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High-resolution tumor marker detection based
on microwave photonics demodulated dual

wavelength fiber laser sensor

Jie Hue!, Weihao Lin?, Liyang Shao'*, Chenlong Xue!, Fang Zhao!,
Dongrui Xiao?*, Yang Ran3, Yue Meng*, Panpan He®, Zhiguang Yu®,
Jinna Chen! and Perry Ping Shum!

The specific detection of tumor markers is crucial in early tumor screening and subsequent treatment processes. To ac-
curately distinguish the signal response caused by trace markers, the high demodulation resolution of the sensor is nec-
essary. In this paper, we propose a dual-wavelength fiber laser sensing system enhanced with microwave photonics de-
modulation technology to achieve high-resolution tumor marker detection. This sensing system can simultaneously per-
form spectral wavelength-domain and frequency-domain analyses. Experimental results demonstrate that this system's
refractive index (RI) sensitivity reaches 1083 nm/RIU by wavelength analysis and —1902 GHz/RIU by frequency analysis,
with ideal detection resolutions of 1.85%x10-° RIU and 5.26x10-8 RIU, respectively. Compared with traditional wavelength
domain analysis, the demodulation resolution is improved by three orders of magnitude, based on the same sensing
structure. To validate its biosensing performance, carcinoembryonic antigen-related cell adhesion molecule 5
(CEACAMS) is selected as the detection target. Experimental results show that the improved sensing system has a limit
of detection (LOD) of 0.076 ng/mL and a detection resolution of 0.008 ng/mL. Experimental results obtained from human
serum samples are consistent with clinical data, highlighting the strong clinical application potential of the proposed sens-
ing system and analysis method.

Keywords: optical fiber sensor; optical fiber laser; microwave photonics demodulation; high-resolution detection; tumor
marker detection
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Introduction prove the survival rate of cancer patients’. As a supple-
In recent years, cancer incidence and mortality rates ment to traditional diagnostic methods such as imaging
have continued to rise worldwide'. Early-stage detection, examination, the detection of tumor markers has impor-
diagnosis, and treatment are of great significance to im- tant auxiliary diagnostic value in the early screening of
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tumors®*. Immunoassays such as enzyme-linked im-
munosorbent assay (ELISA) are prevalent in current
clinical diagnosis, realizing the quantification detection
of specific tumor markers, and exhibiting satisfactory
sensitivity and specificity”®. Nevertheless, these assays are
relatively time-intensive and often necessitate skilled re-
searchers to execute them due to their complicated sam-
ple labeling procedures. With the advent of Point-of-
Care Testing (POCT) and the emergence of novel label-
free detection technologies, such as those based on nano-
materials, optics, and electrochemistry, new avenues
have opened for tumor marker detection’ . These
methods offer real-time affinity responses and rapid re-
sults while being easy to operate.

Optical fiber biosensors, which are built on silica
fibers with a diameter of several hundred microns, have
the characteristics of fast response, small size, low cost,
and anti-electromagnetic interference. In recent years,
the research of biosensors based on optical fiber has
gradually emerged!!. For example, a fiber light-coupled
optofluidic waveguide biosensor was proposed for the
detection of p53 protein'2. A plasmonic optical fiber
biosensor based on tilted fiber Bragg grating was pro-
posed to detect breast cancer cells'®. The sensitivity of the
sensor can be greatly improved by attaching two-dimen-
sional materials, metal micro-nano particles, and de-
posited films to the surface of the optical fiber sensor to
achieve local electromagnetic field enhancement'*-'°. The
antigen sandwich method based on immunoassay pro-
vides an effective strategy to amplify the signal caused by
biomolecular binding events'’-". Several fiber laser
biosensors are designed and make the change of the
spectral signal more easily distinguishable?*?!. However,
a conventional optical fiber sensor is usually implemented
based on wavelength monitoring using an optical spec-
trum analyzer (OSA), the best wavelength resolution of
which is 0.02 nm. This means that when using OSA to
analyze spectral wavelength changes, only the GHz or-
der and larger frequency changes can be resolved, which
restricts the sensing resolution of optical fiber sensors.

To distinguish the weak signal caused by trace tumor
markers, it is necessary to employ ultrahigh-resolution
interrogation methods. Microwave photonics is an inter-
disciplinary subject combining microwave engineering
and optoelectronics®*?. It has potential applications in
high-precision sensing systems, in which converting op-
tical wavelength changes into microwave spectrum
changes and significantly improving resolution®*?. De-

https://doi.org/10.29026/0ea.2024.240105

spite this, there has been little research on microwave
photonics technology combined with fiber optic sensors
for biological detection and even tumor marker detec-
tion. In this paper, a dual-wavelength laser sensing sys-
tem assisted by microwave photonics demodulation
technology is constructed for the specific detection of tu-
mor markers in serum and demonstrated to be with high
sensing resolution. The laser spectral wavelength analy-
sis based on OSA, and the radiofrequency (RF) signal
analysis based on microwave photonics demodulation
are performed simultaneously and the detection perfor-
mance is compared in detail. Compared with optical
wavelength-based demodulation, time-delay dispersion-
based microwave photonics demodulation improves the
detection resolution and limit of detection (LOD) effec-
tively. The proposed biosensor and corresponding de-
modulation device can be extended to a wider range of
biological detection applications.

Sensor design and principle

Experimental setup

Figure 1 shows the dual-wavelength fiber laser sensor
and its signal analysis system, where the laser spectral
wavelength analysis based on OSA and RF signal analy-
sis based on microwave photonics demodulation can be
carried out simultaneously. As shown in the left portion
of Fig. 1, a fiber ring laser cavity is constructed to achieve
dual-wavelength laser output. The 980 nm pump light is
injected into the fiber ring cavity through a 980/1550
wavelength division multiplexer (WDM), exciting the er-
bium ions in the approximately 40 cm long erbium-
doped fiber (EDF) and generating signal light at approxi-
mately 1525-1565 nm. Subsequently, add an optical iso-
lator (ISO) to ensure one-way transmission of light in
the loop cavity. After passing through the ISO, the signal
light is split into two paths, Path 1 and Path 2, by a 50/50
fiber optical coupler (OCl). These two paths are
equipped with independent filtering structures to achieve
tunability of the dual-wavelength laser. Path 1 employs a
tapered lasso-shaped fiber sensor for filtering, which is
described in detail below. In Path 2, filtering is achieved
using a fiber Bragg grating (FBG). The signal light inside
the cavity is directed into the FBG through a circulator,
and the reflected light from the FBG is received back in-
to the optical path. To balance the optical power in the
two paths, an adjustable optical attenuator (OA) is in-
cluded in Path 2. The filtered signal lights are then
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Fig. 1 | Dual-wavelength fiber laser sensor and its signal demodulation system.

merged again through a 50/50 fiber optical coupler
(OC2). Finally, through a 90/10 fiber optical coupler
(OC3), 10% of the signal light is output for analysis,
while the remaining 90% continues to circulate and am-
plify within the cavity, forming the laser.

