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ABSTRACT: Label-free optical fiber immunosensors have attracted wide-
spread attention in recent decades due to their high sensitivity. However,
nonspecific adsorption in serum has remained a critical bottleneck in existing
label-free fiber optic biosensors, which hinders their widespread use in
diagnostics. In addition, individual differences in clinical human serum (HS)
negatively impact biosensing results. In this work, the modified serum i
preadsorption strategy was applied to reduce nonspecific adsorption by Sigma Serum Measured clinical human serum
forming a saturated antifouling interface on an optical microfiber coupler A=fy-f = [A=-f) - (Fa-f) |
(OMC). Furthermore, to reduce the effect of the differences between
individual HS samples, we proposed a new method where Sigma HS was used as a wavelength shift reference due to being close to
clinical serum compared to other serums. Sigma HS was used first to reduce the differences in immune sensors before performing a
clinical sample test in which quantitative detection was achieved based on the independent calibration of several sensors with wide
dynamic ranges via dissociation processes. The individual differences in 25% HS were corrected by 30% Sigma HS. As a proof of
concept, the label-free OMC immune sensor demonstrates good sensitivity and specificity for the detection of carcinoembryonic
antigen (CEA) in 25% Sigma HS at different concentrations. The detection limit of CEA reached as low as 34.6 fg/mL (0.475 fM).
Additionally, label-free quantitative detection of CEA using this OMC immune sensor was verified experimentally according to the
calibration line, and the results agree well with clinical examination detection. To our knowledge, it is the first study to employ an
OMC immune sensor in point-of-care label-free quantitative detection for clinical HS.

KEYWORDS: optical microfiber coupler, label-free, nonspecific adsorption, high sensitivity, quantitative detection, point-of-care

Currently, cancer is a global public health problem.' performance in biomolecule detection experimentally, to the
Immunosensors with an ultralow detection limit for best of our knowledge, the OMC biosensor has not been
tumor biomarkers can promote early tumor screening, employed with clinical samples to date.

diagnosis, and postoperative recurrence monitoring. Carci- Nonspecific adsorption is inevitable'”*” with the label-free

noembryonic antigen (CEA) has been identified as a
biomarker for many cancers, including colorectal, breast, and
lung cancers.” The clinical detection of the CEA content is
beneficial for early cancer detection and disease progression
diagnosis. Although conventional immunoassays such as

detection of cancer markers in serum samples due to various
proteins. There are many methods for overcoming the obstacle
of nonspecific adsorption. For example, researchers have
employed various nanomaterials, namely gold nanopar-

B e ) - i icles 2122 . icles 2 sili icles 2+
ELISA’ and chemiluminescence immunoassay” are widely ticles, mazgnetlc nanoparticles,” silica particles,” and
used, they face the challenges of high costs and time- quantum dots™ that are decorated with secondary antibodies,
consuming procedures, which limited their applicability in to enhance specific binding signals and improve the signal-to-
the field of point-of-care (POC) testing. To date, although noise ratio so that the effects of nonspecific adsorption can be
many fluorescence or labeled sensing strategies for POC have ignored. However, the sandwich immunoassay based on these
been proposed,°_9 the label-free method'”'' is a good nanomaterials requires additional time, cost, and operational

candidate in low-cost and simple operation.

Optical fiber sensors have been widely explored and applied
in the field of biosensing'>~"* owing to their unique advantages
of low cost, simple structure, and low electromagnetic
interference. Compared with other optical fiber biosensors,
the optical microfiber coupler (OMC) has the advantage of
easy fabrication and high sensitivity. In particular, the OMC
has attracted wide attention due to its ultrahigh sensitivity
based on the interference turning point effect'™"® in recent
years. Although this kind of biosensor shows extraordinary

procedures, and they also face the problems of poor
repeatability of nanoparticles.
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Figure 2. (a) Schematic illustration of antibody immobilization on the surface of the OMC. (b) OMC immunosensor blocking strategy diagram.
The remaining activated carboxyl groups were deactivated by 1 M ethanolamine—HCI (pH = 8.5) to avoid more nonspecific protein combining
with the rest of the group on the modified sensor and the preadsorption of serum as an antifouling interface on the functionalized OMC.

