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A B S T R A C T   

In the present study, E. coli was taken as a model bacterium, anti-E. coli functionalized magnetic beads were 
constructed and used to capture E. coli from aqueous extracts of fish sarcoplasmic protein (FSP) and fish muscle 
protein of sablefish. The excellency of the reproducibility of the present protocol was demonstrated by capturing 
E. coli from sablefish FSP extracts. The presence of 10 CFU/mL E. coli is still detectable. A microbial safety test on 
the surface of fish muscle was successfully performed. The bacterial identification accuracy from samples with 
different matrices was found to be excellent with RSD = 3%. High specific detection of target bacteria in complex 
biological samples was testified by spiking Staphylococcus aureus and Klebsiella pneumoniae in samples as inter-
ference. Ten biomarker ions were discovered for E. coli’s recognition. It is promising to apply the present protocol 
in bacterial analysis in muscle food samples to ensure their safety.   

Introduction 

The rapid, accurate detection of bacteria with high sensitivity is the 
focus of various fields like clinical diagnosis, food industry and envi-
ronmental quality control. Different methods have been developed for 
bacterial detection. Magnetic bead (MB) based procedures have been 
employed to assist the detection of bacteria. The surface of MB con-
taining aldehyde group was modified with an oriented layer of human 
immunoglobulin G (IgG) linked by covalent linkage, and then used for 
capturing staphylococcus protein A (SPA) from pulverator-treated bac-
terial cell lysate for MS analysis (Chen et al. 2007). MB-based electro-
chemical impedance system, using interdigitated gold electrodes as 
sensing elements, was built for the detection of Escherichia coli O157:H7 
(Wang et al. 2020). Janus magnetic mesoporous silica nanoparticles 

(Janus M− MSNs) were used for the foodborne bacterial enrichment and 
direct identification from milk samples (Chang et al. 2018). Escherichia 
coli (E. coli) was detected in a sandwich reaction with E. coli-specific 
either aptamer or antibody(Ab)-modified magnetic beads and Ab/ 
aptamer reporter molecules linked to cellulase (Pankratov et al. 2020). 
Gold nanoparticle-coated starch magnetic beads (AuNP@SMBs) were 
synthesized for separating and concentrating the target pathogenic 
bacteria, E. coli O157:H7, from an aqueous sample as well as providing a 
hotspot for surface-enhanced Raman scattering (SERS)-based detection 
(You et al. 2020). 

Detecting food-borne pathogens is for securing food safety. Rapid 
and reliable methods are always needed for detecting food-borne 
pathogens to ensure food safety. Bacterial detection in animal muscle 
food samples have gained an increasing attention. High-throughput 
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sequencing analysis of the bacterial communities on meat product 
(chilled pork) was used to assess the utilized differ-
ent bacterial extraction methods (Zhou et al. 2020). Avian pathogenic 
E. coli isolates from duck were identified by immunoproteomics (Bao 
et al. 2013). 

Seafood is a source of high quality proteins valued for their func-
tional properties and nutritional value (Tahergorabi, Hosseini and Jac-
zynski 2011). Bacteria can survive well in aquatic environments 
independent of their hosts, thus bacterial diseases have become major 
impediments to aquaculture development (Ben Hamed et al. 2018). Fish 
infections caused by pathogenic bacteria are quite common in seafood. 
Most current health risks associated with seafood safety originate in the 
environment and should be dealt with by control of harvest or at the 
point of capture. The safety of seafood needs to be ensured to prevent 
illness resulting from seafood consumption which is associated primarily 
with environmental contamination. Moreover, microorganisms are the 
major cause of spoilage of most seafood products (Gram and Dalgaard 
2002). Microbiome patterns as well reveal the transmission of patho-
genic bacteria in fish marketed for human consumption (Foysal et al. 
2019). 

Complex food backgrounds can interfere with the identification of 
bacteria (Chen, Yu and Ho 2019). The suppression of microbial signals 
may occur due to the matrix interference from food backgrounds and 
leads to false results. Spiked microorganisms from apple juice/lettuce 
were enriched by magnetic zirconia nanoparticles, and identified by 
nanoLC-MS (Chen et al. 2019). Though, the interaction between bacteria 
and the magnetic zirconia nanoparticles was electrostatic and non- 
specific, which may complex the interpretation of data when multi-
ple bacteria species are involved. Sun et al utilized rabbit immunoglob-
ulin G-modified Fe3O4 (IgG@Fe3O4) and fragment crystallizable 
mannose binding lectin-modified Fe3O4 (FcMBL@Fe3O4) to capture 
bacteria from aqueous solution and bovine blood for their matrix- 
assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF MS) identification (Sun sunet al. 2021). However, there is 
a lack of studies on the detection of bacteria in seafood matrices based 
on MBs to the best knowledge of the authors. 

