
© 2018 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2018:13 1159–1178

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
1159

O r I g I N a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/IJN.S150336

Combined use of vancomycin-modified Ag-coated 
magnetic nanoparticles and secondary enhanced 
nanoparticles for rapid surface-enhanced Raman 
scattering detection of bacteria

Chongwen Wang1,2,*
Bing Gu3,4,*
Qiqi liu1,*
Yuanfeng Pang2,5

rui Xiao1

Shengqi Wang1–3

1Beijing Key Laboratory of New 
Molecular Diagnosis Technologies 
for Infectious Diseases, Beijing 
Institute of radiation Medicine, 
Beijing, People’s Republic of China; 
2College of Life Sciences and Bio-
Engineering, Beijing University of 
Technology, Beijing, People’s Republic 
of China; 3Medical Technology 
School, Xuzhou Medical University, 
Xuzhou, People’s Republic of China; 
4Department of laboratory Medicine, 
Affiliated Hospital of Xuzhou Medical 
University, Xuzhou, People’s Republic 
of China; 5Department of Toxicology, 
Capital Medical University, Beijing, 
People’s Republic of China

*These authors contributed equally 
to this work

Background: Pathogenic bacteria have always been a significant threat to human health. The 

detection of pathogens needs to be rapid, accurate, and convenient.

Methods: We present a sensitive surface-enhanced Raman scattering (SERS) biosensor based 

on the combination of vancomycin-modified Ag-coated magnetic nanoparticles (Fe
3
O

4
@Ag-

Van MNPs) and Au@Ag nanoparticles (NPs) that can effectively capture and discriminate 

bacterial pathogens from solution. The high-performance Fe
3
O

4
@Ag MNPs were modified 

with vancomycin and used as bacteria capturer for magnetic separation and enrichment. The 

modified MNPS were found to exhibit strong affinity with a broad range of Gram-positive and 

Gram-negative bacteria. After separating and rinsing bacteria, Fe
3
O

4
@Ag-Van MNPs and Au@

Ag NPs were synergistically used to construct a very large number of hot spots on bacteria cells, 

leading to ultrasensitive SERS detection.

Results: The dominant merits of our dual enhanced strategy included high bacterial-capture 

efficiency (65%) within a wide pH range (pH 3.0–11.0), a short assay time (30 min), and a 

low detection limit (5×102 cells/mL). Moreover, the spiked tests show that this method is still 

valid in milk and blood samples. Owing to these capabilities, the combined system enabled 

the sensitive and specific discrimination of different pathogens in complex solution, as veri-

fied by its detection of Gram-positive bacterium Escherichia coli, Gram-positive bacterium 

Staphylococcus aureus, and methicillin-resistant S. aureus.

Conclusion: This method has great potential for field applications in food safety, environmental 

monitoring, and infectious disease diagnosis.

Keywords: surface-enhanced Raman scattering, Fe
3
O

4
@Ag magnetic nanoparticle, Au@Ag 

nanoparticles, vancomycin-modified, rapid bacteria detection

Introduction
The growing prevalence of multidrug-resistant bacterial pathogens has gained 

recognition as a serious public health crisis across the world.1 Besides implementing 

strict hygienic regulations, rapidly and accurately detecting the pathogenic micro-

organism is critical to limit the spread of pathogens and to reduce their antibiotic 

resistance.2,3 The current gold standard methods are conventional culture and antibiotic 

susceptibility testing, which remain the most reliable and inexpensive for microbial 

identification. However, they require 6–24 h to grow and additional dozens of hours 

for confirmation by morphologic and biochemical characterization. Thus, these 

methods are not appropriate for rapid screening of pathogens.4 As an alternative, 
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some molecular-based methods, such as polymerase chain 

reaction,5 chemiluminescence assays,6 DNA sequencing,7 and 

enzyme-linked immunosorbent assays,8 have been developed 

to rapidly detect low concentration of bacteria. These modern 

techniques have been proven to be sensitive and specific, but 

require bulky sophisticated instruments and are of high cost 

and are technologically complex.9,10 Thus, the development 

of fast, low-cost, highly sensitive methods for the detection 

of pathogens is still urgently needed.

Surface-enhanced Raman scattering (SERS) has been 

shown to be a powerful and promising tool in bacteria iden-

tification and detection because of its high sensitivity, simple 

preparation, nondestructive data acquisition, and importantly, 

its ability to generate entire organism fingerprints.11–17 SERS 

detection of bacteria highly depends on the performance 

of SERS substrates because the enhancement is attributed 

to the electromagnetic field in the proximity of roughened 

noble metal surface.18–21 Scientists have developed various 

types of SERS-active nanoparticles (NPs) or chips for 

acquiring high-quality SERS spectra of bacteria, such as Ag 

NPs,22 Ag nanowires,23 Ag NPs@Si arrays,24 and Au-coated 

magnetic NPs (MNPs),25 because of the rapid progress of 

nanotechnology in recent years. Although these reported 

SERS substrates can amplify the Raman signal of bacteria 

with good specificity, the sensitivity and reliability of the 

SERS substrates are still easily subjected to interference in 

complex environments. Thereby, two stumbling blocks are 

still needed to be overcome in practical SERS detection of 

pathogens: spectral interference from the mixture and the 

laborious multistep sample pretreatment.

Vancomycin is a broad-spectrum glycopeptide antibiotic 

that can easily bind to d-Ala-d-Ala moieties in the peptido-

glycan of the cell wall of a Gram-positive bacterium through 

hydrogen bonds.26 Moreover, previous studies demonstrated 

that vancomycin-modified magnetic beads can effectively and 

electively capture not only Gram-positive bacteria but also 

Gram-negative bacteria.27,28 Thus, the vancomycin-modified 

SERS substrates can be used as biorecognition platform for 

bacteria capturing and sensing in complex environments, 

and some pioneering works have been reported.29–32 For 

example, Liu et al showed that vancomycin-coated Ag SERS 

substrates can be used to differentiate different bacterial 

strains in human blood.29 Wu et al reported a vancomycin-

functionalized Ag nanorod array and used the substrate to 

study SERS signals of six foodborne pathogens in mung bean 

sprout samples.30 However, all these reported approaches 

used the sophisticated solid-phase SERS substrates as the 

platform for vancomycin modification, which led to their 

relatively low capture efficiency and rather high cost.

Herein, we report a convenient SERS biosensor for 

detection of different pathogens based on combined use 

of vancomycin-modified Fe
3
O

4
@Ag MNPs and plasmonic 

Au@Ag NPs as secondary enhanced particles. In this 

system, the Fe
3
O

4
@Ag-Van MNPs serve as both the bacteria 

capture tool and the SERS signal amplification platform. 

