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The global opioid crisis, particularly the abuse of drugs like morphine is a massive 
public health challenge that demands faster, better detection methods and 
innovative technologies like core-shell nanoparticle (CS NPs) biosensors for fast 
and efficient monitoring and treatment. This study aimed to develop a rapid and 
simple method for synthesizing SiO2@Au CS NPs and functionalizing their surface 
by attaching a morphine antibody as a model analyte for colorimetric detection. 
SiO2@Au CS NPs was synthesized using an iterative hydroxylamine seeding method 
and characterized through various techniques, including UV-visible spectroscopy, 
dynamic light scattering (DLS), scanning electron microscope (SEM), energy-
dispersive X-ray analysis (EDX), dot-blot assay, and Bradford. SEM and DLS analyses 
demonstrated that both SiO2 NPs and SiO2@Au CS NPs exhibited spherical shapes 
with uniform size distributions (178 nm and 182 nm) and average diameters of 
226 ± 2 nm and 291 ± 5 nm, respectively. EDX analysis verified the elemental 
composition of both the bare silica and CS NPs. The effective conjugation of bare 
silica with gold, facilitated by hydroxylamine as a linker, was successfully observed 
in the CS NPs. Furthermore, the Bradford assay indicated that the nanoparticle 
surface displayed a high antibody-binding efficiency of approximately 99%. 
The Dot blot assay provided visible results within 3-4 minutes. The findings of 
this study confirmed that antibody-conjugated SiO2@Au CS NPs proved to be 
effective as bioprobes in dot blot assays. The integration of multiple materials 
for biomolecule attachment demonstrated greater efficiency than single-material 
approaches, leading to enhanced visibility in colorimetric detection applications.
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INTRODUCTION 
Opioid abuse epidemics have been prevalent in 

recent years and have become a significant global 
health concern. Stimulants such as morphine, 
codeine, and fentanyl are the most abused drugs 
and deadliest drug type, they possess analgesic and 
sedative effects which are normally used for pain 
relief [1]. However, non-medical use, prolonged 
use, misuse, and use without medical supervision 

of morphine can lead to health problems, such as 
respiratory depression, addiction, constipation, 
dizziness, and confusion.  [2]. According to the 
World Drug Report (2022), it was estimated that 
nearly 61 million cases have opioid abuse [3]. In 
the United States, 500,000 deaths were ascribable 
to opioid overdoses from 1999 to 2019 due to 
regularly prescribed and illegally acquired drugs 
[4]. Therefore, the detection of morphine levels 
in biological samples such as urine and blood can 
assist in identifying the causes of death in clinical 

http://creativecommons.org/licenses/by/4.0/.
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cases, managing abuse, and monitoring the level of 
treatment [5]. 

Conventional and point-of-care (POC) testing 
are used to detect morphine. POC offers rapid 
and convenient on-site testing without the need 
for specialized laboratory facilities, whereas 
conventional methods require longer time to 
generate results [6]. One promising technology 
for clinical and personalized POC diagnostics is 
colorimetric sensing of target analytes because of 
its optical properties, low cost, and simplicity of 
detection [7]. Gold nanoparticles (Au NPs) have 
been introduced into colorimetric sensing systems 
owing to their stability and visible spectrum [1, 
8]. In recent years, it has become increasingly 
clear that multiphase nanoparticles, such as CS 
NPs, exhibit superior properties and efficiency 
compared to single-phase nanoparticles (SP NPs) 
[9-11]. One of the most widely used CS NPs is 
silica-gold (SiO2@Au) CS NPs, which have drawn 
significant attention from researchers because 
of their unique properties, such as low toxicity, 
high stability, enhanced mechanical and thermal 
stability of silica, and the catalytic, electrical, and 
optical properties of gold [12-16]. 

Recent research has highlighted the influence 
of CS NPs on their distinctive properties compared 
to SP NPs. For example, studies have shown that 
substituting SP NPs (gold NPs) with CS NPs 
(SiO2@Au) in SERS substrates results in a better 
electric field distribution and absorption cross-
section. Moreover, the SERS enhancement factor 
was approximately twice that of SP NPs [17]. Other 
studies have shown that the detection of Pb2+ ions 
using SiO2@Au CS NPs is five times [16] and ten 
times [18] higher than when using Au NPs. In 
polymer solar cells, adding SiO2@Au CS NPs to 
the ZnO electron transport layer increased the 
efficiency from 3.52% to 4.20% [19]. This boost 
originates from the localized surface plasmon 
resonance effect in the core-shell structure. The 
silica core changed the behavior of the gold shell, 
which improved the electric-field distribution and 
enhanced light absorption. 

