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ARTICLE INFO ABSTRACT

Keywords: Early and accurate diagnosis of pathogenic bacteria is essential to prevent further infection from spreading and
Surface-enhanced Raman scattering (SERS) multiplying. Herein, an aptamer (Apt) biosensor based on Fe304@Au nanocomposites (NCs) has been proposed
Aptasensor

for capture, surface-enhanced Raman scattering (SERS) detection, and photothermal therapy (PTT) of S. aureus.
Fe304@Au NCs become SERS substrate and photothermal agent due to superior surface plasmon properties and
photothermal ability, while the aptamer immobilized on surface of Fe304@Au NCs acts as a capture agent. The
detection limit of optimized FesO4@Au-Apt aptasensor for S. aureus is 25 cfu/mL, and cell capture efficiency
(CCE) is as high as 68%. Moreover, our Fe304@Au-Apt NCs have high photothermal conversion efficiency of
39.28%, which have been proven as an excellent photothermal agent. As verified by experiments, Fe304@Au-Apt
aptasensor is not only a promising tool to detect and photothermally inactivated S. aureus in milk samples, but
also exhibits negligible cytotoxicity and good biocompatibility. This work shows a promising multifunctional
nano-platform, which has great potential in specific recognition, sensitive SERS detection and PTT of S. aureus.

Fe304@Au-Apt NCs
Staphylococcus aureus (S. aureus)
Photothermal therapy (PTT)

1. Introduction

Staphylococcus aureus (S. aureus), a representative of Gram-positive
bacteria, is a common foodborne pathogenic microorganism and is
widely existed in the natural environment [1-3]. Research shows that
S. aureus can cause various diseases, from skin infections to illnesses
endangering human health, including meningitis, impetigos, conjunc-
tivitis, parotitis and so on [4]. Over the past few years, there have been
many reports of foodborne infections caused by the ingestion of
enterotoxin produced by S. aureus [5]. More seriously, even low doses of
pathogenic bacteria may spread to tissues or organs, and thus lead to
excessive tissue damage [6,7]. Hence, it is of great significance to
develop a quick, sensitive, and rapid efficient technique for S. aureus
detection. Unfortunately, most studies have only focused on the con-
struction of the single-function biological system for either detection or
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killing of S. aureus so far [8]. Few studies have been devoted to
combining selective detection and inactivation of S. aureus to avoid
poisoning and infection of S. aureus and ensure food safety to the utmost
extent.

To date, a considerable number of researches have been devoted to
the accurate detection of S. aureus and methods mainly include bacterial
culture method, ELISA, ICS and PCR [9]. Although these methods have
their own advantages, they have their respective limitations. For
example, bacterial culture procedure has the advantages of simple
operation, relatively low-cost, and it can be applied to quantitatively
detect S. aureus. However, it is complicated and time-consuming, which
is not suitable for the emergency events of public health [10,11].
Immunological method can achieve the real-time detection of S. aureus
conveniently and provide test results in a short time, but it cannot obtain
the expected forecasting accuracy due to low sensitivity [12]. By
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comparison, although PCR is a highly sensitive and easy to operate
technique, PCR-based technique needs tedious sample pre-treatment
steps and qualified and trained laboratory personnel [13].

Recently, surface-enhanced Raman scattering (SERS) is regarded as a
promising method for pathogen bacterial identification and detection
because of various advantages of simple operation, on-site convenience,
time-saving, super-sensitivity and non-destructiveness [14-16]. SERS
can enhance Raman scattering signal intensity by molecules absorbed on
rough metal surfaces [17]. It is widely believed that the two enhance-
ment mechanisms of SERS are electromagnetic enhancement (EM) and
chemical enhancement (CE) [18]. The enhancement of the former
mainly comes from the localized surface plasmon resonance (LSPR) of
noble metal nanostructures, which is widely regarded as the dominant
factor for SERS, while the latter is derived from the charge transfer (CT)
between the adsorbates and substrates [19]. In general, SERS-based
detection of bacteria mainly consists of two approaches [20]. One is to
detect bacteria indirectly by achieving the SERS signals of reporter
molecules absorbed on the surfaces of bacteria. For instance, Zhang et al.
designed a SERS biosensor with sandwich structure and realized the
quantitative detection of S. aureus indirectly [21]. Zhang et al. proposed
and constructed a dual-recognition SERS biosensor, and DTNB and
4-MBA were chosen as Raman reporter molecules to simultaneously
detect two pathogens [22]. Despite high sensitivity and low detection
limit, an indirect SERS detection of bacteria method only provides
fingerprint vibrational information of Raman reporter molecules instead
of the target bacteria, which is hard to accomplish the goal of high
selectivity in bacteria distinction. By contrast, the other label-free SERS
approach can obtain the inherent SERS fingerprint of bacteria and can
discriminate different bacteria from biological matrix [23]. For instance,
Chen and co-workers presented a SERS method that uses Ag nano-
particles (NPs) with positive charge to directly discern
methicillin-resistant S. aureus [24].

