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ABSTRACT: Biomolecule immobilization on nanomaterials is attractive for biosensors since it enables the capture of a higher
concentration of bioreceptor units while also serving as a transduction element. The technique could enhance the accuracy,
specificity, and sensitivity of the analytical measurements of biomolecules. However, it was found that the limitation in chemically
binding biomolecules on nanoparticle surfaces could only cross-link between the C-terminal and N-terminal. Here, we report the
facile one-step synthesis of amine-functionalized silica nanoparticles (AFSNPs). (3-Aminopropyl)triethoxysilane was used as a
precursor to modify the functional surface of nanoparticles via the Stober process. The biomolecules were immobilized to the
AFSNPs through itaconic acid, a novel cross-linker that binds between the N-terminal and N-terminal and potentially improves
proteins and nucleic acid immobilization onto the nanoparticle surface. The newly developed immobilization approach on AFSNPs
for biomolecular detection enhanced the efficiency of ELISA, resulting in increased sensitivity. It might also be easily used to identify
different pathogens for clinical diagnostics.

Bl INTRODUCTION biocompatibility, mechanical stability, and tunable size and
shape.” SNIPs could be formed in various shapes and structures
resulting in different properties, for example, conventional
nonporous SNPs,'’ mesoporous silica nanoparticles,'"'*

. a e T . hollow mesoporous silica nanoparticles,””> and core—shell
articles, and they usually exhibit distinct properties due to ’
P ! 7 7 Prop silica.'* Due to their versatile properties, SNPs have been

their high surface-to-volume ratio, which are useful for . . . . . o

. . o . . . exploited in a wide range of biomedical applications, such as

biosensing. In principle, a biosensor relies on a specific 91516 It has b
as been

. . . .. drug delivery, therapeutics, and diagnostics.”
interaction between an analyte and a biorecognition element g, I 4 P ’ ,d fg onali
on the biosensor, such as substrate—enzyme or antigen— previously reported that amine-functionalized SNPs are

. . . . 17
antibody.”® Therefore, immobilization of biomolecules on b1ocorr.1p atible and .su1tab1e.for use as a drug delivery system.

. . L (3-Aminopropyl)triethoxysilane (APTES) has been used to
nanoparticles is a promising strategy to enhance the sensitivity

and selectivity of the biosensor.”® Various nanoparticles

functionalized with biomolecules have been established and Received:  September 29, 2023

applied on biosensing applications, such as carbon nanotubes, Revised:  November 20, 2023

gold nanoparticles, and other metallic nanoparticles.®™® Accepted:  February 13, 2024
Silica nanoparticles (SNPs) are one of the inorganic Published: February 23, 2024

nanomaterials that have been of interest for biomolecule

immobilization. SNPs possess desirable characteristics, such as

A rapid growth of nanomaterial technology has been
contributing significantly to a recent advancement in biosensor
development." Nanoparticles (NPs) are defined as small
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Scheme 1. Schematic of the Synthesis of Amine-Functionalized Silica Nanoparticles (AFSNPs) through One-Step Synthesis
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Figure 1. Morphologies and size distribution of silica NPs (A and C) and AFSNPs (B and D), determined by SEM and DLS, respectively.

provide an amine group for generating amine-functionalized
silica nanoparticles (AFSNPs).'® In the conventional method,
APTES was coated on the surface of the SNP via condensation
reaction."®™>! However, there were some limitations, such as
the uncontrollable number of functional groups, limited shelf-
life stability, and random orientation of the molecules, leading
to reduced effectiveness of biomolecule immobilization. It
could ultimately decrease the sensitivity in biosensing
applications.

There are several strategies employed for immobiliza-
tion;”**> however, they can be classified into two main
categories: noncovalent and covalent attachment. Noncovalent
bonding relies on electrostatic, hydrophobic, polar, and affinity
interactions, such as biotin—avidin bonding and histidine—

13637

metal chelation. Meanwhile, covalent bonding involves the
formation of bonds between the functional groups of
biomolecules and the surface of materials, such as amine,
carboxyl, thiol, aldehyde, or alkyne.** To immobilize a
biomolecule on the SNPs, surface functionalization of the
SNPs is required before the addition of a cross-link between
the SNPs and biomolecules. An amine functionalization is
commonly utilized for the surface modification of various
silicon-based materials, including silicon oxide and silicon
nitride, which could be applied for immobilization of
biomolecules. The presence of an amine functional group on
the surface provides a versatile platform for many chemical
cross-linkers. The most commonly used cross-linkers for
biomolecules immobilization are glutaraldehyde and 1-ethyl-
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Figure 2. SEM images of the AFSNPs with varying APTES concentrations (A) 30 mol %, (B) 50 mol %, (C) 70 mol %, and (D) {-potential

measurement of AFSNPs.

