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Abstract: A novel recyclable surface-enhanced Raman scattering (SERS)-based immunoassay was
demonstrated and exhibited extremely high sensitivity toward prostate specific antigen (PSA).
The immunoassay, which possessed a sandwich structure, was constructed of multifunctional
Fe3O4@TiO2@Au nanocomposites as immune probe and Ag-coated sandpaper as immune substrate.
First, by adjusting the density of outside Au seeds on Fe3O4@TiO2 core-shell nanoparticles (NPs),
the structure-dependent SERS and photocatalytic performance of the samples was explored by
monitoring and degradating 4-mercaptobenzonic acid (4MBA). Afterwards, the SERS enhancement
capability of Ag-coated sandpaper with different meshes was investigated, and a limit of detection
(LOD), as low as 0.014 mM, was achieved by utilizing the substrate. Subsequently, the recyclable
feasibility of PSA detection was approved by zeta potential measurement, absorption spectra, and
SEM images and, particularly, more than 80% of SERS intensity still existed after even six cycles
of immunoassay. The ultralow LOD of the recyclable immunoassay was finally calculated to be
1.871 pg/mL. Therefore, the recyclable SERS-based immunoassay exhibits good application prospects
for diagnosis of cancer in clinical measurements.
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1. Introduction

Prostate cancer has become the second most common non-skin malignancies in men
worldwide [1,2]. Therefore, to impede this pressing trend, it is essential to realize the early diagnosis and
therapeutics of prostate cancer for which prostate specific antigen (PSA) has been the most extensively
applied directional tumor marker [3]. Surface-enhanced Raman scattering (SERS) technique has
attracted wide interest as a method extensively utilized in the field of labeled immunoassay for
monitoring specific cancer antigens, mainly due to a number of advantages such as good spectral
selectivity, no self-quenching and photobleaching, higher sensitivity, and multicomponent detection
ability [4–10]. Accordingly, the ultrasensitive SERS-based immunoassays, which are formed of immune
probe, target antigen, and antibody-immobilized substrate, have been built on the basis of representative
sandwich immune structures [11–13]. It is known that noble metal nanomaterials with electromagnetic
enhancement effect that primarily depends on their structures, sizes, and morphologies, are usually
utilized in the immune probe and substrate for achieving ultrahigh sensitivity. Therefore, owing to
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their high cost for immune measurements and potential impact on the environment, it is promising to
realize recycling of immune structures in clinical detection.

An effective solution that recycles detection of sandwich structures and saves resources is the
introduction of nanomaterials with photocatalytic activity into the immune structures. Among them,
semiconductor materials such as titanium dioxide (TiO2) with self-cleaning effect has been widely used
for the degradation of microorganisms [14,15], cell debris [16], and antigens [17], in biological and
water environments, owing to their nontoxicity, low price, and long-term chemical stability. However,
the wide band gap of TiO2, i.e., 3.2 eV, together with the high recombination efficiency of electron-hole
pairs, extremely limits the photocatalytic activity. On this basis, a series of strategies, for example,
semiconductor coupling [18], ions doping [19,20], and deposition of noble metals [21–23] have been
developed to improve their photocatalytic effect, which mostly depends on the degree, properties,
and work function of the metal. Among these methods, the linked noble metal (Ag or Au) has a
strong ability to absorb photogenerated electrons with different work functions, which inhibit the
recombination of electron-hole pairs, and therefore endow TiO2 enhanced photocatalytic efficiency.
For example, the photocatalytic performance of some Ag/TiO2 and Au/TiO2 hybrid materials for
methanol and ethylene has been improved by nearly 100 times as compared with bare TiO2, which
is attributed to the effective interfacial charge transfer from TiO2 to metal nanoparticles (NPs) under
UV excitation, as demonstrated by in situ LSPR spectroscopy evaluation [24]. In addition, magnetic
composition such as Fe3O4, which is famous due to its superparamagnetic and biocompatibility in
the biomedical field, has also been introduced into photocatalytic materials for better separation of
the recovered samples [25–27]. In spite of the fact that Fe3O4@TiO2@Au nanocomposites have been
investigated in previous studies, few researches have focused on their clinical application in recyclable
sandwich immunoassays.

Herein, a novel recyclable SERS-based immunoassay constructed of multifunctional
Fe3O4@TiO2@Au nanocomposites as immune probe and Ag-coated sandpaper as immune substrate
was applied to detect tumor marker PSA. First, the Fe3O4@TiO2@Au nanocomposites were synthesized
by hydrothermal method and electrostatic adsorption, and the density of the outside Au seeds on the
Fe3O4@TiO2 core-shell NPs was systematically investigated. The sample prepared by employing 100
mL synthetic stock solution of Au seeds was found to show the optimum SERS and photocatalytic
performances, owing to the synergistic effect of the locked-in contact between Au seeds and Fe3O4@TiO2

NPs and effective electron transfer. Then, the SERS enhancement capability of Ag-coated sandpaper was
evaluated by monitoring 4MBA and a limit of detection (LOD) of 0.014 mM was achieved. Afterwards,
the feasibility of recyclable SERS-based immunoassay for tumor biomarker was demonstrated by
monitoring 10−7 g/mL PSA antigen. More than 80% of the SERS intensity of the sandwich immune
structure could still be maintained after six cycles of immunoassay. Consequently, the sandwich
immune structure with only one batch of the noble metal nanostructures was applied to analyze a
series of antigens with different concentrations and an ultralow LOD of 1.871 pg/mL was achieved.
It is envisioned that this recyclable strategy which gets rid of the weaknesses of using numerous
noble metal nanomaterials, has promising prospects in applications of clinical measurements for the
diagnosis of cancer.

2. Materials and Methods

2.1. Chemicals

All the chemicals used in the preparation of the immune probe and substrate were
illustrated as following: FeCl3·6H2O, ethylene glycol (EG), ethanol, aqueous ammonia (NH3·H2O),
acetonitrile, titanium oxide (TBOT), ammonium acetate (NH4Ac), 3-aminopropyltrimethoxysilane
(APTMS), ammonium fluoride (NH4F), sodium citrate, phosphate buffer saline (PBS, pH = 7.0),
4-mercaptobenzonic acid (4MBA, 90%), hydrogen tetrachloroaurate (III) hydrate (HAuCl4· x H2O,
99.9%), Tris-buffered saline (TBS, pH = 7.6), TBS/0.05% Tween 20 buffer solution (pH = 8), bovine
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serum albumin (BSA), PSA (detection), anti-PSA (capture), alpha fetoprotein (AFP), and CA19-9. The
chemicals used were analytical grade and Milli-Q water (18.2 MΩ·cm) was applied to prepare all
synthesis solutions.

