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Abstract: A long period grating Mach—Zehnder interferometer (LPGMZI) that consists of two identi-
cal long period gratings (LPGs) in a single fibre was developed to measure immunoglobulin M (IgM).
The measured spectrum has fringes due to the interference between the core mode and cladding
mode. This immunosensor inherits the advantages of an LPG and has the potential to compensate for
unwanted signal changes due to bulk refractive index (RI) and temperature fluctuations by analysing
interference fringes and their envelope. The external RI was measured from 1.3384 to 1.3670 in
two different cases: (i) only the connecting section between the two LPGs is immersed or (ii) the
whole LPGMZI is immersed. The fringes shift with an external RI in both scenarios, whereas the
envelope stays still in case (i) or shifts at the same rate as the fringes in case (ii). The LPGMZI was
also characterised at different temperatures between 25 °C and 30 °C by placing the whole LPGMZI
in a water bath. The fringes and envelope shift at the same rate with temperature. The LPGMZI
platform was then used to create an IgM immunosensor. The connecting section between the two
LPGs was functionalised with anti-IgM and immersed into solutions with IgM concentrations from
20 pg/mL to 320 pg/mL. The fringes shift with IgM concentration and the envelope remains static.
The results from this work show that LPGMZI has the potential to compensate for the temperature
and bulk RI fluctuations and perform as a portable biosensor platform.

Keywords: long period grating; Mach—-Zehnder interferometer; biosensor; IgM; bulk refractive index

1. Introduction

A long period grating (LPG) is currently a widely used platform for developing
chemical sensors and biosensors [1,2]. The properties of having a light weight, small size,
and immunity to electromagnetic interference make an LPG an ideal platform for designing
point-of-care (POC) portable biosensors. These sensors provide more labour saving and
a faster sensing of biomolecules than ELISA since they do not require a labelling step [3].
LPG-based biosensors detect the change in the refractive index (RI) on the surface upon
molecular binding. The main sources of cross-sensitivities to this include temperature
fluctuations and changes in an external medium’s RI (bulk RI) [4-6]. Many efforts have
been made to overcome these problems. For example, a plasmonic sensor with gold film
deposited on the surface of tilted fibre Bragg grating (FBG) can discriminate the surface RI
and bulk RI [7]. The same function can be implemented using an LPG with a micro-cavity
in the middle [8]. A core-offset Mach—Zehnder interferometer fabricated in series with an
FBG can implement a simultaneous monitoring of temperature during RI measurement [9],
as does an LPG fabricated in series with an FBG [10].

The long period grating Mach—Zehnder interferometer (LPGMZI) described in this
work consists of two identical LPGs in a single fibre. As shown in Figure 1, two identical
LPGs are fabricated in series and light propagates along the optical fibre from left to right.
LPGI1 couples light into a cladding mode; the cladding-mode light propagates along the
connecting section and is coupled back into the core by LPG2, where it interferes with
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light that has remained within the core [11]. This interference pattern is analysed on a
spectrometer.

—Clletes e

LPG1 Connecting section LPG2

Figure 1. LPGMZI structure.

The transmission spectrum has fringes due to the interference between the core mode
and cladding modes [11], which has the potential to compensate for unwanted signal
changes caused by bulk RI changes and temperature fluctuations.

The interference pattern in the transmission spectrum of an LPGMZI changes with
temperature, and a uniform change over the LPGMZI results in the fringes and envelope
shifting at the same rate [12]. The interference pattern is also sensitive to external Rls.
The fringes and envelope shift when the whole LPGMZI is immersed into solutions with
different Rls [13]. In comparison to other methods [7-10], the LPGMZI is a more elegant
structure used to compensate for both bulk RI and temperature changes with a single
calibration step, a simpler set-up, and a relatively simpler fabrication method.

Chemical sensors and biosensors are developed by depositing functional films on
an LPGMZI [14-16]. For example, an ammonia (NHj3) sensor is designed by depositing
graphene film on the connecting section of LPGMZI [14], which adsorbs NHj to change its
RI. Similarly, a zeolitic imidazole framework (ZIF-8) film is deposited on an LPGMZI to
detect volatile organic compounds (VOCs) such as methanol and toluene [15]. A Mach—
Zehnder interferometer can also be made by cascading two identical chirped LPGs with a
separation between each other [16]. This was used to create a biosensor to detect Escherichia
coli (E. coli) bacteria by depositing bioreceptors on the connecting section [16]. In all of the
previous literature about LPGMZI, the fringes were analyzed, but the fringes” envelope
was not investigated quantitatively.