The generated laser signal is split again into two by a
subsequent 50/50 fiber optical coupler (OC4), with one
signal transmitted to an OSA for laser spectral analysis,
and the other used for microwave photonic demodula-
tion. In the microwave photonic demodulation scheme,
as shown in the right portion of Fig. 1, the dual-wave-
length laser is first input into an electro-optic modulator
(EOM, iXblue, MXAN-LN-40), which is driven by a 5 V
bias voltage. Meanwhile, the RF signal output (9 kHz ~ 9
GHz) from Port 1 of the vector network analyzer (VNA,
Keysight, P5002A) is amplified by a microwave amplifi-
er (MA) and then fed into the EOM to intensity-modu-
late the dual-wavelength laser (carrier signal). The mod-
ulated optical signal passes through a dispersive delay
line (dispersion coefficient of -168 ps/nm @1545 nm)
and is then directed into a photodetector (PD, Shenzhen
HLT Optical Technology Co., Ltd.), where it is convert-
ed from an optical signal to an RF signal. Finally, port 2
of the VNA receives the signal, obtains the RF domain
interference spectrum, and displays it on the computer.

Filters in the laser cavity and dual-wavelength laser
output

The filter in Path 1 inside the laser cavity employs a ta-
pered lasso-shaped fiber sensor, which consists of alter-
nately spliced single-mode fiber (SMF) and coreless fiber

(CLF). As shown in Fig. 2(a), the SMF is first spliced
with a small segment of CLF about 1 mm long, followed
by a small segment of SMF about 8 mm long, then an-
other small segment of CLF about 1 mm long, and final-
ly, an SMF is used for the signal output. The middle SMF
section is heated by hydrogen-oxygen flame and
stretched to form a tapered optical fiber with a mini-
mum diameter of 14.4 pm. The optical fiber is bent to get
a lasso structure. A glass capillary tube with an inner di-
ameter of 0.9 mm is attached to maintain the lasso struc-
ture and UV curing adhesive is injected into the glass
tube to enhance the structural stability.

The tapered lasso-shaped fiber sensor is a multimode
interferometer'’. The arrow on the structural diagram in
Fig. 2(a) briefly describes the transmission direction of
the optical signal within the structure. Through simula-
tion with RSOFT software, Fig. 2(b) presents the optical
field energy distribution inside the sensing probe and ta-
pered region of structure, visually demonstrating the op-
tical transmission path and interference phenomena. The
parameters set in the simulation are as follows: The free-
space optical wavelength is set to 1.55 pm. The core and
cladding diameters of the SMF are 8.2 pum and 125 pm,
respectively. The cladding diameter of the CLF is 125
pm. The cladding diameter of the tapered section is set to
15 um, and the core diameter is set to scale down pro-
portionally. The RI of the core and cladding of SMF are
1.457 and 1.4447, respectively. The RI of the CLF is
1.4447. Simulation results show that when light from the
SMF core passes through the CLF, the beam diffuses and
propagates forward simultaneously in both core and
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Fig. 2 | (a) Schematic diagram and detail enlarging diagram of the tapered lasso-shaped fiber sensor. (b) Simulation results of the light field ener-
gy distribution in the sensing probe, tapered region (locally enlarged) and output SMF section (locally enlarged), as well as simulated transmis-
sion spectrum of output signal. (c) Interference spectrum of tapered lasso-shaped fiber sensor. (d) Reflection spectrum of FBG. (e) Dual-wave-

length laser spectrum.

cladding modes. In the tapered lasso region, the cladding
mode generates much evanescent field energy on the
cladding surface, which interacts with the surrounding
environment, as shown in the electromagnetic field dis-
tribution diagram in Fig. 2(b). Compared with the origi-
nal straight structure, the bending design to form a lasso
structure allows more evanescent field to interact with
the external environment (see detailed comparison in
Supplementary information Fig. S1).

At the second segment of CLF (serving as a beam
combiner), the core and cladding modes meet and enter
the core of the subsequent SMF together. Since the core
and cladding modes travel through different paths be-
fore merging, a phase difference arises, leading to an in-
terference phenomenon. Simulation results at the out-
put SMF region (after second segment of CLF, locally en-
larged) shows that there are confined modes in the fiber
core. The periodic changes of red color and light pink are
shown in the electromagnetic field distribution diagram,
indicating a periodic intensity change. The spectral anal-
ysis of the simulated output signal is also given in Fig.
2(b), which verifies the existence of interference phe-
nomena of the output signal. When the surrounding RI
of the sensor is changed, set to be 1.333, 1.334 and 1.335

respectively, the simulated transmission spectrum will

redshift due to the evanescent field's perception of the
surrounding environment. When the ambient RI in-
creases, due to the interaction between the evanescent
field and the surrounding environment, the effective RI
of micro-fiber becomes larger (see Supplementary infor-
mation Fig. S2), thus making the overall optical path of
the sensor larger. Therefore, the resonant wavelength of
the interference also increases synchronously, resulting
in the spectrum redshift with the increase of the ambient
RI. Figure 2(c) shows the experimental measured inter-
ference spectrum of the tapered lasso-shaped fiber sen-
sor. Due to the slight deviation between the simulation
parameters and actual situation, there are differences be-
tween the measured spectra and the simulated output
power spectra, but the overall characteristics are similar,
exhibiting distinct interference characteristics.

