength and the liquid RI. Error bars indicate the standard deviations
of three independent measurements and below were the same.

3.2. VIOLIN for Mercapto-Group Chemical Sensing

Since chemicals with mercapto-group tend to be adsorbed covalently to the metal surface [42-44],
the VIOLIN can be utilized as the thiol group chemical sensors by virtue of the gold-gilded substrate.
In this experiment, we employ the p-mercapto benzoic acid (/MBA) as the chemical which is dissolved
into the pure ethanol with the concentration of 107 M. As the liquid is pipetted into the channels,
the gold layer at the wall of the channel captures the pMBA molecules from the solution, leading to
a lower density of the solution. Therefore, the resonance dip of the VIOLIN exhibits a blue-shifting
curve along with time elapsing (150 s) due to the refractive index decrease during the adsorption
process, as shown in the inset of Figure 3. The total wavelength shift is ~—12.5 nm, which can be
obtained by the value subtraction between the plateaus from the end and the beginning. However,
if the pure ethanol liquid without pMBA molecule is injected into the channels, the resonance maintains
its spectral position as a reliable refractometer. By contrast, we test another VIOLIN without gilding
the substrate to target the same pMBA solution. It can be seen in the Figure 3, gilding-free VIOLIN
presents a significantly different response. The red-shift of the resonance probably indicates the weak
binding between the pMBA and silica fiber via van der Waals force. Therefore, the gold layer in the
channels of the VIOLIN is essential to facilitate mercapto-group chemical sensing.

91



Sensors 2020, 20, 3415

54 PMMA +10°M pMBA
Gold & PMMA Gold & PMMA
+10°M pMBA +0M pMBA
—
g 04
c e e e e A S
N
E \
-= 1
v 5l ;
= Microfiber |
o) f
c . |
L .
g 104 * !
© Substrate
2 = '
I : Timeis) o e |
¢« 0 30 60 9 120 150 !
15 U i i S i 0 ) S S L i A e

Figure 3. Response of the VIOLIN sensors for targeting pMBA solutions. Inset: the diagram and
dynamic process of pMBA sensing using the gilded-VIOLIN.

To quantitatively investigate the sensing capability of the VIOLIN towards mercapto-group
chemicals, we have prepared a series of concentrations of pMBA ethanol solutions ranging from 10~
to 10! M. The liquids are pipetted into the channels in the sequential order of the concentrations from
low to high. At each concentration, three solution samples are tested. The wavelength shift of the
resonance (AA) is obtained by the subtraction between the wavelength values recorded at 120 s and the
beginning of the process, respectively.

As illustrated in the Figure 4, the higher concentration of pPMBA ethanol solution induces a larger
response of the VIOLIN resonance as a result of more molecules are expelled from the solution and
thus a more significant change of the refractive index. The curve follows a logistic fitting which is
described as:

AL = —28.49 + 2785 =, (R* = 0.976) 6)
(1+C/0.0016)
where C denotes the concentration of the pMBA. Moreover, a log-linear responding region was
found with the range from 10~* to 10! M. The relationship, shown in the inset of Figure 4, could be
represented as

AL = —8.22x log(C) - 36233 , (R* = 0.993) (4)
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Figure 4. Response curve of sensing pMBA solutions with different concentrations using VIOLIN
chemical sensor. Inset: the log-linear correlation at part region of the concentrations.

To verify the adsorption of the pMBA on the surface of the groove, we use a Raman Spectrometer
to analyze the Raman scattering spectrum by focusing the groove channel after several rounds of
washing and air-drying to eliminate the non-covalently bonded residuals. From Figure 5, we can see
that the pMBA ethanol solution of higher concentration would enhance the Raman peaks of 1078 cm™"
and 1580 cm™!, which are the “fingerprint” spectra of pMBA due to the v12 and v8a planar vibrations
of the benzene ring, respectively [45]. The result confirms that the gold layer in the groove captures the
pMBA in the solution effectively and therefore reduces the refractive index of the liquid on a relatively
large scale.
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Figure 5. Raman intensities of the dried groove channel after the flowing of the pMBA ethanol solutions.
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3.3. Contrast Response to the Non-Mercapto-Group Chemicals

In order to prove the specificity of the VIOLIN, we employ the ethanol solution containing
Rhodamine B, a kind of non-thiol chemical, in the experiment [46]. After pipetting the different
concentrations of RhB ethanol solutions in the channel array, it can be seen in Figure 6 that
the wavelength-shifting of the VIOLIN resonance exhibits irregular performance in spite of the
concentration changing of the analytes. As well, the amounts of the wavelength shifts are less than
2 nm at different concentrations and much smaller in contrast with the pMBA test even at a moderate
concentration of the solution (12 nm @10~ M). The erratic and tiny response indicates the unaltered
concentration of the solution in the channels due to that the molecular binding neither occurs at
substates surface nor the fiber surface. The result manifests that the VIOLIN holds the specificity for
targeting mercapto-group chemicals.
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Figure 6. The response of the VIOLIN to different RhB ethanol solutions in comparison with the
response to the moderate concentration of pMBA. “C” referred to “concentration”.

