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Abstract

Developing an enhanced diagnosis using biosensors is important for the treatment of patients before disease
complications arise. Improving biosensors would enable the detection of various low-abundance disease
biomarkers. Efficient immobilization of probes/receptors on the sensing surface is one of the efficient ways to
enhance detection. Herein, we introduced the pre-alkaline sensing surface with amine functionalization for
capturing gold nanoparticle (GNP) conjugated to human blood clotting factor IX (FIX), and we demonstrated the
excellent performance of the strategy. We have chosen the enzyme-linked immunosorbent assay (ELISA) and the
interdigitated electrode (IDE), which are widely used, to demonstrate our method. The optimal amount for
silanization has been found to be 2.5%, and 15-nm-sized GNPs are ideal and characterized. The limit of FIX
detection was attained with ELISA at 100 pM with the premixed GNPs and FIX, which shows 60-fold improvement
in sensitivity without biofouling, as compared to the conventional ELISA. Further, FIX was detected with higher
specificity in human serum at a 1:1280 dilution, which is equivalent to 120 pM FIX. These results were
complemented by the analysis on IDE, where improved detection at 25 pM was achieved, and FIX was detected in
human serum at the dilution of 1:640. These optimized surfaces are useful for improving the detection of different
diseases on varied sensing surfaces.

Keywords: ELISA, Gold nanoparticle, Factor IX, Silanization, Blood clotting, Human serum, Interdigitated electrode

Introduction

Improvement of all aspect at the forefront of medicine is
mandatory to maintain healthy human life and to extend
the lifespan. Diagnosing diseases is one of the major areas
in the medical field, which should be improved further for
easier identification of diseases and treatments. On the
other hand, epidemic diseases such as influenza and den-
gue must be detected during the beginning stages to avoid
spreading [1-3]. There are different diagnostics which
have been demonstrated capable of genuine detection via
a wide range of biomarkers [4, 5]. Among the previously
generated diagnosis systems, the enzyme-linked immuno-
sorbent assay (ELISA) is widely considered as the “gold
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standard” to identify the major viral and bacterial diseases
and molecular species [6, 7]. Different strategies have been
developed with ELISA with appealing characteristics such
as ease of use, precision, and lower detection limit. In
addition, the simultaneous detection of various diseases
and use to screen for the major diseases is common in
practice [8—10]. ELISA is an immunoassay used to detect
the target of interest using the appropriate antibody on
polystyrene (PS) 96-well plates. The sensitivity and select-
ivity of the target molecules are highly dependent on vari-
ous factors in ELISA, such as the binding affinity of the
target and antibody, the interaction of primary and sec-
ondary antibodies, and the efficient target immobilization
on the ELISA surface. In particular, immobilization of the
target on the PS plate plays a crucial role in limiting the
detection. Antibody or protein may physically adsorb onto
the surface of PS by the interaction of hydrophobic groups
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with the antibody [11]. There are some possibilities, for
example, involving a weak binding of the antibody (or
protein) or the instability of antibody on the PS plate
and the nonuniform distribution of antibody (or pro-
tein) leading to defects in the detection. It has been
proven that proper orientation of antibody on the
immobilized plate improves the detection by over 64-
fold as compared to the randomly immobilized mole-
cules [12, 13]. Finding the suitable procedure for the effi-
cient immobilization of protein or antibody on the PS plate
with uniformity is thus a crucial need. Different researchers
are utilizing the immobilization of proteins on PS ELISA
plates by chemical or physical processes, such as a photo-
chemical reaction assisted by polyvinyl benzyl lactonoyla-
mide and immobilization of protein in the presence of
detergent [14-16]. Dixit et al. [8] have immobilized the
antibodies on the amine-modified PS plate to improve the
limit of detection, and they demonstrated that the premix-
ture of (3-aminopropyl)triethoxysilane (APTES) and anti-
body before the immobilization step improved sensitivity
by 54 times compared with the conventional ELISA and
reached the limit of detection of 10 pM (8, 17].

In the present work, we introduced a new method of pro-
tein immobilization on PS ELISA plates assisted by gold
nanoparticles (GNPs). GNPs are one of the most powerful
tools in the field of sensor development. They offer positive
properties, such as ease of dispersion in water, biological in-
ertness, and good compatibility with surface functionaliza-
tion, and they can be tailored to uniform nanosizes [18—
23]. It has been proven that GNP-conjugated antibodies
improved the limit of detection with influenza virus and
FIX on the waveguide-mode sensor [21-23]. GNPs are
used in all kinds of sensors, including waveguide-mode sen-
sor, surface plasmon resonance, and Raman spectroscopy
for high-performance detection. Moreover, GNPs have also
been used in colorimetric assays, in which the conjugation
of aptamer or antibody on GNP surfaces was followed to
detect the analyte by the naked eye. Researchers are also fo-
cusing on the use of GNPs in ELISA methods to enhance
detection [24]. Previously, GNP-conjugated anti-mouse-
IgG-HRP improved the detection of Pb(II) and reached the
limit of detection of 9 pg/mL [25]. Lakshmipriya et al. have
found that the conjugation of primary and secondary anti-
bodies on GNPs improved the detection of ESAT-6 protein,
which is involved in causing tuberculosis [9, 26]. Here, we
used GNPs to immobilize the protein on the PS ELISA sur-
face with the chemical modification assisted by APTES.
This approach involves two steps: functionalization of the
PS surface with amine groups using APTES followed by the
immobilization of GNP-conjugated protein on the amine-
modified PS plate. The amine groups of the APTES can
bind to COOH groups on the PS ELISA surface. On
the other hand, GNP-conjugated proteins stabilized
with anionic citric ions can bind to the cationic APTES
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by electrostatic interaction [11, 27, 28]. The amino-
terminal groups in the APTES displace the citrate
groups on the GNPs and chemically fix onto the PS
plate [29]. The positively charged amine groups in
APTES also attract the negatively charged GNPs. In
addition, APTES treatment changes the PS substrate to
make it more hydrophobic [30].