In Path 2, filtering is achieved using an FBG. The re-
flection wavelength of the FBG used is approximately
1555 nm, as shown in Fig. 2(d). To enhance the stability
of the FBG, a glass capillary tube with an inner diameter
of 0.5 mm and UV-curing glue is used to reinforce it,
leaving only the sensing area of the FBG exposed at the
end face. Although the filtering effects of the two filters
in Path 1 and Path 2 are independent, they can be fixed
together on the same glass slide for simultaneous
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detection, as shown in the inset of Fig. 1, which ensures
that the sensing areas of both are highly aligned and can
be simultaneously immersed in the sample under test to
sense environmental changes. Under the combined ef-
fect of the filtering by the FBG (indicated by the blue
dashed line) and the interference filtering of the tapered
lasso-shaped fiber sensor (indicated by the red dashed
line), the final dual-wavelength laser spectrum is shown
in Fig. 2(e). Laser signals with narrow linewidth, and a
signal-to-noise ratio (SNR) exceeding 50 dB are formed
near approximately 1555 nm and 1557.6 nm, respective-
ly. The 3 dB bandwidths of the laser spectrum are both
0.04 nm.

Principle of microwave photonic demodulation

The principle of microwave photonics demodulation
based on dispersion-induced time delay is shown in Fig.
3. The dual-wavelength laser signals, serving as carrier
signals, are synchronously transmitted into the EOM and
undergo intensity modulation by the RF signal. Subse-
quently, the two carriers with different laser wavelengths
synchronously enter the dispersive delay line. Due to dis-
persion, light with different wavelengths travels at differ-
ent speeds in the delay line, resulting in a transmission
delay between the two carriers. Finally, when they reach
the PD, the PD only senses the intensity variation of car-
rier signals (RF signal). Due to the time delay between
the two carriers, the combine of RF signals produces in-
terference phenomena, forming an interference spec-
trum in the frequency domain.

Power
Laser-ref Laser-sensing

I Wavelength J

Transducing by
microwave photonics

https://doi.org/10.29026/0ea.2024.240105

Set the dispersion coefficient and the transmission
length of the dispersion delay line are D and L respec-
tively, the two wavelengths of laser signals are A (laser-
reference) and Agensing (Laser-sensing). The time delay At
of the two carriers (laser signals) after the dispersion de-
lay line can be expressed as:

At = DL (Asensing - Aref) . (1)

If the frequency of the microwave signal is fir, then
the phase difference Ag@,, of the modulated signal
(caused by the time delay) perceived by the photodetec-
tor can be expressed as:

A@pe = 21 X frp X At . 2)

When the phase difference of the modulated signal
(microwave signal) is accumulated to an odd multiple of
1, the RF response of microwave photonic demodula-
tion (interference signal) reaches the weakest point. The
resonant valley frequency of the RF response spectrum
can be expressed as:

Jreop = 2k +1)/ (241)
= (2k +1)/ [2DL (Aensing — Aret)], k=0, 1, 2, 3, ...
3)
The period of the interference spectrum of the RF re-
sponse, i.e. the free spectral range (FSR), can be ex-
pressed as:

FSRRF == 1/ At - 1/ [DL (Asensing - A‘ref)] . (4)
From Eq. (3) and Eq. (4), both the resonant valley fre-

quency and the FSR of the RF interference spectrum are
inversely proportional to the wavelength difference of

+ Laser-sensing

Laser-sensing
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Fig. 3 | Principle of microwave photonic demodulation based on optical dispersion induced time delay.
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curve.

the dual-wavelength laser. When the wavelength differ-
ence changes, both the resonant valley frequency and the
FSR will also change. Thus, variations in the laser wave-
lengths of the dual-wavelength laser spectrum are con-
verted into frequency variation information in the RF

spectrum.

Results and discussion

RI detection and wavelength-frequency dual-
domain analysis

The FBG and the tapered lasso-shaped fiber sensor are
simultaneously immersed in different NaCl solutions
with RIs ranging from 1.3339 to 1.3369 to observe the
spectral shifts, based on which the sensitivity response of
the sensor to external RI variation is judged. In order to
reduce the influence of factors such as ambient tempera-
ture change and vibration on the test results, during the
entire RI test and subsequent biological detection experi-
ment, the test was operated on an optical table, and the
room temperature is controlled as much as possible (air
conditioning temperature 20 °C). As shown in Fig. 4(a),
with the increase of the external RI, the laser correspond-
ing to FBG remained stable without any shift, which is
consistent with previous studies that ordinary FBG is in-
sensitive to external RI change. In contrast, the laser cor-

responding to the tapered lasso-shaped fiber sensor ex-
hibits a red shift with increasing RI. Figure 4(b) shows
the linear fitting relationship between the laser wave-
lengths and RI. The laser wavelength corresponding to
FBG stabilizes at 1554.99 nm (reference laser); while the
laser wavelength corresponding to the tapered lasso-
shaped fiber sensor increases linearly with the RI (sens-
ing laser), and its sensitivity is 1083.06 nm/RIU, with a
linearity of 0.9994. Since the best resolution of the OSA
used is 0.02 nm, the theoretical RI detection resolution
based on laser spectral analysis can be calculated to be
1.85x10-° RIU. However, the actual resolution will be
limited by the performance of the sensor itself. Consider-
ing the maximum standard deviation ¢ of the wave-
length shift fluctuation for multiple measurements (5
times for each solution) is 0.023 nm, the real detection
accuracy is 2.12x10-° RIU.

The smaller taper diameter, as well as the smaller
bending diameter, help to improve the response sensitiv-
ity of the effective RI of the micro-fiber to the external RI
varjation (see Supplementary information Fig. S3),
which helps to increase the fiber sensor’s sensitivity. The
tapered fiber with smaller diameter has a larger spectral
response sensitivity. More experimental results can be
found in Supplementary information Fig. S4. Consider-
ing that the robust structure and stable performance of
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the sensor are crucial when measuring in complex envi-
ronments or viscous liquids (such as body fluids). Here,
the tapered lasso-shaped fiber sensor with taper diame-
ter of 14.4 um and bending diameter of around 2 mm are
used for subsequent biosensing performance verification.
Moreover, the fixing of the glass sleeve to the structure,
the stretching and extrusion of the material by the bend-
ing of the optical fiber, and the stress balance of the
structure itself ensure the stability of the sensor struc-
ture. The weak force of the sensor during repeated im-
mersion in the liquid is not enough to affect the lasso
structure, which ensures that the detection results of the
sensor in the repeated detection process are reliable. This
has been confirmed by our previous experimental
results®.