2.2. Preparation of the Fe3O4@TiO2@Au Immune Probes

2.2.1. Synthesis of Fe3O4 NPs

In a typical hydrothermal method [28], 1.35 g of FeCl3·6H2O, 3.85 g of NH4Ac, and 0.4 g of sodium
citrate were mixed in 70 mL of EG under stirring at 170 ◦C for 1 h. Then, the obtained solution was
hydrothermally heated at 200 ◦C for 16 h. Finally, the natural cooled samples were separated and
washed with ethanol and dried before use.

2.2.2. Synthesis of Fe3O4@TiO2 NPs

The fabrication of Fe3O4@TiO2 nanoparticles was carried out according to a modified sol-gel
strategy [29]. Briefly, as-prepared Fe3O4 was dissolved in 120 mL of acetonitrile/ethanol (volume ratio
of 1:3), followed by adding the 375 µL of NH3·H2O and 1 mL of TBOT under continuous stirring
for 1.5 h. The resultant products were magnetically collected and thoroughly cleaned, followed by a
hydrothermal reaction assisted by NH4F to 180 ◦C for 24 h to improve the crystallinity of the samples.
After, the as-prepared product was magnetically separated and washed with deionized water for
several times, it was finally stored in ethanol before use.

2.2.3. Fabrication of Fe3O4@TiO2@Au Nanocomposites

A typical electrostatic adsorption technology was used for the preparation of Fe3O4@TiO2@Au
nanocomposites [27]. First, the nanocomposites were amino modified by treating them with APTMS at
85 ◦C for 4 h. Meanwhile, the Au seeds were prepared through the reduction of metal ions by using
sodium citrate in accordance with previous work [30]. Afterward, 200 µL ethanol solution of the amino
treated samples were dropped into a 20 mL aqueous solution of Au seeds and mechanically stirred for
15 min. The resulted samples were separated by magnetism and washed with deionized water for 3
times. In addition, the surface density of the Au seeds was adjusted by changing the amount of Au
seed solution (40, 60, 100, and 200 mL).

2.2.4. Preparation of the Immune Probes

First, 20 µL of 4MBA (1 mM) was dropped into the solution of the as-obtained Fe3O4@TiO2@Au
(synthesized with 100 mL of Au seed solution) before being incubated at 30 ◦C for 12 h, and the
unattached 4MBA were cleaned by magnetic separation. Secondly, anti-PSA was coupled directly onto
the 4MBA-labled Fe3O4@TiO2@Au nanocomposites via static and hydrophobic interactions [31,32].
The immobilization procedure was actualized for 3.5 h. Thereafter, the excess antibodies were removed
by magnetic separation. In order to avoid nonspecific adsorption of antigen, the bare points on the
4MBA-labled Fe3O4@TiO2@Au nanocomposites were treated with a blocking solution (3 wt% BSA in
PBS) at 30 ◦C for 1 h. The excess BSA was removed by magnetic separation and the obtained immune
probes were stored at 4 ◦C for further study.

2.3. Preparation of the SERS-Active Immune Substrate

First, the purchased SiC sandpapers with different grain sizes (200, 240, 280, 320, 360, and 400
mesh) were used as a template to magnetron sputter Ag films as a SERS-active substrate. Afterwards,
the captured antibody was immobilized on the substrate (240 mesh) by dropping 20 µL PBS solution of
anti-PSA (0.2 mg/mL) and, subsequently, incubated at 4 ◦C for 12 h. In order to remove residual protein
from the substrate, it was, then, washed with TBS/0.05% Tween 20 buffer solution, TBS, PBS, and
deionized water. After that, the nonspecific adsorption points were blocked via treating the substrate
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with BSA at 37 ◦C for 2 h and washed again. The SERS-active immune substrate was finally obtained
and stored at 4 ◦C for further experiments.

2.4. Recyclable Sandwich Immunoassay

The recyclable sandwich immunoassay was determined based primarily on the specific interaction
between antigen and antibody. First, 10 µL PBS solution of PSA was dropped onto the as-prepared
immune substrate before being stored at 37 ◦C for 2 h. Then, it was washed in TBS/0.05% Tween
20 buffer solution, TBS, PBS, and deionized water to remove the unbound antigen. After that, the
immune substrate was covered with 20 µL of the Fe3O4@TiO2@Au immune probes and incubated
at 4 ◦C for 2 h. Subsequently, after being washed again to remove unbound immune probes, the
substrate with sandwich immune structure was dried and used for the following SERS evaluations.
After the measurement, the sandwich immune structure was irradiated with an ultraviolet lamp (365
nm, 6 W/cm2) to degrade the antigen and antibody on the substrate. During the photocatalysis, the
SERS spectra of 4MBA was monitored every 10 min until there was no characteristic signal. After
the photocatalysis, in addition to the recovery of the nanocomposites after collecting under magnet,
the Ag-coated sandpaper substrate was also reused after washing. Subsequently, another cycle of
detection and photocatalysis of PSA was conducted by reconstructing the sandwich immunostructure
composed of the previous nanocomposites and Ag-coated sandpaper substrate, as described above.
These immunoassay cycles with SERS detection and photocatalysis were repeated, until a LOD of the
target PSA was reached, as illustrated in Scheme 1.
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Scheme 1. Schematic illustration of the recyclable SERS-based immunoassay.

2.5. Instruments

The morphologies of samples were investigated using a SU-70 field emission scanning electron
microscopy (SEM, Hitachi, voltage: 5 kV). The energy dispersive spectroscopy (EDS) and transmission
electron microscopy (TEM) images were measured on a Tecnai G2 F20 instrument (FEI). The X-ray
power diffraction (XRD) data were collected with a D8 ADVANCE (Bruker). UV-Vis spectra were
recorded using a TU-1901 general absorption spectrophotometer. Zeta potential distribution was
performed on a Zetasizer Nano ZS90 (Malvern) with a He-Ne laser at 632.8 nm. Magnetic properties
were determined with a SQUID (XL-7) at 300 K. The deposition of Ag film was performed in a
TA13-XD magnetron sputtering device (pressure 6 × 10–4 Pa and deposition rate 0.5 Å/s). The SERS
measurements were performed with a BWS415 miniature Raman spectrometer (BWTek) excited under
785 nm. Each spectrum was collected for 10 s under laser power of 20 mW.
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3. Results and Discussion

