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Abstract 

A Staphylococcus aureus (S. aureus)-specific lytic bacteriophage P-S. aureus-9, 

isolated from an environmental water sample, was assembled on magnetic beads for 

capturing S. aureus from samples through magnetic separation. Horseradish 

Peroxidase (HRP) labeled immunoglobulin (IgG) antibodies were used to detect the 

captured S. aureus by reacting with protein A on S. aureus followed by colorimetric 

signals, which were generated from the catalytic reaction between HRP and the 

substrate 3,3',5,5'-Tetramethylbenzidine (TMB). Under optimal conditions, the 

calibration curve was linear from 1.0×10
4
 to 1.0×10

6
 CFU mL

-1
. The limit of 

detection (LOD) for the assay was 2.47×10
3
 CFU mL

-1
 and 8.86×10

3
 CFU mL

-1
 of S. 

aureus in PBS and apple juice, respectively. Moreover, the whole assay revealed 

outstanding specificity towards S. aureus, without any interference of common 

pathogenic bacteria, and can be completed within 90 min without any pre-enrichment. 

As far as known, it was the first time to detect S. aureus based on the double site 

recognition of bacteriophage and mammal IgG. The novel approach has shown good 

potentials for a rapid, specific, cheap and simple detection of S. aureus in food 

samples. 

Keywords: Staphylococcus aureus; Magnetic separation; Bacteriophage; Detection; 

Specificity. 
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1. Introduction 

Staphylococcus aureus (S. aureus), combining with its secreted toxins, is a 

significant source resulting in food contamination and disease infection [1-3]. As 

reported, S. aureus causes an estimated 241,000 illnesses per year in the United States 

[4]. It is important to develop sensitive methods for S. aureus detection in food 

samples.  

So far many methodologies have been developed to detect S. aureus. 

Conventional culture-based S. aureus detection, recognized as a “gold standard”, 

possessed the advantages of high sensitivity and good accuracy [5, 6]. Nevertheless, 

the time-consuming culture steps and labor-intensive manipulation make it not 

suitable for point-of-care (POC) diagnosis and rapid screening. Polymerase chain 

reaction (PCR) based nucleic acid analysis strategies realized the sensitive and 

multiplexed detection of S. aureus [7, 8]. However, nucleic acid extraction steps 

would be liable to produce false positive signal. What’s more, the activity of 

polymerase was easily influenced by food sample matrix [9]. Molecular recognition 

based detection methodologies employed affinity molecules such as antibodies [10, 

11], aptamers [12-14], antibiotics [15, 16], cell binding domains of bacteriophage 

lysins [17], and bacteriophages [18] to identify S. aureus. Different from other 

bacteria, most S. aureus cells produce Protein A molecules on their surface, which can 

bind to the Fc fragment of mammal IgG antibodies. Therefore, choosing a correct 

combination of capture and signal detection molecules is important for developing a 

specific assay for S. aureus. Vancomycin and mammal IgG as two recognition 
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reagents have been reported for S. aureus detection [19]. Since vancomycin is a kind 

of broad-spectrum antibiotic and can bind to most Gram-positive bacteria, potential 

interference from Streptococcus sp which can generate protein G and also bind with 

vancomycin may cause false positive results in these detection methods and affects 

the reliability of those proposed biosensors. 

Bacteriophages are natural bacteria-specific viruses. With their high host 

specificity, and good capture capacity under wide pH and temperature conditions, 

bacteriophages could be used as recognition elements applying for pathogenic 

bacteria detection [20-23]. Moreover, compared with other assay methods, 

bacteriophages-based approaches can differentiate viable bacteria from dead bacteria 

[24]. Phagomagnetic separation (PMS) couples the merits of bacteriophage with 

magnetic separation to serve as a substitute for immunomagnetic assay and show high 

efficiency of capturing target bacteria [25, 26]. 

