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1 | INTRODUCTION

Early diagnosis of acute myocardial infarction (AMI), via
high-sensitive detection of its specific biomarker, can
effectively treat the disease and significantly reduce the

Abbreviations: AMI, acute myocardial infarction; BSA, bovine serum
albumin; cTnl, cardiac troponin-I; DL, detection limit; FEM, finite
element method; GOPTS, 3-glycidoxypropyltrimethoxysilan; HD,
hyperboloid-drum; HF, hydrofluoric acid; IgG, immunoglobulin G;
MSD, molecular surface density; PBS, phosphate buffer saline; PSA,
prostate-specific antigen; Q, quality factor; S, sensitivity; SEM, scanning
electron microscope; WGM, whispering gallery modes.
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The measurement of cardiac troponin-I
(cTnl) is widely used for diagnosing acute
infarction (AMI) diseases
because of its myocardial specificity. Pack-
aged microbubble resonators with thin wall
are utilized for label-free and specific detec-
tion of cTnl based on whispering gallery
mode (WGM). This packaged structure can
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provide a good protection for the biosensor,

improve the anti-interference ability of the

sensor and reduce the system noise. The theoretical detection limit of the biosen-
sors for cTnl in phosphate buffer saline (PBS) is 0.4 ag mL ™" (0.02 ay,). Further-
more, we demonstrated that the biosensors can be used to detect cTnI molecules
in simulated serum and the theoretical detection limit is also 0.4 ag mL ™'
(0.02 ayy). These results are much far below the clinical cut-off value and show a

huge application potential for the detection of cardiac biomarkers of AMI.

label-free biosensors, microbubble resonators, whispering gallery modes

mortality rate [1, 2]. Troponin is a regulatory protein of
the thin filament of striated muscle, released into the
bloodstream 4 to 6 hours after AMI and the peak levels
occur at 18 to 24 hours [3]. Assessment of troponin is a
sensitive and specific method for diagnosing AMI. Among
the biomarkers of AMI, the clinical sensitivity and specific-
ity of cardiac troponin I (cTnI) have been reported to
90.7% and 90.2%, respectively [4, 5]. CTnl is widely used as
the gold standard for the diagnosis of AMI and the clinical
cut-off value of c¢Tnl is recommended of <0.1 ng mL ™"
[3, 4, 6-8]. Therefore, it is a matter of great urgency to
establish a sensing system with high sensitivity and rapid
detection of cTnl concentration in real time to provide
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prognostic information supporting risk stratification and
highly accurate diagnostics at the early stage [2, 9].

Various highly sensitive biosensors and biosensing
techniques have been continually proposed and evolving
to enhance analytical performance for target biomarkers
[2, 10, 11]. Foreign labeling or tracer agents, such as iso-
tope, enzymes, metal nanoparticles and fluorescent mate-
rials, are developed to generate or amplify the weak
sensing signal [2]. However, it requires a labeling process
as a preparation step that is usually low yield, combining
synthesis and purification [12]. Some tracers even require
a long incubation process and fluorescent materials have
bleaching effects. Label-free sensing technique does not
need any other foreign compound for detection, can alle-
viate some of the practical limitations of labeled sensors.
The main advantage for label-free detection is that more
information can be acquired directly, as the methods use
only native proteins and ligands [12, 13].

Whispering gallery mode (WGM) microcavity resonator
has been exploited for a broad field of fundamental
research and practical applications in recent years benefits
by their high quality (Q) factor and small mode volume,
which can be used as one of the label-free biosensors
[14-17]. The detection limits (DLs) of some WGM biosen-
sors such as microtoroid and microbubble have reached to
several aM or even to single-molecule level [18, 19]. A
label-free hyperboloid-drum (HD) microdisk laser, fabri-
cated from a silica microdisk coated with the gain medium,
represents a biosensing capabilities of human IgG with a
theoretical DL of 9 ag mL ' [20]. In particular, the hollow
structure of microbubble can be used as a natural micro-
fluidic channel, which is convenient for the fabrication of
integrated sensor devices. Microbubbles have been widely
used in various biochemical sensing experiments [21-26].

