micromachines

Article

A Fiber-Based SPR Aptasensor for the In Vitro Detection of
Inflammation Biomarkers

Yu Hua, Ridong Wang *

check for
updates

Citation: Hua, Y.,; Wang, R.; Li, D. A
Fiber-Based SPR Aptasensor for the
In Vitro Detection of Inflammation
Biomarkers. Micromachines 2022, 13,
1036. https://doi.org/10.3390/
mil3071036

Academic Editors: Xiujun Li and

Yuling Wang

Received: 30 May 2022
Accepted: 27 June 2022
Published: 29 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Dachao Li

State Key Laboratory of Precision Measuring Technology and Instruments, Tianjin University,
Tianjin 300072, China; huayu_19@tju.edu.cn (Y.H.); dchli@tju.edu.cn (D.L.)
* Correspondence: rdwang@tju.edu.cn

Abstract: It is widely accepted that the abnormal concentrations of different inflammation biomarkers
can be used for the early diagnosis of cardiovascular disease (CVD). Currently, many reported
strategies, which require extra report tags or bulky detection equipment, are not portable enough
for onsite inflammation biomarker detection. In this work, a fiber-based surface plasmon resonance
(SPR) biosensor decorated with DNA aptamers, which were specific to two typical inflammation
biomarkers, C-reactive protein (CRP) and cardiac troponin I (cTn-I), was developed. By optimizing
the surface concentration of the DNA aptamer, the proposed sensor could achieve a limit of detection
(LOD) of 1.7 nM (0.204 ng/mL) and 2.5 nM (57.5 ng/mL) to CRP and cTn-I, respectively. Additionally,
this biosensor could also be used to detect other biomarkers by immobilizing corresponding specific
DNA aptamers. Integrated with a miniaturized spectral analysis device, the proposed sensor could
be applied for constructing a portable instrument to provide the point of care testing (POCT) for
CVD patients.

Keywords: fiber-based surface plasmon resonance; DNA aptamer; surface density distribution;
C-reactive protein; cardiac troponin I

1. Introduction

With the fast aging of the world population, cardiovascular disease (CVD) is becom-
ing one of the leading causes of death [1,2]. The imaging methods, including ultrasonic
wave [3] and computed tomography [4], may not be suitable for the early diagnosis of
CVD because of their hysteresis while the CVD-related inflammation biomarker (such
as C-reactive protein (CRP) [5,6], cardiac troponin I (cTn-I) [7], brain natriuretic peptide
(BNP) [8], and interleukins [9]) detection can be a promising method to diagnose CVD
at an early stage because the levels of certain inflammation biomarkers can indicate the
risk of CVD sharply. Many biosensors for CVD-related inflammatory biomarker detection,
including electrochemical sensors [10], fluorescent spectrometry sensors [11], and colori-
metric sensors [12], have been developed. Although these strategies could achieve high
sensitivity and a low detection limit, an inevitable limitation is that chemically modified
tags converting the concentration of the inflammation biomarkers to a readable signal are
required in these biosensors, which complicates the detection operation. Moreover, an
inappropriate store condition may lead to the inactivation of these modification tags, which
affects the sensor’s reliability.

Surface plasmon resonance (SPR) biosensors, which are label-free, have advantages
in the early detection of CVD [13]. However, the commercialized prism-coupled SPR
biosensor is not suitable for the POCT device due to its bulky size [14]. The fiber-based SPR
biosensor, which employs an optical fiber to transmit the surface plasmon excitation and
reflection light [15], largely decreases the sensor’s size and manufactory cost. Furthermore,
the utilization of the integrated LED light source [16] and the microspectrograph enables
the elimination of bulky testing equipment in the fiber-based SPR biosensors, which can
promote the application of portable SPR biosensors for an onsite clinical CVD diagnosis.
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In order to realize the specific detection of inflammation biomarkers, it is necessary to
modify specific biometric receivers on the fiber-based SPR sensor’s surface. Antibodies are
widely used as biometric receivers to achieve high sensitivity and low detection limits [17,18].
However, the drawbacks, including pricey synthesis cost [19], fragile bioactivity [20], and
fixed affinity [21], restrict the application of antibodies in fiber-based SPR sensors. DNA
aptamers have advantages [22], including more economical production costs, adjustable
affinity, and a simpler modification process, which may help to break through the limitation
of antibodies. Additionally, compared to antibodies, most DNA aptamers have the same
chemical groups [23]. Therefore, it is feasible to design similar modification and detection
processes for different DNA aptamers, which can primarily increase the efficiency of proposing
aptasensors for the different CVD marker detection.

