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A B S T R A C T   

Early diagnosis of acute myocardial infarction (AMI) significantly reduce the mortality rate and can be achieved 
via high-sensitive detection of AMI specific cardiac troponin I (cTnI) biomarker. Here, we present normal- 
incident type solution-immersed silicon (NI–SIS) ellipsometric biosensor, designed for ultra-high sensitive, 
high-throughput, label-free detection of the target protein. The NI–SIS sensors are equipped with a specially 
designed prism that maintains the angle of incidence close to the Brewster angle during operation, which 
significantly reduces SIS noise signals induced by the refractive index fluctuations of the surrounding medium, 
improves the signal-to-noise ratio, in-results lowers the detection limit. We applied NI–SIS biosensor for ultra- 
sensitive detection of cTnI biomarkers in human serum. The optimized sensor chip fabrication and detection 
operation procedures are proposed. The wide linear concentration ranges of fg/mL to ng/mL is achieved with the 
detection limit of 22.0 fg/mL of cTnI. The analytical correlation was assessed by linear regression analysis with 
the results of the Pathfast reference system. These impressive biosensing capabilities of NI–SIS technology have 
huge potentials for accurate detection of target species in different application areas, such as diagnosis, drug 
discovery, and food contaminations.   

1. Introduction 

The human body releases the specific proteins in the bodily fluids on 
any damage to the internal organs (Bidin et al., 2019), and these bio
markers are the key to detect those damages. Early stages of dangerous 
chronic and heart diseases are silent in most cases, makes it very difficult 
to identify these inflections. High-sensitive detection of specific bio
markers is crucial for accurate diagnosis and proper treatment (Lee 
et al., 2019). 

A heart attack happens when a blockage in the coronary arteries 
limits the oxygen supply, which damages the heart muscles, medically 
known as an acute myocardial infarction (AMI) (Diware et al., 2017b; 
Hofmann et al., 2017). The AMI is a life-threatening condition; millions 
of people losses their lives, and the number is continuously increasing 

due to the modern lifestyle. AMI biomarker proteins are myoglobin, 
creatine kinase MB isoform (CK-MB), and cardiac troponin I (cTnI). 
Early detection of these cardiac markers is crucial to increase the sur
vival chances of AMI patients (Lewandrowski et al., 2002). Myoglobin is 
an early biomarker, appears 1–3 h in the bloodstream after the event, 
and has been used to detect the reinfarction (Hasic et al., 2006; Kim 
et al., 2012). However, Myoblobin has a very low specificity for AMI 
since it is an oxygen-binding carrier found in all muscle tissues (Kim 
et al., 2014). The cardiac troponin I (cTnI) is a gold standard for AMI 
diagnosis, appears in the bloodstream within 4–6 h with peak levels 
occurring at 18–24 h after the AMI onset, and clinical cut-off value is 
recommended of <0.1 ng/mL (Madsen et al., 2006). The highly sensitive 
analysis of cTnI can provide prognostic information supporting risk 
stratification as well as highly accurate diagnostics at the early stage 
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(Lim et al., 2015; Morrow et al., 2000). The clinical sensitivity and 
specificity of high-sensitive cTnI (hs-cTnI) have been reported to 90.7% 
and 90.2%, respectively, for AMI (Keller et al., 2009). 