3.4. Reproducibility of the VIOLIN Chemical Sensor

In the chemical or biological sensing area, recycling of the sensor, commonly applying
“probe-target” molecularly specific binding mechanism, is often complicated due to the additional
unbinding process. The VIOLIN configuration offers an excellent solution thanks to its unique
superiority of flexible reconstruction of the components. The microfiber and substrate could be
dissembled and assembled freely as though we are playing the bow and string pad from different real
violin instruments. The convenience of the reproduction of the VIOLIN could be demonstrated via
the changing of the substrates. The CO; laser engraving technique provides high reproducibility in
manufacturing and throughput to the substrates. Three of the substrates are randomly selected from a
batch with the specified engraving parameters as mentioned above. The same microfiber is placed on
those substrates in turns. The same concentration of 0.1 M pMBA ethanol solution is used throughout
the tests. The results, shown in Figure 7, describe that the three VIOLINs present similar responses
of blue-shift, —=31 nm on average with a standard deviation of 2.5 nm, to the pMBA ethanol solution.
Therefore, the detachable structure enables the proposed VIOLIN to revive by changing the substrates
after an irreversible binding detection (tMBA molecules—Gold).
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Figure 7. Response of the VIOLINS, using the substrates in a batch, with respect to 0.1 M pMBA solution.
Inset: the scheme of substate-changing in the tests.

4. Conclusions

In summary, a highly reconfigurable and scalable long period fiber grating (VIOLIN) is
demonstrated to be a fascinating analytical approach of the mercapto group chemicals. The liquids
streaming in the periodic groove channels are devoted to the LPG as the modulating structure acting on
the microfiber. The VIOLIN presents a high RI sensitivity over 2000 nm/RIU, allowing for perceiving
the density change of the liquid caused by the precipitation of the solute. By gilding a gold layer,
the VIOLIN is endowed with the capability of sensing mercapto group chemicals with high specificity
compared with non-mercapto group chemicals. The response of the resonance purely depends on
the alteration of the bulk refractive index as a result of the adsorption of the pMBA on the gold
layer, which is confirmed by the Raman analysis in the groove channel. It is a paradigm shift to the
traditional surface refractive index transducing regime, enabling an explicit and straightforward assay
approach. Besides, the configuration offers high flexibility and reproducibility to the formation of
LPG. The free detachability enables the VIOLIN to be reproduced by merely changing the substrate
after an irreversible adsorption process without the laborious operation of applying a new fiber sensor.
Future investigation should be focused on the surfactant modification in the groove to address the
limitation of the aqueous fluidity caused by hydrophilia for expanding the application scenarios,
especially for the case of the determination of biomolecules. Furthermore, programmable manipulation
of the fluidic pipetting can be involved in tailoring the VIOLIN spectrum from several aspects,
such as linewidth, chirping as well as phase-shifting, to provide more functionalities. Besides, several
approaches of temperature compensating or simultaneous monitoring could be involved to overcome
the temperature cross-sensitivity. It is predicted that the multiplexing of the VIOLIN could contribute to
the temperature-RI simultaneous sensing by flowing different types of liquid with distinct thermo-optic
coefficients. Overall, thanks to the high RI sensitivity, facility, reproducibility, and scalability, the sensor
proposed in our scheme offers a new route to the field of chemical and biological sensing through
catering to the need of high throughput test and commercialization.
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Abstract: Distributed acoustic sensing (DAS) in optical fibers detect dynamic strains or sound waves
by measuring the phase or amplitude changes of the scattered light. This contrasts with other
distributed (and more conventional) methods, such as distributed temperature (DTS) or strain (DSS),
which measure quasi-static physical quantities, such as intensity spectrum of the scattered light. DAS
is attracting considerable attention as it complements the conventional distributed measurements. To
implement DAS in commercial applications, it is necessary to ensure a sufficiently high signal-noise
ratio (SNR) for scattered light detection, suppress its deterioration along the sensing fiber, achieve
lower noise floor for weak signals and, moreover, perform high-speed processing within milliseconds
(or sometimes even less). In this paper, we present a new, real-time DAS, realized by using the time
gated digital-optical frequency domain reflectometry (TGD-OFDR) method, in which the chirp pulse
is divided into overlapping bands and assembled after digital decoding. The developed prototype
NBX-54000 generates a chirp signal with a pulse duration of 2 ps and uses a frequency sweep of
100 MHz at a repeating frequency of up to 5 kHz. It allows one to detect sound waves at an 80 km
fiber distance range with spatial resolution better than a theoretically calculated value of 2.8 m in
real time. The developed prototype was tested in the field in various applications, from earthquake
detection and submarine cable sensing to oil and gas industry applications. All obtained results
confirmed effectiveness of the method and performance, surpassing, in conventional SM fiber, other

commercially available interrogators.