Despite advancements in CS NPs technology, 
current methods for creating SiO2@Au CS NPs 
face several challenges in achieving a one-step, 
inexpensive process that produces a uniform 
shell thickness and consistent structures. The 
widely used traditional seed-mediated growth 
technique often requires multiple steps and is time-
consuming [20]. Additionally, it is challenging 

to achieve this unless the core is functionalized 
with amino (-NH2) or mercapto (-SH) groups. 
Alternatively, complete CS NPs can be obtained 
by adding HAuCl4 to silica multiple times [21]. 
Keli Wang and co-workers synthesized SiO2@
Au CS NPs using the seed growth method. They 
used polyethyleneimine (PEI) on a silica surface 
via electrostatic self-assembly to form the SiO2@
PEI NPs. Subsequently, they adsorbed 3-5 nm 
Au NPs on the SiO2@PEI NPs and monodisperse 
SiO2@Au CS NPs were formed within five minutes 
after reducing HAuCl4 with hydroxylammonium 
chloride under the stabilization of PVP. For 
instance, the modified Stöber method requires 
surface modification of the silica core and careful 
control of reagent concentrations to achieve 
uniform gold shell thickness [22]. Similarly, the 
approach described in [23] involves chemical 
reduction followed by a modified Stöber method, 
which is a multistep process. Moreover, although 
progress has been made in developing methods 
for synthesizing CS NPs, including silica@gold 
structures, there is still room for improvement in 
terms of simplicity, cost-effectiveness, and precise 
control over shell thickness. Future research could 
focus on combining the strengths of the existing 
methods, such as the rapid sonication approach 
from [21], with novel templating or deposition 
techniques to address this unmet need in the field.

Recognizing these gaps, our study introduces 
a novel synthesis method that is straightforward, 
cost-effective, and less time- and material-
intensive for producing SiO2@Au CS NPs. To 
create SiO2@Au CS NPs, a direct deposition 
method called the iterative hydroxylamine seeding 
method was utilized [24], which is both simple 
and cost-effective. This method requires fewer 
chemical materials and involves the addition of 
hydroxylamine and HAuCl4 four times to attain a 
uniform gold shell coating. Sodium citrate was also 
introduced into the bare silica to replace OH − with 
citrate ions. Au ions were then added to the SiO2-
hydroxylamine complex and reduced to Au atoms 
using hydroxylamine. To bond the anti-morphine 
antibody with the CS NPs (SiO2@Au), ionic and 
hydrophobic interactions were used between the 
positively charged groups on the antibody surface 
and negatively charged surface of the SiO2@Au 
CS NPs. The application of SiO2@Au NPs as a 
colorimetric detector was verified by immobilizing 
BSA-morphine on a nitrocellulose membrane and 
overlaying the conjugate nanoparticles.
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MATERIALS AND METHODS
Materials

Hydrochloroauric acid trihydrate 
(HAuCl4⋅3H2O,), hydroxylammonium chloride 
(NH2OH.HCl) and trisodium citrate dehydrate 
(Na3C6H5O7⋅2H2O) were purchased from Shanghai 
Chemical Co. (Shanghai, China). Phosphate 
buffered saline (PBS) and bovine serum albumin 
(BSA) were obtained from Sigma-Aldrich (Louis, 
MO, USA), Tris hydroxymethyl aminomethane 
(Tris), Tween 20, sodium azide, and Tetraethyl 
orthosilicate (TEOS) were purchased from Merck 
Schuchardt (Hohenbrunn, Germany). Bradford 
reagent and Nitrocellulose membrane were 
obtained from DNA biotech life science. Anti-
morphine antibody (AM antibody) and morphine-
bovine serum albumin (MOR-BSA) were provided 
by Artron BioResearch Inc., Canada. All other 
reagents, including an ammonia solution (NH4OH, 
28-30%), absolute ethanol (C2H5OH, 99.6%), 
nitric acid (HNO3, 65% extra pure), sodium 
chloride (NaCl), potassium carbonate (K2CO3), 
hydrochloric acid (HCl, 37%), and deionized (DI) 
water were obtained from the laboratory. 