There is no denying that the design and construction of a highly
sensitive and recyclable SERS substrate is essential to obtain high SERS
performance and promote the practical application of SERS biosensors.
The noble metals, such as Ag and Au, are commonly used SERS sub-
strates because of their characteristic plasmonic properties [25]. How-
ever, Ag substrates are easily oxidized and the bactericidal properties of
Ag NPs can result in undesirable effects such as DNA denaturation,
which are adverse to applications of SERS for detection in biological and
biomedical fields [26]. Contrary to Ag NPs, the Au-based SERS sub-
strates exhibit high stability and biocompatibility, which determine that
Au NPs are more promising SERS-active substrates. More importantly,
Au NPs can serve as near-infrared (NIR) hyperthermia agents in pho-
tothermal therapy (PTT) due to LSPR characteristic and facile surface
functionalization [27-29]. PTT is a novel noninvasive therapeutic
method by converting NIR laser energy into heat, which can induce a
local temperature increase and thus reaching the goal of eradicating
targeted cancer cells or bacteria [30-32]. The combination of PTT with
SERS technology is extremely important to build novel theranostic
platforms with precise localization and monitor of therapeutic response
[33]. Although Au NPs show a high photothermal conversion efficiency,
the high price of Au NPs has seriously hampered the promotion and
applications of PTT. The combination of magnetic oxides, especially
superparamagnetic FesO4 NPs, and noble metals in core-shell nano-
composites (NCs) has been proved to be a valid way to overcome
shortcomings [34]. Interestingly, the existence of superparamagnetic
Fe304 NPs not only can make Au NPs recyclable, but also can aggregate
readily the target bacteria from complex systems by an external mag-
netic field to reduce testing time [22,35,36]. For example, 3D
Fe304@Au NCs were assembled successfully and used for photothermal
ablation and SERS detection of microorganisms [37].

Selective recognition ability is another important index to evaluate
the performance of SERS aptasensor. Antibodies are the most commonly
bio-recognition molecules due to high sensitivity and specificity, but
high production cost and poor stability severely restrict their
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widespread applications [38]. Aptamers (Apt) are artificial
single-stranded (DNA or RNA) oligonucleotide sequences chemically
synthesized in vitro, which have considerable advantages over anti-
bodies as recognition elements [17,39,40]. On one hand, aptamers can
be produced by simple, fast and economic preparation way and can rival
conventional antibodies in sensitivity [41]. On the other hand, aptamers
are more stable than antibodies and are less affected by issues such as
temperature and pH value. Additionally, aptamers with high specificity
can be flexibly modified with various functional groups with high af-
finity to bind to the target [42]. Extensive research has been devoted to
recognizing pathogenic bacteria by SERS substrates conjugated with
aptamers and aptamers are considered as innovative alternatives to
antibodies for selective recognition of bacteria [43]. However, accord-
ing to our understanding, there are no reports on the utilization of Fe304
@Au-Apt NCs for selective detection and killing of S. aureus.

Herein, we proposed and prepared a novel Apt-conjugated
Fe3O4@Au nanoprobe that realized the integration of selective cap-
ture, sensitive SERS detection and NIR-mediated PTT of S. aureus in
complex matrices. Multifunctional aptasensor consisted of magnetic
Fe304 core and Au shell, and then was functionalized with aptamer as
specific recognition moiety for target S. aureus. By recording SERS signal
intensities of 4-MBA at different concentrations, the SERS enhancement
mechanism of Fe304@Au NCs was discussed. After modification with
aptamer, the ability of Fe304@Au-Apt aptasensor to capture and enrich
S. aureus from the solution was studied. After optimizing the experi-
mental parameters including the concentration of aptamer, the incu-
bation time between the aptamer and Fe3O4@Au NCs and the
incubation time between the S. aureus and FesO4@Au-Apt aptasensor,
the successfully obtained Fe304@Au-Apt NCs could be applied to ach-
ieve rapid, ultra-sensitive and specific SERS detection and photothermal
inactivation of S. aureus under NIR light irradiation. Additionally,
Fe304@Au-Apt NCs could realize the integration of SERS detection and
killing of S. aureus in milk samples. Our work not only further reveals the
SERS enhancement and photothermal conversion mechanism of
Fe304@Au-Apt NCs, but also presents a wide variety of possibilities for
applications in selective detection and inactivation of bacteria in com-
plex matrices.

2. Materials and methods

The chemicals, biochemicals and instruments are presented in the
Supporting Information.

2.1. Preparation of Fe304,@Au-Apt NCs

The preparation procedures of Au NPs, Fe3sO4 NPs and Au immobi-
lized on PEI-DTC modified Fe3O4 (Fe304@Au NCs) were described in the
Supporting Information. Fe304@Au-Apt NCs were fabricated as follows,
as present in Scheme 1(A). The thiolated aptamer (SH-Apt) needed to be
activated by TCEP solution. Specifically, 10 pL of SH-Apt with different
concentrations (10’3-10’8 M) was mixed with 1 mM TCEP solution.
After 1 h, the activated SH-Apt was mixed with 1 mg of Fe304@Au NCs
and the mixture was incubated at 37 °C with gentle shaking by ther-
mostatic oscillator for different times (8, 16, 24, 32, 40 and 48 h). After
that, the mixture was soaked in 100 mM NacCl solution for 48 h. Finally,
products were washed with PBS buffer under manual shaking.

2.2. SH-Apt modified Fes04@Au NCs for SERS detection of S. aureus

The preparation of S. aureus samples was shown in the Supporting
Information. S. aureus with concentration of 107 cfu/mL was incubated
with SERS aptasensor for different time (5, 25 and 45 min) at temper-
ature of 37 °C with shaking by thermostatic oscillator for S. aureus
detection. After magnetic separation, FesO4@Au-Apt-S. aureus complex
was washed at least five times and resuspended in 5 pL of PBS buffer.
Finally, products were dropped onto a glass slide for SERS detection.
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Scheme 1. (A) Synthetic route for Fe304,@Au-Apt NCs and schematic diagram of (B) SERS detection and (C) NIR-triggered PTT for S. aureus.