Keywords: OFDR type DAS; phase fading solution; high SNR; real-time events detection

1. Introduction

More than a decade ago, distributed acoustic sensing (DAS) became a popular mea-
surement method, especially in the oil and gas industry [1]. In principle, the phase change
between an incident light pulse and the returned Rayleigh scattered lights [1] is measured
and determined, and using those data to detect and locate acoustic events. Typical applica-
tions of DAS include also seismic profiling, hydraulic fracturing monitoring, and intrusion
detection. Those applications and corresponding technical requirements, which need to
be met, are listed in Table 1 [2]. The first of the applications listed there, seismic wave
measurements, has almost no real time requirements regarding processing time. In the
other two applications, the size of the datum is in the order of terabytes per day, but it
contains only a small amount of the necessary information. The necessary information is
required to be output in real time.

Almost all DAS implementations, so far, are based on the optical time domain reflec-
tometry (OTDR) technique [1]. Moreover, some of the authors of this paper had developed
an OTDR-type interrogator, which used phase polarization diversity [3] to improve signal
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quality and reduce noise. The OTDR method has inherent problems, such as low sensi-
tivity of acoustic measurements, Rayleigh scattering phase fading phenomena, and noise
components of the system in the frequency domain contaminating the results. Despite that,
some excellent results have been published by the industry; in each case, special methods
were developed to deal with those OTDR related problems.

Table 1. Typical application fields and technical requirements for DAS.

Application Technical Requirements
Earthquake measurements, underwater Recording of waves for a few seconds, time and
wave survey. location accuracy are important.
It is necessary to display the processed results on the
Hydraulic fracturing (shale gas). screen every few seconds during several days of

continuous operation. Low frequency is important.
Expectations for an intelligent society through the

E i lassification. . .
vents detection and classification introduction of Al technology.

The frequency counterpart of OTDR, the optical frequency domain reflectometry
(OFDR) type methods were also formulated. For those, time-gated digital (TGD)-OFDR,
which applies a time gate to the chirp signal, has been studied [4,5]. The TGD method,
when used for digital analysis, demonstrated excellent performance in the laboratory [4].
This paper describes the effort undertaken to develop a commercial level interrogator, as
well as verification of its performance in real, in-the-field applications. It also contains and
discusses obtained results and compares them with other works.

The TGD-DAS technology uses long optical pulses to solve the signal SNR problem.
Chirp’s pulse compression method can achieve a high spatial resolution of about 100 times.
We also solved the phase-fading problem by dividing the frequency band of the chirp. Thus,
TGD-DAS is expected to be the most promising DAS technology. During the presentation
of the sensing method, SEAFOM [6] naming and technical terms are used.

2. System Configuration

The first (proof-of-concept measurements reported in [7]) were made on a laboratory
system with a single data channel, capable of acquiring signals for the maximum duration
of only a few seconds.

During the development described in this paper, we designed the system to meet
three targets: being deployable in the field (commercial operational level), being capable of
real-time data processing and, finally, and most importantly, to obtain signal in standard
single-mode (SM) fibers of quality matching, or surpassing that with modified (referred to
as engineered) fibers. The result of the system development is presented in Figure 1, which
shows the configuration of the DAS prototype NBX-54000 using TGD-OFDR.

As the light source, the fiber laser with a narrow linewidth (~100 Hz) is used. The
chirp waveform is generated using the Acousto-Optic Modulator (AOM) of 200 MHz with
the resulting chirp frequency range 145 MHz to 245 MHz. The signal is then acquired
on a polarization diversity component and analyzed separately for both polarization
components, P and S. Please note that the polarization components are denoted here by
convention used in optics, and are not related to the P- and S-waves as used in seismology
and other applications.

An example of a chirp signal (specifically its P-polarization component), as recorded
in the NBX-54000 instrument, is presented in Figure 2. We should note that this signal
shown in this figure is obtained by connecting to the output fiber in the heterodyne receiver
in the system. As a result, due to local reference light, the high frequency of amplitude
is observed.
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Figure 1. Configuration of prototype DAS NBX-54000.
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Figure 2. Chirp signal (P-polarization component) in NBX-54000.