Methods
Synthesis of SiO2 nanoparticles

SiO2 nanoparticles were synthesized using 
a modified Stӧber method [16]. A solution of 
ammonia (28-30% NH3 as NH4OH) and ethanol 
(absolute and 96%) in a 2:10 v/v ratio was prepared, 
and tetraethyl orthosilicate (TEOS) was slowly 
added dropwise under vigorous stirring (Table 1). 
After 19 h, the reaction was considered complete, 
and the resulting silica nanoparticles were washed 
and centrifuged five times at 1500 rpm. Finally, the 
nanoparticles were dispersed in DI water, poured 
into a petri dish, and dried at room temperature.

Synthesis of SiO2@Au core-shell nanoparticles
SiO2@Au CS NPs were produced using a 

modified iterative hydroxylamine seeding technique 
[24]. First, the dehydrated SiO2 NPs were sonicated 

in 10 ml of DI water for 10 min. These particles 
were subsequently mixed with trisodium citrate 
and agitated for 15 min to enhance their negative 
surface charge. Separate solutions of 80 mM 
hydroxylammonium chloride and gold salt (1mM, 
2mM, 3mM, and 4mM) were prepared. While the 
SiO2 NP/citric acid mixture was constantly stirred, 
200 µL of the hydroxylammonium chloride solution 
was introduced dropwise over 2-3 minutes. This 
was followed by the gradual addition of 200 µL of 
gold salt solution, with this process consequent 
addition of NH2OH.HCl + HAuCl4⋅3H2O being 
repeated four times. Upon completion, the SiO2@
Au CS NPs were isolated by washing five times 
and centrifugation at 4°C for 20 min at 9000 rpm 
and then resuspended in DI water. The resulting 
greyish-blue hue of the solution indicates successful 
synthesis (Fig 1).

Characterization 
The study employed a variety of analytical 

techniques to investigate the characteristics of 
SiO2 and SiO2@Au core-shell nanoparticles (CS 
NPs). Detailed imaging of the SiO2 and SiO2@
Au CS NPs morphology was achieved through 
MIRA3 TESCAN field-emission scanning electron 
microscopy (FE-SEM) from the Czech Republic at 
an accelerating voltage of 15 kV. The transformation 
of SiO2 into SiO2@Au CS NPs was demonstrated 
by a visible color change in the solution, further 
verified using UV-vis absorption spectroscopy 
with a Cecil CE 7250 Spectrophotometer in the 
200-900 nm spectral range. Nanoparticle sizing 
employed equations by Haiss and collaborators 
[24], while hydrodynamic size and zeta potential 
measurements were taken using a particle 
size analyzer Scatterscope (I) (South Korea) 
and a Malvern ZEN 300 Zetasizer (Germany), 
respectively. Finally, the elemental composition of 
both types of nanoparticles was confirmed using 
energy-dispersive X-ray analysis (EDX) from 
Oxford Instruments, verifying the presence of the 
required elements.

Table 1: Synthesis conditions and particle sizes of silica nanoparticles 
 
 

No. C2H5OH (mL) NH4OH (mL) TEOS (mL) Yield (g) Size by DLS (nm) 
Exp. 1 10 (96%) 2.0 1.0 0.2467 325 ± 3 
Exp. 2 10 (absolute) 2.0 1.0 0.2220 315 ± 2 
Exp. 3 10 (absolute) 2.0 0.5 0.1676 287 ± 2 
Exp. 4 10 (absolute) 2.0 0.4 0.0865 226 ± 2 

 
  

Table 1. Synthesis conditions and particle sizes of silica nanoparticles
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Conjugation of antibody onto the surface of 
nanoparticles

SiO2@Au CS NPs were prepared based on 
Babaei-Afrapoli et al. [25] with a few modifications. 
The pH was adjusted to 8.0, and the antibody was 
added to the NPs solution. The mixture was stirred 
overnight at 4°C to allow the antibody to attach 
to the surface of the NPs through electrostatic 
interactions. The following day, 5.0% (w/v) BSA 
solution was added to block the uncoated areas 
of the NPs. The mixture was stirred for 2 h and 
centrifuged for 40 minutes at 10000 rpm. The 
resulting pellet was resuspended in a solution 
containing sodium borate buffer (20 mM, pH 8.0, 
1.0% (w/v) BSA, and 0.1% (w/v) sodium azide). 
The resuspended solution was stored at 4°C until 
further use.

