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ABSTRACT

The human epidermal growth factor receptor 2 (HER2) is a clinically significant molecular marker of breast
cancer. Interrogation of a high-resolution and temperature- compensational HER2 antigen biosensor
based on a microwave photonics filter (MPF) is proposed and experimentally demonstrated. A microfiber
Bragg grating (mFBG) and a regular fiber Bragg grating (FBG) are used as a sensing probe for HER2 antigen-
antibody specific binding detection and for temperature compensation, respectively. The key point of
this work is to use the frequency domain interrogation scheme based on an MPF for high resolution
biosensing detection. Experimental results show that the frequency shift of an MPF notch has a linear
relationship with the surrounding refractive index (SRI) change over a range from 1.332 to 1.352, with
an SRI resolution up to 2.45 x 10-¢ RIU, which is almost three orders of magnitude better than that
based on the conventional wavelength interrogation technology (2.9 x 10~3 RIU) using the same sensing
probe. In situ monitoring is achieved with a limit of detection (LOD) up to 50 ng/mL, with temperature
self-compensation ability. The proposed frequency-domain interrogation method based on microwave

photonics opens up a new way for fiber-optic biochemical and environmental measurement.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Breast cancer is the most common cancer in women and has the
second high mortality rate among the four major cancers [1-3]. In
2015, the mortality rate has increased to 17.4% as reported by the
North American Association of Central Cancer Registries (NAACCR)
[4], while the number of fatalities due to late disease detection is
still increasing. The early diagnosis of breast cancer is important
to patient survival, enhancement of therapeutic effectiveness and
preventing the relapse [5]. The analysis of biomarkers in blood or
inside the cancer cells is one of the methods applied in early diag-
nosis [5,6]. The human epidermal growth factor receptor 2 (HER2)
[6-8] is a clinically significant molecular marker of breast cancer
for its association with malignant breast cancer tumor and the high
relapse rate in cancer patients [7,8]. Biosensors provide real-time
affinity reaction for biomarker analysis compared with the expen-
sive and time consuming commercial platforms using fluorescence
labels program and show potentials in label-free detection [9-11].
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Optical fiber biosensors offer many advantages due to their high
sensitivity, compact size, immunity to electromagnetic interfer-
ence, and have shown good potential in biomolecules monitoring
[12-16]. Nowadays biomolecule detection by measuring the
change of surrounding refractive index (SRI) using an interferome-
ter, a fiber grating, optical couplers, or a surface plasmon resonance
(SPR) element has been a topic of interest. A conventional optical
fiber biosensor is usually implemented based on wavelength mon-
itoring using an optical spectrum analyzer (OSA), but the detecting
resolution is limited due to the limited resolution of an OSA (an OSA
can normally provide a best resolution of 102 nm). To distinguish
small SRI variation induced by biochemical reaction, optical fiber
sensors with higher SRI sensitivity and the associated interrogation
solutions with better resolution are necessary. In addition, bio-
chemical reactions are usually accompanied with thermal changes
which will highly affect the accuracy and stability of the sensing
output [17,18]. Therefore, designing a biosensor with a higher res-
olution that is not sensitive to temperature change is an important
topic in this field.

A microwave photonic filter (MPF) is a device that is able to
process high-frequency and wide-bandwidth microwave signals
directly in the optical domain [19-21]. Besides the applications
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in optical communications and radar systems, an MPF has poten-
tial applications in high accuracy sensing systems [22-24]|. The
fundamental concept of using an MPF for high accuracy sens-
ing is to translate the wavelength change in the optical domain
to microwave spectrum change in the electrical domain with a
significantly improved resolution. In this paper, we propose and
experimentally demonstrate a temperature-compensational HER2
antigen sensing system with the interrogation implemented using
an MPF with a significantly increased resolution. A surface func-
tionalized microfiber Bragg grating (mFBG) cascaded with a regular
fiber Bragg grating (FBG) are used as a sensing element and a
temperature-compensation element for biosensing and tempera-
ture compensation, respectively, and the interrogation of the sensor
is achieved by translating the wavelength shift of the mFBG due to
the SRI change to the microwave spectrum change of an MPF. The
proposed HER2 antigen sensor is experimentally demonstrated.
The in situ monitoring of the HER2 specific binding reaction process
isrealized and the HER2 antigen targets diagnose with two different
concentrations is confirmed. An increased resolution that is three
orders of magnitude better than that based on the conventional
wavelength interrogation technology is realized.