Once the signal is acquired and digitized, the signal processing is performed. The
algorithm for signal processing is the same as already presented in [4,5], so it will not be
repeated here. The resulting reflection coefficient trace is complex, and the magnitude part
represents the reflection intensity trace of the measured fiber.

Three signal bands, using three decoding filters for each polarization component,
are extracted from the acquired signal. This is schematically presented in Figure 3a. In
this figure, the band frequencies are offset for the sake of readability, to indicate that they
overlap. The normalized magnitudes of the bands in dB are shown in Figure 3b, where
each band is indicated by a corresponding (matching) color.
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Figure 3. Signal decoding scheme. (a) Chirped pulse and sub-division into bands (offset for visibility, frequency change is

linear over entire range); (b) corresponding frequency bands used during signal processing.

The decoding step, described above, is performed on an integrated, field-programmable
gate array (FPGA). When used with a specially developed and optimized processing algo-
rithm, FPGA makes it possible to obtain results in real-time, despite processing six data
components (three bands for each polarization).

In many DAS systems, the actual complexity of the signal processing depends mainly
on the part handling the occurrences of the phenomena referred to as phase fading and
signal-to-noise ratio (SNR), in general. The achieved signal quality on the developed
interrogator unit is examined in detail in the next section.

3. Signal-to-Noise Ratio (SNR)

The phase shift of the backscattered light is linearly proportional to the vibration/acoustic
amplitude. However, along the fiber there exist (many) randomly distributed locations,
where the intensity of backscattering is extremely low. This effect is mainly caused by
interference fading or by polarization fading [3,4].

As the SNR is low in general, the extracted phase at these fading points contain large
noise, making estimation and actual phase change calculations extremely difficult. An
efficient method to reduce the fading noise is to vary the frequency of the probe light and av-
erage independent Rayleigh backscattering traces. In TGD-DAS, this is achieved by dividing
the (chirp) signal into (overlapping) bands. Each band is then individually processed.

Figure 4 shows an example of the signal-to-noise ratio (SNR) distribution along the
measured fiber. SNR is the ratio of the signal power to the noise power that corrupts
the signal. In Figure 4, SNR is plotted separately, not only for each of the polarization
components (Figure 4a,b), but also for individual processing frequency bands, denoted as
PO, P1, P2, for P-polarization and S0, S1, and S2 for the S-polarization component. It can
be observed that there are places along the fiber, which exhibit extremely low (negative)
SNR values. If the datum from the individual band was only available, it would still be
extremely challenging to obtain phase values at those phase fading locations. However, at
any given location, if there is low SNR for one of the bands, then for the other bands—as
they use other portions of the signal spectrum—SNR is high. Fortunately, the bands can
(and are) combined, which means the fading phase location is virtually removed from the
decoded signal. The SNR for combined bands for each of the polarization components are
shown in Figure 5.
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Figure 4. Signal-to-noise distribution for individual frequency bands. (a) P-polarization component; (b) S-polarization component.
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Figure 5. Signal-to-noise distribution along the fiber for P-polarization component (a) and S-polarization (b).

To make the situation even better, the data for acquired polarization components
are also combined to yield results, as shown in Figure 6. Along the entire length of the
fiber, there is no location where phase fading could be observed, and the lower SNR is
approximately +30 dB, with an average of +38 dB.

When combining the signal from individual components, in any measurement system,
one should consider and determine the influence of the system noise contributing to (and
influencing) the minimum measurable level, referred to as the inherent measurement
system noise floor. This important aspect is discussed next.

Noise Floor

For determining the noise floor of NBX-54000, a typical procedure, in distributed
optical fiber sensing and acoustic type of measurements, was used. First, the signal was
acquired in a “non-acoustic” (also called “silent”) portion of the fiber. Next, the full spectral
analysis of the signal performed, resulting in obtaining power spectrum density (PSD) of
the signal, which in communication is also referred to as noise spectral density, or noise
power density. The unit of PSD is power of noise over the frequency.
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Figure 6. SNR distribution for the final (combined) data from all bands and polarization components.

In Figure 7, as the very small strain value is detectable, nano-strain, ne, are used.
Please note that, during the tests, we were not always able to create a fully soundproof
nor vibration-free environment and, thus, some signals at the low frequency region below
100 Hz, and at some other specific frequencies, were detected. Those noise peaks were not
present in data sets acquired in oil and gas wells, thus they can be ignored when discussing
the noise floor and performance.

0 — PSD mean in silent zone
i N, predicted from SNR
_10_' -38 dB achieved

PSD (dB ne?/Hz)

0 500 1000 1500 2000 2500
Frequency (Hz)

Figure 7. Noise power spectral density (PSD).