3.1. Characterization of the Fe3O4@TiO2@Au Immune Probe

The high yield of spherical Fe3O4 NPs with an average diameter of 85 ± 10 nm is presented in
Figure 1a. Compared with the bare Fe3O4 core, the average diameter of the Fe3O4@TiO2 NPs increases
to 140 ± 10 nm (Figure 1b). Afterwards, a large amount of uniform Au seeds is found to attach onto
the TiO2 shell and lead to rough surfaces, as presented in Figure 1c. The core-shell structure of the
Fe3O4@TiO2 NPs is clearly exhibited in Figure 1d and the thickness of the TiO2 is 58 nm. The average
diameter of the scattered Au seeds is implied as 15 nm, as illustrated in Figure 1e,f. The EDS, as shown
in Figure 2a, then reveals the chemical composition of the nanocomposites and expatiates the dominant
peaks of Fe, O, Ti, and Au. In addition, XRD patterns of the Fe3O4, Fe3O4@TiO2, and Fe3O4@TiO2@Au
nanocomposites are shown in Figure 2b. The specific peaks of Fe3O4 NPs can be assigned to the cubic
phase of Fe3O4. After first coating, several additional peaks from anatase TiO2 are demonstrated.
With the loading of Au seeds, the new peaks are indexed to the face-centered cubic Au phase. As it is
presented in Figure 2c, the semiconductor absorption band edge of TiO2 appears at about 530 nm, in
addition to the absorption band of Fe3O4 from 400 to 394 nm after the formation of TiO2 shell. With
the introduction of Au seeds, their typical localized surface plasmon resonance (LSPR) band from 500
to 680 nm dominates in the absorption spectra. Moreover, the magnetic performance of Fe3O4 during
the two steps of coating was investigated, as presented in Figure 2d. Although a gradual decreasing
trend of the magnetization of samples was observed, enough magnetization is still kept at about 16.7
emu/g in the final Fe3O4@TiO2@Au nanocomposites and they could be effectively collected by the
magnet, as shown in the inset of Figure 2d. In addition, as illustrated in Table 1, the surface potential
of the sample first decreases from −1.4 to −22.9 mV after the formation of TiO2 surface instead of that
of Fe3O4. Then, amino modification induces the converting of the surface from negativity to positivity,
confirming by the changing of surface potential from −22.9 to 25.4 mV. Finally, the modification of
negative charged Au seeds results in a dramatic decrease of the surface potential to 7.8 mV. All these
characterizations identify the successful synthesis of the Fe3O4@TiO2@Au nanocomposites.
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Figure 1. SEM images of (a) Fe3O4; (b) Fe3O4@TiO2; and (c) Fe3O4@TiO2@Au nanocomposites. TEM
images of (d) Fe3O4@TiO2 and (e, f) Fe3O4@TiO2@Au nanocomposites.



Biosensors 2020, 10, 25 6 of 15

Biosensors 2020, 1, x FOR PEER REVIEW  6 of 16 

 
Figure 2. (a) EDS spectra of Fe3O4@TiO2@Au nanocomposites. (b) XRD patterns; (c) UV-vis 
absorption spectra; and (d) magnetization curves of Fe3O4; Fe3O4@TiO2; and Fe3O4@TiO2@Au 
nanocomposites. 

Owing to the rigid correlation between the optical property of Au seeds and their aggregation 
degree, it is necessary to fully adjust the real density of Au seeds on the Fe3O4@TiO2 NPs. As 
illustrated in Figure 3a–e, the depositing density of Au seeds gradually increased when more Au 
seeds were used in the electrostatic attraction process. Along with the increase of the coated Au 
seeds, the absorption band of the nanocomposites gradually red shifts and generates obvious 
broadening as identified from Figure 3f [33]. Next, the Au density-dependent SERS performance of 
the nanocomposites was analyzed with 4MBA as a model Raman molecule. As shown in Figure 4a,b, 
the intensity of the SERS spectra at 1078 cm−1 evidently increased with the increasing density of Au 
seeds, which could be attributed to the excitation wavelength approaching the typical LSPR band 
and the enriching of the electromagnetic “hotspots” from gradually aggregated Au seeds [34,35]. 
Alternatively, more surface Au seeds give rise to a more effective linkage area, which could facilitate 
the following adsorption of target molecules, and ensure that more charges transfer from Au to the 
molecules. However, after the volume of Au seed solution exceeded 100 mL, the intensity of the 
SERS signal was significantly weakened, which was mainly due to the excessive agglomerations of 
the coated Au seeds, as identified in Figure 3e, and thus leads to an obvious increase of the 
interparticle distance. 
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Table 1. Zeta potential measurements.

SERS Probes Zeta Potential/mV

Fe3O4 −1.4 ± 0.1
Fe3O4@TiO2 −22.9 ± 0.4
Fe3O4@TiO2@NH2 25.4 ± 0.5
Fe3O4@TiO2@Au 7.8 ± 0.8
Fe3O4@TiO2@Au@4MBA −17.9 ± 1.2
Fe3O4@TiO2@Au@4MBA@anti-PSA −20.2 ± 1.1
Fe3O4@TiO2@Au@4MBA@anti-PSA, under UV 4.8 ± 0.1

Owing to the rigid correlation between the optical property of Au seeds and their aggregation
degree, it is necessary to fully adjust the real density of Au seeds on the Fe3O4@TiO2 NPs. As illustrated
in Figure 3a–e, the depositing density of Au seeds gradually increased when more Au seeds were used
in the electrostatic attraction process. Along with the increase of the coated Au seeds, the absorption
band of the nanocomposites gradually red shifts and generates obvious broadening as identified from
Figure 3f [33]. Next, the Au density-dependent SERS performance of the nanocomposites was analyzed
with 4MBA as a model Raman molecule. As shown in Figure 4a,b, the intensity of the SERS spectra at
1078 cm−1 evidently increased with the increasing density of Au seeds, which could be attributed to
the excitation wavelength approaching the typical LSPR band and the enriching of the electromagnetic
“hotspots” from gradually aggregated Au seeds [34,35]. Alternatively, more surface Au seeds give rise
to a more effective linkage area, which could facilitate the following adsorption of target molecules,
and ensure that more charges transfer from Au to the molecules. However, after the volume of Au
seed solution exceeded 100 mL, the intensity of the SERS signal was significantly weakened, which
was mainly due to the excessive agglomerations of the coated Au seeds, as identified in Figure 3e, and
thus leads to an obvious increase of the interparticle distance.
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Figure 4. (a) SERS spectra of 4MBA on the Fe3O4@TiO2@Au nanocomposites synthesized with different
volumes of Au seeds; and (b) columnar distribution of the SERS intensity at 1078 cm−1; (c) SERS
spectral change of 4MBA on Fe3O4@TiO2@Au nanocomposites synthesized with 100 mL of Au seed
soluiton during UV light irradiation; (d) Photocatalytic degradation of 4MBA (exampled by I/I0 of
SERS peak at 1078 cm−1) in aqueous suspension of Au, Fe3O4@TiO2, and various Fe3O4@TiO2@Au
nanocomposites with and without UV irradiation.