The use of resist nonspecific adsorption materials as the
surface coating is the main strategy for the application of
sensor label-free immunoassays in serum.”® Polyethylene glycol
and oligo-(PEG and OEG) motifs*’ > are common choices,
and zwitterionic polymers*’>* are also good candidates that
have been proven to possess notable antifouling properties.
Another effective method to prevent nonspecific adsorption is
to pretreat the sensor surface with serum.”> > Once the sensor
surface is partially saturated with the adsorbed serum protein,
then the rate of adsorption falls below the rate of diffusion,
which has an inhibitory effect on adsorption.*

Although a few label-free detection strategies in clinical
serum samples have been reported,””*® the interference caused
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by individual differences in human serum (HS) for quantitative
detection has not been resolved. This is one of the main
obstacles for label-free biosensors to clinical application. In this
work, the feasibility of the serum pretreatment strategy in label-
free OMC immunosensors without antifouling materials was
investigated, and a strategy based on the wavelength shift of
Sigma HS was proposed to reduce the influence of individual
differences in HS. The serum was diluted appropriately to
reduce the effect of nonspecific adsorption. The blocking
effects of different concentrations of serum samples and the
conditions of serum stability were evaluated. The calibration
curve was determined by high sensitivity and wide dynamic
range detection of CEA in Sigma HS for several OMCs with
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different sensitivities. Furthermore, the effect of different
concentrations of Sigma HS on the correction of individual
differences of HS was studied. To avoid the impact of sensor
consistency, the OMC immune sensor needed to be calibrated
independently first, and then, Sigma HS was used to correct
individual differences in HS after dissociation. In this way, we
demonstrated for the first time the label-free quantitative
detection of CEA in HS based on OMCs. The results indicate
that the OMC immunosensor has great potential in practical
clinical diagnostics and POC testing.

B MATERIALS AND METHODS

Detection Mechanism of the Immunosensor. By controlling
the OMC to a certain diameter, low-order symmetry (even mode)
and antisymmetric (odd mode) supermodes are excited at the same
time. The interference phenomenon will occur when the odd and
even modes propagate along the OMC so that an interferometric
spectrum can be obtained at the output port.*” According to
supermode theory, the output powers at through port P; and cross
port P, are then given by

ot

- of1
Pisin (24’) 2)
where @ represents the phase difference between the two supermodes
accumulated along the coupling region for TE/TM polarization.'®
The coupling coefficient of the OMC is dependent on the ambient
refractive index (RI). The surface RI can be modified due to
molecular binding on the OMC surface, resulting in a change in the
output transmission spectrum. RI sensitivity can reach infinity when
the difference between the effective exponents of the even mode and
odd mode of the OMC is zero, which corresponds to the dispersion
turning point.m’17

Experimental Setup. The experimental setup is shown in Figure
la. The OMC was fixed in a fluid cell chip (Figure S1) for the delivery
of sample solutions. A halogen lamp was used as the light source, and
the light was launched into the fiber using a microscope objective with
a numerical aperture of 0.65. A spectrometer with a resolution of 0.3
nm was used as the detector, and the data were acquired by a laptop.
The wavelength range of the spectrometer is 600—980 nm. To
eliminate the influence of temperature, the biosensing experiments
were carried out in a clean room environment, and a temperature of
23 + 0.2 °C was maintained throughout the experiments (Figure
$2)."° The microscope image of the OMC is shown in Figure 1b. The
details of the preparation of optical fiber couplers are described in
Supporting Information.