Bacterial detection in seafood samples is particularly important, and 
is gaining an increased attention. Specific detection of Vibrio para-
haemolyticus in seafood was performed by recombinase polymerase 
amplification (RPA) assay (Geng et al. 2019). Three foodborne patho-
gens in seafood were simultaneously detected by multiplex RPA assay 
(Ma et al. 2020). Multiplex polymerase chain reaction (PCR) was used to 
detect Salmonella contamination in seafoods (Sahu et al. 2019). Shiga- 
toxin-producing Escherichia coli (STEC) in shellfish was detected by 
real-time PCR (Balière et al. 2015). MALDI-TOF MS has become a 
method of choice for routine identification of pathogens in clinical set-
tings and has largely replaced conventional biochemical assays (Jadhav, 
Shah and Palombo 2021). Proteomics-based MALDI-TOF MS approach 
has been developed to directly detect Listeria monocytogenes from foods 
such as broths (Jadhav et al. 2014). However, MALDI-TOF MS for 
pathogens in seafoods requires further development. 

On the other hand, various bacteria including food spoilage bacteria 
and pathogens can form biofilms on different food processing surfaces, 
leading to potential food contamination or spoilage. Surface hygiene is 
commonly measured as a part of the quality system of food processing. 
Møretrø et al summarized the residential bacteria on surfaces in the food 
industry and their implications for food safety and quality (Møretrø and 
Langsrud 2017). 

The bacterial detection on the surface of samples plays an essential 
role in food safety control. Methods have been developed to extract and 
detect bacteria from food contact surfaces at retail outlets for food safety 
control (de Oliveira, Tikekar and Nitin 2018, Kalchayanand et al. 2018, 
Manafi, Aliakbarlu and Dastmalchi Saei 2020). Bae et al studied the 
pathogenic bacteria on the surface of stainless steel (Bae, Baek and Lee 
2012). Leff et al studied the surface bacterial communities of fruits and 
vegetables (Leff and Fierer 2013). 

Principal component analysis (PCA), as one of the most popular 
multivariate statistical techniques, can help to identify correlations be-
tween data points. Partial least squares discriminant analysis (PLS-DA) 
can be thought of as a supervised version of PCA in the sense that it 
achieves dimensionality reduction but also with full awareness of the 
class labels. PLS-DA can also be used for feature selection as well as for 
classification. Variables importance in projection (VIP) score-
s indicate the importance of each variable in the projection used in the 
PLS-DA model and is often used for variable selection. VIP analysis has 
emerged as a potential method for screening independent variables. Mao 
et al identified the key aromatic compounds in Congou black tea by VIP 
analysis (Mao et al. 2018). Zhang et al screened 38 peaks with VIP values 
greater than 1.0 out as potential biomarkers to differentiate E. coli 
(Zhang et al. 2018). 

The aim of the present study was to develop a protocol for detecting 
bacteria from complex food matrices. The detection of E. coli was taken 
as a model system. Experimentally, anti-E. coli functionalized magnetic 
beads (anti-E. coli@MBs) were constructed for capturing E. coli from fish 
protein extracts where sablefish was taken as a model. During the 
experiment, the use of magnetic beads (MBs) in the detection of 
E. coli from different media, including water and protein extracts of fish 
muscle samples, were compared. The reproducibility, sensitivity and 
specificity of the present protocol for capturing bacteria from complex 
sample matrices were investigated. The spiked bacteria on muscle sur-
face of sablefish were detected by the developed protocol to extend its 
application for bacterial safety test of fresh produce. The mass spectra of 
bacteria captured from different samples by MBs was compared by 
multivariate statistical methods. The discovery of biomarker ions that 
associate with the MALDI-TOF MS detection of bacteria was explored by 
assistance of variables importance in projection (VIP) analysis. It is 
promising to apply the present protocol for the measurement of bacteria 
in seafood matrices. 

Materials and methods 

Chemicals and fish samples 

Acetonitrile (ACN, 99.90%), ethylene diamine tetraacetic acid 
(EDTA, ≥99.0%), tris(hydroxymethyl)aminomethane-(Tris) (≥99.5%) 
and 2-propanol (99.80%) were purchased from Shanghai Titan Scien-
tific Co., Ltd (Shanghai, China). Bovine serum albumin (BSA) was from 
Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). Carboxyl 
magnetic beads (50 mg/mL, 300 nm in diameter) were purchased from 
Biomag Biotechnology Co., Ltd. (Wuxi, China). α-Cyano-4-hydroxycyn-
namic acid (CHCA), sinapinic acid (SA, 99.0%), cytochrome C from 
equine heart (≥95%), and myoglobin from equine skeletal (≥95%) were 
obtained from Sigma-Aldrich Inc. (St. Louis, USA). Hydrochloric acid 
(HCl, 36–38%) was obtained from Collins Reagent Co., Ltd (Shanghai, 
China). 4-Morpholineethanesulfonic acid (MES, ≥99%) was from 
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 
Sulfo-N-hydroxysuccinimide (sulfo-NHS, 99%), N-(3-dimethylamino-
propyl)-N′-ethylcarbodiimide hydro-chloride (EDC, 99.0%), soy 
peptone and phosphate buffered saline (PBS) were from Shanghai 
Yuanye Bio-Technology Co., Ltd (Shanghai, China). Trifluoroacetic acid 
(TFA, ≥99.9%) was purchased from Fisher Scientific Inc. (Lough-
borough, UK). Tween 20 was from Beijing Coolaber Technologay Co., 
Ltd. (Beijing, China). 