In this work, an LPGMZI was fabricated and characterised. The fringes and envelope
were measured and analysed to provide a more thorough investigation of LPGMZI and
more robust sensing. In the temperature measurement, the temperature over the whole
LPGMZI changes uniformly. The external RI measurement was carried out in two scenarios:
(i) the whole LPGMZI or (ii) only the connecting section is immersed into solutions with
different RIs. An LPGMZI immunosensor used to detect immunoglobulin M (IgM) was
developed.

2. Methodology
2.1. Experimental Set-Ups and Signal Processing

LPGs were fabricated in boron—-germanium co-doped photosensitive fibre (Fibrecore
PS750, Southampton, UK) using a 266 nm laser and an amplitude mask with a period of
113.5 pm (Suzhou Sunshine Laser Technology, Suzhou, China). The two LPGs were 2 cm in
length with 6 cm separation. The number of fringes in the transmission spectrum increases
with the length of separation [11]. A 6 cm separation was chosen to ensure that the envelope
and higher-frequency fringes are distinguishable from each other in the frequency domain.

Two experimental set-ups are shown in Figure 2. Figure 2a is the set-up for external
RI measurements and IgM measurements. Solutions with different RIs were prepared by
dissolving sodium chloride into deionised (DI) water. A higher concentration of sodium
chloride leads to a higher RI. The Rls of solutions were determined by a commercial
refractometer (Reichert 13940000, Depew, NY, USA). The ends of the optical fibre were
connected to a halogen tungsten light source (Ocean Optics, HL-2000, Orlando, FL, USA)
and spectrometer (Ocean Optics, HR4000, Orlando, FL, USA), respectively. The LPGMZI
was placed in a custom-made 3-section PLA-plastic fibre bath (middle section 4.5 cm (L)
x 0.5 cm (W) x 0.3 cm (H), LPG sections 2.75 cm (L) x 0.5 cm (W) X 0.3 cm (H)). The
connecting section was placed in the middle section of the bath. The two LPGs were located
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either side and were connected through small crevices of 0.3 mm, which ensures that the
solution does not leak between sections due to the hydrophobicity of the bath material.
Figure 2b shows the experimental set-up of temperature measurement. The whole LPGMZI
was placed in a water heating bath (VDB05EU, Grant Instruments, Shepreth, UK, 30 cm
(L) x 15 cm (W) x 15 cm (H)) that allows the temperature to be changed homogeneously.
The total cost of the set-up was approximately GBP 5000, although this would be lower if
manufactured in scale.

I
g
2ol
N
;

GMZ in fibre bath

.(cj 2

Figure 2. The experimental set-ups: (a) the LPGMZI in a 3-section fibre bath used for external RI
measurement and IgM measurement (LPG sections 2.75 cm (L) x 0.5 cm (W) x 0.3 cm (H), middle
section 4.5 cm (L) x 0.5 cm (W) x 0.3 cm (H); (b) the LPGMZI in a water heating bath used for
temperature measurement (30 cm (L) x 15 em (W) x 15 ecm (H)); (c) the photo of set-up.

In the external RI measurements, the responses of envelope and fringes were investi-
gated in two cases: (i) only the connecting section was immersed into different RI solutions
and (ii) the whole LPGMZI was immersed into different RI solutions. The purpose of these
experiments was to demonstrate the difference between the cases in the envelope and
fringe response. Case (ii) should be immune to RI changes in the bulk solution. In both
cases, the immersion region was first immersed into solution with RI of 1.3384. Then, the
old solution was replaced by a new solution with a higher RI that ranged from 1.3384 to
1.3670. Before pipetting new solution into the fibre bath, the old solution was suctioned
out using a suction pump (Flaem, P102P00, Desenzano del Garda, Italy) and the fibre
was washed several times with DI water. The immersion period for each solution was
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approximately 20 min. In temperature measurements, the temperature changed uniformly
over the LPGMZI from 25 °C to 30 °C with a step of 1 °C.

In IgM measurements, the surface-functionalised connecting section was immersed
into IgM + Tris buffer solutions with concentration varying from 0 to 320 ug/mL. The
two LPGs were left in air. For each solution, the immersion period was approximately
20 min. Then, the old solution was removed, and the immersed section was washed
several times with Tris buffer solution before pipetting new solution with a higher IgM
concentration into the fibre bath. Cross-sensitivity tests were conducted with IgG and
IgA. The surface-functionalised connecting section was immersed into 80 ng/mL IgG, IgA,
and IgM solutions sequentially. Commercial IgG and IgA were dissolved in PBS buffer
solution, and commercial IgM was dissolved in Tris buffer solution. Before pipetting IgA or
IgM solution into fibre bath, the old solution was suctioned off and the fibre was washed
with PBS buffer solution or Tris buffer solution, respectively, as per different solvents
for the antibodies. In all of the measurements, the wavelengths of fringes and envelope
were investigated.