Biofunction and the OMC Immunosensor Assembly. The
most common method for SiO, surface functionalization is
silanization,’® but this process will react with the chip material
polymethyl methacrylate; therefore, the surface of the OMC was
functionalized by the layer-by-layer (LBL) electrostatic self-
assembly.*' ™" There are two layers of our bilayer system. As
shown in Figure 2a, first, the OMC was cleaned with deionized water,
and then, the OMC was immersed in 0.1 M potassium hydroxide
(KOH) solution for 10 min to functionalize the OMC surface with
OH groups. The OMC was then rinsed with deionized water. Next,
charged surfaces were prepared by alternating incubation for 30 min
with 2 mg/mL poly(diallyldimethylammonium chloride) (PDDA,
positively charged) and 2 mg/mL poly(acrylic acid) (PAA, negatively
charged). PDDA and PAA are prepared using deionized water. The
negatively charged PAA is electrostatically adsorbed onto the
positively charged PDDA. At the end of each step, the surface of
the OMC was cleaned with deionized water. To facilitate covalent
binding between the carboxyl group of PAA and amine groups of the
antibody, the carboxyl group of PAA was activated by using a 1:1
mixture of SO mM N-hydroxysuccinimide and 200 mM 1-(3-

by

(1)

By
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dimethylaminopropyl)-3-ethalcarbodiimide hydrochloride for 30
min'® The immunosensor was then washed with PBS. Subsequently,
the functionalized OMC was incubated with 100 L of antibody at
room temperature for 2 h, followed by washing with PBS. When there
are blank sites during the process of functional modification on the
surface of the immune sensor or the antibody that do not completely
cover the sensor surface, the complex proteins in the serum will
absorb onto the blank surface of the sensor via hydrophobic,
electrostatic, and exchange interactions between molecules and
combine with the groups modified on the sensor surface.'”**™*¢ To
further reduce nonspecific adsorption, the OMC was exposed to 1 M
ethanolamine—HCI (pH = 8.5) for 30 min and blocked with Sigma
HS for 30 min (Figure 2b), followed by washing with PBS. The
volume of all reagents is 100 uL to completely cover the OMC.
Antibody Concentration Selection. Nonspecific adsorption is
closely linked to the amount of antibody immobilized on the
biosensor surface. After the initial antibody concentration was
immobilized, antibodies of different concentrations were added in
sequence to investigate the deviation of the spectrum. First, 100 yL of
mouse monoclonal antibody against CEA (anti-CEA) with 100 ng/
mL was immobilized on the surface of the OMC until reaction
equilibrium was reached. After that, 100 uL of anti-CEA with four
concentrations (100 ng/mL, 1 pug/mL, 10 ug/mL, and SO ug/mL)
continue to be added respectively, and the spectra red shift gradually
as shown in Figure 3. After S0 pug/mL anti-CEA has been added

746.5
i ~ 100pg/mL
746.0 1 50ug/miL 2ndE %
745.5 | 50ugimL-2nd  100pg/mL L 50pg/mL-3rd
— . ® ® ® 50ug/mL-1st
= L
5745_0 - 50pg/mL-3rd 10pg/mL
= W
27445 50ug/mL-1st ~ Tug/mL
2 F @
o _
B 744.0 |- ®0.1pg/mL-3rd
= I W
743.5 | 0.1pg/mL-2nd
743.0 |
L ¥ 0.1ug/mL-1st
7425 |
1 n 1 n 1 n 1 n 1 n 1 " 1 1 n 1

0 1 2 3 4 5 6 7 8 9 10

Number of antibody added

Figure 3. Dynamic processes and saturation of antibodies with
different initial concentrations immobilized on the OMC.