Conjugation efficiency of antibody 
The efficiency of antibody binding to the 

SiO2@Au CS NPs surface was measured using the 
Bradford assay, following the method of a previous 
study [25, 26]. The pH of SiO2@Au CS NPs solution 
was adjusted to 8.0 and 5.0 µL of anti-morphine 
antibody (20.0 mg/mL) was added to it. After 
incubation for 20 min, the solution was centrifuged 
at 8000 rpm for 10 min to obtain the supernatant 
containing unconjugated antibodies. Therefore, 

200.0 μL of the supernatant was added to 800.0 
μL of Bradford solution and incubated for 15 min 
in darkness. Finally, the absorption (adsorption 
was used for physical attachment, for UV-visible 
absorption) of the sample was measured at 595 
nm using a plate reader (Cytation, Bio Tek, USA). 
The following equation was used to calculate 
conjugation efficiency: 

Conjugation efficiency % = (mass of protein 
used − mass of protein in suspension/mass of 
protein used) × 100 (Equation 1).

Performance of antibody-SiO2@Au CS NPs 
The Dot blot technique was used to evaluate 

the performance of the morphine anti-morphine 
antibody -SiO2@Au CS NPs as a colorimetric 
probe. To achieve this, the small amounts of 
MOR-BSA (0.5 mg/mL and 1 mg/mL) and BSA 
(0.5 mg/mL) were added to the three pieces of 
the NC membranes, separately, and left to dry 
for 2 h. After drying, the NC membranes were 
soaked in block solutions (5% BSA in PBS-T) for 
1 h, the block solutions were removed, and the NC 
membranes were left to dry for 2 h. Conjugated 
NPs solutions were added to each NC membrane 
separately and incubated for 2 h. After that, the 
NPs solutions were removed, and NC membranes 
were washed five times with PBS-T (0.05% BSA in 

 

Figure 1. Graphical abstract displaying the preparation of SiO2 and SiO2@Au CS NPs. 

  

Fig. 1. Graphical abstract displaying the preparation of SiO2 and SiO2@Au CS NPs.
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PBS) with a 5-minute interval between each wash. 
The formation of colorimetric circles on each NC 
membrane, arising from the interaction between 
AM antibody-conjugated SiO₂@Au CS NPs and 
MOR-BSA or BSA, was ultimately assessed.

RESULTS AND DISCUSSION
Synthesis and Characterization of SiO2 nanoparticles

The appearance of white color in the solution 
was a sign of the formation of silica in the solution. 
To optimize the parameters involved in the 
synthesis of NPs, the influence of water content of 
the ethanol used, the concentration of TEOS on the 
particle size and the powder yielded after the drying 
process was studied (Table 1). The concentration of 
ammonium hydroxide (NH4OH) was kept constant 
across these experiments. The average size of the 
particles and their size distribution were assessed 
by using dynamic light scattering (DLS). Larger 
particles measuring 325 ± 3 nm were created using 
96% ethanol, whereas smaller particles of 226 ± 
2 nm size were obtained with absolute ethanol. 
This decrease in particle size is attributed to the 
reduced water content in absolute ethanol, which 
decelerates hydrolysis and condensation during 

the sol-gel process, allowing for more controlled 
growth of the particles.

Further size reduction was achieved by 
decreasing TEOS volume from 1.0 mL to 0.5 mL, 
resulting in particles measuring 289 ± 2 nm in 
diameter. This is consistent with the understanding 
that lower precursor concentrations limit reactant 
availability, reducing particle growth rate. Further 
reducing the amount of TEOS in combination with 
absolute ethanol resulted in smaller particle sizes 
(226 ± 2) (Fig. 2d). The histogram presenting the 
distribution of the particle diameters from SEM 
micrographs of SiO2 NPs (Exp 4) in Fig 3b revealed 
that the average particle size is 178 nm. However, 
the 226 nm average suggests that the hydrodynamic 
size is approximately 48 nm larger than the DLS 
size because it measures the particle as it behaves 
in solution while SEM measures the solid SiO2 NPs 
core in a dry and static state. 