The RI detection analysis based on microwave pho-
tonics demodulation is carried out simultaneously. Fig-
ure 4(c) shows the RF interference spectra in different RI
environments. As the RI increases, the RF spectrum be-
coming tighter, and the frequency of the FSR and each
resonant valley point (or called notch) decreases accord-
ingly. Figure 4(d) depicts the relationship between FSR
and external RI and its fitting curve. According to Eq.
(4), when the parameter of the dispersion delay line is
constant, FSR is inversely proportional to the laser wave-
length difference. Because the laser wavelength differ-
ence is linear to the external RI according to the fitting
result in Fig. 4(b), FSR and the external RI should be in-
versely proportional. Using inverse proportional func-
tion fitting (represented by the blue solid line), the func-
tional relationship between FSR and the external RI can
be obtained as follows:

FSRy: = 0.6787/(0.1254 x n — 0.1670) ,  (5)

with a good fitting degree of R?=0.9995. In the applica-
tion of biological detection, the RI of the dissolved
biomolecular solution diluted by PBS buffer basically
around 1.335. To simplify the operation, linear fitting is
performed in the smaller RI range of 1.3344-1.3359, and
the sensitivity of —535.56 GHz/RIU is obtained by linear
fitting (solid red line) with a good fitting degree of
R?=0.9821. The RF spectrum resolution is set to 0.1
MHz, the theoretical detection resolution is 1.87x107
RIU. However, the maximum standard deviation o of the
frequency fluctuation for multiple measurements (5
times for each solution) is around 3.4 MHz. Thus, the re-
al measurement accuracy is 6.35x10-¢ RIU.

The period of the RF spectrum becomes denser as the

RI increases, and the frequency of each notch decreases.
To maximize the offset effect of spectrum, the maximum
notch frequency is selected as the reference point of the
sensing signal. When the RI of solution is 1.3339, the RF
spectrum contains only 4 notches due to the large FSR.
Therefore, the 4th notch is the largest notch that can be
selected during this entire RI test process. The frequency
of the 4th notch, is taken as the reference point of the
sensing signal, marked by the red circle in Fig. 4(c). The
relationship between the frequency of the 4th notch and
the RI is shown in Fig. 4(e). Similarly, an inverse propor-
tional function (blue fitting line) can be obtained:

f=2.3583/(0.1253 x n — 0.1669) , (6)

with a fitting degree of R?=0.9990. The data in the RI
range of 1.3344-1.3359 are linearly fitted (red solid line),
and the sensitivity of —1902.18 GHz/RIU is obtained.
The coefficient R?=0.9833, indicating that the fitting ef-
fect is good. The resolution of RF spectrum is 0.1 MHz,
and the theoretical RI detection resolution can be calcu-
lated as 5.26x1078 RIU. Considering the maximum stan-
dard deviation o of the 4th notch shift fluctuation for
multiple measurements (5 times for each solution) is
around 15.1 MHz, corresponding to a real measurement
accuracy of 7.94x107¢ RIU.

In Table 1, the RI detection performances of our sens-
ing system based on wavelength domain and frequency
domain analysis are listed and compared with that of
other optical fiber sensors reported in recent years.

As evident from Table 1, the sensing system proposed
in this paper, utilizing microwave photonic demodula-
tion for RF spectrum analysis within the same structure,
significantly enhances the theoretical RI detection reso-
lution and real detection accuracy compared to tradi-
tional spectral wavelength variation analysis, achieving a
performance improvement of one and even two orders
of magnitude. When compared to other recently pub-
lished optical fiber sensing technologies, including those
based on spectral wavelength shift, light intensity varia-
tion, speckle analysis, and microwave photonic demodu-
lation, our proposed sensing system demonstrates high-
er sensitivity, superior resolution and better real detec-
tion accuracy in RI detection.

Antibody functionalization

Using the tumor marker Carcinoembryonic antigen-re-
lated cell adhesion molecule 5 (CEACAMS5) as the specif-
ic detection target, the sensor is modified with anti-CEA-

240105-7


https://doi.org/10.29026/oea.2024.240105

Hu J et al. Opto-Electron Adv 7, 240105 (2024)

https://doi.org/10.29026/0ea.2024.240105

Table 1 | The Rl detection performance and comparison of optical fiber sensors proposed in recent years.

. Theoretical Maximum o .
. RI detection . . . Real detection
Sensors and demodulation method o detection during multiple Reference (Year)
sensitivity . accuracy b2(RIU)
resolution (RIU) measurements
Graphene-assisted D-shaped PCF sensor,
) 7,500 nm/RIU 1.33x10°° Not found Not found ref.?6 (2022)
wavelength shift
Gold-coated hollow-core fiber,
. 6,000 nm/RIU 2.50x10° Not found Not found ref.?7 (2023)
wavelength shift
D-shaped PCF-based SPR sensor,
. 12,100 nm/RIU 8.26x10° Not found Not found ref.28 (2024)
wavelength shift
Hollow core PCF-based SPR sensor,
. 9,217.22 nm/RIU 1.09%10° Not found Not found ref.?° (2023)
wavelength shift
Random Raman fiber laser sensor,
o . L -39.88 W/RIU 2.51x105 0.012 W 3.0x10+ ref.%? (2023)
light intensity variation
Tapered multimode fiber, speckle analysis 19.52 /RIU 5.84x105 0.0012 6.15%105 ref.®! (2023)
Au-coated TFBG fiber sensor, time-domain
. . ) —213 ps/RIU 7.50x107 15.2 ns 7.13x10° ref.%2 (2022)
microwave photonics demodulation
MZI fiber sensor, frequency-domain
) . . -1.11 GHz/RIU 9.00x107 <0.1 MHz <9.00x10% ref.%* (2022)
microwave photonics demodulation
Dual-wavelength fiber laser, wavelength shift ~ 1083.06 nm/RIU 1.85%10° 0.023 nm 2.12x10% In this paper
Frequency domain microwave photonics .
) o -535.56 GHz/RIU 1.87x107 3.4 MHz 6.35x10% In this paper
demodulation, FSR variation
Frequency domain microwave photonics .
-1902.18 GHz/RIU 5.26x10® 15.1 MHz 7.94x10% In this paper

demodulation, maximal notch frequency shift

CAMS5 antibodies. Figure 5(a) illustrates the flowchart of
the antibody functionalization process. The antibody
modification steps are as follows: Firstly, the optical fiber
is immersed in freshly prepared piranha solution for 60
minutes to generate the hydroxyl functional groups on
the surface of the fiber. Subsequently, the treated optical
fiber is cleaned with deionized water and anhydrous
ethanol, and then immersed in a 5% APTES ethanol so-
lution for 90 minutes to aminate its surface. After that,
the optical fiber is cleaned again and immersed in a 5%
glutaraldehyde PBS solution for 45 minutes to produce
aldehyde groups on the surface. Next, after cleaning the
optical fiber with fresh PBS buffer, it is immersed in the
anti-CEACAMS5 antibody solution (concentration of 50
pg/mL) for 60 minutes to achieve antibody immobiliza-
tion. Finally, the optical fiber is soaked in a BSA-TBS
blocking solution for 30 minutes to block unbound
aldehyde sites.