A chemically modified ELISA plate and GNP conjuga-
tion were used to detect factor IX (FIX) from the human
blood clotting cascade. FIX is an important protein in
the blood clotting system, and lower concentrations of
FIX in the bloodstream lead to clotting deficiency. The
enhanced immobilization of FIX on the ELISA plate
through GNPs enables a potential pathway for detection
of the lower levels of FIX. The GNP-modified ELISA
plate showed drastic improvement in FIX detection. Fur-
thermore, we also demonstrated the detection of FIX in
human serum, and the current strategy can be used with
ELISA to detect other biomarkers. To complement the
above study with the ELISA substrate, we also applied
the above strategy on another widely used interdigitated
electrode surface (IDE) in an electrochemical dielectric
sensor to detect pure FIX and FIX in a human diluted
serum sample (Fig. 1a, b).

Materials and Methods

Reagents and Biomolecules
(3-Aminopropyl)triethoxysilane (APTES) and human
serum were purchased from Sigma-Aldrich (USA). FIX
protein and anti-FIX antibody were from Abcam
(Malaysia). Anti-mouse-IgG-conjugated horseradish
peroxidase (anti-mouse immunoglobulin HRP) was
purchased from Thermo-Scientific (USA). The ELISA
plate was procured from Becton Dickinson (France).
ELISA 5x coating buffer was obtained from BioLegend
(UK). Bovine serum albumin (BSA) and HRP substrate
were obtained from Promega (USA). Gold nanoparti-
cles (GNPs) (10, 15, and 80 nm) were obtained from
Nanocs (USA). The analytical ELISA reader was from
Fisher Scientific (Malaysia).

Optimization with Silane Reagent and GNPs

To optimize the suitable concentrations of APTES and
GNPs, we carried out the immobilization process with dif-
ferent combinations of APTES and GNPs on the ELISA
plate. Initially, the ELISA plate was hydroxylated with 1%
KOH for 1 h. Then, 1.25, 2.5, and 5% APTES were linked
on separate wells of the ELISA plate at room temperature
(RT) for 5h. After that, the diluted GNPs (in distilled
water) with 25, 50, and 100% concentration were immobi-
lized on the APTES-modified surfaces. FIX, at 200 nM,
was then allowed to bind onto the GNP surfaces. The
remaining binding sites were then blocked using 2% BSA,
then a 1:1000 dilution of FIX antibody was introduced,
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Fig. 1 a Schematic representation of the GNP-assisted ELISA. GNP was premixed with protein and immobilized on APTES-modified ELISA surface.
Antibodies were then added. Finally, substrate for HRP was used to detect the target. b Schematic representation of the GNP-assisted IDE
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followed by the addition of a 1:1000 dilution of anti-
mouse-IgG-HRP. Finally, the substrate was added to detect
FIX interaction. The wells were washed 5 times between
each step using washing buffer (PBS buffer containing
0.05% Tween 20, pH 7.4). Finally, the optical density (OD)
was measured by ELISA reader at 405 nm. GNPs of 15 nm
size were used in this experiment.

Determining the Necessary Size of GNPs

After determining the suitable concentration of APTES and
GNP dilution under the optimal conditions, 10, 15, and 80
nm GNPs were tried for FIX immobilization to determine
the most suitable size. The same experimental conditions
were used as stated above. APTES at 2.5% and a GNP dilu-
tion of 50% were used for the FIX immobilization.

Specific and Selective Detection of FIX

We also confirmed the specific binding of protein and
antibody on the ELISA plate. For that, we utilized three
different kinds of control experiment. We immobilized
the following order of biomolecules on the ELISA plate
to serve as controls and specific conditions: control 1
(C1), FIX-BSA-anti-mouse IgG-substrate; control 2
(C2), FIX-BSA-FIX antibody-substrate; control 3 (C3),
BSA-FIX antibody-anti mouse IgG-substrate, specific
(S), FIX-BSA-FIX antibody-anti-mouse IgG-substrate.

Detection of GNP-Conjugated FIX on ELISA Plate vs.
Conventional ELISA

FIX was detected using the GNP-modified ELISA plate
by two different methods, such as APTES-GNP-FIX and
APTES-GNP premixed FIX, and these methods were
compared with the conventional ELISA. The following
steps constitute the procedures. Conventional ELISA: (i)
FIX protein was diluted in 1x coating buffer with con-
centrations from 0 to 200 nM, (ii) blocked with 2% BSA,
(iii) 1:1000 dilution of FIX antibody was added, (iv) 1:
1000 dilution of anti-mouse-IgG-HRP was added, (v)
substrate for HRP was added and measured at 405 nm.