3-(3-dimethyl aminopropyl)-carbodiimide/N-hydroxysuccini-
mide (EDC/NHS).>® However, the limitation of these cross-
linkers is that they can only cross-link between the N-terminal
and C-terminal. Therefore, the challenge of this work is to use
itaconic acid as a novel cross-linker for the immobilization of
biomolecules through the N-terminal and N-terminal. The two
carboxylic groups at two ends of itaconic acid could react with
EDC/NHS and form two amide bonds, one with an amine
group of biomolecules, such as proteins and amine-tagged
nucleotides, and another with any amine-functionalized
substrates, including the SNPs. The ability to bind between
the N-terminal and N-terminal is beneficial for biosensor
applications, especially amine-functionalized silicon-based plat-
forms,” for example, silicon photonic chips, silicon nanowires,
and fiber optics.

In the present work, a one-step synthesis of AFSNPs was
proposed. The AFSNPs were successfully synthesized via the
Stober process under relatively mild conditions in a relatively
short time compared with the conventional method. The
morphologies and chemical bonding of AFSNPs were
confirmed for validation and determination of detection
efficiency. Furthermore, the efficiency of biomolecule immobi-
lization on the proposed AFSNPs and the feasibility of
biosensing applications were investigated via the enzyme-
linked immunosorbent assay (ELISA) method. The perform-
ance of the AFSNP-conjugated ELISA was evaluated and
compared with that of the conventional ELISA.

B RESULTS AND DISCUSSION

Fabrication Methods of Functional Nanoparticles.
Amine-functionalized silica nanoparticles (AFSNPs) are
fabricated through a one-step and conventional synthesis as
illustrated in Scheme 1. In a one-step synthesis, the silicon-
based monomers of TEOS and APTES were used to produce
and modify surface-functionalized nanoparticles (Scheme 1A).
The hydrolysis and condensation reactions were induced by
adding base catalyst to the mixed solution, whereas the
conventional synthesis of AFSNPs began with the fabrication
of bare SNPs via the modified Stober method using TEOS as
the silica source (Scheme 1B). Amine functionalization was

obtained by adding APTES later to cover the surface of
SNPs.”!

Characterization of SNPs and AFSNPs. The scanning
electron microscopy (SEM) images of nanoparticles are shown
in Figure 1. SNPs (Figure 1A) and AFSNPs (Figure 1B)
displayed the most prominent morphologies in a spherical
shape with a smooth surface and homogeneous diameter. The
AFSNPs are slightly smaller in size (diameter around 161 +
5.9 nm) compared to the bare SNPs (diameter around 164 +
174 nm). Particle size distribution was estimated by the
dynamic light scattering (DLS). The histograms of the particle
size distribution for the SNPs and AFSNPs are presented in
Figure 1C,D, respectively. The histograms were fitted to the
log-normal distribution function, and the peak values were
taken as the average particle size of around 218 + 2.5 nm
(SNPs) and 216 + 1.2 nm (AFSNPs) with a low polydispersity
index (PDI), which represents a perfectly uniform particle size
and is consistent with the SEM results. However, the different
measured particle sizes between SEM and DLS are caused by
the heterogeneous populations of the weighting procedure,
which are inevitable.*®

Figure S1 displays energy-dispersive spectroscopy (EDS)
analysis of the elemental composition and mapping images of
the SNPs (Figure S1A) and AFSNPs (Figure S1B). The red,
green, and pink color images are associated with the Si, O, and
N elements, respectively. The mapping images were acquired
using the K-line spectra of the elements. In addition, the
overlap image is shown. It can be observed that the elements
have an inhomogeneous distribution in the nanoparticle, where
there exist zones with high content of O and Si for both
samples, whereas the zones with low content of N are shown in
Figure 2B. The results are consistent with the elemental
composition of the O, Si, and N (Figure S2), which shows an
atomic ratio (inset table) close to 4.5:1:0 for SNPs and
3.1:1:0.3 for AFSNPs, respectively. This indicates that the
elements are localized in the nanoparticle randomly. Therefore,
this confirms the silica-based nanoparticle structure.

