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Abstract: Carcinoembryonic antigen (CEACAM5), as a broad-spectrum tumor biomarker, plays a
crucial role in analyzing the therapeutic efficacy and progression of cancer. Herein, we propose a
novel biosensor based on specklegrams of tapered multimode fiber (MMF) and two-dimensional
convolutional neural networks (2D-CNNs) for the detection of CEACAM5. The microfiber is modified
with CEA antibodies to specifically recognize antigens. The biosensor utilizes the interference effect
of tapered MMF to generate highly sensitive specklegrams in response to different CEACAM5
concentrations. A zero mean normalized cross-correlation (ZNCC) function is explored to calculate
the image matching degree of the specklegrams. Profiting from the extremely high detection limit of
the speckle sensor, variations in the specklegrams of antibody concentrations from 1 to 1000 ng/mL
are measured in the experiment. The surface sensitivity of the biosensor is 0.0012 (ng/mL)−1 within
a range of 1 to 50 ng/mL. Moreover, a 2D-CNN was introduced to solve the problem of nonlinear
detection surface sensitivity variation in a large dynamic range, and in the search for image features
to improve evaluation accuracy, achieving more accurate CEACAM5 monitoring, with a maximum
detection error of 0.358%. The proposed fiber specklegram biosensing scheme is easy to implement
and has great potential in analyzing the postoperative condition of patients.

Keywords: CEACAM5; biosensor; specklegram; tapered MMF; 2D-CNN; ZNCC

1. Introduction

CEACAM5 is a glycoprotein involved in cell adhesion. It is a protein component
produced during the embryonic period and present inside the human body. After birth,
the inhibition of glycoprotein causes the antigen content to gradually subside, as the baby
gradually grows into adulthood. Normally, CEACAM5 in the colon and blood of adults is
kept at a low level. Therefore, when serum CEACAM5 levels are elevated, it means that the
body may suffer from cancer, including colorectal, lung, and breast cancers. CEACAM5 is
thereby widely used as a broad-spectrum tumor marker. The concentration of CEACAM5
in the blood can predict cancer and monitor the treatment, progression, and prognosis of
cancer [1–3]. In recent years, with the maturation of optical fiber manufacturing processes
and a reduction of cost, a large number of optical fiber biosensors have been designed
and utilized [4–6]. Optical fiber sensors have advantages such as their small size, light
weight, and immunity to electromagnetic interference, which are extraordinarily suitable
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for monitoring label-free tumor biomarkers [7,8]. Wei et al. designed a microfiber coupler
based on serum pre-adsorption to monitor CEACAM5 in blood, with a detection limit of up
to 34.6 fg/mL [9]. However, its detection range is relatively narrow, and the normalization
classification of antigen concentration between normal individuals and patients is liable to
cause inaccurate results. Guan et al. used a microfiber interferometer under the synergistic
effect of metal nanospheres to monitor CEACAM5 in serum, raising the detection limit to
the order of 10–16 M [10]. Alternatively, the nanosphere adsorption process is complex and
time sensitive. Hu et al. designed a lasso-shaped fiber sensor based on a fiber ring laser
cavity. The sensor successfully detected 10 ng/mL of CEACAM5 [11]. Nonetheless, the
low responsiveness of the structure to the external environment leads to sluggishness.