We present an ultrasensitive biosensor using thin-
walled microbubble resonators. With the help of packaged
method, the coupling position between the microbubble
and the fiber taper is fixed. It can aid to eliminate the noise
from surrounding environments and improve the stability
of the resonator. Furthermore, the thin-walled structure is
helpful for the light field to enter the analyte, enhancing
the interaction strength between light and matter, and
improve the sensitivity. The microbubble resonator is
applied to specific detection of cTnl in phosphate buffer
saline (PBS) and simulated serum.

2 | MATERIALS AND METHODS
2.1 | Materials and reagents

The microbubble was fabricated from a fused silica capil-
lary (TSP075150, Zhengzhou INNOSEP Scientific, China).

The low refractive index UV glue (MY-133-V2000,
n = 1.33) was purchased from MY Polymers Ltd., Israel.
3-Glycidoxypropyltrimethoxysilan (GOPTS) was pur-
chased from Aladdin, China. Bovine serum albumin
(BSA) and PBS (diluted to 1x) were purchased from Sigma
Aldrich. Anti-cTnI and cTnlI (24 kDa) were obtained from
Shanghai Linc-Bio Science (Shanghai, China). Human
immunoglobulin G (IgG) was obtained from Dingguo
Changsheng Biotechnology (Beijing, China). Prostate-
specific antigen (PSA) protein was purchased from Cholun
Medical (Shenzhen, China). Simulated serum was pur-
chased from InnoReagents (Huzhou, China). All reagents
were directly used without further purification.

GOPTS is mixed with ethanol in 1% volume ratio and
used for silanization of the microbubble inner surfaces.
The anti-cTnl antibody and BSA were prepared using PBS
with a concentration of 0.5 mg mL™", respectively. CTnI
protein was diluted with PBS to 1, 10 and 100 ag mL ™%
1, 10 and 100fgmL™% 1, 10 and 100 pgmL%; and
1, 10 and 100 ng mL L. CTnl protein was also diluted with
simulated serum with the concentrations ranged from
1ag mL ™" to 100 ng mL ™.

2.2 | Fabrication processes and
experimental setup

In order to improve the anti-interference ability of the
sensor and reduce the system noise, the microbubble and
the fiber taper are wrapped with MY-133-V2000 to form a
packaged sample. The fabrication processes of the pack-
aged microbubble resonator are similar to Refs [17, 27]
and the schematic diagram of the sensor is shown in
Figure 1A. First, fix the fiber taper on the glass scaffold
with UV glue. Next, the fiber taper is coupled with the
microbubble by using 5D optic alignment stages. The
capillaries on both sides of the microbubble are fixed on
the glass scaffold to reduce the change of coupling posi-
tion. After that, the optical coupling region between the
fiber taper and the microbubble is completely wrapped
with MY-133-V2000 to further improve the stability of
the sensor. Finally, place a coverslip over the glass scaf-
fold to form a sealed environment, so that MY-133-V2000
can be isolated from oxygen and accelerate its curing.
The diameter of the microbubble is approximately
296 pm. It is coupled with a fiber taper to realize the light
input and output, as shown in Figure 1B. The influence
of scattering and absorption loss caused by the UV glue
(MY-133-V2000) is insignificant, which is estimated by
the measurement of Q-factor before and after the packag-
ing process [27, 28]. Therefore, the packaging process has
insignificant influence on the sensing performance of
microbubble biosensors.
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FIGURE 1 (A)Schematic (A)
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FIGURE 2 Surface
functionalization processes for
specific detection of cTnl. (A) and (B)
are the surface silylanization
processes of the biosensor. (C)
Antibody binds to GOPTS. (D) Using
BSA to block the unbound sites. (E)
Detection of antigen cTnI

The experimental setup is shown in Figure 1C. The
tunable laser (780 nm, UniQuanta, China) is coupled into
the fiber and collected by a photodetector (PDA36A2,
Thorlabs). The polarization state of light from the tunable
laser is adjusted by the polarization controller. The opti-
cal signals from the photodetector are recorded by the
data acquisition card (PCle 6351, National Instruments).
Since WGM sensor is very sensitive to environmental
conditions (such as temperature), it is necessary to keep
the temperature around the sensor constant during the
experiment. Therefore, all the experiments are performed
in the indoor environment unless otherwise noted (22°C
room temperature and 40% humidity).