Subsequently, S. aureus with different concentrations (102107 cfu/mL)
was incubated with SERS aptasensor for 25 min. The same procedure
was carried out for S. aureus SERS detection.

2.3. Specificity analysis of SERS aptasensor and real sample analysis

For evaluating the specificity of the prepared SERS aptasensor, other
samples including Escherichia coli, Bacillus cereus, Vibrio para-
haemolyticus, Salmonella typhimurium and Shigella dysenteriae were
selected as interferences in this experiment. Bacterial concentration was
set to 107 cfu/mL for SERS detection. In general, after the milk in su-
permarket is treated at ultra-high temperature (UHT) or industrial
sterilization, S. aureus with low heat-resistance in the milk can be
inactivated. However, the breakage of packages during the trans-
portation can lead to the contamination of milk and cause the breeding
of bacteria. Milk purchased from Tmall supermarket was chosen as the
actual sample for S. aureus detection.

2.4. Photothermal conversion performance of SH-Apt modified
FesO4@Au NCs

SH-Apt modified Fe304@Au NCs with different concentrations (50,
150, 200, 300 pg/mL) were placed in the 96-well plates and irradiated
with 808 nm laser (1.5 W cm_z, facula 10 mm) for 5 min, and then
cooled naturally. The temperature of water irradiated by 808 nm laser
was measured as control. The solution temperature was recorded every
30 s by using an infrared thermal imaging camera.

2.5. NIR PTT of S. aureus in milk samples

For evaluating the photothermal effect of synthesized Fes04@Au-
Apt NCs in practical application, Fes04@Au-Apt NCs were used to
inactivate bacteria in milk samples. 20 pg of SH-Apt modified
Fe304@Au NCs was added to 150 pL of milk samples spiked with

S. aureus (10° cfu/mL). After being incubated for 25 min and irradiated
by 808 nm laser for 5 min, photothermal effect of Fe304@Au-Apt NCs
for killing S. aureus was studied by the Calcein-AM/PI double staining
kit, in which live bacteria emitted the green fluorescence and dead
bacteria appeared red fluorescence based on the principle of dye
exclusion [44]. All the fluorescence images were obtained using
MicroSpec System. Furthermore, 150 pL of the complex solution was
evenly spread on the LB agar plate and incubated at 37 °C for 24 h. The
number of colonies on LB agar plate was convenient for direct obser-
vation of surviving bacteria. Three sets of parallel experiments,
including S. aureus in milk samples with or without laser treatment and
S. aureus in milk samples incubated with Fe3O4@Au-Apt NCs treatment
only, were performed as control groups.

3. Results and discussion

3.1. Operating Principle of SERS aptasensor for the detection of S. aureus
based on Fe3O4@Au-Apt NCs

Scheme 1(B) shows the operating principle of Fe3O4@Au NCs
immobilized with aptamer for direct SERS detection of S. aureus. Firstly,
SH-Apt was modified on surfaces of Fe304@Au NCs through Au-S bond
and then Fe304@Au-Apt NCs were added to solutions with multiple
bacteria to identify S. aureus. S. aureus could be selectively captured by
Fe304@Au-Apt NCs owing to the specific recognition of aptamer. Sec-
ondly, FegO4@Au-Apt-S. aureus complex was separated with a magnetic
field. After being rinsed with PBS buffer, FesO4@Au-Apt-S. aureus
complex was dropped on the glass slide for SERS detection of S. aureus.
Finally, the target S. aureus in the sample can be quantified by the
proportional relationship between logarithm of bacteria concentration
and SERS intensity.
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3.2. Structure and magnetic properties of FesO4@Au NCs

Morphology of Fe3O4 NPs, Fe3O4-Au NCs and Fe304@Au NCs was
tested by SEM, as shown in Fig. 1(A). Fig. 1A (a) shows that Fe304 NPs
with a narrow size distribution are truncated octahedral in shape and the
average size is about 70 nm. Au NPs with a diameter of 6 nm are
distributed randomly onto the surfaces of Fe3O4 NPs, as presented in
Fig. 1A (b). Due to the further reduction of Au®" ions around nucleation
sites, Au shell is formed on surfaces of Fe3O4 NPs and the average
crystallite size increases to 80 nm (Fig. 1A (c)). EDS spectra in Fig. S1
shows that Fe304@Au NCs consist of O, Fe and Au elements and SEM-
EDS elemental mapping analysis in the inset of Fig. 1A (c) confirms
Au NPs are evenly distributed on surfaces of Fe304 NPs. Additionally,
XRD patterns in Fig. 1(B) shows typical diffraction peaks of FesO4 at 20
values of 30.1, 35.4, 43.0, 53.4, 56.9, and 62.5° are ascribed to (220),
(311), (400), (422), (511) and (440) crystalline planes of Fe304 (JCPDS
19-0629) [45]. After Au shell is grown over the surfaces of Fe3O4 NPs,
four new XRD peaks are observed at 20 = 38.2, 44.4, 64.5 and 77.5°,
corresponding to diffractions from (111), (200), (220), and (311) of Au
(JCPDS 04-0784) [46]. It can be found that the diffraction peak intensity
of Fe30y is significantly reduced and almost disappears, which indicates
indirectly the formation of Au shell on surfaces of Fe3O4 NPs. Optical
properties of Fe304 NPs, Au NPs and Fe3O4@Au NCs were studied by
UV-Vis spectra presented in Fig. 1(C). As for Fe3O4 NPs, it can be
observed that a broad spectrum spans a wide wavelength range, which
can be attributed to the appearance of the black powder [47]. Au NPs
show a characteristic LSPR peak centered at 520 nm, and full width at
half maximum of ~59 nm indicates Au NPs have narrow size distribu-
tion. Compared with Au NPs, LSPR peak of Fe304@Au NCs presents a
significant red shift from 520 to 610 nm due to the altered dielectric
environment of the plasmonic nanosurface, which indicates the forma-
tion of the Au shell on surfaces of Fe304 NPs [48]. In addition, the small
shoulder at 400 nm is probably due to the uncapped Fe3O4 NPs [49].
Fig. 1(D) records the hysteresis loops of Fe304 NPs and Fe3O4@Au NCs,
and the saturation magnetization (Ms) is 68 and 46 emu-g’l,
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respectively. Although the diamagnetism of Au shell reduces the Ms
value, Fe304@Au NCs remain have good magnetic response and can be
quickly separated by a magnet. Furthermore, Fe304@Au NCs are satu-
rated at a low magnetic field, and the M-H loop is almost flat above the
saturated magnetic field, manifesting that they are suitable for potential
applications in the biomedical field.