Currently, optical fiber specklegram sensors have been widely considered. They are
able to achieve parameter measurements using relatively simple and inexpensive devices
while still maintaining the advantages of traditional fiber sensors [12–15]. Consequently,
there is a certain research significance in expanding optical fiber sensing technology. Based
on the principle of mode interference, a specklegram carries numerous spatial state data.
The impact of external environmental changes on optical fiber can be obtained through
the output of a specklegram [16], thus it is capable of being applied to refractive index
(RI) sensing. Zhao et al. analyzed in detail the responsiveness of a specklegram sensor
based on single mode fiber—coreless fiber MMF structures for RI detection. The proposed
method provides a good foundation for the subsequent application of specklegrams in
biological sensing detection [17]. Besides, Li et al. improved the resolution of pressure
sensors to 0.001 MPa by combining a Fabry Perot interferometric cavity with optical fiber
speckle patterns [18]. Chen et al. introduced microfluidic into the fiber optic speckle
sensing system and detected single-stranded DNA on the order of 10−16 M in 60 min [19].
Gangadharan et al. systematically discussed the possibility of the nondestructive testing of
hydrogels [20], which played a leading role in flexible biosensor detection. Additionally,
Monika et al. proposed a deep learning model in IoT systems [21], which has a good demon-
stration effect in the field of sensor detection. Notwithstanding the above schemes, a new
fiber speckle technology for biomarker monitoring continues to be an urgent requirement.

In this study, a novel optical fiber biosensor based on the specklegram of tapered
MMF and 2D-CNN training has been experimentally demonstrated for the measurement
of CEACAM5. The mode excitation and energy distribution of lasers alters when the RI of
the surrounding environment changes, resulting in the transformation of the output speck-
legram. The CEACAM5 antibody is specifically modified on the surface of optical fibers,
and different concentrations of antigen adsorption can cause changes in the RI response of
the fiber surface, resulting in changes in the specklegram [22,23]. The experimental results
show that the designed biosensor has a detection range of 1–1000 ng/mL, and the waist
width of the tapered MMF equals 7.46 µm. A ZNCC function is explored to demonstrate
the surface sensitivity of the system in the range of 1–50 ng/mL, and the linear surface
sensitivity of the system is 0.0012 (ng/mL)−1. A 2D-CNN algorithm is applied to achieve
linear mapping within the full dynamic range, and the maximum detection error is 0.358%.
The designed biosensor is expected to enhance the accuracy and practicality of existing
label-free fiber optic biological monitoring systems.

2. Working Principle and Experimental Setup

Fiber speckle is a gravelly pattern which appears on the output end surface of the fiber
when the laser from a coherent source is transmitted through MMF. The field is created
by interference between conduction modes in the fiber, as shown in Figure 1. Since the
specklegram is sensitive to the guiding light conditions, the RI variation caused by the
environmental fluctuations will lead to the alteration of output specklegrams. Thus, if
the fiber is specifically modified, the pattern will be correlated with the external tumor
marker concentration. The spatial intensity distribution of the output is a superposition
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of the vibration modes propagating throughout the fiber. MMF is worked as the optical
transmission medium for analysis. The spatial distribution of amplitudes is as follows [24]:

A(x, y) =
M−1

∑
m=0

am(x, y)exp{j[φm(x, y)]} (1)

where A(x, y) is the spatial distribution on the output end face of MMF. M is the number
of modes transmitted in the MMF. am and φm are the amplitude and phase distributions of
the mth mode, respectively. The intensity I(x, y) can be expressed as [24]

I(x, y) =
M−1

∑
m=0

M−1

∑
n=0

am an(x, y)exp{j[φm − φn]} (2)

in which an and φn are the amplitude and phase distributions of the nth mode. If the fiber
is subjected to the modulation of an external RI, the guided wave mode will be coupled,
resulting in a variation in the mode power distribution. The expression for the power
change of the mth mode is [24]

∆Pm =
M−1

∑
m=0

hmn(pm − pn) (3)

where, pm and pn are the initial power values of the mth and nth modes, and hmn is the
coupling coefficient.
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Figure 1. Schematic diagram based on the tapered MMF structure.

For fiber optic speckle demodulation technology, the selection of demodulation meth-
ods is crucial for establishing the relationship between specklegrams and external alter-
ations. ZNCC is a commonly used algorithm for image matching processing. Compared
with traditional cross-correlation analysis, ZNCC subtracts the reference specklegram and
the average intensity of the current specklegram. By subtracting the local mean, the ZNCC
algorithm compensates for the brightness changes of the obtained pattern, making it more
robust to linear and uniform brightness conversions. The specific expression is [25]

ZNCC =

s (
I0 − I0

)(
I − I

)
dxdy[s (

I0 − I0
)2(I − I

)2dxdy
] 1

2
(4)

Here, I0 and I represent the spatial intensity of the initial and detected specklegrams,
respectively. I0 and I are the average intensities of the reference signal and measurement
signal, respectively.