The successful synthesis of silica nanoparticles 
was confirmed by FESEM, revealing spherical 
nanoparticles with excellent monodispersity. The 
particles exhibit uniform spherical morphology, 
consistent size distribution, and well-defined 
boundaries (Fig. 3a-b). Fig. 3c shows the EDX 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a) DLS size distributions for silica nanoparticles from four experiments, showing 

average hydrodynamic diameters of 325 ± 3 nm, 315 ± 2 nm, 289 ± 2 nm, and 226.2 ± 2 nm. 

  

Fig. 2. (a) DLS size distributions for silica nanoparticles from four experiments, showing average hydrodynamic diameters of 325 ± 3 
nm, 315 ± 2 nm, 289 ± 2 nm, and 226.2 ± 2 nm.
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spectrum with distinct peaks for silicon (~1.7 keV) 
and oxygen (~0.5 keV), confirming the presence of 
SiO2. Fig. 3d presents a composite elemental map, 
while Figs. 3e and 3f display individual maps of 
silicon and oxygen, respectively. 

The EDX result shows a higher atomic 
percentage of oxygen (77.47 %) compared to silicon 
(22.53 %). The O: Si atomic ratio is ~3.44, which 
deviates from the ideal stoichiometry of SiO₂, where 
oxygen and silicon should be present at ~66.6% and 
~33.3% atomic percentages, respectively. This is 
common because of the surface adsorbates that can 
contribute to the oxygen signal. 

The zeta potential measurements revealed that 
the smaller silica nanoparticles exhibited a zeta 
potential of -6.21 mV. The negative surface charge 
is typical of silica particles in aqueous or alcoholic 
dispersions due to deprotonated silanol groups on 
their surfaces.

Characterization of core-shell nanoparticles
Synthesis parameters and respective sizes of 

SiO₂@Au CS NPs are summarized in Table 2. Three 
different concentrations of gold salt solution were 
used while keeping the concentrations of SiO₂ 
NPs and NH₂OH·HCl as the linker/reducing agent 

constant. The SiO₂ NPs served as the core material 
and NH₂OH·HCl as the reducing agent to facilitate 
gold shell formation. Gold concentration varied 
across experiments (1, 2, and 3 mM) to control 
the amount of gold available for shell growth. 
Moreover, increasing the concentration of gold salt 
solution resulted in formation of CS NPs with an 
average hydrodynamic diameter of 274 ± 7 nm, 284 
± 8 nm and 291 ± 5 nm, respectively. The effect of 
gold salt concentration on nanoparticle size clearly 
demonstrates that increasing the concentration of 
gold salt solution led to a systematic increase in 
the particle size of the resulting SiO₂@Au CS NPs. 
This can be attributed to the progressive thickening 
of the gold shell around the silica core as more 
gold ions are reduced and deposited onto the 
nanoparticle surface. 

SiO₂@Au CS NPs exhibited characteristic 
plasmonic peak in UV-vis absorption spectra 
(Figure 4). The black curve represents pure SiO₂ 
NPs, showing minimal absorption over the entire 
visible and near-infrared range (400-900 nm). This 
confirms that the silica core contributes negligibly to 
the optical properties, making it an ideal dielectric 
core material. SiO₂@Au (1 mM Gold) exhibits a 
broad absorption band centered around 650-700 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) SEM images showing the morphology of the SiO₂ NPs, (b) Particle size distribution 

histogram derived from SEM micrographs of SiO₂ NPs (Experiment 4), (c) Representative 

mapping image indicating a particle size of 178 nm, (d-f) EDX elemental maps illustrate the spatial 

distribution of Si and O within the NPs.  

  

Fig. 3. (a) SEM images showing the morphology of the SiO₂ NPs, (b) Particle size distribution histogram derived from SEM micro-
graphs of SiO₂ NPs (Experiment 4), (c) Representative mapping image indicating a particle size of 178 nm, (d-f) EDX elemental maps 

illustrate the spatial distribution of Si and O within the NPs.
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nm with moderate intensity. This represents the 
fundamental dipolar surface plasmon resonance 
of the thin gold shell. SiO₂@Au (2 mM Gold), 
showed similar spectral characteristics but with 
slightly modified intensity, indicating shell growth 
while maintaining the core-shell architecture. 
Additionally, SiO₂@Au (3 mM Gold), demonstrated 
increased absorption intensity and broader spectral 
features, suggesting thicker gold shell formation 
with enhanced plasmonic coupling. SiO₂@Au (1 
mM Gold) was used for the conjugation of antibody. 
The conjugation of anti-morphine antibody did not 
affect the UV-visible absorption spectrum of the 
core-shell structure confirming the integrity of the 
sample. 

