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ARTICLE INFO ABSTRACT

We report results of the studies relating to the fabrication of a surface plasmon resonance (SPR) based label-free
immunosensor for real-time monitoring of endothelin-1 (ET-1), a colon cancer biomarker. A gold disk modified
with a self-assembled monolayer (SAM) of 11-mercaptoundecanoic acid (11-MUA) was functionalised via
covalent immobilization of monoclonal anti-ET-1 antibodies using EDC-NHS (1-(3-(dimethylamine)-propyl)-3-
ethylcarbodiimide hydrochloride, N-hydroxy succinimide) chemistry. This immunosensing platform (ethanola-
mine/anti-ET-1/11-MUA/Au) was characterized via atomic force microscopy (AFM), contact angle (CA) and
Fourier transform infrared (FT-IR) spectroscopic techniques. The fabricated SPR electrode was further used to
detect ET-1 in the broad concentration range 2-100 pg mL ™!, with a detection limit of 0.30 pgmL~' and re-
markable sensitivity of 2.18 m® pg~'mL. The adsorption mechanism was studied using monophasic model and
the values of association (k,) and dissociation (k4) constants for anti-ET-1 and ET-1 binding were calculated to be
4.4 * 0.4 x10°M 's™! and 2.04 + 0.0003 x 10> s, respectively. The results obtained via analysis of
serum samples of colorectal cancer patients were found to be in good agreement with those obtained from
enzyme-linked immunosorbent assay (ELISA) technique. Further, electrochemical studies were performed to
prove the efficacy of the fabricated platform as a point of care device for the detection of ET-1.
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1. Introduction observed to affect CRC are age and gender [4], ulcerative colitis [5],

long-term immunosuppression [6], diabetes mellitus [7,8], alcohol

Colon cancer, also known as colorectal cancer (CRC), is presently
the third most death causing cancer [1]. According to WHO (2012), it is
the third most death causing cancer globally [2]. The CRC rates are
found to be usually higher in men as compared to women with in-
creased mortality rates in countries having limited resources and in-
adequate health infrastructure. In India, the five-year survival rates of
CRC is less than 40% [3]. CRC usually begins as a non-cancerous polyp
that develops on the inner side of the colon and rectum, eventually
leading to cancer. The various genetic, environmental and lifestyle-re-
lated factors have been reported to contribute to the development of
CRC. The environmental and physiological factors that have been

consumption [9], consumption of red meat [10], obesity [11] and ci-
garette smoking [12].

The diagnosis of CRC is particularly challenging since the conven-
tional techniques such as physical examination, blood tests [13], co-
lonoscopy [14], histopathology, radiology, and PET-CT scan [15,16]
are solely based on evaluation of the symptoms resulting in limited
accuracy. Moreover, other techniques, such as biopsy [14], double-
contrast barium enema and flexible sigmoidoscopy, depend on the
phenotypic properties of the tumor and possess numerous challenges.
Despite being sophisticated and selective, these diagnostic techniques
are complex, less sensitive, labor-intensive, time-consuming, and have a
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risk of complications like bleeding and bowel tears. Moreover, these
methods require advanced instrumentation and well-trained experts for
diagnosis. Thus, there is an urgent need to develop an alternative
method that is user-friendly, has high throughput screening and is re-
latively inexpensive for CRC diagnosis.

With the advancement in the stages of CRC, the levels of biomarkers
fluctuate indicating state of the disease. Inspection and quantification
of these CRC biomarkers can be useful for its timely detection. The
biomarkers that are secreted during CRC are carcinoembryonic antigen
(CEA) [17], cancer antigen 19-9 (CA 19-9) [18-20], cancer antigen 125
(CA 125), miRNA [21] (miRNA-29a and miRNA-92a), ssDNA [22]
(colorectal cancer gene), etc. Among these, CA 19-9 has been found to
be less sensitive and is a poor diagnostic marker [23-25]. Moreover, the
role of miRNA as a biomarker for CRC detection is not yet well estab-
lished. The major disadvantage of using ssDNA as a biomarker for
cancer detection is that it can be released by the dying tumor cell that
remains in circulation as it is highly stable [26]. The challenges posed
by these biomarkers open a window for exploring the potential of new
markers.