APTES-GNP-FIX (method 1): (i) PS plate was acti-
vated by 1% KOH, (ii) 2.5% APTES was added onto the
ELISA plate at RT for 5h, (iii) 25% of the received 15
nm GNP was added and kept at 4 °C overnight, (iv) FIX
with concentrations from 0 to 200 nM was allowed to
bind independently onto the GNP surface, (v) the
remaining surface was blocked by 2% BSA, (vi) 1:1000
dilution of FIX antibody was added, (vii) 1:1000 dilution
of anti-mouse-IgG-HRP was added, (vii) substrate for
HRP was added and measured at 405 nm.

APTES-GNP premixed FIX (method 2): (i) PS plate
was activated by 1% KOH, (ii) 2.5% APTES was added at
RT for 5h, (iii) premix of 25% 15nm GNP solutions
with different concentrations of FIX (incubated at RT for
30 min; 0 to 200 nM) were immobilized on the APTES-
modified surface, (iv) the remaining surface was blocked
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by 2% BSA, (v) 1:1000 dilution of FIX antibody was
added, (vi) 1:1000 dilution of anti-mouse-IgG-HRP was
added, (vii) substrate for HRP was added and measured
at 405 nm.

Detection of FIX in Human Serum and After Spiking FIX
To detect FIX in human serum, we premixed the serum
with GNPs instead of FIX here. Serum dilutions from
20 to 1280 were titrated and mixed with GNPs to
evaluate the detection of FIX. Other experimental con-
ditions and concentrations were used, similarly to the
previous experiments.

Spiking experimentation was conducted by spiking dif-
ferent concentrations of FIX (0 to 8 nM) into the opti-
mized dilution of human serum and premixing with
GNPs before immobilization on the ELISA plate. Other
experimental conditions and concentrations were used
as in the previous experiments.

Interdigitated Electrode Surface Fabrication

The interdigitated electrode (IDE) surface fabrication
process includes wafer cleaning, oxide layer growth,
negative photoresist spin coating, photoresist pattern-
ing, aluminum metal deposition, photoresist removing,
and wafer dicing. The process was initiated on buffered
oxide etchant cleaned wafer followed by the oxidation
on the silicon wafers (310 nm) at high temperature
(1000°C), then the etching process was performed
using aluminum. Negative photoresist was deposited by
spin coater with a spin speed of 2000 rpm. The resist
was developed by RD-6 after exposure to UV light
(2405s). Then, 240 nm aluminum was deposited by a
thermal evaporator (Edwards Auto 306) at 3.0E-5 Torr.
The photoresist was stripped using acetone until solid
IDE appeared, then diced to create single IDE. Finally,
the zinc oxide layer was overlaid on the top for ultimate
biomolecular immobilization [31]. Before proceeding
with zinc oxide attachment, the sensing surface was ini-
tially washed with 1 M potassium hydroxide (pH 9.0).

Detection of FIX on a GNP-Modified Surface

After the optimization and confirmation of detection effi-
ciency of FIX with GNP-modified ELISA substrate, the
same surface modification was performed on the IDE sur-
face to complement the above detection. Initially, IDE zinc
oxide surface was modified with amine by adding 2.5%
APTES diluted in ethanol for 3h at RT. After that, the
surface was washed with ethanol five times, and the pre-
mix of GNPs (25%) and FIX was added. Then, the
remaining surfaces were blocked by ethanolamine, and
the FIX antibody was added next to detect FIX. The con-
comitant changes in the current signal were noticed. To
check the limit of detection, different concentrations of
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FIX were mixed independently with GNPs, immobilized
on the amine-modified IDE surface, and then detected by
the antibody; the limit of detection was determined by 3¢
calculation. The abundance of FIX in the diluted human
serum mixed with GNPs was immobilized on the amine-
modified IDE surface and then detected by its antibody.
The fabrication of the above surface followed as stated be-
fore [31].

Results and Discussion

Pretreatment on a PS ELISA Surface

Effective immobilization of protein or antibody on the
polystyrene (PS) ELISA surface apparently improves the
detection limit of the target-probe interaction. Different
immobilization methods have been used for protein or
antibody attachment on the ELISA plate. In this work,
we introduced a chemically modified ELISA surface with
GNPs for protein or antibody immobilization. We de-
sired to use one of the important clotting factors, such
as factor IX (FIX), which has been widely reported to be
important [32-36]. Figure 1 shows the schematic repre-
sentation of the protein immobilization on the polystyr-
ene ELISA surface. First, the ELISA surface was
activated by 1% KOH. In the absence of KOH pretreat-
ment, the number of APTES molecules to be bound on
the PS surface is minimal. This is because of the lack of
polar and hydrogen bond accepting groups, which facili-
tate the initial adsorption of APTES on polymers [11].
After KOH treatment, the surface was modified with an
amine by the appropriate concentration of APTES in
order to capture the GNPs.