The fringes in the transmission spectrum are due to interference between cladding
and core modes. The phase of the fringes relative to their envelope was determined by the
difference between optical path lengths of the core and cladding modes as described by
Equation (1) [17]:

27T 1
9= (neps s )L )

where A is light’s wavelength, 7, ffc" is the effective RI of core mode, 1, % fd is the effective
RI of cladding mode, and L is the length of connecting section.

In this work, the wavelengths of fringe and envelope were measured and analysed in
several scenarios. A discrete-Fourier transform (DFT) was applied to extract the envelope
from the transmission spectrum:

N-1 j2mtnk
X[k] =Y x[nle- ~ (2a)
n=0
1 N-1 : 27tk
x[n] = N Y. X[kle/ "N (2b)
k=0

where x[n] is the original signal, which is the transmission spectrum in this work, N is the
number of samples in the signal, and X[k] is the frequency domain representation of x[n],
where k is the wavenumber.

An example of the signal processing is shown in Figure 3. First, the DFT was applied
(Equation (2a)) to the transmission spectrum (Figure 3a) to obtain its frequency domain
representation (Figure 3b). The envelope and high-frequency components are distinguish-
able by inspection in the frequency domain. In this case, there is a local minimum at a
wavenumber of 45.45 nm~!. These frequency components can be separated by apply-
ing low- and high-pass filters with square cut-offs at 45.45 nm~! to obtain its envelope
(Figure 3c1) and high-frequency components (Figure 3¢2), respectively. The envelope is
represented as a wide dip (~30 nm) and the high-frequency components by the narrow
fringes. A simple dip-finding method was used to track the wavelengths of envelope and
fringe during measurements.
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Figure 3. Signal processing: (a) transmission spectrum; (b) frequency domain representation of
the transmission spectrum; (c1) envelope; (¢2) high—frequency components. The wavenumber
calculation is shown in the Supplementary Materials (Section I).

2.2. Surface Functionalisation
2.2.1. Materials

All of the chemicals used in this work were purchased from Sigma-Aldrich, Cambridge,
UK. They were 3-Aminopropyltriethoxysline (APTES), sodium chloride, Tris base, sulfuric
acid, peroxide solution, hydrochloric acid (37%), ethanol, glutaric dialdehyde solution
(glutaraldehyde, 50% in HyO), IgM, IgG, and IgA from human serum, and anti-human IgM
antibody produced in goat.

2.2.2. Preparation Scheme

The connecting section of a bare LPGMZI was first immersed in Piranha solution for
20 min to remove the organic contamination and generate hydroxyl groups on the surface.
Then, it was washed with DI water and dried with nitrogen. Secondly, the connecting
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section was immersed in APTES solution (2 v/v% in ethanol) for 20 min. Then, it was
washed with DI water and ethanol alternately and dried in normal environment overnight
(~16 h). Thirdly, the connecting section was immersed in glutaric dialdehyde solution
(50 wt% in HyO) for 2 h followed by washing with DI water. Fourthly, the connecting
section was immersed in 1 mg/mL anti-IgM solution for 2 h followed by washing with
PBS buffer solution. The surface functionalisation process is shown in Figure 4a. The
glutaraldehyde works as cross-linker that reacts with amine groups (Figure 4b).
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Figure 4. (a) The surface functionalisation of LPGMZI. (b) Glutaraldehyde works as cross-linker.

3. Results
3.1. Transmission Spectra

An example of the transmission spectra of an LPGMZI when the connecting section
is immersed in different solutions is shown in Figure 5. There are multiple attenuation
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bands in the transmission spectrum (Figure 5a). The attenuation band located between 880
nm and 940 nm is relatively wider and the fringes have a higher contrast. This makes the
change in signal easier to analyse, so this is utilised throughout. As shown in Figure 5b,
there are six significant dips (<0.8) in the transmission spectrum. As the concentration
of IgM increases, the spectrum shifts, the envelope remains static, and the relative depth
of each dip changes. From Figure 5c, the wavelength shift of a fringe can be observed
more clearly.