Endothelin-1 (ET-1) is a vasoconstrictor peptide chain of 21 amino
acids and can be isolated from endothelial cells [27]. In CRC patients
the level of ET-1 in the blood plasma has been found to be elevated in
comparison to the normal value [28]. Immunohistochemical analysis of
CRC specimens has shown the heterogeneous distribution of ET-1
around tumor cells [29]. Moreover, it is known that ET-1 increases the
tumor size when it is added to the growth medium [30-32]. Studies
have shown the reported level of ET-1 in serum samples for control
subjects to be around ~2.78 pgmL ™" and in the primary tumor case, it
may increase up to 3.9 pgmL~'. In a patient with metastasis, the ET-1
value rises to =4.5 pg mL~? [33,34]. Many studies have reported that
plasma/serum ET-1 concentration rises significantly in the case of CRC
[35-37]. Thus, the elevated levels of ET-1 may exhibit a strong corre-
lation with CRC prognosis [28,33,34,38].

The surface plasmon resonance (SPR) is a highly sensitive method
that can be used to monitor biomolecular interactions in real-time and
can be utilized as a label-free detection for a wide array of molecular
interactions, ranging from small ions and viruses to multimolecular
complexes [39,40]. The SPR technique allows real-time monitoring of
binding kinetics, affinity, specificity, and concentration [41]. Moreover,
it also offers fast, label-free detection and is reliable.

We report, for the first time, results of the systematic studies relating
to the development of ET-1 immunosensor for detection and real-time
monitoring of CRC. Under optimal conditions, the fabricated im-
munoelectrode exhibited high sensitivity (2.18 m® pg~! mL) and cov-
ered the physiological range of ET-1 biomarker secreted in serum
samples of CRC patients. Besides this, we investigated the kinetics of
interaction of ET-1 with anti-ET-1 using monophasic model. The im-
mobilization process and binding response were also studied by elec-
trochemical impedance spectroscopy (EIS). The SPR immunosensor
exhibited a highly specific interaction between anti-ET-1 and ET-1
biomolecules as compared to other methods. This immunoelectrode
was used for the analysis of serum samples from CRC patients and the
results showed good correlation with those obtained via the ELISA
technique.

2. Materials and reagents

11-mercaptoundecanoic acid, ethanolamine, and 1-(3-(dimethyla-
mine)-propyl)-3-ethylcarbodiimide hydrochloride (EDC), N-hydro-
xysuccinimide (NHS) of AR grade were purchased from Sigma Aldrich,
India. Disodium hydrogen phosphate, sodium hydroxide, sodium
acetate, potassium chloride (KCI), and polysorbate 20 (tween 20) were
procured from Fisher Scientific. Ethanol and acetic acid were purchased
from Merck. Sodium dodecyl sulphonate (SDS) was procured from SRL
Pvt. Ltd. India. Endothelin-1 (ET-1), and anti-endothelin-1 (mono-
clonal) were purchased from Biorbyt, USA. 50 nm thick gold-coated BK-
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7 glass disks (24-mm diameter) were procured from Metrohm Autolab,
Netherlands. ET-1 ELISA kit was purchased from Ray Biotech, Inc.,
India. Patient serum samples were obtained from Rajiv Gandhi Cancer
Institute and Research Centre, New Delhi. All experiments were con-
ducted in triplicates (n = 3).

2.1. Preparation of running buffer, regeneration buffer and deactivation
solution

Fresh phosphate buffer saline tween (PBST) solution of pH 7.4 was
prepared by dissolving salts such as Na,HPO, (0.01 M), NaCl (0.138 M),
KCl (0.027 M), and Tween-20 in 200 mL Milli-Q-water. The deactiva-
tion solution was prepared using 1 M ethanolamine (pH was adjusted to
8.5 using 1M HCl) and was used for neutralizing the reactive sites
present on the SAM surface. The regeneration buffer was prepared by
mixing 10 mM of sodium acetate with 0.1% of SDS (pH was adjusted to
4.5 using acetic acid) and was utilized to remove the analyte present on
the surface for re-using the sensor disk. For electrochemical analysis,
PBS solution (50 mM, pH 7.4) containing 5 mM [Fe(CN)¢]>"* was used.
All solutions were prepared in Milli-Q-water (resistivity: 18.2 MQ cm)
and stored at 4 C.