Tapered MMF is made using a taper machine (Kepler, AFBT-8000LE-H0). The system
is adjusted to standard mode and the tapering length set to 15,000 µm. Hydrogen and
oxygen flame ignition is applied for tapering the fiber, resulting in MMF with a waist width
of 7.46 µm, as shown in Figure 2.
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Figure 2. Micrograph of the tapered MMF.

Based on the above manufacturing process, Rsoft software (version 2020; Synopsys,
Mountain View, CA, USA) is employed to simulate the mode field distribution of the
involved tapered MMF. The simulation results are shown in Figure 3; it is evident that
various high-order modes are excited to generate interference phenomena in space when
light passes through the tapered region.
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With the aim of achieving the specific adsorption of antibodies on the fiber, the fiber
was subjected to a series of pretreatments, as shown in Figure 4. Firstly, MMF was placed
in a piranha solution for 1 h. The piranha solution was prepared by mixing 98% sulfuric
acid and 30% hydrogen peroxide (3:1 by volume) to achieve hydroxylation of the optical
fiber. After rinsing the soaked optical fiber in deionized water for 5 min, an additional three
washes of ethanol solution are required to prevent hydrolysis of the silane solvent in the
next step. The second step is to immerse the MMF in an ethanol solution containing 5%
3-aminopropyltriethoxysilane (APTES) and react for 1 h to realize the formation of amino
groups on the surface. The third step is to submerse the MMF in a phosphate-buffered
saline (PBS) solution containing 5% glutaraldehyde for 40 min. Glutaraldehyde adheres to
the surface of the fiber through one of its amino-bonded aldehyde groups, leaving another
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free aldehyde group as a backup. The fourth step is to let the optical fiber soak in the PBS
solution containing the CEACAM5 antibody with a concentration of 1 µg/mL for 60 min.
A solution is prepared by diluting the antibody into PBS at pH 7.4 and immobilizing the
CEACAM5 antibody using amino groups to bind to the aldehyde groups mentioned above,
thereby forming a specific antibody on the surface of the optical fiber. Finally, the BSA
solution is utilized to rinse the fiber for 30 min to occupy and block the unbound aldehyde
groups on the surface to eliminate non-specific binding. Nine concentrations of CEACAM5
antigens, including 1, 5, 10, 20, 30, 50, 100, 500, and 1000 ng/mL were configured for this
experiment. Antigens are prepared in PBS buffer to ensure biological activity and stability.
Each concentration was tested for 1 h, and the groups were cleaned with 10 min of standard
PBS buffer to ensure full binding of antigens and antibodies; each step was completed at
room temperature.
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Figure 4. Preparation flowchart of the designed fiber biosensor.

Figure 5 shows the framework of the entire system. A fiber laser with a central
wavelength of 1550 nm (MC Fiber Optics, MCNLFL-1550-S-S2-0-FA-T1) transmits energy
into a MMF through a single mode fiber. When light is transmitted to the tapered MMF
region, the path of transmission modes in the tapered fiber region is complex and diverse.
The speckle is formed by the mixing and superposition of multiple modes. The evanescent
field of the tapered fiber leaks into the external environment, hence the variation of RI
caused by different antigens is able to affect the transmission of light within the fiber.
The light carrying biological information maps one-dimensional information into two-
dimensional specklegrams via a CMOS (CINOGY Technologies, CinCam CMOS-1201-IR)
camera, and is recorded by a computer. The exposure time is 6 ms and pixel size is
5.3 µm × 5.3 µm. The distance between the fiber tip to the CMOS camera is 5 mm. The
relevant parameters between fiber optic and CMOS cameras have a significant impact on
the sensitivity of sensors, and that specific discussion is detailed in reference [26].
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Figure 5. Configuration of the biosensor based on a tapered MMF structure.