3.3. SERS activity and mechanism of Fe304,@Au NCs

4-MBA, a probe molecule with stable and strong SERS signals, was
used to investigate the SERS effect of Fes04@Au NCs [50]. Detailed
detection procedure is as follows. Fe304@Au NCs were mixed with
4-MBA with different concentrations (10~ to 107 M) for 3 h to allow
the 4-MBA molecules to adhere to the surfaces. Then, Fe304@Au NCs
were collected with the help of a magnet and used for the SERS detec-
tion. The characteristic peak of 4-MBA at 1588 cm™! was chosen to
determine the linear relationship between concentration and SERS in-
tensity, as shown in Fig. S2(A). The error bars in the inset of Fig. S2(B)
represent the standard deviation from five independent SERS measure-
ments. It can be seen that the 4-MBA solution with the concentration of
107° M still has a significant SERS signal, which is even better than
results of other previous reports [51-53]. The high SERS performance of
Fe304@Au NCs may be attributed to the following combination of fac-
tors. Firstly, the choice of laser excitation wavelength is an important
parameter for achieving high SERS sensitivity. In our experiment,
633 nm laser line was used to excited Fe304@Au NCs, which is close to
LSPR peak of Fe304@Au NCs and thus leads to the enhancement of LSPR
effect. Secondly, surface roughness can boost the density of SERS hot
spot of SERS-active substrates. The relatively high roughness on the
surfaces of FesO4@Au NCs can be observed from SEM image resulting in
the amplification of SERS intensity of 4-MBA on Fe304@Au NCs [54].
Thirdly, because FesO4@Au NCs are superparamagnetic, they are easily
aggregated under external magnetic field and are likely to give rise to
the formation of “sandwich” effect. In the “sandwich” effect, a probe
molecule can be trapped by two or more adjacent SERS substrate NPs,
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Fig. 1. (A) SEM images of (a) Fe304 NPs, (b) Fe304-Au NCs, (c) SEM images and EDS elemental mapping images of Fe;0,@Au NCs, (B) XRD patterns, (C) UV-Vis

spectrum, (D) Magnetic hysteresis curves of Fe304 NPs and Fez04@Au NCs.
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which may contribute to the increase of SERS signals [49]. In addition, it
can also be found that FesO4@Au NCs show the stronger SERS
enhancement effect than Au NPs, as shown in Fig. S2(C). Au NPs are
prone to agglomerate because of the high surface area, which inevitably
decreases the number of hot spots [55,56]. Immobilization of Au NPs on
surfaces of Fe304 NPs can effectively inhibit the aggregation of Au NPs.
Therefore, it is reasonable that Fe304@Au NCs exhibit enhanced SERS
signals of 4-MBA compared with Au NPs.

3.4. Characterization of surface properties of FesO4@Au-Apt NCs

In order to establish a detection platform that can specifically iden-
tify the target, FesO4@Au-Apt NCs were prepared by modifying the
surfaces of Fe304@Au NCs with aptamer. Zeta potentials of Fe3O4 NPs,
Au NPs, Fe304@Au NCs and Fe3O4@Au-Apt NCs were measured, as
presented in Fig. 2(A). Results indicate that Au NPs can be firmly
adsorbed on the surfaces of PEI-DTC-modified FesO4 NCs, as demon-
strated by the change of zeta potential value from + 25.8 eV of Fe304
NPs to — 23.9 eV of Fe304@Au NCs [57]. After Fe304@Au NCs are
further functionalized with negatively charged aptamer through Au-S
covalent bond, and zeta potential value of Fe3O4@Au-Apt NCs further
reduces to — 32.2 eV, which confirms the formation of Fe304@Au-Apt
NCs [58]. The surface charge changes during the process can verify the
formation of NCs. FTIR and UV-Vis absorption spectroscopy were also
performed the successful modification Fe304@Au NCs with aptamer. As
seen in Fig. 2(B), after reacting with aptamer, new peaks appear. Peaks
located at 1090 cm™! and 1236 cm™! are attributed to the symmetric
and antisymmetric stretching vibrations of -PO, groups of aptamer,
while the peak at 2850 cm ™ can be ascribed to -CHj, groups in aptamer
[59,60]. UV-Vis absorption spectroscopy in Fig. 2(C) shows that a
typical absorption peak of aptamer at 260 nm is observed after modi-
fying aptamer on the surfaces of which can be designated to C=C-C=C
conjugated double bond of purine and pyrimidine base [61]. At the same
time, the absorption spectra of aptamer solution before and after