The DLS data show the hydrodynamic size 
distributions of SiO₂@Au CS NPs synthesized 
with gold salt concentrations (1, 2, and 3 mM), it 
indicates that the gold shell growth led to increasing 
the size from 226 ± 2 nm to 274 ± 7 nm, 284 ± 8 nm, 
and 291 ± 5 nm, suggesting a gold shell thickness of 
approximately 48 ± 7 nm, 58 ± 8 nm, and 65 ± 5 
nm, respectively (Fig. 5a-c). The size distributions 

are narrow for all samples, indicating uniform 
and monodisperse nanoparticle populations. The 
systematic increase in the mean diameter confirms 
that increasing the amount of gold precursors 
results in thicker gold shells around the silica core 
(Table 2). 

The SEM micrographs and size distribution 
(Fig. 6a-b) and associated elemental mapping 
(Fig. 6d-h) offer a comprehensive morphological 
and compositional characterization of SiO₂@Au 
CS NPs. Sample in Fig 6a display highly uniform, 
spherical particles with smooth surfaces. The 
particles are well-dispersed and non-aggregated, 
indicating good colloidal stability and successful 
control of synthesis conditions. The monodispersity 
and uniformity are visually confirmed, supporting 
the DLS findings of narrow size distributions. 

Figure 6b shows histograms of particle size 
distributions obtained from SEM micrographs 
of the SiO₂@Au CSNPs, with average diameters 
of 182 nm. However, the corresponding DLS 
measurements of 291 ± 5 nm are approximately 
101 nm larger. This difference arises because DLS 

Table 2: Results of DLS size measurement of SiO2@Au core-shell nanoparticles synthesized using three different concentrations of gold on 226 ± 2 
nm silica core. 

 
 

No. SiO2 NPs (mg/mL) 
NH2OH.HCl 

(mM) 
Gold (mM) Size by DLS (nm) 

Exp. 5 10 80 1 274 ± 7 
Exp. 6 10 80 2 284 ± 8 
Exp. 7 10 80 3 291 ± 5 

 

Table 2. Results of DLS size measurement of SiO2@Au core-shell nanoparticles synthesized using three different concentrations of gold 
on 226 ± 2 nm silica core.

 

 

 

 

 

 

 

 

 

 

Figure 4. UV-vis absorption spectrum showing the absorbance curve of bare SiO2, SiO2@Au CS 

NPs and Ab-SiO2@Au CS NPs 
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measures the particles in their solvated, dynamic 
state, capturing the influence of the surrounding 
solvation layer and any surface-bound species, 
whereas SEM reflects the dry, static dimensions of 
the solid SiO₂ core–shell structures.

Figure 6c presents the zeta potential 
measurement for the SiO₂@Au nanoparticles 
synthesized with 3 mM gold salt, showing a value 
of  -21.3 mV. Zeta potential quantifies the surface 
charge of nanoparticles in suspension, which 
directly influences colloidal stability. A value of 
-21.3 mV suggests moderately good stability: the 
negative surface charge results from the presence of 
citrate ions on the surface of Au NPs decorating the 
surface. While absolute values above ± 30 mV are 

often considered highly stable, values in the range 
of ± 20 to ± 30 mV generally indicate sufficient 
electrostatic repulsion to prevent rapid aggregation 
under typical storage and handling conditions. 

EDX spectrum of the 3 mM gold sample (291 ± 
5 nm) in Fig. 6d shows distinct peaks for silicon (Si), 
oxygen (O), and gold (Au), confirming the core-
shell elemental composition. Composite mapping 
image. Fig. 6e overlays elemental distributions 
and  individual elemental maps for Si (blue), O 
(magenta), and Au (green) for the 3 mM gold 
sample in Fig 6f-h. Si and O elements are localized 
to the core, confirming the presence of silica at 
the center of each particle, while Au element was 
evenly distributed as a shell around each core, 

 

 

 

 

 

 

 

Figure 5. (a–c) DLS size distributions of SiO₂@Au CSNPs at 1 mM, 2 mM, and 3 mM precursor 

concentrations, yielding average hydrodynamic diameters of 274 ± 7 nm, 284 ± 8 nm, and 291 ± 

5 nm, respectively.  