Normally, biomolecular binding can induce the
change of the local refractive index at the inner surface
of the microbubble, resulting in the shift of the trans-
mission spectrum. The sensitivity of the sensor is
related to the surface density of biomolecules and the
intensity of evanescent-field. In order to capture bio-
markers specifically, the sensor surface needs to be
functionalized.

W
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23 |
surface

The immobilization of proteins on the packaged micro-
bubble inner surface and the biodetection processes are
shown in Figure 2. The ethanol solution containing 1%
GOPTS was extracted into the microbubbles and incu-
bated for 2 hours to silylate the inner surface. Then, the
inner surface of the microbubble was washed with dis-
tilled water and ethanol solution. Thirdly, the microbub-
ble was heated at 120°C for 2 hours. Afterward, the
microbubble was fabricated into the packaged microbub-
ble resonator [22, 27-29].

Before the cTnl antigen detection, the anti-cTnl anti-
body modification in microbubble inner surface is
required. Firstly, the anti-cTnI antibody (500 pg mL ")
was extracted into the packaged microbubble resonator
through the syringe pump for 2 hours as shown in
Figure 2C. During the modification process, the flow rate
of the solution was set as 3 uL min~'. Then replace the
antibody solution with PBS solution to wash the inner
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surface. To reduce subsequent non-specific binding, BSA
solution (500 pg mL~") was then performed for 0.5 hour,
as shown in Figure 2D. The packaged microbubble bio-
sensor was then washed with PBS for 5 minutes. Finally,
the various concentrations of cTnlI solutions, diluted with
PBS and simulated serum, were detected with this bio-
sensing system, as shown in Figure 2E.

3 | RESULTS AND DISCUSSION

3.1 | Optical mode analysis

Normally, the refractive index changing of solution or
biomolecular bindings can change the local refractive
index at the microbubble interior, inducing the shift of
the transmission spectrum. The sensitivity (S) of a sensor
is related to the intensity of the interaction between light
and matter. The relation between the S and the distribu-
tion fraction of the light energy in the liquid (5) can be
expressed as [30]:

oA A
S=—~=—1y,
on nln

1)

where 6n represents the refractive index change of the
liquid; n, is the refractive index of the microbubble; 64 is
the wavelength shift in resonant wavelength (1).  can be
written as [30]:

n2RhA|E,|*

€5/ — 12 / |E|*dvV

1%

n (2)

where n is the refractive index of the liquid; R is the
radius of the microbubble; & is an arbitrary length along
the resonator longitudinal direction; &5 = gpe)s is the
dielectric constant of the resonator; E, represents
the electric field amplitude in the liquid; E represents the
electric field amplitude of a WGM throughout the resona-
tor. The integral in the denominator of Equation (2) is
taken over the volume (V) of the WGM. In the same
microcavity, the 4, E; and E of different WGMs will be
different. For the convenience of analysis, we expressed
the changes of 4, E, and E with 7o, which was written as:

A|Bo[*
no=—F—— (3)
/ |E|*dV
Therefore, Equation (2) can be written as:
n’*Rh
ne (4)

— ———=Mo:
2¢ep51/ N3 — N2

Equation (4) indicates that 5 is linearly proportional
to no. Increasing of the electric field distribution in the
liquid (E,) can obtain a greater n and S.
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Figure 3 exhibits the numerical simulations based on
the finite element method (FEM, by COMSOL Multiphy-
sics). The influences of the wall thickness and different-
order radial WGM of the microbubble to the sensitivity
were investigated. The field distributions of WGMs in
different-order-radial mode with 2, 5 and 8 pm wall
thickness were shown in Figure 2A. For the same radial-
order of WGMs, the increase of wall thickness will lead
to the decrease of 5, while the increase of the resonant
wavelength (1), as shown in Figure 3B,C, respectively.
Therefore, S decreases gradually as the wall thickness
increases. Thicker wall thickness will lead to more light
fields confined inside the silica wall, only a few fractions
of light fields can leak into the interior of the microbub-
ble which will interact with the matter, resulting in a low
sensitivity. These simulations indicated that selecting a
microbubble with a thinner wall thickness is able to
obtain a greater 7y, enhance the interaction strength
between light and matter, which can aid in achieving a
higher sensitivity and a lower DL. However, the micro-
bubbles are too fragile and difficult to fabricate the pack-
aged resonators once the wall thickness of the
microbubble is thinner than 1 pm. Especially, it is diffi-
cult to form a sufficient confinement of WGMs when the
outside of the microbubble is wrapped by MY-133-V2000.
Therefore, in order to form the sufficient confinement of
WGMs while obtain high sensitivity, the compromise
scheme is to select microbubbles with wall thickness
ranging from 1 to 3 pm.