In this study, a naturally isolated bacteriophage P-S. aureus-9 infecting S. aureus 

from a raw river sample was used for phagomagnetic separation to specifically 

capture S. aureus in samples. The whole target cells of S. aureus was then recognized 

by horseradish peroxidase (HRP) labeled mammal IgG through interactions between 

Staphylococcus protein A (SPA) and Fc region of mammal IgG. As far as known, it 

was the first time to detect S. aureus based on the double site recognition of 

bacteriophage and non-specific mammal IgG. 

2. Experimental Section 

2.1. Instrumentation 



5 
 

The P-S .aureus-9 bacteriophage pellets were concentrated using 13 × 51-mm 

ultracentrifuge tubes (Ultra-Clear
TM 

Tubes, Beckman, California, USA) in an 

ultracentrifuge (Optima
TM

 XL-100K, Beckman) using the SW55 Ti rotor (Beckman). 

Magnetic separation racks, used for magnetic separation of particles in the washing 

steps, were obtained from GoldMag Biotech Co., Ltd. (Xi’an, China). An Oscillator 

Vortex Genie 2 (USA) was used to disperse magnetic beads. The immobilization to 

the magnetic particles was performed under shaking using an incubator shaker 

ZWY-200D (Labwit scientific, Co., Ltd, Shanghai, China). Temperature-controlled 

incubations were performed in an Eppendorf Thermomixer comfort. Optical 

measurements were performed on a FilterMax F5 Multi-Mode Microplate Reader 

with SoftMax Pro 6.4 software (Molecular Devices, LLC, CA, USA). The 

transmission electron microscopy (TEM) images were took with the transmission 

electron microscope H-7000FA (Hitachi LTD, Tokyo, Japan). 

2.2. Materials and Reagents 

Carboxyl-terminated magnetic beads (COOH-MBs) (800 nm in diameter) were 

purchased from Wuhan Jiayuan Quantum Dots Corporation., Ltd. (Wuhan, China). 

N-(3-dimethy-laminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and 

N-hydroxysuccinimide (NHS) were obtained from Aladdin Industrial Corporation 

(Shanghai, China). Skim milk powder and bovine serum albumin (BSA) were 

purchased from Oxoid Co., Ltd. (England) and German Roche Co. Ltd. (Germany), 

respectively. Polyclonal Goat Anti-Mouse IgG (H+L) conjugated to HRP (1 mg mL
-1

) 

and TMB (3, 3’, 5, 5’ - tetramethylbenzidine) solution used for the optical 
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measurements were purchased from Beijing Biodragon Immunotechnologies Co., Ltd. 

(Beijing, China). Tween-20 was obtained from Sigma-Aldrich Chemicals Co. (St. 

Louis, MO, USA). Phosphate-buffered saline (PBS, 0.01 mol L
-1

, pH 7.4) was 

prepared with 0.2 g potassium dihydrogen phosphate, 0.24 g potassium chloride, 1.15 

g disodium hydrogen phosphate, and 8 g sodium chloride dissolving in 1000 mL 

distilled water. PBST (0.01 mol L
-1

, pH 7.4) was prepared by mixing 500 μL of 

Tween-20 with 1000 mL 0.01 mol L
-1

 PBS (pH 7.4). Phage buffer (pH 7.5) was 

prepared with 50 mM Trizma
®
 base (VETEC

TM
), 150 mM sodium chloride, 10 mM 

magnesium chloride, 2 mM calcium chloride. All other reagents were of analytical 

grade unless otherwise specified and all buffer solutions were prepared with double 

distilled water (18.2 Ω).  

2.3. Methods 

2.3.1. Bacterial strains 

S. aureus strain LQ7, S. aureus strain N315, E. coli O157:H7 strain (EDL933), 

Salmonella (CICC21497), Enterococcus faecalis (isolated from raw milk), 

Enterococcus faecium (isolated from raw milk), Streptococcus agalactiae (isolated 

from raw milk) and Streptococcus dysgalactiae (ATCC35666) were used in this study. 

