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Abstract

This study developed and evaluated a nanomaterial-modified ELISA system to analyze a peptide biomarker (Human VEGF).
Multiwalled carbon nanotubes (MWCNTs) were used as nanomaterial-based modifiers for the capture/detection antibodies
and HRP enzyme. CNTs modifications of the ELISA method at these three different binding steps were tested and compared.
The most efficient modification step was concluded depending on these works’ sensitivities, linearities, and repeatabilities.
We proved that CNTs could be used successfully to enhance the performances compared to the traditional ELISA method
by achieving higher sensitivities and, therefore, more confident results, especially with a 0.5 pg/ml the limit of detection
value. When comparing the three modification steps of CNTs binding, we observed the most sensitive results with the
CNTs/detection antibody complex usage. Improved results (sensitivity is doubled compared to the test when no CNTs were
used), improved reaction with serum samples, and good stability compared to the unmodified conventional ELISA system
were obtained when CNTs were utilized with the detection antibodies as signal enhancers.
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BIYOMARKERLERIN IYILESTIRILMi$ TESPiTi iCIN KARBON NANOTUPLERLE
MODIFIYE EDIiLMI$ ELISA SISTEMINIiN GELiSTIRILMESI

Ozet

Bu calismada, bir peptit biyobelirtecini (Insan VEGF) analiz etmek icin nanomateryalle modifiye edilmis bir ELISA sistemi
gelistirdi ve degerlendirdi. Cok duvarli karbon nanotiipler (MWCNT), yakalama/tespit antikorlar: ve HRP enzimi igin
nanomateryal bazli modifiye malzemesi olarak kullanildi. ELISA yénteminin bu li¢ farkli baglanma asamasindaki CNT
modifikasyonlari test edildi ve karsilastirildl. Bu ¢alismalarin hassasiyet, dogrusallik ve tekrarlanabilirliklerine bagh
olarak en verimli modifikasyon adimi belirlendi. CNT'lerin kullanildigi ELISA metodunda, ézellikle 0,5 pg/ml tespit limit
degeri ile daha yiiksek hassasiyetler ve dolayisiyla daha giivenilir sonuglar elde edildigi ve geleneksel ELISA yonteminede
performanst artirmak icin basarili bir sekilde kullanilabilecegini kanitlandi. Ayrica ticari serum érneklerinin analizinde
farkli modifikasyon adimlarinin performanslari ve tiim bu baglanma adimlarinin stabilitesi degerlendirildi ve geleneksel
ELISA yéntemi ile karsilastirildi.
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influenced by the possible application areas, including
health, food, and environmental analysis [3, 4]. ELISA
systems are performed on 96-well microplates that are
made of polystyrene. Each well can contain a different
molecule or samples of the sample molecule [5]. This
property can make the system suitable for performing
multiple analyses simultaneously. Depending on the
binding sensitivity of the target molecule or antibody, the

1. Introduction

The ELISA method is a high-sensitivity laboratory
diagnostic technique used to detect the presence of
antigens or antibodies in a wide variety of biological
samples by serial attachment to a solid surface, usually a
polystyrene multi-well plate, to obtain quantitative
results [1, 2]. This method can measure the
immunological reaction due to an enzymatic activity
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sensitivity and test duration of the ELISA test may vary
[6].

Sandwich type ELISA system is the most commonly used
system among other indirect and competitor ELISA
systems [7, 8]. In the sandwich ELISA mechanism, the
antibody is immobilized at the bottom of the microplate
wells. The antigen sample is added to the antibody, and
the complex is expected to form. Excessive unbound
molecules are removed by washing. A biotin-labeled
secondary antibody, a detection antibody, binds to the
antigen bound to a different epitope capture antibody.
After removing the streptavidin-labeled enzyme is added
to the medium and by binding biotin and streptavidin,
the enzyme is and attached to the antibody. By adding the
enzyme's substrate (TMB) to the surface, the substrate
reacts with the enzyme and turns into a blue-colored
molecule. A stop buffer is added to the wells, which stops
the TMB colour change and creates a more stable colour,
and the absorbance in each well is measured by
spectrometers suitable for microplates. The formation of
the coloured product is directly proportional to the
concentration of the target molecule [9].

Streptavidin-HRP 3t
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Figure 1. Schematically shown entire step-by-step
working principle of traditional sandwich ELISA system
from left to right.