Firstly, hydrofluoric acid (HF) was extracted at a uni-
form speed (20 uL mL ') by the syringe pump to corrode
the inner wall of the silica capillary and reduce the wall
thickness to 7-9 pm. Then, deionized water was extracted
to clean the residual HF inside the inner silica capillary.
Finally, extract clean air to dry the inner wall of the
microtubule. The thinned silica capillary can be used to
fabricate the thin-walled microbubbles. In order to accu-
rately measure its sizes, we twisted the microbubbles and
observed their cross-section under scanning electron

FIGURE 4
microbubble. Its diameter and wall

SEM images of a

thickness were ~256 and ~1.7 pm,
respectively

microscope (SEM). The microbubble with a diameter of
~256 pm and a wall thickness of ~1.7 pm was shown in
Figure 4.

3.2 | Detection of Ctnl

The WGM spectrum of typical microbubble resonator
was shown in Figure 5A. With Lorentz linear fitting, its
Q factor was approximately 1.5 x 10°. During the term of
~3600 s, the SD of center wavelength of WGM was
0.11 pm, as shown in Figure 5B. It shows that the system
has good stability and meets the subsequent sensing and
detection requirements.

Before the detection of biomolecules, we test the bulk
refractive index sensitivity of different WGM modes
(wavelengths) with dimethyl sulfoxide solutions to find a
high-sensitivity mode. The surface functionalization of
the microbubble was illustrated in Figure 2; each sample
was sequentially extracted into the biosensor at a flow
rate of 3 pL min~' for 10 min. The sample containing
cTnl bound with the antibody were measured as the
change in resonant wavelength. Figure 5C is the wave-
length responses of sensing cTnl in PBS. Each error bar
in Figure 5C represents the SD from three independent
measurements by using the same biosensor (including
the functionalization procedures).

Moreover, there is a linear relationship between the
wavelength shift of WGM and the molecular surface den-
sity (MSD, molecules cm ?) on the inner surface of the
microbubble, which provides a quantitative analysis
method for detecting molecules [30]:

1 n? y) Ry
MSD=— " % (5)

7_,
Qex N1 27[\/]’1%—1’12 S

where a., (cm?®) is the excess polarizability of the analyte.
For antibody (anti-cTnl) and BSA, the values can be
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determined to be 4ze, (8.7 x 107%') cm?® and 4re,
(3.85 x 107*") cm?, respectively. The wavelength shifts
caused by antibody and BSA were approximately 17.2 and
1.2 pm, respectively. The bulk refractive index sensitivity of
the microbubble sensor was S = 6.3 nm/RIU. By using
Equation (5), the theoretical MSDs of antibody and BSA were
calculated as 4.1 x 10 and 2.8 x 10" molecules cm 2,
respectively. The SD of blank sample is approximately
o = 0.11 pm, and the sensitivity of the linear variation region
is S = 0.8 pm mL agfl. Therefore, the theoretical detection
limit can be estimated as DL = 30/S; = 04 agmL '
(0.02 ayy).

In order to promote clinical application and verify the
feasibility of the sensor for specific detection of biomole-
cules in complex environments, we demonstrated the fea-
sibility of the microbubble sensor for specific detection of
cTnl in a simulated serum. CTnl was diluted with the
simulated serum into different concentrations. After

processing according to the same surface functionaliza-
tion process shown in Figure 2, the optical response to
different concentrations of simulated serum samples was
measured. Figure 5D exhibited the results of the simu-
lated serum samples at concentrations ranged from
1 agmL ™" to 100 ng mL~". These responses are almost
identical to that for c¢Tnl in PBS. The sensitivity of
the linear variation region is S, = 0.9 pm mL ag™ ', and
the theoretical DL can be estimated as DL = 3¢/
S, = 0.4 ag mL ™" (0.02 ay).