1.2 1.2
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= it AN f =3
sosr i i |
5 I | | H‘ 5
206 | At 206
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Figure 5. (a) Comparison between different attenuation bands in the transmission spectrum. (b) The
transmission spectra of the LPGMZI when the connecting section is immersed in solutions with
different IgM concentrations. (c) The wavelength shift of a fringe during the measurement.

3.2. Temperature Measurements

The LPGMZI'’s temperature measurements are shown in Figure 6. Due to the experi-
mental configuration described in Section 2.1, the temperature changes uniformly over the
whole LPGMZI. As shown in Figure 6a, both the envelope and fringes” wavelengths change
with temperature. Figure 6b shows the difference between them. The signal remains almost
constant at zero, which means that the envelope and fringe’s wavelengths change with
temperature at the same rate. The fluctuations in Figure 6b between each temperature
step is due to the heating process. The temperature in the bath is not uniform during the
heating process. Figure 6¢ gives the calibration results of the envelope’s wavelength shift,
exhibiting a sensitivity of 0.3341 nm/°C.
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Figure 6. Temperature measurements results: (a) wavelength shifts of fringe and envelope; (b) differ-
ence between the wavelength shifts of fringes and envelope; (c) calibration curve of the envelope’s
wavelength shift.

3.3. External Refractive Index Measurements

Figure 7a shows the results when the external RI outside the connecting section
changes and the two LPGs remain in air. The effective RI of the cladding mode increases
with an increased external RI, which leads to an increase in the optical path length and a shift
in the fringes. The wavelength of the envelope remains constant in this case as the external
conditions (temperature, RI) of the two LPGs do not change. Figure 7b gives the difference
between the fringe and envelope’s wavelength shifts. From the results in Section 3.2,
the interference from temperature can be compensated for by calculating the difference.
Figure 7c shows the results when the external RI outside the whole LPGMZI changes
(connecting section and two LPGs). The wavelengths of the fringe and envelope change
simultaneously at the same rate. Figure 7d shows the difference between the wavelengths
of fringes and the envelope. When the external RI over the whole LPGMZI changes, the
difference is close to zero. This demonstrates that the fringe and envelope respond to the
external RI with the same sensitivity. The slight difference is most likely caused by the
imperfection of signal processing as the envelope and high-frequency component overlap
slightly in the frequency domain. Figure 7e shows the calibration curves of the fringe’s
wavelength shifts in these two scenarios. The fringes” wavelength changes linearly with the
external RI in both scenarios and the sensitivity is slightly higher when the whole LPGMZI
is immersed. The spikes in Figure 7a—d are due to the change in solution and temporary
exposure of the sensing region to air.
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Figure 7. External RI measurements: (a) Wavelength shifts of fringes and envelope when the
connecting section is immersed in RI solutions and (b) their difference. (c) Wavelength shifts of
fringes and envelope when the entire LPGMZI is immersed in RI solutions and (d) their difference.
(e) Calibration curve of the fringes” wavelength shifts in those two different cases.

3.4. IgM Measuremnts

The results of the [gM measurement are shown in Figure 8. Only the connecting section
is immersed in IgM solutions. This is selected due to the ease of experimentation as the bulk
RI of the buffer solution does not change significantly in comparison to IgM measurements
(Supplementary Materials). As shown in Figure 8a, the fringes” wavelength changes with
IgM concentration whereas the envelope’s wavelength remains almost constant. The small
fluctuations in the envelope’s wavelength are most likely caused by temperature fluctua-
tions in the laboratory environment. The difference between the fringes” and envelope’s
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wavelengths was calculated to compensate for the signal’s cross-sensitivity to temperature

(Figure 8b). The spikes in Figure 8a,b are due to the change in solution and temporary
exposure of the sensing region to air.
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Figure 8. IgM measurements results: (a) Wavelength shift of fringe and envelope. (b) Difference
between the wavelength shifts of fringes and envelope. (c) Calibration curve of difference versus con-
centration. (d) Response to 80 pug/mL IgM solution under different temperatures. (e) Selectivity test.

After visual inspection of the data, a second-order polynomial fitting was applied to
obtain the calibration curve (Figure 8c), with a coefficient of determination of 99.17%. To
investigate the temperature cross-sensitivity, an 80ug/mL IgM solution was tested under
three different temperatures (Figure 8d). The response reduces slightly with an increasing
temperature [18], but this is expected as a higher temperature degrades the intrinsic affinity
of antibodies, which leads to a lower binding between the antibody and bioreceptor [18].
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Figure 8e shows the results of the sensor’s selectivity test. The signal remains low
in the 80 pg/mL IgA or IgG solution and increases in the 80 ug/mL IgM solution. The
selectivity can be quantitively assessed by Equation (3) [19].