To verify the success of antibody modification, anti-
CEACAMS5 antibodies labeled with fluorescein isothio-
cyanate (FITC) are used, followed by fluorescence mi-
croscopy imaging. FITC is an organic fluorescent dye
that can absorb blue light at 490-495 nm and emit green
light at 525-530 nm. It is commonly used for covalent at-
tachment to target molecules for visualization, detection,
and quantification. The antibodies labeled with FITC are

modified according to the process shown in Fig. 5(a). Af-
ter washing steps in PBS buffer to remove unbound
biomolecules, the antibody-bound optical fiber and an
unmodified optical fiber are placed under an inverted
fluorescence microscope (model XD-RFL, SOPTOP) for
observation. As shown in Fig. 5(b), there is no signifi-
cant difference between the two fibers under dark condi-
tions. However, when illuminated with blue light at 490-
495 nm, as shown in Fig. 5(c), the surface of the optical
fiber modified with FITC-labeled antibodies emitted
green fluorescence, while the unmodified fiber showed
no fluorescent signal. This stark contrast visually demon-
strates the successful modification of antibody on the op-

tical fiber surface, indicating a stable binding effect.

Tumor marker detection in PBS buffer
CEACAMS5 protein molecules are used as specific detec-
tion targets. The lyophilized powder of CEACAMS5 is ful-
ly dissolved and homogenized in PBS buffer and diluted
to different concentrations: 0.2 ng/mL, 0.4 ng/mL, 1
ng/mL, 2 ng/mL, 4 ng/mL, 10 ng/mL, 40 ng/mL, 100
ng/mL, and 400 ng/mL. The prepared CEACAMS5 solu-
tions of various concentrations are stored at 4 °C for
short-term refrigeration. Pure PBS buffer is used as a
blank control group.

The antibody-modified optical fiber biosensor is firstly
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Fig. 5| (a) Flow diagram of antibody modification on the fiber surface for antigen detection. (b) Microscopic imaging in a low light environment,

and (c) fluorescence microscopic imaging of optical fiber sensors without antibody functionalization and immobilized with antibody (FITC labeled).

soaked in a PBS buffer for 15 minutes to remove the un-
stable binding biomolecules. Then the blank control
group is tested. Figure 6(a) shows the dual-wavelength
laser spectrum during the test of the blank control group.
The continuous 40-minute monitoring of the reference
laser wavelength (blue dot and line) and the sensing laser
wavelength (red dot and line) during the testing are
shown in Fig. 6(b). During this period, the wavelength of
the reference laser and the sensing laser is stable, the
maximum offset of the laser wavelength difference is 0.01
Alhuens = het) g 15

0.002 nm, and the standard deviation o of the random

nm, the average wavelength change A(A

fluctuation is 0.008 nm. RF spectrum information based
on microwave photonics demodulation is also recorded
synchronously, and Fig. 6(c) shows the RF spectrum dur-
ing the test of the blank control group. Continuous mon-
itoring of spectral FSR changes and the maximum notch
(5% notch) frequency changes within 40 mins is shown in
Fig. 6(d). The FSR is relatively stable, with a random
fluctuation standard deviation o of 2.3 MHz and an aver-
age variation (AFSRgy),, . of 2.0 MHz. The random fluc-
tuation of the frequency change of the 5* notch is slight-
ly larger, with an average change (AthCh)blankOf 9.9
MHz and a standard deviation o of 12.9 MHz.

The sensor is immersed in CEACAMS5 solution of dif-
ferent concentrations for 40 mins to fully react and then
immersed in PBS buffer 3 times to remove the unstably
bound biomolecules, and then record dual-wavelength
laser spectra, as shown in Fig. 7(a). Compared with the
laser spectrum in PBS, the laser spectrum after reaction
with CEACAMS solution has an observable change. The
specific performance is that the wavelength of the refer-
ence laser remains unchanged, and the wavelength of the
sensing laser becomes larger. Moreover, the wavelength
variation of the sensing laser is positively correlated with
the concentration of CEACAMS5 solution. Therefore, the
change in the laser wavelength difference is positively re-
lated to the concentration of the CEACAMS5 solution. The
change in the laser wavelength difference corresponds to
the concentration of the CEACAMS5 solution is shown in
Fig. 7(b). The concentration of the CEACAMS5 solution
has a significant influence on the sensor detection re-
sults. When the concentration is less than 1 ng/mL, due
to the limitations of sensitivity and demodulation resolu-
tion, the sensor's response to the concentration change is
not obvious. As the concentration increases, the sensor
begins to sensitively detect the difference in molecular

concentration. However, when the concentration rises to
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Fig. 7 | (a) Dual-wavelength laser spectra after sufficient reaction in CEACAMS5 solutions with different concentrations. (b) The fitting relationship
between the change in wavelength difference and CEACAMS5 concentration. (¢) Comparison and significance difference test of the variation of

laser wavelength difference between CEACAMS solution, non-specific protein control groups and blank control group.

a certain extent, the antigen-antibody binding sites on
the sensor surface tend to be saturated, resulting in a
slowdown in response increase. Langmuir isotherm
equation®** can be used to fit the above change trend,

and the formula can be expressed as:

A Mgens = Aret) = [A (Agens — Aet)],, X [KC/ (1+KC)]
(7)

where C is the biomolecular concentration (ng/mL) and

K is the equilibrium binding constant, which describes

the ratio between unbound and bound antibodies under
steady-state conditions. The detection results of each
concentration in Fig. 7(b) are fitted according to Eq. (7),

and the following relationship can be obtained:

A (Ayens — Aret) = 0.679%[(0.052 x C)/ (14 0.052 x C)] .
(8)

The coefficient of determination R? = 0.9893, and the
fitting effect is good. According to Eq. (8), the function

relation with the change of laser wavelength difference
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A (Asens
centration C as the dependent variable is obtained:

— Awt) as the independent variable and the con-

C = A (Aeens — Mer) / {[0:679 — A (Agens — Arer)] X 0.052} .
)

The minimum signal that the sensing system can re-
solve is limited by blank control noise (o) and the de-
modulation resolution of the device. Considering that
the A(Asens — Aef) e + 30 (threshold to distinguish ef-
fective signal from random noise) of the sensor in the
blank control group is 0.026 nm, the LOD based on spec-
tral wavelength analysis can be calculated as 0.77 ng/mL
according to Eq. (9). The LOD calculated by the formula
is in good agreement with the experimental results ob-
tained by OSA measurement.