repeatedly three times, 100 yL of anti-CEA with 100 pg/mL was
added again. The wavelength will no longer move, which indicated
that the reaction reaches saturation. Near the wavelength of 742 nm,
the offset between 100 ng/mL and 100 pg/mL is 3.1 nm, which
shows that there are many remaining binding sites when immobilized
with 100 ng/mL anti-CEA. Additionally, the reaction will reach
saturation faster if the immobilized anti-CEA concentration has been
raised to 50 ptg/mL. When the initial immobilized concentration was
50 pug/mL, the wavelength shift was approximately 1.1 nm. The higher
the initial concentration of immobilized antibody, the closer to
saturation. To reduce the experiment cost, 10 pg/mL anti-CEA was
selected for immobilization. The remaining activated carboxyl groups
were deactivated by 100 yL of 1 M ethanolamine—HCI (pH = 8.5)
for 30 min to avoid more nonspecific Frotein combining with the rest
of the group on the modified sensor.”’

Determination of Calibration Straight Line. Each OMC
immunosensor was individually calibrated. CEA was detected in 25%
Sigma HS at different concentrations as an example. The
concentration of the blocked serum should be higher than that of
the tested serum. After blocking with 1 M ethanolamine—HCI (pH =
8.5), the OMC biosensor surface was blocked using 50% Sigma HS
for 30 min. Then, the sensor surface was washed with PBS several
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Figure 4. Schematic illustration of the specific signal extraction strategy for label-free quantitative detection. f, is the wavelength signal of the
measured clinical HS at the end of the reaction, f,, is the wavelength signal of the measured clinical HS without cancer markers at the end of the
reaction, f, is the wavelength signal of the measured clinical HS at the beginning of the addition, and f;, and f, represent the wavelength signals of
Sigma HS at the beginning of the addition and at the end of the reaction, respectively.

times. The blank serum sample (25% Sigma HS) was subsequently
added until three blank serum curves overlapped. The standard
deviation ¢ of the overlapping blank serum curve is less than 0.2 nm at
each working wavelength of the spectrometer. Finally, different
concentrations of CEA proteins in 25% Sigma HS were gradually
injected into the detection cell. In addition, the spectral deviation was
recorded in real time. In our experiment, the overlapping curve of the
blank serum samples can be considered as a test baseline due to the
lack of an antigen. When the samples’ signal is larger than the one of
the blank serum, the wavelength shift can be regarded as the antigen—
antibody binding events.

Correction for Individual Differences in HS. As shown on the
left side of Figure 4, ideally, the antigen—antibody specific signal A is

A=fn o 3)

where f, is the wavelength signal of the measured clinical HS without
cancer markers at the end of the reaction and f, is the wavelength
signal of the measured clinical HS at the end of the reaction.
However, usually, f,, is unknown. The wavelength signals at the
beginning of the addition of f;, for different measured clinical HS
samples were inconsistent, the standard deviation ¢ is greater than 0.8
nm, and there is uncertainty in the deviation § between the
overlapping Sigma HS values. This may be caused by the different
contents of multiple proteins in different HS samples. Therefore,
using a specific serum transmission spectrum as a baseline instead of
fpo would result in a large error. When the output spectra of the
measured Sigma HS samples overlapped, there was an offset As. This
offset may be due to the balancing of serum reactions on the optical
fiber. Therefore, we consider using the wavelength shift as a reference
to analyze the feasibility of practical application. Sigma HS was used
as the standard serum. For the detection of clinical HS, the
wavelength shift includes the equilibrium response of the serum and
the antigen—antibody response. As shown on the right side of Figure
4, the wavelength shift of the antigen—antibody specific signal A is

A=f ~fo = ~fu =& %)

where A’ can be regarded as the wavelength shift of clinical HS
without cancer markers between the beginning and the end of the
reaction.

Due to individual differences in HS, A’ may be different. In this
work, 25% of clinical HS samples were tested. The effects of different
concentrations of Sigma HS on the correction of individual
differences in 23 samples of 25% healthy HS were investigated.
There may also be a small amount of cancer markers in the healthy
HS. To avoid collecting antigen—antibody binding signals, the
calibration of individual differences between the HS and standard
serum was investigated by the OMC with a wide diameter. The
corresponding Sigma HS with the smallest average value and standard
deviation of relative wavelength deviation was selected to calibrate the
individual differences of HS.