Biosensing techniques are continually evolving to enhance analytical 
performance with signal amplification for target biomarkers directly 
from blood. Various tracers are used to generate or amplify the sensor 
signal, such as nanoparticles, enzymes, and fluorescent materials (Deng 
et al., 2014; Lai et al., 2016; Tan et al., 2017). Fig. S1 presents the 
detection limit comparison of the ultra-sensitivity troponin assays be
tween present work and various studies in the literature. For example, 
Yola and Atar fabricated hs-cTnI biosensing technique based on boron 
nitride quantum dots incorporated with a molecularly imprinted poly
mer (Yola and Atar, 2019). The imprinted biosensor shows a detection 
limit of 0.5 pg/mL for cTnI in plasma samples. Tan et al. showed a 
sensitive detection of cTnI biomarkers with low concentration of 1.8 
pg/mL using photoresponsive nanocomposites made from N-ace
tyl-L-cysteine capped CdAgTe quantum dots and dodecahedral gold 
nanoparticles (Tan et al., 2017). The polymeric complex of enzymes 
widely used as the signal generator on enzyme immunoassay (e.g., 
enzyme-linked immunosorbent assay, ELISA) because it has the superior 
catalytic activity and substrate specificity (Cho et al., 2018), signifi
cantly improve the analytical sensitivity (Lim et al., 2015). However, 
these enzyme reactions need a lengthy incubation process to induce 
catalysis with the substrate and can interfere with the sample matrix 
containing the analyte (Cho et al., 2018). Another approach is the use of 
fluorophores to produce a sensitive detectable signal in luminescence 
form. It could detect analyte concentrations in the nM scale with a 
proper choice of dyes and tagging complexes, such as fluoresce reso
nance energy transfer (FRET) (Shi et al., 2015). The quenching effect in 
the FRET might limit the capability of the biosensors because of a high 
density and complicated format of the traditional fluorophores (Seo 
et al., 2016). Ortiz-Riaño et al. have overcome these issues by applying a 
novel immunosensing approach based on graphene oxide (GO)-coated 
microwells with highly FRET capabilities between photoexcited fluo
rophores (donors) and GO (acceptor) (Ortiz-Riaño et al., 2020). The 
fluorophore bound to antibodies (Fl-Abs) has a relatively long distance 
from the GO-coated surface by a binding reaction between antibody and 
analyte, generating a sensitive signal by the weakly quench of the flu
orophore than that of the unbound Fl-Abs. 

Label-free sensing technique does not need any other foreign com
pound for target detection, has advantageous real-time monitoring of 
the molecular interaction, and obtain analytical information (Esfan
dyarpour et al., 2013; Kim et al., 2017). The popular label-free optical 
sensor is based on surface plasmon resonance (SPR), which can provide 
highly sensitive signals from the refractive index (RI) changes induced 
by binding reactions of biomolecules over a thin gold layer (Yanase 
et al., 2010). The RI of the SPR sensing assembly (biomolecule/gold) is 
extremely sensitive to temperature (Xiao et al., 2010). The subtle fluc
tuations in temperature can induce a detectable signal in the SPR sys
tem, which could mask the actual binding signal. Hence, thermal noise is 
a severe limitation for SPR based sensor systems. Separate reference 
channel is used to account the thermal noise (Kim et al., 2014; Liu et al., 
2015), but some avoidable amount is always there. 

We are presenting an ultra-sensitive biosensing technique; solution- 
immersed silicon (SIS) sensor with specially design prism called a 
normal incidence (NI) prism, named as a NI–SIS sensor. The NI-prism 
maintains the constant angle of incidence of the probing laser beam 
on the sensor chip. The NI-prism served two purposes: eliminate the RI 
noise from surrounding conditions (temperature and pressure) and 
minimize the strong stray light reflected from the prism surface, which 
allows to archive high signal-to-noise ratio. The NI-prim is equipped 
with multiple channels, could be used for reference, reproducibility, or 
multiple target detection. These analytical properties of the NI–SIS 
sensor were applied to real-time ultrasensitive detections of the cTnI in 
human serum. Critical parameters in the optimization of sensor chip 
fabrication and bio-interaction measurement procedures are discussed. 