The application of 2D-CNN to achieve ultra-high precision prediction in a large
dynamic range improves the practicability of biosensors. Its working principle is shown in
Figure 6. Firstly, the input layer imports the collected image information into the system
and pre-processes the original image data. In the next process, the convolutional layer
extracts eigenvalues from the input image information; the pooling layer is sandwiched
between successive convolution layers to compress the image and reduce overfitting. The
compressed data is flattened so that it enters the fully connected layer, which unrolls all
features and performs calculations to obtain probability values. That value is the probability
that the input image is the expected concentration. The detailed execution information
for the 2D-CNN is as follows: We first preprocessed the speckle image with a pixel size of
1280 × 1024 via normalization and converted the image to a gray level image. It was then
normalized to the standard value of 0–1 and downsampled to 320 × 256; the hardware
used for training was NVIDIA 3080 ti.
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Figure 6. Scheme of biosensor recognition based on a 2D-CNN.

3. Results

Figure 7 shows the fiber specklegrams under different modifications. It must be
acknowledged that the differences in specklegrams are extremely minute. However, within
the marked black oval frame, clear dissimilarities in intensity and morphology can be seen,
indirectly demonstrating the effectiveness of each functional processing and achieving
specific modifications.

Biosensors 2024, 14, x FOR PEER REVIEW  7  of  13 
 

 

Figure 7. Specklegrams corresponding to the specific modification for each step. 

When light is transmitted in the fiber, due to the principle of total reflection, most of 

the energy is bound in the fiber core, and only a small part of the energy enters the enve-

lope and the environment outside the fiber, that is, the evanescent field of the fiber. When 

the fiber pulls the lumbar spine thinner, more energy is spilt from the core, that  is, the 

evanescent field strength  increases, and  the effect on  the external environment  is more 

intense. Because the structure of the tapered fiber has a cladding layer that is worn off, 

and  its core  is closer  to  the external environment  than  that of a conventional fiber,  the 

evanescent wave at the cone region is more susceptible to a change of RI in the external 

environment, and can excite a large number of modes that cannot be supported by ordi-

nary multimode fiber. The coupling between modes is stronger, and the spot pattern will 

be more random and contain more information. When the fiber is specifically modified, 

the specific antigen and antibody will be adsorbed on the fiber surface to change the RI, 

and the RI change will lead to the change of the speckle pattern, and the combination of 

antibodies and antigens with different concentrations will produce different RIs. The con-

centration of CEACAM5 can be specifically monitored by monitoring the speckle pattern 

of the refractive index change. The specklegrams generated by different concentrations of 

CEACAM5 are shown in Figure 8. It is difficult to visually observe distinctions. ZNCC 

normalizes the original data into data with zero mean and unit variance. Its basic principle 

is to use the range method, subtract the mean of each data value and then divide the range 

of the data so that the data value is 0 as the center, 1 as the upper and lower limits, and 

the data value is pulled to a standardized range. It can use specific values to calibrate the 

concentration, but also has  the following advantages: 1. Noise elimination:  the original 

data may contain a lot of noise; through zero-mean normalization you can greatly elimi-

nate the noise and improve the accuracy of the model. 2. Enhance the comparability of the 

model: after zero-mean normalization, the data features will have stronger comparability, 

so the model can be better compared. 3. Optimize data processing: zero-mean normaliza-

tion can effectively transform data features into a consistent format, which can better pro-

cess data. 

Figure 7. Specklegrams corresponding to the specific modification for each step.