After bacteria capturing by the Fe
3
O

4
@Ag-Van MNPs, the 

formed complexes were magnetically separated and rinsed 

with deionized water to remove the interferent. When 

spreading the Au@Ag NPs on the complexes, the bacteria 

SERS signal is synergistically enhanced by using Fe
3
O

4
@Ag 

MNPs and Au@Ag NPs in conjunction, resulting in a large 

number of hot spots on the bacterial cells. As a result of the 

capture and enrichment ability of Fe
3
O

4
@Ag-Van MNPs 

and the enhancement ability of the two SERS agents, the 

dual enhanced strategy enables reproducible and sensitive 

bacterial detection (5×102 cells/mL) with a short testing time 

(within 30 min). The combined system further demonstrated 

that it is able to distinguish different bacteria (including drug-

resistant pathogens) in solution. As far as we know, this study 

is the first to use vancomycin-modified magnetic particles 

as the bacteria enrichment platform and high-performance 

SERS substrate for label-free bacteria detection. Moreover, 

the two SERS agents of our system are homemade products. 

Especially, the high-performance Fe
3
O

4
@Ag MNPs with 

good dispersity in aqueous solution, excellent magnetic 

responsiveness, and effective SERS ability were synthe-

sized following our previously established route,33,34 which 

ensures a low-cost, reliable, and powerful SERS biosensor 

for bacterial detection.

Experimental section
Materials and chemicals
Ferric chloride (FeCl

3
⋅6H

2
O), ethylene glycol, diethylene 

glycol, silver nitrate (AgNO
3
), and chloroauric acid tetra-

hydrate (HAuCl
4
⋅4H

2
O) were purchased from Sinopharm 

Chemical Reagent Co. Vancomycin, p-aminothiophenol 

(PATP), polyethyleneimine (PEI), polyvinylpyrrolidone 

(40K), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride, 11-mercaptoundecanoic acid (MUA), and 

2-(N-morpholino)ethanesulfonic acid were obtained from 

Sigma-Aldrich Co. (St Louis, MO, USA). All aqueous solu-

tions were purified with a Milli-Q system (18.2 MΩ/cm). 

Mice blood samples, which contained anticoagulants, were 

collected from healthy mice. Commercial Escherichia coli 

(E. coli BL21) and clinical isolation strains of Staphylococcus 

aureus (S. aureus 04018) and methicillin-resistant S. aureus 

(MRSA) were provided by Affiliated Hospital of Xuzhou 

Medical University.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1161

Vancomycin-modified Ag-coated magnetic NPs for SERS

Synthesis of high-performance Fe3O4@Ag 
MNPs
The core–shell structured Fe

3
O

4
@Ag MNPs were pre-

pared via a four-step reaction as we previously reported.33,34 

First, the superparamagnetic Fe
3
O

4
 particles (∼200 nm) were 

synthesized through a modified solvothermal reaction. Then, 

the Fe
3
O

4
@PEI MNPs were prepared with the self-assembly 

of PEI to form a cationic layer on the surface of magnetic 

core by 30 min sonication.35 Subsequently, the as-prepared 

Fe
3
O

4
@PEI MNPs were mixed with 3–5 nm sized Au 

colloids and sonicated for another 30 min to build Fe
3
O

4
@

PEI-Au seed MNPs. Finally, the Fe
3
O

4
@Ag MNPs were 

quickly obtained through a seed-mediated growth strategy 

in which polyvinylpyrrolidone provided effective protection 

for stability of MNPs and the Ag shell growth.

Synthesis of vancomycin-modified 
Fe3O4@Ag MNPs
Vancomycin molecules were conjugated to the surface of 

Fe
3
O

4
@Ag MNPs via a two-step coupling method, as illus-

trated in Scheme 1. The Fe
3
O

4
@Ag MNPs were carboxyl 

group functionalized first and then conjugated with van-

comycin according to a previously reported method.27 

In brief, Fe
3
O

4
@Ag MNPs (10 mg/mL) were sonicated in 

an MUA ethanol solution (20 μM) for 2 h to obtain surface-

carboxylated MNPs. Then, the prepared Fe
3
O

4
@Ag-MUA 

MNPs in 10 mL of 2-(N-morpholino)ethanesulfonic acid 

buffer (0.1 M, pH 5.5) were mixed with 1 mL of N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(10 mg/mL) and 1 mL of vancomycin (5 mg/mL) and then 

sonicated for 2 h. The resulting Fe
3
O

4
@Ag-Van MNPs 

were washed with water and redispersed in PBS buffer 

(10 mM, pH 7.4).

Preparation of the secondary 
enhanced NPs
Au NPs (45 nm) were synthesized through a previously 

reported sodium citrate reduction method.36 The Au@Ag 

core–shell NPs were prepared by coating the Ag shell on the 

Au NPs.37,38 Briefly, 100 mL of as-prepared Au NPs solution 

was double diluted with deionized water, heated to boiling, 

and then vigorously stirred. Subsequently, 2 mL of trisodium 

citrate (1%, w/v) was added to the suspension and used as the 

reducing agent. Finally, 1 mL of silver nitrate (10 mM) was 

dropwise added to the above suspension and the mixture was 

then maintained at 100°C to keep boiling state for 45 min, 

yielding the 60 nm Au@Ag core–shell NPs.

Bacteria growth and sample preparation
The clinically isolated bacterial strains (S. aureus 04018 and 

MRSA) were grown in trypticase soy broth medium, and 

the common laboratory strain (E. coli BL21) was cultivated 

in Luria–Bertani medium at 37°C with continuous shaking 

(180 rpm) overnight. Then, the cultures were adjusted to an 

optical density at 600 nm (OD
600

) of 1.0 with broth medium 

and suspended in PBS buffer (pH 7.4). After that, 0.1 mL 

of the bacterial solution was diluted 1×105 times with PBS 

buffer, coated on the agar plates, and incubated overnight at 

37°C. Finally, the colonies on the agar plates were counted 

to determine the number of colony-forming units per mil-

liliter. In this experiment, OD
600

 of S. aureus =1.0 is ∼1.5×108 

Scheme 1 Schematic illustration of the synthesis of vancomycin-modified Fe3O4@Ag MNPs and the operating procedure for rapid and label-free SERS detection of bacteria 
by using Fe3O4@Ag-van MNPs and Au@Ag NPs in combination.
Abbreviations: MNPs, magnetic nanoparticles; MUA, 11-mercaptoundecanoic acid; NPs, nanoparticles; SERS, surface-enhanced Raman scattering.
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cells/mL and OD
600

 of E. coli =1.0 is ∼8×108 cells/mL, which 

are consistent with previous reports.39–41 The obtained bacte-

ria were washed thrice with PBS (pH 7.4) before the SERS 

measurement.