To validate the specificity of our designed biosensor,
three sets of nonspecific protein control groups are set,
that are 500 ng/mL human epidermal growth factor re-
ceptor 2 (HER2) solution, 1000 ng/mL alpha-fetoprotein
(AFP) solution, and 1000 ng/mL placental growth factor
(PLGF) solution. HER2 serves as a vital marker for vari-
ous tumors such as breast cancer and ovarian cancer,
AFP is primarily associated with liver cancer, and PLGF
is expressed in multiple tissues, closely related to angio-

genesis. In each testing of nonspecific protein control
groups, the sensor is immersed in the solution for 40
minutes, followed by thorough rinsing in PBS buffer,
while wavelength changes are recorded. After sufficient
reaction and rinsing processes, the spectral differences
before and after the experiments are compared. The re-
sults show that the laser difference changes in HER2,
AFP and PLGF control groups were 0.027 nm, 0.023 nm,
and 0.028 nm, respectively. Comparing the experimental
results of all groups, the signal responses of the non-spe-
cific protein control group and blank control group are
the same order of magnitude, and significantly lower
than that of the CEACAMS5 solution. Specifically, a 10
ng/mL solution of CEACAMS as a specific target causes
a wavelength shift of 0.238 nm, nearly 10 times that of
non-specific proteins with higher concentrations. The
significant difference (p < 0.0001) is confirmed by statis-
tical tests, indicating that the sensor has a highly specific
ability to detect CEACAMS.

The change of laser wavelength caused by biological
immune binding in the CEACAMS5 solution also syn-
chronously causes the signal change in the RF spectrum,
as shown in Fig. 8(a). Compared with the RF spectrum in
PBS bulffer, the RF spectrum after reaction in CEACAM5
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Fig. 8 | (a) RF spectra based on microwave photonic demodulation after sufficient reaction in CEACAMS5 solution with different concentrations.

(b) The fitting relationship between spectral FSR reduction and CEACAMS5 concentration. (c) Comparison of spectral FSR reduction in different

control groups and their significance difference test. (d) The fitting relationship between 5" notch frequency reduction and CEACAM5 concentra-

tion. (e) Comparison of 5" notch frequency in different control groups and their significance difference test.
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solutions becomes denser. In Fig. 8(a), the blue dashed
line marks the decreasing trend of FSR, and the red
dashed line marks the decreasing trend of the 5% notch
frequency. These frequency changes are positively corre-
lated with CEACAMS5 solution concentration. With the
increase in concentration, the decrease in frequency is
greater.

Figure 8(b) visually shows the relationship between
FSR and CEACAMS5 concentration. With the increase of
concentration, the frequency of FSR decreases first slow-
ly, then quickly, and finally slowly. This trend is fitted by
the Langmuir isotherm model, and the corresponding
relation is obtained:

|AFSRys| = (7.953 +12.972 x C) / (14 0.0497 x C) .
(10)
The coefficient of determination R? = 0.9934, indicat-
ing that the fitting effect is good. According to Eq. (10), a
relationship that takes the reduction of FSR as the inde-
pendent variable and concentration C as the dependent
variable can be obtained:

C = (JAFSRye|—7.953) / (12.972—0.0497 % |AFSRy]) -
(11)

Considering that the (AFSRgg),,., + 30 of the sensor

blank
in the blank control group (the threshold that distin-
guishes the effective signal from random noise) is 8.9
MHz, substituting it into Eq. (11), the LOD based on the
FSR variation can be obtained as 0.076 ng/mL. The reso-
lution of RF spectrum used here is 0.1 MHz, and the de-
tection resolution between LOD can be calculated as
0.008 ng/mL.

The sensors are fully reacted in different nonspecific
protein control groups and blank control groups, and af-
ter soaking in the new PBS bulffer, the reduction of spec-
tral FSR (compared with the value soaked in PBS buffer
before the reaction) is recorded and compared in Fig.
8(c). There are significant differences between the CEA-
CAMS5 solution and other nonspecific protein control
groups with higher concentrations. In 500 ng/mL HER2
solution, 1000 ng/mL AFP solution, and 1000 ng/mL
PLGF solution, the FSR reduction is 12.29 MHz, 7.69
MHz, and 9.05 MHz, respectively, which is slightly high-
er than 2 MHz in the blank control group. However, in
CEACAMS solutions with concentrations as low as 10
ng/mL, the reduction of FSR reaches 102.37 MHz, which
is an order of magnitude greater than that in the nonspe-
cific protein control groups. This shows that even if the
concentration of nonspecific protein is 100 times greater

than CEACAMS5, their disturbance with CEACAMS5 de-
tection is still small. The variation of spectral FSR in
these control tests is tested for significant differences. In
Fig. 8(c), **** represents a hypothesis test with p <
0.0001, which further confirms that there are significant
differences between CEACAMS5 and other nonspecific
proteins as well as the blank control group. These results
fully demonstrate the specific detection ability of the sen-
sor for CEACAMS5.

