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Abstract: We demonstrated that the hybrid core–shell nanostructure of Fe3O4 (core) and gold (shell)
could be a good substrate candidate both for metal-enhanced fluorescence (MEF) and surface-enhanced
Raman spectroscopy (SERS). The magnetic properties of the core material could provide functionalities
such as the magnetically induced aggregation/distribution of nanostructures to increase the hot-spot
density, while the nano-thickness gold shell allows for the plasmonic enhancement of both fluorescence
and SERS. The gold-capped magnetic (Fe3O4) nanoparticles (GMPs) were facilely synthesized using
a newly developed chemical method. The relative molar ratio of the constituent materials of the
core–shell composite was optimized for tuning the plasmonic resonance wavelengths for MEF and
SERS. We employed GMP-based MEF to detect alpha-fetoprotein (AFP), with concentrations ranging
from 0.05 to 1000 ng/mL, and obtained a limit of detection (LOD) as low as 3.8 × 10−4 ng/mL.
The signal enhancement factor (EF) in the GMP-based MEF was 1.5 at maximum. In addition, the
GMPs were used in SERS to detect rhodamine B (RhB). Its LOD was 3.5 × 10−12 M, and the EF was
estimated to be about 2× 108. The hybrid core–shell nanoparticles could find potential applications in
diagnostic assays based on MEF and SERS in various fields such as food verification, environmental
testing/monitoring, and disease diagnosis.

Keywords: cluster-core shell; gold magnetic nanoparticles; metal-enhanced fluorescence; alpha-fetoprotein;
surface-enhanced Raman spectroscopy

1. Introduction

Fluorescence spectroscopy is a promising tool for biomedical diagnosis applications
due to advantages such as its high sensitivity, specificity, rapid detection, relative simplicity
in operation, and emission wavelength tuneability, making it suitable for multichannel
analysis [1–3]. However, a few drawbacks inherent to typical fluorophores, i.e., organic
dyes, such as the limited quantum yield, photobleaching, and autofluorescence, remain
challenges [4]. These problems would hinder the photostable operation and ultrasensitivity
required for trustworthy biomedical diagnosis [5]. Metal-enhanced fluorescence (MEF)
with metal nanostructures is one of the solutions to circumvent the limitations of fluorescent
dyes [6]. Metal-nanostructure-supported plasmons can interact with proximal fluorophores,
resulting in an increased quantum yield with improved photostability at an optimal 5–90 nm
distance [7]. Plasmonic nanostructures that can support either surface plasmon polaritons
or localized surface plasmon resonance (LSPR) have been gaining continuous attention
from researchers to develop fluorescence-based sensor platforms with ultrahigh sensitivity
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and photostability. Monometallic nanostructures, such as those of Ag or Au, have been
used to amplify fluorescence signals with reduced photobleaching. For instance, Xiaofan Ji
and his associates used the Ag zigzag nanorod structures fabricated through oblique angle
deposition to obtain a 28-fold enhancement of the fluorescence signal from Alexa 488 for
detecting 0.01 pM DNA [8]. Camposeo and co-workers reported a maximum seven-fold
enhancement of fluorescence using a Au nanocage in the near-infrared wavelengths [9].
Another fluorescent probe, such as a semiconductor (ZnSe) quantum dot, could also
benefit from MEF upon its combining with gold nanoparticles (Au NPs) into a composite
structure [10]. Kalar A. et al. reported the MEF of a 20-fold enhancement of fluorescence
from rhodamine 800 using Ag core–SiO2 shell nanocomposites [11].

The use of Au nanostructures is beneficial for biomedical applications due to numer-
ous merits, including biocompatibility, chemical stability, and characteristic plasmonic
properties [12]. The Au surface can also enable the chemical binding of biological and drug
molecules through the thiol (-SH) or amine (-NH2) groups [13].

Fe3O4 NPs are nanostructures that are widely used for hyperthermia therapy, pho-
todynamic therapy, and targeted drug delivery due to the features of good dispersibility
in liquid, low toxicity, biocompatibility, photocatalytic/photo-Fenton effects, and size-
dependent tuneability from ferromagnetism to super-paramagnetism [14–16].