  

Fig. 5. (a–c) DLS size distributions of SiO₂@Au CSNPs at 1 mM, 2 mM, and 3 mM precursor concentrations, yielding average hydro-
dynamic diameters of 274 ± 7 nm, 284 ± 8 nm, and 291 ± 5 nm, respectively.

 

 

 

 

 

 

 

 

 

Figure 6. (a) SEM images showing the morphology of the SiO₂@Au CS NPs. (b) Particle size 

distribution histogram derived from SEM micrographs of SiO₂@Au CS NPs. (c) Zeta potential 

measurement of the SiO₂ NPs (-21.3 mV). (d) Representative mapping image indicating a particle 

size of 182 nm, (e-h) EDX elemental mapping of Si, O and Au. 

  

Fig. 6. (a) SEM images showing the morphology of the SiO₂@Au CS NPs. (b) Particle size distribution histogram derived from SEM 
micrographs of SiO₂@Au CS NPs. (c) Zeta potential measurement of the SiO₂ NPs (-21.3 mV). (d) Representative mapping image 

indicating a particle size of 182 nm, (e-h) EDX elemental mapping of Si, O and Au.
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confirming uniform gold coating. The SEM and 
elemental mapping conclusively demonstrate that 
the particles are SiO₂ cores uniformly coated with 
a gold shell. The systematic increase in particle 
size with increasing gold precursor concentration 
directly visualizes the tunability of the decoration, 
a key parameter for tailoring optical and catalytic 
properties making it suitable for applications such 
as drug delivery, imaging, biosensing, and catalysis.

Conjugation of antibody onto the surface of 
nanoparticles

The size of the AM antibody-SiO2@Au CS NPs 
was 10 ± 8 nm, with a recorded zeta potential of 
-2.21 mV. DLS results indicated a notable increase 
in size from 291 ± 5 nm to 301 ± 3 nm (Fig. 7a). 
The increase in hydrodynamic diameter compared 
to unconjugated SiO₂@Au CS NPs (which ranged 
from 226 ± 7 nm to 291 ± 5 nm depending on 
gold shell thickness) confirms successful surface 
conjugation with anti-morphine antibodies. The 
size increase is consistent with the addition of a 
biomolecular corona (antibody layer) surrounding 
each nanoparticle, which contributes to the 
hydrodynamic radius measured by DLS.

The zeta potential value -2.21 mV (Fig. 7b) is 
close to neutral, indicating a significant reduction 
in surface charge compared to the unconjugated 
SiO₂@Au CS NPs, which had a zeta potential of 
-21.3 mV for the thickest gold shell. This reduction 
is expected after antibody conjugation, as the 
protein layer can mask the original surface charge 
and introduce new surface groups, often leading 

to a zeta potential closer to zero. A near-neutral 
zeta potential can reduce electrostatic repulsion 
between particles, potentially increasing the risk of 
aggregation in some conditions. However, stability 
may still be maintained by steric effects from the 
antibody layer [27].

Binding efficiency of antibody by Bradford assay 
To evaluate the binding efficiency of the 

antibody to CS NPs, a Bradford assay was 
performed. The amount of conjugated antibody 
on the surface of the SiO2@Au NPs was quantified 
at 280 nm by UV-visible spectroscopy. Binding 
efficiency was calculated by subtracting the initial 
unbound antibody concentration (blank) from 
the total amount added. Uniformly sized particles, 
measuring 301 ± 3 nm, exhibited a binding capacity 
of 99%.

Dot blot immunoassay 
A dot blot assay was conducted to evaluate the 

performance of the SiO2@Au CS NPs as a colorimetric 
probe and the specificity of the anti-morphine 
antibody to detect morphine. The observed color 
intensity was directly proportional to the quantity 
of MOR-BSA applied and the concentration of 
conjugated anti-morphine antibody-SiO2@Au CS 
NPs. Increased concentrations of anti-morphine 
antibody-SiO2@Au CS NPs combined with lower 
concentrations of MOR-BSA facilitated significant 
color development. Conversely, challenges arose in 
visually assessing results with a high concentration 
of MOR-BSA (1 mg/mL), which resulted in 

 

 

 

 

 

 

 

 

Figure 7. DLS results of conjugated nanoparticles (301 ± 3 nm) and zeta potential of conjugated 

nanoparticles (-2.21 mV). 