ELISA systems are simple, easy to access, and can give
fast results. Especially in the healthcare field, ELISA
systems play an important role. It is one of the methods
considered reliable among laboratory techniques today.
However, ELISA systems are not infallible. Low detection
limit and high sample volume are just some of the main
shortcomings of traditional ELISA systems. The low
presence amounts of biological target molecules, which
require sensitive analysis, limit the use of the system
[10]. The sensitivity of the ELISA may often need to reach
the desired concentration level to meet the demand for
biomarker analysis in biological samples, especially in
the early diagnosis of diseases. Increasing the sensitivity
of ELISA systems will be an essential step in healthcare
[11,12].

To develop a system that involves nanotechnology and
materials science, as one of the emerging technologies,
can provide a beneficial touch to the ELISA system.
Current research articles in the literature used different
nanomaterials with ELISA systems. Nanostructures such
as nanoparticles or graphene nanostructures were used
in some steps carried out within the scope of these
published studies, and effective signal improvement was
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observed [12, 13]. However, there is no example of using
nanomaterials in every ELISA experimental step and
determining the most efficient method for enhancing the
signal amplification, system stability, and real sample
usage [10]. Carbon nanotubes can also be used in
developing highly sensitive sensor/biosensor systems,
as they have great chemical and mechanical stability.
Many studies show that biosensors modified with carbon
nanotubes can show better reproducibility and
sensitivity [14]. In this current work, nanotubes were
applied at each experimental step in the sandwich-type
ELISA method, and their effectiveness was compared.

2. Materials and Methods

2.1. Reagents

Multiwalled carbon nanotubes (MWCNTSs) containing
8% carboxylic acid were obtained from Thermo Fisher

(USA). N-(3-dimethylaminopropyl)-NO-
ethylcarbodiimide hydrochloride (EDCQ), N-
Hydroxysulfosuccinimidesodium  salt  (NHS), 4-
Morpholineethanesulfonicacid (MES), 3,3, 5,5'

tetramethylbenzidine (TMB) substrate, and Tween-20
were obtained from Sigma Aldrich (GERMANY). Human
VEGF ELISA Matched Antibody Pair Kit (ready-to-use
detection/capture antibodies, HRP enzyme, and target
molecule ELISA kit) was obtained from Tonbo
Biosciences (USA). 96 "F" base microplates and sterile
covers were obtained from Sahinler Kimya (TR).

2.2. Instruments

Thermo Scientific™ Varioskan™ LUX device was used for
the analysis of ELISA systems, Thermo Scientific™
NanoDrop Spectrophotometers device was used for
absorbance measurements of supernatants, and
HITACHI SU5000 FIELD EMISSION SCANNING
ELECTRON MICROSCOPE (FE-SEM) was used for SEM
imaging. AYBU Central Research Laboratory facilities
were used in the analyses performed with all these
devices.

2.3. ELISA Method

In order to coat the 96-well plate, 100 pL of the capture
antibody (10 g/mL) was added to each well. The well was
blocked with 400 pL of PBS buffer (0.01 M PBS containing
1% BSA) following a 12-hour incubation period at 4 °C
and four rounds of washing with PBST buffer (0.01 M PBS
containing 0.05% Tween 20). At 37 °C, the blocking
response was maintained for 40 minutes. Standard
antigen (Human VEGF) solutions (200 pL) produced in
PBS buffer at concentrations of 0, 0.5, 2, 5, 50, 200, 400,
and 800 pg/ml were added to the corresponding wells of
the microtiter plate and incubated for 1 h at 37 °C. The
wells were cleaned with PBST buffer six times after
incubation. Following eight washing sessions with PBST
buffer, 200 pL of the biotin-modified detection antibody
(10 g/mL in PBS buffer) was applied to each well and
incubated at 37 °C for 1 hour. Streptavidin modified HRP
probe (100 L) was added to each well and then each well
was washed three times with washing buffer before the
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reaction continued for another 60 minutes at 37 °C. TMB
substrate (100 L) was added to each well and then
swabbed three more times before being incubated for 30
minutes at 37 °C. Finally, H2504 (50 L, 2 M) was used to
terminate the catalytic process. Thermo ScientificTM
VarioskanTM LUX microplate reader was used to
measure the absorbance at 450 nm. Three times each of
the measurements were taken. Figure 1 depicts all of the
classic ELISA method's phases.