2. Principle and experimental setup
2.1. Sensing system

The biomedical sensing system is implemented using an mFBG
and a regular FBG, as a sensing element and a temperature-
compensation element, that are cascaded in a fiber ring laser cavity
to generate two wavelengths, which are used as a dual-wavelength
light source to implement a 2-tap MPF. The interrogation is imple-
mented by monitoring the notch frequency shift of the spectral
response of the 2-tap MPF. Fig. 1 shows the experimental setup.
It consists of an mFBG which is used as an SRI sensing probe, and
a regular FBG for temperature compensation (a regular FBG is not
sensitive to SRI change, but an mFBG and an FBG show the same
temperature sensitivity). The use of the mFBG and the regular FBG
in a ring cavity would form a dual-wavelength erbium-doped fiber
ring laser (EDFL), with the two lasing wavelengths determined
by the center wavelengths of the mFBG and the regular FBG. An
erbium-doped fiber amplifier (EDFA) is used in the ring cavity to
provide an optical gain. Two polarization controllers (PC1, PC2) and
a polarizer are used to introduce nonlinear polarization rotation
(NPR) effect to realize multi-wavelength lasing [25]. An optical cou-
pler (OC1) in the ring cavity is used to couple 20% of the lasing light
out of the ring cavity and sent via a second optical coupler (0C2, 99%
port) to a single-sideband (SSB) modulator. A third PC (PC3) is used
before the SSB modulator to minimize the polarization-dependent
loss. The light from the 1% port of OC2 is sent to an OSA (YOKOGAWA
AQ6370B) for optical spectrum monitoring.

The SSB modulator is driven by an RF signal from a vector
network analyzer (VNA: Agilent PN N5222A), to generate a dual-
wavelength SSB modulated optical signal, which is sent to a 10-km
single-mode fiber (SMF) acting as a wideband dispersive element,
to introduce a time delay difference between the two wavelengths
(corresponding to two taps — the probe tap and the reference tap).
The time-delayed optical signals are detected at a photodetector
(PD) and sent back to the VNA, to measure the frequency response
of the MPF. The normalized frequency response of the MPF can be
expressed as

H(f) = 1(Ap + Ar - e”274T), 1

where AT=DL(A;-Ap) is the time delay difference between the
probe tap and the reference tap, A, and A, are the wave-
lengths of the probe light and the reference light, respectively,

D=17 ps/km/nm is the dispersion coefficient of the SMF for the
optical carrier wavelength around 1550 nm, L is the length of the
SMF, r is the normalization coefficient, and A, and A, are the tap
coefficients that are related to the optical powers of the probe light
and reference light, respectively. The free spectral range (FSR) of
the proposed MPF-based sensing system is inversely proportional
to the time delay difference and is given by

1 1 1
BR= 37 = (Ar=2p)-D-L ~ ArL-D-L’
where AL=A; — A, is the wavelength spacing between the probe
light and the reference light. The change in SRI will affect the
evanescent field distribution and lead to a wavelength shift of probe
light. When the alteration is relatively small compared with AX
itself, the derivative of the FSR with respect to AX can be expressed
as

(2)