Activated Escherichia coli. (E. coli. strain ATCC25922), Staphylococcus 
aureus (S. aureus. strain ATCC25923) and Klebsiella pneumoniae 
(K. pneumoniae. strain CICC20239) used in this study were kindly pro-
vided by Dr. L. Qiao at Fudan University (Shanghai, China). Anti-E. coli 
(5 mg/mL) in PBS (10 mM, pH 7.2, with 1% (m/m) BSA) was obtained 
from Abcam (Cambridge Science park, Cambridge, UK). Agar was from 
Shanghai Biyuntian Bio-Technology Co., Ltd. (Shanghai, China). Yeast 
extract was obtained from Beijing Solarbio Science & Technology Co., 
Ltd. (Beijing, China). All reagents were used as received without further 
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purification unless otherwise specified. Deionized (DI) water (18.2 MΩ 
cm) was purified by a Smart-Q deionized water system (Hitech pure 
water technology, Shanghai, China), and used to prepare all the aqueous 
solutions. 

Sablefish slices were bought in October 2020 from Ftabest free trade 
import food center (Pudong New Area, Shanghai, China), stored at 
–20 ◦C in sealed bag and used in two months to guarantee the quality of 
the sample. 

Functionalization of MBs 

The carboxyl magnetic beads (MBs) were modified with anti-E. coli to 
form anti-E. coli functionalized MBs (anti-E. coli@MBs) via addition of 
sulfo-NHS to EDC reaction (Khaled et al., 2005). In detail, 2 μL of ob-
tained MBs (50 mg/mL) were added to 200 μL of MEST (100 mM MES 
with 0.05% (v/v) Tween 20, pH 5.0) and washed two times by MEST 
buffer, and the supernatant was discarded. The pellets were collected 
and mixed with 500 μL of N-(3-dimethylaminopropyl)-N′-ethyl-
carbodiimide hydro-chloride (EDC, 4 mg/mL in MEST buffer (100 mM 
MES with 0.05% (v/v) Tween 20, pH 5.0) on a incubator (Eppendorf 
ThermoMixer C, Eppendorf, Hamburg, Germany) for 15 min at 600 rpm 
and room temperature. Then 500 μL 10 mg/mL sulfo-N-hydrox-
ysuccinimide (sulfo-NHS) solutions in MEST buffer (100 mM MES with 
0.05% (v/v) Tween 20, pH 5.0) was added to the resultant suspension 
and shook on an incubator for 15 min to activate carboxyl groups on the 
surface of magnetic beads. The activated MBs were separated from the 
reaction solution using a magnetic separation rack and the supernatant 
was discarded. The pellets were collected and washed with 500 μL of 
phosphate buffered saline with Tween 20 (PBST, 10 mM PBS with 0.05% 
(v/v) Tween 20, pH 7.4) for three times and the supernatant was dis-
carded. Subsequently, the pellets were collected, and added with 500 μL 
PBST (10 mM PBS with 0.05% (v/v) Tween 20, pH 7.4) and 5 μL of 5 
mg/mL anti-E. coli in PBS (10 mM, 1% (m/m) BSA, pH 7.2) for the 
attachment of anti-E. coli onto the surface of activated magnetic beads. 
500 μL of BSA solution (1% (m/m) in PBST buffer) was then added to 
block the unspecific adsorption sites on the surface of MBs. The prepared 
anti-E. coli functionalized magnetic beads (anti-E. coli@MBs) were 
stored in PBST (10 mM with 0.05% Tween 20, pH 7.2) at 4 ◦C for at most 
12 h prior to further use. 

Culture of bacteria 

The activated bacteria were cultured with Luria-Bertani (LB) liquid 
medium (10 mg/mL soy peptone, 10 mg/mL NaCl, and 5 mg/mL yeast 
extract) at 37 ◦C for 12 h. The concentrations of E. coli bacterial sus-
pension were determined by measuring the optical density of bacteria at 
an absorbance of 600 nm (OD600) on a UV–Vis spectrometer (UV-1900 
UV–VIS-NIR spectrophotometer, Shimadzu®, Kyoto, Japan). The OD600 
value of 0.101 ± 0.003 corresponds to the concentrations of 108 CFU/ 
mL for E. coli. The concentration of E. coli in a bacterial suspension was 
calculated by using an equation of y = 0.0657 × 10− 8x + 0.046 (r2 =

9917), where y is the measured OD600 of the unknown bacterial sus-
pension, x is the concentration of bacteria with unit CFU/mL. 