_ Rigm

S R,

®)

where Rjg is the sensor’s response to IgM and R is the sensor’s response to the interfering
analyte (IgA or IgG). In this work, the selectivity is S = 17.9.
The limit of detection (LoD) can be calculated according to Equation (4) [20]

3S
LoD = Ty 4)

where Sy is the standard deviation of the response at baseline and S is the first-order
derivative of the calibration curve at zero concentration.

4. Discussion

Many immunosensors are based on the detection of the RI change on the sensor’s
surface, such as LPG-based sensors and surface plasmon resonance (SPR)-based sensors.
In these cases, the bulk RI of the measured solution might change, which introduces an
unwanted change to the measured signal. According to the results from Section 3.1, the
LPGMZI’s fringes and envelope have almost the same wavelength shifting rate with the
external RI if the whole LPGMZI is immersed. The difference between the wavelength
shifts of the envelope and fringe is not sensitive to bulk Rls (Figure 7d) in this case. This
property can be utilised to compensate for the cross-sensitivity to bulk RI change. The
whole LPGMZI can be immersed into antibody solutions but only the connecting section
is designed to be sensitive to antibodies. However, in practice, the non-specific binding
of antibodies to LPGs can also cause a wavelength shift of the envelope, which affects the
measurement of bulk Rls [21,22]. The non-specific binding of IgM to an LPG is shown in
the Supplementary Materials (Sections II and III). A measurement of an 80 pug/mL IgM
solution with the whole LPGMZI immersed was performed (Supplementary Materials,
Section III). The connecting section was functionalised with anti-IgM. The wavelength shift
of the envelope is caused by the non-specific binding of IgM to bare LPGs. The fringe has a
greater wavelength shift than the envelope because the functionalised connecting section
has a higher affinity to IgM than bare LPGs. The non-specific binding of IgM to bare LPGs
can affect the measurement of bulk RIs. As a result, the IgM sensor developed in this work
can only compensate for the cross-sensitivity to temperature fluctuations. Further work
needs to be carried out to prevent non-specific binding, such as depositing a poly(ethylene
glycol) (PEG) film on the surface of the LPGs [21]. The characteristics of relevant optical
IgM sensors described in the literature are listed in Table 1.

Table 1. The characteristics of different optical IgM sensors.

Signal Change

Platform Measurand 1sM Concentration at the Highest Limit .Of Selectivity Reference
Range . Detection
Concentration
Lorglfagf;o‘i Wavelength shift ~ 15.6 ug/mL-1 mg/mL ~12 nm 15 pg/mm?  Not stated [3]
LogfaﬁilgOd Wavelength shift 10 pg/mL-320 p/mL 4.96 nm Not Stated 94 [23]
LSPR on .
substrate Wavelength shift 1 pg/mL-100 pg/mL ~1.6 nm 1 pg/mL ~16 [24]
WGM .
microsphere Wavelength shift 1 pug/mL-100 pg/mL ~1.7 nm 2 ug/mL ~14.2 [25]
LPGMZI Wavelength shift 20 ug/mL-320 ug/mL 0.39 nm 13 pg/mL 17.9 This work
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The sensitivity of the IgM sensor developed in this work is lower than other single-
LPG-based IgM sensors [3,23]. One cause is that the LPGs constituting the LPGMZI are not
operating at the phase matching condition, in contrast to the other two single-LPG-based
IgM sensors [3,23]. One way to improve the sensitivity is by fabricating the LPGs to work
closer to the phase matching condition. In this case, the analysis will be more complex as
the transmission spectrum includes not only the wavelength shift but also the merging
and separation of attenuation bands [3]. A second approach is to increase the surface
coverage of bioreceptors, and to utilise silica nanoparticles (SiNPs) and gold nanoparticles
(AuNPs) [3].