In this work, a fiber-based SPR biosensor for detecting two typical inflammatory
biomarkers, CRP and cTn-I, was exhibited. The corresponding DNA aptamers with op-
timized concentrations were immobilized onto the surface of the sensor to realize highly
specific detection of CRP and cTn-I. The limit of detections of 1.7 nM (0.204 ng/mL) and
2.5 nM (57.5 ng/mL) to CRP and cTn-I were achieved, respectively. Furthermore, the
specificity and the affinity of the DNA aptamers could be adjusted by changing the DNA
sequence to realize a flexible detection of different biomarkers. Additionally, this biosensor
could also be integrated with a microfluidic system and a miniaturized spectrum detector
to construct a POCT device for onsite CVD-related inflammation biomarker detection.

2. Materials and Methods
2.1. Materials and Reagents

The chemicals used were obtained from the following sources: bovine serum albumin
(BSA) was purchased from Amresco Co. (Cleveland, OH, USA). NaCl, CaCl,, glycine, tris
base, sodium dodecyl sulfate polyacrylamide (SDS), and ethylenediaminetetraacetic acid
(EDTA) were purchased from Meryer Co., LTD., Shanghai, China. Hexamethylhexanol
(MCH) and trichloroethyl phosphate (TCEP) were purchased from Maclin Co., LTD.,
Shanghai, China. Unless specifically mentioned, all reagents used were of the analytical
grade or higher. The solution was prepared using the diethylpyrocarbonate (DEPC)-
treated ultrapure water and filtered by the 0.22 um polytetrafluoroethylene microfiltration
membrane. Buffers used in the experiment were as follows:

— Binding buffer: 20 mM tris base, 1 mM EDTA, 1 mM TCEP, pH = 8.0

—  Detection buffer: 25 mM tris base, 192 mM glycine, 0.05% Tween 20, 0.1 w/t% BSA,
2 mM CaCl,, 100 mM NaCl, pH = 8.0

—  Washing buffer: 20 mM tris base, 1 mM EDTA, 0.001% SDS, pH = 8.0

The DNA aptamer specific to CRP and cTn-I was synthesized by Sangon Co., LTD.,
Shanghai, China. The sequence of the aptamer is listed in Table 1 [24,25]. The ploy T
spacer, which was five base pairs in length, was added to the 3" end of the aptamer to
decrease the steric hindrance effect from the surface assembly membrane and to help the
aptamer stay upright on the sensor surface. Additionally, the thiol linker was added to the
3’ end to help to immobilize the aptamer firmly onto the biosensor’s surface. The human
recombinant CRP and the human recombinant ¢Tn-I (produced from the Escherichia coli)
for the evaluation of the biosensor were purchased from Biolab Co., LTD., Beijing, China,
and Sangon Co., LTD., Shanghai, China, respectively.

Table 1. The list of the DNA aptamers for different inflammation markers.

Aptamer Type The Sequence (5 to 3')

CRP GGCAGGAAGACAAACACGATGGGGGGGTATGATTTGATGT
GGTTGTGCATGATCGTGGTCTGTGGTGCTGTTTTT
cIn-I CGAAGGGGATTCGAGGGGTGATTGCGTGCTCCATTTGGTGTTTIT
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The multimode fiber (core diameter: 625 um) and the standard SMA 905 interface
were purchased from Xinrui Co., LTD., Shenzhen, China. The Cr (99.9%) and Au (99.9%)
utilized as the target materials for evaporation were purchased from ZhongNuo Advanced
material (Beijing) Technology Co., LTD., Beijing, China. The glass tubes for packaging
the SPR biosensor were purchased from Tianyanggu Co., LTD., Shenzhen, China. The
polyethylene tube utilized as the flow chamber of the sensor was purchased from Asone
Co., LTD., Shanghai, China.

2.2. Fiber-Based Biosensor Fabrication and System Set-Up

Figure 1A shows the fabrication process of the fiber-based SPR biosensor. Firstly, a
100 mm-length optical fiber with a 10 mm-length sensing area was prepared. The sensing
area was scraped to wipe off the cladding layer. Then, the pretreated fiber was incubated
in an acetone solution for 15 min and then washed three times using distilled water. Next,
the fiber was dried out and embedded in a special fixture for a thermal evaporative coating.
According to our previous research [26,27], a 2 nm-thick chromium film and a 40 nm-thick
gold film as the optimization were deposited sequentially on the surface of the fiber. After
that, the coated fiber was heated at the temperature of 80 °C for 2 h and then annealed
to room temperature tardily to release the residual stress of coated layers. Next, the fiber
surface was hydrophobically treated under oxygen plasma (Dongxin High-tech Automation
Equipment Co., LTD., Shenzhen, China) for 30 s. Finally, in order to preserve the sensor’s
integrity and biocompatibility, the fiber was encapsulated with a glass tube and standard
SMA 905 interfaces and enclosed with the polyethylene microchamber.
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Figure 1. (A) The manufactory process of the biosensor: (i) fiber preparation; (ii) cladding layer
exfoliation; (iii) chromium deposition; (iv) gold deposition; (v) sensor packaging; (vi) flow chamber
packaging (B) The surface modification of the biosensor. (C) The scheme of the whole detection system.
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Figure 1B shows the DNA aptamer modification on the sensor surface. First, the
thiol-modified DNA aptamer specific to the certain inflammation biomarker was treated
with 1 mM TCEP for 1 h at room temperature to selectively reduce the occurrence of DNA
dimers, which was harmful to the aptamer immobilization process. Then, the solution
containing the DNA aptamer was loaded onto the sensing area of the fiber-based SPR and
was incubated at 4 °C overnight. After that, the sensor was washed using a PBS buffer and
distilled water, respectively. To backfill the remaining binding sites on the fiber surface,
the sensor was later incubated in 2 mM MCH at room temperature for 90 min. At last, the
sensor was washed repeatedly with distilled water and stored under 4 °C for further use.