Characterization of GNPs

Before proceeding further, we characterized the as-
received GNPs (15nm) by optical, morphological, and
size-distribution measurements. Figure 2a displays the
UV-Vis spectrophotometry analysis of the GNPs, which
apparently displayed the peak maxima at 550 nm. Trans-
mission electron microscope observations show the size
of the GNPs to be ~15nm and the shape to be good
(Fig. 2b and inset). Fourier transform infrared spectros-
copy analysis was performed from the wavenumber of
500 until 4000 cm™* (Fig. 2c). An apparent single peak at
1650 cm ™" was noticed for the gold along with another
minor peak, whereas the presence of peaks for amine
groups representing the attachment of APTES. Further
support was rendered by the volume distribution and
zeta potential analyses. Based on this analysis, the vol-
ume distribution indicates that there is a slight variation
in the size distribution (Fig. 2d) and that the zeta poten-
tial was —6.9, representing the stability of the GNPs
used in this study (Fig. 2e).
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Fig. 2 Characterization of gold nanoparticles. Performed with the optimal size 15 nm. a UV-Vis spectrophotometry analysis. A prominent single
peak was found at 550 nm. b Transmission electron microscope observation. Figure inset shows the enlarged image. Scale bar is shown. ¢
Fourier-transform infrared spectroscopy analysis. Apparent peak positions for gold and NH, are indicated. d Volume distribution analysis of GNP.
The obtained distribution is shown. e Zeta potential analysis. The value was found to be — 6.9

Preparation and Optimization of Amine Surface to
Capture GNPs

The amount of APTES greatly influences the immobilization
of GNP or antibody on the PS surface. In general, highly
crowded APTES molecules have a probability of creating
false-positive results. Since APTES has been used from 1 to
2% to immobilize the antibody in several sensor surfaces,
here, we titrated from 1.25 to 5% APTES, prepared in abso-
lute ethanol. Next, our aim was to immobilize GNPs on the
APTES-modified surfaces. There is a possibility for the
higher numbers of GNPs to yield the crowding effect, so

GNPs with 25, 50, or 100% of 15nm were tested on the
APTES-modified surface to optimize the suitable dilution.
On these modified surfaces, 250 nM of the FIX was detected
with FIX antibody. As shown in Fig. 2a and b, 1.25% APTES
shows less optical absorbance (OD) with all dilutions of
GNPs (25, 50, and 100%), whereas 2.5 and 5% APTES
showed higher absorbance with both 50 and 100% of GNPs.
At the same time, the signal-to-noise ratio was improved
with increasing APTES and GNP concentrations (Fig. 3a, b).
The 5% APTES with 50 and 100% GNPs showed nonspe-
cific binding, and 50 and 100% GNPs with 2.5% APTES
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Fig. 3 Determining the amounts of APTES and GNP. Three different concentrations (1.25, 2.5, and 5%) of APTES were used with three dilutions of
GNP (25, 50, and 100%). a Visual detection of FIX after adding the substrate. Control lanes without FIX were included. b Graphical representation
of the optimum APTES level. 2.5% APTES and 25% GNP were found to be optimal
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displayed similar absorbance. Based on these obtained
values, we chose 2.5% APTES and 25% dilution of GNPs for
further experiments.

Determination of potential GNP size

After APTES and GNP dilution optimization, we next
evaluated the suitable size of GNPs. Since the surface area
plays a crucial role in protein immobilization, here, we
tried to immobilize three different sizes of GNPs, includ-
ing 10, 15, and 80 nm. Different sizes of GNPs have differ-
ent surface areas and different charges to attract the
protein, and the binding capability on the APTES-
modified surface is also different. As shown in Fig. 4a,
250 nM FIX was detected with the ELISA surface modi-
fied with 10, 15, and 80 nm GNPs. It was found that 15
and 80 nm GNPs show almost the same absorbance of 0.4
(OD) for the detection of 250 nM of FIX, but 10-nm-sized
GNPs show only 0.34 OD. From this experiment, we con-
firmed that 15 or 80 nm GNPs are suitable for further ex-
periments, and we continued with 15 nm GNPs.

Experimental strategies to confirm nonfouling and high
performance

Before detecting the FIX on the GNP-modified ELISA sur-
face, we performed three different kinds of control experi-
ment as explained in the “Materials and Methods” section.
As shown in Fig. 4b, we could not observe significant ab-
sorbance in the wells for control experiments 1, 2, and 3
(C1, C2, and C3). In the specific experiment (S), the higher
level of absorbance is clearly associated with apparent color
changes. In the case of C1, we did not add FIX antibody,
which confirms that FIX antibody specifically interacts with
FIX (in S). No observable signal was found in the absence
of anti-mouse IgG in C2, which gives further anchorage for
the proper interaction of FIX and antibody followed by
anti-mouse IgG. In C3, in the absence of FIX, we could not
measure the significant absorbance. From these results, the
proper interaction of FIX with its antibody on the ELISA
surface was confirmed without nonspecific binding.