Extraction of proteins from fish muscle samples 

Fish sarcoplasmic proteins (FSP) of sablefish were extracted by 
referring to a method adopted by a previous report (Stephansen, 
Chronakis and Jessen 2014). In brief, 6 g of sablefish muscle sample was 
obtained from four slices of sablefish muscle samples, and mixed with 
40 mL of buffer solution (20 mM Tris-HCl containing 5 mM EDTA, pH 
7.5), and homogenized for 10 min with a homogenizer (F6/10, Shanghai 
Jingxin Technology Co., Ltd., Shanghai, China). Then, the resultant 
sample was centrifuged at 6,797 g and 4 ◦C for 30 min on a centrifuge 
system (5810 R®, Eppendorf, Hamburg, Germany). 

Fish muscle proteins were extracted by using a method adopted by 

our previous report (Wang and Bi 2021). In brief, 2 g of fish muscle 
tissue sample and 10 mL of 0.1 % (v/v) TFA aqueous solution were put in 
a beaker, and mixed thoroughly with a glass rod, and homogenized for 2 
min. The mixture was then placed on a hot plate (RH digital, IKA, 
Staufen, Germany), and heated at 80 ◦C for 2 min. The resultant sample 
was cooled to room temperature (ca. 10 min) and centrifuged at 20,000 
g for 5 min on a centrifuge system, and filtered by using 0.22 μm filter 
membrane prior to further analysis. 

Capture of bacteria by anti-E. coli@MBs 

Bacteria aqueous suspension with different cell density such as 108, 
106, and 104 CFU/mL were prepared in water or spiked in fish muscle 
protein extracts for further analysis. 20 μL of the above prepared anti- 
E. coli@MBs were added to 1 mL bacteria suspension to capture the 
bacteria. After incubation at 37 ◦C for 30 min with consecutive shaking 
on an incubator, the anti-E. coli@MBs attached with bacteria conjugates 
(anti-E. coli@MBs@bacteria) were collected by standing for 1 min on a 
magnetic beads separation rack (BMB-01, 16 holes for 1.5 to 2 mL tubes, 
BioMag Scientific Inc., Wuxi, China). The pellets, anti- 
E. coli@MBs@bacteria conjugates, were collected and washed once with 
200 μL of PBST (10 mM PBS with 0.05% (v/v) Tween 20, pH 7.2) and 
then once with 200 μL of DI water, afterwards, they were resuspended in 
2 μL of DI water prior to MALDI-TOF MS analysis. 

MALDI-TOF MS analysis 

0.5 μL of anti-E. coli@MBs@bacteria sample suspension in water was 
deposited on a sample spot of a matrix-assisted laser desorption/ioni-
zation time-of-flight mass spectrometry (MALDI) target plate with at 
least four repetitions droplet-by-droplet (Zhu et al. 2016). Matrix of 
α-cyano-4-hydroxycinnamic acid (CHCA, 1 μL, 10 mg/mL in 50% ACN, 
49.9% H2O, 0.1% TFA, v/v) and sinapinic acid (SA, 1 μL, 15 mg/mL in 
50% ACN, 49.9% H2O, 0.1% TFA, v/v) was respectively deposited to 
overlay the dried sample spots also with the droplet-by-droplet protocol 
for MALDI-TOF MS analysis. 

MALDI-TOF MS analysis was performed on a Bruker MicroFlex LRF 
mass spectrometer (Bremen, Germany) under linear positive mode. The 
instrumental parameters were set as: 45% laser intensity, laser attenu-
ator with 35% offset and 40% range, accumulation from 400 laser shots, 
10.3 × detector gain, and 150 ns delayed extraction time. Aqueous so-
lution containing cytochrome C and myoglobin was used for external 
mass calibration. All experiments were at least triplicated on at least -
three independent occasions. 

Culture of bacteria on the surface of fish muscle 

Frozen fish sample was thawed at 4 ◦C for 3 h. The fish muscle tissues 
were cut into manageable portions (usually around 3 cm in width and 
1.5 cm in thickness) with a scalpel, then their outer surface sterilized by 
immersion in boiling water for 20 s, then they were transferred to sterile 
Petri dishes (high-impact polystyrene, size 100 mm × 20.5 mm, Titan, 
Shanghai, China). 

E. coli was inoculated onto the surface of fish muscle piece on a sterile 
operating table and cultured at 37 ◦C for 12 h. The fish muscle pieces 
were placed in DI water and placed on a sterile operating table for 30 
min to make the bacteria diffuse into the water. The absorbance at 600 
nm (OD600) of the resultant suspension was measured to determine the 
bacterial concentration, and then diluted to 108 CFU/mL. 20 μL anti- 
E. coli@MBs were added to 1 mL bacteria suspension for the capture of 
the bacteria prior to MALDI-TOF MS analysis. 

Specificity detection of bacteria captured by MBs 

108 CFU/mL of S. aureus, E. coli and K. pneumoniae were spiked in 
FSP extract of sablefish, respectively. The obtained suspensions were 
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mixed together with ratio of 1:1:1 to get a sample containing multiple 
species of bacteria. FSP extract of sablefish spiked with S. aureus and 
K. pneumoniae, respectively, were studied as control. 20 μL anti- 
E. coli@MBs were added to 1 mL bacteria suspension for the capture of 
the bacteria. 