Moreover, in addition to exploring the Au density-dependent SERS enhancement effect, their
photocatalytic efficiency was also studied by degrading of 4MBA under UV irradiation in the following
works. The gradual changes of the SERS spectra at various irradiation intervals are shown in Figure 4c
(Figure S1a–d). With the extension of irradiation time, the SERS signal continuously slumped and
only faint characteristic peaks of 4MBA could be seen after being illuminated for 60 min. Figure 4d
shows the time-dependent photocatalytic degradation of 4MBA by using all these nanocomposites
with different coating amounts of Au, in which I0 is the initial SERS intensity of 4MBA and I is that
after UV irradiation. There is almost no photocatalytic degradation of 4MBA if no UV irradiation was
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presented, suggesting the necessity of the light source. Furthermore, the photocatalytic degradation
rate of 4MBA first increased with more and more decorated Au seeds, until the sample synthesized
with 100 mL of Au seed solution was used, and then it decreased conversely. The Fe3O4@TiO2@Au
nanocomposites (100 mL of Au seed solution) exhibit the highest photocatalytic efficiency with a
total degradation rate of 99.7% within 70 min UV irradiation, while the pure Fe3O4@TiO2 NPs show
the lowest degradation rate of only about 46.6% under the identical condition. These phenomena
represent the evidence for the critical role of Au seeds with rationally designed aggregation state
in photocatalysis, which can be attributed to the formation of a Schottky barrier between the Au
seeds and TiO2 (the work functions ϕAu = 5.1 eV [36] and ϕTiO2 = 4.2 eV [37]). This barrier inhibits
the combination of photogenerated electron holes to a certain extent, thus giving them longer time
intervals to diffuse to the surface and effectively promoting the possible redox reaction, as shown in
Figure 5a [22,38,39]. In addition, since the effective adsorption of 4MBA molecules is a prerequisite for
the catalysis, the photocatalytic efficiency has a certain relationship with the strength of the adsorption
capacity [40–42]. Meanwhile, the increased surface with exposed Au provides more effective areas
for absorbing 4MBA molecules. When 100 mL of Au seed solution was added, the densest surface
Au seeds without significant agglomerations rendered the Fe3O4@TiO2@Au nanocomposites enough
adsorption sites for the target analytes, promoting the migration of photogenerated electron-hole pairs.
However, when the amount of Au seeds continued to increase, the aggregation of the modified Au NPs
induced less effective Au areas, resulting in lower photocatalytic efficiency. Thereby, the photocatalytic
efficiency of nanocomposites was optimum when 100 mL of Au seed solution was added.
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spectra of Fe3O4@TiO2@Au, Fe3O4@TiO2@Au@4MBA, Fe3O4@TiO2@Au@4MBA@antibody, and
Fe3O4@TiO2@Au recovered by UV irradiation after immunoassay.

After that, the formation process of the immune probes was also investigated using SEM image,
zeta potential measurements, and UV-Vis absorption spectroscopy. As shown in Figure S2b, after
anti-PSA was linked to the Fe3O4@TiO2@Au nanocomposites, they showed a certain degree of
agglomeration. Meanwhile, as illustrated in Table 1, the surface potential of the samples changed from
7.8 to –17.9 and to –20.2 mV, showing that the 4MBA and anti-PSA were successfully linked to the
surface of Fe3O4@TiO2@Au nanocomposites [43]. In addition, a slight red shift of the LSPR band was
observed from 634 to 640 and to 649 nm after the addition of 4MBA and anti-PSA, as shown in Figure 5b,
which clearly indicated that the size of aggregates increased due to their successful attachment [31,44].
It should be noted that the aggregation of the nanocomposites after modification was not as obvious,
which can be mainly ascribed to the fact that protection of TiO2 made the nanocomposites more stable
than the bare noble metal.
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3.2. Characterization of the SERS-Active Substrate

It is well known that the SERS performance of Ag film depends on its configuration parameters,
for example, surface morphology, homogeneity, and roughness [45,46]. Thus, sandpapers with mesh
ranging from 200 to 400 were chosen to be decorated with Ag film to serve as SERS-active substrates.
Moreover, the Ag-coated sandpaper also exhibits some advantages suitable for clinical immunoassay
such as low cost, good repeatability, and stability. The morphologies of the obtained Ag-coated
sandpaper are characterized by SEM, as shown in Figure 6a–f. It is observed from these images that
the closely packed Ag NPs homogeneously distribute on these sandpapers, giving rise to numerous
ultra-narrow nanogaps. It is noted that the size of the sputtered Ag NPs first increases when the
mesh of sandpaper increases from 200 to 280, and then, it reversely decreases when the mesh further
increases to 400. In particular, the nanogaps gradually disappear when the Ag NPs become smaller
and more significantly aggregated. Then, the dominated existence of the Ag, Si, and C elements are
demonstrated by the EDS pattern (Figure 7a) and their homogeneous distributions around the whole
substrate are exhibited through the elemental mapping, respectively, (Figure 7b–d).
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Then, the SERS spectra of 4MBA dropped onto the as-prepared substrates were measured to
estimate their electromagnetic enhancement efficiency. As shown in Figure 8a, the intensity of the
SERS peak at 1078 cm−1 increases by increasing the mesh of the sandpaper to 240, and then gradually
declines. As discussed above, the larger size of the Ag NPs and the proper interparticle distance
among them on the 240-mesh sandpaper induces the greatest number of “hotspots” and results in the
strongest SERS signals. Therefore, the SERS-active substrate developed with the 240-mesh sandpaper
acted as the optimal one and was used in the experiments that followed.
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Furthermore, the enhancement factor (EF) of Ag-coated sandpaper was calculated using the
following equation: EF= (ISERS/IRaman)× (NRaman/NSERS), where ISERS and IRaman represent the integrated
intensities of SERS peaks at 1078 cm-1 of 4MBA molecules attached to the Ag-coated sandpaper and its
power, respectively. NRaman and NSERS represent the number of 4MBA molecules in the power and
absorbed on the substrate within the laser spot, respectively. The ISERS and IRaman were calculated to
be 5.34 × 105 and 3.60 × 103 by the SERS signal from the Ag-coated sandpaper and Raman spectrum
from the power (Figure 8c). NRaman was calculated to be 2.32 × 1011 mainly based on the diameter
(d = (λ/NA) × 1.22) and the penetration depth (h = 2λ/NA2) of the focus illumination spot, where λ
and NA are 785 nm and 0.4, respectively. NSERS was determined by the equation NSERS = NA × A × δ,
where NA is the Avogadro constant, A is the effective area occupied by the monolayer 4MBA molecules
within the laser spot of 4.52 µm2 [47], and δ is estimated to be 2.0 × 109 cm2/mol according to the molar
amount of 4MBA molecules per square centimeter [48,49]. Thereby, NSERS was 1.35 × 107. Ultimately,
Ag-coated sandpaper yields the EF value which was calculated to be 2.55 × 106.