Page 6 of 10

GNP-Assisted ELISA vs. Conventional ELISA:
Determination of Sensitivity

After carrying out the control experiments, we detected
FIX with GNP-modified surfaces and compared the re-
sults with the conventional ELISA method. We conducted
three different experiments for the detection of FIX. First,
GNP was immobilized on APTES-modified surfaces, and
then FIX was attached onto the surface of GNP through
electrostatic interaction. Due to the electrostatic inter-
action, most of the proteins have the possibility to bind
onto the GNP surface; in that way, we could immobilize
FIX on the ELISA PS surface. The protein immobilization
also depends on the charges arising from the amino acids
and GNP. Gopinath et al. [37] have proved the strong
binding of FIX on the GNP surface, and they also found
that it is stable under high salt conditions. In the second
method, GNP and protein were first premixed before be-
ing immobilized on the aminated ELISA PS surface. It was
expected that more proteins can bind in this way, because
there is a higher possibility that protein molecules are able
to bind onto the GNP surface in the solution state. The
premixed solution was then immobilized on the APTES-
modified amine surfaces. These methods were compared
with the conventional ELISA method. As shown in Fig.
5a, when we titrated FIX concentration from 0 to 200 nM,
conventional ELISA (method 1) showed the limit of detec-
tion of 6 nM. The APTES-GNP-FIX method (method 2)
displays the limit of detection of 200 pM, which is over 30
times higher sensitivity compared with the conventional
ELISA. Sensitivity enhancement is achieved through
proper orientation of high numbers of antigens immobi-
lized on the ELISA PS plate, and ultimately more anti-
bodies will interact. In this research, gold nanoparticles
were used to immobilize more antigens through amine
modification of the ELISA plate. In the conventional
ELISA, antigens are directly immobilized on the ELISA
plate, which leads to lesser numbers of molecules binding
on the surface and causes reduced sensitivity versus the
current gold nanoparticle-mediated strategy. In addition,
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localized surface plasmon resonance gives further sensitiv-
ity improvement, as revealed in the studies with GNPs.
When we premix GNPs with FIX, as expected, the limit of
detection was highly improved and attained the level of
100 pM, which is 60 times higher sensitivity than conven-
tional ELISA. As shown in Fig. 5a, it could be clearly seen
that when we use GNPs for protein immobilization, the
maximum absorbance reached ~ 0.6 for both premixed
and directly immobilized proteins on the GNP surfaces,
but the absorbance found with conventional ELISA was ~

0.4 using the similar concentration (200 nM) of FIX. Even

with other concentrations, method 3 showed a higher dif-
ference in absorbance compared to the conventional
ELISA, and this was also reasonably higher than the
method 2. In the case of conventional ELISA, the visible
detection was found from 25nM, and from 3nM in
method 2. With method 3, we could visibly see the color
change from 200 pM of FIX because of higher absorbance
(Fig. 5a). The absorbance was saturated at 25nM in
method 3. Since we could visualize the color changes from
200 pM of FIX, we evaluated the limit of detection and ti-
trated using the lower concentrations of FIX. It was
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apparent that the detection limit reached 100 pM when
we premixed the GNPs and FIX (Fig. 5b).

Detection of FIX in Human Serum and Enhancement by
Spiking FIX

Since FIX was found to play an important role in the clot-
ting cascade [38, 39], after checking the limit of detection,
we also detected FIX in human serum. For this analysis,
we titrated the human serum in the range between 1:1280
and 1:20 dilutions. The diluted serum was premixed with
GNPs and immobilized on the APTES-modified ELISA
surface, as stated above. It was obvious that the FIX was
detected from 1:640 dilution of serum, which is equivalent
to 125 pM FIX (Fig. 6a). The healthy human serum usu-
ally contains approximately 87 nM FIX, along with other
major proteins such as albumin and globulin. With our
strategy, we reached the specific detection limit of 125 pM
in human serum, which is useful for identifying a blood
clotting defect. On the other hand, when we spiked FIX
from 1 to 8 nM into the 1:640 dilution of human serum, it
displayed increments in the absorbance which concomi-
tantly increased with FIX concentrations (Fig. 6b).

Detection of GNP-FIX on IDE Surface: Complementation
Analysis

Since it was found that GNP-conjugated FIX improved the
detection limit, we applied a similar strategy using the elec-
trochemical sensor with IDE surface to complement these
findings. We titrated the FIX from 25 to 200 pM (mixed
with GNPs), immobilized it on the amine-modified IDE
surface, and then detected it by FIX antibody. As shown in
Fig. 7a, with increase in FIX concentration, the current level
was also increased concomitantly from the baseline. FIX
level was saturated from 200 pM, and the limit of detection
was found to be 25 pM. This detection is fourfold enhanced
compared with ELISA (100 pM). In addition, FIX detection
was evidenced in the diluted human serum (Fig. 7b). For

this experiment, human serum was diluted from 1:80 to 1:
1280. As shown in the figure, the dilution of 1:1280 (red
curve) shows an apparent difference from the baseline
(black curve) with the 30 estimation, indicating that the evi-
dent detection of FIX from human serum with the dilution
of 1:1280 matches with the results from ELISA (detected at
1:640). Detection from IDE with lesser dilution shows the
increment in the sensitivity.

Conclusion

Efficient immobilization of protein or antibody on the
PS ELISA surface is a crucial step to improve the limit
of detection. Here, we introduced a new and easy pro-
tein immobilization strategy on the PS ELISA surface
assisted by GNPs. Two different methods were used: one
is the direct immobilization of FIX on the GNP-
modified surface, and another one is premixing of FIX
with GNPs before attachment. It was found with the
former method that improvement of the limit detection
is 30-fold higher compared with the conventional ELISA.
The latter method showed a 60-fold improved limit of
detection compared to the conventional ELISA. We also
demonstrated the detection of FIX in 1:650 diluted hu-
man serum, which is equivalent to 125 pM. Obviously,
these strategies proved that the higher binding of pro-
teins on the ELISA surface was able to improve the sen-
sitivity and to be useful for detecting a wide range of
biomarkers on the ELISA surface.