Calculation of similarity scores between mass spectra 

Raw mass spectral data were extracted by using a Flex Analysis 3.4 
user manual revision 1 software (Bruker Daltonik GmbH, Bremen, 
Germany). And processed by R studio 1.1.419 software (RStudio Inc.). 
The averaged mass spectrum was obtained by processing several mass 
spectral data with mMass open source MS tool (http://www.mmass.org/). 
A public on-line platform (BacteriaMS, http://bacteriams.com/) was used 
to calculate the similarity scores between two mass spectra by using 
cosine correlation method. 

Results and discussion 

Measurement of bacteria in fish muscle protein extracts by MBs and 
MALDI-TOF MS 

Seafood products are widely consumed all around the world and play 
a significant role on the economic market. Foodborne pathogens can 
contaminate seafood and thus pose a risk to human health (Bonnin- 
Jusserand et al. 2019). The present study was aimed at detecting bac-
teria from seafood matrices. Fig. 1 schematically illustrates the work 
flow of detecting bacteria from seafood protein extracts by magnetic 
beads (MBs). MBs were functionalized with anti-bacterial antibodies to 
capture the bacterial in seafood matrices. 

On the other hand, immunoglobulin G (IgG) has affinity to protein A, 
protein G, protein L and glycans on the surface of bacterial cells, and 
therefore it is applicable to the preconcentration of bacterial species. 
The present study utilizes anti-E. coli, belonging to IgG group, attached 
MBs (anti-E. coli@MBs) to enrich or capture E. coli, which is taken as a 
bacteria model, from seafood matrices. 

During the experiment, N-(3-dimethylaminopropyl)-N′-ethyl-
carbodiimide hydro-chloride (EDC) and sulfo-N-hydroxysuccinimide 
(sulfo-NHS) solutions were added in a buffer with carboxyl-modified 
magnetic beads to activate carboxyl groups on the surface of magnetic 
beads. Then antibodies, herein anti-E. coli, were attached onto the sur-
face of activated magnetic beads via addition of sulfo-NHS to EDC re-
action. BSA was then added to block the unspecific adsorption sites on 
the surface of MBs. The functionalized magnetic beads were added in 
seafood tissue protein extracts for capturing the spiked bacteria. The 
anti-E. coli@MBs captured bacteria (anti-E. coli@MBs@bacteria) were 
rinsed with buffer and water, respectively, and deposited on matrix- 
assisted laser desorption/ionization (MALDI) target plate for the iden-
tification of captured bacteria via matrix-assisted laser desorption/ 
ionization time-of-flight mass spectrometry (MALDI-TOF MS). 

Capture of bacteria from fish sarcoplasmic protein (FSP) extracts 

The study of marine fish products with high values deserves 
increased attention since marine fish products with high values are 
increasingly appreciated in China in the last three decades (Xiong et al. 
2016). Bacteria of seafood and aquaculture can form economic and 
biological threat to aquatic animals and humans. Control of bacteria 
especially indigenous pathogenic bacteria in seafood is an important 
concern for aquaculture and in the seafood sector. 

Escherichia coli (E. coli) is frequently used as a model organism and 
applied in biotechnology (Idalia and Bernardo 2017). E. coli are gener-
ally harmless, but some E. coli are pathogenic and can contaminate food, 
water and the environment. The Food and Agriculture Organization 
(FAO) reported that hundreds of thousands of people are made ill by 
E. coli each year, with hundreds of them dying. 

Herein, E. coli was selected as a model of bacteria and spiked in 
protein extracts of sablefish muscle to verify the capture of bacteria by 
anti-E. coli functionalized MBs (anti-E. coli@MBs). During the experi-
ment, fish sarcoplasmic proteins (FSP) of sablefish were extracted to 
demonstrate the feasibility of applying the method in sensing bacteria 
from sample with complex matrices. FSP solution was spiked with 
standard E. coli strains with known concentrations to mimic samples of 
proteins with bacteria. Anti-E. coli@MBs were added to capture the 
bacteria from the protein extracts spiked with E. coli. As shown in Fig. 2 
(1), bacteria can be captured by the anti-E. coli@MBs sorbent and 
identified by MALDI-TOF MS analysis. Ten ions with high or relatively 
high signal-to-noise ratio (S/N) specific for E. coli are listed in Table 1. 
The results illustrate that the magnetic beads functionalized with anti- 
E. coli can successfully capture bacteria in the FSP sample. 

Reproducibility of capturing bacteria from fish sarcoplasmic proteins (FSP) 
by MBs 

Functional molecules such as proteins are important factors that can 
impact the accuracy of identification of molecules based on MALDI-TOF 
MS, and may result in errors during comparison with the standard 
bacterial spectra in the database (Sun et al. 2021). Reproducibility of 
anti-E. coli functionalized MBs (anti-E. coli@MBs) for the capture of 
bacteria from seafood matrices was investigated. Experimentally, the 
E. coli concentration was controlled to reach 107 CFU/mL in the fish 
sarcoplasmic proteins (FSP) extracts of sablefish muscle which was 
taken as a model of matrices with complex compounds, then E. coli were 
captured by anti-E. coli@MBs and detected by MALDI-TOF MS. In 
addition, newly extracted FSP of sablefish was used in each experi-
mental run. 