If the influence of individual HS differences is small, based on the
optimized serum and taking the deviation of the standard serum as a
reference, A’ can be expressed using the difference between Sigma HS

p2
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A x

fo —Ja
By taking a small variation from eq 4, A can be expressed as
Az(fpl _fpl)_(fsl —f;l)zAp—As (6)

where f;; and f,, represent the wavelength signals of Sigma HS at the
beginning of the addition and at the end of the reaction, respectively.

()

B RESULTS AND DISCUSSION

Anti-nonspecific Adsorption Evaluation. For pretreat-
ment with HS, the blocking effect with different concentrations
of HS, such as 25 and 50%, 50% FBS, and 50% HS:10 mg/mL
BSA (1:1), was studied. The results of the wavelength shift of
each time testing sample (25% HS) relative to the first addition
of testing samples are shown in Figure 5. When the OMC was

10
~ > 1M ethanolamine+25% HS
E o 1M ethanolamine+50% FBS
~ 8 1M ethanolamine+50% HS
g v 1M ethanolamine+50% HS:10mg/mL BSA(1:1)
c
% 6l o fos o3
o
o]
=
G 4t = ’* =
= ° s
]
g) 2+ 3
= g ¥ s
©
Ko}
(r 0 C ? 1 1 1 1 1 1
1 2 3 4 7

5 6
Number of samples added

Figure S. Overlapping situation of blank HS curves with different
blocking strategies.

pretreated with 25% HS, the optical signal saturated after the
fifth addition with a final wavelength shift of 4 nm. In contrast,
the performance can be greatly improved if 50% HS has been
adopted. This demonstrated that the optical wavelength
remained steady after adding the second addition of the
blank HS with a final wavelength shift of 1.5 nm. Each time the
blank HS was added, the binding energy tends to decrease, and
finally, the equilibrium state was reached.*” For 50% FBS, the
signal saturates after the fourth addition with a final wavelength
shift of 6 nm.

The results clearly indicate that the pretreatment with HS
shows better anti-adsorption capability than FBS with the same
concentration. This may be due to the historical dependence of
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Figure 7. (a) Transmissive spectral response of 25% Sigma HS with different CEA concentrations. (b) Real-time dynamic response of the output
transmission spectrum of 25% Sigma HS added successively 4 times and 200 fg/mL CEA in 25% Sigma HS in sequence. (c) Response of different

concentrations of CEA in 25% Sigma HS (200 fg/m—4 pg/ mL) binding to

the anti-CEA immobilized on the surface of the OMC blocked with

50% HS. The solid line shows the least square fit of the Langmuir binding isotherm (1 = 3). (d) Linear response of CEA in 25% Sigma HS binding
to the anti-CEA immobilized on the surface of the OMC at a concentration in the range of 200 fg/mL—1 pg/mL (n=3).

protein adsorption*® and different adsorption rates of FBS and
HS, which make the system tend to a new equilibrium.*’ When
we blocked with 50% HS:10 mg/mL BSA (1:1), the effect was
not better than blocked with 50% HS. The blocking effect is
not as good as on the graphene surface,”* which indicates that
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it is related to the properties of adsorbent surfaces.”” BSA has a
higher binding affinity for hydrophobic surfaces than hydro-
philic surfaces, which means that BSA is more easily exchanged
on SiO, surfaces than graphene surfaces containing hydro-
SL,52

phobic regions.
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Figure 8. (a) Transmission spectral response of 200—800 pg/mL CEA in 25% Sigma HS. (b) Linear response of CEA in 25% Sigma HS binding to
the anti-CEA immobilized on the surface of the OMC at a concentration in the range of 200—800 pg/mL (n = 3). (c) Transmission spectral
response of 2—8 ng/mL CEA in 25% Sigma HS. (d) Linear response of CEA in 25% Sigma HS binding to the anti-CEA immobilized on the surface

of the OMC at a concentration in the range of 2—8 ng/mL (n = 3).