2. Materials and methods 

2.1. Materials 

The p-type <100> silicon wafers obtained from MCL Electronics 
Materials, Ltd., China. Human cTnI (from heart tissue 8T53), cardiac 
troponin I–T–C complex (cTnI-T-C; from heart tissue 8T62), troponin C 
(cTnC; 8T57), skeletal muscle troponin I (skTnI; 8T25), and a mono
clonal antibody to cTnI (clone 19C7) were provided from Hytest Ltd., 
Finland. 3-Aminopropyl triethoxysilane (APTES), carboxymethyl 
dextran (CM-dextran) sodium salt, N-hydroxysuccinimide (NHS), etha
nolamine, ethanol absolute, casein (from bovine milk), bovine serum 
albumin (BSA), and human serum (from human male AB plasma) were 
purchased from Sigma-Aldrich Korea Ltd. Octet red streptavidin (SA) 
sensor tip and NHS-LC-LC-biotin were obtained from Fortebio (San 
Francisco, CA, USA) and Pierce (Rockford, IL, USA), respectively. 1-(3- 
Dimethylaminopropyl)-3-ethalcarbodimide hydrochloride (EDC) was 
from Tokyo Chemical Industry Co., Ltd. Phosphate buffer solution (PBS; 
0.004M phosphate buffer and 0.155M NaCl, pH7.4) was from Gibco, 
Thermo Fisher Scientific Korea Ltd. All the reagents used in this study 
were of analytical grade. 

2.2. NI–SIS sensor system 

The NI–SIS sensor is equipped with specially designed NI prism, 
shown in Fig. 1, effectively improves the signal-to-noise ratio, helped to 
archive several hundred-fold increase in detection limit for AMI bio
markers than our previous work (Diware et al., 2017b). Biomolecular 
interactions are detected using in-house single wavelength ellipsometer. 
Details of NI–SIS sensor designs are given in the next section. 

2.3. Fabrication of sensor chip 

The sensor chips are fabricated from p-type Si wafers (11.5 mm ×
11.5 mm) with a SiO2 overlayer of different thicknesses (2.0 nm and 
52.4 nm), were treated sequentially by the silane and dextran to grow 
the self-assembled monolayer (SAM) with a functional group. The Si 
chips were first washed using ethanol to remove surface contaminants 
and then immersed in a solution of 2 vol % APTES in ethanol for 12 h at 
room temperature (Aissaoui et al., 2012). Excess APTES was washed 
using deionized (DI) water, and then CM-dextran (0.1 g/mL) was grown 
over the silane-SAM to provide highly dense binding sites. Thicknesses 
of the SiO2, APTES, and CM-dextran layers on Si wafer were measured 
by using spectroscopic M2000D ellipsometer from J.A. Woollam co. The 
spectroscopic ellipsometry (SE) measurements were performed within a 
wavelength range of 207–826 nm at three angles of incidence of 65◦, 
70◦, and 75◦, and data was analyzed using WVASE32 software. 

2.4. The specificity of capture antibody 

The target specificity of the capture antibody was examined using a 
label-free sensor system, Octet Red (ForteBio), according to the manu
facturer’s protocol. The antibody (1 μg/mL) was first biotinylated by 
targeting the amine groups and then immobilized by biotin-avidin 
linkages on the Octet SA sensor tip (Kim et al., 2012). The surface 
combined with the antibody was associated with the cTnI (100 ng/mL) 
diluted in PBS containing 0.5% casein (Casein-PBS) for 900 s. The 
cross-reactions were measured repeatedly with negative samples con
taining skTnI and cTnC, respectively, in the same manner. In a direct 
assay, the binding signals were provided as a thickness difference of the 
tip and then were analyzed using the analysis program (Data Analysis 
6.3) provided by the manufacturer. 

2.5. Functionalization of the sensor chip and analyte detection procedure 

The sensor chip modified with carboxylic functional groups of 
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dextran-SAM was docked with NI-prism to construct a sensor cell as
sembly, as shown in Fig. 1b. The cTnI antibody (25 μg/mL) with NHS 
and EDC was injected over the sensor chip at a rate of 30 μL/min for 600 
s to provide the specific binding sites for cTnI antigen. The unbound 
molecules were removed by the PBS washing, and the residual active 
sites were eliminated by flowing the blocking solution of 1M ethanol
amine hydrochloride (pH8.5), mixture of 0.5% BSA and PBS (BSA-PBS), 
and Casein-PBS, respectively. Finally, the sensor surface was cleaned 
and stabilized by flushing with PBS or 10% human serum. 