Fig. 3 compares the obtained mass spectra of the bacteria in FSP 
extracts of sablefish muscle captured by anti-E. coli@MBs in the three 
independent experimental runs. The averaged similarity score among 
the obtained mass spectra in the three runs can be calculated with the 
value of 0.95 ± 0.03 (RSD = 3.2%), illustrating the present protocol is 

Fig. 1. Schematic diagram of processes of measuring bacteria 
from fish muscle extracts by using magnetic beads (MBs) and 
matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF MS). Modification of MBs with anti- 
bacterial antibodies via the reaction of N-(3-dimethylamino-
propyl)-N′-ethylcarbodiimide hydro-chloride (EDC) and sulfo- 
N-hydroxysuccinimide (sulfo-NHS), and used for bacterial 
capture from different media. Matrix-assisted laser desorption/ 
ionization time-of-flight mass spectrometry (MALDI-TOF MS) 
was used to characterize the captured bacteria.   
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highly reproducible for capturing bacteria from complex matrices. 

Sensitivity of MBs for capturing bacteria from fish sarcoplasmic proteins 

Different magnetic particles based bacterial capture and/or enrich-
ment has been used for sample pre-treatment. Lin et al made detection 
limit down to 7.4 × 104 CFU/mL by using magnetic nanoparticles 
modified with vancomycin to capture bacteria in human urinate (Lin 
et al. 2005). Chen et al presented a method for bacterial identification in 
food matrices using nanoLC-MS, and the minimum concentration of 
E. coli detected was 5 × 103 CFU/mL by the assistance of magnet-
ic zirconia nanoparticles (Chen et al. 2019). Amoxicillin functionalized 
magnetic nanoparticles were used to detect E. coli in human blood, and a 
LOD of 103 CFU/mL was achieved (Hasan, Guo and Wu 2016). Zhu et al 
used magnetic beads modified with specific antibodies to capture target 
bacteria at concentrations as low as 500 CFU/mL in serum for MALDI- 
TOF MS identification (Zhu et al. 2016). 

Table 2 compares the present approach and the reported methods for 
the analysis of pathogenic bacteria based on matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 
MS), including the detected bacteria and limit of detection (LOD) 
accomplished under each method. In the present study, the bacterial 
concentration in the fish sarcoplasmic proteins (FSP) of sablefish was 
adjusted to verify the sensitivity of magnetic beads for capturing bac-
teria. As shown in Fig. 2(1) E, the bacterial suspension with a minimum 
bacterial concentration of 10 CFU/mL in the FSP solution can still be 
detectable, illustrating the relatively high sensitivity of the present 
protocol for bacterial detection. 

(caption on next column) 

Fig. 2. (1) Representative matrix-assisted laser desorption/ionization time-of- 
flight (MALDI-TOF) mass spectra of E. coli in 1 mL fish sarcoplasmic proteins 
(FSP) of sablefish at different cell density. Bacteria suspension with (A)106, (B) 
104, (C)103, (D)102 and (E)10 cells were captured by anti-E coli functionalized 
MBs (anti-E. coli@MBs). Experimentally, the obtained magnetic beads are 
activated and functionalized with anti-E. coli, and then added in solutions of 
FSP spiked with E. coli. α-Cyano-4-hydroxycinnamic acid (CHCA) matrix was 
preferentially used in performing MALDI-TOF MS (Appendix A). The cell den-
sity in the bacteria suspension is indicated in the top right corner of each inlet. 
(2) MALDI-TOF mass spectra for bacteria captured by magnetic beads from 
samples spiked with E. coli, S. aureus, and K. pneumoniae. E. coli, S. aureus, and 
K. pneumoniae were added in the solution of fish sarcoplasmic protein (FSP) 
extracts of sablefish at 108 CFU/mL as a sample spiked with bacteria (A). E. coli 
were spiked in the solution of FSP extracts of sablefish at 108 CFU/mL as control 
(B). The magnetic beads were functionalized with E. coli antibody (anti- 
E. coli@MBs) and used to capture bacteria in FSP sample. Anti-E. coli@MBs 
captured bacteria (anti-E. coli@MBs@bacteria) were rinsed and deposited on 
MALDI target plate for MALDI-TOF MS analysis. α-Cyano-4-hydroxycinnamic 
acid (CHCA) was used as matrix. (3) MALDI-TOF mass spectra of S. aureus (A), 
and K. pneumoniae (B) captured by 20 μL anti-E. coli@MBs from 1 mL fish 
sarcoplasmic protein (FSP) extracts of sablefish spiked with 108 CFU/mL of 
bacteria, respectively. α-Cyano-4-hydroxycinnamic acid (CHCA) was used as 
matrix. (4) MALDI-TOF mass spectra for the samples of bacteria captured by 
magnetic beads from different complex samples. E. coli was added to the so-
lution in different media to arrive at a bacterial concentration of 107 CFU/mL. 
The obtained magnetic beads were activated and conjugated with anti-E. coli 
antibody, and then added in samples of (A) fish sarcoplasmic protein (FSP), (B) 
fish protein extracted by using TFA solution, (C) fish muscle surface and (D) 
water. Anti-E. coli@MBs captured bacteria (anti-E. coli@MBs@bacteria) were 
rinsed and deposited on MALDI target plate and covered by the α-cyano-4- 
hydroxycinnamic acid (CHCA) matrix for MALDI-TOF MS analysis. Peaks cor-
responding to bacterial cellular components are denoted by red stars. 
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Specificity of MBs for capturing bacteria from fish sarcoplasmic protein 
(FSP) of sablefish 

