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A B S T R A C T   

Salmonella typhimurium (S. typhimurium) is a leading biological factor of foodborne diseases. A sensitive detection 
for S. typhimurium is crucial to controlling fresh vegetable-related outbreaks. Here, fluorescence-based 
S. typhimurium detection in fresh cabbage samples has been reported which capitalizes on the plasmon-exciton 
interaction between non-spherical gold nanoparticles-covered iron oxide nanoparticles (Fe3O4@Au NPs) and 
gold quantum dots (Au QDs). Firstly, new synthesis methods for non-spherical Fe3O4@Au NPs and Au QDs are 
reported. Then, a two-fold emission enhancement and shortening of the lifetime were achieved from urchin-like 
NPs compared with those of spherical NPs. This finding was utilized for the detection of S. typhimurium. Results 
revealed that the changes in fluorescence emission were linearly correlated with the concentration of 
S. typhimurium within the range of 100–1000 colony forming unit per milliliter (CFU mL− 1) and the limit of 
detection was 32 CFU mL− 1 in fresh cabbage.   

1. Introduction 

Cabbage is a popular leafy vegetable all around the world and can be 
consumed in many ways. The simplest way to consume it is to include it 
raw in salads. However, raw cabbage can be contaminated with path
ogenic bacteria along different steps of the farm-to-fork continuum, 
which can result in a potentially fatal outcome. One of the most common 
pathogenic bacteria associated with leafy vegetable outbreaks is Sal
monella, a gram-negative bacterium (Habib et al., 2023). Salmonella is 
reported to cause 180 million cases of foodborne illness with roughly 
298,496 cases of deaths worldwide (Ehuwa et al., 2021). In Saudi Ara
bia, Salmonella represents one of the most frequent agents associated 
with foodborne illness. Particularly, Salmonella typhimurium 
(S. typhimurium) is one of the significant strains of Salmonella spp, that 
can be colonized in many foods, with consumption of uncooked vege
tables being the most common way to ingest S. typhimurium. Hence, the 
detection of pathogenic bacteria in food is a key step in preventing 
foodborne illnesses. Enzyme-linked immunosorbent assay (ELISA) and 
polymerase chain reaction (PCR) are common detection methods of 
S. typhimurium. Those methods are highly accurate, but have several 
drawbacks such as longer detection time, and complexity in operation 

limiting their use for on-site applications (Wang et al., 2020). Therefore, 
a rapid and accurate quantification of S. typhimurium in the field has 
become an important target to reduce the risk associated with food 
consumption. The advancement of nanotechnology in biosensing areas 
provide an opportunity to develop a rapid and sensitive detection system 
(Ahmed et al., 2024; Ahmed et al., 2020; Ahmed et al., 2021; Ahmed 
et al., 2022). Generally, fluorescence techniques provide a much faster 
and more sensitive detection alternative compared to the other tech
niques (Viter et al., 2018; Myndrul et al., 2017). The enhancement of 
fluorescence emission at the close proximity of plasmonic surface has 
received a lot of interest that enables to develop highly sensitive 
biosensor. Here, the excitation wavelength of fluorophore couple with 
the plasmon resonance energy and create a stronger excited regime. 
While electrons dropped from the excited to ground state, a stronger 
emission from the fluorophore occurs that may enable the development 
of an ultra-sensitive biosensor. In this case, the shape of metallic nano
particles has a significant role in varying the fluorescence emission 
wavelength (Alzahrani et al., 2023). For example, plasmonic scattering 
on rough surface can confine more energy in the regime that ultimately 
boosting the fluorescence enhancement while come to closer of the 
fluorophore through biological or chemical interaction. 
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Hence, a lot of research articles have focused on preparing different 
geometries of NPs over the last several years. The size and shape have a 
strong impact on the properties of nanoparticles. In particular, a lot of 
researchers have paid attention to the fabrication of non-spherical- 
shaped NPs (Ahmed et al., 2014; Ahmed et al., 2017; Ahmed et al., 
2017; Ahmed et al., 2018). The fabrication of non-spherical NPs is 
driven by subtle kinetic differences in the growth of the precursor 
nanocrystals generated in the reaction process. Typically, the prepared 
non-spherical-shaped NPs are thermodynamically unstable and tend to 
transform into spherical ones with time. Therefore, the preparation 
methods are usually scrupulously modified to control the epitaxial 
growth mechanism so that anisotropic NPs are formed. 