It can be seen from the microwave photonic demodu-
lated RF spectrum that the maximum notch (5% notch)
frequency variation is much larger than the spectral FSR
variation. Figure 8(d) shows the relationship between
5th-notch frequency reduction and concentration of
CEACAMS5. Langmuir isotherm model is used to fit the
change trend:

Afs o = (40.652 + 63.317 x C)/ (1+ 0.0498 x C) ,
(12)
The coefficient of determination R? = 0.9925 indicates
that the fitting effect is good. According to Eq. (12), a
functional relation with the frequency reduction of 5™
notch as the independent variable and concentration C
as the dependent variable is obtained:

C = (Afsnoten — 40.652)/ (63.317 — 0.0498 X Afs _noret)
(13)

+ 30 in the blank con-
trol group (the threshold to distinguish effective signal
from random noise) is 48.6 MHz, the LOD based on the
analysis of 5% notch frequency reduction is 0.131 ng/mL.
The 5% notch frequency reduction in CEACAMS solu-
tion, nonspecific protein control groups, and blank con-

According to the (Afs_noh )y

blank

trol groups are compared in Fig. 8(e), which presents a
stark contrast. The 5% notch frequency decrement caused
by reactions in HER2 solution, AFP solution, and PLGF
solution is 65.21 MHz, 50.18 MHz, and 68.06 MHz, re-
spectively. In contrast, the decrease in the 5* notch fre-
quency in the CEACAMS5 solution at a concentration as
low as 10 ng/mL is 505.07 MHz, which is an order of
magnitude higher than that in those nonspecific protein
control groups. Even with a 100-fold advantage in con-
centration, higher concentrations of nonspecific protein
molecules have less interference with the detection of
lower concentrations of CEACAMS5 molecules. Mean-
while, a significant difference test is conducted in these
specificity validation experiments. In Fig. 8(e), **** indi-
cates a hypothesis test with p < 0.0001, suggesting a sig-
nificant difference between the CEACAMS5 solution and
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the other three nonspecific protein solutions, as well as
the blank control group. These results fully demonstrate
the good specificity of the sensor for detecting CEA-
CAMS.

As shown in Table 2, the biosensing performance of
the three analysis methods mentioned above is summa-
rized and compared. Compared with the laser wave-
length variation analysis, the microwave photonics de-
modulation-based RF spectrum analysis performs better
in biological detection, achieving an order of magnitude
improvement in detection performance. In RF spectrum
analysis, although the maximum notch frequency reduc-
tion analysis shows higher sensitivity in RI detection,
single notch frequency analysis may be affected by envi-
ronmental vibration, transient jump of current and oth-
er factors, resulting in spectral burrs and fluctuations of
single notch frequency. Thus, a larger frequency devia-
tion is introduced during the test in blank control group,
which affects the stability performance and limits the im-
provement of the detection performance. In contrast,
FSR decrement analysis is more stable and exhibits bet-
ter detection performance.

Table 2 also lists recently published works to detect
CEACAMS5 and the LODs of various biosensors are
compared. The investigation includes optical biosensors
based on fluorescence detection, surface-enhanced Ra-

man scattering (SERS), as well as electrochemical biosen-
sors, electrochemiluminescence biosensors, micro-elec-
tromechanical systems (MEMS) sensing technology. Our
dual-wavelength laser sensing system enhanced with mi-
crowave photonics demodulation technology, effectively
improves the detection performance, and achieves better
LOD than many published works.

Tumor marker detection in serum samples

Using human serum samples to verify the clinical detec-
tion capability of the proposed sensing system. The hu-
man serum samples are obtained from Guangdong
Provincial people's hospital (Guangzhou, China). Clini-
cal processes have been approved by the Ethics Commit-
tees of Guangdong Provincial People's Hospital (KY-Q-
2022-388-01). Prior to testing, the serum samples are re-
moved from the refrigerator to thaw and evenly divided
into 3-4 portions (0.4 mL each) for multiple indepen-
dent tests. To ensure the accuracy of the tests, the sam-
ples to be tested has been stabilized at room temperature
in advance to avoid the interference of temperature
changes on the test results.

The measurement steps are as follows: Firstly, the sen-
sor is immersed in a fresh PBS buffer to record initial
spectrum information. Subsequently, the sensor is im-
mersed in the serum sample to fully react and monitor

Table 2 | Performance comparison of different types of biosensors for CEACAMS5 detection.

. LOD Reference
Types Methods Characteristic
(ng/mL) (year)

. » . . . Low uniformity on SERS

Optical sensor SERS, sensitized with gold nanoparticle (sandwich) hi 0.258 Ref.? (2022)
chip

. N " Unstable properties of self-

Optical sensor Microfiber sensitized by nano polystyrene@Au sphere 0.08 Ref.'¢ (2021)

assembly nanomaterials

Optical sensor UV absorption of DNA/MoS2 nanosheets Low sensitivity 50.0 Ref.” (2020)
. . Low sensitivity, affected by
Optical sensor Fluorescence of the quantum dots on plasmonic arrays . ) 5090 Ref.*6 (2022)
ambient light
Optical sensor Color of the solution changes (colorimetry) Low sensitivity 24.8 Ref.*” (2022)
Micro-electromechanical . ) . . . _—
Monitor microcantilever bending Susceptible to vibration 1.30 Ref.%¢ (2019)
systems (MEMS) sensor
Electrochemiluminescence .
senso Multi-walled carbon nanotubes and nano-gold Narrow response range 0.76 Ref.*? (2022)
.
Electrochemical sensor Electrochemical impedance spectroscopy Low SNR 3.00 Ref.?° (2019)
. ) . Robust sensing .
Optical sensor Dual-wavelength fiber laser, wavelength shift 0.77 In this paper
performance
— . . The new demodulation
. Frequency domain microwave photonics demodulation, . .
Optical sensor . . method improves the 0.131 In this paper
maximal notch frequency shift .
detection performance
— . . The new demodulation
. Frequency domain microwave photonics demodulation, . .
Optical sensor method improves the 0.076 In this paper

FSR variation

detection performance
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signal changes. After a sufficient reaction in serum sam-
ples (spectral information stabilized), the sensor is re-
moved, and rinse three times in a new PBS buffer to re-
move unstably bound biomolecules and minimize non-
specific adsorption. Finally, the sensor is immersed in
the initial PBS buffer again to record spectral informa-
tion after the serum sample testing. By comparing the
spectral information before and after the reaction, the
laser wavelength shift, FSR reduction, and the maximum
notch frequency reduction are analyzed. Previous experi-
mental studies have shown that the antigen-antibody
binding on the sensor surface is relatively stable!"*.
Therefore, the rapid transfer from serum to PBS buffer
does not affect this specific binding while the non-specif-
ic binding is removed, and the spectral changes reflect
the true information of the serum sample. In addition,
since all spectral information is obtained in the PBS
buffer, the influence of RI differences between serum
samples on the detection results is effectively avoided.
Figure 9 shows the detection results of tumor marker
concentration in different serum samples by three exper-
imental analysis and the comparison with the data pro-
vided by the hospital. The three experimental analysis
methods can distinguish the concentration difference in

serum samples, showing a similar trend with clinical data.