(A) +25.8 mV

-44.5 mV Au

-23.9 mV Fe;0,@Au

-32.2mV Fe;0,@Au-Apt

(B)

Zeta potential (mV)
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— Fe, 0,@Au-Apt
— Fe,O,@Au

Absorbance (a.u.)
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Wavelength (nm)
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combining with Fe3O4@Au NCs are shown in Fig. S3. After aptamer was
conjugated to FesO4@Au NCs, the supernatant solution was collected by
centrifugation and then tested. The results show that compared with the
solution before reaction, the intensity of absorption band at 260 nm is
markedly decreased. Therefore, all these phenomena indicate that the
aptamer is immobilized on the surfaces of Feg04@Au NCs successfully.
Fig. 2(D) shows the photograph of Fe3s04@Au (a) and Fe3O4@Au-Apt
NCs (b) dispersed in the solution before and after magnet separation.
Both of them can be separated from the solution in 15 s with an external
magnet. Besides, 4-MBA was used to compare the SERS signal absorbed
on surfaces of Fe3O4@Au-Apt NCs and FegO4@Au NCs under the same
conditions. The intensity of SERS signals of 4-MBA is almost identical, as
displayed in Fig. S4. It can be confirmed from the result that aptamer has
almost no effect on magnetic properties and SERS sensitivity of
Fe3O4@Au NCs.

3.5. Capability of FesO4@Au-Apt NCs to capture S. aureus

The following experiment was performed to evaluate the ability of
FesO4@Au-Apt NCs to capture S. aureus. 100 pL (0.1 mg/mL) of
Fe304@Au-Apt NCs was added to 50 pL of S. aureus (107 cfu/mL) sus-
pensions in PBS buffer. After incubation for 25 min, Fe304@Au-Apt-
S. aureus complex was enriched by using a magnet and supernatant so-
lution was maintained. Subsequently, Supernatant after dilution in
equal proportion was coated on LB agar plate by spread plate coating
method and incubated overnight at 37 °C. The same experimental pro-
cedure was carried out on Fe304@Au NCs for comparison. The photo-
graphs of the LB agar plates in Fig. S5(A) indicate that most of S. aureus
are captured by FesO4@Au-Apt NCs. The capture effect can also be
evaluated by calculating the cell capture efficiency (CCE). As depicted in
Fig. S5(B), ODggo values of the S. aureus solution and supernatant so-
lution after being incubated with Fe3O4@Au NCs and Fe3O4@Au-Apt
NCs are 0.6, 0.53 and 0.19, respectively. The cell capture efficiency is
calculated based on formula (CCE [%] = 100%l[a-b]/a), a and b

Fe,0,@Au-Apt

w“

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm )

—

(a ] bNSSTN a | b

| s

Magnet "
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Fig. 2. (A) Zeta potential values of Fe304 NPs, Au NPs, Fe304@Au NCs and Fe304@Au-Apt NCs, (B) FTIR, (C) UV-Vis spectra and (D) magnetic separation test of (a)

Fe304@Au NCs and (b) Fe;0,@Au-Apt NCs.
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represent ODgoo value before and after magnetic separation, respec-
tively [62]. Result shows that the CCE of Fe3O4@Au-Apt NCs is as high
as 68% and is greater than that of Fe3O4@Au NCs, indicating that
Fe3O4@Au-Apt NCs exhibit extraordinary ability to capture S. aureus.
The binding ability of Fe3O4@Au-Apt aptasensor to S. aureus was also
studied by SEM, and the pretreatment process of samples before SEM
analysis was presented in the Supporting Information. The SEM image of
S. aureus is shown in Fig. 3(A), and the size of S. aureus is about 1 ym.
The image in Fig. 3(B) shows Fe3O4@Au-Apt NCs are well dispersed on
the surfaces of S. aureus, indicating that Fe304@Au-Apt NCs have the
strong binding force to S. aureus. The inset of Fig. 3(B) shows the model
of Fe3O4@Au-Apt-S. aureus complex. SEM-EDS spectrum and EDS
elemental mapping images of Fe304@Au-Apt-S. aureus complex in Fig. 3
(C) and (D) display the element composition and distribution in the
Fe304@Au-Apt-S. aureus complex. It can be seen that except for Au, O,
Fe elements belonging to FesO4@Au NCs, the principal elements of
aptamer including C, N and P are evenly distributed on surfaces of
Fe304@Au NCs [63].