Figure S3 shows the Fourier transform infrared (FTIR)
spectroscopy of SNPs and AFSNPs (conventional and one-
step). The spectrum of the samples shows peaks at 1049 to
1100 em™! and around 795 cm™!, which are attributed to
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stretching vibration of Si—O—Si bonds in the spine and free
silanol group, respectively.'” The absorption peak at around
939 to 945 cm™! is indicative of Si—OH vibration;*” when
compared to SNPs and AFSNPs (conventional), the AFSNPs
(one-step) showed weaker absorbance than the SNPs. The
reason is that part of the Si—OH has been replaced by the
bending vibrations of —NH (primary) in APTES as a new
band appeared at 694 cm™,** while this peak did not appear in
ASENPs (conventional) because there was no cross-link
between TEOS and APTES. Moreover, the AFSNPs (conven-
tional) showed broad peaks at 3260 and 1628 cm™', which
could be attributed to —NH, stretching and bending,
respectively.””*" It indicated that nanoparticle surface was
successfully modified by comonomers of TEOS and APTES. It
is noteworthy that the —NH, stretching and bending bands of
ASFNPs (one-step) are shifted to lower wavenumbers by the
hydrogen bonding,”" which leads to high reactivity with
molecules and specific interactions. In the comparison of the
ASFNP (one-step) spectrum at different concentrations of
added APTES (Figure S4), it was found that the intensity of 70
mol % APTES was higher than that of 50 mol % APTES at a
peak of around 694 cm™', which illustrated the amine
concentration in the particle.

In addition, this research synthesized AFSNPs by mixing
TEOS and APTES in different concentrations, as shown in
Figure 2A—C. As the concentration of APTES was increased
(30, 50, and 70 mol %), the morphological characteristics
revealed that the AFSNP particle size increased to 224 + 8.4,
279 + 18.0, and 384 + 44.6 nm, respectively, and the surface
appearance of the particles became rougher due to the
nonhydrolyzed and noncondensed amine function
(=NH,).*” Figure 2D shows the surface charge measured by
the (-potential. It can be seen that the AFSNPs in all
conditions showed positive charges compared to the bare
SNPs that were negatively charged due to the oxygen atoms on
their surface. This confirmed that the surface could be
modified to have amine functional groups by adding APTES
in the system.'®”' However, a similar charge in the range +32
to +39 mV could not confirm the presence of the number of
amines because the number of particles in the solution was
different.

Effect of Amine Concentrations to Immobilization of
Biomolecules on AFSNPs. The synthesized AFSNPs were
used to enhance the ELISA sensitivity. As illustrated in Scheme
2, a newly developed cross-linker was used to bind between
amine-terminated biomolecules and amine-terminated
ASFNPs through covalent bonding. The efficiency of the
amine concentration, the stability of biomolecule immobiliza-
tion, and the performance of AFSNPs were examined through
the ELISA technique. Signals in antirabies virus detection by
ELISA were compared between SNPs and AFSNPs synthe-
sized in different concentrations of APTES. It was found that
the concentration of APTES added to the particle synthesis
system affected the particle morphology in terms of size and
surface roughness. It also affects the amine content at the
particle surface, which consequently affects the antigen
conjugation since antigen is a protein that needs primary
amines”” for binding on particles using the itaconic coupling
principle. In Figure 3, the SNPs (0 mol % APTES) showed no
ELISA signal, which indicated that the antigen could not be
immobilized on the surface of the SNPs, whereas the AFSNPs
showed a higher ELISA signal as the antigen concentration
increased. At the start of the graph, despite having the lowest

Scheme 2. Immobilization of Biomolecules on ASFNP
Surface by Using Itaconic Acid Cross-Linker
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Figure 3. Efficiency determination of amine concentration on the
surface of nanoparticles by ELISA technique.

number of APTES, 30 mol % exhibited the highest slope due
to its smallest particle size and largest surface area for antibody
immobilization.** However, due to the small amount of amine
on the surface used to immobilize the antibody, at the
saturation point, there were insufficient antigens remaining for
immobilization, and with increased concentration of antibody,
the graph became stable. At the concentrations of 50 and 70
mol % APTES, the O.D. continued to increase with higher
amounts of antibody due to the large number of amines that
can enhance the immobilization efficiency of a higher amount
antigen. Therefore, the one-step synthesis technique can be
used to design and quantify amines on the surface of particles.