T T T T T

Clinical data

1000 - E
I:l Laser signal
- FSR information

Notch frequency

100 +

10 4

Concentration (ng/mL)

Serum samples

Fig. 9 | The testing results of serum samples based on three analy-
sis methods and compared with the clinical data.
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Table 3, Table 4 and Table 5 respectively show the de-
viation of laser wavelength difference, FSR reduction and
maximum notch frequency reduction after measure-
ment of each serum sample. The concentration of CEA-
CAMS5 in human serum is derived according to Eq. (9),
Eq. (11), and Eq. (13) and compared with the clinical da-
ta. To quantitatively describe the difference between the
two, the relative standard deviation (RSD) between the
experimentally measured concentration and the clinical
data is defined as:

RSD = |Cmeasured - CCliniC’d]‘/Cc]iniCa] X 100% N (14)

The analysis method based on the laser wavelength
difference variation is limited by the demodulation reso-
lution and the sensitivity when testing the low-concen-
tration samples (such as Sample 1), resulting in larger de-
tection deviations, but the experimental results still con-
form to the actual situation. As the concentration in-
creases, the detection results become more consistent
with clinical values.

In serum samples with concentrations ranging from 1
to 100 ng/mL, the detection results of RF spectral FSR re-
duction analysis are consistent with expectations. At ul-
tra-high concentrations, however, the deviation increas-
es. This is mainly due to the slightly larger deviation in
fitting relationship Eq. (11) at high concentrations, as
shown in Fig. 8. Still, the method can effectively indicate
the amount of excess and act as an early warning, so
slight deviations at high concentrations have limited im-
pact on practical applications. In general, it has good de-
tection performance.

On the other hand, while the maximum notch fre-
quency reduction analysis exhibits higher detection sen-
sitivity, it is susceptible to fluctuations in a single notch
frequency and increasing detection deviations. Nonethe-
less, this method can still effectively distinguish differ-
ences in CEA concentration in serum.

In summary, the analysis of FSR reduction based on
microwave photonics demodulated RF spectrum demon-
strates a superior detection performance in biological
detection.

Table 3 | Detection results of CEACAMS5 concentration in serum samples based on laser wavelength difference analysis.

Serum sample serial The increment of laser wavelength Experimental test concentration Clinical data RSD
number difference (nm) (ng/mL) (ng/mL)
Sample 1 0.063 + 0.013 1.96 + 0.44 1.09 79.50%
Sample 2 0.205 +0.012 8.33 £ 0.67 7.42 12.26%
Sample 3 0.281 +0.011 13.62 £ 0.91 12.29 10.80%
Sample 4 0.556 + 0.011 87.79 £ 9.50 76.24 15.15%
Sample 5 0.638 £ 0.013 327.56 £ 137.27 273.65 19.70%
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Table 4 | Detection results of CEACAMS5 concentration in serum samples based on RF spectral FSR reduction analysis.

Serum sample serial Frequency reduction of RF Experimental test concentration Clinical data RSD
number spectral FSR (MHz) (ng/mL) (ng/mL)
Sample 1 21.56 £ 2.54 1.14 £0.22 1.09 5.02%
Sample 2 78.33 + 3.91 7.76 + 0.60 7.42 4.61%
Sample 3 108.16 + 5.64 13.23+1.25 12.29 7.61%
Sample 4 210.63 £ 3.25 81.27 £+ 6.46 76.24 6.60%
Sample 5 246.17 £ 3.40 338.24 £ 70.89 273.65 23.60%

Table 5 | Detection results of CEACAMS5 concentration in serum samples based on maximum notch frequency reduction analysis.

Serum sample serial Frequency reduction of maximum Experimental test concentration Clinical data RSD

number notch (MHz) (ng/mL) (ng/mL)

Sample 1 139.17 £ 23.10 1.75 £ 0.44 1.09 60.92%
Sample 2 370.47 + 11.93 7.35+0.36 7.42 0.88%
Sample 3 592.34 + 15.53 16.33 + 0.83 12.29 32.85%
Sample 4 960.92 + 8.91 59.56 + 2.27 76.24 21.88%
Sample 5 1131.56 + 31.24 163.96 + 44.16 273.65 40.08%

Conclusions prove the detection capability of the sensor system. In

In this paper, a dual-wavelength fiber laser sensor com-
bined with microwave photonics demodulation technol-
ogy based on dispersive time delay is proposed to achieve
high-resolution measurement of tumor markers in
serum. A tapered lasso-shaped fiber sensor is designed
and connected in parallel with FBG, constructing a sen-
sor system to realize dual-wavelength laser signal output.
In the experiment, laser wavelength analysis using an
OSA and RF analysis based on microwave photonics de-
modulation are conducted simultaneously. The sensing
system achieves a RI sensitivity of 1083 nm/RIU based
on laser wavelength analysis. Using microwave photon-
ics demodulation technology, a sensitivity of -1902
GHz/RIU is achieved, improving detection resolution
and real detection accuracy by two orders of magnitude
compared to traditional OSA spectral detection. To veri-
fy the biosensor performance of the sensor, CEACAMS5
is selected as the target analyte. Test results in PBS buffer
show that the sensor has a LOD as low as 0.076 ng/mL,
improving performance by an order of magnitude com-
pared to traditional laser spectral wavelength demodula-
tion schemes, and achieves better LOD than many pub-
lished works. Furthermore, testing on human serum
samples validates the practical application performance
of the sensing system. The experimental schemes can ef-
fectively distinguish differences in CEA content in serum
and are consistent with clinical values provided by the
hospital. In the demodulation scheme and system design,
solving the cross-sensitivity problem will effectively im-

the microwave photonic filter system, multiple sensors
can be connected in parallel to realize simultaneous mea-
surement of multiple parameters and solve the cross-sen-
sitivity problem?, which is the next step in our future re-
search. All in all, compared to traditional spectral wave-
length demodulation methods, microwave photonics de-
modulation technology based on dispersive time delay
significantly improves detection accuracy and resolution
and opens new possibilities for a wider range of biosens-
ing scenarios.
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