To detect the cTnI antigens in a direct assay: samples containing 
cTnI-T-C complex were first prepared with different concentrations in a 
dilution buffer of PBS and BSA-PBS, respectively. Each sample was 
sequentially injected over the sensor surface coupled with cTnI antibody 
at a flow rate of 30 μL/min, and the binding events were measured as the 
change in ellipsometric angles in real-time. The dose-response curves 
were measured for the concentrations from 10 fg/mL to 100 ng/mL by 
spiking the cTnI-T-C stock in normal serum. The serum samples were 
pretreated with BSA-PBS in a dilution ratio of 1:10 and then were 
injected over the sensor surface. The unbound antigens were washed 
using PBS for 200 s. The reactive values for cTnI concentrations were 
subtracted by the non-specific signals of normal serum and were ob
tained by averaging the measured signal for 100 s at the washing step. 

2.6. Correlation test 

The analytical performance of the NI–SIS sensor is verified with the 
results of Pathfast as a reference system (Di Serio et al., 2009; Seo et al., 
2016). The Pathfast analyzer determines the cTnI concentrations 
quantitatively by a chemiluminescence enzyme immunoassay (CLEIA). 
The biosensing capability has amplified by providing an efficient 
bound/free separation process with magnetic particles. The samples 
were first prepared by adding 50 fg/mL-20 ng/mL cTnI-T-C in normal 
serum, pretreated with a 10-fold volume of BSA-PBS. The reactive signal 
from the NI–SIS sensor was converted to the cTnI concentration using a 
linearized standard curve. The same sample was simultaneously detec
ted using the reference analyzer following the manufacturer’s protocol. 
The two quantitative results were plotted (Fig. 6) on each axis to 
establish the correlation via linear regression analysis. 

3. Results and discussions 

3.1. NI–SIS based biosensing technique 

NI–SIS sensor uses ellipsometry as a sensing technique. Ellipsometry 
is the most surface sensitive optical technique known today and has been 
widely applied to measure the optical properties of materials (Li et al., 
2018; Ostroff et al., 1998). It measures the change of polarization state 
of incident light upon reflection from sensor surface in terms of two 

Fig. 1. Schematics of NI–SIS sensor system. (a) The design of the NI–SIS sensor system arranged as a single wavelength (520 nm) laser, fixed polarizer, sensor 
assembly, rotating analyzer, and detector. (b) The NI–SIS sensor assembly consists of NI-prism, flow-channel pad, sensor chip, and assembly jig. (c) Biomolecular 
assembly over the sensor surface. The capture antibody was bound covalently with carboxyl groups of dextran-SAM, which used to detect cTnI antigen. 
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parameters; amplitude ratio (Ψ) and phase difference (Δ) between s- and 
p-polarized light, as shown in Fig. 1a. (Bader et al., 1998; Cho et al., 
2016; Minamikawa et al., 2017). The p- (s-) polarization means the 
electric field vector is aligned in parallel (perpendicular) to the plane of 
incidence. At the Brewster angle, that is the non-reflecting condition 
(NRC) for p-polarized wave, Ψ is ultra-sensitive to the thickness of the 
growing bio-layer while Δ almost remains unchanged (Diware et al., 
2015). Therefore, Ψ can be used as a sensing signal for detecting the 
affinity binding between biomolecules (Diware et al., 2017b; Li et al., 
2018). 

As shown in Fig. 1a, Optical components in the NI–SIS sensor system 
are arranged as: probing laser, fixed polarizer, sensor assembly, rotating 
analyzer, and detector. The incident beam (λ = 520 nm) with 40 mW 
laser diode, purchased from Delos laser Co., Korea, was employed to 
enhance the signal-to-noise ratio of sensing signals. The excessively high 
laser power might damage the biomolecules, and can increase the 
thermal noise by heating the surrounding liquid in the sensing chamber. 
The light beam has linearly polarized light within 2◦ with respect to the 
plane of incidence from the polarizer (Dung et al., 2019). The polari
zation angle of the probing beam was adjusted closely to the Ψ values of 
SIS to minimize any errors produced by a non-linearity and gain change 
of the detector. The NI–SIS assembly is the most important part of the 
NI–SIS sensor system, where specific binding reactions of target bio
molecules happens and probing laser interacts with sensor chip, com
poses of specially designed NI prism, flow-channel pad, sensor chip, and 
assembly jig, shown in Fig. 1b. The NI prism facilitates a 
normal-incidence of the probing beam to every surface of the prism, 
which maintains the angle of incidence onto the sensor chip close to the 
Brewster angle. Therefore, NI prism helps to achieve a high 
signal-to-noise ratio by eliminating a stray noise coming from reflected 
light from the prism surface (Diware et al., 2017a). The flow channels 
were constructed by sandwiching patterned polydimethylsiloxane 
(PDMS) between NI-prism and sensor chip, as shown in Fig. 1b. Desired 
solutions with antibody and antigen can be injected over the 