Moreover, non-spherical core–shell structured nanoparticles have 
received huge research focus because of their outstanding characteris
tics, for example, the inner core and an outer shell of the nanoparticles 
can be made of different materials that generate different multiple 
properties in a single structure, expanding their application to diverse 
areas. The properties of non-spherical core–shell structured nano
particles can be tuned by varying the shell thickness, and shell materials 
in addition to their size and shape. Importantly, the core–shell structure 
can protect the materials from aggregation, improve photo-stability and 
biocompatibility (Cheng et al., 2020; Eremin et al., 2019; Li et al., 2023; 
Wu et al., 2023). Chiefly, the fascinating bifunctional (magnetic and 
optical) properties of gold (Au)-covered magnetic nanoparticles 
(MNP@Au NPs) allow for their application in many different areas, for 
example, diagnosis, imaging, and drug delivery (Félix et al., 2019; 
Gessner et al., 2022; Baniukevic et al., 2013). Though a fluorescence 
enhancement-based S. typhimurium detection method using MNPs, 
spherical Au NPs and quantum dots (QDs) has been reported recently, 
the preparation of non-spherical magneto-plasmonic core–shell struc
ture and their uses for fluorescence enhancement-based S. typhimurium 
detection has still not been reported which might offer a much simpler 
detection technique (Wang et al., 2020). 

Herein, we present a synthesis route to a uniquely shaped metallic 
nano-complex, i.e., urchin-shaped Au-coated iron oxide nanoparticles 
(Fe3O4@Au NPs) with tunable diameters of roughly 105–185 nm and 
strong magnetization. Both Au NPs and Fe3O4 NPs are well-known for 
their environment-friendly nature. Here, the synthesis method uses so
dium citrate and triethanolamine through a seed-mediated growth 
approach. Then, the unique variations in the plasmon-induced fluores
cence intensity caused by the varying surface topographies of spherical 
and urchin-like NPs were observed in order to characterize the optical 
and electromagnetic properties of the NPs. We also proposed a possible 
mechanism for the luminescence enhancement caused by the surface 
morphology. Furthermore, the enhanced fluorescence of QDs on plas
monic rough-surface was utilized to develop a fluorescence-based 
S. typhimurium detection (Scheme S1). 

2. Experimental details 

2.1. Materials 

Tetrachloroauric(III) acid trihydrate (HAuCl4⋅3H2O, 99.9 %), so
dium malate, trisodium citrate (Na3C6H5O7), triethanolamine, 
FeCl3⋅6H2O, FeCl2⋅4H2O, ammonia solution (25 %), Staphylococcus 
aureus, Escherichia coli, shawnelle oneidensis, enterobacter aerogenes, pro
teus mirabilis, citrobacter freundii, citrobacter diversus, enterobacter cloacae 
and bacillus, triethanolamine (98 %) were received from Sigma-Aldrich 
(Oakville, Canada). S. typhimurium aptamers (5′–NH2–AGT AAT GCC 
CGG TAG TTA TTC AAA GAT GAG TAG GAA A AGA-3) were purchased 
from Creative Biolabs (NY, USA). 

2.2. Synthesis of Fe3O4@citrate NPs 

The citrate-capped Fe3O4 NPs were prepared through a coprecipi
tation technique (Ahghari et al., 2023). Shortly, FeCl3⋅6H2O (1.622 g) 

and FeCl2⋅4H2O (0.994 g) were mixed in a beaker of water (40 mL) and 
stirred gently for 5 min. Then, the ammonia solution (5 mL) was mixed 
with the reaction mixture, which was then left alone for 15 min. After
ward, 4.4 g of sodium citrate was mixed with the above reaction solution 
and the temperature was set up to 90 ◦C for 30 min. After cooling down 
the reaction solution to room temperature, the black-colored precipitate 
was obtained. The sample was centrifuged (6500 rpm, 20 min) and 
washed several times with water and dried under vacuum conditions. 