Comparison of Synthesis Methods of AFSNPs to
ELISA Signal. Furthermore, we determined and compared the
biomolecular binding capacity of AFSNPs by conventional and
one-step synthesis, as shown in Figure 4. It was found that the
one-step synthesis method of AFSNPs resulted in higher
ELISA signals for antirabies virus detection compared to the
conventional method. Additionally, this method offers the
advantage of using less APTES in the synthesis process.
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Figure 4. Comparison of biomolecules immobilization stability
between conventional and one-step synthesis of AFSNPs.

Although similar size nanoparticles were used in this study, the
ELISA signal from the one-step synthesized nanoparticles was
still strong due to the arrangement of the amine (—NH,)
structure in the particles, making it feasible to immobilize
between the nanoparticles and the antigens.”

Highly Enhanced ELISA Sensitivity and Specificity
Using AFSNPs. The highly sensitive ELISA based on the
ASFNPs as nanocarriers of antirabies antigen by using an
itaconic acid cross-linker in an indirect ELISA is shown in
Figure S. The indirect ELISA technique employs a two-step
process for detection:*® first, a horse antirabies virus (primary
antibody) specific to the rabies antigen binds to the target, and
second, an antihorse IgG-HRP (labeled secondary antibody)
binds to the primary antibody for detection, as shown in Figure
SA. The antirabies virus detection performance between
conventional and AFSNPs-based ELISAs was also compared.
It is expected that when AFSNPs are applied to ELISA, the
amount of antigen immobilization and the ELISA signal can be
increased. This is due to the assumption of increasing the
surface area and functionality of nanoparticles. In Figure 5B,
the developed reaction product color of the applied AFSNPs to
ELISA showed significantly deeper yellow than the conven-
tional ELISA. The absorbance was measured at 450 nm, and it
was seen that the absorbance of AFSNP-conjugated ELISA

showed a much higher signal than the conventional ELISA
method as shown in Figure SC. The limit of detection (LOD)
of the coupled AFSNPs is about 0.05 IU, which is ten times
more sensitive than the LOD of conventional ELISA (0.5 IU).
The evidence showed their superiority in terms of detection
sensitivity due to the efficient functionalization of ELISA with
bioreceptors. AFSNPs can offer increased surface areas, which
leads to greater capacity for biomolecule binding.”” Therefore,
the AFSNPs can enhance the amplifying signal and the
detection of the ELISA technique, which is useful in the early
diagnosis of infection with very low concentrations of
biomarkers.**

Figure 6 shows the specificity of the proposed ELISA for
antirabies virus detection. AFSNPs—rabies Ag was used to

4

w

N

0.D. (A 450 nm)

-

o-

Control  Anti-rabies BSA

Figure 6. Specificity of the proposed ELISA for antirabies virus
detection. The concentration of antirabies and BSA was 2.5 IU/mL
and 1 mg/mL, respectively.

identify another sample, bovine serum albumin (BSA). The
microplate was initially coated with the AFSNPs—rabies Ag.
BSA did not result in a color change by demonstrating the
same amount of the O.D. value as the negative control
Additionally, a negative control could confirm unimmobilized
rabies Ag if the itaconic acid cross-linker was not used in the
system. However, the O.D. value of antirabies was increased by
60-fold when compared to BSA, indicating that the AFSNPs-
based enhanced ELISA has high specificity for antirabies virus

detection.
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Figure S. (A) Schematic illustration of the roles of AFSNPs in improving the performance of conventional ELISA, (B) ELISA test, and (C) sensing

performed in the presence and absence of AFSNPs.
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B CONCLUSIONS

This study proposes an amine-modified surface on SNPs via a
one-step synthesis, a novel immobilization of biomolecules on
nanoparticle surfaces, and its application to biomolecular
detection. The one-step synthesis was developed to overcome
the complex and time-consuming steps of the conventional
synthesis approach. In addition, a newly developed cross-linker
between the N-terminal and N-terminal was used to bind the
proteins onto the AFSNPs. The findings demonstrated that the
ELISA exhibited a substantially higher sensitivity for detecting
antirabies virus as compared to the conventional method. It is
worth noting that this improved signal was achieved despite
using only one-fifth of the quantity of APTES, which is a
critical component in the synthesis process. Furthermore, we
conducted a comparison between conventional ELISA and
AFSNPs-based ELISA for the detection of antirabies virus. Our
findings revealed that the AFSNPs-based ELISA exhibited ten
times higher sensitivity than the conventional ELISA. Thus,
the presence of AFSNPs has played a crucial role in enhancing
signal amplification and improving the detection effectiveness
of the ELISA technique. This notable improvement holds
considerable value, particularly in the early diagnosis of
infections with remarkably low concentrations of biomarkers.