2.4. Immobilization of Enzymes and Antibodies to
Nanotube Surfaces

Carboxylic acid-modified MWCNTs at 50 pg/ml
concentration were washed three times in 10mM MES
pH 5. They were incubated for 30 minutes at 37°C in a
solution containing 15 mM EDC and 22.5 mM NHS
prepared in 10mM MES buffer pH 5. At this stage, the
surfaces of the CNTs were activated, suitable for binding
for enzymes and antibodies containing amino groups
(figure 2). Immediately after the activation step,
MWCNTSs were incubated for 6, 12, and 18 hours with
gentle shaking at 37°C with a solution of 1 mg/mL
enzyme or antibody prepared in 10mM sodium
bicarbonate buffer, pH 8 containing 2% Tween20. The
suspension was centrifuged, the precipitate was
collected and washed well with PBS (pH 7.4), and the
supernatant absorbance was measured at A280 by UV-
vis spectroscopy to observe the enzyme and antibody
binding efficiency to the nanotubes. Finally, the obtained
enzyme/antibody-CNTs conjugate was diluted in the
desired ratio in PBS buffer (pH 7.4) and stored at 4 °C. It
was sonicated for at least 5 minutes before each use.

NHS

Figure 2. Antibody (or enzyme) binding onto the
carboxylic acid-modified carbon nanotube surfaces with
EDC/NHS activation.

2.5. ELISA Method with Microplate Surfaces
Modification by Carbon Nanotubes

This work package includes attaching the CNTs to the
surface of the ELISA microplates. Since the system'’s
surface material has been produced with polystyrene, it
has provided the system adsorption properties, and the
adhesion of the carbon nanotubes to the surfaces was
achieved without any problems with the carbon
nanotubes purchased from Thermo Fisher containing
8% carboxylic acid. Carboxylic acid modifications
increasing the surface area of these nanotubes provided
very stable immobilization of capture antibodies
containing amino groups. The performances of the
modified ELISA systems and the traditional ELISA
method were compared over the parameters of
sensitivity, reproducibility, stability, and reliability.
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Figure 3. ELISA method overview with the microplate
surface modification with carbon nanotubes.

2.6. ELISA Method with Binding of Detection
Antibody to Carbon Nanotubes

In this work package, the detection antibody was
immobilized to carboxylic acid-modified CNTs surface,
and this complex was used in the relevant step in the
ELISA system. With the CNTs included in the system, the
amount of detection antibody that binds to a single target
molecule was increased with multiple antibodies
attached to the surfaces of carbon nanotubes, as shown
in Figure 4. In the next step, the bound HRP enzyme
amount also increased, and thus, the reacting TMB
substrate also multiplied. By this way, more sensitive
ELISA analysis results could be obtained by providing
signal amplification. The obtained data were also
compared with a conventional ELISA method that not
modified with nanotubes.

Capture Antibody <\

o Surface

Figure 4. ELISA method overview with the CNTs
modified detection antibodies.

2.7. ELISA Method with Binding of HRP Enzyme to
Carbon Nanotubes

As seen in Figure 5, the binding of streptavidin-linked
HRP enzyme to carboxylic acid-modified CNTs was
performed. In the last step of the analysis, which was
started with the same procedures as traditional ELISA
method, the study continued by examining the effect of
modified carbon nanotubes on the signal-producing HRP
enzyme. The effect of the CNTs/HRP complex on the
performance of the ELISA system was investigated, and
its advantages compared to the traditional ELISA method
were determined.



Nimet Yildirim Tirgil , Yasin Fedayi and Zennure A¢ikgéz
Carbon nanotubes modified elisa system development for improved detection of biomarkers

Streptavidin-

(mm

Blod.ln

cal ®oTMB)

Detection Antibody
Nanotube

Target Protem

\\//

Capture Antibody < J Surface

/

Figure 5. ELISA method overview with the CNTs
modified HRP enzyme.

3. Results and Discussion

3.1.Binding of Enzymes, Antibodies to the CNTs
Surfaces

After the enzyme/antibody immobilization step with the
EDC/NHS covalent binding protocol, the binding
efficiency was checked by measuring the absorbance
values of the obtained supernatants in A280. When the
absorbance values of the supernatants (unbound
enzyme/antibody residues) were obtained as a result of
the binding achieved by incubation at different periods
that were examined, it was seen that the most effective
binding was obtained after 12 hours of incubation
(Figure 6). Incubation time longer than 12 hours shows
no significant decrease in the A280 absorbance value.
Therefore, it was decided that the optimum incubation
time was 12 hours.