Figure 1C shows the whole biosensing system, including a wide band light source
(HL2000, Ocean Optic, Dunedin, FL, USA), a fiber-based SPR biosensor, a micro spectro-
graph (USB 2000, Ocean Optic, Dunedin, FL, USA), a computer for data processing, an
injection pump (KD Scientific, Holliston, MA, USA), and a cylinder for the waste liquid.
The fiber-based SPR biosensor was connected with the light source and spectrograph using
the standard SMA interface to realize the excitation of the SPR and the detection of the SPR
shift, respectively. The thermal controller we proposed was utilized to decrease the tem-
perature fluctuation around the SPR biosensor. The sensor was treated with the washing
buffer for 5 min to recover its surface and then treated with the detection buffer for 1 min
to wash off the residual SDS. The flow rate during the process was held at 15 uL/min by
the injection pump.

The proposed SPR biosensor’s surface was characterized by the scanning electron
microscope (SEM, Nanosem 430, FEI, USA) and the X-ray photoelectron spectroscopy
(XPS, ESCALAB-250 Xi Thermo, Altrincham, UK). The surface roughness of the glass
sheet was characterized by the atomic force microscope (AFM, Bruker, Germany). The
infiltration characteristics were measured by the contact angle measuring system (OSA60,
New Boundary Co., Ningbo, China).

3. Results and Discussion
3.1. The Characterization of the Sensing Areas

The surface morphology of the proposed fiber-based SPR biosensor was characterized.
As shown in Figure 2A, two peaks at the binding energy of 83.8 eV and 87.5 eV were
observed, which indicated that the Au layer was deposited onto the fiber successfully.
Figure 2B shows the sensing area of the sensor, which also confirmed that the smooth metal
layers were successfully coated onto the sensing area.

In order to let the DNA aptamer absorb onto the coated fiber much more efficiently,
it was necessary to improve the hydrophilicity of the fiber surface. Here, oxygen plasma
treatment was used to produce hydrophilic polar bonds without serious damage to the
fiber surface. In addition, compared with the commonly used surface treatment based on
liquid chemistry (like the piranha solution), the oxygen plasma treatment was friendly
to the following modification process due to zero chemical pollution. The infiltration
characteristics with and without oxygen plasma treatment were shown in Figure 2C,D.
Here, the surface contact angles of the ultrapure water on the gold surface of the glass
sheet were used to evaluate the surface hydrophilia. The contact angle of the gold surface
decreased from 75° to 36°, showing the significant hydrophilia improvement of the gold
surface after the surface plasma treatment. To evaluate the damage to the sensing area
caused by the oxygen plasma, Figure 2E,F showed the surface morphology of the gold
surface with (Figure 2E) and without (Figure 2F) oxygen plasma treatment. It could be seen
that the roughness of the gold surface was changed (from 1.64 nm to 1.85 nm). However,
our actual test results showed that the increase in surface roughness did not significantly
affect the basic performance of our sensor (the results were not shown here).
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Figure 2. (A) The XPS evaluation of the sensing area of the biosensor. (B) The SEM evaluation of
the sensing area of the biosensor. (C,D) The infiltration characteristics of the glass sheet before and

after the oxygen plasma treatment. (E,F) The surface morphology of the glass sheet with and without
oxygen plasma treatment.

3.2. Basic Performance Testing of the SPR Biosensor

The detection principle of SPR biosensing technology was to distinguish the refractive
index (RI) change near the sensor surface. As shown in Figure 3A, the binding events of
aptamers and biomarkers would lead to the RI increase near the sensor surface, which
caused the redshift of the SPR wavelength. Therefore, it was necessary to evaluate the
proposed SPR biosensor’s response to the RI change before the chemical modification
process. The RI of the solution was adjusted by using glycerine solutions with different
concentrations. Here, the temperature around the sensor was fixed at 20 °C to avoid
the effect of temperature variation on the measured RI [28]. As shown in Figure 3B, the
resonance peak shifted with the increase of RI. Figure 3C shows a good linear relationship
between the resonance wavelength and RI, and the sensitivity was 1585.90 nm/RIU in a RI
range of 1.33-1.37.
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Figure 3. (A) The measurement principle of SPR biosensors. (B) The normalized spectrum of the
sensor under solutions with different Rls. (C) The relationship between the SPR wavelength and the
refractive index of the solutions.