Abbreviations

APTES: (3-Aminopropyltriethoxysilane; BSA: Bovine serum albumin;

COOH: Carboxyl; ELISA: Enzyme-linked immunosorbent assay; Fc: Fragment
crystallizable; GNP: Gold nanoparticle; HRP: Horseradish peroxidase;

IDE: Interdigitated electrode; IgG: Immunoglobulin; OD: Optical density;
PEG: Polyethylene glycol; PS: Polystyrene; PVLA: Polyvinyl benzyl
lactonoylamide; TMB: 3,3'5,5"-Tetramethylbenzidine

Acknowledgements
We would like to thank Servier Medical Art.



Guo et al. Nanoscale Research Letters

(2019) 14:222

Authors’ Contributions
The authors all contributed to the preparation of the manuscript and
discussion. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of Data and Materials
All of the data are fully available without restriction.

Competing Interests
The authors declare that they have no competing interests.

Author details

'Department of General Surgery, The First People’s Hospital of Yunnan
Province, the Affiliated Hospital of Kunming University of Science and
Technology, Kunming 650032, Yunnan, China. ?Institute of Nano Electronic
Engineering, Universiti Malaysia Perlis, 01000 Kangar, Perlis, Malaysia. *School
of Bioprocess Engineering, Universiti Malaysia Perlis, 02600 Arau, Perlis,
Malaysia. “Department of Biological Engineering, College of Engineering,
Inha University, Incheon 402-751, Republic of Korea. *Department of Vascular
Surgery, The First Affiliated Hospital of Kunming Medical University,
Kumming 650032, Yunnan, China.

Received: 19 March 2019 Accepted: 20 June 2019
Published online: 02 July 2019

References

1.

Gopinath SCB, Awazu K, Fujimaki M (2010) Detection of influenza
viruses by a waveguide-mode sensor. Anal Methods 2:1880. https://doi.
0rg/10.1039/c0ay00491j

Gopinath SCB, Misono TS, Kawasaki K et al (2006) An RNA aptamer that
distinguishes between closely related human influenza viruses and inhibits
haemagglutinin-mediated membrane fusion. J Gen Virol 87:479-487.
https://doi.org/10.1099/vir.0.81508-0

Gopinath SCB, Tang TH, Chen Y et al (2014) Sensing strategies for

influenza surveillance. Biosens Bioelectron 61:357-369. https://doi.org/10.

1016/}.bi0s.2014.05.024

Perumal V, Saheed MSM, Mohamed NM et al (2018) Gold nanorod
embedded novel 3D graphene nanocomposite for selective bio-capture in
rapid detection of Mycobacterium tuberculosis. Biosens Bioelectron 116:
116-122. https://doi.org/10.1016/j.bios.2018.05.042

Ong CC, Gopinath SCB, Rebecca LWX et al (2018) Diagnosing human blood
clotting deficiency. Int J Biol Macromol 116:765-773. https//doi.org/10.
1016/j.jbiomac.2018.05.084

Poongodi GL, Suresh N, Gopinath SCB et al (2002) Dynamic change of
neural cell adhesion molecule polysialylation on human neuroblastoma
(IMR-32) and rat pheochromocytoma (PC-12) cells during growth and

differentiation. J Biol Chem 277:28200-28211. https://doi.org/10.1074/jbc.

M202731200

Nouri A, Ahari H, Shahbazzadeh D (2017) Designing a direct ELISA kit for
the detection of Staphylococcus aureus enterotoxin A in raw milk samples.
Int J Biol Macromol. https://doi.org/10.1016/j.ijbiomac.2017.10.052

Dixit CK, Vashist SK, O'neill FT et al (2010) Development of a high sensitivity
rapid sandwich ELISA procedure and its comparison with the conventional
approach. Anal Chem 82:7049-7052. https.//doi.org/10.1021/ac101339q
Lakshmipriya T, Gopinath SCB, Tang T-H (2016) Biotin-streptavidin
competition mediates sensitive detection of biomolecules in enzyme
linked immunosorbent assay. PLoS One 11:e0151153. https://doi.org/10.
1371/journal.pone.0151153

de la Rica R, Stevens MM (2012) Plasmonic ELISA for the ultrasensitive
detection of disease biomarkers with the naked eye. Nat Nanotechnol 8:
1759-1764. https;//doi.org/10.1038/nnano.2012.186

Vashist SK, Marion Schneider E, Lam E et al (2014) One-step antibody
immobilization-based rapid and highly-sensitive sandwich ELISA
procedure for potential in vitro diagnostics. Sci Rep 4:4407. https://doi.
0rg/10.1038/srep04407

Feng B, Huang S, Ge F et al (2011) 3D antibody immobilization on a
planar matrix surface. Biosens Bioelectron 28:91-96. https://doi.org/10.
1016/}.bi0s.2011.07.003

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32,

33.