The blank serum curves coincided after the addition of the
second blank serum, which was equivalent to two serum
occlusions fixed with 10 pg/mL anti-CEA. When the antibody
density is saturated (Figure 3), after blocking with 1 M
ethanolamine—HCI (pH = 8.5) and 50% HS pretreatment, the
blank HS curves overlapped after being added for the first time
(Figure 6a). The higher the density of the antibody, the
smaller the nonspecific adsorption. The serum saturates more
quickly on the surface of the fiber.

According to our previous work, the sensitivity of the sensor
increases as the fiber diameter decreases.'® Moreover, we show
the anti-adsorption ability of 50% Sigma HS in the OMCs with
different diameters. Three OMCs with diameters of 1.3, 2.8,
and 3.4 ym were prepared, which correspond to the sensitivity
of 200 fg/mL, 200 pg/mL, and 2 ng/mL, respectively. The
spectral responses of 25% Sigma HS showed differences due to
the different RI sensitivities of OMCs. After adding 25% Sigma
HS for the second time, the output spectra of OMCs with
different diameters overlapped. The wavelength shift deviation
of overlapping 25% Sigma HS samples was not significant. As
shown in Figure 6b, near the wavelength of 766 nm, the
standard deviation was 0.1 nm, and the average value was 1.24
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nm. This was similar to the wavelength shift of the overlapping
blank HS after the second addition in the case of antibody
saturation. Although the serum curves overlapped after the first
addition of the blank HS in the case of antibody saturation, the
wavelength shift of the blank HS at the first time was greater
than that of the overlapped blank HS after the second addition
due to the RI difference between the air and serum.
Detection of CEA in Sigma HS. With the optimized
pretreatment strategy, we further investigated the specific
detection ability of our OMC sensor for the tumor biomarker
CEA in serum samples. The overlapping curve of the blank
serum was taken as the baseline, and the deviation of the
spectra after reaction to each concentration of antigen relative
to the baseline was recorded. The responses of 200 fg/mL—4
pg/mL CEA in 25% Sigma HS are shown in Figure 7. The
transmission spectral responses at multiple moments were
recorded, and the change in the interference peak was clearly
identified compared to the initil moment. The real-time
dynamic response of the output transmission spectrum of 25%
Sigma HS added successively four times and 200 fg/mL CEA
in 25% Sigma HS in sequence were obtained by monitoring
the output intensity at a wavelength of 780 nm. As shown in
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Figure 7b, the curve of 25% Sigma HS added for the second
time deviated from the curve of 25% Sigma HS added for the
first time. However, the light intensity was basically consistent
with the light intensity of 25% Sigma HS added for the third
and fourth times, indicating that the curves overlapped. Then,
the overlapping curve was used as the baseline, and 25% Sigma
HS was added with a concentration of 200 fg/mL CEA, which
had a significant deviation from the baseline. Three
interference peaks with different wavelengths were selected
for tracking the peak shift. The least-square fit of the response

curve was carried out by using the Langmuir binding isotherm
model*®

_ R,,C

CCH+Kp ?)

where R, C, and Ky represent the sensor response at
saturation, the concentration of the sample measured, and the
equilibrium dissociation constant, respectively. The calculation
formula of the limit of detection (LOD) can be expressed by
the modified Langmuir binding isotherm model as follows