Biosensors 2024, 14, 57 7 of 12

When light is transmitted in the fiber, due to the principle of total reflection, most
of the energy is bound in the fiber core, and only a small part of the energy enters the
envelope and the environment outside the fiber, that is, the evanescent field of the fiber.
When the fiber pulls the lumbar spine thinner, more energy is spilt from the core, that is,
the evanescent field strength increases, and the effect on the external environment is more
intense. Because the structure of the tapered fiber has a cladding layer that is worn off, and
its core is closer to the external environment than that of a conventional fiber, the evanescent
wave at the cone region is more susceptible to a change of RI in the external environment,
and can excite a large number of modes that cannot be supported by ordinary multimode
fiber. The coupling between modes is stronger, and the spot pattern will be more random
and contain more information. When the fiber is specifically modified, the specific antigen
and antibody will be adsorbed on the fiber surface to change the RI, and the RI change will
lead to the change of the speckle pattern, and the combination of antibodies and antigens
with different concentrations will produce different RIs. The concentration of CEACAM5
can be specifically monitored by monitoring the speckle pattern of the refractive index
change. The specklegrams generated by different concentrations of CEACAM5 are shown
in Figure 8. It is difficult to visually observe distinctions. ZNCC normalizes the original
data into data with zero mean and unit variance. Its basic principle is to use the range
method, subtract the mean of each data value and then divide the range of the data so that
the data value is 0 as the center, 1 as the upper and lower limits, and the data value is pulled
to a standardized range. It can use specific values to calibrate the concentration, but also
has the following advantages: 1. Noise elimination: the original data may contain a lot of
noise; through zero-mean normalization you can greatly eliminate the noise and improve
the accuracy of the model. 2. Enhance the comparability of the model: after zero-mean
normalization, the data features will have stronger comparability, so the model can be
better compared. 3. Optimize data processing: zero-mean normalization can effectively
transform data features into a consistent format, which can better process data.
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The correlation method of speckle image analysis has been widely used in vibration
and temperature measurement as an effective means of optical measurement. This method
is essentially a full-field deformation measurement technology based on digital image pro-
cessing and numerical calculation. Its basic principle is to select a square image subregion
around the pixel of interest in the source image and to obtain the displacement vector of the
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center point of the image subregion by tracking the position of the image subregion in the
target image. The displacement field in the region of interest can be obtained by the same
correlation calculation for multiple pixels in the region of interest in the reference image.
In the actual analysis and calculation, in order to obtain accurate and reliable matching
results, the selected image subregion should be large enough to contain sufficient gray
change information, so as to ensure that the image subregion can be uniquely recognized
in the deformed image. This requires that the surface of the measured object be covered
with a speckle pattern, which acts as a deformation information carrier along with the
specimen surface during deformation. Although speckle fields can be made on the surface
of the tested sample by different methods, the gray distribution of speckle fields made by
different methods or different personnel is very different, which leads to the histogram dis-
tribution, average gray level, image contrast, and other statistical parameters of the actual
speckle map being completely different. Therefore, how to evaluate the speckle pattern
as a carrier of deformation information is undoubtedly an important problem. Moreover,
an effective speckle quality evaluation parameter will provide theoretical guidance for
speckle production on the specimen surface, which is undoubtedly beneficial to improve
the measurement accuracy of digital image processing-related methods. Strictly speaking,
speckle is a randomly distributed grayscale map, and its correlation with the original
pattern needs to be judged by dimensionality reduction, such as the ZNCC algorithm cited
in this paper.

Therefore, the ZNCC function is explored to analyze the results, as shown in Figure 9.
The experimental result indicates that the designed biosensor has a response to CEACMA5
antigens ranging from 1 ng/mL to 1000 ng/mL and exhibits a nonlinear logistic regression
fitting. A linear surface sensitivity response can be observed between 1 ng/mL and
50 ng/mL, as shown in Figure 10. The surface sensitivity of the sensor is 0.0012 (ng/mL)−1.
We have experimentally proven that the detection limit of the sensor reaches 1 ng/mL.
It must be emphasized that the experimental conditions must be stable, without any
interference from external environmental factors, otherwise it will have a significant impact
on the experimental result.
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The poor stability of biosensing elements remains the main limiting factor for their
widespread application. There are currently multiple solutions, such as enhancing the
stability of biological components through molecular evolution or protein engineering
methods; using extreme environmental organisms as biosensing sensitive elements since
the cell elements are usually stable; adding stabilizers and protectants during the storage
period of biosensitive components to extend their lifespan.