Antibody solution
before binding

Antibody supernatant
after 6 h. binding

Antibody supernatant
\after 12 h. binding

Antibody supernatant

D i
2o <) 240 20 %0 20 20 230 30 30 30 30

Wavelength (nm)

Figure 6. Spectra were measured for the supernatants
before and after binding to the CNTs at A280
absorbance.

The solutions obtained by CNTs and antibody binding
were diluted at different ratios and used in ELISA
systems in the next steps. Before use, SEM images of
these solutions were taken, and their morphologies were
examined. As seen in Figure 7, there is a difference
between plain MWCNTs and antibody-coupled
nanotubes in terms of both nanotube thickness and
surface density. The SEM images and UV-Vis
spectroscopy measurements concluded that the enzymes
and antibodies were successfully bound to the MWCNTSs
surfaces.
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Figure 7. SEM images for the unmodified (A) and
enzyme (B) and antibody (C) modified CNTs with 500
nm and 1 um scale, and 6.8mmx100k and 6.8mmx50k

pixels.

3.2.ELISA system obtained by modifying microplate
surfaces with CNT-bound capture antibodies

Carbon nanotubes are modified to the surface of
polystyrene microplates in this work package. During the
experiment, different carbon nanotube concentrations (1
pg/ml, 5 pg/ml and 10 pg/ml) were tried and in
response, different target molecule concentrations (0,
0.5, 2, 5, 50, 200, 400, 800 pg/ml) were used for
observing logarithmic calibration curves.

25
[ + 1 pg/mlCNT y = 0,4665e0.4807x
i 5 pg/ml CNT R2-=0,985
2 T %10 pg/ml CNT y = 0,5603e0:3432
[ ® wo/CNT R?=0,9634
—_ [
B 15 + y = 0,6378e%2625
o [ R?=0,946
g . i = 0,1494807505¢
4 2_
b [ R*=0,9764
1 0 1 2 3 a

log (target molecule) pg/ml

Figure 8. Logarithmic calibration curves for ELISA
methods with unmodified and different concentrations
of CNTs modified microplate surfaces.

As seen in the calibration graphs in Figure 8, although a
logarithmic calibration curve is obtained for the target
molecule of the carbon nanotube unmodified ELISA
system, the absorbance values are lower than the carbon
nanotube-modified ELISA systems. Higher absorbance
values and more sensitive (lower detection limit) values
were obtained for the CNTs-modified system at all three
different concentrations than the unmodified system.
While the lowest analysis value for the unmodified
system was 5 pg/ml, significant results were obtained for
the 1 pg/ml and 5 pg/ml CNTs modified systems for the
0.5 pg/ml value.

When 3 different CNTs amounts are compared with each
other, it is seen that at the concentration level of 1 ug/ml,
the absorbance value increased significantly and the
most linear curve was observed. As a result, it was
decided that 1 pg/ml CNTs concentration is more
favourable than other concentrations, with an increase in



Nimet Yildirim Tirgil , Yasin Fedayi and Zennure A¢ikgéz
Carbon nanotubes modified elisa system development for improved detection of biomarkers

both linearity and signal amplification. In addition, since
the carbon nanotube concentration to be modified on the
surface of the ELISA system is kept low, it can be said that
it is an economically appropriate concentration level.

3.3.ELISA system obtained by modifying CNTs with
detection antibody

In this part of the work, the detection antibody is
immobilized on carboxylic acid-modified CNTs surfaces.
The unmodified ELISA system was compared with
detection antibodies coupled with different carbon
nanotube concentrations (1 pg/ml, 5 pg/ml, and 10
pg/ml) and the unmodified ELISA system. Different
target molecule concentrations (0, 0.5, 2, 5, 50, 200, 400,
800 pg/ml) were tested for each system, and calibration
curves were drawn.

2

f 1 pg/ml CNT - 0,2063c05585x
' ¢5pg/mlent R%=0,9953
25 1
[ ®10pg/mlICNT = 0,1587c02486x
2 1 = wo/CNT R?=0,9928
‘5" E y = 0,1872e08564x
3 [ R?=0,9948
5 15 1
3 [ y = 0,14940.7506x
< 14 R?-0,9764
05 4
L0 [ " " " " " " " " " " "
& t t t
-1 0 4

1 2 3
log (target molecule) pg/ml

Figure 9. Logarithmic calibration curves for ELISA
methods with CNTs modified detection antibodies and
unmodified ELISA methods.