Details of S. aureus strains used in the study were listed in Table S1 and Table S2 (in 

Supplementary material).  

All bacterial strains were prepared as a previously reported approach [17]. 

Briefly, the bacteria of overnight culture were rinsed by sterile PBS (pH 7.4) with 15% 

glycerol. After washing for at least two times, the bacteria precipitate was 
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re-suspended in sterile PBS (pH 7.4) with 15% glycerol. The bacterial concentration 

was determined by the colony formation of serial diluted bacteria plating on agar 

plates containing the culture medium. Then, adjust the final concentration of bacteria 

to 1.0×10
8 

CFU mL
-1

. Finally, the bacteria were stored in 100 L aliquots at -80 °C 

for further use.  

2.3.2. S. aureus infecting bacteriophage isolation 

The S. aureus stains LQ7 and N315 were used as indicators for bacteriophage 

screening. Raw sewage samples of 50 mL were collected from the Langya Forest and 

the South Lake park (Chuzhou, China) and used for the selection of S. aureus-specific 

bacteriophages. The sample was centrifuged at 10,000 g for 10 min and the 

supernatant (15 mL) was mixed with 25 mL of phage buffer, 10 mL LB broth medium 

and 1 mL of early log phase S. aureus culture (optical density at 600 nm = 0.4) in 

flask. The mixture was then incubated for 12 h at 37 °C with shaking at 160 rpm. 

Then, the culture was centrifuged at 10,000 g for 10 min, and the supernatant was 

filtered through a 0.22 μm syringe-driven filter (EMD Millipore Co., Billerica, MA, 

USA). Spot tests were carried out to detect the presence of bacteriophage [27]. 

Aliquots (1 mL) of the diluted filtrate were mixed with 500 μL S. aureus culture 

(OD600 = 0.4) and 5 mL of molten top soft nutrient agar (0.7% agar) was overlaid on 

the solidified nutrient agar layer (1.5%) [28]. After incubation for 8 h at 37 °C, 

individual clear plaque was picked, and bacteriophage was eluted with phage buffer, 

re-plated, and re-picked more than five times for isolation of pure individual 

bacteriophage. The bacteriophage titer was determined using the double-layered 
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method described previously [29].  

2.3.3. Propagation and purification of the bacteriophage 

Large-scale propagation and purification of bacteriophages were performed as 

described previously by cesium chloride (CsCl) density centrifugation with slight 

modifications [30, 31]. Inoculate a single colony of host S. aureus in 5 mL of 

Luria-Bertani (LB) broth medium in a sterile tube. Incubate overnight at 37 °C at 180 

rpm. 5 mL of the overnight culture of S. aureus was placed in 500 mL LB broth in a 1 

liter flask at 37 °C at 180 rpm. Early log phase cultures of S. aureus (OD600 = 0.4, 

500 mL) were infected with bacteriophage filtrates at a multiplicity of infection (MOI) 

of 0.1. The infected cultures were incubated at 37 °C with intermittent swirling for 6 h 

until complete lysis occurred. Cool the lysed cultures containing bacteriophage to 

room temperature. Add DNase I and RNase, each to a final concentration of 1 μg 

mL
-1

. Incubate the lysed cultures for 30 minutes at 37 °C. Solid sodium chloride (final 

concentration, 1 M) was added in the lysate and incubated for 1 hour on ice. Cell 

debris was pelleted by centrifugation at 11,000 g (8561 rpm in a J-Lite
®

 SERIES 

ROTOR) for 10 minutes at 4 °C. Supernatant was treated with 10% w/v polyethylene 

glycol (PEG) 8000 with slow stirring on a magnetic stirrer. After incubation in an 

ice-bath for 1 h, the bacteriophage particles were harvested by centrifugation at 

11,000 g for 10 minutes at 4 °C. Pellets were re-suspended gently in 4 mL of Phage 

buffer.  