Ar— A Ap —dA
drsky = - AN dOs = hp) _ dhy —dhr (3)
(AL -D-L (AX)-D-L (ALY -D-L
where dA,, is the differential of A, and dA; is the differential of A,.
Note that the mFBG is sensitive to both the temperature and the SRI
while the regular FBG is only sensitive to the temperature. Thus, dA,
and dA, can be written as
OAr

gni;-dnm—i-%-(ﬂ' and d)\rZW-dT, (4)
where dng; is the differential of the SRI and dT is the differential of
the temperature. The differential of A, consists of two terms that
are proportional to dng; and dT, while the differential of A, consists
of only one term that is proportional to dT. The difference between
0Xp/0T and 0A;/OT can be ignored for the mFBG and FBG have the
same thermal expansion coefficient since both are made of quartz
material. Thus the Eq. (3) can be written as

d(FSR) = 2; . (8}”’ -an,) = #AM (5)
(AA?.D-L \ Ong (AM? DL

Therefore, the change of the FSR is only proportional to the SRI-
induced wavelength spacing change, while the influence of the
temperature vibration can be ignored. By monitoring the change
of the spectral response of the MPF, the sensing information is
obtained. A simple way to monitor the change of the spectral
response is to monitor the frequency shift of a notch. For exam-
ple, for the n-th order notch, the frequency of the notch is given
by

dhp =

(n—-0.5)
AML-D-L ©®)

Taking the resolutions of the OSA and the VNA (Rpss is the
wavelength demodulation resolution of the OSA and Rynya is the
frequency demodulation resolution of the VNA) into consideration,
the sensing resolutions of the wavelength demodulation method
(r;.) and the MPF-based demodulation method (r¢) can be expressed
as

fa=(n—0.5)FSR =

d(AL)

Rosa
(N—0.5) d(AL)
(AL?DL Runa

Note that the term (n-0.5)/( AA)2DLin 17 is of the order of magnitude
of about 10~2, while there is a huge difference between Rysa (of the
order of magnitude of 10° Hz) and Ryn, (of the order of magnitude of
10'-105 Hz), thus the MPF-based sensing system has a much higher
sensing resolution than that based on the conventional wavelength
demodulation using an OSA. The sensing resolution can also be
adjusted by choosing the wavelength spacing between the cas-
caded FBGs or tuning the time delay difference by controlling the

and (7.1)

), =

If = (7.2)
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Fig. 1. The experimental setup of the proposed MPF-based biosensing system.
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Fig. 2. (a) The reflection spectrum of the mFBG and the regular FBG (dotted blue line) when both are in air and the lasing spectrum at the output of the ring laser (solid
green line). (b) The corresponding spectral response of the MPF zoomed at the 5-th notch. The inset shows the spectral response from 0 to 14 GHz. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

length of the dispersive fiber. It should also be noted that the sens-
ing resolution can be further improved by using a higher order
notch which is more sensitive to the SRIL.

2.2. Sensor fabrication and characterization

The microfiber used to inscribe the mFBG is a commercial multi-
mode fiber drawn and tapered by butane flame brushing. The mFBG
is inscribed using a 193-nm ArF excimer laser with a phase mask
having a period of 1078.78 nm. The regular FBG is inscribed in an
SMF with a phase mask having a period of 1073.81 nm. The cen-
ter wavelength of the mFBG and normal FBG are 1550.9 nm and
1554 nm, respectively when both FBGs are placed in air. The reflec-
tion spectrum of the cascaded mFBG and regular FBG is shown in
Fig. 2(a), as the dotted blue curve, in which the left peak corre-
sponds to the center wavelength of the mFBG and the right peak
corresponds to the center wavelength of the regular FBG. Since the
diameter distribution of the microfiber is not uniform, the 3-dB
bandwidth of the reflection spectrum of the mFBG is broader than
that of the regular FBG. When the mFBG and the regular FBG are
incorporated in the ring cavity, and the gain of the EDFA is suffi-
ciently high, the ring laser starts to lase. The lasing spectrum is also
shown in Fig. 2(a), as solid green curve. The spectral response of
the MPF (when the mFBG and the regular FBG are in air) zoomed
at the 5-th notch is shown in Fig. 2(b) as the solid blue curve. The
frequency response of the MPF from 0 to 14 GHz is also shown in
Fig. 2(b), as an inset.