In order to evaluate the homogeneity of the SERS signal from the as-obtained Ag-coated sandpaper,
intensities of the SERS peak of 1078 cm−1 from 20 randomly selected points on the substrate are
illustrated, as shown in Figure 8b. The calculated relatively standard deviation (RSD) is 8.84%,
indicating the excellent uniformity of the optimal substrate. In addition, the solutions of 4MBA with
concentration from 10 to 0.05 mM were measured, and the intensity of 1078 cm−1 peak obviously
drops with the dilution of 4MBA, as shown in Figure 8c. It should be pointed out that each spectrum
was averaged from ten randomly selected data. Moreover, Figure 8d displays the linear change of
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SERS intensity as a function of 4MBA concentration, and the LOD was calculated to be 0.014 mM in
accordance to the three time of signal-to-noise ratio from the blank substrate [50,51].

3.3. Recyclable SERS-Based Immunoassay of PSA

In previous literatures, the SERS-based immunoassay of PSA has been widely reported. However,
there are almost no systematical investigations of recyclable SERS-based immunoassay with the
introduction of photocatalytic materials. Herein, through constructing sandwich immune structures
with Fe3O4@TiO2@Au nanocomposites and Ag-coated sandpaper, we made a thorough inquiry on the
prospect of the recyclable SERS-based immunoassay. The assay and photocatalysis of PSA with the
concentration of 10-7 g/mL were chosen as a model to clarify if the catalytic cleaning of target antigen
and modified antibody after immunoassay could be achieved, and how many effective cycles could be
achieved. First, the immune probes based on the Fe3O4@TiO2@Au nanocomposites were successfully
captured on the immune substrate using the Ag-coated sandpaper, as illustrated in Figure S3a,b. After
UV irradiation and washing, the disappearance of probes from the substrate indicate that the antigen
and antibody have been degraded during photocatalysis (Figure S3c). Meanwhile, the hypothesis is
also supported by the eliminating of the characteristic SERS signal of 4MBA from the substrate, as
shown in Figure 9a,b, confirming the feasibility of recyclable immunoassay. Moreover, the SEM image
of recovered Fe3O4@TiO2@Au nanocomposites utilizing the magnetic properties of Fe3O4 (Figure S3d)
shows no significant difference to that before immunoassay, indicating that it has good stability, and
their absorption spectra present an obvious blue shift from 649 to 635 nm (Figure 5b) together with
a change of the surface potential from −20.2 to 4.8 mV (Table 1). All these phenomena suggest the
complete degradation of the 4MBA and anti-PSA from the surface of Fe3O4@TiO2@Au nanocomposites.
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of 10−7 g/mL; (b) The corresponding variation of the relative SERS intensity at 1078 cm−1; (c) Recycle
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variation of the SERS intensity at 1078 cm−1.

Additionally, to probe into the cycling efficiency and stability of nanocomposites in immunoassay,
the detection and photocatalytic eliminating of PSA were carried out six times, as illustrated in Figure 9a.
The appearance of strong SERS signals after the immunoassays (1 to 6), and their removing after UV
illumination (1’ to 6’), were successfully proven. The drift in the SERS intensity by 20% after 6 cycles of
immunoassay and photocatalytic reaction can be visualized in Figure 9b, which verifies the limited
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cycle times for maintaining enough enhancement ability. The performance of the immune structure
in the recyclable detection of PSA with diluted concentration was further investigated. As shown
in Figure 9c, the intensity of SERS spectra decreases by degrees with the reduction of PSA. Then, a
standard curve for the recyclable detection of PSA is plotted in Figure 9d, which is primarily based on
the intensity of 4MBA at 1078 cm−1 against the logarithm of PSA concentration over the range of 10−4

to 10−12 g/mL, showing an admirable correlation (R2 = 0.987). The error bar is the standard deviation
calculated from measuring ten sets of data. Finally, the LOD was determined to be 1.871 pg/mL.

In addition, the nonspecific antigen AFP and CA19-9 were also tested with the above immune
probe and substrate, and the results are shown in Figure 10a,b. Although there are still some faint
SERS signals for AFP and CA19-9 induced by nonspecific physical adsorption different from the
background noises, it is nearly negligible as compared with the signal from detecting PSA with the
same concentration. This proves that the SERS-based immunoassay has high sensitivity and specificity
for target antigens. Consequently, the developed recyclable SERS-based immunoassay provided a new
strategy for rapid and cost-effective detection of cancer biomarker, which could have potential to be
applied in subsequent clinical diagnosis. This novel recyclable immunoassay is expected to be applied
for the detection of tumor makers in the clinical serum sample of cancer patients.

Biosensors 2020, 1, x FOR PEER REVIEW  12 of 16 

The error bar is the standard deviation calculated from measuring ten sets of data. Finally, the LOD 
was determined to be 1.871 pg/mL. 

 

Figure 9. (a) SERS spectra recorded during recyclable immune detection of PSA at the concentration 
of 10−7 g/mL; (b) The corresponding variation of the relative SERS intensity at 1078 cm−1; (c) Recycle 
immunoassays of PSA at different concentrations based on SERS spectra; (d) The corresponding 
variation of the SERS intensity at 1078 cm−1. 

In addition, the nonspecific antigen AFP and CA19-9 were also tested with the above immune 
probe and substrate, and the results are shown in Figure 10a,b. Although there are still some faint 
SERS signals for AFP and CA19-9 induced by nonspecific physical adsorption different from the 
background noises, it is nearly negligible as compared with the signal from detecting PSA with the 
same concentration. This proves that the SERS-based immunoassay has high sensitivity and 
specificity for target antigens. Consequently, the developed recyclable SERS-based immunoassay 
provided a new strategy for rapid and cost-effective detection of cancer biomarker, which could 
have potential to be applied in subsequent clinical diagnosis. This novel recyclable immunoassay is 
expected to be applied for the detection of tumor makers in the clinical serum sample of cancer 
patients. 

 

Figure 10. (a) SERS spectra of 4MBA in the specific immunoassay for PSA, AFP, and CA19-9, and 
the background signals without any target antigen; (b) Columnar distribution of the SERS peak 
intensity at 1078 cm−1.  

Figure 10. (a) SERS spectra of 4MBA in the specific immunoassay for PSA, AFP, and CA19-9, and the
background signals without any target antigen; (b) Columnar distribution of the SERS peak intensity at
1078 cm−1.