Combining Fe3O4 NPs and Au NPs into hybrid magnetic nanoclusters (HMNCs) has
been used for MEF [17]. HMNCs consist of six to eight Au NPs attached to a silane-modified
Fe3O4 NP. Fluorescein-isothiocyanate-tagged DNA-HMNCs conjugates are formed, and
thus their fluorescence is controlled by DNA hybridization, which induces a change in the
fluorophore–Au NP distance.

In this work, we fabricated a heterogeneous nanocomposite Fe3O4 core–Ag shell struc-
ture for MEF and SERS. These gold-capped magnetic (Fe3O4) nanoparticles (GMPs) could
produce magnetically induced aggregates/distribution [18]. This resulted in an effectively
increased density of hot-spots at nanogaps between two adjacent GMPs where analyte
molecules were positioned for SERS [19–22]. Meanwhile, the Au shell supported plasmon
excitations to support MEF and SERS. The core–shell ratio governed the LSPR wavelengths,
determining the pump light wavelengths. These magnetic core–shell nanocomposites
could be easily re-collected for recycling from a liquid medium using external magnets. In
addition, the hybrid nanocomposite-bonded substrate could be reused after washing away
alpha-fetoprotein (AFP).

We demonstrated that GMP-based SERS can detect RhB. Its LOD was 3.5 × 10−12 M,
and the EF was estimated to be about 2 × 108, proving that the GMP-based substrate was a
good candidate for SERS.

We also applied the GMPs to the MEF-based detection of AFP, which is the special
plasma protein found in the human fetus and one of the widely used tumor markers for
the clinical diagnosis of hepatocellular carcinoma and germ cell tumors. The AFP level in
healthy human serum is 5–8 ng/mL, while that in the serum of most liver cancer patients
rises to about 400 ng/mL [23,24]. Diverse technologies for AFP detection have been reported,
including fluorescence spectroscopy, chemiluminescence, electrochemiluminescence, enzyme-
linked immunosorbent assay, surface plasmon polaritons, electrochemical immunosensors,
and photoelectrochemical sensing [25–32]. We, however, focused on MEF techniques with the
GMPs for ultrahigh sensitivity with photostability using AFP concentrations ranging from
0.05 ng/mL to 1000 ng/mL in phosphate-buffered saline (PBS). We used a sandwich im-
munoassay with a fluorescent tag of Alexa Fluor-488 for the MEF and rhodamine B (RhB)
for the SERS. We obtained a fluorescence enhancement of up to 1.5-fold, leading to an AFP
limit of detection (LOD) of 3.8 × 10−4 ng/mL, with a coefficient of variation (CV) < 1%,
demonstrating that the AFP assay has high sensitivity and good reproducibility.
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2. Materials and Methods
2.1. The Materials and Reagents

Gold (III) chloride trihydrate (HAuCl4.3H2O, 99%), sodium citrate tribasic dihydrate
(Na3Ctr, 99%), (3-Aminopropyl) triethoxysilane (APTES, 99%), ammonium hydroxide so-
lution (NH4OH, 28.0–30.0% NH3 basic), and iron (II) chloride tetrahydrate (FeCl2.4H2O,
99.9%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Iron (III) chloride hexahy-
drate (FeCl3.6H2O, 99.9%) was purchased from Acros Organics (Geel, Belgium). Ethanol
(EtOH, 99.5%) and methanol (MeOH, 99.5%) were provided by Fisher (Boston, MA, USA).
Deionized (DI) water (via Thermo Scientific Easypure II (Uppsala, Sweden) used in this
study was produced at the Center for Innovative Materials and Architectures (INOMAR),
Vietnam National University, Ho Chi Minh City (VNUHCM). Polydimethylsiloxane (PDMS)
was made using a SYLGARD™ 184 Silicone Elastomer kit, including a base and a curing
agent purchased from Dow Corning Co (Midland, MI, USA). Purified human AFP was
produced by Bio-Rad Laboratories (CA, USA). Bovine serum albumin (BSA) and phosphate-
buffered saline (PBS)—a buffer solution—were purchased from Sigma-Aldrich (St. Louis,
MO, USA). An anti-alpha Fetoprotein antibody (primary antibody) was purchased from Ab-
cam corp (English), and a rabbit IgG (H+L) cross-adsorbed antibody (secondary antibody,
A-11008) was provided by Thermo Fisher Scientific (Waltham, MA, USA). These biological
agents were diluted in PBS and kept at the proper temperature, e.g., at −20 ◦C and 4 ◦C
before and after dilution, respectively. The substrates were formed on microscope glass
slides provided by ISOLAB Laborgeräte GmbH (Eschau, Germany) (chemical components
by weight percent: SiO2 = 75; Na2O = 15; CaO + MgO + Al2O3 = 10).