Magnetic capture of bacteria and SERS 
measurement
For the magnetic capture of bacteria, solutions from a 

concentration of 1×108–1×102 cells/mL in PBS solution 

(pH 7.4) were prepared first. Then, we added 10 μL of 

Fe
3
O

4
@Ag-Van MNPs (10 mg/mL) to 10 mL of the as-

prepared bacterial sample, followed by incubation for 

15 min with gentle shaking. The Fe
3
O

4
@Ag-Van MNPs 

with the captured bacteria were then magnetically separated 

and washed twice with deionized water. Afterward, the 

collected complexes were redispersed in 5 μL of deion-

ized water and transferred to a Si chip. A few minutes after 

complete evaporation of the solvent, concentrated Au@Ag 

NPs were spread on the complexes and the SERS signals 

were then recorded.

Instruments
Field-emission scanning electron microscopy (FE-SEM) 

measurements were made on a JSM-7001F microscope 

operating at an accelerating voltage of 10 kV (JEOL, Tokyo, 

Japan). Transmission electron microscopy (TEM) images 

were obtained from a Hitachi H-7650 microscope operating 

at an accelerating voltage of 80 kV. High-resolution TEM 

(HRTEM) images and energy dispersive X-ray spectra were 

obtained using a JEM-2010F microscope at an accelerat-

ing voltage of 200 kV (JEOL). The magnetic properties of 

the prepared MNPs were studied using a superconducting 

quantum interference device magnetometer (MPMSXL-7) 

at 300 K. Ultraviolet (UV)–vis spectra were recorded with a 

Shimadzu 2600 spectrometer. The powder X-ray diffraction 

(XRD) patterns of the Fe
3
O

4
@Ag MNPs were investigated 

by a Japan Rigaku D/max 2,550 VB/PC rotation anode X-ray 

diffractometer. Zeta potential of all samples was studied using 

dynamic light scattering with Zetasizer Nano ZS (NANO-ZS 

90; Malvern Instruments, Malvern, UK). All Raman spectra 

were recorded with a portable Raman system (B&W Tek, 

i-Raman Plus BWS465–785H spectrometer) with a back-

illuminated charge coupled device as the detector. SERS 

measurements were taken using a 785 nm excitation laser, 

20× microscope objective, and spectral resolution of 1 cm−1. 

For each sample, five spectra from different sites were col-

lected and averaged to ensure reproducibility.

Results and discussion
Operating principle illustration and 
high-performance Fe3O4@Ag MNP 
characterization
The fabrication processes for vancomycin-modified Fe

3
O

4
@

Ag MNPs are illustrated in Scheme 1. The schematic pro-

cedure of the dual enhanced strategy for bacteria SERS 

detection is outlined in Scheme 1, which is based on the 

combination of vancomycin-modified Fe
3
O

4
@Ag MNPs 

and plasmonic Au@Ag NPs. The high-performance Fe
3
O

4
@

Ag-Van MNPs acted as a multifunctional platform in this 

study; they were not only efficient in capturing and enrich-

ing bacteria from the sample solution but also served as 

effective SERS substrates to enhance signals of the captured 

bacteria. After bacteria capturing and interferent rinsing, 

the formed MNP–bacterium complexes can be readily 

transferred and immobilized on the silicon chips as SERS 

substrates by using a magnet. The condensed dot can pro-

vide a large area of closely packed Fe
3
O

4
@Ag MNPs with 

high-density hot spots that are expected to enhance Raman 

scattering. To further improve the detection sensitivity, the 

concentrated Au@Ag NPs were dropped into the condensed 

dot and could cover the blank surface of bacteria, produc-

ing more hot spots. Thereby, the strong and reproducible 

SERS spectra of bacteria could be quickly obtained in a 

short detecting period.

The high-performance Fe
3
O

4
@Ag MNPs were synthe-

sized by our proposed PEI-mediated seed growth method and 

the detailed synthesis procedure is shown in Figure S1. First, 

superparamagnetic Fe
3
O

4
 MNPs with an average diameter 

of about 200 nm were synthesized. Then, positively charged 

PEI self-assembled quickly on the surface of Fe
3
O

4
 core to 

form a thin multifunction interlayer via sonication that could 

adsorb Au seed densely and uniformly and stabilize the 

entire structure. Finally, silver ions were reduced by CH
2
O 

and deposited directly on the Au seeds, thereby resulting in 

complete and rough Ag shells surrounding the Fe
3
O

4
 cores. 

TEM images of the as-obtained MNPs from each step are 

shown in Figure 1A–C. After the formation of Ag shell, 

the mean diameter of the Fe
3
O

4
@Ag MNPs increased from 

200 to 290 nm (Figure 1C). Therefore, the thickness of Ag 

shell was ∼45 nm.

The crystal structure and purity of the main synthetic 

products were characterized by XRD. Figure 1D shows 

typical XRD patterns of Fe
3
O

4
 MNPs and Fe

3
O

4
@Ag 

MNPs.33 Obviously, five diffraction peaks of Fe
3
O

4
 can be 

clearly observed at 2θ values of 30, 35.4, 43, 56.9, and 62.5, 
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which are assigned to crystalline planes (112), (211), (220), 

(303), and (224), respectively.42 With the formation of the 

continuous Ag shell on the Fe
3
O

4
 MNPs, four new intense 

peaks of Ag appeared at 2θ values of 38.3, 44.2, 64.5, and 

77.4, which are ascribed to the (111), (200), (220), and (311) 

crystalline planes of the synthesized Ag shell (JCPDF no 

04-0783).43

The magnetic property of Fe
3
O

4
@Ag MNPs was char-

acterized with a superconducting quantum interference 

device magnetometer (MPMSXL-7) at room temperature 

(Figure 1E). The magnetic saturation (MS) value of Fe
3
O

4
 

MNPs was ∼77.8 emu/g. After the formation of Ag shells, the 

MS value decreased to 40.5 emu/g. The decrease in MS indi-

cates that the Fe
3
O

4
 surface was covered with nonmagnetic 

materials, such as PEI Au seed, and Ag NPs-shell. Moreover, 

the Fe
3
O

4
@Ag MNPs could be completely separated from the 

solution by an external magnet within 30 s, indicating that 

these Fe
3
O

4
@Ag MNPs have strong magnetic responsivity 

and are very suitable for efficient separation and enrichment 

of target molecules in solution.

Synthetic strategy for vancomycin 
modification and characterization of 
Fe3O4@Ag-Van MNPs
The strategy for the conjunction of vancomycin molecules 

into the surface of Fe
3
O

4
@Ag MNPs is shown in Figure 2A. 