2.3. Preparation of Fe3O4@Au composite NPs 

At first, HAuCl4 solution (20 mL, 0.5 mmol/L) was heated to boiling 
temperature alongside vigorous stirring. Then, different volumes of 
Fe3O4@citrate NPs were added, spontaneously changing the solution 
color from brown to burgundy. The Fe3O4@Au NPs precipitates were 
separated through centrifugation (6500 rpm, 20 min) and redispersed in 
water for the following experiments. 

2.4. Preparation of urchin-like Fe3O4@Au NPs 

Urchin-like Fe3O4@Au NPs were prepared based on a reported 
article with some modifications (Han et al., 2023). To do so, various 
volumes of Fe3O4@Au seeds (100–500 μL), 22 μL of 1 % sodium citrate 
(1 %, 22 μL), and triethanolamine (1000 μL, 30 mmolL-1) were added 
into the aqueous solution of HAuCl4 (10 mL, 0.25 mmol/L) and strongly 
stirred at room temperature. The change in color (bluish) will indicate 
the successful synthesis of urchin-like Fe3O4@Au NPs. The Fe3O4@Au 
NPs precipitates were separated through centrifugation (6500 rpm, 20 
min) and redispersed in water for the following experiments. 

2.5. Preparation of Au QDs 

To prepare Au QDs, Au NPs were first synthesized using sodium 
malate. Briefly, 1 mL of sodium malate solution (1 mmol/L) was added 
to 20 mM of HAuCl4 (20 mL) solution and heated at 100 ◦C for 30 min. 
The initial light-yellow color of the solution turned reddish indicating 
the formation of Au NPs. After centrifuging three times (5000 rpm, 30 
min), the purified Au NPs were dispersed in MilliQ water. Then, 10 mL 
of Au NPs solution was autoclaved at 200 ◦C for 2 h. At this stage, the 
initial reddish color of the solution turned to deep yellow indicating the 
formation of Au QDs. At first, the synthesized Au QDs was purified 
through centrifugation (15000 rpm, 30), then again purified by dialysis. 
The fluorescence emission of the purified Au QDs was measured using 
fluorescence spectroscopy and the sample was stored at 4 ◦C before 
further uses. 

2.6. Preparation of nanocomposite film for plasmon enhancement 

At first, glass slides (2 × 10 cm) were cleaned using piranha solution 
for 1 h and washed with deionized water. Then, 1 wt% aqueous solution 
of positively charged poly(dimethyldiallylammonium chloride) (PDDA) 
and a 1 mg/mL aqueous solution of negatively charged poly(acrylic 
acid) (PAA) were prepared separately. The glass slides were first 
immersed into the PDDA solution for 10 min. Then, the slides were 
washed with water to remove any unbound polymers and dried with N2 
gas. Next, the slides were immersed in the PAA solution for 10 min and 
then washed and dried as before. This method was performed to build 
the (PDDA/PAA)2/PDDA base layers. These slides were then immersed 
in spherical-shaped Fe3O4@Au NPs solution for 10 min and, subse
quently, in the urchin-like Fe3O4@Au NPs solution for 10 min. After 
washing and drying, the slides were immersed into a PDDA/PAA/PDDA 
solution to make a spacer layer between the metallic NPs surface and 
QDs. Lastly, the slides were immersed in Au QDs (2 mmol/L) solution for 
10 min. 
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2.7. Conjugation of aptamer with nanocomposite film 

The rough film of Fe3O4@Au nanostructure prepared above was 
mixed with an EDC (10 mM) and NHS (4 mmol/L) solution to activate 
the carboxyl group of the film. Then, the aptamer (10 mmol/L) was 
added to the film and kept at 37 ◦C for 1 h. The aptamer-modified film 
was then washed three times with PBS buffer to remove loosely bound or 
unbound aptamers and kept at 4 ◦C before further experiments. 