carboxyl-terminated active sensor chip surface using a programmable 
pump, as shown in Fig. 1c. The Ψ signal provides the information about 
the thickness change by a binding event between antibody and cTnI 
antigen at the NRC for p-polarized wave (Diware et al., 2015). 

3.2. Construction of normal incidence prism 

The NI-prism was fabricated from four fused silica parts, as shown in 
Fig. S2a; indicated in a different color. The four parts are attached to 
each other by an optical adhesive, providing sensing chambers for 
holding target-antigen solutions. Sensing chambers (1.5 mm × 6.0 mm x 
0.5 mm) are trapezoid shape with two 72◦ inclined sidewalls (Fig. S2b), 
gives the highest signal-to-noise ratio in our SIS design. Flow channels 
were constructed using patterned PDMS pad between NI-prims and 
sensor chip. The laser spot was focused within a diameter of 1 mm to fit 
the window areas, and careful alignment is required to remove noise 
from scattering with other parts of the NI-prism. 

Fig. 2a shows the vertical cross-section of NI-prism sensor assembly, 
designed such a way that the probing beam remains perpendicular to the 
prism surface, which helps to maintains the angle of incidence close to 
NRC, in our case at 72.4◦. The inclined beam has interacted with the 
sensor chip surface in an elliptic shape between a major axis of <1.6 mm 
and a minor axis of <1.0 mm. NI-prism serves two primary purposes; it 
removes the interference noise by internally reflected beams from the 
prism surface (dashed red line in Fig. 2b) and reduces analytical errors 
induced from the incidence angle variations by the refractive index 
fluctuations of surrounding environments (dashed blue line in Fig. 2b). 
These are the issues with SIS sensor design with the ordinary prism 
applied in our previous works (Diware et al., 2017b; Dung et al., 2019), 
as shown in Fig. 2b. Also, four flow channels are the part of NI-prism, 
which acts as a reservoir of the binding species during operation, im
proves the binding amount. Extra space in the flow-channel helps to 
reduce a flow-pressure, which in-effect reduces the refractive index 
fluctuations from pressure variations. In results, NI-prism improves the 

Fig. 2. Effect of NI-prism in improving a reflec
tance efficiency of probing beam. (a) Vertical 
cross-section of NI–SIS sensor assembly. NI-prism 
maintains the constant angle of incidence during 
sensor operation close to the Brewster angle at 
72.4◦ in our case and removes the light beam 
reflected from the inner prism surface. (b) Ver
tical cross-section of the SIS sensor with 
ordinary-prism. Interference noise by the re
flected light from the prism surface is the severe 
problem in this design (red dashed line.) The 
analytical errors are simply induced from inci
dence angle variations produced by refractive 
index changes of surrounding mediums (blue 
dashed line). (c) The reflected light intensities 
from the sensor surface were compared with the 
NI- and ordinary-prism SIS sensors, nearly three 
times increase in intensity. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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transmission of the probing beam and significantly enhances the 
signal-to-noise ratio, acts as a signal amplifier, as shown in Fig. 2c (~3 
times), which will help to improve sensitivity and achieve ultra-low 
detection limits. 