4. Conclusions

In summary, the recyclable detection of PSA was successfully achieved based on only one
batch of the sandwich immune structure, which is combined with multifunctional Fe3O4@TiO2@Au
nanocomposites and Ag-coated sandpaper. In the first place, the structure-dependent SERS and
photocatalytic performance of nanocomposites was systematically investigated by adjusting the
density of outside Au seeds on Fe3O4@TiO2 NPs, and the optimum performance was found in the
samples prepared by employing 100 mL Au seed solution. Then, the SERS enhancement capability of
Ag-coated sandpaper with different meshes was evaluated by monitoring the SERS spectra of 4MBA,
and the LOD of 0.014 mM was achieved. Afterwards, the feasibility of the recyclable immunoassay
was approved by the variation of zeta potential measurements, absorption spectra, and SEM images
before and after photocatalysis. And especially, the drift in the SERS intensity could still be limited
within 20% after six cycles of detection and photocatalysis. Thus, the developed sandwich immune
structure was applied to recyclably analyze PSA with different concentrations in the range of 10−4

to 10−12 g/mL, and the LOD was calculated to be as low as 1.871 pg/mL. In addition, the nonspecific
adsorption measurements for the monitoring of AFP, PSA, CA19-9 antigens confirmed the specificity
of the obtained detection structure. In summary, this recyclable strategy has promising prospects in
applications of clinical measurements for the diagnosis of cancer.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/10/3/25/s1,
Figure S1: (a) SERS spectral change of 4MBA on the Fe3O4@TiO2@Au NPs synthesized with (a) 20; (b) 40; (c)
60; and (d) 200 mL Au NPs during UV light irradiation, Figure S2: SEM images of (a) blank sandpaper and (b)
Fe3O4@TiO2@Au with the modification of anti-PSA, Figure S3: (a and b) SEM images under different magnification
of the prepared sandwich immune structure with 10−7 g/mL PSA; (c and d) SEM image of the immune substrate
and Fe3O4@TiO2@Au (100) immune probe after UV light irradiation.
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Platform for Label-Free Detection of Pesticides. Biosensor 2019, 9, 111. [CrossRef]

9. Rigó, I.; Veres, M.; Váczi, T.; Holczer, E.; Hakkel, O.; Deák, T.; Fürjes, P. Preparation and Characterization of
Perforated SERS Active Array for Particle Trapping and Sensitive Molecular Analysis. Biosensor 2019, 9, 93.
[CrossRef]

10. Wang, Y.; Yan, B.; Chen, L. SERS Tags: Novel Optical Nanoprobes for Bioanalysis. Chem. Rev. 2012, 113,
1391–1428. [CrossRef]

11. Wang, Z.; Zong, S.; Wu, L.; Zhu, D.; Cui, Y. SERS-Activated Platforms for Immunoassay: Probes, Encoding
Methods, and Applications. Chem. Rev. 2017, 117, 7910–7963. [CrossRef] [PubMed]

12. Chen, R.; Liu, B.; Ni, H.; Chang, N.; Luan, C.; Ge, Q.; Dong, J.; Zhao, X.W. Vertical Flow Assays Based on
Core-Shell SERS Nanotags for Multiplex Prostate Cancer Biomarker Detection. Analyst 2019, 144, 4051–4059.
[CrossRef] [PubMed]

13. Cheng, Z.; Choi, N.; Wang, R.; Lee, S.; Moon, K.C.; Yoon, S.Y.; Chen, L.; Choo, J. Simultaneous Detection of
Dual Prostate Specific Antigens Using Surface-Enhanced Raman Scattering-Based Immunoassay for Accurate
Diagnosis of Prostate Cancer. ACS Nano 2017, 11, 4926–4933. [CrossRef]

14. Rizzo, L. Inactivation and Injury of Total Coliform Bacteria after Primary Disinfection of Drinking Water by
TiO2 Photocatalysis. J. Hazard. Mater. 2009, 165, 48–51. [CrossRef] [PubMed]

15. Chi, D.; Sun, D.; Yang, Z.; Xinga, Z.; Li, Z.; Zhu, Q.; Zhoua, W. Bifunctional Nest-like Self-Floating Microreactor
for Enhanced Photothermal Catalysis and Biocatalysis. Environ. Sci. Nano 2019, 6, 3551–3559. [CrossRef]

http://www.mdpi.com/2079-6374/10/3/25/s1
http://dx.doi.org/10.1016/j.eururo.2012.02.054
http://www.ncbi.nlm.nih.gov/pubmed/22424666
http://dx.doi.org/10.3322/caac.21332
http://www.ncbi.nlm.nih.gov/pubmed/26742998
http://dx.doi.org/10.1038/nrc2351
http://www.ncbi.nlm.nih.gov/pubmed/18337732
http://dx.doi.org/10.1039/C8NR02820F
http://dx.doi.org/10.1016/j.ymeth.2012.03.024
http://dx.doi.org/10.1039/C9NR04864B
http://dx.doi.org/10.1021/jacs.8b06969
http://dx.doi.org/10.3390/bios9030111
http://dx.doi.org/10.3390/bios9030093
http://dx.doi.org/10.1021/cr300120g
http://dx.doi.org/10.1021/acs.chemrev.7b00027
http://www.ncbi.nlm.nih.gov/pubmed/28534612
http://dx.doi.org/10.1039/C9AN00733D
http://www.ncbi.nlm.nih.gov/pubmed/31157328
http://dx.doi.org/10.1021/acsnano.7b01536
http://dx.doi.org/10.1016/j.jhazmat.2008.09.068
http://www.ncbi.nlm.nih.gov/pubmed/18990490
http://dx.doi.org/10.1039/C9EN00968J


Biosensors 2020, 10, 25 14 of 15

16. Meng, J.; Zhang, P.; Zhang, F.; Liu, H.; Fan, J.; Liu, X.; Yang, G.; Jiang, L.; Wang, S. A Self-Cleaning TiO2

Nanosisal-like Coating toward Disposing Nanobiochips of Cancer Detection. ACS Nano 2015, 9, 9284–9291.
[CrossRef]

17. Song, Y.Y.; Schmidt-Stein, F.; Berger, S.; Schmuki, P. TiO2 Nano Test Tubes as a Self-Cleaning Platform for
High-Sensitivity Immunoassays. Small 2010, 6, 1180–1184. [CrossRef]

18. Chokkareddy, R.; Bhajanthri, N.K.; Redhi, G.G. An Enzyme-Induced Novel Biosensor for the Sensitive
Electrochemical Determination of Isoniazid. Biosensor 2017, 7, 21. [CrossRef]

19. Bhirud, A.P.; Sathaye, S.D.; Waichal, R.P.; Ambekar, J.D.; Park, C.J.; Kale, B.B. In-situ Preparation of
N-TiO2/Graphene Nanocomposite and its Enhanced Photocatalytic Hydrogen Production by H2S Splitting
under Solar Light. Nanoscale 2015, 7, 5023–5034. [CrossRef]

20. Gainanova, A.; Kuz’micheva, G.; Khramov, E.; Chumakov, R.; Zybinskiy, A.; Yashina, N. The Role of
Composition and Structure of Vanadium-Doped Nanosized Titanium (IV) Oxides (Anatase and η-phase) in
the Realization of Photocatalytic, Adsorption and Bactericidal Properties. New J. Chem. 2018, 42, 13025–13037.
[CrossRef]