2.2. Immobilization of anti-ET-1 over the SPR gold disk

Prior to the formation of the desired SAM, the gold (Au) disk was
sequentially cleaned with ethanol, acetone and deionized water.
Subsequently, the cleaned Au disk was immersed in a solution of 11-
MUA (20mM) in ethanol for 12h for uniform SAM formation. The
strong interaction between the gold and sulfur led to more orderly
monolayer formation. The SAM-modified Au Disk (11-MUA/Au) was
rinsed with ethanol to remove the unbound 11-MUA molecules.
Further, the monoclonal ET-1 antibodies were immobilized onto the 11-
MUA/Au disk using EDC-NHS covalent chemistry. Briefly, the 11-
MUA/Au disk was flushed with PBST (pH 7.4) for 120s to obtain a
steady baseline, followed by introducing a mixture (30 pL) of 0.4 M EDC
and 0.1 M NHS in the ratio of 1:1 for 900 s at 25 C for activation of 11-
MUA SAM surface. Subsequently, 50 uL of monoclonal anti-ET-
1(100 pgmL™ 1) was added onto the EDC-NHS treated 11-MUA/Au disk
for covalent immobilization. The activated 11-MUA SAM was bound to
the —-NH,, group of the anti-ET-1 via EDC-NHS coupling resulting in the
formation of an amide bond (Scheme 1). After this, the deactivated
buffer of ethanolamine (EA, pH-8.5) solution was introduced for 300s to
the anti-ET-1/11-MUA Au disk to deactivate the unbound active sites
on the disk. Finally, 30 pL of regeneration buffer (acetic acid + 0.1%
SDS; pH 4.5) was added onto the electrode to regenerate and reuse the
surface.

2.3. Characterization

The SPR measurements were carried out on SPR TWINGLE
(Autolab, Netherlands) instrument having Kretschman configuration.
The contact angle measurements were done using SEO Pheonix 300T
goniometer (Korea). The Fourier transform infrared (FT-IR) spectro-
scopic studies of Au disk, 11-MUA/Au disk, and EA/anti-ET-1/11-
MUA/Au disk were carried out using a Shimadzu IR Affinity 1S FTIR
spectrophotometer. The surface morphology studies on 11-MUA/Au,
and anti-ET-1/11-MUA/Au disk was carried out using atomic force
microscope (NT-MDT Spectrum Instruments Ltd). Electrochemical im-
pedance spectroscopy (EIS) studies were conducted on an Autolab
Potentiostat/Galvanostat (Metrohm, Netherlands) using a three-elec-
trode cell with the modified gold electrode as a working electrode, Ag/
AgCl as the reference electrode and platinum as the counter electrode in
phosphate buffer saline (PBS, 50 mM, pH 7.4) containing Fe(CN)g>~/*.
The enzyme-linked immunosorbent assay (ELISA) for quantification of
ET-1 concentration in the serum samples was conducted using a Bio-
Rad microplate absorbance reader.
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Scheme 1. Schematic illustration of gold disk modification for SPR biosensing.

3. Results and discussion
3.1. Optimization of anti-ET-1 concentration

The optimization of antibody concentration is a crucial step in the
fabrication of a biosensor. In this study, the observed change in the
response angle was obtained as a function of different concentration
(50, 70, 100 and 150 ug mL™!) of anti-ET-1 antibodies. The maximum
change in angle was observed for 100 pgmL ™" of anti-ET-1 (Fig. 1A).
However, at higher concentration (150 pg mL™1) of anti-ET-1, the sa-
turation of SPR angle occurred possibly because of steric hindrance. The
observed saturation at 100 ugmL~! was attributed to the complete
immobilization of anti-ET-1 onto the activated sites of the SAM surface.
Thus, 100 pgmL~! of monoclonal anti-ET-1 was chosen for the fabri-
cation of immunosensor. Fig. 1B shows the plot obtained between the
SPR response angle (m°®) and time(s), which clearly reveals the binding
of anti-ET-1 at each step. The immobilization curve shows a baseline for
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11-MUA/Au with continuous buffer flow at 10 uL/min. Thereafter
35uL. of EDC-NHS was added to activate the carboxyl groups of 11-
MUA/Au (curve b). Further injection of anti-ET-1 leading to electro-
static interaction and coupling of the ligand on 11-MUA/Au matrix is
shown by curve c. Next, 1 M ethanolamine was used to deactivate un-
reacted NHS-esters and remove electrostatically bound ligands (curve
d) followed by baseline curve e. The change in the baseline toward the
higher value indicated the modification of 11-MUA/Au disk with the
linker (EDC-NHS) and anti-ET-1 antibodies. This could be assigned to
the change in the refractive indices at each step of modification.