3.3. CRP and cTn-I Detection

Since the aptamer’s surface loading density had a prominent impact on the SPR
biosensor’s response [29], optimizing the DNA aptamer’s surface density was necessary.
Here, the aptamer’s surface loading density was controlled by incubating the CRP and
cTn-I aptamers with different concentrations (50 nM, 100 nM, 200 nM, 300 nM, 500 nM,
700 nM) under the same incubating time. As shown in Figure 4A,B, the sensors with low
surface density of the aptamer (like the sensor modified with 50 nM CRP aptamer and c¢Tn-I
aptamer) had the relative low response and high saturation concentration. The sensors
with medium surface density of the aptamer (like the sensor modified with 100 nM and
200 nM aptamers for CRP and cTn-I detection) had the higher response. However, their
saturation concentration decreased because of the steric hindrance from the analyte. As for
the sensors with a high surface density of the aptamer (including the sensors modified with
300 nM aptamers or higher), both the sensor response and the saturation concentration
diminished because of the negative effect induced by the crowded aptamers’ surface
distribution. Figure 4C,D showed the responses of the different SPR biosensors under
111 nM CRP and 111 nM cTn-I. Theoretically, a higher surface density of aptamer led to
a higher response of the sensor because more binding sites were offered in the limited
area [30]. However, the response of the SPR biosensor increased when the modified CRP
aptamer and cIn-I aptamer concentration increased from 50 nM to 100 nM and 50 nM
to 200 nM, respectively, and then the response began to decrease with the concentrations
of the CRP aptamer and cTn-I aptamer increasing from 100 nM to 700 nM and 200 nM
to 700 nM, respectively. On the one hand, the decrease in the sensor response could be
attributed to the steric hindrance effect [31-33]. Denser aptamer’s surface distribution
referred to the shorter distance between the neighboring aptamers. Therefore, the existed
complex of aptamers and biotargets on the sensor surface were more likely to overshadow
the rest free aptamers around, which prevented the extra biotargets from binding onto the
sensor. On the other hand, high aptamer coverage density would suppress the aptamer’s
affinity. It was acknowledged that aptamers needed to self-fold to certain hydrophilic,
pocket-shaped structures [34,35], which was necessary before binding with biotargets [36].
However, the ultra-crowded aptamer’s distribution might cause two issues, which could
block the aptamers from folding into the expected constructures. The first issue regarded
electrostatic interference. The aptamers were immobilized closely, so they might fail to fold
appropriately because of the electrostatic force from each other [37]. The second regarded
thermodynamic interference. Due to the self-complementary nature of the individual
aptamer sequences, the aptamers would like to hybridize with neighboring aptamers [38]
rather than self-fold. Therefore, it was essential to control the aptamer’s density to weaken
the adverse effect of the lack of binding sites, the steric hindrance, the electrostatic force,
and the random cross-hybridization to the sensor’s response.
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Figure 4. The sensor’s response to the CRP (A) and cTn-I (B) under different concentration aptamer
modification. The responses of the sensors were modified with different concentration aptamers
under the 111 nM CRP (C) and cTn-I (D). The response and the detection limit of the biosensor to
CRP (E) and cTn-I (F).

According to the results from Figure 4C,D, concentrations of 100 nM for CRP aptamer
and 200 nM for cIn-I were used for the fiber-based SPR biosensor. Figure 4E,F showed the
sensor response under different CRP and c¢Tn-I concentrations. The sensitivity of the SPR
biosensor could be calculated using the following formula:

AA

5= ac

)
where S, AC, and AA were the sensitivity of the SPR biosensor, the concentration changes
of the CRP or cTn-I, and the corresponding wavelength shift of the SPR peak, respectively.
The LOD of the SPR biosensor could be calculated through the following formula:

3 % Obackground

LOD = @)

Sbackground

where 0packground referred to the standard deviation of the wavelength shift of the SPR
biosensor. Spackground referred to the biosensor’s sensitivity near the blank sample (ob-
tained by calculating the slope of the fitted curve near the blank sample). According to
the experiment results, the LOD of the SPR biosensor to the CRP and cTn-I was 1.7 nM
(0.204 pg/mL) and 2.5 nM (57.5 ng/mL), respectively. In addition, solutions of 100 nM
CRP, 100 nM hemoglobin, 100 nM fibrinogen, and 100 nM cTn-I were used to evaluate the
specificity of the fiber-based SPR sensor. Figure 5A,B showed the specificity of the SPR
sensor modified with CRP aptamer and the cTn-I aptamer, respectively. From the results,
the nonspecific binding responses between the sensor and the disturbed biomolecules were
less than 20% of the specific binding between the sensor and the certain inflammation
biomarkers, indicating that the aptamer chosen had a prominent affinity to the correspond-
ing biomarkers and the conspicuous stain resistance of the SAM made of MCH. Figure 6A,B
shows the sensor’s repeatability. The sensor’s responses to the 50 nM of CRP and 50 nM
of cTn-I were measured repeatedly. It could be seen that the relative standard deviation
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values of the sensor’s response to CRP and cTn-I were only 2.15% and 4.72%, respectively,
indicating that the proposed biosensor had a good ability to reuse because of the robust
surface modification protocols.
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Figure 5. The selectivity of the biosensor: (A) the sensor modified with the CRP aptamer; (B) the
sensor modified with the ¢Tn-I aptamer.
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Figure 6. The repeatability of the biosensor: (A) the sensor modified with the CRP aptamer; (B) the
sensor modified with the ¢cTn-I aptamer.