21. Chen, H.; Chen, S.; Quan, X.; Yu, H.; Zhao, H.; Zhang, Y. Fabrication of TiO2−Pt Coaxial Nanotube Array
Schottky Structures for Enhanced Photocatalytic Degradation of Phenol in Aqueous Solution. J. Phys. Chem.
C 2008, 112, 9285–9290. [CrossRef]

22. Christopher, P.; Ingram, D.B.; Linic, S. Enhancing Photochemical Activity of Semiconductor Nanoparticles
with Optically Active Ag Nanostructures: Photochemistry Mediated by Ag Surface Plasmons. J. Phys. Chem.
C 2010, 114, 9173–9177. [CrossRef]

23. Halim, N.H.A.; Heng, L.Y.; Marugan, R.S.P.M.; Hashim, U. Mediatorless Impedance Studies with Titanium
Dioxide Conjugated Gold Nanoparticles for Hydrogen Peroxide Detection. Biosensor 2017, 7, 38. [CrossRef]
[PubMed]

24. Sellappan, R.; Nielsen, M.G.; González-Posada, F.; Vesborg, P.C.K.; Chorkendorff, I.; Chakarov, D. Effects of
Plasmon Excitation on Photocatalytic Activity of Ag/TiO2 and Au/TiO2 Nanocomposites. J. Catal. 2013, 307,
214–221. [CrossRef]

25. Arami, H.; Khandhar, A.; Liggitt, H.D.; Krishnan, K.M. In Vivo Delivery, Pharmacokinetics, Biodistribution
and Toxicity of Iron Oxide Nanoparticles. Chem. Soc. Rev. 2015, 44, 8576–8607. [CrossRef] [PubMed]

26. Ankamwar, B.; Lai, T.C.; Huang, J.H.; Liu, R.S.; Hsiao, M.; Chen, C.H.; Hwu, Y. Biocompatibility of Fe3O4

Nanoparticles Evaluated by in Vitro Cytotoxicity Assays using Normal, Glia and Breast Cancer Cells.
Nanotechnology 2010, 21, 075102. [CrossRef]

27. Zhang, X.; Zhu, Y.; Yang, X.; Zhou, Y.; Yao, Y.; Li, C. Multifunctional Fe3O4@TiO2@Au magnetic microspheres
as recyclable substrates for surface-enhanced Raman scattering. Nanoscale 2014, 6, 5971–5979. [CrossRef]

28. Liu, J.; Sun, Z.; Deng, Y.; Zou, Y.; Li, C.; Guo, X.; Xiong, L.; Gao, Y.; Li, F.; Zhao, D. Highly Water-Dispersible
Biocompatible Magnetite Particles with Low Cytotoxicity Stabilized by Citrate Groups. Angew. Chem. Int.
Ed. 2009, 48, 5875–5879. [CrossRef]

29. Ma, W.F.; Zhang, Y.; Li, L.L.; You, L.J.; Zhang, P.; Zhang, Y.T.; Li, J.M.; Yu, M.; Guo, J.; Lu, H.J.; et al.
Tailor-Made Magnetic Fe3O4@mTiO2 Microspheres with a Tunable Mesoporous Anatase Shell for Highly
Selective and Effective Enrichment of Phosphopeptides. ACS Nano 2012, 6, 3179–3188. [CrossRef]

30. Kimling, J.; Maier, M.; Okenve, B.; Kotaidis, V.; Ballot, H.; Plech, A. Turkevich Method for Gold Nanoparticle
Synthesis Revisited. J. Phys. Chem. B 2006, 110, 15700–15707. [CrossRef]

31. Song, C.; Wang, Z.; Zhang, R.; Yang, J.; Tan, X.; Cui, Y. Highly Sensitive Immunoassay Based on Raman
Reporter-Labeled Immuno-Au Aggregates and SERS-Active Immune Substrate. Biosens. Bioelectron. 2009,
25, 826–831. [CrossRef] [PubMed]

32. Zhou, L.; Zhou, J.; Feng, Z.; Wang, F.; Xie, S.; Bu, S. Immunoassay for Tumor Markers in Human Serum Based
on Si Nanoparticles and SiC@Ag SERS-Active Substrate. Analyst 2016, 141, 2534–2541. [CrossRef] [PubMed]

33. Zhang, Z.; Xu, F.; Yang, W.; Guo, M.; Wang, X.; Zhang, B.; Tang, J. A Facile One-pot Method to High-Quality
Ag-Graphene Composite Nanosheets for Efficient Surface-Enhanced Raman Scattering. Chem. Commun.
2011, 47, 6440. [CrossRef] [PubMed]

34. Indrasekara, A.S.D.S.; Paladini, B.J.; Naczynski, D.J.; Starovoytov, V.; Moghe, P.V.; Fabris, L. Dimeric Gold
Nanoparticle Assemblies as Tags for SERS-Based Cancer Detection. Adv. Heal. Mater. 2013, 2, 1370–1376.
[CrossRef]

http://dx.doi.org/10.1021/acsnano.5b04230
http://dx.doi.org/10.1002/smll.200902116
http://dx.doi.org/10.3390/bios7020021
http://dx.doi.org/10.1039/C4NR06435F
http://dx.doi.org/10.1039/C8NJ01820K
http://dx.doi.org/10.1021/jp8011393
http://dx.doi.org/10.1021/jp101633u
http://dx.doi.org/10.3390/bios7030038
http://www.ncbi.nlm.nih.gov/pubmed/28927005
http://dx.doi.org/10.1016/j.jcat.2013.07.024
http://dx.doi.org/10.1039/C5CS00541H
http://www.ncbi.nlm.nih.gov/pubmed/26390044
http://dx.doi.org/10.1088/0957-4484/21/7/075102
http://dx.doi.org/10.1039/C4NR00975D
http://dx.doi.org/10.1002/anie.200901566
http://dx.doi.org/10.1021/nn3009646
http://dx.doi.org/10.1021/jp061667w
http://dx.doi.org/10.1016/j.bios.2009.08.035
http://www.ncbi.nlm.nih.gov/pubmed/19765972
http://dx.doi.org/10.1039/C6AN00003G
http://www.ncbi.nlm.nih.gov/pubmed/27003871
http://dx.doi.org/10.1039/c1cc11125f
http://www.ncbi.nlm.nih.gov/pubmed/21509390
http://dx.doi.org/10.1002/adhm.201200370


Biosensors 2020, 10, 25 15 of 15

35. Zhang, X.; Zhang, X.; Luo, C.; Liu, Z.; Chen, Y.; Dong, S.; Jiang, C.; Yang, S.; Wang, F.; Xiao, X. Volume-Enhanced
Raman Scattering Detection of Viruses. Small 2019, 15, 1805516. [CrossRef]