2.2. Synthesis of the Fe3O4 NPs and the Gold-Capped Fe3O4 Nanoparticles (GMPs)
2.2.1. Synthesis of the Fe3O4 NPs

The synthesis process was delineated as shown in Figure 1a. A mixture of FeCl2 and
FeCl3 was dissolved in DI water at concentrations of 4.43 and 2.76 wt%/wt%, respectively.
The solution was stirred and heated to 80 ◦C in a sonication bath. Then, 5 mL of a
NH4OH solution (28.0–30.0% NH3 basic) was added to the round-bottom flask. Ten
minutes later, 5 mL of a Na3Ctr 3 M solution was slowly added to the mixture and heated
for another 30 min. The reactor was cooled to room temperature without sonication while
mechanical stirring continued. The black precipitate, which was the magnetic nanoparticles
(Fe3O4 NPs), was obtained using a permanent magnet while rinsing with water and ethanol
several times. It was dried completely at 80 ◦C and dissolved in different concentrations,
such as 10−4, 10−5, and 10−6 M, for further use.

Figure 1. (a) A schematic of the synthesis of Fe3O4 NPs and GMPs. (b) The procedures for SERS
substrate preparation and measurement.
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2.2.2. Synthesis of the GMPs

First, 6.67 mL of 0.5 mM HAuCl4 was stirred and heated to 100 ◦C. A mixture of 5 mL of
prepared Fe3O4 NP solution and 0.3 mL of 38.8 mM NaCtr was quickly added to the flask.
After 15 min, heating was stopped, while mechanical stirring continued until the reactor was
cooled to room temperature. The GMPs were obtained and stored in darkness at 4 ◦C. The
molar ratios between the Fe3O4 NPs and Au NPs for the GMPs were 3:20, 3:200, and 3:2000.

2.3. Detection of Rhodamine B by Surface-Enhanced Raman Spectroscopy (SERS)

Clean glass substrates were modified in O2 plasma (by the CUTE plasma cleaner, Femto
Science Inc., Gyeonggi, Korea) and 3% APTES in ethanol to form a rich amine-modified
surface, as shown in Figure 1b. Immediately, these slides were immersed in the GMP solution
for 16 h for the immobilization of GMPs to the surface due to electrostatic attraction while
avoiding light at room temperature (27 ◦C) [33]. The RhB was then spin-coated for loops of
1 min at 500 rpm and 30 s at 1000 rpm, as illustrated in Figure 1b. For the SER measurement,
we used a Raman microscope with a liquid-nitrogen-cooled CCD detector and its holographic
notch filter (One Raman microscope, HORIBA XploRA, HORIBA Ltd. Japan). The excitation
wavelength of light was 532 nm with a threshold power of 1 mW, illuminating a sample for
10 s, while data were collected for 60 s per detection pot.

2.4. Preparation of PDMS Chamber on the Glass Substrate

PDMS is known as a macromolecular organosilicon compound with inert and non-toxic
properties. The SYLGARD™ 184 Silicone Elastomer kit contained two chemicals: a base
(part A) and a curing agent (part B). They were mixed at a 10:1 mass ratio. After the blend
was thoroughly mixed, air bubbles were removed from the mixture using a vacuum machine.
Thereafter, it was heated to 70 ◦C into a solid and then shaped with a paper knife. To
fabricate the reaction chamber, the PDMS pattern was bonded with the surface of another
glass substrate using an oxygen plasma treatment [34]. The chamber defined the area wherein
the chemical reaction associated with the GMPs and the immunoreaction took place.