Calibration graphs drawn in Figure 9 show an increase in
absorbance values in the modified ELISA system with
three different CNTs concentrations compared to the
unmodified system. Even when the target molecule ratio
in the system is kept to a minimum, an increase in the
signal of the CNTs modified systems can be observed. In
the calibration curves, depending on the amount of target
molecule, it is seen that the most linear value is obtained
with 5 pg/ml (R2=0.9953) and 1 pg/ml (R2=0.9928)
CNTs  concentrations. Considering the  signal
amplification values, it was concluded that the complex
prepared with 5 pg/ml CNTs concentration, which
achieved successful results in terms of linearity,
sensitivity and higher signal generation, had the most
effective use in the ELISA system.

3.4. ELISA system obtained by modifying CNTs with
HRP enzyme

In this part of the study, the HRP enzyme, which is in the
last binding step of the ELISA method, was immobilized
to CNTs and used in the relevant step. HRP enzyme
complexes with different CNTs concentrations (1 pg/ml,
5 pg/ml, and 10 pg/ml) were tested with different
concentrations of the target molecule (0, 0.5, 2, 5, 50, 200,
400, 800 pg/ml). Moreover, the calibration curves were
observed and compared with the unmodified ELISA
system.
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At this stage of the experiment, while the amount of
target molecule is kept at 0,5 pg/m, the data of the
conventional unmodified ELISA system cannot be
obtained. However, the data of the ELISA system
modified with carbon nanotubes at the minimum
concentration level can be obtained. The most important
finding from the graph is that the system prepared with
5 pg/ml concentration of CNTs makes a significant
difference compared to other concentrations. When the
target molecule is increased to 800 pg/ml, the
concentration level of 5 pg/ml CNT also reaches 2,5 a.u.
in the absorbance value and is far ahead of the others. Not
only as signal amplification, but the R2 value of 5 pug/ml
concentration level also increased to 0.9989 and gave a
good result in terms of linearity.

2
>

™ onCNT y= 0’2735en.7s77x
2,5 5 pug/ml CNT 4 R?=0,9989
1 pg/ml CNT
10 pg/ml CNT

Ty = 0’3213eu,aus7x
R?=0,9754

2 4

y =0,1753e0.7456x
R?=0,986

= 0,1494e0750%
R2=0,9764

ABS. (a.u)

1 2 3
log (target molecule) pg/ml

Figure 10. Logarithmic calibration curves for ELISA
methods with CNTs modified HRP enzyme and
unmodified ELISA methods.

3.5. Testing of CNTs modified ELISA systems with a
commercial serum sample

After examining the results of independent modifications
one by one, carbon nanotube-modified ELISA systems, in
which the most appropriate CNT amount was
determined, were tested with a different concentration
of target molecule prepared in commercial serum diluted
1:5 ratio in PBS buffer solution. Calibration curves of
ELISA systems with and without CNTs modifications are
given in Figure 11. When the results are examined, the
calibration curves for the target molecule analyzed in
serum do not differ in sensitivity and linearity compared
to the analysis performed in buffer solution.

3

y = 0,4088e06018x
B CNT on the plate surface T R?=0,9727
2,5 1 CNT+HRP -
CNT+Detection Ab. T y=0,3071e0841%
- 2 4 wo/CNT R?=0,9613
z i y = 0,2783e%586x
-_'1,5 R?=0,9644
a y =0,2915¢0540%
< g R?-0,9756
0,5
0 t
0 1 2 3 4

log (target molecule) pg/ml

Figure 11. CNTs modified and unmodified ELISA
methods’ testing with serum samples.
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Even when the amount of target molecule in the system
is kept to a minimum (5 pg/ml), it is observed that the
system with CNTs modified with detection antibody
makes a difference when compared to other systems in
terms of the absorbance value examined. When the
linearity is examined, it is seen that the R2 value of the
CNTs modification in the detection antibody is 0.9727,
which is a much better result for linearity compared to
other systems.