3.6. Optimization of FesO4@Au-Apt aptasensor and S. aureus SERS
detection

To establish an optimal aptasensor, the experimental parameters
including the concentration of aptamer, the incubation time between the
aptamer and Fe3O4@Au NCs and the incubation time between the target
bacteria and Fe3O4@Au-Apt aptasensor were optimized. The SERS
spectrum of S. aureus based on Fe3O4@Au-Apt aptasensor was recorded
by the Raman spectrometer present in Fig. S6. Three characteristic
Raman peaks of S. aureus are observed at 1007, 1158 and 1525 em™?,
where the peak at 1007 cm ™ is attributed to phenylalanine, and other
peaks at 1158 and 1525 ecm ™! are ascribed to C-C stretch vibration and
C—C stretch vibration from p-carotene, respectively [64,65]. Notably,
the absence of SERS peak at 735 cm ™! is related to respiration pattern of
the adenine ring, indicating that the native DNA rather than denatured
DNA contributes to spectra [66]. The intensity of strongest Raman peak
at 1525 cm™! was chosen as reference to optimize experimental pa-
rameters. Fig. 4(A) shows that the SERS intensity at 1525 cm ! increases
when the concentration of aptamer increases from 10~ M to 10™* M. As
aptamer concentration further increases to 103 M, the signal intensity
maintains steady, suggesting that the amount of aptamer (10~* M) on
surfaces of Fe3O4@Au NCs reaches saturation and 10~* M can be
identified as the optimal concentration of aptamer. On the basis of above
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experiments, the effect of incubation time on SERS signal intensities of
S. aureus was also investigated, as presented in Fig. 4(B). As the incu-
bation time increased from 8 to 48 h, SERS intensity of S. aureus at
1525 cm ™! increases first, and then decreases and reaches maximum at
24 h. A possible explanation is that the aptamer cannot be immobilized
adequately on surfaces of Fe3O4@Au NCs within a short incubation
time, but the prolonged incubation time can lead to the disconnection of
aptamer molecules from surfaces of Fe304@Au NCs. Therefore, the
optimal incubation time between aptamer and Fe304@Au NCs in this
experiment is 24 h. Moreover, the incubation time between S. aureus
and FegO4@Au-Apt aptasensor was also optimized. It is found from
Fig. S7 that when the incubation time is too long or too short, it is not
conducive to enhancing the SERS signal of S. aureus. Accordingly,
25 min was regarded as the best incubation time to detect S. aureus.
Under optimal conditions, SERS spectra of S. aureus with different
concentrations ranging from 102 to 107 cfu/mL were obtained depicted
in Fig. 4(C). Fe304@Au-Apt aptasensor can detect S. aureus as low as 102
cfu/mL. For making a quantitative SERS analysis on S. aureus, the cor-
responding plot of the SERS intensity and logarithmic concentration of
S. aureus at 1525 cm ™! were fitted. A good linear relationship between
SERS intensity and the logarithm of concentration of S. aureus can be
observed in Fig. 4(D). The linear regression equation is expressed as
y = 235.15x + 171.87 with corresponding correlation coefficient (R?) of
0.997. Subsequently, we performed SERS detection on low concentra-
tions of S. aureus (15, 25, 35, 45, 55 and 65 cfu/mL) shown in Fig. S8. It
can be found that even at a concentration of 25 cfu/mL, the SERS in-
tensity of S. aureus is still higher than threshold. Therefore, the limit of
detection (LOD) for S. aureus can be as low as 25 cfu/mL. The threshold
value is calculated by adding three times the standard deviation of blank
sample to average intensity [50]. A comparison of results with the re-
ported literature is displayed in Table 1, which discloses that our pro-
posed label-free Fe304@Au-Apt aptasensor possesses the superiority of
high sensitivity, time saving and simple operation.

3.7. Evaluation of selectivity, stability of FesO4@Au-Apt aptasensor and
practical application

The specificity of the Fe304@Au-Apt aptasensor for S. aureus SERS
detection is investigated. Several Gram-positive and Gram-negative
bacteria including Escherichia coli, Bacillus cereus, Vibrio para-
haemolyticus, Salmonella typhimurium and Shigella dysenteriae were
selected as the interfering substances and the concentration of all the
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Fig. 3. (A) SEM images of S. aureus, (B) SEM images of Fe304@Au-Apt-S. aureus complex, (C) SEM-EDS spectrum and (D) EDS elemental mapping images of

Fe304@Au-Apt-S. aureus complex (C, O, N, P, Au, and Fe).
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Fig. 4. SERS signal intensities of S. aureus at 1525 cm ! based on Fe304@Au-Apt NCs at different (A) concentrations of aptamer and (B) incubation time, (C) SERS
spectra with different concentrations of S. aureus from 102 to 107 cfu/mL and (D) the corresponding plot of SERS intensity and logarithmic concentration of S. aureus
at 1525 cm ™. The error bars represent the standard deviations from three measurements.

Table 1
Overall performance of Fe30,@Au-Apt aptasensor compared with other reports.
Detection method/ LOD Signal reporter Total Reference
recognition (cfu/ time
element mL)
SERS/boric acid 100 Silicon wafer decorated 20 min [67]
with AgNPs/4-MPBA
SERS/Apt 35 Au@DTNB 70 min [21]
SERS/AMP 10 Au@Ag-GO/4-MPBA over [68]
16h
Fluorescence 20 multicolor lanthanide- over [69]
bioassays/Apt doped time-resolved 40 min
fluorescence NPs
SERS/Apt 25 Label-free 30 min this work

bacterial samples was set as 10’ cfu/mL. Fig. 5(A) shows that as
compared with other bacterial samples, SERS signal intensity of S. aureus
is higher. On the basis of this finding, it can be concluded that the
Fe304@Au-Apt aptasensor has a strong ability to discriminate and bind
the target molecules (S. aureus). The stability of the Fes04@Au-Apt
aptasensor was demonstrated based on the reproducibility of SERS
signal. Fe3O4@Au-Apt NCs were stored for 12 days and S. aureus was
detected under same conditions every 3 days. The SERS intensity of
S. aureus on the Fe3O4@Au-Apt NCs still maintains almost unchanged
within 12 days as depicted in Fig. 5(B), manifesting the excellent sta-
bility of the proposed SERS aptasensor. The reproducibility and uni-
formity of the SERS signal on the Fe3O;@Au-Apt NCs were also
investigated. In order to obtain the SERS spectrum of S. aureus (10° cfu/
mL), 10 locations were randomly selected from the same batch of Fe3O4
@Au-Apt NCs. As can be seen in Fig. S9(A) and (B), it is no significant