  

Fig. 7. DLS results of conjugated nanoparticles (301 ± 3 nm) and zeta potential of conjugated nanoparticles (-2.21 mV).
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reduced color intensity of anti-morphine antibody-
SiO2@Au CS NPs, even after 30 min. In contrast, 
a lower concentration of MOR-BSA (0.5 mg/mL) 
and a higher intensity of anti-morphine antibody-
SiO2@Au CS NPs resulted in an effective visual 
assessment within 3-4 minutes. Additionally, no 
coloration was observed on the NC membrane 
containing only BSA, suggesting that the anti-
morphine antibody exhibits specific interactions 
with morphine molecules. This experiment was 
repeated thrice, as shown in Fig. 8.

The research findings indicate that NPs with 
multiple phases that include inorganic components 
outperform their single-phase counterparts 
in various applications. Notably, Alkurdi et al. 
research highlights the superior heat transfer 
capabilities of gold-silica core-shell nanoparticles 
when interacting with liquid water, surpassing 
those of uniform gold nanoparticles of equivalent 
size. This improvement in heat transfer efficiency is 
primarily due to the effective interfacial interaction 
between the electrons in the metal and the phonons 
in the silica [28]. 

Furthermore, our project successfully validated 
a critical design principle: size matters when you’re 
building a nanoparticle detection system. We 
observed that our SiO2@Au core-shell nanoparticles 
exhibited higher antibody adsorption efficiency nearly 

99%, a direct benefit of their larger size, which offers 
more surface area for attachment. This confirms what 
others have reported, where increased nanoparticle 
size has been shown to enhance antibody loading 
capacity by providing more available surface area and 
improving the proportion of antibodies that retain 
antigen-binding activity. Babaei et al. observed a clear 
trend where the adsorption efficiency of antibody 
molecules on the surface of Au NPs rises from 21% 
± 3.75, 44% ± 2.46, and 50% ± 6.15 for sizes 12 ± 
1.08, 32 ± 1.46, and 64 ± 2.24 nm, respectively. They 
indicated that this occurs because the larger NPs offer 
increased surface area for the adsorption of antibody 
molecules [25].  Similarly, other studies corroborate 
this, noting that as Au  NP diameter increases, the 
percentage of antibody valences that retain their 
antigen-binding capabilities rises from 17% to 34% 
[29]. While conventional methods, such as that by 
Davatgaran et al., which used direct adsorption on 
single-phase Au  NPs, achieved approximately 60% 
antibody adhesion [30].

The silica-gold core-shell structure is our 
deliberate advantage. It gives us the stability needed 
for a reliable assay, plus the enhanced conjugation 
efficiency required for high sensitivity. In essence, 
we’ve optimized the particle’s physical dimensions 
to maximize its functional utility, creating a 
stronger foundation for our diagnostic platform. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Dot blot assay: a) nitrocellulose membrane containing 0.5 and 1.0 mg/mL MOR-BSA 
incubated with conjugated nanoparticles, b) nitrocellulose membrane containing 0.5 mg/mL BSA 
incubated with conjugated nanoparticles. 

 

Fig. 8. Dot blot assay: a) nitrocellulose membrane containing 0.5 and 1.0 mg/mL MOR-BSA incubated with conjugated nanoparticles, 
b) nitrocellulose membrane containing 0.5 mg/mL BSA incubated with conjugated nanoparticles.
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CONCLUSION
A straightforward and reliable technique was 

developed to fabricate SiO2@Au CS NPs in a single 
step. Compared with other synthesis methods, this 
approach is more efficient because of its reduced 
material usage and shorter processing time. This 
method produced a uniform and spherical CS NPs 
shape, as confirmed by EDX analysis. An antibody 
was successfully attached to nanoparticles via 
ionic and hydrophobic interactions, resulting in 
remarkably high binding efficiency. Our research 
has shown that morphine detection is achievable in 
less than 5 min, and an antibody concentration as 
low as 20 μg/mL is adequate for optical testing.
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