3.3. Sensor chip and binding events detection process optimization 

The effect of SiO2 layer thickness over the sensor chip on the 
analytical performance of NI–SIS sensors was tested from experiments 
and simulations. Two sensor chips, one with native SiO2 (~2 nm) and 
another with thermally grown SiO2 (~52.4 nm) were used, we call it 
N–SiO2 and T-SiO2 sensor chips. The dextran SAM coated N–SiO2 and T- 
SiO2 sensor chips were loaded in the NI–SIS sensor assembly, and sensor 
performance was measured under a continuous flow of buffer solution at 
room temperature, plotted in Fig. 3a. The sensor with the T-SiO2 chip 
shows a very noisy signal as compared to the N–SiO2 sensor. The NI–SIS 
with N–SiO2 chip has provided a superior precision of ±0.0001 for the 
sensing signals. To understand the above effect; uncoated and SAM- 
modified N–SiO2 and T-SiO2 sensor chips were measured using spec
troscopic ellipsometry on several points. Thickness and surface rough
ness values of SiO2, silane, and dextran thin films were obtained by 
inverting experimental data by multilayer modeling, listed in Table S1. 
Thermally grown SiO2 films show nearly ten to fifteen-times higher 
surface roughness than native SiO2, which transmit to sequentially 
grown silane and dextran over-layers on SiO2. The thermal oxidation 
process grows island type silica cluster (Lepeshkin et al., 2016; Nikitin 
and Khriachtchev, 2015), gives a higher surface roughness. The rough 
sensor surface with a non-uniform growth of silane and dextran induces 
local pressure and temperature fluctuates within a sensing spot, which 
then fluctuates the local refractive index of an interface, which in-results 
could generate a noisy sensor signal. 

The effect of surface roughness over the sensor surface was simulated 
via locally changing RI of the sensor chip surrounding medium. The 
simulation analysis was applied using WVASE32 software from J.A. 
Woollam co. A multilayer modeling was performed for a buffer solution/ 
dextran/silane/SiO2/Si structure. The Ψ signal was generated by 
calculating the Fresnel coefficient for various SiO2 thickness in the 

above-said model (Diware et al., 2017b; Nestler and Helm, 2017). The 
simulation was performed under the assumption that the sensor is in 
ideal condition means only buffer solution is flowing over the N–SiO2 
and T-SiO2 sensor chips. Thermal noise was induced by changing RI of 
the surrounding medium by ± 0.001, which is equivalent to ±10 ◦C 
temperature change (Nizamov and Mirsky, 2011). Fig. 3b and c shows 
the simulation results; there are no noticeable changes in signal for the 
N–SiO2 sensor chip, while the T-SiO2 sensor shows a shift in the base 
signal by ~0.081 at Brewster angle, which is way above the actual 
binding signal for analytes. This suggests that sensor chips having 
thicker SiO2 layer induces higher thermal noise and masks the analyte 
signal. The chip with a native oxide layer has several advantages: 
cost-effective and easy use without surface treatment processes for 
elimination or deposition of an additional oxide layer. 

The monoclonal antibody of cTnI was immobilized covalently on 
dextran activated sensor chip containing carboxyl groups to measure the 
affinity binding for different concentrations of cTnI analyte. The capture 
antibody was investigated to analytical specificity for negative controls 
with structurally homogeneous molecules (Kim et al., 2012), and the 
growth dynamics showing strong binding of the antibody with sensor 
surface were in-situ monitored, plotted in Fig. S3a and b. The remaining 
reactive sites after antibody immobilization was blocked by flowing 
ethanolamine to avoid any non-specific binding (NBS). The analytical 
capability of ordinary prism SIS (Diware et al., 2015) and NI–SIS sensors 
was compared, shown in Fig. 4a. The cTnI antigen of 10 pg/mL in PBS 
was flown over both the sensor in the same environmental conditions. 
The NI–SIS sensors yield an approximately two times higher signal, 
enable highly sensitive measurements of low concentrations of cTnI. 
These biosensing capabilities are enhanced by eliminating the 
noise-induced from a beam reflected from the prism surface and 
reducing variations of the incidence angle of the laser from refractive 
index changes of surrounding environments. The higher intensity of the 
laser beam reflected from the chip surface of NI-SIS also supports 
increasing the signal-to-noise ratio for the cTnI sample. Sensorgrams for 
increasing concentrations of cTnI antigen are shown in Fig. 4b, signal 
increase with every injection of cTnI antigen and saturates, suggest the 
availability of enough binding sites. 