2.5. Detection of Alpha-Fetoprotein (AFP) by Transmission-Geometry-Based Setup for Fluorescence
Enhancement Detection

An optical setup with a transmission geometry (T-mode) that was previously used
was selected for fluorescence enhancement [35]. A light-emitting diode (LED) was used
as a light source that was collimated using an aspheric cylindrical lens. The light was
then passed through a spectral filter centered at 470 nm (M470L3-C1, Thorlabs) called an
excitation filter (EXF), which only allowed light transmittance around the wavelength of
470 for exciting Alexa 488. An iris was placed before the sample surface to form a circular
illumination area with a 1 cm diameter within the chamber.

For the MEF-based AFP detection, we immobilized the GMPs on the surface of the
chamber bottom, as described above. A 10 mM cysteamine solution was added to the
chamber, and it was subsequently kept at room temperature for 2 h to develop amine
groups on the surfaces of the GMPs. Then, the primary antibodies (0.1 µg/mL, 100 µL)
were incubated on the amine-modified surface for 90 min at 4 ◦C. The surface was washed
with PBS to remove the unbound primary antibodies. Then, 100 µL of BSA solution
(0.1 wt%) was added for 30 min to eliminate nonspecific binding sites. After additional PBS
washing, 100 µL of AFP with varying concentrations was incubated on the surface of the
chamber for 30 min. Finally, the secondary antibodies conjugated with Alexa 488 (100 µL,
2 µg/mL) were added to the chamber surface, keeping them for 1 h at 27 ◦C. The surface
was washed again with PBS, making it ready for MEF measurement. A schematic of the
AFP immunosensor fabrication is depicted in Figure 2.
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Figure 2. A schematic representation of the AFP immunosensor based on MEF with GMPs.

3. Results and Discussion
3.1. Characterization of Fe3O4 NPs and GMPs

Figure 3a shows the UV-Vis absorbance spectra of the GMPs, with a comparison with
that of the Au NPs previously studied by our group [36]. One of the spectra of the three
different GMPs (those fabricated with the 3:200 ratio) and the Au NPs produced broad
LSPRs centered at 542 nm and 524 nm, respectively. This was because the relative ratio
of the core (dielectric)–shell (metal) materials could determine the effectiveness of the
LSPR [37–40]. The LSPR spectrum of the GMPs (3:200 ratio) was broad enough to cover
the Raman excitation wavelength of 532 nm, supporting the amplification of the SERS
signal. The small shoulder of the GMP spectrum (3:200 ratio) was seen at 273 nm due to
the uncaptured Fe3O4 nanoparticles, which were close to the 278 nm peak observed from
the spectrum of the 10−5 M Fe3O4 NP sample (Figure S1). This indicates that GMPs can be
used as effective substrates for SERS [41,42].

Figure 3b shows the Fourier transform infrared (FTIR) spectra of the Fe3O4 NPs and
the GMPs with varying the relative portion of Au NPs. The stretching of O-H accounted for
the peak at around 3446 cm−1, while -COO covalent bonds accounted for the sharp peak at
about 1635 cm−1 [43]. This shows the presence of the carboxyl group triple-faced in the
citrate structure. This indicates that the fundamental surfactant, the citrate, was successfully
attached to the Fe3O4 NPs, preventing the GMP conglomeration while affecting the Au
NP size [44]. On the other hand, the 698 cm−1 band corresponded to the lattice Fe and O
nodes bonding in its crystalline structure [45]. The result indicated that the reduced gold
seeds were effectively entrapped by Fe3O4 NPs [46]. This showed that the capability of the
carboxyl-rich surface to anchor Au NPs was not significantly different for the GMPs with
various ratios.