3.2. Fourier transform infrared spectroscopy studies

FT-IR spectroscopic studies were conducted in the 4000-500 cm ~*

range to investigate the presence of functional groups or intermolecular
binding occurring onto the (A) Au disk (B) 11-MUA/Au disk, and (C)
anti-ET-1/11-MUA/Au disk (Fig. 2). The sharp peak at 1697 cm™!
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Fig. 1. (A) Optimization of anti-ET-1 immobilization using different concentration of 50 ug mL ™, 70 ug mL~*,100 ug mL~*and 150 ug mL ~ !(difference in baseline
obtained before immobilization and baseline after ethanolamine deactivation) (B) Immobilization of anti-ET-1 (a) Baseline of 11-MUA/Au, (b) EDC-NHS activation
on 11-MUA/Au and (c) anti-ET-1/11-MUA/Au (d) ethanolamine deactivation (e) baseline.
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Fig. 2. FTIR spectra of (A) Au Disk, (B) 11-MUA/Au disk, (C) anti-ET-1/11-MUA/Au disk.

observed in the IR spectra (Fig. 2B) indicated the presence of -COOH
groups of 11-MUA molecules confirming the formation of the 11-MUA
SAM on the Au Disk (Fig. 2B). The other peaks are seen at 2916, and
2846 cm ™! corresponding to the stretching vibration of saturated —-CHs
groups further revealed the formation of 11-MUA layer onto the gold
surface [42]. After anti-ET-1 immobilization the characteristic peaks
obtained at 1641 and 1562cm ™' were assigned to the presence of
amide-I and amide-II bonds formed between the -COOH group of SAM
and -NH, group of ET-1 antibody (Fig. 2C). The other peaks found at
3309 cm ™! and 1045 cm ™! were attributed to the presence of —OH and
C—OH stretching vibrations of antibodies [43], respectively. These re-
sults confirmed the successful immobilization of anti-ET-1 with 11-
MUA of the SAM layer on the gold disk.

3.3. Contact angle studies

To investigate the hydrophilic/hydrophobic properties of the mod-
ified Au disks, contact angle (CA) studies were conducted (Fig. 3A & B).
After the 11-MUA SAM formation (Fig. 3A), the CA value was found to
be 53.6° indicating increased hydrophilicity due to free -COOH groups
introduced on to the Au disk. Interestingly, the CA angle decreased to
31.3° after anti-ET-1 immobilization (Fig. 3B). This increase in hydro-
philicity was due to the hydrophilic nature of antibodies indicating the
immobilization of anti-ET-1 onto the 11-MUA/Au electrode [44].

3.4. Atomic force microscopic studies

The atomic force microscopic (AFM) studies were conducted to in-
vestigate the changes in the surface morphology of the fabricated
electrode. The average surface roughness of the gold disk modified with
11-MUA was found to be ~4.1 nm (Fig. 3C), confirming the smooth,
dense and uniform SAM formation onto the Au disk. After the anti-ET-1
immobilization onto the 11-MUA/Au disk, the average roughness in-
creased to ~9.8 nm (Fig. 3D) due to the globular structure of the an-
tibodies that further covered the smooth surface of the SAM/Au disk
[45]. The results of the AFM studies indicated the successful formation
of the SAM onto the Au disk and the immobilization of anti-ET-1 bio-
molecules and were in agreement with the FT-IR studies.

3.5. Binding, response and kinetic analysis of ET-1

The SPR measurements were conducted to gain insight of the
binding kinetics and biomolecular interactions of this novel biomarker
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(ET-1). This technique was used to investigate the binding response of
the fabricated immunoelectrode as a function of ET-1 concentration. In
SPR, the surface plasmon wave is generated and propagated along the
boundary of metal and the dielectric. The propagation constant of the
surface plasmon wave can be expressed as (Eq. (1))

(<)) EMED
po2 28
c

&+ €p
where w is the angular frequency, eM and €D are the dielectric functions
of metal and dielectric, respectively, and c is the speed of light. The
change in the refractive index of the dielectric medium as a function of
concentration resulted in a change in the intensity of surface plasmon
wave that in turn led to the change in the SPR angle.