4. Conclusions

In this paper, a label-free, fiber-based SPR aptasensor for CVD-related inflammation
biomarker detection was developed. Two typical CVD-related inflammation biomarkers
(CRP and cTn-I) for early diagnosis of CVD were detected successfully by immobilizing
specific DNA aptamers. The results showed that the SPR sensor had a LOD of 1.7 nM
(0.204 pg/mL) and 2.5 nM (57.5 ng/mL) to CRP and cTn-I, respectively. Moreover, the
results of the selectivity and repeatability test preliminarily demonstrated the sensor’s
capability for biosensing in complex matrices. Due to the generalizability of our method,
more CVD-related biomarkers could be measured through our proposed biosensor.

It should be noted that the aptamer’s surface loading density urgently affected the
sensor’s response, which could be attributed to the lack of the binding sites, the steric
hindrance, the electromagnetism, and the thermodynamic effect. Although the surface
density of the aptamer could be adjusted by the modified concentration, it was inevitable
that the aptamer partially crowded the sensing area because of the molecular dynamics
in the solution [39]. Another limitation was that the detection window might not meet
the biomedical detection requirements because the sensing performance of our proposed
biosensor was largely determined by the aptamer’s affinity and the molecule weight of
the biotarget. Moreover, it was necessary to further evaluate the practicality of the sensor
under the real blood serum. Currently, we are trying to introduce the programmable DNA
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frameworks to the SPR biosensor to control the surface distribution of the aptamer more
precisely and to realize some novel biosensing functions under the nanoscale. In addition,
we are trying to introduce the mixture of the aptamers with different affinities to adjust
the sensor’s detection window and to modify two-dimensional material and noble metal
nanoparticles for enhancing the sensor’s sensitivity. Furthermore, we are attempting to
combine the proposed biosensor with a microfluidic system and a miniaturized spectrum
detector to promote the practical application of our proposed biosensor as an integrated
POCT device for CVD diagnosis. In future research, we will test the optimized sensor
under the human blood serum to provide a further demonstration of its practicality.

Author Contributions: Conceptualization, R.W. and Y.H.; methodology, R.W. and Y.H; investigation,
Y.H.; data curation, Y.H.; writing—original draft preparation, Y.H.; writing—review and editing,
R.W.,; visualization, Y.H.; supervision, R.W.; project administration, D.L.; funding acquisition, D.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R & D Program of China (No. 2020YFC2004600),
the National Natural Science Foundation of China (No. 82072012), and the 111 Project of China (No.
B07014). The APC was funded by the National Key R & D Program of China (No. 2020YFC2004600).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1.  Beaglehole, R. International Trends in Coronary Heart Disease Mortality, Morbidity, and Risk Factors. Epidemiol. Rev. 1990, 12,
1-15. [CrossRef]

2. Chang, WH.; Mueller, S.H.; Chung, S.-C.; Foster, G.R.; Lai, A.G. Increased Burden of Cardiovascular Disease in People with
Liver Disease: Unequal Geographical Variations, Risk Factors and Excess Years of Life Lost. J. Transl. Med. 2022, 20, 2. [CrossRef]
[PubMed]

3. Steinberg, S.; Huang, A.; Ono, Y.; Rajan, S. Continuous Artery Monitoring Using a Flexible and Wearable Single-Element
Ultrasonic Sensor. IEEE Instrum. Meas. Mag. 2022, 25, 6-11. [CrossRef]

4. Yamaguchi, M.; Hoshino, M.; Sugiyama, T.; Kanaji, Y.; Nagamine, T.; Misawa, T.; Hada, M.; Araki, M.; Hamaya, R.; Usui, E.; et al.
Association of Near-Infrared Spectroscopy-Defined Lipid Rich Plaque with Lesion Morphology and Peri-Coronary Inflammation
on Computed Tomography Angiography. Atherosclerosis 2022, 346, 109-116. [CrossRef] [PubMed]