The selectivity of the designed IgM sensor is higher than the sensors developed in other
work: approximately 90% higher than the single-LPG-based sensor [23], 12% higher than
the LSPR-based sensor [24], and approximately 26% higher than the WGM microsphere-
based sensor [25]. The high selectivity is most likely to be due to contributions by the
surface functionalisation method. Compared with the single-LPG-based sensor, the sensor
designed in this work has the same substrate. However, poly (allylamine hydrochloride,
PAH) and silica nanoparticles (5iNPs) dual layers are assembled on the surface of a single
LPG [23], which potentially provides more non-specific binding sites. This work utilised a
similar surface functionalisation scheme to the described LSPR-based sensor [24]. Both have
glutaraldehyde as a cross-linker, but the amine groups were generated on the gold surface
of the LSPR platform rather than silica surface [24]. This might degrade the quality of the
surface functionalisation. The WGM-microsphere-based sensor has amine groups on a silica
surface [25]. However, the bio-receptors are immobilised by physical adsorption without
any cross-linkers [26], which might lead to a lower surface coverage of bio-receptors and
the exposure of more non-specific binding sites [27].

Real samples, such as human serum, contain multiple biomolecules. The high selec-
tivity of the designed sensor is advantageous in practical applications. The selectivity test
was conducted with IgG and IgA. The commercial IgG and IgA were dissolved in PBS
buffer solution (product specification), but the commercial IgM was dissolved in Tris buffer
solution. However, the LPG has almost the same baseline in these two buffer solutions
(Supplementary Materials, Section IV).

Individual sensors have been found to be repeatable and stable, as demonstrated in
an experiment in which the connecting section of the sensor was immersed in Tris buffer
solution three times (Supplementary Materials, Section V) and a standard deviation of
0.0055 nm was obtained. However, in order to achieve a repeatable commercial sensor,
more development work is required in the manufacturing process, such as accurately
inscribing the grating configuration and obtaining uniform coatings.

5. Conclusions

In this work, an LPGMZI immunosensor was fabricated and characterised. Due to
the interference between cladding and core modes, fringes are present in the transmission
spectrum. The LPGMZI configuration was tested for the cross-sensitivity to temperature
and bulk Rls. For the response to bulk RIs, if only the connecting section is immersed,
the wavelengths of the fringes shift with an external RI whereas the wavelength of the
envelope remains constant. If the whole LPGMZI is immersed, the wavelengths of the
fringes and envelope shift together with an external RI at the same rate. For the response to
temperature, the wavelengths of the fringes and envelope shift together at the same rate
with a homogeneous temperature change.

For immuno-sensing, an anti-human IgM antibody was deposited on the connecting
section of the LPGMZI. When only the connecting section is immersed into IgM solutions,
the wavelengths of the fringes shift with IgM concentration whereas the wavelength of
the envelope remains almost constant at different IgM concentrations. In comparison to
the IgM sensors designed based on single LPGs, the LPGMZI-based IgM sensor designed
in this work has a lower sensitivity. However, it provides a higher selectivity due to
the surface functionalisation method and can compensate for cross-sensitivity. These
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advantages provide it with the potential to be a robust portable immuno-sensing platform.
This platform is versatile as, by changing the functional layer, there is potential to measure
a range of other analytes, such as IgG, A chain, and « chain proteins.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bios12121099/s1, Figure Sla. The transmission spectrum of
LPGMZI; Figure S1b. The frequency-domain signal of LPGMZI’s transmission spectrum; Figure S2a.
The transmission spectra of single LPG working around PMTP; Figure S2b. The real-time data of the
IgM measurement; Figure S3. The IgM measurement with the whole LPGMZI immersed; Figure S4.
The measurement of PBS buffer and Tris buffer with single LPG; Figure S5. The test on LPGMZI by
immersing the connecting section into Tris buffer solution for three times.

Author Contributions: Conceptualization, PW., L.L. and S K.; methodology, PW., R.C., S.PM., L.L.
and S.K; software, PW. and L.L.; validation, PW., L.L., R.C. and S.K.; formal analysis, PW., S.P.M.
and S.K.; investigation, PW.; resources, R.C., S.K. and S.P.M.; data curation, PW.; writing—original
draft preparation, PW. and L.L.; writing—review and editing, S.P.M. and S.K.; visualization, PW.;
supervision, R.C., S.K,, L.L. and S.P.M.; project administration, S.K.; funding acquisition, S.P.M., R.C.
and S.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially funded by the Medical Research Council (UK, MR/R025266/1) and
The Engineering and Physical Sciences Research Council UK (EPSRC, Grant Number EP/V055410/1
and EP/N025725/1). S.PM. was funded by a Royal Society Industry Fellowship.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Esposito, F; Srivastava, A.; Sansone, L.; Giordano, M.; Campopiano, S.; Iadicicco, A. Label-Free Biosensors Based on Long Period
Fiber Gratings: A Review. IEEE Sensors |. 2020, 21, 12692-12705. [CrossRef]