change in the shape and characteristic peak intensity of all SERS spectra,
and the relative standard deviation (RSD) is about 7.8%. Subsequently,
the intensities of the SERS peak of S. aureus at 1525 cm ™! measured on
different batches of Fe304@Au-Apt NCs were studied in Fig. S9(C), and
the RSD was calculated to be 8.7%. Furthermore, in order to assess the
practicality, Fe3O4@Au-Apt aptasensor was used to detect S. aureus in
real food samples. S. aureus with different concentrations (about 102,
103, and 10* cfu/mL) were spiked with three portions of milk samples,
respectively. After FesO4@Au-Apt NCs were reacted with the milk
samples for 25 min, the complex was separated with magnet and washed
for 5 times. Finally, Fe304@Au-Apt-S. aureus complex was transferred to
a glass slide for SERS measurement. Detailed process of SERS detection
in milk samples is exhibited in Fig. S10(A). Fig. S10(B) shows the pho-
tographs and SERS signals of S. aureus in milk samples. Both SERS
method and the classic plate counting method were used to evaluate the
number of S. aureus. Results in Table S1 indicate that the number of
S. aureus is almost same by the two methods, which demonstrates the
universal applicability and accuracy of Fe3O04@Au-Apt aptasensor to
detect S. aureus in real samples.

3.8. Evaluation of in vitro photothermal conversion effect of Fes04@Au-
Apt aptasensor

The elimination of bacteria at an early stage is the key to inhibiting
the further growth and reproduction of bacteria. Given that FesO4@Au-
Apt NCs exhibit strong plasmon resonance absorption in short-
wavelength NIR region (Fig. 2(C)) and thus possess potential photo-
thermal conversion characteristics, the photothermal performance of
Fe304@Au-Apt NCs was tested by 808 nm laser (1.5 W cm2) [70]. As
depicted in Fig. 6(A), temperature of FesO4@Au-Apt NCs (200 pg/mL)
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Fig. 6. (A) Temperature varied of Fe;04@Au-Apt NCs (200 pg/mL) and water control samples under irradiation for 5 min, (B) heating curves of Fe304,@Au-Apt NCs
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perature profiles of Fe304@Au-Apt NCs with concentration of 200 pg/mL over six laser-on/off cycles.

increases significantly under 808 nm laser irradiation and maintains
stable after 5 min (55.9 °C), while the temperature of water as control
sample has not risen dramatically. The changes in temperature make us
conclude that Fe304@Au-Apt NCs can convert 808 nm laser energy into
heat energy quickly and effectively. The reason is that the free electrons
of plasmonic Au NPs on surfaces of Fe304@Au-Apt NCs can undergo
coherent oscillation under laser excitation. The amplitude of the oscil-
lation will reach a maximum when the frequency of light is equal to the
vibration frequency of the atom [71]. The generated energy is converted
to heat through the light oscillation of the oscillating electrons and
transferred to the Fe3O4@Au-Apt NCs through the electron-phonon
relaxation [72]. The heat released from FegO4@Au-Apt NCs generated
by phonon-phonon reaction increases the ambient temperature. In
addition, this was demonstrated in a number of studies that the

photothermal behavior was closely related to the concentration of
plasmonic metal NCs. Fig. 6(B) presents that temperature increases with
the increased concentration of Fe304@Au-Apt NCs. When the concen-
tration of Fe304@Au-Apt NCs is 300 pg/mL, the temperature increases
to 64.8 °C after 5 min. It has been proved that the temperature above
50 °C can result in the death of bacteria [73,74]. However, excessive
temperatures (> 60 °C) may cause significant toxicity to healthy tissues
[75]. Therefore, 200 pg/mL of Fe3O4@Au-Apt NCs is chosen as the
preferred concentration in the next experiments because it can effec-
tively kill bacteria and minimize damage to normal tissues. The photo-
thermal conversion efficiency (1) of Fe304@Au-Apt NCs was calculated
on the previous methods, and the 5 value was estimated by the following
Eq. (1): [76,771.



W. Zhao et al.

hS(Tnax — Tyurr) — Obpis

I(1—10-4) )

n=

where I is incident energy of 808 nm laser and A, is the absorbance of
Fe3O4@Au-Apt NCs at 808 nm. Then, hS can be calculated by Eq. (2),
and m and Cp are the mass (0.4 g) and heat capacity (4.2 J g’l) of water,
respectively.

ps = =G

T

(2)

Ts, an unknown value can be obtained by following equations. First, a

dimensionless quantity 6 needs to be defined, corresponding to Eq. (3).
T-— T:w‘r

9 B Tm(m - T.mrr (3)

T, Tsurr and T max represent the solution temperature, the ambient
temperature (25.1 °C) and the equilibrium temperature after 5 min
irradiation (55.9 °C), respectively. The time constant z; can be deter-
mined by linear fitting using the cooling time of the natural cooling stage
(between 300 s and 600 s) and the negative natural logarithm of 6 ac-
cording to Egs. (4) and (5). As plotted in Fig. 6(C), the slope value is 7
and the 75 and hS is 193.50 s and 8.7 mW/ °C, respectively.