Page 9 of 10

Tajima N, Takai M, Ishihara K (2011) Significance of antibody orientation
unraveled: well-oriented antibodies recorded high binding affinity. Anal
Chem. https://doi.org/10.1021/ac1026786

Bora U, Kannan K, Nahar P (2004) Heat-mediated enzyme-linked
immunosorbent assay procedure on a photoactivated surface. J Immunol
Methods 293:43-50. https://doi.org/10.1016/},jim.2004.06.023

Aratjo AM, Barbosa GHTS, Diniz JRP et al (1997) Polyvinyl alcohol-
glutaraldehyde as solid-phase in ELISA for schistosomiasis. Rev Inst Med
Trop Sao Paulo 39:155-158. https://doi.org/10.1590/50036-
46651997000300006

Suzuki N, Quesenberry MS, Wang JK et al (1997) Efficient immobilization of
proteins by modification of plate surface with polystyrene derivatives. Anal
Biochem 247:412-416. https;//doi.org/10.1006/abio.1997.2094

Dixit CK, Vashist SK, MacCraith BD, O'Kennedy R (2011) Multisubstrate-
compatible ELISA procedures for rapid and high-sensitivity immunoassays.
Nat Protoc 6:439-445. https://doi.org/10.1038/nprot.2011.304

Kim SH, Kim EM, Lee CM et al (2012) Synthesis of PEG-iodine-capped gold
nanoparticles and their contrast enhancement in in vitro and in vivo for X-
ray/CT. J Nanomater 2012. https.//doi.org/10.1155/2012/504026
Upadhyayula VKK (2012) Functionalized gold nanoparticle supported
sensory mechanisms applied in detection of chemical and biological threat
agents: a review. Anal. Chim. Acta 715:1-18

Lv Q, Wang Y, Su C, Lakshmipriya T, Gopinath SCB, Pandian K, Perumal V,
Liu Y. Human Papilloma Virus DNA-biomarker Analysis for Cervical Cancer:
Signal Enhancement by Gold Nanoparticle-coupled Tetravalent Streptavin-
Biotin Strategy. Int J Biol Macromol. 2019;186:336.

Lakshmipriya T, Horiguchi Y, Nagasaki Y (2014) Co-immobilized
poly(ethylene glycol)-block-polyamines promote sensitivity and restrict
biofouling on gold sensor surface for detecting factor IX in human plasma.
Analyst 139:3977-3985. https://doi.org/10.1039/c4an00168k

Lakshmipriya T, Fujimaki M, Gopinath SCB, Awazu K (2013) Generation of
anti-influenza aptamers using the systematic evolution of ligands by
exponential enrichment for sensing applications. Langmuir 29:15107-15115.
https://doi.org/10.1021/1a4027283

Gopinath SCB, Awazu K, Fujimaki M et al (2013) Observations of immuno-
gold conjugates on influenza viruses using waveguide-mode sensors. PLoS
One 81-10. https://doi.org/10.1371/journal.pone.0069121

Chiodo F, Marradi M, Tefsen B et al (2013) High sensitive detection of
carbohydrate binding proteins in an ELISA-solid phase assay based on
multivalent glyconanoparticles. PLoS One 8:1-11. https;//doi.org/10.1371/
journal.pone.0073027

Zhou Y, Tian XL, Li YS et al (2011) An enhanced ELISA based on modified
colloidal gold nanoparticles for the detection of Pb(ll). Biosens Bioelectron
26:3700-3704. https://doi.org/10.1016/j.bios.2011.02.008

Lakshmipriya T, Gopinath SCB, Citartan M et al (2016) Gold nanoparticle-
mediated high-performance enzyme-linked immunosorbent assay for
detection of tuberculosis ESAT-6 protein. Micro Nanosyst 8:92-98. https://
doi.org/10.2174/1876402908666161026154223

Liu X, Wang Q, Zhao H et al (2012) BSA-templated MnO2 nanoparticles as
both peroxidase and oxidase mimics. Analyst 137:4552. https://doi.org/10.
1039/c2an35700c

Williams S, Davies P, Bowen J, Allender C (2013) Controlling the nanoscale
patterning of AuNPs on silicon surfaces. Nanomaterials 3:192-203. https://
doi.org/10.3390/nano3010192

Castillo F, Perez E, de la Rosa E (2011) Adsorption of gold nanoparticles on
silicon substrate and their application in surface enhancement Raman
scattering. Rev Mex Fis 57:61-65

Coskun UC, Mebrahtu H, Huang PB et al (2008) Single-electron
transistors made by chemical patterning of silicon dioxide substrates
and selective deposition of gold nanoparticles. Appl Phys Lett 93.
https://doi.org/10.1063/1.2981705

Letchumanan |, Gopinath SCB, Md Arshad MK et al (2019) Gold nano-urchin
integrated label-free amperometric aptasensing human blood clotting
factor IX: a prognosticative approach for “Royal disease”. Biosens Bioelectron
131:128-135. https://doi.org/10.1016/j.bios.2019.02.006

Gopinath SCB, Kumar PKR (2013) Aptamers that bind to the
hemagglutinin of the recent pandemic influenza virus HINT and
efficiently inhibit agglutination. Acta Biomater 9:8932-8941. https://doi.
0rg/10.1016/j.actbio.2013.06.016