The self-compensation of sensing components is very important, and a standard
speckle pattern can be set to quantitatively calibrate by subtracting it from the sensor’s
speckle pattern to compensate for this problem.

The 2D-CNN model is operated to learn, train, and analyze the correlation between
the designed fiber specklegram and the concentration of CEACAM5. Figure 11 demon-
strates the learning curve, specifically represented as the relationship between loss and
epoch. From the figure, it can be found that after 16 epochs, the function converges, prov-
ing that there are significant deviations between solutions of different concentrations.
Besides, the model has the ability to judge the specific specklegrams corresponding to
precise antigens. More importantly, the model can demonstrate excellent classification
accuracy in both the training and validation sets, verifying the excellent generalization
ability of this framework.

A total of 900 specklegrams with 9 concentration gradients were collected in the
experiment, of which 450, 225, and 225 were used for training, validation, and testing,
respectively. The experimental results are shown in Figure 12. The predicted results
maintain good consistency with the actual values, with a maximum error of only 0.358%;
the slope equals 1.00008, demonstrating its outstanding predictive ability.
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4. Conclusions

A novel optical fiber biosensor is proposed for measurement of CEACAM5 based
on specklegrams and 2D-CNN training. The evanescent wave of a tapered MMF with
a waist width equal to 7.46 µm is more susceptible to the surrounding RI, achieving
a surface sensitivity of 0.0012 (ng/mL)−1 in the range of 1 ng/mL to 50 ng/mL. The
specific adsorption of CEACAM5 antigens leads to a change in RI, resulting in changes
in specklegrams. Moreover, the designed biosensor responds to antigens ranging from
1 ng/mL to 1000 ng/mL and can be fitted via a logistic function. In addition, a 2D-CNN
is employed to analyze the input specklegrams and predict the practical volume fraction
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of CEACAM5. The loss function converged in the seven epochs, proving that machine
learning is an effective method to analyze and predict concentration, with a maximum
analysis error of 0.358%. The designed sensing system provides a new approach for fiber
optic biosensing. More importantly, the sensor has the advantage of a high detection limit,
which can have broad prospects for application in label-free tumor marker monitoring.

Author Contributions: Conceptualization, Y.L. (Yuhui Liu) and W.L.; methodology, Y.L. (Yuhui Liu)
and W.L.; software, F.Z. and Y.L. (Yibin Liu); validation, F.Z., J.S. and J.H.; formal analysis, J.S., J.L.
and J.C.; investigation, J.H., X.Z. and P.P.S.; resources, Y.L. (Yibin Liu), J.L. and J.C.; data curation, Y.L.
(Yuhui Liu), Y.L. (Yibin Liu) and W.L.; writing—original draft preparation, Y.L. (Yuhui Liu) and W.L.;
writing—review and editing, J.C., X.Z. and M.I.V.; visualization, M.I.V.; supervision, L.S.; project
administration, M.I.V. and P.P.S.; funding acquisition, L.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Department of Natural Resources of Guangdong Province,
grant number GDNRC [2022] No. 22; Science, Technology and Innovation Commission of Shenzhen
Municipality, grant number 20220815121807001; Intelligent Laser Basic Research Laboratory, grant
number PCL2021A14-B1.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

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

References
1. Albanes, D.; Alcala, K.; Alcala, N.; Amos, C.; Arslan, A.A.; Bassett, J.K.; Brennan, P.; Cai, Q.Y.; Chen, C.; Feng, X.S.; et al. The

blood proteome of imminent lung cancer diagnosis. Nat. Commun. 2023, 14, 3042. [CrossRef]
2. Javaheri, A.; Kruse, T.; Moonens, K.; Mejías-Luque, R.; Debraekeleer, A.; Asche, C.I.; Tegtmeyer, N.; Kalali, B.; Bach, N.C.; Sieber,