The SRI sensing characteristics of the proposed sensor using
conventional wavelength monitoring and the proposed MPF-based
interrogation are carried out by immersing the sensing probe into
the sodium chloride solution. The change of the SRI is achieved
by adjusting the concentration of the sodium chloride solution
through mixing high concentration sodium chloride solution with
deionized water. The variation range of the SRI is from 1.332 to
1.352 which is controlled to match the SRI in a bio internal envi-
ronment. In the experiment, the SRI is measured by recording the
frequency of a notch in the frequency response of the MPF. Here the
5-th notch is selected. The resolution of the VNA is set to 625 kHz.
The SRI sensing characteristics of the MPF-based sensing system
and a system based on wavelength monitoring using an OSA (res-
olution 0.02 nm) are shown in Fig. 3.

For the method based on wavelength monitoring using an OSA,
there is a negative correlation between the wavelength spacing
and the SRI because the probe wavelength is smaller than the ref-
erence wavelength. For the MPF-based biosensing system, there
is a positive correlation between the wavelength spacing and the
SRI, and the SRI sensitivity after linear fitting is estimated to be
255.26 GHz/RIU. Taking the VNA resolution (625 kHz) into consid-
eration, the SRI sensing resolution of the MPF-based sensing system
is 2.45 x 10-6RIU. The comparison of the SRI sensing resolutions
between the OSA-based wavelength monitoring method and the

MPF-based frequency monitoring method is shown in Table 1.

It can be seen that the SRI resolution of the MPF-based sens-
ing system is almost three orders of magnitude higher than that
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Table 1

Resolution comparison between the OSA-based wavelength monitoring method and the MPF-based frequency monitoring method.

Sensitivity

Analyzer resolution Sensing resolution

6.8678 nm/RIU
255.26 GHz/RIU

OSA-based wavelength monitoring
MPF-based frequency monitoring

2.91x 103 RIU
2.45 x 10-% RIU

0.02 nm
625 kHz

2.35
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Fig. 3. The SRI sensing characteristics of the biosensor interrogated in the wave-
length domain using an OSA (solid square) and the frequency domain (open square)
based on an MPF.

of the OSA-based wavelength monitoring method (by using the
same sensor probe) due to the higher resolution of the VNA, while
the resolution of the same biosensor interrogated based on opti-
cal wavelength monitoring is limited by the resolution of the OSA
(0.02 nm). The sensitivity of the MPF-based sensing system will
increase when measuring the frequency shift of a higher order
notch. The sensing resolution can be further improved by setting
the VNA at a higher resolution (but the sensing speed may be
reduced).

2.3. Sensor surface modification and stability

The immobilization of HER2 antibody molecules is realized by
the covalent linking method which has shown good reproducibility
[13]. In the preprocessing step, the piranha solution (prepared by
mixing 98% sulfuric acid and 30% hydrogen peroxide with a volume
ratio of 7:3) is used to clean the surface of the biosensing compo-
nent (both the mFBG and FBG) for half an hour and also to produce
a negatively-charged surface. Fig. 4(a) shows the surface modifica-
tion procedure and the frequency shift of the MPF notch in each step
in the experiment. First, the biosensing component is immersed
into the 3-aminopropyl triethoxysilane solution (APTES, 5% v/v in
ethanol) for an hour to build up an aminosilane layer on the fiber
surface and realize the silanization of the senor component. Then,
the fiber senor component is immersed into the glutaraldehyde
aqueous solution (10% v/v in water) for half an hour to crosslink
the aminated fiber surface. Finally, the fiber senor component is
immersed into the HER2 antibody in a phosphate buffered solu-
tion (PBS, 250 ng/mL, 5% w/v) for an hour to immobilize the probe
molecule layer on the surface of the fiber. After each step above,
the sensor component is rinsed by deionized water to remove the
unbound or loosely bound reagent molecules on the HER2 antibody
layer. The surface immobilized sensor is immersed in the HER2
antigen sample to monitor the specific binding process.