MUA was chosen as the bifunctional linker because it can 

easily bind covalently to the Ag surface through the thiol 

group and provides terminal carboxyl group for subse-

quent coupling reaction.44,45 Moreover, the carbon chains 

of MUA can act as a suitable arm for reducing the steric 

hindrance between vancomycin and bacteria. The covalent 

binding of vancomycin to MUA was performed via car-

bodiimide activation, which was very reliable and conve-

nient. HRTEM analysis was performed to provide detailed 

insights into the surface structure of the Fe
3
O

4
@Ag-Van 

MNPs (Figure 2B and C). Magnified HRTEM image of the 

edge of Ag shells (Figure 2C) showed that, the Fe
3
O

4
@Ag 

MNPs were surrounded by a thin and transparent membrane 

consisting of MUA and vancomycin, with a thickness of 

∼1.3 nm. As shown in Figure 1E (blue line), such a thin 

θ °
Figure 1 Characterization of the high-performance Fe3O4@Ag MNPs.
Notes: TEM images of (A) Fe3O4, (B) Fe3O4@PEI-Au seed, and (C) Fe3O4@Ag MNPs. (D) Typical XRD patterns and (E) magnetic hysteresis curves of the prepared magnetic 
products.
Abbreviations: MNPs, magnetic nanoparticles; PEI, polyethyleneimine; TEM, transmission electron microscopy; XRD, X-ray diffraction.
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membrane coating almost did not affect the magnetic prop-

erty of Fe
3
O

4
@Ag MNPs.

In general, the small molecules formed an amorphous 

and porous layer on the surface of NPs. PATP was chosen 

as a Raman probe to evaluate the SERS activity of the 

vancomycin-modified Fe
3
O

4
@Ag MNPs because of its 

thiol group, which can bind to the Ag surface by chemical 

bonding (Ag–S), as well as its well-characterized Raman 

bands.46 Figure S2 presents the typical SERS spectra of PATP 

molecules adsorbed on the Fe
3
O

4
@Ag and Fe

3
O

4
@Ag-Van 

MNPs. All the identified peaks of the spectra can be assigned 

to p,p′-dimercaptoazobenzene Raman modes.47 According to 

the theory proposed by Wu et al, PATP adsorbed on the Ag 

materials or nanostructures undergoes a catalytic coupling 

reaction to selectively produce a new aromatic azo compound 

DMBA. The two Raman peaks 1,077 and 1,590 cm−1 arise 

from the adsorbed PATP molecules, whereas the Raman 

peaks at 1,143, 1,391, and 1,436 cm−1 arise from the newly-

produced p,p′-dimercaptoazobenzene molecules.48,49 There-

fore, we can conclude that the vancomycin layer is porous. 

In addition, the SERS enhancement factor (EF) determined 

based on the peak intensity at 1,077 cm−1 was estimated to 

be 1.61×105 (Supplementary materials). Though the SERS 

intensity of PATP decreased after the vancomycin-modified 

Figure 2 Characterization of the vancomycin-modified Fe3O4@Ag MNPs.
Notes: (A) Schematic of the molecular structure of vancomycin and its coupling interaction with Fe3O4@Ag MNPs. (B) The HRTEM image of Fe3O4@Ag-Van MNPs and 
(C) the corresponding magnified image obtained from the circled area in B. Arrows indicate a thin membrane-like layer of vancomycin and MUA. (D) The bright field 
TEM image of an individual Fe3O4@Ag-Van MNP. (E–G) The associated elemental mappings showing the element distributions of Fe (red), Ag (yellow), and N (pink) in the 
nanocomposite.
Abbreviations: HRTEM, high-resolution TEM; MNPs, magnetic nanoparticles; MUA, 11-mercaptoundecanoic acid; TEM, transmission electron microscopy; Van, vancomycin.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1165

Vancomycin-modified Ag-coated magnetic NPs for SERS

process, the EF of Fe
3
O

4
@Ag-Van MNPs was relatively high 

for the detection of trace chemicals.

The energy-dispersive X-ray elemental mapping images 

(Figure 2D–G) verify that Fe element is located in the 

magnetic core. Ag element is homogeneously distributed 

throughout the entire nanostructure, whereas N signal is 

located on the surface of the Fe
3
O

4
@Ag-Van MNPs. In the 

designed Fe
3
O

4
@Ag-Van nanocomposite, N element was 

only derived from the vancomycin molecules. Therefore, 

the intensive N signal confirms that Fe
3
O

4
@Ag MNPs was 

successfully conjugated with vancomycin. In addition, the 

surface modification were also confirmed by zeta potential 

measurement, in which the zeta potentials increased 

from −27.8 mV to eventually −8.96 mV, hinting that vanco-

mycin molecules were tightly bound on the Ag surface and 

encapsulated the negatively charged Ag shell from the outside 

environment. The zeta potentials of products at different 

stages of modification are provided in detail in Figure S3. 

Moreover, the representative UV–vis absorption peak at 

280 nm of vancomycin solution significantly decreased after 

vancomycin conjugation, further indicating that vancomycin 

molecules were effectively conjugated (Figure S4).

Enrichment performance and SERS ability 
of Fe3O4@Ag-van MNPs
Vancomycin is a glycopeptide antibiotic. It interacts with 

the terminal d-Ala-d-Ala peptide unit of the cell wall of the 

Gram-positive bacterium via strong hydrogen-bonding inter-

actions (Figure 3A). Moreover, previous studies demonstrated 

that vancomycin-modified MNPs can effectively capture not 

only Gram-positive bacteria but also Gram-negative bacteria. 

To study the capture efficiency of vancomycin-modified 

Fe
3
O

4
@Ag MNPs, the OD measurement experiments were 

carried out. The bacterial stain S. aureus 04018 was used as a 

model pathogen, and the cell density was adjusted to an OD
600

 

of 0.6. Up to 100 μL of Fe
3
O

4
@Ag-Van MNPs (10 mg/mL) 

was injected into the prepared S. aureus solution of neutral 

pH and incubated for 15 min. Tubes a–d in Figure 3B 

display the photographs obtained by mixing S. aureus solu-

tion alone, Fe
3
O

4
@Ag-Van MNPs with S. aureus solution, 

Fe
3
O

4
@Ag-Van MNPs with S. aureus solution shaken for 

15 min, and the mixture solution after magnetic capturing 

by Fe
3
O

4
@Ag-Van MNPs, respectively. Precipitates were 

observed in the tube c containing the mixture with incuba-

tion, which indicated the binding affinity arising between 

the Fe
3
O

4
@Ag-Van MNPs and the bacteria. Aggregates of 

Fe
3
O

4
@Ag-Van MNPs were enriched in 60 s using a hand-

held magnet, and the aqueous solution became transparent 

(tube d, Figure 3B). This phenomenon suggested that large 

amounts of bacteria were captured by the Fe
3
O

4
@Ag-Van 

MNPs and the formed complexes could be magnetically 

enriched in a short time. The TEM picture (Figure 3C) was 

taken to show the Fe
3
O

4
@Ag-Van MNP-mediated bacterial 

aggregation on the microscopic scale. Vancomycin-modified 

MNPs were apparently well conjugated on the bacterial wall 

(inset of Figure 3C). However, a large naked area of bacteria 

surface is still observed because of the steric hindrance of 

the relatively large-sized particles.