2.8. Conjugation of aptamer with Au QDs 

2 mL of Au QDs solution was added to the EDC (10 mmol/L) and NHS 
(4 mmol/L) solution and kept under dark conditions for 30 min. Then, 
the aptamer (10 mmol/L) was added to the Au QDs solution and kept at 
37 ◦C for 1 h 

2.9. Detection of S. Typhimurium using aptamer modified nano-complex 

In this study, aptamer-modified Fe3O4@Au and Au QDs form a nano- 
complex in the presence of S. typhimurium and help to quantify 
S. typhimurium concentration. Shortly, aptamer-conjugated Fe3O4@Au 
(100 μL) containing various concentrations of S. typhimurium in PBS 
buffer were added in the different wells of 96-well plates. Then, 
aptamer-conjugated Au QDs (100 μL) were added to each well, and the 
fluorescence response within different wells was measured using fluo
rescence spectroscopy. For the real-life application of the proposed 
detection method, a fresh cabbage was purchased from the local market 
and soaked in PBS buffer (10 g) for 1 h. Then, the cabbage was crushed 
using a blender and filtered to remove impurities. The differently 
concentrated solution was prepared by mixing S. typhimurium, aptamer 
conjugated Fe3O4@Au (100 μL) & Au QDs, and the changes in fluores
cence emission of the mixtures were monitored using fluorescence 
spectroscopy. 

2.10. Characterization 

The absorbance and fluorescence properties of NPs were monitored 
using BioTek spectrophotometer (Synergy H1, USA). The shape and 
sizes of the NPs were examined by high-resolution transmission electron 
microscope (HR-TEM) (80–300 LB, Hillsboro, USA) and atomic force 
microscope (Veeco, diInnova). Zetasizer (Malvern Instruments, Nano 
ZS) was used for surface charge measurement. The particles were 
characterized by an X-ray powder diffractometer (XRD; D8 FOCUS 2.2 
kW, Bruker, Germany). The lifetime decay profile of QDs was checked 
using Horiba Lifetime Fluorometer (DeltaFlex TCSPC, London, ON, 
Canada). 

The statistical differences among the datas were computed using one 
way analysis of variance (ANOVA) and the post hoc Tukey test at the p 
< 0.05 significance level. The graphs were created using OriginPro- 
2020. 

3. Results and discussion 

3.1. Spectroscopic and microscopic characterization of nanomaterials 

The optical and electromagnetic properties of Au NPs are prone to 
changes depending on their sizes and shapes. Particularly in our ex
periments, a non-spherical shape with many epitaxial growths was 
intentionally synthesized, inducing irregular optical properties. Fig. 1 
presents the experimental data for two different types of core–shell 
Fe3O4@Au NPs, i.e., spherical and urchin-like NPs. First, an Au shell was 
formed around the Fe3O4 core NPs, which is the common procedure for 
producing many different types of NPs. The Fe3O4 NPs were directly 
added to a boiling HAuCl4 solution, where the Au salts in the solution 
resided. Sodium citrates on the Fe3O4 NPs’ surfaces reduced the gold 
salts in the solution to form an Au shell (this is the final step of spherical 
NP synthesis). After that, the urchin-like Fe3O4@Au core–shell NPs were 

Fig. 1. TEM images of (A) Fe3O4 NPs, (B) Fe3O4@Au NPs, and (C) urchin-like Fe3O4@Au NPs and (D) a 3dimentional (3D) schematic presentation of an urchin-like 
Fe3O4@Au NP. 
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synthesized in the presence of citrate and triethanolamine through a 
seed-mediated growth approach. Fig. 1 displays representative TEM 
images of the Fe3O4 NPs (Fig. 1A), spherical Fe3O4@Au NPs (Fig. 1B), 
and urchin-like Fe3O4@Au NPs (Fig. 1C). It can be clearly observed in 
the TEM micrograph that the Fe3O4 NPs are almost spherical in shape 
and have a size of ~ 10 nm and the solution color is yellow. We added 
the Fe3O4@citrate solution to the HAuCl4 solution to reach a total vol
ume of 10 mL, which led to the synthesis of Fe3O4@Au NPs (Fig. 1B). At 
this point, the solution color changed to purple. After adding trietha
nolamine (1000 μL) and Fe3O4@Au seeds (1000 μL) into the reaction 
system, urchin-like Fe3O4@Au NPs with many spikes were obtained 
(Fig. 1C). The branches were carefully counted in the TEM images. The 
average number of branches per NP was approximately 25–30. The sizes 
of the urchin-like Fe3O4@Au NPs were about 185 nm, and the solution 
color was blue. The diameters of urchin-like NPs were tunable from 105 
to 185 nm by altering the feed ratio of the seeds and triethanolamine. A 
detailed X-ray study was carried out to characterize the composition of 
significant features, i.e., core and branch of urchin NP (Fig. S1 and 
Table S1). 