36. Michaelson, H.B. The Work Function of the Elements and its Periodicity. J. Appl. Phys. 1977, 48, 4729.
[CrossRef]

37. Tan, T.; Yip, A.C.; Beydoun, D.; Amal, R. Effects of Nano-Ag Particles Loading on TiO2 Photocatalytic
Reduction of Selenate Ions. Chem. Eng. J. 2003, 95, 179–186. [CrossRef]

38. Zhang, Q.; Lima, D.Q.; Lee, I.; Zaera, F.; Chi, M.; Yin, Y. A Highly Active Titanium Dioxide Based Visible-Light
Photocatalyst with Nonmetal Doping and Plasmonic Metal Decoration. Angew. Chem. Int. Ed. 2011, 50,
7088–7092. [CrossRef]

39. Kazuma, E.; Tatsuma, T. In Situ Nanoimaging of Photoinduced Charge Separation at the Plasmonic Au
Nanoparticle-TiO2 Interface. Adv. Mater. Interfaces 2014, 1, 1400066. [CrossRef]

40. Chen, F.; Yang, Q.; Li, X.; Zeng, G.; Wang, D.; Niu, C.G.; Zhao, J.; An, H.; Xie, T.; Deng, Y. Hierarchical
Assembly of Graphene-Bridged Ag3PO4/Ag/BiVO4 (040) Z-Scheme Photocatalyst: An Efficient, Sustainable
and Heterogeneous Catalyst with Enhanced Visible-Light Photoactivity towards Tetracycline Degradation
under Visible Light Irradiation. Appl. Catal. B Environ. 2017, 200, 330–342. [CrossRef]

41. Wu, C.Y.; Tu, K.J.; Deng, J.P.; Lo, Y.S.; Wu, C.H. Markedly Enhanced Surface Hydroxyl Groups of TiO2

Nanoparticles with Superior Water-Dispersibility for Photocatalysis. Materials 2017, 10, 566. [CrossRef]
[PubMed]

42. Guo, S.; Zhang, G. Green Synthesis of a Bifunctional Fe–Montmorillonite Composite during the Fenton
Degradation Process and its Enhanced Adsorption and Heterogeneous Photo-Fenton Catalytic Properties.
RSC Adv. 2016, 6, 2537–2545. [CrossRef]

43. Liang, Z.; Zhou, J.; Petti, L.; Shao, L.; Jiang, T.; Qing, Y.; Xie, S.; Wu, G.; Mormile, P. SERS-Based Cascade
Amplification Bioassay Protocol of miRNA-21 by Using Sandwich Structure with Biotin–Streptavidin System.
Analyst 2019, 144, 1741–1750. [CrossRef]

44. Zhou, L.; Liu, Y.; Wang, F.; Jia, Z.; Zhou, J.; Jiang, T.; Petti, L.; Chen, Y.; Xiong, Q.; Wang, X. Classification
Analyses for Prostate Cancer, Benign Prostate Hyperplasia and Healthy Subjects by SERS-Based Immunoassay
of Multiple Tumour Markers. Talanta 2018, 188, 238–244. [CrossRef] [PubMed]

45. Zhang, R.; Xu, B.-B.; Liu, X.Q.; Zhang, Y.; Xu, Y.; Chen, Q.D.; Sun, H.B. Highly Efficient SERS Test Strips.
Chem. Commun. 2012, 48, 5913. [CrossRef]

46. Fan, M.; Andrade, G.F.; Brolo, A.G. A Review on the Fabrication of Substrates for Surface Enhanced Raman
Spectroscopy and their Applications in Analytical Chemistry. Anal. Chim. Acta 2011, 693, 7–25. [CrossRef]
[PubMed]

47. He, Y.; Su, S.; Xu, T.; Zhong, Y.; Zapien, J.A.; Li, J.; Fan, C.; Lee, S.T. Silicon Nanowires-based Highly-Efficient
SERS-Active Platform for Ultrasensitive DNA Detection. Nano Today 2011, 6, 122–130. [CrossRef]

48. Wang, A.J.; Lv, J.J.; Zhou, D.L.; Weng, X.; Qin, S.F.; Feng, J.J. Facile Synthesis of Ultrathin Worm-like Au
Nanowires for Highly Active SERS Substrates. New J. Chem. 2014, 38, 3395–3400. [CrossRef]

49. Wang, Z.; Yang, H.; Wang, M.; Petti, L.; Jiang, T.; Jia, Z.; Xie, S.; Zhou, J. SERS-based Multiplex Immunoassay
of Tumor Markers Using Double SiO2@Ag Immune Probes and Gold-Film Hemisphere Array Immune
Substrate. Colloids Surfaces A: Physicochem. Eng. Asp. 2018, 546, 48–58. [CrossRef]

50. Boqué, R.; Heyden, Y.V. The Limit of Detection. LC GC Eur. 2009, 22, 82–85.
51. Wang, W.; Zhang, Y.; Wang, J.; Shi, X.; Ye, J. Determination of β-agonists in Pig Feed, Pig Urine and Pig Liver

Using Capillary Electrophoresis with Electrochemical Detection. Meat Sci. 2010, 85, 302–305. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/smll.201805516
http://dx.doi.org/10.1063/1.323539
http://dx.doi.org/10.1016/S1385-8947(03)00103-7
http://dx.doi.org/10.1002/anie.201101969
http://dx.doi.org/10.1002/admi.201400066
http://dx.doi.org/10.1016/j.apcatb.2016.07.021
http://dx.doi.org/10.3390/ma10050566
http://www.ncbi.nlm.nih.gov/pubmed/28772926
http://dx.doi.org/10.1039/C5RA25096J
http://dx.doi.org/10.1039/C8AN02259C
http://dx.doi.org/10.1016/j.talanta.2018.05.070
http://www.ncbi.nlm.nih.gov/pubmed/30029370
http://dx.doi.org/10.1039/c2cc31604h
http://dx.doi.org/10.1016/j.aca.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21504806
http://dx.doi.org/10.1016/j.nantod.2011.02.004
http://dx.doi.org/10.1039/C3NJ01518A
http://dx.doi.org/10.1016/j.colsurfa.2018.02.069
http://dx.doi.org/10.1016/j.meatsci.2010.01.018
http://www.ncbi.nlm.nih.gov/pubmed/20374903
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Preparation of the Fe3O4@TiO2@Au Immune Probes 
	Synthesis of Fe3O4 NPs 
	Synthesis of Fe3O4@TiO2 NPs 
	Fabrication of Fe3O4@TiO2@Au Nanocomposites 
	Preparation of the Immune Probes 

	Preparation of the SERS-Active Immune Substrate 
	Recyclable Sandwich Immunoassay 
	Instruments 

	Results and Discussion 
	Characterization of the Fe3O4@TiO2@Au Immune Probe 
	Characterization of the SERS-Active Substrate 
	Recyclable SERS-Based Immunoassay of PSA 

	Conclusions 
	References