The cell capture efficiency (CCE) of the prepared Fe
3
O

4
@

Ag-Van MNPs was investigated by comparing the difference 

in OD of bacteria solution before and after magnetic separation. 

The OD
600

 values of the supernatant of tubes a and b were 0.59 

and 0.18, respectively, as shown in Figure 3D. The data values 

show the means, and the error bars show the standard deviations 

from three measures. Thereby, the CCE of Fe
3
O

4
@Ag-Van 

MNPs was calculated to be 69.4% (ie, CCE [%] =100[α−β]/α, 

where α and β represent the OD
600

 values before and after 

magnetic separation).50 Moreover, bacteria were captured by 

vancomycin-modified MNPs in a time-dependent manner 

(Figure 3E). The concentrations of S. aureus in the supernatant 

quickly decreased with the increase in reaction time, and the 

adsorption almost reached equilibrium in 15 min. By contrast, 

the unmodified Fe
3
O

4
@Ag and MUA-modified Fe

3
O

4
@Ag 

particles showed inability to effectively capture bacteria in 

solution because the OD
600

 values of their supernatant changed 

slightly. To study the influence of pH on the capture efficiency 

of bacteria by Fe
3
O

4
@Ag-Van MNPs, the tests were carried 

out in PBS solutions with pH values between pH 3.0 and 11.0. 

No effect of pH on the capture of S. aureus was observed in 

the studied pH range (Figure S5). The result indicates that 

Fe
3
O

4
@Ag-Van MNPs can be used as effective capturing 

tools for bacteria in a wide pH range.

The captured bacteria are in close contact with the rough 

Ag surface of the MNPs. Thus, their intrinsic Raman signal 

can be directly enhanced by using a Raman spectrometer. 

Figure 3F shows the SERS spectra of captured S. aureus on the 

Fe
3
O

4
@Ag-Van MNPs. The typical Raman peaks of S. aureus 

(108 cells/mL) at 624, 651, 732, 958, 1,323, and 1,465 cm−1 

are seen clearly and in accordance with those in previous 

reports categorized in Table S1.51,52 The SERS signal becomes 

weak as the S. aureus concentration decreases. In addition, 

the major Raman peaks of S. aureus can be observed at the 

concentration of 106 cells/mL, as captured by the Fe
3
O

4
@

Ag-Van MNPs. However, almost no characteristic vibrational 

bands were observed even at the bacterial concentration of 

108 cells/mL mixed with Fe
3
O

4
@Ag and Fe

3
O

4
@Ag-MUA 
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Figure 3 The bacteria capture ability of the Fe3O4@Ag-Van MNPs.
Notes: (A) Cartoon representation of the capture of bacteria by vancomycin-modified Fe3O4@Ag MNPs. The vancomycin-d-ala-d-Ala interaction responsible for mediating 
the interaction between the Fe3O4@Ag-Van MNPs and the bacteria. (B) Phenomenon of Fe3O4@Ag-Van MNPs-mediated bacterial aggregation. Photo images of (a) 
Staphylococcus aureus solution, (b) solution with Fe3O4@Ag-Van MNPs added, (c) the mixture shaken for 15 min, and (d) solution after magnetic capture. (C) The TEM image 
of the phenomenon of bacterial aggregation in microscopic view. (D) The cell densities (OD600) of the supernatant corresponding to Figure 2B. (E) Captured kinetics of the 
Fe3O4@Ag-Van MNPs for S. aureus at a regular shaking incubation of 200 rpm. The original concentrations of the bacteria in PBS (10 mM, pH 7.4) exhibit an OD600 of 0.6. 
(F) The SERS spectra of S. aureus under different conditions: (a and b) S. aureus (108 cells/ml) captured by Fe3O4@Ag and Fe3O4@Ag-MUA, respectively, and (c, d) S. aureus 
106 and 108 cells/ml captured by Fe3O4@Ag-Van MNPs, respectively.
Abbreviations: MNPs, magnetic nanoparticles; OD600, optical density at 600 nm; SERS, surface-enhanced Raman scattering; TEM, transmission electron microscopy; Van, 
vancomycin.
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MNPs, which further indicated that these non-Van modified 

MNPs cannot effectively capture the bacteria. Moreover, by 

contrasting the intensities of the Raman signals observed in 

the control groups (a, b in Figure 3F) and the Fe
3
O

4
@Ag-Van 

MNPs with captured bacteria (d in Figure 3F), we can draw the 

conclusion that the modified vancomycin greatly facilitates 

enhancement of the Raman signals of bacteria.

The minimum limit of the Fe
3
O

4
@Ag-Van MNPs for 

S. aureus detection was also studied, and the results are shown 

in Figure S6. The SERS signal of S. aureus rapidly decreased 

as the concentration decreased and cannot be distinguished 

when the bacteria concentration is down to 105 cells/mL. 

Thus, the detection limit of the Fe
3
O

4
@Ag-Van MNPs for  

S. aureus was estimated to be 1×105 cells/mL. Considering 

that large areas of bacteria surface do not contact with the 

Fe
3
O

4
@Ag-Van MNPs, the detection sensitivity can be greatly 

improved by using small enhanced NPs to further cover the 

naked surface of the bacteria to construct more hot spots.