Fig. 4A shows the change in the SPR reflectance curve obtained at
different concentrations of ET-1 as a function of time at room tem-
perature (298 K). It was found that the shift in the curve was directly
proportional to the increase in ET-1 concentration. Further, a calibra-
tion curve was plotted (Fig. S-1 A) between the change in SPR response
in equilibrium versus ET-1 concentration (2-100 pg mL~!). The change
in Req with increasing concentration was found to be linear in the range,
2-100 pg mL~! with an R? value of 0.99 and follows Eq. (2).

€5)

y= 2.18 x+ 165.05 )

where y represents the change in SPR angle (Am°®), and x represents the
ET-1 concentration. Further, the sensitivity of the immunosensor was
evaluated by using the slope of the curve and was found to be 2.18 m°
pg ! mL, and the limit of detection (LOD) was calculated to be 0.30 pg
mL~?! using Eq. (3).

Limit of detection = 3o0/sensitivity

3

where o is the standard deviation of intercept. The shift observed in the
SPR dip angle with increasing concentration of ET-1 (Fig. 4A) revealed
that the refractive index changed along with the change in the surface
density. Further, electrochemical impedance spectroscopy (EIS) studies
were performed to investigate the dynamics of the antibody and antigen
interaction occurring at the EA/anti-ET-1/11-MUA/Au electrode in-
terface. In EIS, the Randles circuit is used for modelling the EIS data
which consists of the capacitance of dielectric layer (Cq), Warburg
impedance (Z,), and charge transfer resistance (R.) in series with
electrolyte resistance (Rg). The typical Nyquist plot has a semicircle
region which indicates the charge transfer limited process followed by a
linear region revealing the mass transfer process. Fig. S-3 shows the
Nyquist plot of (a) bare Au electrode, (b) 11-MUA/Au and (c) EA/anti-



T. Narayan, et al.

Talanta 201 (2019) 465-473

(A)

53.6

B)

Fig. 3. Contact angle studies of (A) 11-MUA/Au electrode and (B) anti-ET-1/11-MUA/Au electrode. AFM micrographs of (C) 11-MUA/Au electrode and (D) anti-ET-

1/11-MUA/Au electrode.

ET-1/11-MUA/Au electrode in PBS (pH-7.4) containing 5mM [Fe
(CN)6]*~73~ in the frequency range, 10°-0.1 Hz at a potential of 10 mV.
The electron transfer resistance (R..) values for the bare gold, SAM-
modified and antibody immobilized electrode were found to be 17.1 Q,
1.33 kQ, and 8.78kQ, respectively. The change in R values with
modification of the film indicated increased insulating characteristics of
the SAM. The increased R, value after antibody immobilization was
attributed to the insulating nature of the biomolecules that hindered the
electron transport from bulk to the electrode surface. The hetero-
geneous electron transfer rate (k°) for bare Au, 11-MUA/Au, and EA/

anti-ET-1/11-MUA/Au electrodes were calculated using Eq. (4).
K = RT/n’F?ARC C)

where T is the temperature (~298 K), R is the molar gas constant, n is
the number of electrons, C is the concentration of electroactive species
(5x10°3M), and A is the active surface area of the electrode
(0.25 cm?). The k° values of the bare Au, 11-MUA/Au, and EA/anti-ET-
1/11-MUA/Au were determined to be 0.17 cms™ !, 2.2 x 10 3cms™ !
and 3.4 x 10 *cms™?, respectively. Further, the impedimetric re-
sponse of EA/anti-ET-1/11-MUA/Au as a function of the different
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Fig. 4. Sensing response obtained for anti-ET-1 immobilized electrode exposed to different concentration of ET-1 (2-100 pg mL™1) (A) SPR reflectance curve, (B)

Impedance spectra.
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concentration of ET-1 (2-100 pg mL ™~ ') was obtained from the Nyquist
plot (Fig. 4B). As the concentration of ET-1 was increased, the attach-
ment of antigens on the modified electrode increased resulting in in-
creased R, arising due to the formation of insulating antigen-antibody
complexes. The calibration plot between the R, and ET-1 concentration
exhibited a linear behaviour in the range (2-100 pg mL 1) (Fig. -1 B).
The detection limit was calculated to be 0.36 pg mL ™' using Eq. (3).