The noise floor of the instrument is at the level of Ny = —38 ne2 dB, with a 5 kS/s
interrogation rate. This corresponds to /Ny = 0.0126 ne//Hz. This means that a sustained
input of sound waves of given frequency with an amplitude of 12.6 pe, or larger, can be
detected. Figure 8 provides a comparison of the detectable signal, noise floor, and strain
amplitude in reference to other interrogators, including the system, which uses engineered
fiber to increase the SNR. In this figure, GL stands for gauge length.
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Figure 8. Performance of TGD-DAS in comparison with other reported results.

We should also note that, unlike time-domain DAS methods where gauge length and
spatial resolution are generally equal, in the OFDR type DAS, the gauge length and spatial
resolution have much wider ranges of valid values and can be freely selected.

In the results presented in this paper, a 500 MS/s digitizer was used. This sampling
rate provides the best (smallest) gauge length of 20 cm. Such a gauge length can extend
the measurable, maximum strain change in a single time step to 5.4 pe; that is, two orders
of magnitude higher than other available interrogators. This means the TGD-DAS can
handle both extremes of the acoustic sensing in real-world applications, as it is capable of
recording a strong vibration signal, and, at the same time, has the lowest noise floor in a
standard SM fiber, and is able to record very weak signals.

Table 2 lists a few representative values for each variable. The actual performance
is also linked to the interrogation rate, gauge length, and spatial resolution. Noting that
the noise floor changes with these three quantities, this indicates that the design worked
correctly. To the best of our knowledge, there is no other report that demonstrates this
type of performance. The reasons for that might be signal-processing related, as usually
papers and reports on DAS technology do not show the ‘raw’ interrogator performance,
and include specialized processing steps before results are presented and passed to the user.
Those additional processing steps might sometimes change the “engineering expectation”.
In this paper, all of the results are obtained by using FPGA and show reliable performance
at the industrial level.

Table 2. Noise floor as a function of gauge length.

Noise Floor ;
Interrogator Rate Gauge Length Spatial Resolution ) ; Maximum .
KS/s m m PSD Strain Amplitude Measurable Strain

dB ne?/Hz pe ue
2 0.2 1.8 —35 17.8 5.4
5 0.2 1.8 —38 12.6 5.4
5 3.0 3.0 —42 7.9 0.36
2 0.2 10.0 —45 5.6 5.4

One method to lower the noise floor in DAS measurements is by attempting to make
Fiber Bragg Gratings (FBG) over the entire length of the optical fiber. This type of fiber is
usually referred to as “engineered fiber”. The minimum noise floor that could be achieved
with that special optical fiber was 3 pe [8]. However, as listed in Table 2, noise floor of
—42 ne? dB, corresponding to a detectable level of just 7.9 pe, can be obtained in standard
SM with a gauge length of 3 m. This level is the highest ever achieved in the industry for
standard SM fibers.
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4. TGD-DAS Features, Advantages, and Future Improvements

In this section, we summarize the main advantages of TGD-DAS over other acoustic
sensing methods and list improvements deployed in the NBX-54000 interrogator.

4.1. Gauge Length and Spatial Resolution

Gauge length is defined as the interval length in the manufacturer’s method of an-
alyzing the phase [6]. The spatial sampling interval of NBX-54000 is set to 20 cm, due
to requirement of the frequency band to restore the chirp signal. For this purpose, the
gauge length can be arbitrarily set at intervals, with the step of 20 cm, to analyze the
acoustic signal.

The spatial resolution of the TGD-DAS is approximately 1.8 m, which is inversely
proportional to the gauge length as shown in Table 2, and is determined by the pulse
width of the chirped pulses after compression. A minimum gauge length of 20 cm results
in a maximum permissible strain as high as 5.4 pe, which is 14 times larger than the
maximum permissible strain at a gauge length of 1.8 m, which is a gauge length equal to the
spatial resolution, as used in typical implementations. This ability to handle large strains is
significant in practical terms. Moreover, even if the strain exceeds the maximum permissible
strain, the “wrapped” phase difference can still be measured, tracked, and unwrapped (in
the time direction), allowing one to detect sound waves with even larger amplitudes. The
details of the phase unwrapping procedure must meet specific mathematical conditions,
and those depend on the sampling frequency and the frequency of the sound waves. As
this topic is beyond the scope of this paper, the details are omitted here.

4.2. Resolution Change by Post-Processing

The distinct feature of the TGD-DAS method is its ability to change the spatial resolu-
tion of the already acquired data by simple post-processing. In the current implementation,
resolution can be changed from 1.8 to 13.5 m, simply by selecting the appropriate number
of bands, instead of using the default three. We demonstrate that feature in the following
application examples, where the same measurement data can be converted to phase results
with different spatial resolutions.