Characterization of Au@Ag NPs
Previous studies showed that the plasmonic Au@Ag core–

shell NPs perform better than common Au or Ag colloids in 

SERS characterization because of the electronic ligand effect 

and the localized electric field enhancement of the core–shell 

structures.53 Moreover, the Au@Ag NPs exhibit better 

uniformity to produce stable and producible SERS signals 

than Ag NPs.54 Considering these prominent advantages, we 

chose Au@Ag NPs as the secondary enhanced particles to 

further enhance the Raman signal of bacteria and improve 

the detection sensitivity in this work. The Au@Ag NPs were 

synthesized by in situ growth of Ag shells on the surface of 

Au cores (45 nm) as previously described.37 Figure 4A and B 

Figure 4 TEM images of the synthesized enhanced NPs.
Notes: (A) 45 nm Au NPs and (B) 60 nm Au@Ag NPs. The inset shows the HRTEM of Au@Ag NPs. (C) UV–visible spectra of the synthesized enhanced nanoparticles. 
The insets are the corresponding optical images. (D) raman spectra of Staphylococcus aureus adsorbed on the two enhanced nanoparticles under the same conditions.
Abbreviations: HRTEM, high-resolution TEM; NPs, nanoparticles; TEM, transmission electron microscopy; UV, ultraviolet.
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shows the TEM images of the Au cores and Au@Ag core–

shell NPs, respectively. The sizes and shape of these NPs 

were relatively homogeneous, and their average particle size 

increased from 45 to ∼60 nm. The HRTEM image of Au@

Ag NPs (inset in Figure 4B) clearly shows that the Ag shell 

thickness was ∼8 nm. In addition, the formation of Ag shell 

outside Au NPs was also confirmed by UV–vis spectroscopy 

(Figure 4C). For the 45 nm Au NP seed, the extinction peak 

occurs at the wavelength of 535 nm.55 After the Ag shell 

growth, this peak blue shifts at ∼22 nm. Significantly, a 

new extinction peak of the Au@Ag NPs appears at 381 nm, 

indicating the formation of Ag shell on the Au cores.56 

Figure 4D shows the SERS spectrum of the S. aureus solution 

(107 cells/mL) mixed with the two enhanced particles under 

the same conditions. Obviously, the Au@Ag NPs exhibit 

better enhancement ability than Au NPs.

SERS characterization of the combined 
system
As illustrated in Scheme 1, the combined system based on 

the combination of Fe
3
O

4
@Ag-Van MNPs and Au@Ag NPs 

included a simple two-step process performed in 1.5 mL 

plastic microtubes. First, the Fe
3
O

4
@Ag-Van MNPs were 

incubated with bacteria and shaken. During a 30 min incuba-

tion period, bacteria were bound to the vancomycin-modified 

Fe
3
O

4
@Ag MNPs. Then, the resulting Fe

3
O

4
@Ag-Van–

bacteria complexes were magnetically separated and rinsed 

with PBS buffer to remove the impurity. Afterward, the Au@

Ag NPs were spread as enhanced particles over the Fe
3
O

4
@

Ag-Van–bacteria complexes and the measurement taken in 

situ. In this study, Au@Ag NPs were used as the second-

ary enhanced particles to further enhance the Raman signal 

of the bacteria. When spreading the Au@Ag NPs over the 

condensed Fe
3
O

4
@Ag-Van–bacteria complexes, these Au@

Ag NPs could cover the unoccupied surfaces of bacteria and 

fill the gaps between the Fe
3
O

4
@Ag-Van MNPs and bacteria; 

moreover, lots of additional hot spots could be created under 

this operation. It is worth noting that nonuniform distribution 

of the colloids, after complete evaporation of the solvent, may 

seriously hurt the reproducibility and accuracy of the signal. 

To overcome this problem, concentrated Au@Ag NPs dis-

solved in ethanol were used. The particle concentration of 

the Au@Ag NPs has been optimized in our previous work, 

and 20-fold concentrated Au@Ag NPs have been proven to 

exhibit the best SERS activity.57 Figure 5A shows a typical 

SEM image of the concentrated Fe
3
O

4
@Ag-Van–S. aureus 

complexes on the Si substrate. Although many Fe
3
O

4
@Ag-

Van MNPs tightly adhered to the bacterium, large cell surface 

areas were still exposed. After sprinkling the Au@Ag NPs into 

the concentrated complexes, most of the unoccupied surfaces 

of bacteria were covered with reinforced particles and the 

gaps between MNPs and bacteria were filled, thereby creating 

several additional hot spots for SERS sensing (Figure 5B). 

The SERS spectra for S. aureus label-free sensing conducted 

by combined use of the Fe
3
O

4
@Ag-Van MNPs and Au@Ag 

NPs are shown in Figure 5C. In addition, they display the 

typical SERS response of the combined system of different 

concentrations of bacteria. The SERS spectra of S. aureus 

Figure 5 (Continued)
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Figure 5 SEM images of the concentrated (A) Fe3O4@Ag-Van–Staphylococcus aureus complexes and (B) the complexes covered with Au@Ag NPs. (C) sers spectra of 
different concentrations of S. aureus obtained with the combined use of Fe3O4@Ag-Van MNPs and Au@Ag NPs. (D) sers spectra collected from 20 randomly selected spots 
on the Fe3O4@Ag-Van–S. aureus/Au@Ag NP complex substrate.
Abbreviations: MNPs, magnetic nanoparticles; NPs, nanoparticles; SERS, surface-enhanced Raman scattering; SEM, scanning electron microscopy; Van, vancomycin.
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agree well with those in previous reports.51,52 It is observed 

that the SERS signal becomes weak as the concentration of 

bacteria decreases. The strongest peak observed at 733 cm−1 

can be distinguished even at a low concentration of 5×102 

cells/mL. Moreover, the calibration curve was constructed by 

monitoring the SERS intensity of the main peak (733 cm−1) 

as a function of bacterial concentration. The logarithm of S. 

aureus bacteria concentrations (106–5×102 cells/mL) suggests 

that the low limit of detection of the combined system for S. 

aureus detection (5×102 cells/mL) lies within a large dynamic 

detection range (Figure S7). The homogeneity of SERS signals 

over Fe
3
O

4
@Ag-Van–S. aureus/Au@Ag complex substrate 

was also investigated (Figure 5D). Relatively uniform SERS 

spectra of S. aureus recorded from 20 randomly selected spots 

on the complexes were measurable with a relative standard 

deviation value of 10.3%, thus indicating the good reproduc-

ibility of the combined system. Notably, the reproducibility 

is better than that of conventional SERS strategies based on 

the simply mixing of Au or Ag NPs with bacteria.

sers detection and differentiation of 
bacteria by the combined system
Many studies have shown that vancomycin-modified NPs can 

interact strongly with a broad range of pathogenic bacteria 

(including both Gram-positive bacteria and -negative bacte-

ria) and can be used as affinity probes to selectively trap these 

organisms.27,28,58 Therefore, the combined system, based on the 

vancomycin-modified Fe
3
O

4
@Ag MNPs, should be applied 

to detect various types of bacteria. We further evaluated the 

bacterial-sensing ability of our combined system on E. coli 

BL21 and MRSA as model Gram-negative and -positive 

bacteria, respectively. Both of these represent the leading 

multidrug-resistant bacterial pathogens. The SEM studies 

clearly show that the Fe
3
O

4
@Ag-Van MNPs can effectively 

capture both E. coli BL21 and MRSA from the solution 

(Figure 6A and C) and form stable complexes covered with 

Au@Ag NPs (Figure 6B and D). The SERS spectra of the 

E. coli BL21 and MRSA assays conducted using the com-

bined system are shown in Figure S8, and the detection limits 

of these two pathogens are up to 5×102 cells/mL.