According to these performance characteristics of our
CNTs modified ELISA systems, we can conclude that they
are comparable with the novel works in the literature. It
has been shown to functionalize nanoparticles with
antibodies and enzymes using a variety of conjugation
chemistries. Liu et al. created the ZnFe204@MWNT)-
ELISA technique for performance enhancement, which is
comparable to our idea [15]. This technique, which has
similar advancements to our system, can detect CEA in
human serum in a linear range of 0.005 to 30 ng/mL with
a LOD of 2.6 pg/ML. Another innovative study used the
AuNP-dendrimer-ELISA system to detect human
chorionic gonadotropin (hCG) at a linear range of 0.1-6.4
IU/L witha LOD of 0.03 IU/L, 20 times lower than a single
AuNP-ELISA system and 27 times lower than the
conventional ELISA [16]. Additionally, three distinct
diagnostic biomarkers at pg/ml level were discovered
using an ELISA approach based on carboxyl graphene
oxide (cGO). This approach yielded results that were
many orders of magnitude lower than those of classical
ELISA because of the high loading capacity of cGO [17].

The more precise analytical process should be devised to
prevent errors when significant medical choices are
based on the results of the biomarker study. It is possible
to functionalize CNTs, which makes them an intriguing
improvement for ELISA assays.

3.6. Testing the storage stability of CNTs modified
ELISA systems

The systems prepared using the most appropriate
amount of CNTs for each modification step were tested
with a fixed concentration of target molecule (200
pg/ml) on certain days for long-term stability analysis.
The results of the experiments performed with 200
pg/ml target molecule were compared with the ELISA
systems' first day of preparation, and the systems'
stability percentages were determined. Materials
prepared for each system (CNTs-modified antibodies,
enzymes, and prepared ELISA plate) were stored at 4 °C
and tested on different days.
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Figure 22. Storage stability results for the CNTs
modified and unmodified ELISA system. A) measured
absorbance results for each system by continuous tested
days, B) the percentage of signals by tested days
depends on the first-day absorbance result.

Asseenin Figure 12, according to the results repeated for
30 days, the stability of the unmodified ELISA system is
90% compared to the first day's results. On the other
hand, the stability of the ELISA system in which the HRP
enzyme binds to CNTs was 91%, and the system in which
the detection antibodies were attached to the CNTs was
83%. The system in which the capture antibodies were
bound on the CNTs and modified onto the ELISA plate
was 78%. According to these results, it can be said that
the system that maintains its stability most effectively is
the unmodified system and the ELISA system in which
the HRP enzyme binds to CNTs. At the same time, it is
seen that the system in which ELISA plates are prepared
with CNT-bound capture antibodies quickly loses its
stability even though it is stored at 4 °C.

4. Conclusion

In this work, we have developed ELISA methods where
MWCNTSs were used as carriers of the capture/detection
antibodies and HRP enzyme for the analysis of peptide
biomarker (Human VEGF) as a sample target molecule.
CNTs modifications of the ELISA method at the three
different binding steps were tested and compared. The
most successful and useful one was concluded in this
work for the first time in the literature. In this study, we
established the theory that CNTs might be utilized
effectively to improve the outcomes of conventional
ELISA tests, producing better sensitivities and, thus,
more reliable findings, particularly in the region around
the limit value of 0,5 pg/ml. When comparing the three
modification steps of CNTs binding onto the
detection/capture antibodies and HRP enzyme, we
observed the most sensitive results with the
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CNTs/detection antibody complex usage. improved
results (sensitivity is doubled compared to the test when
no CNTs were used), improved reaction with serum
samples, and acceptable stability compared to the
unmodified conventional ELISA system were obtained
when CNTs were utilized with the detection antibodies
as signal enhancers.

5. Acknowledgment

We want to thank the Ankara Yildirim Beyazit University
Central Research Laboratory, where the experimental
steps of the project were performed. This work was
supported by Ankara Yildirnm Beyazit University
Department of Scientific Research Project (FLO-2021-
2166). We also thank TUBITAK [2209-A; Research
Project Support Programme for Undergraduate
Students] for partially providing financial support to Y.
Fedayi and Z. Acikgoz.

6. References

[1] Tha, K, Inada, M., Kawada, N., Nakaishi, K., Watabe, S.,
Tan, Y. H,, ... & Ito, E. Ultrasensitive ELISA developed
for diagnosis. Diagnostics, 9(3), 78, 2019.