S.A.; et al. Helicobacter pylori adhesin HopQ engages in a virulence-enhancing interaction with human CEACAMs. Nat. Microbiol.
2017, 2, 16189. [CrossRef] [PubMed]

3. Katz, S.C.; Hardaway, J.; Prince, E.; Guha, P.; Cunetta, M.; Moody, A.; Wang, L.; Armenio, V.; Espat, N.J.; Junghans, R.P. HITM-SIR:
Phase Ib trial of intraarterial chimeric antigen receptor T-cell therapy and selective internal radiation therapy for CEA liver
metastases. Cancer Gene Ther. 2020, 27, 341–355. [CrossRef] [PubMed]

4. Moeglen Paget, B.; Vinod Ram, K.; Zhang, S.; Perumal, J.; Vedraine, S.; Humbert, G.; Olivo, M.; Dinish, U.S. A review on photonic
crystal fiber based fluorescence sensing for chemical and biomedical applications. Sens. Actuators B Chem. 2024, 400, 134828.
[CrossRef]

5. Xia, R.-L.; Liu, B.; Hu, Y.; Liu, J.; Fu, Y.; He, X.-D.; Lu, P.; Farrell, G.; Yuan, J.; Wu, Q. Rapid Detection of SARS-CoV-2 Nucleocapsid
Protein by a Label-Free Biosensor Based on Optical Fiber Cylindrical Micro-Resonator. IEEE Sens. J. 2023, 23, 12511–12518.
[CrossRef]

6. Lobry, M.; Fasseaux, H.; Loyez, M.; Chah, K.; Goormaghtigh, E.; Wattiez, R.; Chiavaioli, F.; Caucheteur, C. Plasmonic Fiber
Grating Biosensors Demodulated Through Spectral Envelopes Intersection. J. Light. Technol. 2021, 39, 7288–7295. [CrossRef]

7. Wang, R.; Liu, C.; Wei, Y.; Ran, Z.; Jiang, T.; Liu, C.; Shi, C.; Ren, Z.; Wang, X.; Liu, Z.; et al. Fiber SPR biosensor sensitized by
MOFs for MUC1 protein detection. Talanta 2023, 258, 124467. [CrossRef]

8. Zhu, T.; Loyez, M.; Chah, K.; Caucheteur, C. Partially gold-coated tilted FBGs for enhanced surface biosensing. Opt. Express 2022,
30, 16518–16529. [CrossRef]

9. Wei, Y.; Zhou, W.; Wu, Y.; Zhu, H. High Sensitivity Label-Free Quantitative Method for Detecting Tumor Biomarkers in Human
Serum by Optical Microfiber Couplers. ACS Sens. 2021, 6, 4304–4314. [CrossRef]

10. Xiao, A.X.; Huang, Y.Y.; Zheng, J.Y.; Chen, P.W.; Guan, B.O. An Optical Microfiber Biosensor for CEACAM5 Detection in Serum:
Sensitization by a Nanosphere Interface. ACS Appl. Mater. Inter. 2020, 12, 1799–1805. [CrossRef]

11. Hu, J.; Song, E.; Liu, Y.; Yang, Q.; Sun, J.; Chen, J.; Meng, Y.; Jia, Y.; Yu, Z.; Ran, Y.; et al. Fiber Laser-Based Lasso-Shaped Biosensor
for High Precision Detection of Cancer Biomarker-CEACAM5 in Serum. Biosensors 2023, 13, 674. [CrossRef]

12. Lin, C.-H.P.; Orukari, I.; Tracy, C.; Frisk, L.K.; Verma, M.; Chetia, S.; Durduran, T.; Trobaugh, J.W.; Culver, J.P. Multi-mode
fiber-based speckle contrast optical spectroscopy: Analysis of speckle statistics. Opt. Lett. 2023, 48, 1427–1430. [CrossRef]

13. Gao, X.; Wu, J.; Song, B.; Liu, H.; Duan, S.; Zhang, Z.; Liu, X.; Sun, H. Deep Learning for Temperature Sensing With Microstructure
Fiber in Noise Perturbation Environment. IEEE Photonics Technol. Lett. 2023, 35, 1247–1250. [CrossRef]