Further, the binding kinetics of ET-1 onto the immunosensor surface
undergoes two phases i.e., association and dissociation phase with ka
and kd as an association constant and dissociation constant, respec-
tively. The interaction between the ligand (anti-ET-1) and the analyte
(ET-1) resulted in the formation of immunocomplex at the SPR sensor
disk (EA/anti-ET-1/11-MUA/Au). The kinetics involved in the im-
munocomplex formation was evaluated using the observed experi-
mental data. The dissociation phase was followed by the regeneration
phase to reuse the electrode. The association constant of the analyte
binding with the ligand was determined by a non-linear curve fitting
using the SPR kinetic evaluation software. (Fig. S-2). Further, a
monophasic model was assumed where the binding of the analyte at the
sensor surface was considered to be in the ratio of 1:1 and was a single
step process represented using the integrated rate equation (Rt) [46]
involved during the association phase (Eq. (5)).

R = KaCRnox (1 _ ptacriar) 4 g,
koC + kq

(5)
where C is the amount of ET-1 bound on the surface R, is the response
of signal at zero seconds, k,C Ryu/k,C + kg is the maximal change in
the binding response. The values of k, and ky were determined to be
44 + 0.4 x10°M " 's™!, and 2.04 + 0.0003 x 1072 57!, respec-
tively. Thus, the equilibrium constant K, (=k,/kq4) for association was
obtained as K, =2.15x 108M~!. The advantage of SPR im-
munosensor over the conventional techniques such as ELISA is reusa-
bility of the sensor surface. During the regeneration phase, the antigen
is removed from the antibody while maintaining the functionality and
reusability of the antibody at the sensor surface. Here, we observed the
negligible difference in the SPR signal obtained before antigen sensing
and after regeneration stage revealing successful recovery of the active
surface of the immunoelectrode. This could perhaps be attributed to the
fact that at low pH the protein binding sites tended to fold and repel
each other making the molecules move apart. The % change in response
to baseline after regeneration of the sensor surface is shown in Fig. 5. It
was observed that the sensor could be regenerated more than ten times
(~% RSD = 2.5).

Table 1

Characteristics of the 11-MUA based SPR biosensor along with those reported in the literature for colorectal cancer detection.

Reference

Sensitivity

Limit of detection (LOD)

Label used Degree of Range

Sample Target Analyte

Biosensing platform

Detection

Method

invasiveness

technique

[11
[1]
[1]

High
High
High

Tissue

Visual Imaging
Visual Imaging

X-Ray Imaging

Colonoscopy

Tissue

Sigmoidoscopy

Tissue

Double Contrast barium

enema
Biosensor

[47]

1-40 UmL ™! 0.0125 Uml !

Low

No

Serum CA 15-3
Serum  GTF2b and

Gold/ZnO nanocomposite
Gold/MHDA/TAA

SPR

[48]

10 ngmL ™ 'and
5ngmL~?

50ngmL ™' to 1pgmL~!

Low

No

LSPR

EDIL3

Serum  CEA

[49]

Low

No

OEG and COOH-OEG SAM

Layer

SPRi

[50]
[51]

2.38m° pg~' mL This work

0.56 fM
15 pM

0.5-5fM

Low

Yes

Serum  miRNA-15a
Serum ALCAM

Gold/DNA probe H1
Mixed PEG/GNR

Gold/MUA

SPRi

0.05nM-25nM

Low

No

LSPR
SPR

0.30 pgmL~?

2pg mL~1-100 pgmL ™!