B EXPERIMENTAL SECTION

Chemicals and Materials. Tetraethyl orthosilicate
(TEOS) (98.0%), (3-aminopropyl)triethoxysilane (APTES)
(99%), ethyl alcohol (ACS reagent, > 99.5%), ammonium
hydroxide solution (30%), ethylcarbodiimide hydrochloride
(EDC) (98%), N-hydroxysuccinimide (NHS) (98%), and
antihorse IgG (whole molecule)-peroxidase antibody produced
in rabbit were purchased from Sigma-Aldrich. Itaconic acid
(99%) was purchased from Thermo Scientific. Rabies virus
antigen and TRCS antirabies serum were purchased from
Biovalys Co., Ltd. BlockPRO1 min protein-free blocking buffer
was purchased from Energenesis Biomedical Co., Ltd. Washing
buffer 20X, 3,3',5,5'-tetramethylbenzidine (TMB) liquid
substrate, and stop solution were purchased from Peprotech.
Deionized water (18 M) was used throughout the experi-
ment.

Synthesis of AFSNPs. The uniform-sized AFSNPs were
prepared by a one-step synthesis of modified Stober as
described in a previous study.'’ Briefly, TEOS and APTES
were added to a solvent mixture of ethanol and distilled water
in the presence of ammonium hydroxide as catalysts for
hydrolysis and condensation. The mixture was stirred for 6 h at
room temperature. The washing process with centrifugation
and redispersion was repeated three times. The final products
were collected and lyophilized for the next use.

Immobilization of Biomolecules on AFSNPs. Cross-
linking reactions were carried out for 30 min at room
temperature in a 1.5 mL Eppendorf tube with a mixture of
itaconic acid, distilled water, EDC, and NHS. Then, AFSNPs
and rabies virus antigen were added to the mixture at the same
time. AFSNPs were incubated with rabies virus antigen
(concentration of 0.4, 0.2, 0.1, 0.05, 0.025, and 0.0125 ug,
respectively) for 1 h at 25 °C. The functionalized NPs were
then centrifuged at 4000 rpm for 10 min, and the precipitated
NPs were resuspended in wash buffer three times to remove
the excess antigen. The supernatant was collected for antigen
quantification.
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Characterizations. The size and surface charge of the
AFSNPs in ethanol were determined by using a laser particle
analyzer system (NANO ZS, Malvern instruments Ltd., UK).
A He—Ne laser was used as the light source. The incident
wavelength was 633 nm, and the measurement angle was 173°.
{-potential measurements were performed at 25 °C using
highly diluted colloidal dispersions. The morphologies of the
AFSNPs were investigated by using scanning electron
microscopy (SEM, JSM-IT800). To determine the elemental
composition of the particles studied during the electron
microscopy measurements, an energy-dispersive X-ray spec-
troscopy (EDS) detector was used together with the SEM. For
the measurement in combination with SEM, diluted colloidal
dispersions were dropped onto a copper tape on an aluminum
substrate (cleaned with ethanol) to produce well-separated
particles on the surface. The chemical bond structure of the
AFSNPs was confirmed by Fourier transform infrared
spectroscopy (FTIR). The spectra from 500 to 4000 cm™
were recorded by an FTIR spectrometer (Thermo Scientific,
USA). The samples were scanned in the attenuated total
reflection (ATR) mode.

Enzyme-Linked Immunosorbent Assays (ELISA). The
96-well ELISA plates (Immune; Nunc) were coated with
antigen-immobilized AFSNPs (0.01 mg mL™') at 4 °C for
overnight. Then, they were washed with washing buffer three
times and were blocked with blocking buffer for 6 min. After
the blocking buffer was removed, the diluted solution of
antibody (100 pL) with desired concentrations (2.50, 1.25,
0.63, 0.31, 0.16, and 0.08 IU/mL) was then added to each well
and incubated for 1 h at room temperature. Next, the well plate
was washed with washing buffer for seven times, followed by
the addition of rabbit antihorse IgG (whole molecule) — HRP
100 pL/well at optimized dilution of 1:3000 and incubated for
1 h at room temperature. The well plate was washed again with
washing buffer for seven times. Later, the TMB substrate was
added to each well and incubated for 15 min at room
temperature. Finally, the reaction was stopped by adding stop
solution and the absorbance of the product was measured at
wavelengths of 450 and 570 nm using a microplate reader
(Infinite M Plex, Tecan Trading AG, Switzerland).
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