The water contact angle (WCA) measurement was recorded by image-capturing the
interface between DI water (10 µL drop) and the modified surface at each step. The angle was
calculated via Young’s equation with ImageJ software [47]. Figure 3b shows the change in
the wettability of the surface as a bare glass surface went through the sequential modification
using O2 plasma, 3% APTES, and being immersed in Fe3O4 NPs or the GMP solution for 16 h.
It was shown that the O2-plasma-treated surface featuring an angle of 7.1◦ was hydrophilic
due to the generated hydroxyl groups, while the APTES-treated surface, with an angle of
65.2◦, was hydrophobic, manifesting successful silanization with amino groups [48]. The
immobilization of the Fe3O4 NPs or the GMP made the surface highly hydrophobic, as shown
by the contact angles of 78.2◦ and 92.1◦, respectively. This contact angle measurement also
verified the successful step-by-step preparation of the specimen [49,50].
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Figure 3. (a) The UV-Vis spectra of 10−5 M Fe3O4 NPs and GMPs with various ingredient ra-
tios compared to Au NPs, (Adapted with permission from Ref. [33]. Copyright 2020, RSC).
(b) The FTIR spectra of 10−5 M Fe3O4 NPs and GMPs with different ingredient ratios. (c) The water
contact angle, with images of the interface between a water drop and the modified surface at each step.
(d) The XRD pattern of the Fe3O4 NPs and the 3:200 GMPs on glass compared to the Au NP simulation
(JCPDS file: 04-0784).

Figure 3d shows the measured X-ray diffraction (XRD) for the Fe3O4 NPs and the
GMPs on a glass substrate and the simulated diffraction for the Au NPs. It is shown that the
Fe3O4 NPs and GMPs had good crystallinity. For the Fe3O4 NPs, the peaks at 30.2◦, 35.5◦,
43.2◦, 40.2◦, 52.7◦, and 62.9◦ corresponded to the (200), (311), (400), (511), and (440) planes
of the face-centered cubic (FCC) crystal structure, respectively [51]. The peaks observed
at the 2θ of 37.7, 43.9, 63.6, and 76.2◦ could be matched to the (111), (200), (222), and (311)
planes, respectively. This was in an agreement with the Au NP simulation with the 04–0784
in JCPDS data [52]. The absence of the Fe3O4 NPs diffraction peaks in the GMP XRD data
is evidence that the magnetite surface was extremely covered with Au shells. According to
Scherrer’s formula, the mean crystal size of the Fe3O4 NPs, which determines the width of
(311) Bragg’s reflection, was estimated to be 29.4 nm, which can be viewed as the core size
in the synthesized structure [53]. Similarly, we also calculated the size of the Au shell to be
36.8 nm from the most intense peak of the (111) plane. As a result, we could estimate the
size of the composite core–shell, the GMP, to be about 80 nm in diameter.

Field-emission scanning electron microscopy (FESEM) was used to determine the mor-
phology of the samples. Figure 4 shows FESEM images of the coated Au NPs, Fe3O4 NPs,
and GMPs on glass substrates (nanoparticle coating by 16 h of immersion in the respective so-
lutions). As shown in Figure 4a,b, the size of the Au NPs and the Fe3O4 NPs was about 30 nm,
while the larger particles represented the assembly structure of GMPs (from 60 to 100 nm), as
shown in Figure 4c,d. The magnetism of the Fe3O4 NPs could account for the aggregated
nature of the nanoparticles. In addition, the particle size shown in Figure 4 was in an agree-
ment with the crystalline size estimated by the XRD data. Various sizes of GMPs could be
explained by the rapid change in the reducing process of the synthesis or by the aggregation
of the GMPs [54]. The relatively uniform morphology of the GMPs could make them serve as
a SERS substrate that produces stable and reproducible signals [55].
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Figure 4. FESEM images of (a) Fe3O4 NPs, (b) Au NPs, and 3:200 GMPs, with scale bars indicating
(c) 500 nm and (d) 1 µm.