A comparison between the spectra of three tested bacteria 

(S. aureus, E. coli, and MRSA) shows that they share some 

similar features. However, the relative intensities of the vibra-

tional peaks significantly differ (Figure 6E). Each spectrum 

displayed in Figure 6E is an average of 15 spectra. Specifically, 

the differences in the bands near 651, 782, 1,242, 1,374, 1,452, 

and 1,590 cm−1 can be clearly distinguished. For example, one 

sharp Raman peak at ∼1,374 cm−1 (υ[COO−] and δ[C−H] 

Figure 6 SEM images of the (A) concentrated Fe3O4@Ag-Van–Escherichia coli complexes, (B) Fe3O4@Ag-Van–E. coli complexes with additional Au@Ag NPs, (C) Fe3O4@
Ag-Van–MRSA complexes, and (D) Fe3O4@Ag-Van–MRSA complexes with additional Au@Ag NPs. (E) Average Raman intensity of three bacteria strains (E. coli Bl21, Mrsa, 
and Staphylococcus aureus 04018). The shadowed area is standard deviation. Up to 15 different spectra collected from each bacterium are used to calculate the standard 
deviation. (F) The 2D–PCA plot showing the differentiation between E. coli Bl21, Mrsa, and S. aureus 04018.
Abbreviations: MRSA, methicillin-resistant S. aureus; NPs, nanoparticles; PCA, principal component analysis; SEM, scanning electron microscopy; Van, vancomycin.
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proteins) appears in the Raman spectrum of E. coli, but is 

not detectable in that of S. aureus and MRSA. Moreover, 

obvious Raman peaks at ∼782 cm−1 (cytosine and thymine) 

and 1,156 cm−1 (ν[C−C] protein) can be observed only in the 

Raman spectrum of MRSA. These significant differences in 

the spectra indicate that our combined system features good 

capability for discriminating different types of pathogens, 

including drug-resistant bacteria. Previous works demon-

strating the differences between Gram-negative and -positive 

bacterial pathogens that are reflected in their Raman spectra 

should be related back directly to their cell wall components.57 

Thus, these differences make the overall vibrational signa-

ture of bacterial species unique that could be attributed to 

different biochemical compounds on the cell walls of different 

pathogens. This condition allows fingerprinting potential for 

bacterial strain identification purposes.

Principal component analysis (PCA) was performed 

to further differentiate the bacterial strains based on the 

SERS spectra, which can provide an accurate and intui-

tive view of the differences in fingerprint. The PCA was 

performed through Soft Independent Modeling of Class 

Analogy program on the developed PCA calibration 

model. The spectral data were preprocessed by removing 

the autofluorescence background and were smoothened 

and normalized by the integrated area under the curve. 

Figure 6F shows the PCA score plots of bacteria SERS 

spectra for E. coli BL21, S. aureus 04018, and MRSA 

samples. The model was generated using 45 spectra (15 

each for different bacteria). The data points are clustered 

into three completely separated groups with no overlap, 

indicating that the SERS spectra of the three different 

types of bacteria samples can be clearly distinguished. 

These results proved that the proposed system combined 

with PCA analysis can be considered as a powerful tool to 

detect and classify different types of bacterial pathogens 

based on label-free SERS spectra.
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a E. coli (105 cells/mL) in water
b E. coli (105 cells/mL) in milk
c in milk (control)

Fe3O4@Ag-Van/S. aureus/Au@Ag
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Figure 7 Photo images of Fe3O4@Ag-Van MNPs incubated with (A) milk sample containing Escherichia coli and (C) blood sample containing Staphylococcus aureus, and their 
corresponding TEM images of the captured (B) Fe3O4@Ag-Van–E. coli complexes and (D) Fe3O4@Ag-Van–S. aureus complexes. (E) SERS spectra of water and milk samples 
spiked with E. coli BL21 (105 cells/mL) and (F) SERS spectra of water and blood samples spiked with S. aureus 04018 (105 cells/mL) based on the combination of Fe3O4@Ag-
Van MNPs and Au@Ag NPs. Milk and blood samples without bacteria were used as the control, respectively.
Abbreviations: MNPs, magnetic nanoparticles; NPs, nanoparticles; SERS, surface-enhanced Raman scattering; TEM, transmission electron microscopy; Van, vancomycin.
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As a real application of the combined system, we tested 

commercially obtained milk and blood samples spiked with 

bacteria. The bacterial strain E. coli BL21 was spiked into 

milk reaching a concentration of 105 cells/mL, and the 

same concentration of S. aureus 04018 was spiked in the 

mice blood. The vancomycin-modified Fe
3
O

4
@Ag MNPs 

were added in the prepared samples, allowed to react for 

15 min, and then separated with a magnet (Figure 7A and C). 

The obtained precipitates were washed twice with deion-

ized water to remove the impurities. The TEM images of 

Figure 7B and D clearly demonstrate that both E. coli and 

S. aureus can be effectively captured and are enriched by the 

Fe
3
O

4
@Ag-Van MNPs in the complex solutions (milk and 

blood). Then, the sensing procedure of bacteria detection is 

similar to the one described above. Distinct Raman spectra 

were observed for both E. coli and S. aureus with clear and 

specific fingerprint bands, which were almost the same as 

those of bacteria captured from water (Figure 7E and F). 

In contrast, the Raman spectra obtained from the Fe
3
O

4
@

Ag-Van MNPs mixed with unspiked milk and blood (control 

group) exhibited no obviously vibrational signatures, thus 

suggesting that the impurities in complex solutions have 

little influence on the bacterial sensing results. These experi-

mental results suggest the combined system can be extended 

to detection of a wide range of bacterial pathogens in real 

systems. Table 1 shows the characteristics of our combined 

SERS biosensor using vancomycin-modified Fe
3
O

4
@Ag 

MNPs and plasmonic Au@Ag NPs compared with other 

recently reported label-free SERS methods for bacteria detec-

tion. As can be seen from the table, our results are superior 

or equivalent to the results of other researchers.