14. Bi, R.; Du, Y.; Singh, G.; Ho, J.-H.; Zhang, S.; Ebrahim Attia, A.B.; Li, X.; Olivo, M.C. Fast pulsatile blood flow measurement in
deep tissue through a multimode detection fiber. J. Biomed. Opt. 2020, 25, 055003. [CrossRef]

https://doi.org/10.1038/s41467-023-37979-8
https://doi.org/10.1038/nmicrobiol.2016.189
https://www.ncbi.nlm.nih.gov/pubmed/27748768
https://doi.org/10.1038/s41417-019-0104-z
https://www.ncbi.nlm.nih.gov/pubmed/31155611
https://doi.org/10.1016/j.snb.2023.134828
https://doi.org/10.1109/JSEN.2023.3274110
https://doi.org/10.1109/JLT.2021.3112854
https://doi.org/10.1016/j.talanta.2023.124467
https://doi.org/10.1364/OE.458548
https://doi.org/10.1021/acssensors.1c01031
https://doi.org/10.1021/acsami.9b16702
https://doi.org/10.3390/bios13070674
https://doi.org/10.1364/OL.478956
https://doi.org/10.1109/LPT.2023.3313584
https://doi.org/10.1117/1.JBO.25.5.055003


Biosensors 2024, 14, 57 12 of 12

15. Teng, Z.; Gao, F.; Xia, H.; Chen, W.; Li, C. In Vivo Pulse Wave Measurement Through a Multimode Fiber Diffuse Speckle Analysis
System. Front. Phys. 2021, 8, 613342. [CrossRef]

16. Mu, G.; Liu, Y.; Qin, Q.; Tan, Z.; Li, G.; Wang, M.; Yan, F. Refractive Index Sensing Based on the Analysis of D-Shaped Multimode
Fiber Specklegrams. IEEE Photonics Technol. Lett. 2020, 32, 485–488. [CrossRef]

17. Cai, L.; Wang, M.; Zhao, Y. Investigation on refractive index sensing characteristics based on multimode fiber specklegram. Meas.
Sci. Technol. 2022, 34, 015125. [CrossRef]

18. Liang, Q.; Tao, J.; Wang, X.; Wang, T.; Gao, X.; Zhou, P.; Xu, B.; Zhao, C.; Kang, J.; Wang, L.; et al. Demodulation of Fabry–Perot
sensors using random speckles. Opt. Lett. 2022, 47, 4806–4809. [CrossRef]

19. Feng, F.; Chen, W.; Chen, D.; Lin, W.; Chen, S.-C. In-situ ultrasensitive label-free DNA hybridization detection using optical fiber
specklegram. Sens. Actuators B Chem. 2018, 272, 160–165. [CrossRef]

20. Potukuchi, S.; Chinthapenta, V.; Raju, G. A review of NDE techniques for hydrogels. Nondestruct. Test. Eval. 2022, 38, 1–33.
[CrossRef]

21. Roopak, M.; Yun Tian, G.; Chambers, J. Deep Learning Models for Cyber Security in IoT Networks. In Proceedings of the 2019
IEEE 9th Annual Computing and Communication Workshop and Conference (CCWC), Las Vegas, NV, USA, 7–9 January 2019.

22. Chiavaioli, F.; Gouveia, C.; Jorge, P.; Baldini, F. Towards a Uniform Metrological Assessment of Grating-Based Optical Fiber
Sensors: From Refractometers to Biosensors. Biosensors 2017, 7, 23. [CrossRef]

23. Li, Z.; Yang, X.; Wang, F.; Zhu, H.; Jin, X.; Duan, Y.; Chiavaioli, F. Discriminating Bulk and Surface Refractive Index Changes With
Fiber-Tip Leaky Mode Resonance. J. Light. Technol. 2023, 41, 4341–4351. [CrossRef]
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