Table 1 summarizes a series of various biosensing
technologies for cTnl that have been reported in
recent years [31-36]. Compared with the existing and
emerging biosensors, the packaged thin-walled micro-
bubble biosensor has a lager measure range and lower
DL of cTnl. The results of the biosensors are approxi-
mately four orders of magnitude more sensitive than
these biosensors.

T T T 4 T T T T T T T
(A6 iy 1®)
e |_orentzian fitting /g
~14Fr 1 &2t i
=
< h=
12 2
> 1L 1 iR ooy
R 5 0 W""”"'W s naaia T
5 2
1ot {1 B
= 0~15x10° T>)
. 2 2F 4
0.8} 1=
779.99 780.00 780.01 i 0 500 1000 1500 2000 2500 3000 3500
C Wavelength (nm) ~ Time (s)
( LIO [ l:] CTnl in PBS '( ,310 r |:| C_TnI in_simulated serum ;_’
g Linear fit g Linear fit
Esf | Esf 2
] —
< 6 1£6 1 FIGURE 5 (A) Transmission
gﬁ 4 = 4 spectrum of packaged microbubble
L 1% _
s s resonator. (B) Wavelength shift of the
T; 2r 1 § 2 1 resonator during a period of ~3600 s.
g ol | g 0 | (C) and (D) are the measured
jUU response as a function of cTnl
10° 102 10t 106 10° 10" 10 10> 10 105 10° 10" concentrations in PBS and simulated
Concentration (ag/mL) Concentration (ag/mL) serum, respectively
Platform Analyte = Measure range Detection limit  Ref T.AB LE1L Comparlsf)ns of different
biosensors for the detection of cTnl
Microsphere ~ cTnI-C 0.3t02.0ng mL™* 0.59 ng mL™* [31]
SERS cTnl 0 to 2.0 ng mL ™! 9.80 pg mL™! [32]
Plasmon cTnl — 0.015 ng mL™! [33]
Microfiber cTnl 2to 10 fg mL™* 2 fg mL™* [34]
ELISA cTnl 1pgmL 'to1ngmL* 0.31 pgmL~* [35]

Voltammetry  cTnl 0.01 to 5.00 ng mL ™"

Microbubble  cTnl 1ag mL * to 100 ng mL™*

0.5ag mL™*

0.0005 ng mL ™" [36]
This work
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between cTnl antigen and other non-specific protein (PSA, human
IgG) with the concentration of 1 ag mL™", 1 fg mL ™", 1 pg mL ™"
and 1 ng mL ™" in PBS buffer

3.3 | Specificity test

The specificity test of the packaged microbubble biosen-
sor for cTnl was checked in presence of human IgG and
PSA in PBS, as shown in Figure 6. The concentrations of
human IgG, PSA and cTnl were set as 1 ag mL "},
1fgmL ', 1 pgmL " and 1 ng mL ", After the sensor
surface was immobilized with anti-cTnl antibody and
blocked with BSA, these different concentrations of solu-
tions were separately extracted into the packaged micro-
bubble biosensor. As shown in Figure 6, the result
indicates that the wavelength shift induced by target cTnl
protein is larger than other proteins. The stronger
response suggests good specificity of the packaged micro-
bubble biosensor for cTnl protein detection.

4 | CONCLUSION

The specific detection of cTnl was realized by using a
packaged microbubble resonator. Benefit for its thin-
walled structure, the analyte cTnl can interact strongly
with the light field in the inner surface of microbubble.
The theoretical DL of the microbubble biosensors for
cTnl is 0.4 ag mL~" (0.02 ay) in PBS. Furthermore, we
demonstrated that the biosensors can be used to detect
c¢Tnl molecules in simulated serum and the theoretical
DL is also 0.4 ag mL ™" (0.02 ay). The results of the bio-
sensors were approximately four orders of magnitude
more sensitive than the existing and emerging biosensors
for the detection of cTnl. It can be predicted that optical
thin-walled microbubble biosensor is expected to become
a candidate for the point-of-care devices, which can pro-
vide a feasible scheme for reliable precision detection or
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