5. Nagai, T.; Anzai, T.; Kaneko, H.; Mano, Y.; Anzai, A.; Maekawa, Y.; Takahashi, T.; Meguro, T.; Yoshikawa, T.; Fukuda, K. C-Reactive
Protein Overexpression Exacerbates Pressure Overload-Induced Cardiac Remodeling Through Enhanced Inflammatory Response.
Hypertension 2011, 57, 208-215. [CrossRef]

6. Haverkate, E.; Thompson, S.G.; Pyke, S.D.; Gallimore, J.R.; Group, M.B.P. Production of C-Reactive Protein and Risk of Coronary
Events in Stable and Unstable Angina. Lancet 1997, 349, 462-466. [CrossRef]

7.  Saenger, A K.; Korpi-Steiner, N. Chapter One—Advances in Cardiac Biomarkers of Acute Coronary Syndrome. In Advances in
Clinical Chemistry; Makowski, G.S., Ed.; Academic Press: New York, NY, USA, 2017; Volume 78, pp. 1-58. ISBN 978-0-12-811919-8.

8. Bozkurt, B. Chapter 24—Heart Failure as a Consequence of Dilated Cardiomyopathy. In Heart Failure: A Companion to Braunwald’s
Heart Disease, 2nd ed.; Mann, D.L., Ed.; W.B. Saunders: Philadelphia, PA, USA, 2011; pp. 372-394. ISBN 978-1-4160-5895-3.

9. Rathnayake, N; Akerman, S.; Klinge, B.; Lundegren, N.; Jansson, H.; Tryselius, Y.; Sorsa, T.; Gustafsson, A. Salivary Biomarkers
for Detection of Systemic Diseases. PLoS ONE 2013, 8, e61356. [CrossRef]

10. Pinyorospathum, C.; Chaiyo, S.; Sae-ung, P.; Hoven, V.P.; Damsongsang, P.; Siangproh, W.; Chailapakul, O. Disposable Paper-
Based Electrochemical Sensor Using Thiol-Terminated Poly (2-Methacryloyloxyethyl Phosphorylcholine) for the Label-Free
Detection of C-Reactive Protein. Microchim. Acta 2019, 186, 472. [CrossRef]

11.  Naito, Y.; Takagi, T.; Okada, H.; Omatsu, T.; Mizushima, K.; Handa, O.; Kokura, S.; Ichikawa, H.; Fujiwake, H.; Yoshikawa, T.
Identification of Inflammation-Related Proteins in a Murine Colitis Model by 2D Fluorescence Difference Gel Electrophoresis and
Mass Spectrometry. J. Gastroenterol. Hepatol. 2010, 25, 144-148. [CrossRef]

12.  Wignarajah, S.; Suaifan, G.A.R.Y,; Bizzarro, S.; Bikker, EJ.; Kaman, W.E.; Zourob, M. Colorimetric Assay for the Detection of
Typical Biomarkers for Periodontitis Using a Magnetic Nanoparticle Biosensor. Anal. Chem. 2015, 87, 12161-12168. [CrossRef]

13.  Myszka, D.G. Kinetic, Equilibrium, and Thermodynamic Analysis of Macromolecular Interactions with BIACORE. Methods

Enzymol. 2000, 323, 325-340. [CrossRef] [PubMed]


http://doi.org/10.1093/oxfordjournals.epirev.a036048
http://doi.org/10.1186/s12967-021-03210-9
http://www.ncbi.nlm.nih.gov/pubmed/34980174
http://doi.org/10.1109/MIM.2022.9693453
http://doi.org/10.1016/j.atherosclerosis.2022.01.010
http://www.ncbi.nlm.nih.gov/pubmed/35115160
http://doi.org/10.1161/HYPERTENSIONAHA.110.158915
http://doi.org/10.1016/S0140-6736(96)07591-5
http://doi.org/10.1371/journal.pone.0061356
http://doi.org/10.1007/s00604-019-3559-6
http://doi.org/10.1111/j.1440-1746.2009.06219.x
http://doi.org/10.1021/acs.analchem.5b03018
http://doi.org/10.1016/S0076-6879(00)23372-7
http://www.ncbi.nlm.nih.gov/pubmed/10944758

Micromachines 2022, 13, 1036 10 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

Winzor, D.J. Interpretation of Results from the Competitive Biacore Procedure for Characterizing Immunochemical Interactions
in Solution. J. Mol. Recognit. 2018, 31, 270-274. [CrossRef] [PubMed]

Hoa, X.D.; Kirk, A.G.; Tabrizian, M. Towards Integrated and Sensitive Surface Plasmon Resonance Biosensors: A Review of
Recent Progress. Biosens. Bioelectron. 2007, 23, 151-160. [CrossRef] [PubMed]

Prabowo, B.A.; Chang, Y.-F; Lee, Y.-Y,; Su, L.-C; Yu, C.-],; Lin, Y.-H.; Chou, C.; Chiu, N.-F; Lai, H.-C.; Liu, K.-C. Application of an
OLED Integrated with BEF and Giant Birefringent Optical (GBO) Film in a SPR Biosensor. Sens. Actuators B Chem. 2014, 198,
424-430. [CrossRef]

Masson, ].-F; Battaglia, T.M.; Beaudoin, S.; Booksh, K.S. Applications of Small Surface Plasmon Resonance Sensors for Biochemical
Monitoring. In Proceedings of the Smart Medical and Biomedical Sensor Technology II, SPIE, Philadelphia, PA, USA, 17 December
2004; Volume 5588, pp. 178-191.