In this study, Fe3O4@Au seeds with diameters of about 30 nm were 
used for the synthesis of urchin-like Fe3O4@Au NPs. Here, trisodium 
citrate acted as a surface ligand and both citrate and triethanolamine 
acted as reductants during the synthesis of the urchin-like Fe3O4@Au 
NPs. A step-by-step reduction process, i.e., AuIII→AuI→ Au0 was fol
lowed during the synthesis reaction. However, the weak reduction 
ability of trisodium citrate at room temperature allows only the con
version of AuIII to AuI instead of Au0. However, the high selectivity of 
triethanolamine to reduce AuI to Au0 on the Fe3O4@Au seed surface in 
the presence of gold seeds permits the completion of the stepwise 
reduction process (Han et al., 2023). Moreover, triethanolamine 
controlled the formation of an urchin-like structure on the surface of 

Fe3O4@Au NPs. To test this, we examined the ultraviolet–visible 
(UV–visible) spectra of the solution for triethanolamine-assisted reduc
tion of HAuCl4 in the presence and absence of particle seeds. We 
examined the kinetics of the reaction solution; no particle formation was 
observed until the seeds were added (Fig. S2). This demonstrates the 
selectivity of triethanolamine and the importance of the seeds. 

The analysis of HR-TEM and powder XRD data confirmed the exis
tence of highly active facets on the urchin-like Fe3O4@Au NPs (Fig. 2). 
Fig. 2D illustrates the XRD pattern of urchin-like Fe3O4@Au NPs. The 
XRD peaks of urchin-like Fe3O4@Au NPs matched perfectly with both its 
precursor materials: Au and Fe3O4 bulk counterparts. The diffraction 
peaks of urchin-like Fe3O4@Au NPs observed at the (111), (200), 
(220), (311), and (222) positions can be assigned to Au planes struc
ture. The diffraction peaks obtained at (220), (311), and (440) posi
tions can be assigned to the Fe3O4 plane structure (Adhikari et al., 2022). 
The finding of XRD peaks revealed the polycrystalline nature of urchin- 
like Fe3O4@Au NPs. In addition, the strongest diffraction peak found at 
the (111) position reveals the formation of a branched structure of the 
Fe3O4@Au NPs could be attributed to the rapid buildup of Au0 on the 
(111) lattice planes. The HR-TEM observation of the branches 
confirmed this hypothesis (Fig. 2B). For example, the interplanar dis
tances of 0.211 and 0.196 nm were observed and found to be consistent 
with the (111) and (200) planes of Au crystals. These findings revealed 
that the direction of the Fe3O4@Au NPs structure formation was vertical 
towards the (111) plane and that the plane has a high-energy facet. 

Au NPs have strong absorption peaks in the visible region because of 
their surface plasmon properties. Pointedly, citrate-capped Au NPs in 
water exhibit a strong absorbance peak at around 520 nm. The absor
bance spectra of the Fe3O4@Au NPs prepared with Fe3O4 NP solution 
were presented in the Fig. S3A. There were no noticeable absorption 
peaks of Fe in the visible regions of the spectra of the pure Fe3O4 NP 

Fig. 2. (A) HR-TEM image of one branch of the urchin-like NPs. (B) Growth direction of the branch. (C) Selected area electron diffraction (SAED) pattern of the 
urchin-like NPs. (D) XRD pattern of urchin-like NPs. 
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solution, however, absorbance peaks in the range of 470–800 nm were 
observed for the Fe3O4@Au NP solutions, revealing the development of 
an Au shell on the top of Fe3O4 NPs. 

The peak wavelength changed from 600 to 670 nm in the UV–visible 
absorption spectra by increasing the reactive volume from 100 to 500 μL 
(Fig. S3B), indicating that the diameters of the urchin-like NPs can be 

Fig. 3. TEM images of urchin-like Fe3O4@Au NPs for different seed amounts: (A) 100 μL, (B) 200 μL, (C) 300 μL, and (D) 400 μL.  