To investigate the specificity of the present protocol for E. coli 
detection, E. coli antibody modified magnetic beads (anti-E. coli@MBs) 
were used to capture bacteria from bacterial suspensions with and 
without E. coli. During the experiment, bacteria, S. aureus, E. coli, and 
K. pneumoniae were spiked in FSP extracts of sablefish to investigate the 
specificity of the present protocol for E. coli measurement. As shown in 
Fig. 2(2) only signals specific to E. coli can be detected in samples con-
taining S. aureus, E. coli, and K. pneumoniae. In addition, in bio-samples 
with S. aureus and K. pneumoniae, respectively, as shown in Fig. 2(3), 
there are no signals specific to bacteria S. aureus and K. pneumoniae, 
showing no bacteria were captured by the utilized anti-E. coli@MBs. The 
results illustrate the high specificity of the present protocol for E. coli 
detection. It can be found that the specificity of the anti-bacterial anti-
bodies coupled with the immunomagnetic properties of the beads, al-
lows a target bacterium to be captured. By changing the anti-bacterial 
antibodies on the magnetic beads, different bacteria may be detected. 
The present protocol holds potential to be applied in pathogenic and 
spoilage bacterial detection in seafood industry for specific recognition. 

Microbial safety test on the surface of fish muscle 

Herein, the developed protocol was used to test the bacteria on the 
surface of the fish muscle. As shown in Fig. 2(4)C, the present protocol 
can be used to sense the bacteria on the surface of fish muscle product 
for its bacterial control. It is promising to perform the microbial safety 
test of fresh produce based on the present protocol. 

Comparison of bacterial capture from different complex samples by MBs 

To verify the feasibility of this method for capturing E. coli from 
different complex samples, fish muscle proteins were extracted and 
spiked with bacteria, and anti-bacterial antibody modified magnetic 
beads were utilized for the bacterial capture. Fig. 2(4) illustrates the 
mass spectra of captured bacteria from different media, including the 
fish protein extracts of sablefish, surface of sablefish muscle and water. 
As shown in Fig. 2(4), E. coli exhibits peaks near m/z 4365.85 ± 1.72, 
4759.57 ± 1.39, 5381.71 ± 1.85, 6255.14 ± 1.81, 6411.14 ± 1.24, 
6847.93 ± 2.25 7274.28 ± 2.49, 7873.23 ± 1.16, 8604.85 ± 2.23 and 
9554.14 ± 1.95 in four analyzed media. The results shown in Fig. 2(4) 
also illustrate that the present method can detect E. coli from samples 
with different complexity of matrices, illustrating the broad suitability 
of the present protocol for bacterial detection. 

As shown in Appendix B, the mass spectra of E. coli captured from 

Table 1 
The star labeled ions in Fig 2. The positions of ions were calculated 
from six mass spectra. The underlined ions are the ones with close 
mass-to-charge ratio (m/z) that were previously reported.  

ions with m/z = signal-to-noise ratio (S/N) 

6255.14±1.81 39 
6411.14±1.24 22 
7274.28±2.49 11 
9554.14±1.95 9 
4365.85±1.72 8 
4759.37±1.39 6 
7873.23±1.16 5 
6847.93±2.25 3 
5381.71±1.85 3 
8604.85±2.23 3  

Fig. 3. Comparison of matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectra of bacteria captured by antibodies functionalized 
magnetic beads from extracts of sablefish muscle in three independent runs. Fish sarcoplasmic proteins (FSP) of sablefish were extracted. The magnetic beads are 
activated and modified with anti-E. coli, and then added in solutions of FSP spiked with E. coli. The spiked bacterial concentration was 107 CFU/mL. Bacteria captured 
by anti-E. coli@MBs (anti-E. coli@MBs@bacteria) were cleaned and deposited on MALDI target plate for α-cyano-4-hydroxycinnamic acid (CHCA) assisted MALDI- 
TOF mass spectrometry analysis. 