To investigate the stability of the MPF-based biosensing system,
the sensing probe is immersed into deionized water for 80 min and
the frequency shift of the 5-th notch is recorded. The fluctuation

of the notch frequency shift versus time is shown in Fig. 4(b). The
fluctuation of the notch frequency is within 2.7 MHz. Taking the
VNA resolution of 625 kHz into consideration, the fluctuation of the
biosensing system is small and acceptable. The x-y transpose curve
of the MPF frequency response around the 5-th notch is shown in
Fig. 4. The 3-dB notch width of the 5-th notch is 26 MHz, which
is almost 10 times higher than the frequency fluctuations of the
notch. Thus, the proposed biosensing system is proved to have a
stable operation.

3. Results and discussion
3.1. HER2 specific binding monitoring

The specific binding process of HER2 antibody and antigen
is investigated by using the MPF-based frequency monitoring
method, and the performance is compared with the conventional
wavelength monitoring method. The concentrations of the HER2
antigen are 250, 50 and 10 ng/mL, and from each concentration the
experimentis repeated three times. The nonspecific binding experi-
ments under the concentration of 250 ng/mL with immunoglobulin
G (IgG) and mouse monoclonal antibody (MAD) are also given. The
frequency shift of the 5-th notch (monitored by the VNA) and the
change of the wavelength spacing (monitored by the OSA) are both
recorded and then subtracted by their initial values (the notch
frequency and the wavelength spacing in deionized water after
the surface modification and the rewash step) to achieved the net
shifting curves. The mean value and error bars from the standard
deviation are produced by running three individual experiments
with the same concentration. Fig. 5 shows the HER2 specific bind-
ing and nonspecific group sensing monitoring net shifting curves
with the MPF-based frequency monitoring method and conven-
tional wavelength monitoring method.

At a concentration of 250 ng/mL, the net frequency shift of the
notch is changing positively during the sensing monitoring pro-
cess. The HER2 specific binding process includes a rapid reaction
occurred in the first 5 min, showing a notch frequency shift rate of
8.3 x 107 Hz/min and a much slower reaction process with a rate
of 1.2 x 105 Hz/min from 5 to 60 min as shown in Fig. 5(a). The
whole specific binding reaction process is completed in approxi-
mately 20 min and the frequency of the notch is then kept constant.
The two specific binding processes can be discriminated by the
MPF-based frequency monitoring method.

The red curve in Fig. 5(b) shows the sensing process by the
conventional wavelength monitoring method. The net wavelength
spacing shift is negative and kept declining. Apparently, the con-
ventional wavelength monitoring method cannot monitor the
HER2 specific binding reaction. The comparison of the net fre-
quency and wavelength spacing shifts and shift point numbers
between the MPF-based frequency monitoring method and the
conventional wavelength monitoring method are shown in Table 2.
Here the net shift point number is defined as the ratio between the
net shift amount and the analyzer resolution.

The net shift point number is positively correlated with the sens-
ing ability of the biosensing system. The net shifting point number
of the MPF-based sensing system is almost three orders of magni-
tude higher than the conventional wavelength monitoring method,
which agrees with the SRI sensing resolution comparison between
the two different methods as discussed in Table 2. At a concentra-
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tion of 50 ng/mL, the net frequency shift based on the MPF-based but the variation trend is still available for biosensing function. As
sensing system, shown as blue curve in Fig. 5(a), decreases a lot to the conventional wavelength monitoring method, shown as blue
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Table 2

Net frequency and wavelength spacing shifts and shift point numbers between the MPF-based frequency monitoring method and the conventional wavelength monitoring

method at a concentration of 250 ng/mL.