4.3. Future Improvements

After carefully analyzing measurement errors in the prototype interrogator, we con-
cluded that the main source of those errors is the frequency drift of the light source. The
drift exhibits in some abnormal signal components, as shown in Figure 7. One of the
methods to remove this error, we believe, could be to establish a pre-processing method for
first estimating and then removing the frequency shift of the light source using an acoustic
reference fiber.

5. User Interface and Output Design of NBX-54000

The signal acquired by the interrogator unit can be automatically processed and used
in events detection and a classification system. This requires a separate module for machine
learning algorithm training. Figure 9 shows the overall scheme of automatic event detection
as currently implemented in NBX-54000.

An automatic monitoring system using acoustic signals in a wide range of applications
and monitoring targets is an aspect of DAS that holds great promise. There are cases in
which the AI module is executed in the acquisition mode (during signal acquisition) and
some in the post-processing mode.
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Figure 9. Events detection module, not an optic, but needed for AI processing.

6. Application Examples

This section presents a series of application examples, in which a developed TGD-DAS
acquisition method and interrogator unit not only demonstrated their capabilities and
potential, but also were also thoroughly tested in the field environment. Results from
seismic applications, measurements of submarine cables, hydraulic fracturing in oil and
gas, as well as intrusion detection, are discussed. We conclude this section by presenting
one of the distinct features of TGD-DAS, namely, a posteriori resolution changes for already
acquired data.

6.1. Vertical Seismic Profiling (VSP) and Earthquakes Detection

First, we present two applications related to detecting seismic events.

6.1.1. VSP

VSP is one of the most important techniques in geophysical exploration. It measures,
using a set of sources and receivers, seismic wavefields to obtain properties of rock (such
as velocity, impedance, attenuation, anisotropy). The seismic events are generated by the
source, which is commonly a vibrator in onshore, and an air gun in offshore or marine
environments. The receivers are usually placed along the depth (vertical axis) of the well.

There are many versions (configurations) of VSP type acquisitions, such as the zero-
offset VSP, offset VSP, walkaway VSP, walk-above VSP, to name the most important ones.
In the zero-offset VSP, the source is near the wellhead and above the vertical receiver array
or sensing fiber. In the offset VSP, the source is located at some distance away from the
vertical borehole. In the walk-away VSP, the source is moved in steps away from the well,
while the receivers are held fixed. This approach effectively provides higher resolution
seismic data and provides more continuous coverage than the standard offset VSP.

Until recently, geophones or accelerometers were used to record reflected seismic
energy. With the increased sensitivity and accuracy of DAS, it became possible to obtain
the VSP data using distributed sensing. This approach is preferable as it is economical
(data are obtained faster and along the entire well) without need of moving the geophones
array up and down the wellbore, and repeating the signal generation.

Figure 10a presents the results of measured data during walk-away VSP acquisition.
The source was a small 15,000-pound P-wave vibrator, sweeping for 16 s over 10-150 Hz,
linear. Four individual records were vertically stacked before cross-correlation and then
cross-correlated with the pilot sweep to generate this record. The acquired data demon-
strated the sensitivity and accuracy of TGD-DAS and the interrogator. The down-going
and up-going reflected waves are clearly detected, providing data for further geological
analysis. The obtained results were compared with geophones, confirming that the same
level of accuracy was obtained, which means TGD-DAS can be used instead of geophones
for VSP applications.
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Figure 10. Seismic application examples. (a) Dataset acquired during walk-away VSP measurements in the vertical well;

(b) seismic signal measured during the earthquake.

6.1.2. Earthquake Detection

The second example of seismic data, acquired using the NBX-4000 instrument, deals
with earthquake measurements (as presented in Figure 10b). This dataset shows the
earthquake-generated waves. The signal was recorded during submarine cable measure-
ments, off the Japan coast. The results clearly demonstrate the sensitivity of the instrument,
as both P- and S-waves are recorded. Those waves are annotated in Figure 10b. Moreover,
the line-separating signal before and after the earthquake can be clearly observed, which
proves the high reliability of the acquired data and results.

6.2. Long Distance Range—-Submarine Cables Measurements

Acoustic sensing in optical fibers is emerging as one of the most important technologies
in submarine seismic monitoring applications [9-11]. The sole reason is the fact that
existing submarine infrastructure can be converted into seismic and wave sensors by
simply connecting the interrogator unit to many (already deployed) optical fibers in seabed
cables. Until very recently, the main challenge and problem faced when trying to deploy
was the limited distance, which DAS interrogator units could cover. The submarine
infrastructure and cables are very long and can be accessed (easily) only from the coast. To
verify that the NBX-S4000 interrogator is capable of measuring submarine cables without
the need for any amplifiers, the test in the long-term deep sea floor observatory off Cape
Muroto, Shikoku Island, Japan, was performed. The distance range to cover (measure) was
80 km.