Fig. 4. (A) UV–visible absorption spectra of urchin-like Fe3O4@Au NPs in different volumes of triethanolamine: 125 μL (a), 250 μL (b), 500 μL (c), and 1000 μL (d). 
The amounts of seeds and sodium citrate were fixed at 100 and 22 μL, respectively. (B–D) TEM images of urchin-like Fe3O4@Au NPs in different volumes of trie
thanolamine: (B) 125 μL, (C) 500 μL, and (D) 1000 μL. 
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controlled in the range from 175 nm to 95 nm (Fig. 3). Here, the higher 
Au0/seed ratio of the seed solution helps to increase the growth of the 
NPs. It is preferable to control the size of the Au nanocrystals by varying 
the initial concentration of citrate to that of Au solution. In our reaction, 
the spherical Fe3O4@Au NPs were used as the nucleation centers of Au 
for forming urchin-like Fe3O4@Au core–shell NPs. Hence, a faster 
reduction was observed with increasing the reaction ratio of Fe3O4@Au/ 
HAuCl4. This depleted the solution of precursor atoms available for 
growth, leading to smaller particles. This mechanism matched well with 
the results of TEM images, as shown in Fig. 3 (A-D). Furthermore, 
branched growth was facilitated rather than isotropic growth because of 
the higher Au0/seed ratio, and the type of growth also depended on the 
amount of triethanolamine. 

The triethanolamine concentration-dependant properties of the 
Fe3O4@Au NPs were presented in Fig. 4. The absorption peak of the 
Fe3O4@Au NPs moved from 610 to 650 nm with increasing amount of 
triethanolamine from 125 to 1000 μL (Fig. 4A). The particle size and 
number of branches increased (Fig. 4B, 4C, and 4D) as well which 
indicated that the addition Au0 in the reaction system has played a 
significant role in the construction of urchin-like Fe3O4@Au NPs. The 
increase in the amount of triethanolamine accelerates the conversion of 
AuI to Au0, forming the urchin-like structure of NPs. Although the ab
sorption peak of the NPs formed with the addition of 1000 μL of trie
thanolamine generally appears at longer wavelengths than that of NPs 
formed with 500 μL, the opposite result was occasionally observed 
(Fig. 4A). This meant that 1000 μL of triethanolamine was adequate for 
the present reduction process. Most probably, the extra triethanolamine 
had adsorbed on the surface of the NPs and suppressed its growth. This 
result implies that there are multiple functions of triethanolamine, 
which acts both as a reducing and capping agent. 

3.2. Modifications of fluorescence emission of QDs on rough surface 

The coupling of excitonic properties of QDs and plasmonic properties 
of metallic nanoparticles at a nanoscale distance widens its applications 
in diverse areas. In this paper, we demonstrated the photoluminescence 
(PL) changes of QDs attached to metallic films with different controlled 
surface roughness. The surface roughness of a metallic film can have a 
unique effect on achieving a strong coupling regime due to the scattering 
of plasmonic energy. Layer-by-layer (LBL) assembly was used as a 
bottom-up nanofabrication technique to make nanocomposite films. A 
schematic illustration of metal-enhanced fluorescence is shown in 
Scheme S1. 

In our experiment, we deposited equal amounts of spherical and 
urchin-like Au NPs on a glass substrate, which was confirmed by 
measuring the optical density (OD) of the surface. The OD of each film 
was fixed at 0.6. The root-mean-square (rms) roughness Rrms was 
observed using topographic images obtained from AFM measurements 
in the tapping mode, as shown in Fig. S4A and S4B. The Rrms of the 
spherical gold NP surface is about 1.2772 ± 0.21 nm, whereas, for 
urchin-like gold NPs, the Rrms is 2.2286 ± 0.19 nm. A comparison of the 
Rrms values of the two surfaces indicates that urchin-like NPs produced 
more defects in the film because of the uneven surface structure in the 
nanoscale process. It is known that rough films are more advantageous 
in enhancing optical properties (Ahmed et al., 2014). PL spectra of the 
samples were recorded using a 380 nm excitation xenon lamp. Fig. S4C 
shows the PL spectra taken for Au QDs on two different gold surfaces. We 
found more than twofold emission enhancement of the Au QDs depos
ited on urchin-like gold compared to that of the spherical gold surface. 
PL decay was studied with a 380 nm laser excitation source at room 
temperature. The curves in Fig. S4D show the PL time profiles of the QDs 
on two different gold surfaces. The decay time of Au nanocrystals on 
urchin-like gold surfaces (3.23 ± 0.06 ns) is shorter than that for 
spherical gold surfaces (4.10 ± 0.10 ns). It is well known that the pho
toluminescence of a semiconductor nanoparticle is significantly 
enhanced when the local surface plasmon field of metal is nearby. It is 