T — Ty

t= —gln—— 4
[ “

t= —1,In0 5)

In this work, Iis 1.17 W (1.5 W cm’z, spot diameter = 10 mm) and
Agog is 0.38. Qpjs is the heat dissipation in the light absorption of 96-well
plate and it is so small that it can be ignored. Finally, after substituting
all parameter values into Eq. (1), the n of Fe304@Au-Apt NCs is calcu-
lated to be 39.28%, which is higher than that in the previous reports
[78-80]. The real-time photothermal images of Au NPs and
Fe3O4@Au-Apt NCs after 808 nm laser irradiation with intervals of 30 s
were present in Fig. S11(A). n value of Au NPs was also calculated in the
Supporting  Information  (Fig. S11(B)). The temperature of
Fe3O4@Au-Apt NCs increased by 30.8 °C within 5 min, which is much
higher than Au NPs (7.9 °C). The n value of Fe3sOs@Au-Apt NCs
(39.28%) is higher than Au NPs (12.9%). This may attribute to the
strong absorption of NIR light caused by the LSPR of Au shell in the NIR
region [81,82]. The photothermal stability of the Fe30,@Au-Apt NCs
was also investigated, as presented in Fig. 6(D). After six cycles, the
highest temperature of solution containing Fe3O4@Au-Apt NCs only
drops by 0.3 °C. These results prove that Fe304@Au-Apt NCs have high
photothermal conversion efficiency and possess excellent photothermal
stability.

(@ : (b).\‘f
-Laser

+Laser

-nanoprobe + nanoprobe
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3.9. Invitro NIR PTT of S. aureus by Fe304;@Au-Apt aptasensor

On the basis of the excellent NIR photothermal performance,
Fes04@Au-Apt aptasensor was chosen for in vitro photothermal treat-
ment of S. aureus in milk samples. Process of NIR-triggered PTT for
S. aureus is illustrated in Scheme 1(C). To study the photothermal effect
and cytotoxicity of Fe304@Au-Apt NCs to S. aureus, S. aureus suspen-
sions were divided into four groups: (i) an untreated S. aureus group
(Fig. 7(a) and (e)), (ii) a group treated with NIR laser (808 nm,
1.5 W ecm2) for 5 min to inactivate S. aureus (Fig. 7(b) and (f)), (iii) a
group with Fe304@Au-Apt NCs (Fig. 7(c) and (g)) and (iv) a group with
both Fe304@Au-Apt NCs and NIR laser (Fig. 7(d) and (h)). Live S. aureus
was stained with Calcein-AM dye and generated green fluorescence and
dead S. aureus was stained with PI and produced bright red fluorescence
[83]. When S. aureus is incubated only with Fe304@Au-Apt NCs or is
irradiated only by NIR light, green fluorescence can be observed, indi-
cating that S. aureus is still alive. This result also suggests indirectly that
the cytotoxicity of Fe304@Au-Apt NCs to S. aureus is negligible. In
contrast, the combined effects of Fe304@Au-Apt NCs and NIR irradia-
tion can lead to inactivation of S. aureus owing to the change of color in
fluorescence from green to red. This may be explained by the steriliza-
tion mechanism of PTT. When S. aureus is incubated with
Fe3O4@Au-Apt NCs, the aptamer enables Fe3O4@Au-Apt NCs to spe-
cifically recognize and capture the target bacteria. After being irradiated
by the NIR laser, the local heat generated by Fe304@Au-Apt NCs with
NIR photothermal conversion ability directly acts on the S. aureus, which
may destroy the bacterial membrane, cause the increase in its perme-
ability, denature proteins and enzymes, and eventually lead to dead
S. aureus [75]. Besides, in order to calculate the sterilization rate, the
number of colonies on the agar plate was counted shown in Fig. S12. The
survival numbers of bacteria after four different treatments are 993,
960, 923, and 25 respectively. The sterilization rate of Fe3O4@Au-Apt
NCs combined with laser is as high as 97%, which demonstrates that
Fe304@Au-Apt NCs have great potential in killing bacteria in food.

4. Conclusions

In conclusion, a rapid, sensitive and stable Fe3Os@Au-Apt apta-
sensor has been demonstrated for capture, SERS detection and photo-
thermal killing of S. aureus. SERS enhancement mechanism of
Fe3O4@Au NCs is discussed by using 4-MBA as a probe molecule.
FesO4@Au-Apt aptasensor has outstanding ability (68%) to capture
S. aureus after surface modification of Fe304@Au NCs with nucleic acid
aptamer. By recording the SERS intensity of different aptamer concen-
trations and incubation time, we can get the optimal FesO4@Au-Apt
aptasensor (10~* M for aptamer, 24 h for incubation time between
aptamer and Fe304@Au NCs and 25 min for incubation time between

Fig. 7. Live and dead fluorescence images (left) and photographs of the colony numbers (right) after processing S. aureus in milk samples treated with (a, ) none, (b,
f) only Fe304@Au-Apt NCs, (c, g) only NIR laser and (d, h) both Fe;0,@Au-Apt NCs and NIR laser.
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target bacteria and aptasensor). A good linear relationship is found be-
tween SERS intensity and logarithm of S. aureus concentration between
102 to 107 cfu/mL (y = 235.15x + 171.87, R2 =0.997), and the LOD for
S. aureus is 25 cfu/mL. Compared with other reported methods, the
developed Fe3O4@Au-Apt aptasensor has the advantages of simplicity,
sensitivity, and short analysis time (only 30 min). Fe3O4@Au-Apt
aptasensor exhibits high photothermal conversion efficiency (39.28%)
during the photothermal treatment process, thereby achieving effective
killing of S. aureus. In addition, Fe3O4@Au-Apt aptasensor can detect
and kill S. aureus in milk samples and shows high biocompatibility and
negligible cytotoxicity under NIR irradiation, which confirms that it can
be used for detecting and inactivating bacteria in food samples. This
work not only provides a new avenue to develop multifunctional apta-
sensors in capture, sensitive detection and treatment of pathogen, but
also provides a potential platform in a wide variety of applications in
clinical treatment and diagnosis.
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