The following acquisition settings were used:

Temporal sampling rate was set to 0.5 kS/s;
Spatial resolution set to (standard) 1.8 m;
Gauge length was 0.2 m.

The sampling rate was selected to ensure that there is only one pulse travelling at any
given time in the 80 km long fiber. The data were streamed to permanent storage on disks,
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selecting proper regions of interest. An example of acquired data with recorded ocean wave
propagation is shown in Figure 11, in which a 1 km long section, between 75 and 76 km of
the cable, was extracted and plotted. The signal-to-noise ratio of the acquired signal was
still high and indicated that NBX-S4000 can be deployed for such marine applications. The
full results of those tests, including detected seismic events at seabed, will be reported and
published separately.
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Figure 11. Observed acoustic signal in long-term deep sea floor observatory.

6.3. Hydraulic Fracturing and Fracture Hits Detection

Hydraulic fracturing, referred to as fracking, is a well stimulation process used in the
oil and gas industry. It usually involves injecting water, sand, and chemicals under high
pressure into a reservoir formation, of, generally, low-permeability rocks (e.g., shale). As a
result, the fractures are created in the geological layer, and oil and/or gas can be extracted.
The distributed sensing is particularly suited for monitoring of the fracking process, as it
can provide real-time data, allowing engineering teams to ensure the correctness and state
of the stimulation process, reached depths, and well integrity [8].

While measuring the signal on a fiber installed in well stimulation cannot be consid-
ered a great achievement, as the signal there is very strong, the detection of the signal on
the neighboring well (referred to as a crosswell) certainly can. The ability to capture the
signal there is of key interest for reservoir engineers, as it allows one to create the map of
fracture networks and their azimuths, as well as to determine fracture geometry, spacing
between them and far-field connectivity.

The NBX-5400 instrument was already used in both types of monitoring, in the
stimulated well and in the crosswell. We present, in Figure 12, the normalized power of
the “frac hits” detected on the crosswell. It clearly demonstrates the quality of acquired
data, which were additionally validated by comparing them with results obtained using
the Rayleigh Frequency Shift (RFS) method [12]. This is another acquisition technique,
developed by Neubrex, which finds its use in various monitoring applications, including
the oil and gas industry, due to its capability to detect strain changes, high-resolution,
and sensitivity.
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Figure 12. Signal detection (frac hits) on a crosswell.

6.4. Detection of Events Using “Dark Fibers”

The already built, extremely vast, telecommunication network of sub-surface fiber
optics cables is commonly referred to as the “dark fiber” network [9]. While it serves its
primary purpose by data transfer and communication, it can relatively (easily) convert into
a sensing network, just by connecting it to the distributed sensing interrogator, which uses
the available wavelength window and bandwidth. Such a sensing network can be used for
earthquake detection and monitoring, structural health monitoring, or intrusion detection.
In the latter, the system monitors the network for any malicious or unwanted events by
performing continuous measurements. Generally, the detection system must also classify
the signal; to do so, the signal quality must be high enough, not only to be detectable, but
also to be distinguishable from other sources.

For intrusion detection on the railway tracks, a standard DAS instrument (which uses
a single pulse technique) was previously used.

Figure 13a presents the location of the sensing fiber and the distances to the key points
along the tracks. The attenuations of the acoustic signal, generated by a person walking
along the tracks, at indicated key points P1, P2, and P3 are plotted in Figure 13a. While
the standard instrument used during the test could only detect intrusion at locations P1
and, partially only, P2 and P3. SNR and noise floor level of the NBX-5300 instrument,
using a standard single-pulse technique, was far too high for reliable intrusion detection.
In Figure 13b, the noise level presented in this paper, the TGD-DAS instrument was also
indicated. With noise floor at —37 dB, the signal from even the furthest distance from the
sensing fiber would be easily detectable. The tests using the NBX-54000 interrogator will
be repeated at the earliest opportunity, as it requires coordination with a railway company.
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Figure 13. Intrusion detection example by NBX-53000 (a) and (b) predicted improvement if NBX-54000 is used.
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6.5. Extraction of Dispersion Curve from DAS Seismic Wave Measurements Data

In critical infrastructure, such as dams, knowing and monitoring the geotechnical
properties of subsoil layers plays an essential role in ensuring its safety. Several different
methods can be used to estimate such properties. While intrusive methods, such as
drilling, can sometimes be used, the surface methods are preferable, as they are low-
cost, noninvasive, and environmentally friendly. What is also important, in many cases,
including dams, the surface methods do not destroy or leave any lasting marks on the
surface of the test site.

In surface wave methods, waves are generated and used to measure propagation
velocity profiles as a function of depth. In dam embankment, this velocity is related to
the moisture content in it and can be used to monitor any potential subsurface leaks. As a
signal source, vehicle driving on top of the bank is used [13].