Horta, S.; Qu, ].-H.; Dekimpe, C.; Bonnez, Q.; Vandenbulcke, A.; Tellier, E.; Kaplanski, G.; Delport, F.; Geukens, N.; Lammertyn,
J.; et al. Co(IIT)-NTA Mediated Antigen Immobilization on a Fiber Optic-SPR Biosensor for Detection of Autoantibodies in
Autoimmune Diseases: Application in Immune-Mediated Thrombotic Thrombocytopenic Purpura. Anal. Chem. 2020, 92,
13880-13887. [CrossRef]

Stamatis, C.; Farid, S.S. Process Economics Evaluation of Cell-Free Synthesis for the Commercial Manufacture of Antibody Drug
Conjugates. Biotechnol. |. 2021, 16, 2000238. [CrossRef]

Pabari, R.M.; Ryan, B.; McCarthy, C.; Ramtoola, Z. Effect of Microencapsulation Shear Stress on the Structural Integrity and
Biological Activity of a Model Monoclonal Antibody, Trastuzumab. Pharmaceutics 2011, 3, 510-524. [CrossRef]

Bostrom, J.; Lee, C.V.; Haber, L.; Fuh, G. Improving Antibody Binding Affinity and Specificity for Therapeutic Development. In
Therapeutic Antibodies: Methods and Protocols; Methods in Molecular BiologyTM ; Dimitrov, A.S., Ed.; Humana Press: Totowa, NJ,
USA, 2009; Volume 525, pp. 353-376. ISBN 978-1-59745-554-1.

Zhu, Q.; Liu, G.; Kai, M. DNA Aptamers in the Diagnosis and Treatment of Human Diseases. Molecules 2015, 20, 20979-20997.
[CrossRef]

Odeh, F.; Nsairat, H.; Alshaer, W.; Ismail, M.A.; Esawi, E.; Qaqish, B.; Bawab, A.A; Ismail, S.I. Aptamers Chemistry: Chemical
Modifications and Conjugation Strategies. Molecules 2020, 25, 3. [CrossRef]

Wu, B,; Jiang, R.; Wang, Q.; Huang, J.; Yang, X.; Wang, K.; Li, W,; Chen, N.; Li, Q. Detection of C-Reactive Protein Using
Nanoparticle-Enhanced Surface Plasmon Resonance Using an Aptamer-Antibody Sandwich Assay. Chem. Commun. 2016, 52,
3568-3571. [CrossRef]

Sun, D,; Lin, X,; Lu, J.; Wei, P; Luo, Z.; Lu, X.; Chen, Z.; Zhang, L. DNA Nanotetrahedron-Assisted Electrochemical Aptasensor
for Cardiac Troponin I Detection Based on the Co-Catalysis of Hybrid Nanozyme, Natural Enzyme and Artificial DNAzyme.
Biosens. Bioelectron. 2019, 142, 111578. [CrossRef]

Lu, B,; Sun, Y,; Lai, X.; Pu, Z.; Yu, H.; Xu, K,; Li, D. Side-Polished Fiber SPR Sensor with Tempetrature Self-Compensation for
Continuous Glucose Monitoring. In Proceedings of the 2016 IEEE 29th International Conference on Micro Electro Mechanical
Systems (MEMS), Shanghai, China, 24 January 2016; pp. 411-414.

Lu, B.; Lai, X,; Zhang, P.; Wu, H.; Yu, H.; Li, D. Roughened Cylindrical Gold Layer with Curve Graphene Coating for Enhanced
Sensitivity of Fiber SPR Sensor. In Proceedings of the 2017 19th International Conference on Solid-State Sensors, Actuators and
Microsystems (TRANSDUCERS), Kaohsiung, Taiwan, 18 June 2017; pp. 1991-1994.