also noticeable that the local field effect can be achieved by using rough 
metal surface instead of metal nanoparticles. Usually, the light field is 
diffraction-limited in a nano-size dielectric slit. However, the field is 
dramatically strengthened in the case of metallic slit as the surface 
plasmon field is concentrated at a local spot. Therefore, a similar effect 
can be expected in an urchin-like Fe3O4@Au structure as the local field 
near the urchin tips is possibly stronger than the dipole field of a 
spherical metal nanoparticle. In fact, we observed over twofold 
enhancement of the photoluminescence in urchin-like
Fe3O4@Au structures in comparison to spherical Au nanoparticles. The 
decay time of Au QDs is shortened whereas in the absence of metal 
structures, there are no changes to the decay time. Regarding the sharp 
tip of an urchin-like structure, one may be concerned with non-radiative 
energy transfer or quenching near the short inter-molecular distance. 
However, the decay time constant barely changes in the case of spherical 
Au nanoparticles despite the photoluminescence enhancement. These 
results suggest that the enhancement by the urchin-like Fe3O4@Au is 
possibly associated with the surface plasmonic local field effect in the
nanotips of the urchin-like Fe3O4@Au structure. 

3.3. Detection of S. typhimurium 

The enhancement of fluorescence emission on urchin-like
Fe3O4@Au NPs film was utilized for the detection of sensitive 
S. typhimurium. The conjugation of the target specific aptamer with ur
chin-like Fe3O4@Au NPs film and Au NPs was confirmed through the 
ELISA method. As shown in Figure S5, a higher absorbance value was 
achieved for aptamer-conjugated urchin-like Fe3O4@Au NPs film and 
Au NPs indicating the successful conjugation of aptamer with urchin- 
like Fe3O4@Au NPs film and Au NPs. 

Then, different concentrations of S. typhimurium solutions were 
added to the aptamer with urchin-like Fe3O4@Au NPs film and Au QDs, 
and the changes in fluorescence intensity were observed. As shown in 
Fig. 5, a linear relationship of fluorescence intensity and S. typhimurium 
concentration in the range of 50–1000 CFU mL− 1 (Fig. 5A) and 
100–1000 CFU mL− 1 (Fig. 5B) was achieved in PBS buffer and the 
cabbage sample, respectively, and the calculated LOD value in cabbage 
sample was 32 CFU mL− 1. 

The specificity of biosensor is a common problem in immunological- 
based assay and in molecular-based identification, which might lead to a 
false positive result. Thus, the use of a highly specific aptamer bio
recognition element could prevent such problems. In general, aptamer 
as a biorecognition element showed a good selectivity detection towards 
target analytes. The specificity of this study was examined in the pres
ence of Staphylococcus aureus, Escherichia coli, shawnelle oneidensis, 
enterobacter aerogenes, proteus mirabilis, citrobacter freundii, citrobacter 
diversus, enterobacter cloacae and bacillus. As shown in Figure S6, a sig
nificant enhancement in fluorescence was observed for S. typhimurium 
whereas no such enhancement was found for Escherichia coli, shawnelle 
oneidensis, enterobacter aerogenes, proteus mirabilis, citrobacter freundii, 
citrobacter diversus, enterobacter cloacae and bacillus indicating the pro
posed sensing strategy to be highly selective towards S. typhimurium. 