Fig. 3. Effect of SiO2 thickness. (a) Experimen
tally measured Ψ signal for the dextran-coated 
N–SiO2 and T-SiO2 chip under a continuous 
flow of buffer solution at constant room tem
perature. The N–SiO2 sensor chip shows a stable 
signal. (b) and (c) simulation results for the 
N–SiO2 and T-SiO2 sensor chips. Multilayer 
calculation was performed by considering ideal 
sensor operation conditions. Temperature fluc
tuation was introduced varying RI by ± 0.001, 
which is equivalent to ±10 K. The Ψ signal for 
(b) N–SiO2 shows no variation while (c) T-SiO2 
(52.4 nm) sensor signal shift up to 0.081 from 
basal signals at Brewster angle.   
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The effect of buffer solution was tested; the PBS and mixture of PBS 
and BSA were used. The NI–SIS sensor performance is enhanced up to 
47% in the PBS-BSA medium as compared to the PBS medium, shown in 
Fig. 4b. The BSA molecule might affect an increase of binding efficiency 
of cTnI antigen to the antibody as well as a minimization of NSB, 
reducing the background noise (Ahirwar et al., 2015; Jeyachandran 
et al., 2010; Schonheyder and Andersen, 1984). It can also enhance a 
specific activity of the antibody by eliminating the immunoglobulin to 
albumin components contained in human serum through the addition of 
BSA to a serum diluent (Schonheyder and Andersen, 1984). 

3.4. Analytical performance in human serum 

Non-specific binding is a severe issue in biosensing, especially for 
analytes in human serum. Background noise from the serum components 
masks the actual analyte signal. We tested three NSB sites blocking 
agents; ethanolamine, BSA, and casein, shown in Fig. S4. Ethanolamine 
is commonly used to chemically quench the remaining active carboxyl 
groups after immobilization of the antibody (Chu et al., 2014), gives a 
very noisy Ψ signal, suggests physical adsorption of the serum constit
uents. While BSA shows ~70 times reduction in the noise than etha
nolamine and casein gives 8.1% less noisy signal than BSA by effectively 
reducing hydrophobic, ionic, and electrostatic interactions between 
sensor chip and serum constituents (Buchwalow et al., 2011; Reimhult 
et al., 2008). These results suggest that BSA and casein effectively block 
the residual binding sites and remove NSB of heavy serum constitutes, 
and improves the signal-to-noise ratio. 

To construct the dose-response curve, we first prepared the serum 
samples with cTnI in a range of 10 fg/mL–100 ng/mL, and the samples 

were then diluted 10-folds with the pretreatment solution to measure 
cTnI concentrations accurately regardless of matrix effect by serum 
components. The binding events over the sensor surface of each sample 
were continuously measured, shown in Fig. 5a. The signals were pro
duced by subtracting non-specific values of normal serum, and then the 

Fig. 4. Biosensing capability of NI–SIS system to cTnI. (a) NI–SIS sensor generates approximately two-folds higher Ψ signals for cTnI dose of 10 pg/mL diluted in PBS 
than that in the SIS sensor with ordinary-prism. (b) The analytical performance of NI–SIS was investigated by continuous measurements for various cTnI concen
trations from 1 fg/mL to 10 ng/mL in buffer solutions of PBS and BSA-PBS, respectively. 

Fig. 5. The dose-response curve in human serum. (a) Measured Ψ signals for cTnI antigen of a concentration range from 10 fg/mL to 100 ng/mL in human serum. 
Plotted Ψ values were obtained by subtracting a non-specific value of normal serum. (b) The thickness values of NI–SIS were translated from the Ψ values of saturated 
signals for each concentration. 