30-Kp )
- 30

LOD =
(8)

where R, ; and Kp, ; represent the response at saturation and
the equilibrium dissociation constant at different wavelengths,
respectively. The standard deviation o of the overlapping blank
serum curve is less than 0.2 nm at each working wavelength of
the spectrometer, and the response deviation relative to the
blank serum of the LOD should be not less than 36 (0.6 nm)
at the detection wavelength. According to eq 8, the LOD
values are 63.6 fg/mL (0.874 fM), 50.9 fg/mL (0.699 fM), and
34.6 fg/mL (0.475 M) at the wavelengths of 740.29, 810.20,
and 858.74 nm, respectively. The wavelength shift increases for
the peak closer to the turning point, and the sensitivity is
higher.'® Correspondingly, a lower detection limit can be
achieved. In addition, due to the incompatibility between high
sensitivity and wide dynamic range, a single OMC cannot
cover the entire measurement range, and we also achieved
linear dynamic range detection of CEA in 25% HS with
concentrations of 200—800 pg/mL and 2—8 ng/mL (Figure
8).

Specificity Evaluation in HS. To further verify the
feasibility of serum preadsorption, the specificity of the
immunosensor was characterized. We immobilized anti-CEA
on OMCs, and four nonspecific antigens, immunoglobulin G
(IgG), C-reactive protein (CRP), a-fetoprotein (AFP), and
prostate-specific antigen (PSA), were tested as controls. Two
concentrations, 200 fg/mL and 10 ng/mL, were measured.
After the blank HS curves overlapped, 100 uL of IgG, CRP,
AFP, PSA, and CEA in 25% Sigma HS was sequentially added.
From the test results shown in Figure 9, relative to the blank
serum curve at the same wavelength, the deviations of IgG,
PSA, AFP, and CRP curves are less than 0.5 nm, which
demonstrates the high specificity of the pretreatment strategy.

Dissociation Regeneration Experiment. Regeneration
and reusability are important characteristics of biosensors. To
confirm the repeatability of the biosensor, we use 0.1 M
glycine—HCI buffer (pH = 2.3)*' as regeneration buffer to
separate the combined antigen—antibody complex after each
immune response. The results of dissociation for 10 min each
time are shown in Figure 10. In the first measurement of 2 ng/
mL CEA in 25% Sigma HS, the wavelength offset near 850 nm
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Figure 9. Measured response to CEA antigen and other nonspecific
proteins at the same concentration (n = 3). (a) 200 fg/mL in 25%
Sigma HS. (b) 10 ng/mL in 25% Sigma HS.
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Figure 10. Repeatability of 2 ng/mL CEA in 25% Sigma HS, each
dissociation time is 10 min.

was approximately 2.2 nm. After dissociating three times, the
standard deviation of the first four detection results was less
than 0.1 nm. However, after the fourth dissociation, the
wavelength shift was approximately 1.3 nm, which significantly
deviated from the first measurement result. The experimental
results showed that when the 0.1 M glycine—HCIl buffer
solution (pH = 2.3) is dissociated for 10 min, the OMC can be
used for four cycles (dissociating three times) repeatedly and
there is no large error in label-free quantitative detection.
Label-Free Quantitative Detection of Clinical Serum
Samples. Standard Serum Calibration for Individual
Differences of HS. The wavelength shift of the second
addition of Sigma HS was used to replace the wavelength
shift of the clinical HS equilibrium reaction based on the result
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of anti-nonspecific adsorption evaluation. According to eq 5,
when the wavelength shift of overlapping Sigma HS was taken
as a reference to reduce the influence of individual differences
of HS, the wavelength shift deviation between Sigma HS and
the healthy HS should be as small as possible. Blocking with
50% Sigma HS was performed, and then, the wavelength shifts
of the second addition of 50, 25, and 30% Sigma HS and
different 25% healthy HS samples were recorded and
compared. As illustrated in Figure 1la, the wavelength shift
of the no. 7 25% healthy HS sample was much larger than the
wavelength shift of 50% Sigma HS. After the reaction, the
spectrum of 25% healthy HS no. 7 was similar to that of 50%
Sigma HS. In contrast, the spectrum was closer to the
wavelength shift of 25% Sigma HS. This may be due to the
difference between the 25% healthy HS and 50% Sigma HS
being slightly larger, and the 25% healthy HS neutralized the
50% Sigma HS equilibrium response. With the OMC, the
wavelength shifts of 23 healthy HS samples with a
concentration of 25% were compared with the wavelength
shifts of 25% Sigma HS added the second time. As shown in
Figure 11b, the average value of the deviation was 0.64 nm,
and the standard deviation was 0.42 nm near the wavelength of
710 nm. Compared with the wavelength shift following the
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second addition of 30% Sigma HS, the average value was 0.08
nm, and the standard deviation was 0.27 nm near the
wavelength of 710 nm. The experimental results indicate that
30% Sigma HS is more suitable as a reference to correct the
individual differences of 25% HS, which satisfies eq 5. 30%
Sigma HS is closer to 25% clinically healthy HS, and the
dynamic equilibrium conditions on the fiber surface are similar.
The deviation accounts for 2—7.5% of the entire OMC linear
dynamic range.