Net shift amount

Analyzer resolution Shift point number

0.405 nm
450 MHz

OSA-based wavelength monitoring
MPF-based frequency monitoring

0.02nm 2.25
625 kHz 720

(@)

0.30 r T : T . : ' :
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Fig. 6. (a) The detection result at different concentrations (red column for antigen with 250 ng/mL, blue column for antigen with 50 ng/mL and green column for antigen
with 10 ng/mL) and the nonspecific binding detection (light blue column for IgG and purple column for mouse MADb); (b) The confocal microscopy image of the mFBG surface
after specific binding detection with fluorescein isothiocyanate (FITC) marked HER2 antigen. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

curve in Fig. 5(b), the decline trend of the wavelength spacing is not
obvious and is covered by the error bars, which means the sensing
function is failed.

The green curves in Fig. 5(a) and (b) show the sensing curves ata
concentration of 10 ng/mL by the MPF-based sensing system and by
the conventional wavelength monitoring method, respectively. The
sensing curves for both methods are random and covered by their
own error bars. Neither of them is able to recognize the HER2 spe-
cific binding reaction. The nonspecific binding experiments under
a high concentration (250 ng/mL) with IgG and mouse MAb are
shown in Fig. 5(c) and (d). The variation trend in the monitoring
curve for both MPF-based sensing system and the conventional
wavelength monitoring method are not obvious, which means the
selectivity of the biosensing system is reliable.

3.2. HER2 detection result

To investigate the HER2 detection ability of the proposed MPF-
based sensing system, we record the notch frequency after the
surface modification step and after the specific binding reaction
step (the sensor component is in deionized water). The concentra-
tions of the HER2 antibody in the surface modification step are all
set to 250 ng/mL. The mean value and error bars of the net shift are
calculated and the detection resulting histograms with standard
deviation at different concentrations are shown in Fig. 6(a).

For HER2 antigen at 250 ng/mL (red column), the mean value
and the standard deviation of the net frequency shift of the 5-th
notch frequency are 224 MHz and 41 MHz, respectively. It is suffi-
cient to distinguish the frequency difference between the surface
modification step and the specific binding reaction step, and the
HER2 antigen can be affirmed. For 50 ng/mL (blue column), the
mean value and the standard deviation of the net frequency shift
of the 5-th notch frequency are 114 MHz and 17 MHz, respectively,
and the net frequency shift detecting result is lower than that in a
high concentration. There is no overlapping between the error bars
in 250 ng/mL and 50 ng/mL, which means that the HER2 antigen can
be marked for those 2 concentrations. While for 10 ng/mL (green

column), the mean value is 33 MHz which is at the same level (or
even lower than) as that of the standard deviation (40 MHz) of the
net frequency shift of the notch frequency, resulting in an invalid
detection. Therefore, the experimental results show that the LOD of
our proposed sensing system for HER2 antigen detectionis at alevel
of 50 ng/mL in concentration. For nonspecific binding detections,
the mean values for IgG and mouse MAb (around 6 MHz) are lower
than that of the low concentration antigen (41 MHz). The standard
deviations are 31 MHz and 16 MHz for IgG and mouse Mab, respec-
tively, which are even higher than their mean value. Fig. 6(b) shows
the confocal microscopy image of the mFBG surface after specific
binding detection with fluorescein isothiocyanate (FITC) marked
HER2 antigen (250 ng/mL) with a 448 nm laser source for the exci-
tation, in which the specific binding process can be confirmed.

4. Conclusion

We have demonstrated a high resolution and temperature
compensational biosensor for HER2 antigen detection based on
monitoring the spectrum of an MPF. A surface functionalized mFBG
cascaded with normal FBG was used as the biosensing probe to
realize in-situ detection. The MPF-based SRI sensing system pro-
vides an improved resolution of 2.45 x 10-6 RIU which is three
orders of magnitude higher than a conventional optical wavelength
monitoring method. The surface functionalization of the biosens-
ing component was covalent linking method and the operation
stability of the biosensing system was qualified. The HER2 spe-
cific binding reaction process was in situ monitored clearly by the
MPF-based frequency monitoring method. The proposed sensing
method can achieve HER2 antigen detection with LOD of 50 ng/mL
in concentration, making it a good candidate for preliminary diag-
nosis of breast cancers.
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