Figure 5a shows the energy-dispersive X-ray (EDX) spectra of the fabricated GMPs with
EDX mapping of the O, Fe, and Au elements. The appearance of Cu was due to the use of
the copper grid and the carbon-coated copper grid. It was also seen that the Au element was
found in a much larger portion than the Fe element. The mass percentage of Fe was 1.45%,
whereas the Au is 98.55%, indicating the constituent molar ratio is approximately 3:200. The
absence of oxygen in the EDX spectra could be explained by the limited EDX resolution of
0.1 wt% of bulk material for a given oxygen portion less than 0.01 wt% [56].

Figure 5. (a) EDX spectra of 3:200 GMPs, (b) SEM image of 3:200 GMPs, and its EDX elemental
mapping of (c) O, (d) Fe, and (e) Au.
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Figure 5b shows an SEM image of the aggregated GMPs for which the elemental
EDX mapping, as illustrated in Figure 5c–e, presents the distributions of O, Fe, and Au,
respectively. The distributions of Fe and O were similar to each other, indicating the
presence of Fe3O4. The Au NP distribution approximately followed that of Fe or O, but it
covered more positions around the Fe and O. This verified the successful synthesis of the
composite core–shell nanostructure of the GMPs, resulting from the growth of the Au NPs
around the Fe3O4 NPs into Au shells.

High-resolution transmission electron microscopy (HRTEM) was performed to check
the morphology and the element layer, as shown in Figure 6. Obviously, both the Au
NPs and the GMPs were highly crystalline and were described as having sphere-like
morphology. Figure 6a,b present the HRTEM images, illustrating the crystallinity of the
Fe3O4 NPs. The d spacing of 0.254 nm and 0.301 nm corresponded to the (311) and
(220) planes of the crystalline Fe3O4, respectively. These properties matched the FCC
structure [57,58]. Figure 6c presents an HRTEM image of the GMPs, where the d spacing
was estimated from a chosen GNP, as shown in Figure 6d. These HRTEM images of GMPs
reveal their detailed structures with the crystalline deposition of Au elements on the surface
of the Fe3O4. As seen in Figure 6d, the (311) plane of the highly crystalline Fe3O4 was
observed with a d spacing of 0.254 nm. Another d spacing of 0.237 nm was measured in
the shell layer, which was consistent with the d value of the Au (111) planes [59]. From
the images, we could estimate the diameter of GNP (3:200 ratio) to be 80 nm, assuming an
approximately spherical nanocomposite shape. The GNPs were assembled together due to
their magnetic properties. The weak contrast of the images across the GMP boundaries may
have been due to the surfactant-induced thin coating. The HRTEM results were in good
agreement with the XRD characterization. Both results supported the successful fabrication
of the GMP structure.

Figure 6. HRTEM image of the Fe3O4 NPs (a) with the determined d spacing (b). HRTEM image of
the 3:200 GMPs (c) with the determined d spacing, and (d) 3:200 GMPs respectively selected from
parts (a,c) with scale bar at 5 nm. All images have 5 nm scale bars.
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3.2. SERS-Based Detection of Rhodamine B (RhB)

Raman scattering spectroscopy enables us to determine the specific vibrational modes
of the constituent molecules of a specimen. The inherent weakness of conventional Raman
scattering signals can be eliminated by SERS that amplifies the Raman signal tremendously
using enhanced local electric fields at the pump and scattering wavelengths, which are
provided by the LSPR. In this case, the GMPs came into play to excite the LSPR for the
SERS with the Raman-active medium of the RhB.

Figure 7a shows the intensity of the SERS, which increased as the RhB concentration
increased. The peaks of RhB were recorded at 1647, 1605, 1568, 1513, 1366, 1259, 1203, and
622 cm−1 corresponding to the stretching vibrations listed in Table 1 [60–62].

Figure 7. (a) The SERS spectra of RhB at various concentrations. (b) The standard curve between the
SERS intensity of the 1647 cm−1 peak and the various concentrations of RhB. (c) The SERS spectra of
the 10−7 M and 10−10 M RhB at different positions on the GMP-coated substrates. (d) The intensities
at the 1647 cm−1 peak of different spectrums, with their AVG and RSD values.

Table 1. The SERS assignment of rhodamine B. (Adapted with permission from Ref. [60]. Copyright
2014, nature publishing group).