2. Esposito, F. (INVITED) Chemical sensors based on long period fiber gratings: A review. Results Opt. 2021, 5, 100196. [CrossRef]

3.  Liu, L; Marques, L.; Correia, R.; Morgan, S.P; Lee, S.-W.; Tighe, P,; Fairclough, L.; Korposh, S. Highly sensitive label-free antibody
detection using a long period fibre grating sensor. Sens. Actuators B: Chem. 2018, 271, 24-32. [CrossRef]

4. Chiavaioli, F; Trono, C.; Giannetti, A.; Brenci, M.; Baldini, F. Characterisation of a label-free biosensor based on long period
grating. . Biophotonics 2012, 7, 312-322. [CrossRef] [PubMed]

5. Trono, C.; Baldini, F; Brenci, M.; Chiavaioli, F.; Mugnaini, M. Flow cell for strain- and temperature-compensated refractive index
measurements by means of cascaded optical fibre long period and Bragg gratings. Meas. Sci. Technol. 2011, 22, 075204. [CrossRef]

6. Liu, C; Cai, Q; Xu, B.; Zhu, W,; Zhang, L.; Zhao, J.; Chen, X. Graphene oxide functionalized long period grating for ultrasensitive
label-free immunosensing. Biosens. Bioelectron. 2017, 94, 200-206. [CrossRef]

7. Liu, F; Zhang, X,; Li, K.; Guo, T.; Ianoul, A.; Albert, ]. Discrimination of Bulk and Surface Refractive Index Change in Plasmonic
Sensors with Narrow Bandwidth Resonance Combs. ACS Sensors 2021, 6, 3013-3023. [CrossRef]

8.  Janik, M.; Koba, M.; Krél, K.; Mikulic, P.; Bock, W.J.; Smietana, M. Combined long-period fiber grating and microcavity inline
Mach-Zehnder interferometer for refractive index measurements with limited cross-sensitivity. Sensors 2020, 20, 2431. [CrossRef]

9. Yao, Q.; Meng, H.; Wang, W.; Xue, H.; Xiong, R.; Huang, B.; Tan, C.; Huang, X. Simultaneous measurement of refractive index and
temperature based on a core-offset Mach-Zehnder interferometer combined with a fiber Bragg grating. Sensors Actuators A Phys.
2014, 209, 73-77. [CrossRef]

10. Enriquez, D.A.C,; da Cruz, A.R,; Giraldi, M.T.M.R. Hybrid FBG-LPG sensor for surrounding refractive index and temperature
simultaneous discrimination. Opt. Laser Technol. 2012, 44, 981-986. [CrossRef]

11.  Hu, X;; Si, H.; Shen, H. Spectral characteristics and space division multiplexing scheme of long period fiber grating pair. Optik
2020, 227,166117. [CrossRef]

12.  James, S.W.; Korposh, S.; Lee, S.-W.; Tatam, R.P. A long period grating-based chemical sensor insensitive to the influence of
interfering parameters. Opt. Express 2014, 22, 8012-8023. [CrossRef]

13.  Vasconcelos, H.C.A.S.G.; de Almeida, ] M.M.M,; Saraiva, C.M.T.; Jorge, P.A.D.S.; Coelho, L.C.C. Mach-Zehnder Interferometers

Based on Long Period Fiber Grating Coated with Titanium Dioxide for Refractive Index Sensing. J. Light. Technol. 2019, 37,
4584-4589. [CrossRef]


https://www.mdpi.com/article/10.3390/bios12121099/s1
https://www.mdpi.com/article/10.3390/bios12121099/s1
http://doi.org/10.1109/JSEN.2020.3025488
http://doi.org/10.1016/j.rio.2021.100196
http://doi.org/10.1016/j.snb.2018.05.109
http://doi.org/10.1002/jbio.201200135
http://www.ncbi.nlm.nih.gov/pubmed/23125124
http://doi.org/10.1088/0957-0233/22/7/075204
http://doi.org/10.1016/j.bios.2017.03.004
http://doi.org/10.1021/acssensors.1c00906
http://doi.org/10.3390/s20082431
http://doi.org/10.1016/j.sna.2014.01.017
http://doi.org/10.1016/j.optlastec.2011.10.020
http://doi.org/10.1016/j.ijleo.2020.166117
http://doi.org/10.1364/OE.22.008012
http://doi.org/10.1109/JLT.2019.2912829

Biosensors 2022, 12, 1099 14 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