Conclusion
In this work, we presented a type of efficient SERS biosensor 

based on the combination of vancomycin-modified Fe
3
O

4
@

Ag MNPs and Au@Ag NPs for rapid enrichment, sensitive 

detection, and accurate differentiation of bacteria. Vanco-

mycin, which exhibits strong affinity with a broad range of 

Gram-positive and Gram-negative bacteria, was adopted as 

the biorecognition molecule for bacterial detection. High-

performance Fe
3
O

4
@Ag MNPs were functionalized with 

vancomycin to effectively capture and enrich bacteria in 

solution samples. In addition, the plasmonic Au@Ag NPs 

were used as the secondary enhanced particles to improve the 

detection sensitivity, resulting in high-density hot spots on the 

bacteria cell, formed by the closely packed SERS particles. 

Given these outstanding features, the combined system is 

expected to be a sensitive SERS biosensor in detecting a wide 

range of pathogenic bacteria, as verified by its detection of the 

Gram-positive bacterium E. coli, Gram-positive bacterium S. 

aureus, and drug-resistant bacteria MRSA at a detection limit 

as low as 5×102 cells/mL. Moreover, the strong and reproduc-

ible SERS spectra of bacteria allow accurate differentiation 

of different bacteria using PCA method. Further considering 

the ease of preparation and low cost, we expect that the com-

bined system has great potential as a potent tool in detection 

of pathogens in environmental and clinical samples.
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Supplementary materials
Enhancement factor (EF) calculation
To quantify the enhancement ability of the vancomycin-

modified Fe
3
O

4
@Ag magnetic nanoparticles (MNPs), the 

EF was calculated as the ratio of photons scattered by the 

surface-enhanced Raman scattering (SERS) substrate and 

the normal substrate. EF was estimated according to the 

reliable calculation through the general formula:

 

EF
I N

I N
SERS Surf

RS Vol

= ,

 

where N
Surf

 is the average number of p-aminothiophenol 

(PATP) molecules contributing to the SERS signal, N
Vol

 is 

the average number of PATP molecules contributing to the 

normal Raman signal, and I
SERS

 and I
RS

 are the intensities of 

the scattering band of interest in the SERS and normal Raman 

spectra, respectively. However, intrinsic EF is difficult to 

estimate because several variables, such as adsorbed mol-

ecules and laser scattering volume, are difficult to obtain. In 

our experiment, all the other parameters, including the laser 

diameter, laser power, exposure time, and microscopic mag-

nification, were identical. The chemical droplets were of the 

same volume, and the number of detected PATP molecules 

was proportional to its concentration. Therefore, the EF was 

roughly estimated by comparing the intensity of the Raman 

peak in the SERS spectrum with that in the normal Raman 

spectrum according to the equation

 
EF

I

I

C

C
SERS

RS

RS

SERS

= × ,
 

where I
SERS

 and I
RS

 are the vibration intensities in the SERS 

and normal Raman spectra of PATP molecules, respectively, 

and C
RS

 and C
SERS

 are the concentrations of the PATP mol-

ecules in the SERS and reference samples, respectively. The 

main peak at 1,077 cm−1 from the PATP Raman spectrum 

(Figure S2) was chosen for analysis, and the intensities for 

peaks (blue line and red line) were 1,306 and 20,996 au, 

respectively. The PATP concentrations for peaks (blue line 

and red line) were 10−1 M and 10−5 M, respectively. Therefore, 

the EF of the Fe
3
O

4
@Ag-Van MNPs was roughly estimated 

to be 1.61×105.

Figure S1 The detailed Fe3O4@Ag MNPs synthesis procedure.
Note: The insets show the magnetic separation behaviors of (a) Fe3O4, (b) Fe3O4@PEI-Au seed, and (c) Fe3O4@Ag MNPs in the solution.
Abbreviations: MNPs, magnetic nanoparticles; PEI, polyethyleneimine; PVP, polyvinylpyrrolidone.

Figure S2 raman spectra of 10−5 M PATP molecules absorbed on the Fe3O4@Ag MNPs (black), Fe3O4@Ag-Van MNPs (red), and 10−1 M PATP molecules absorbed on the 
Si substrate (blue).
Abbreviations: MNPs, magnetic nanoparticles; PATP, p-aminothiophenol; Van, vancomycin.
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Figure S3 Zeta potentials of (A) Fe3O4@Ag, (B) Fe3O4@Ag-MUA, and (C) Fe3O4@Ag-Van in aqueous solution.
Abbreviations: MUA, 11-mercaptoundecanoic acid; Van, vancomycin.
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Figure S4 Absorption spectra of vancomycin solution before (a) and after (b) 
binding to Fe3O4@Ag-MUA MNPs.
Abbreviations: MNPs, magnetic nanoparticles; MUA, 11-mercaptoundecanoic acid.

Figure S5 Effect of pH on the capture efficiency of Staphylococcus aureus; the 
original concentration of bacteria is 0.6 OD600 in PBS (10 mM).
Abbreviations: OD600, optical density at 600 nm; PBS, phosphate buffered saline.

Table S1 Raman peaks of Staphylococcus aureus and corresponding assignments

Raman shift (cm−1) Assignments

624 Aromatic ring skeletal
651 δ(COO−)
732 Adenine, glycosidic ring mode
958 υ(CN)
1,043 CC ring breathing
1,268 δ(CH2) amide III
1,323 υ(NH2) adenine, polyadenine
1,310–1,440 υ(COO−) symmetric
1,368 υ(COO−) and δ(C–H) proteins
1,440–1,465 δ(CH2) saturated lipids

Figure S6 sers spectra of different concentrations of Staphylococcus aureus 04018 
obtained with the Fe3O4@Ag-Van MNPs as SERS substrates.
Abbreviations: MNPs, magnetic nanoparticles; SERS, surface-enhanced Raman 
scattering; Van, vancomycin.

25,000

20,000

15,000

10,000

5,000

0
600 800 1,000 1,200 1,400

Raman shift (cm–1)

R
am

an
 in

te
ns

ity
 (a

u)

1,600 1,800

732

×10

S. aureus (107 cells/mL)/Fe3O4@Ag-Van
S. aureus (106 cells/mL)/Fe3O4@Ag-Van
S. aureus (105 cells/mL)/Fe3O4@Ag-Van
S. aureus (104 cells/mL)/Fe3O4@Ag-Van

Figure S7 The intensity of SERS signals at 733 cm−1 as a function of the concentrations 
of the Staphylococcus aureus 04018 in PBS solution (10 mM, pH 7.4).
Abbreviation: SERS, surface-enhanced Raman scattering.
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Figure S8 SERS spectra of different concentrations of (A) Escherichia coli BL21 and (B) MRSA obtained with the combining use of Fe3O4@Ag-Van MNPs and Au@Ag NPs.
Abbreviations: MNPs, magnetic nanoparticles; MRSA, methicillin-resistant Staphylococcus aureus; NPs, nanoparticles; SERS, surface-enhanced Raman scattering; Van, vancomycin.
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