Wavelength
(cm−1) 1647 1605 1568 1513 1366 1295 1203 622

Assignment VAromatic C-C VAromatic C=C ωAromatic C-C ωAromatic C-C VAromatic C-C VBridge-band C-C ωAromatic C-H
Xanthene ring

puckering

The aromatic C-C vibration modes appeared at 1647, 1568, 1513, and 1366 cm−1, which
were the dominant bonds in the RhB chemical structure. The 1647 cm−1 peak presented the
greatest stretching vibration due to its major contribution to the RhB chemical construction.
Other peaks at 1605, 1259, and 1203 cm−1 corresponded to the aromatic C=C, the bridge-
band C-C, and the aromatic C-H, respectively. Moreover, the puckering of the xanthene
ring produced a peak at 622 cm−1. The lowest concentration of RhB that was detectable
by SERS with GMPs was 10−11 M. The Raman intensity at 1647 cm−1 showed a good
linear relationship with the logarithm of the RhB concentrations from 10−6 to 10−11 M.
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Figure 7b shows the standard curve between the RhB concentration and the Raman signal
intensity. The linear regression for the measurements was plotted with the equation
y = −161.12x + 1960.52 with R2= 0.97.

The enhancement factor (EF) of SERS was estimated using Feynman’s formula, given by [63]:

EF = (I SERS×NNRS)/(I NRS×NSERS)

More specifically, the intensity in SERS and normal Raman spectroscopy (ISERS and
INRS) were obtained from the 1647 cm−1 signature peaks of the 10−11 M RhB solution and
powder, respectively. On the other hand, the number of the Raman-active molecules used
in the SERS and normal Raman spectroscopy (NSERS and NNRS) could be replaced by the
molecule concentration since we used an equal volume in both SERS and normal Raman
spectroscopy. An extraordinarily high EF of 2.1 × 108 with a limit of detection (LOD) of
3.5 × 10−12 M RhB was estimated. Table 2 presents a comparison of the SERS performance
using various nanostructures in terms of the LOD and the EF for detecting RhB molecules.
The GMP-aided SERS performance presented in this work was the most effective to date,
showing the great potential of fabricated GMPs for SERS-based sensing and diagnosis.

Table 2. The other results of RhB detection using SERS.

SERS Substrates LOD (M) EF (Fold) Ref.

GMPs 3.5 × 10−12 2.1 × 108 This work

Ag-decorated g-C3N4 nanosheets 10−5 -* [64]

CNF-Ag NPs 5 × 10−7 -* [65]

CdS/Au flower-like 10−8 -* [66]

Ag-coated Au nanostars 10−8 -* [67]

Fe3O4@1G NPs with one graphene layer -* 1.64 × 105 [68]

Cu triangle plate etched by H2O2/HCl -* 4.5 × 106 [69]

W18O49 nanowire film -* 4.38 × 105 [70]
* No data available.

The reproducibility and stability were also investigated by measuring the Raman
spectra at different positions on the GMP-coated substrate at two RhB concentrations
of 10−7 M and 10−10 M, as shown in Figure 7c. The average (AVG) values and relative
standard deviation (RSD) values of the SERS signals were estimated at the 1647 cm−1 peak
of the spectra, as shown in Figure 7d. In Figure 7c,d, Spectra 1, 2, and 3 were recorded at an
RhB concentration of 10−7 M, while spectra 4,5, and 6 were recorded at 10−10 M.

Three randomly chosen positions on the SERS substrate gave an RSD of 8.67% at the
RhB concentration of 10−7 M, while they gave an RSD of 12.18% at 10−9 M. These results
verified the reasonable level of reproducibility of achieving highly amplified Raman signals
using SERS technologies with the GMP-coated substrate [71].