To assess the analytical performance of the present study, 
S. typhimurium was added to a fresh vegetable washing solution and used 
as samples for testing. We also studied the intra- and inter-day experi
ment to check the accuracy of the proposed method. Precision and ac
curacy were assessed by replicate analysis (n = 6) of spiked samples at 
different concentrations. A unifactorial ANOVA was carried out to 
evaluate if there were statistically significant differences between the 
fluorescence intensity values of the spherical and non-spherical surfaces, 
two tests in a day, tests in different days. The results showed that the 
fluorescence assay rough morphology presented higher fluorescence 
intensity values than those of smooth surfaces, with statistically signif
icant differences (p-value of 0.018). Moreover, a one-way ANOVA was 
performed to assess whether there were statistically significant differ
ences between the intraday assay and intraday fluorescence assay values 
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from the rough surfaces. No differences were observed in this case since 
there were p-value of 0.37 and 0.41, respectively. Hence, the proposed 
method is highly reproducible, repeatable, and well-fitted to apply in 
real-life application in complex media. 

As presented in Table 1, the intraday and interday precisions were 
between 2 % and 5 % and the detection of S. typhimurium in the spiked 
sample has a satisfactory percent recovery of 98.00 % to 104.22 %, with 
an RSD value of less than 4.0 %. These results revealed that the proposed 
detection method is highly precise and trustworthy for the detection of 
S. typhimurium in real life samples. 

The proposed detection method was validated with a commercial kit 
(CD Creative Diagnostics, USA). The assay protocol and sample prepa
ration were strictly followed as mentioned in the product manual. As 
shown in Table S2, the detection performance of the proposed method 
was superior to the commercial one. Moreover, a comparison study with 
the reported article for S. typhimurium detection has been presented in 
Table S3 that revealed the present study is comparable to other reported 
articles. Most importantly, the synthesized nanoparticles were stable 
upto one year. As shown in Table S4, zeta potential values were un
changed upto one years revealing the stability of nanoparticles. The 
proposed assay showed 95 % reproducibility with different batches of 
nanoparticles (Table S5). 

4. Conclusion 

In this study, we have reported spherical and urchin-like Fe3O4@Au 
core–shell NPs that exhibited strong magnetization and plasmonic 
properties. Moreover, we elucidated the changes in fluorophore emis
sion on spherical and urchin-like Fe3O4@Au core–shell NPs using an LBL 
electrostatic self-assembly technique to create distance between the 
metal and the Au QDs. We found more than twofold enhancement in PL 
emission and a shorter lifetime of QDs on urchin-like gold film (3.23 ±
0.06 ns) compared to the spherical gold film (4.10 ± 0.10 ns). 
Furthermore, the fluorescence enhancement effect was utilized for 
S. typhimurium detection in a cabbage sample derived from commer
cially available sources. An LOD value of 32 CFU mL− 1 was achieved for 
S. typhimurium detection in a spiked cabbage sample. A satisfactory 
percent recovery of 98.00 % to 104.22 %, with an RSD value of less than 
4.0 % in spiked samples indicated the practicability of the present study. 
It is common that fluorescence method is much faster than electro
chemical and colorimetric method. The proposed assay would be much 
easier and economical while integrated with portable instrument. We 
believe that the proposed fluorescence immunoassay format can be 
applied for the detection of other targets and would be promising 
technology in replacing the conventional immunoassay. However, one 
potential limitation of the fluorescence-based assay is the quenching of 
emission. The application of core–shell QDs might be a possible way to 
overcome this drawback. More research data on the stability of 

nanomaterials in different environment and (pH, temperature), repro
ducibility of synthesis method among different batch is needed before its 
application in real-life. Moreover, the miniaturized instrument inte
grated with dark chamber (detection zone, to protect light) and photo- 
multiplier tube (to multiply the generated light in detectable form) is 
highly desirable. 
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Fig. 5. Detection of S. typhimurium in PBS (A)and crushed cabbage sample (B).  

Table 1 
Relative standard deviation (RSD%), accuracy and recovery study of the 
S. typhimurium in spiked sample.  

Sample Labelled 
(CFU mL− 1) 

Found 
(CFU mL− 1) 

Accuracy 
(Bias) 

Recovery (%) RSD (%) 

1 100  102.20  2.1  102.20  3.15 
2 80  83.38  3.5  104.22  2.97 
3 60  62.50  2.8  104.16  3.48 
4 40  39.20  4.1  98.00  3.28  
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