Fig. 6. Analytical correlation of NI–SIS sensor with the Pathfast reference 
system. The serum samples with the cTnI antigen were analyzed simultaneously 
using NI–SIS and the Pathfast analyzer, showing R2 > 0.98 in a range between 
5 pg/mL and 20 ng/mL. The detection range of the Pathfast was limited to 1 pg/ 
mL, while the NI–SIS sensor shows a much lower detection limit, shown in 
the inset. 
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dose-response was obtained with the averaged value for the bound 
complex of cTnI. The Ψ can be linearly translated to the thickness of the 
thin bio-film, where Ψ value changes by 0.2583 at the Brewster angle for 
1 nm variations of over-layer thickness for the 520 nm wavelength of 
incident light (Diware et al., 2015). 

The growing thickness of the biomolecular layer over the NI–SIS 
sensor chip shows linear dependence for the given concentration range, 
plotted in Fig. 5b against the dose of each sample and the dose-response 
curve was analyzed by a logarithmic scale. We applied a linear regres
sion analysis to obtain linearity (R2 > 0.99) for wide dynamic ranges 
from 10 fg/mL to 100 ng/mL. The coefficient of variation for triplicate 
measurements was <22.3%. The reliability of the NI–SIS sensor was 
further estimated by a spike-and-recovery assessment. The responses of 
spiked concentrations of 100 fg/mL-10 ng/mL cTnI were fitted to the 
dose-response curve, obtained with recovery values between 70% and 
144%. The detection limit of 22.0 fg/mL was obtained for the cTnI 
analytes in human serum as the concentrations corresponding to the 
blank value obtained by simply three times the standard deviation of Ψ 
signals in normal serum (Martens and Bienstman, 2019; Shrivastava and 
Gupta, 2011). These analytical performances can cover sufficiently 
clinical cut-off (<0.1 ng/mL) of cTnI (Madsen et al., 2006) without any 
labeling process for the signal enhancements. 

To evaluate the correlation: the serum samples with the cTnI be
tween 5 pg/mL and 20 ng/mL were first measured simultaneously on the 
NI–SIS sensor and Pathfast, respectively. The dose measured by two 
systems was linearly regressed by a log-log plot, providing a high cor
relation (R2 > 0.98), as shown in Fig. 6. The dynamic range of the 
Pathfast system (Di Serio et al., 2009) was limited 1 pg/mL, lower than 
our current work (see inset in Fig. 6). This result strongly indicated that 
the SIS sensor could provide ultra-sensitive measurement enabling early 
diagnostics of AMI. 

4. Conclusions 

In conclusion, an ultra-high sensitive and label-free NI–SIS sensor 
was fabricated to detect cardiac-specific biomarkers at the early stage 
after AMI onset. NI–SIS sensor is equipped with a specially designed 
prism that provides the constant angle of incidence of probing beam 
close to NRC regardless of refractive index changes during operations. 
NI-prism improves the signal-to-noise ratio by eliminating a stray light 
reflected from the prism surface, resulting in ultra-high sensitive mea
surements for an extremely low concentration of cTnI analytes in the 
serum environment. Uniform and smooth SiO2 layer on the sensor chip 
help to remove noise induced by local temperature and pressure varia
tions in a sensing part. BSA and casein showed better blocking capability 
for residual binding sites. NI–SIS sensor shows superior analytical per
formances with a detection limit of 22.0 fg/mL. These systems require 
the evaluation of intra- and inter-assay variations and recovery rates in 
clinical samples. The label-free manner is useful to detect the fluctua
tions of analyte concentrations in real-time, which might be applied to 
continuous biosensing enabling companion diagnostics with rapid and 
effective treatments for certain diseases at the incipient stage (Jørgensen 
and Hersom, 2016; Kim et al., 2014; Papadopoulos et al., 2006). In 
future work, we will test the biosensing capabilities of the NI–SIS 
technique for simultaneous detections of different biomarkers that can 
improve the analytical accuracy and speed of disease diagnostics. The 
NI–SIS sensors have great potential in drug discovery, food contamina
tions, and the healthcare industry. 
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