3.3. Metal-Enhanced Fluorescence (MEF)-Based Detection of Alpha-Fetoprotein (AFP)

A previously reported optical setup for fluorescence detection with the transmission
mode (T-mode) was used to record the metal-enhanced fluorescence signals [35]. The MEF
occurred due to the local field enhancement around the GMPs, as SERS required locally
enhanced fields (Section 3.2). The Alexa-488 molecules, which were conjugated with the
secondary antibodies in the sandwich assay for AFP, were in proximity to the surface
of the GNPs, making the fluorescent probes interact with LSPR-enhanced local fields.
This resulted in metal-enhanced fluorescence effects. Figure 8a exhibits the sequential
increase in the fluorescence power as the AFP concentration increased. We used eight
concentrations of AFP in the range of 0.05 to 300 ng/mL. The fluorescence signals collected
for 50 s were averaged at each AFP concentration. This measurement was repeated at each
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AFP concentration at least three times to obtain the CV. The CV was estimated to be <1%,
revealing the high reproducibility of the quantitative sensing of the AFP.

Figure 8. (a) The fluorescence power measurement while increasing the AFP concentration
(0.05–300 ng/mL) over time. (b) The fluorescence signals obtained with the chamber surface, where the
GMPs were coated (black) or not (red), and their corresponding EF values (blue). (c) The linear fitting of
the fluorescence power versus the logarithm of the AFP concentration in the range of 0.05–300 ng/mL.

As illustrated in Figure 8b, the GNP-induced fluorescence enhancement was clearly
manifested by comparing two fluorescence signals obtained using sensing chambers with
(black) and without (red) the GMP coating on their bottom surface. As the AFP concen-
tration increased, the MEF rapidly increased before saturation above 50 ng/mL. The inset
(blue line) shows the estimated EF which was up to 1.5-fold owing to the MEF effects over
the cases using standard substrate chambers. Notably, a good linear relation between the
fluorescence power and a logarithm of the AFP concentration was obtained in the range of
0.05 to 300 ng/mL for the GMP-based MEF. The linear regression was y = 1972.90x+ 241.47
with an R2 of 0.99, as shown in Figure 8c. The LOD was 3.8 × 10−4 ng/mL, which was
much smaller than those previously reported in the literature for AFP assays (Table 3).
This high sensitivity for the AFP assay could be attributed to two factors. First, the Au
shell of the GMPs, which supported the somewhat-broad LSPR centered at 542 nm, was
in proximity to the Alexa 488 molecules with excitation/emission wavelengths of 496 and
519 nm, respectively. This condition could have amplified the fluorescence by so-called
MEF [7]. Second, the magnetically induced GNP aggregation could have served to create
hot spots where extremely intense local fields were generated. This would also be beneficial
for fluorescence enhancement based on MEF [72].
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Table 3. Other works in AFP detection based on MEF.

Substrates LOD
(ng/mL) Ref

GMPs 3.8 × 10−4 This work

Gold-coated glass 0.68 [73]

Gold nanoclusters 6.631 [74]

Au NCs-MoS2 0.16 [75]

Pd NPs 1.38 [76]

Polyfluorene-based cationic conjugated polyelectrolytes 1.76 [77]

4. Conclusions

In summary, a novel hybrid nanocomposite consisting of an Fe3O4 NP cluster core
and a Au NP shell was synthesized and characterized for its application in MEF and
SERS-based sensing. We optimized the molar ratio of the core and the shell materials to
3:200, forming GNPs with diameters of about 80 nm. The GMPs at the 3:200 ratio showed
an LSPR wavelength at 542 nm. The use of the GNPs for MEF for AFP detection produced
the maximum EF of 1.5 with an LOD of 3.8 × 10−4 ng/mL, showing very high sensitivity
for AFP sensing. This feature would enable the GMP-based MEF to be applied in the early
diagnosis of liver cancer.

Moreover, it was demonstrated that the GMP-based substrate could serve as an
effective SERS substrate to detect a toxic pigment, rhodamine B. The LOD for RhB detection
was 3.5 × 10−12 M, revealing a high sensitivity compared to other studies for RhB sensing.

MEF and SERS based on GMPs could pave the way towards the development of biosen-
sors and chemical sensors that are low-cost, readily fabricated, and consume restricted
amounts of analytes.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/chemosensors11010056/s1, Figure S1: The UV-Vis spectra of 10−5 M Fe3O4
NPs and GMPs with different ingredient ratios in the wavelength range from 230 to 400 nm.
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