Table 2 
Comparison of the current approaches for the analysis of pathogenic bacteria 
using functionalized magnetic particles coupled matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF MS).  

No. MBs detected bacteria LOD 
(CFU/mL) 

Reference 

1 immunomagnetic 
beads 

Salmonella 
choleraesuis, 
Shigella boydii, 
Pseudomonas 
aeruginosa, 
Staphylococcus 
aureus, 
Bacillus circulans 

1×107 Madonna 
et al. 2001 

2 self-regulating 
magnetic nanoparticles 

Staphylococcus 
saprophyticus, 
Staphylococcus 
aureus 

7.4×104; 
7.8×104 

Lin et al. 
2005 

3 200 nm carboxyl MBs Staphylococcus 
aureus, 
Kocuria rosea, 
Klebsiella 
pneumoniae, 
Klebsiella oxytoca, 
Enterobacter 
cloacae, 
Pseudomonas 
aeruginosa 

103 Hasan et al. 
2016 

4 specific antibody- 
modified MBs 

Bacillus subtilis, 
Escherichia coli, 
Staphylococcus 
aureus 

8×103; 
5×102; 
4.5×102 

Zhu et al. 
2016 

5 300 nm carboxyl MBs Escherichia coli 10 this work  
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different media were compared. The averaged similarity score among 
the obtained mass spectra was calculated with the value of 0.90 ± 0.03 
and relative standard deviation (RSD) of 3.0%, illustrating the high 
similarity among the captured bacteria by functionalized magnetic 
beads. 

Discovery of biomarker ions for E. coli identification by MBs 

Herein, partial least squares discriminant analysis (PLS-DA) was used 
to classify the E. coli captured from different complex samples by mag-
netic beads. As shown in Fig. 4 A, it can be found that the points rep-
resenting the information of mass spectra of bacteria cluster in very close 
areas, showing the high similarity of these datasets. 

As shown in Appendix C, Table C.1 lists the peaks of E. coli. directly 
analyzed by MALDI-TOF MS. Ions with peaks at m/z = 4365, 5381, 
6255, 6411, 6849, 7274, 7871, 8604 and 9554 were reported in previ-
ous studies (Yan et al. 2020, Feng et al. 2020, Božik et al. 2018). In the 
present study, based on the big datasets of mass spectra and 34 
biomarker ions discovered by assistance of variables importance in 
projection (VIP) analysis, the ions with m/z = 4365, 4759, 5381, 6255, 
6411, 6847, 7274, 7873, 8604 and 9554 with relatively large signal-to- 
noise ratio (S/N) are preferentially recommended as the biomarker ions 
for the identification of E. coli from different food matrices via MALDI- 
TOF MS. It is promising to apply this method for discovering 
biomarker ions based on the VIP analysis and use of anti-bacterial an-
tibodies for different bacterial identification via MALDI-TOF MS. 

Conclusions 

Seafood is one of the leading products implicated in foodborne 
outbreaks worldwide. In the present study, the enrichment and/or 
capture of E. coli and the identification of matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF MS) by 
carboxyl magnetic beads modified with anti-E. coli (anti-E. coli@MBs) 
provide a rapid method for the identification of bacteria in aquatic 

products. The detection limit (LOD) of this method was found to be 10 
CFU/mL. The averaged similarity score among the obtained mass 
spectra in the three independent experiments of capturing E. coli from 
sablefish FSP extracts was calculated with the value of 0.95 ± 0.03, 
showing the excellent reproducibility of the present protocol for bacte-
rial capture. The developed method was successfully applied for mi-
crobial safety test on the surface of fish muscle. The bacterial 
identification accuracy from samples with different matrices was found 
to be good with 3% RSD. Magnetic beads functionalized with anti-E. coli 
(anti-E. coli@MBs) only provide high specific detection of E. coli in 
complex biological samples when spiking S. aureus and K. pneumoniae in 
samples as interference. Based on variable importance in projection 
(VIP) scores, the biomarker ions discovered for E. colis recognition 
include m/z = 4365, 4759, 5381, 6255, 6411, 6847, 7274, 7873, 8604 
and 9554. The present protocol is expected to be further proved by the 
detection of other foodborne pathogens. 
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Fig. 4. (A) Plot of partial least-squares discriminant analysis (PLS-DA) of mass spectra for the E. coli captured by magnetic beads from samples with different 
complexities of matrices including water, fish muscle surface, extracts of fish sarcoplasmic protein (FSP) and fish muscle protein. (B) Plot of variable of importance in 
projection (VIP) scores of mass spectral signals with VIP values more than 1.0 among different complex samples. Ten ions that contribute significantly to differentiate 
E. coli were screened out with relative abundances indicated in red (high) or blue (low) color. m/z values for each ion are listed on the y-axis. Inlet or capital letter 
indicates the capture of E. coli from water (A), the surface of fish muscle (B), fish sarcoplasmic proteins (FSP) (C), and in fish muscle proteins (D). Star labeled peaks in 
Fig. 2 are denoted in red color in Fig. 4B. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fochx.2022.100225. 
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