There are several methods proposed to extract the dispersion curve. Among them, the
phase-shift method is regarded as effective and robust, and is widely used. This method
can be applied, not only toward analysis of the surface waves, but also body waves.

The measured seismic profiles, including captured P- and S-waves, of the surface
waves, are presented in Figure 14. The signal was obtained by stacking 35 datasets. The
signal within the selected area (indicated by red rectangle) was then used as input data
to the phase—shift dispersion curve analysis. The high quality of TGD-DAS (NBX-54000)
signal was compared directly with data obtained by geophones [14].
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Figure 14. The measured seismic profiles of the surface wave.

First, during signal processing, the velocity-frequency map was generated (as shown
in Figure 15a). The P-wave and S-wave are clearly seen in the figure. In the next step,
peak values for each frequency line profile were determined, and the phase velocity of the
P-wave and S-wave, as a function of frequency, are shown in Figure 15b.

We should note that, considering the very long lifetime of the optical cables and the
high quality of the obtained signal and, therefore, the estimation results, it is possible to
construct a permanent monitoring system using only sensing fiber and surface sources.

6.6. Variable Spatial Resolution for Already Acquired Data

Finally, we present one of the most distinct features of TGD-DAS, namely, its ability
to modify the spatial resolution of the already acquired signal, simply by post-processing
it. As described earlier in the paper, the spatial resolution in TGD-DAS depends on the
selection of the frequency bands during the signal-decoding step. Hence, within limits
determined by duration of the chirp, the spatial resolution can be changed. Currently
supported are resolutions varying from 1.8 to 13.5 m.
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Figure 15. Velocity—frequency map (a) and dispersion curve (b).

The need to change the spatial resolution in some applications arises from the fact that
characteristics of wave propagation in different mediums are different. The most common
use is seismology. Here we present an example of such a resolution change for the same
VSP dataset. Figure 16 shows the results with applied resolutions of 4, 7, and 10 m.
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Figure 16. Results of signal processing with spatial resolution of 4, 7, and 10 m.

The spectral analysis of the obtained signal, presented in Figure 17a,b, confirms that
lower (longer) resolutions had also lower noise floor. In this case, the signal peak value is
the same, as results for different resolutions are obtained from the same raw data, and the
noise floor can be reduced by almost 10 dB.
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Figure 17. Spectral analysis results (a) with spatial resolution (SR) of 4, 7, and 10 m at interrogator rate of 2 kS/s

(b) Performance for different interrogation rate.

Further analysis of the noise floor as a function of the interrogation rate and applied
spatial resolution clearly demonstrates that performance of TGD-OFDR in standard SM
fibers not only matches, but also surpasses that obtained by systems, depending on the
specialty (weak FBG), engineered fibers. The deployment of engineered fibers has very
practical implications, as it prevents from using the fiber for other sensing purposes and
interrogators, so standard fibers are preferable.

Modifiable spatial resolution feature of TGD-DAS is particularly useful in any seismic
application, as acquired data can be used to extract different features of the signal a
posteriori, instead of determining them before any signal is measured.

7. Discussion

The DAS method and its implementation presented in this paper, compared to previ-
ous studies and applications, exhibit several substantial improvements and advantages.
The most notable is that the synthesis of signals from extracted frequency bands, for both
polarization components we detect, eliminates any phase fading from the acquired signal.
Hence, the inherent problem in all OTDR-based systems, resulting in singularity when
determining the phase value, is eliminated, simplifying the signal-processing part. Another
substantial improvement is that spatial resolution is dependent on frequency range rather
than pulse duration. This means that resolution can be modified after the signal is already
acquired, and the resolution is independent of the measured fiber length. This feature
makes TGD-DAS substantially different from any OTDR-based method. Results presented
in the paper used varying resolutions between 1.8 and 13.5 m. We also presented in the
field measurements, without any additional amplification, covering a distance of more
than 80 km. In summary, the method, and its deployment in the NBX-54000 interrogator,
allows one to generate the signal with an optical power of a 200 m long pulse, but kept in a
2-m spatial resolution range.

8. Conclusions

This paper presents a practical DAS system that utilizes the advantages of both the
frequency and time domain signal acquisition and processing. The TGD-DAS method,
as well as the interrogator unit, achieves high precision, high spatial-resolution acoustic
signal detection by frequency-division multiplexing, and real-time signal processing. The
developed technique has room for further improvement, by expanding it to a wider
frequency range and longer measurement distances. Those issues will be addressed in
the future. The results obtained during the research presented in this paper revealed that
performance and accuracy improvements are possible by developing a better light source
and suppressing the noise caused by its varying frequency.
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