Gopinath SCB, Shikamoto Y, Mizuno H, Kumar PKR (2006) A potent anti-
coagulant RNA aptamer inhibits blood coagulation by specifically blocking


https://doi.org/10.1039/c0ay00491j
https://doi.org/10.1039/c0ay00491j
https://doi.org/10.1099/vir.0.81508-0
https://doi.org/10.1016/j.bios.2014.05.024
https://doi.org/10.1016/j.bios.2014.05.024
https://doi.org/10.1016/j.bios.2018.05.042
https://doi.org/10.1016/j.ijbiomac.2018.05.084
https://doi.org/10.1016/j.ijbiomac.2018.05.084
https://doi.org/10.1074/jbc.M202731200
https://doi.org/10.1074/jbc.M202731200
https://doi.org/10.1016/j.ijbiomac.2017.10.052
https://doi.org/10.1021/ac101339q
https://doi.org/10.1371/journal.pone.0151153
https://doi.org/10.1371/journal.pone.0151153
https://doi.org/10.1038/nnano.2012.186
https://doi.org/10.1038/srep04407
https://doi.org/10.1038/srep04407
https://doi.org/10.1016/j.bios.2011.07.003
https://doi.org/10.1016/j.bios.2011.07.003
https://doi.org/10.1021/ac1026786
https://doi.org/10.1016/j.jim.2004.06.023
https://doi.org/10.1590/S0036-46651997000300006
https://doi.org/10.1590/S0036-46651997000300006
https://doi.org/10.1006/abio.1997.2094
https://doi.org/10.1038/nprot.2011.304
https://doi.org/10.1155/2012/504026
https://doi.org/10.1039/c4an00168k
https://doi.org/10.1021/la4027283
https://doi.org/10.1371/journal.pone.0069121
https://doi.org/10.1371/journal.pone.0073027
https://doi.org/10.1371/journal.pone.0073027
https://doi.org/10.1016/j.bios.2011.02.008
https://doi.org/10.2174/1876402908666161026154223
https://doi.org/10.2174/1876402908666161026154223
https://doi.org/10.1039/c2an35700c
https://doi.org/10.1039/c2an35700c
https://doi.org/10.3390/nano3010192
https://doi.org/10.3390/nano3010192
https://doi.org/10.1063/1.2981705
https://doi.org/10.1016/j.bios.2019.02.006
https://doi.org/10.1016/j.actbio.2013.06.016
https://doi.org/10.1016/j.actbio.2013.06.016

Guo et al. Nanoscale Research Letters

34.

35.

36.

37.

38.

39.

(2019) 14:222

the extrinsic clotting pathway. Thromb Haemost 95:767-771. https://doi.
0rg/10.1160/Th06-01-0047

Gopinath SCB, Shikamoto Y, Mizuno H, Kumar PKR (2007) Snake-venom-
derived Factor IX-binding protein specifically blocks the gamma-
carboxyglutamic acid-rich-domain-mediated membrane binding of human
Factors IX and X. Biochem J 405:351-357. https.//doi.org/10.1042/
BJ20061737

Gopinath SCB (2008) Anti-coagulant aptamers. Thromb Res 122:838-847.
https://doi.org/10.1016/j.thromres.2007.10.022

Lakshmipriya T, Fujimaki M, Gopinath SCB et al (2013) A high-performance
waveguide-mode biosensor for detection of factor IX using PEG-based
blocking agents to suppress non-specific binding and improve sensitivity.
Analyst 138:2863-2870. https://doi.org/10.1039/c3an00298e

Gopinath SCB, Lakshmipriya T, Awazu K (2014) Colorimetric detection of
controlled assembly and disassembly of aptamers on unmodified gold
nanoparticles. Biosens Bioelectron 51:115-123. https.//doi.org/10.1016/j.bios.
2013.07.037

Cheen OC, Gopinath SCB, Perumal V et al (2017) Aptamer-based
impedimetric determination of the human blood clotting factor IX in serum
using an interdigitated electrode modified with a ZnO nanolayer.
Microchim Acta 184:117-125. https://doi.org/10.1007/500604-016-2001-6
Jin NZ, Gopinath SCB (2016) Potential blood clotting factors and
anticoagulants. Biomed Pharmacother 84:356-365. https.//doi.org/10.1016/j.
biopha.2016.09.057

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1160/Th06-01-0047
https://doi.org/10.1160/Th06-01-0047
https://doi.org/10.1042/BJ20061737
https://doi.org/10.1042/BJ20061737
https://doi.org/10.1016/j.thromres.2007.10.022
https://doi.org/10.1039/c3an00298e
https://doi.org/10.1016/j.bios.2013.07.037
https://doi.org/10.1016/j.bios.2013.07.037
https://doi.org/10.1007/s00604-016-2001-6
https://doi.org/10.1016/j.biopha.2016.09.057
https://doi.org/10.1016/j.biopha.2016.09.057

	Abstract
	Introduction
	Materials and Methods
	Reagents and Biomolecules
	Optimization with Silane Reagent and GNPs
	Determining the Necessary Size of GNPs
	Specific and Selective Detection of FIX
	Detection of GNP-Conjugated FIX on ELISA Plate vs. Conventional ELISA
	Detection of FIX in Human Serum and After Spiking FIX
	Interdigitated Electrode Surface Fabrication
	Detection of FIX on a GNP-Modified Surface

	Results and Discussion
	Pretreatment on a PS ELISA Surface
	Characterization of GNPs
	Preparation and Optimization of Amine Surface to Capture GNPs
	Determination of potential GNP size
	Experimental strategies to confirm nonfouling and high performance
	GNP-Assisted ELISA vs. Conventional ELISA: Determination of Sensitivity
	Detection of FIX in Human Serum and Enhancement by Spiking FIX
	Detection of GNP-FIX on IDE Surface: Complementation Analysis

	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Competing Interests
	Author details
	References
	Publisher’s Note