Hao, T.; Chiang, K.S. Graphene-Based Ammonia-Gas Sensor Using In-Fiber Mach-Zehnder Interferometer. IEEE Photon- Technol.
Lett. 2017, 29, 2035-2038. [CrossRef]

Wu, J; Tang, C.; Zhang, W.; Ma, X,; Qu, S.; Chen, K.; Hao, T.; Chiang, K.S. Lab on optical fiber: Surface nano-functionalization for
real-time monitoring of VOC adsorption/desorption in metal-organic frameworks. Nanophotonics 2021, 10, 2705-2716. [CrossRef]
Kaushik, S.; Tiwari, U.; Nilima Prashar, S.; Das, B.; Sinha, R.K. Label-free detection of E scherichia coli bacteria by cascaded chirped
long period gratings immunosensor. Rev. Sci. Instrum. 2019, 90, 025003. [CrossRef]

Liu, Y.; Williams, J.; Zhang, L.; Bennion, I. Phase shifted and cascaded long-period fiber gratings. Opt. Commun. 1999, 164, 27-31.
[CrossRef]

Greenspan, N.S.; Dacek, D.A.; Cooper, L.J. Fc region-dependence of IgG3 anti-streptococcal group A carbohydrate antibody
functional affinity. I. The effect of temperature. |. Immunol. 1988, 141, 4276-4282.

Tonezzer, M.; Izidoro, S.; Moraes, ].P.A.; Le Dang, T.T. Improved Gas Selectivity Based on Carbon Modified SnO, Nanowires.
Front. Mater. 2019, 6, 277. [CrossRef]

Shrivastava, A.; Gupta, V.B. Methods for the determination of limit of detection and limit of quantitation of the analytical methods.
Chron. Young Sci. 2011, 2, 21-25. [CrossRef]

Preininger, C.; Mencaglia, A.; Baldini, F. Polymer-coated optical fibres for application in a direct evanescent wave immunoassay.
Anal. Chim. Acta 2000, 403, 67-76. [CrossRef]

Lichtenberg, ].Y.; Ling, Y.; Kim, S. Non-Specific Adsorption Reduction Methods in Biosensing. Sensors 2019, 19, 2488. [CrossRef]
[PubMed]

W, P; Liu, L.; Morgan, S.P; Correia, R.; Korposh, S. (INVITED) Label-Free Detection of Antibodies Using Functionalised Long
Period Grating Optical Fibre Sensors. Results Opt. 2021, 5, 100172. [CrossRef]

Lu, Y.-].; Hsieh, H.-Y,; Kuo, W.-C.; Wei, P.-K.; Sheen, H.-].; Tahara, H.; Chiu, T.-W.; Fan, Y.-J. Nanoplasmonic Structure of a
Polycarbonate Substrate Integrated with Parallel Microchannels for Label-Free Multiplex Detection. Polymers 2021, 13, 3294.
[CrossRef]

Yue, Y.; Ding, H.; Chen, C. Label-free optical antibody testing kit based on a self-assembled whispering-gallery-mode microsphere.
J. Biophotonics 2021, 14, €202000338. [CrossRef]

Hermanson, G. Silane coupling agents. In Bioconjugate Techniques; Academic Press: Cambridge, MA, USA, 2013; Volume 2.
Kong, F.; Hu, Y.F. Biomolecule immobilization techniques for bioactive paper fabrication. Anal. Bioanal. Chem. 2012, 403, 7-13.
[CrossRef]


http://doi.org/10.1109/LPT.2017.2761981
http://doi.org/10.1515/nanoph-2021-0192
http://doi.org/10.1063/1.5036693
http://doi.org/10.1016/S0030-4018(99)00191-1
http://doi.org/10.3389/fmats.2019.00277
http://doi.org/10.4103/2229-5186.79345
http://doi.org/10.1016/S0003-2670(99)00642-X
http://doi.org/10.3390/s19112488
http://www.ncbi.nlm.nih.gov/pubmed/31159167
http://doi.org/10.1016/j.rio.2021.100172
http://doi.org/10.3390/polym13193294
http://doi.org/10.1002/jbio.202000338
http://doi.org/10.1007/s00216-012-5821-1

	Introduction 
	Methodology 
	Experimental Set-Ups and Signal Processing 
	Surface Functionalisation 
	Materials 
	Preparation Scheme 


	Results 
	Transmission Spectra 
	Temperature Measurements 
	External Refractive Index Measurements 
	IgM Measuremnts 

	Discussion 
	Conclusions 
	References