S. Hosseini, P. Vazquez-Villegas, M. Rito-Palomares,
and S. O. Martinez-Chapa, Enzyme-linked
immunosorbent assay (ELISA): from A to Z. Springer,
2018.

E. Ito, K. Tha, T. Yoshimura, K. Nakaishi, and S.
Watabe, “Early diagnosis with ultrasensitive ELISA,”
Advances in Clinical Chemistry, vol. 101, pp. 121-
133,2021.

L. Wu, G. Li, X. Xu, L. Zhu, R. Huang, and X. Chen,
“Application of nano-ELISA in food analysis: Recent
advances and challenges,” TrAC - Trends in
Analytical Chemistry, vol. 113, pp. 140-156, 2019,
doi: 10.1016/j.trac.2019.02.002.

S. K. Arya and P. Estrela, “Recent advances in
enhancement strategies for electrochemical ELISA-
based immunoassays for cancer biomarker
detection,” Sensors (Switzerland), vol. 18, no. 7,
2018, doi: 10.3390/s18072010.

[2]

[6] W. Chunglok, D. K. Wuragil, S. Oaew, M.
Somasundrum, and W. Surareungchai,
“Immunoassay based on carbon nanotubes-

enhanced ELISA for Salmonella enterica serovar
Typhimurium,” Biosensors and Bioelectronics, vol.
26, no. 8, pp. 3584-3589, 2011, doi:
10.1016/j.bios.2011.02.005.

X. Zhang et al., “A Double-Antibody Sandwich ELISA
for Sensitive and Specific Detection of Swine

86

Fibrinogen-Like Protein 1, Frontiers in

Immunology, vol. 12, p. 1290, 2021.

K. Shah and P. Maghsoudlou, “Enzyme-linked

immunosorbent assay (ELISA): the basics,” British

journal of hospital medicine, vol. 77, no. 7, pp. C98-

C101, 2016.

T. Lakshmipriya, S. C. B. Gopinath, U. Hashim, and T.

H. Tang, “Signal enhancement in ELISA: Biotin-

streptavidin technology against gold nanoparticles,”

Journal of Taibah University Medical Sciences, vol.

11, no. 5  pp. 432-438, 2016, doi:

10.1016/j.jtumed.2016.05.010.

[10] Tsurusawa, N., Chang, ], Namba, M., Makioka, D.,

Yamura, S., Tha, K, ... & Ito, E. Modified ELISA for

ultrasensitive diagnosis. Journal of Clinical Medicine,

10(21), 5197, 2021.

H.Li, Y. Li,and Y. Xia, “Advance of modified ELISA
and their application,” in E3S Web of Conferences,
2021, vol. 290.

J. Kai et al,, “A novel microfluidic microplate as the
next generation assay platform for enzyme linked
immunoassays (ELISA),” Lab on a Chip, vol. 12, no.
21, pp. 4257-4262,2012.

J. Sun, X. Ning, L. Cui, M. Ling, X. Xu, and S. He,
“Assembly of ‘carrier free’ enzymatic nano-reporters
for improved ELISA,” Analyst, vol. 145, no. 20, pp.
6541-6548, 2020.

[14] N. Anzar, R. Hasan, M. Tyagi, N. Yadav, and ]. Narang,
“Carbon nanotube - A review on Synthesis,
Properties and plethora of applications in the field of
biomedical science,” Sensors International, vol. 1, no.
February, p. 100003, 2020, doi:
10.1016/j.sintl.2020.100003.

[15] Liu, W,, Yang, H., Ding, Y., Ge, S., Yu, ],, Yan, M., & Song,
X. based colorimetric immunosensor for visual
detection of carcinoembryonic antigen based on the
high peroxidase-like catalytic performance of ZnFe 2
O 4-multiwalled carbon nanotubes. Analyst, 139(1),
251-258, 2014.

[16] Wang, W, Li, ], Dong, C, Li, Y., Kou, Q.,, Yan, ], &
Zhang, L. Ultrasensitive ELISA for the detection of
hCG based on assembled gold nanoparticles induced
by functional polyamidoamine dendrimers.
Analytica Chimica Acta, 1042, 116-124, 2018.

[17] Li, C, Yang, Y, Wuy, D, Li, T, Yin, Y., & Li, G.
Improvement of enzyme-linked immunosorbent
assay for the multicolor detection of biomarkers.
Chemical Science, 7(5), 3011-3016, 2016.

(8]

[]

[11]

[12]

[13]