Low

No

ET-1

Serum
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3.5.1. Non-specific interaction and interferent studies

Reducing non-specific interaction is crucial as it helps to obtain
good binding curves. To reduce nonspecific interaction on the SPR
sensor surface, we introduced salts such as NaCl (0.138 M), KCl
(0.027 M) and tween 20 into the running buffer as it reduces the charge
interactions by shielding effect. Moreover, we also used ethanolamine
(EA) to reduce the interaction of other proteins on the sensor surface
and on the attached ligand. To evaluate the specificity of this SPR im-
munosensor towards ET-1, interferent studies were conducted. In serum
samples of cancer patients, several biological molecules such as glucose
(100 mg dL™Y), cardiac troponin I (cTnl 0.40 ng mL™Y), cytokeratin 19
fragments (CYFRA-21-1 3.5ngmL™'), and carcinoembryonic antigen
(CEA 3 ng mL™") are known to be present and are potential interferents.
The fabricated SPR sensor disk was subjected to these different inter-
ferents starting with ET-1 followed by incorporation of cTnl, CYFRA-21-
1, CEA and glucose. The obtained SPR response angle did not exhibit
any significant change when subjected to various interferents (Fig. S-4),
revealing high specificity of the immunosensor to ET-1. Table 1 shows
the characteristics of this ET-1 SPR immunosensor along with those
reported in the literature for colorectal cancer detection.

3.6. Serum sample analysis

A study was conducted to assess the applicability of the fabricated
SPR immunosensor towards the serum samples taken from CRC pa-
tients. These results were validated against those obtained by ELISA
(Table 2). The detailed procedures of sample collection and analysis by
SPR and ELISA have been provided in the supplementary data Section
1.1 and 1.2.

Fig. S-5 shows the bar graph representation comparing the change
in response angle with respect to the patient samples and standard
samples with an acceptable %RSD (0.63-1.64). The LOD for the serum
sample was calculated to be 4.6 pgmL~'. The small deviation in sen-
sitivity of serum samples with respect to the standard samples may
perhaps be due to other interfering compounds present in natural serum
samples of the patients. This SPR based detection was found to be more
sensitive, less time consuming and exhibited a better LOD than ELISA
kit. The results obtained using this SPR immunosensor, ELISA and EIS
towards the determination of ET-1 levels have been tabulated in
Table 3.

4. Conclusions

In this study, a simple, label-free SPR immunosensor has been fab-
ricated for real-time detection of ET-1, a colorectal cancer biomarker
for the first time. The SPR Au sensor disk has been initially modified
with SAM (11-MUA) followed by immobilization of anti-ET-1 and EA.
This ET-1 based SPR sensor disk has been characterized via contact
angle, FT-IR, and AFM techniques. The interaction mechanism of an-
tigen (ET-1) and antibody (anti-ET1) was evaluated by different model
amongst which the monophasic model revealed better results. The

Table 2
Determination of ET-1 concentration in the serum sample of colorectal patients
by ELISA technique and EA/anti-ET-1/11-MUA/Au SPR immunosensor.

Patient Concentration of ET-1 in Concentration of ET-1 in %RSD
sample serum sample determined  serum sample determined n=23)
from ELISA (pg mL™ ') by developed SPR disk (pg
mL™Y)
1 9.4 9.7 2.22
2 10.3 10.04 1.81
3 10.5 10.21 1.98
4 10.9 10.3 4.0
5 11.5 11.2 1.87
6 15 15.4 1.86

Table 3

Comparison between different techniques used in this study to determine the presence of ET-1.

Ref.

Limitations

Advantages

LOD (pg mL™ "

Linear range (pg mL~ ')

Techniques

[52]

Time-consuming, Labor intensive

Gold standard technique Specific and sensitive

10

10-1000
2-100
2-100

RayBio Human Endothelin-1 ELISA Kit

SPR
EIS

Present study

Plasmon effect limited to gold or silver surface.

Real-time monitoring, Kinetic studies, label-free, sensitive

Highly Sensitive, Miniaturization possible

0.30
0.36

Kinetic interaction cannot be studied, no real-time interaction monitoring,
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linear range of this sensor has been found to be 2-100 pgmL ™' with a
LOD of 0.36 pg mL™ ' and a remarkable sensitivity of 2.18 m® pg ™' mL.
Real-time analysis of the serum sample obtained using this SPR sensor
has been compared with ELISA and electrochemical impedance spec-
troscopy results. The fabricated biosensor shows remarkable sensitivity,
selectivity, and reproducibility in real time sensing of ET-1. The ex-
cellent performance of SPR biosensor for ET-1 detection as a potential
biomarker for CRC detection paves the way for effective diagnosing
method towards cancer detection as compared to conventional
methods. Further efforts should also be made to fabricate a portable
SPR biosensor for point-of-care diagnostics.
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