Hoyt, L.F. New Table of the Refractive Index of Pure Glycerol at 20 °C. Ind. Eng. Chem. 1934, 26, 329-332. [CrossRef]

Walter, J.-G.; Kokpinar, O.; Friehs, K.; Stahl, F; Scheper, T. Systematic Investigation of Optimal Aptamer Immobilization for
Protein—Microarray Applications. Anal. Chem. 2008, 80, 7372-7378. [CrossRef] [PubMed]

Zhou, R.; Zhao, L.; Wang, Y.; Hameed, S.; Ping, J.; Xie, L.; Ying, Y. Recent Advances in Food-Derived Nanomaterials Applied to
Biosensing. TrAC Trends Anal. Chem. 2020, 127, 115884. [CrossRef]

Gao, S.; Koshizaki, N.; Tokuhisa, H.; Koyama, E.; Sasaki, T.; Kim, J.-K.; Ryu, J.; Kim, D.-S.; Shimizu, Y. Highly Stable Au
Nanoparticles with Tunable Spacing and Their Potential Application in Surface Plasmon Resonance Biosensors. Adv. Funct. Mater.
2010, 20, 78-86. [CrossRef]

Qu, L,; Xu, J.; Tan, X,; Liu, Z.; Xu, L.; Peng, R. Dual-Aptamer Modification Generates a Unique Interface for Highly Sensitive and
Specific Electrochemical Detection of Tumor Cells. ACS Appl. Mater. Interfaces 2014, 6, 7309-7315. [CrossRef] [PubMed]

Wu, C;; Liu, J.; Zhang, P; Li, J.; Ji, H.; Yang, X.; Wang, K. A Recognition-before-Labeling Strategy for Sensitive Detection of Lung
Cancer Cells with a Quantum Dot-Aptamer Complex. Analyst 2015, 140, 6100-6107. [CrossRef]

Yang, X.-H.; Kong, W.-].; Yang, M.-H.; Zhao, M.; Ouyang, Z. Application of Aptamer Identification Technology in Rapid Analysis
of Mycotoxins. Chin. J. Anal. Chem. 2013, 41, 297-306. [CrossRef]

Oberthiir, D.; Achenbach, J.; Gabdulkhakov, A.; Buchner, K.; Maasch, C.; Falke, S.; Rehders, D.; Klussmann, S.; Betzel, C. Crystal
Structure of a Mirror-Image L-RNA Aptamer (Spiegelmer) in Complex with the Natural L-Protein Target CCL2. Nat. Commun.
2015, 6, 6923. [CrossRef]

Hasegawa, H.; Savory, N.; Abe, K.; Ikebukuro, K. Methods for Improving Aptamer Binding Affinity. Molecules 2016, 21, 421.
[CrossRef]

Zhao, W.; Chiuman, W.; Lam, J.C.E; McManus, S.A.; Chen, W.; Cui, Y,; Pelton, R.; Brook, M.A.; Li, Y. DNA Aptamer Folding on
Gold Nanoparticles: From Colloid Chemistry to Biosensors. J. Am. Chem. Soc. 2008, 130, 3610-3618. [CrossRef] [PubMed]


http://doi.org/10.1002/jmr.2702
http://www.ncbi.nlm.nih.gov/pubmed/29484741
http://doi.org/10.1016/j.bios.2007.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17716889
http://doi.org/10.1016/j.snb.2014.03.041
http://doi.org/10.1021/acs.analchem.0c02586
http://doi.org/10.1002/biot.202000238
http://doi.org/10.3390/pharmaceutics3030510
http://doi.org/10.3390/molecules201219739
http://doi.org/10.3390/molecules25010003
http://doi.org/10.1039/C5CC10486F
http://doi.org/10.1016/j.bios.2019.111578
http://doi.org/10.1021/ie50291a023
http://doi.org/10.1021/ac801081v
http://www.ncbi.nlm.nih.gov/pubmed/18729475
http://doi.org/10.1016/j.trac.2020.115884
http://doi.org/10.1002/adfm.200901232
http://doi.org/10.1021/am5006783
http://www.ncbi.nlm.nih.gov/pubmed/24801611
http://doi.org/10.1039/C5AN01145K
http://doi.org/10.1016/S1872-2040(13)60630-1
http://doi.org/10.1038/ncomms7923
http://doi.org/10.3390/molecules21040421
http://doi.org/10.1021/ja710241b
http://www.ncbi.nlm.nih.gov/pubmed/18293985

Micromachines 2022, 13, 1036 11 of 11

38. White, R.J.; Phares, N.; Lubin, A.A.; Xiao, Y.; Plaxco, K.W. Optimization of Electrochemical Aptamer-Based Sensors via Optimiza-
tion of Probe Packing Density and Surface Chemistry. Langmuir 2008, 24, 10513-10518. [CrossRef] [PubMed]

39. Frederix, E; Bonroy, K.; Laureyn, W.; Reekmans, G.; Campitelli, A.; Dehaen, W.; Maes, G. Enhanced Performance of an Affinity
Biosensor Interface Based on Mixed Self-Assembled Monolayers of Thiols on Gold. Langmuir 2003, 19, 4351-4357. [CrossRef]


http://doi.org/10.1021/la800801v
http://www.ncbi.nlm.nih.gov/pubmed/18690727
http://doi.org/10.1021/la026908f

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Fiber-Based Biosensor Fabrication and System Set-Up 

	Results and Discussion 
	The Characterization of the Sensing Areas 
	Basic Performance Testing of the SPR Biosensor 
	CRP and cTn-I Detection 

	Conclusions 
	References