Quantitative Detection of CEA in Clinical HS. To verify the
proposed label-free quantitative method, the test results were
compared with the clinical examination results. The clinical
samples from the Second Hospital of Jilin University have been
tested. The concentration of CEA in the samples was obtained
using commercial chemiluminescence immunoassay (Beckman
DXI800) first, and then, the samples were detected by the
proposed quantitative method. First, various diameter OMC
immune sensors with different sensitivities have been
fabricated for different dynamic ranges. Then, calibration
lines under different wavelengths can be obtained by detecting
different concentrations of CEA in 25% Sigma HS. Next, 100
UL of 0.1 M glycine—HCI buffer (pH = 2.3) was used to
separate the combined antigen—antibody complex for 10 min.
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The biosensor was washed with PBS, and 30% Sigma HS was
added twice. Subsequently, 100 yL of 25% clinical HS was
added. The wavelength shifts of the second addition of 30%
Sigma HS (As) and 25% clinical HS (Ap) were recorded. The
biosensor was not washed during these steps. Taking the
wavelength shift of the second increase as a reference, the
antigen—antibody binding signal is represented by Ap—As
according to eq 6. Finally, the quantitative detection of CEA in
different 25% clinical HS samples was realized according to the
calibration line. The test results for each 25% clinical HS
sample were multiplied by 4. As shown in Figure 12a,
compared with clinical examination, the standard deviation for
the detected results obtained using the OMC immunosensors
was less than 5.7%, which demonstrates good consistency.
Furthermore, three different batches of OMCs with similar
diameters were used to quantitatively detect CEA in the same
clinical HS sample, and the clinical test result was 2.86 ng/mL.
The experimental results shown in Figure 12b demonstrated
that the standard deviation of the detection results for the
OMC immunosensors was 0.14 ng/mL, the average value was
2.83 ng/mL, and the coefficient of variance (CV) was 4.9%,
which indicated that the proposed label-free quantification
method had good stability and reproducibility for detection of
tumor biomarkers. The label-free quantitative detection
strategy is also applicable to other optical fiber sensors.

B CONCLUSIONS

In this work, we demonstrated label-free quantitative detection
of CEA in clinical HS based on OMC immunosensors for the
first time, and the detection results were in good agreement
with the clinical examination. Preadsorption on the surface of
the OMC can be done using serum with a higher
concentration than the measured one; therefore, the non-
specific adsorption can be significantly inhibited. The OMC
immunosensors allowed the label-free detection of CEA in
diluted serum with wide dynamic ranges. The results show that
when the differences between the shifts of Sigma HS and
healthy HS samples with the corresponding concentration are
small enough, taking the wavelength shift of Sigma HS as a
reference can greatly reduce the influence of individual
differences in HS. The individual differences in 25% HS can
be corrected by 30% Sigma HS, and the offset difference
accounts for 2—7.5% of the entire OMC linear dynamic range.
The quantitative detection of the wide dynamic range of CEA
in HS can be achieved by several OMCs with different
sensitivities according to this method. This work proved a
great potential in POC clinical applications.
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