Subsequently, the crude bacteriophage suspension was overlaid onto a three-step 

CsCl gradient (1.45, 1.50 and 1.7 g mL
-1

) and centrifuged at 35,000 rpm for 2 h. 
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Bacteriophage-containing band was extracted by puncturing the wall of centrifuge 

tube with a sterilized needle, followed by dialysis using a cellulose membrane for 24 

h with four changes of MgSO4 10 mM at 4 °C. Finally, purified bacteriophage was 

stored in 10 mM MgSO4 at 4 °C for further use. 

2.3.4. Host range determination 

Host ranges of isolated bacteriophages were tested against 18 clinical strains of S. 

aureus using standard spot tests [32] . All clinical bacterial strains used were grown 

overnight in LB at 37 °C. Briefly, 10 μL purified bacteriophage stocks (10
8
 PFU mL

-1
) 

were spotted onto a lawn of test bacteria. Plates were left to dry before incubation. 

Bacterial sensitivity to P-S. aureus-9 was determined by the clarity of the spots. The 

host range test was performed in triplicate. 

As for host range determination, clear plaque is a symbol indicating the bacterial 

strain is sensitive to the phage, turbid plaque or no plaque indicated that the strain is 

not a host to the phage. Details of the bacterial strains used in the study are listed in 

Table S1 (in Supplementary material). 

2.3.5. Transmission Electron Microscopy (TEM) 

The bacteriophage P-S. aureus-9 was analyzed using transmission electron 

microscopy (TEM). One drop of purified P-S. aureus-9 particles was adsorbed to a 

230-mesh carbon-coated copper grid for 10 minutes, followed by staining with 2% 

(wt/vol) phosphotungstic acid (pH 6.8), air dried and examined under a HITACHI 

H-7000FA transmission electron microscope operated at 75 kV. 

2.3.6. Preparation of bacteriophage-coated magnetic beads 
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The bacteriophage/magnetic beads composite was prepared as a previously 

reported method with a modification [33]. The carboxylic acid-modified magnetic 

beads were covalently conjugated to the amine groups of capsid proteins of the 

bacteriophage by an amide linkage. Briefly, 100 μL of magnetic beads (800 nm in 

diameter, 10 mg mL
-1

) were washed thrice with phosphate buffered saline (PBS, pH 

6.8) and then suspended in 120 μL of phosphate buffered saline (PBS, pH 6.8). EDC 

(40 μL, 50 mg mL
-1

) and NHS (40 μL, 25 mg mL
-1

) were added to the magnetic beads, 

and incubated for 30 min at 37 °C with gentle rotation. Then the magnetic beads were 

washed three times with 200 μL of phosphate buffered saline (PBS, pH 7.4) to 

remove excessive EDC and NHS. Purified P-S. aureus- 9 bacteriophage stock in 

phage buffer (100 μL, 5×10
10 

PFU mL
-1

; PFU, plaque forming units) was added to the 

beads and agitated for 4 h at 37 °C with gentle rotation. After the incubation, the 

mixture was washed at least four times with PBST buffer to remove unconjugated P-S. 

aureus-9 bacteriophage. The resulted composite was then blocked by 5% BSA or 15% 

skim milk in PBS at 37 °C for 2 hours with gentle agitation. Finally, the 

bacteriophage-coated magnetic beads were stored in phosphate buffered saline (PBS, 

pH 7.4) buffer (1 mL) at 4 °C for further use. 

2.3.7. Procedure of the bacteriophage based phagomagnetic immunoassay for the 

detection of S. aureus 

Working S. aureus samples were prepared by serial dilution of S. aureus into the 

following concentrations using PBS buffer: 1×10
4
, 5×10

4
, 1×10

5
, 5×10

5
, 1×10

6
 CFU 

mL
-1

. PBS buffer was used for the negative control experiment. The phagomagnetic 
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immunoassay was performed as schematically outlined in Fig. 1. Briefly, 

bacteriophage-modified magnetic beads were mixed with 100 μL S. aureus sample 

and incubated at 37 °C, 180 rpm for 30min. Afterward the unconjugated bacteria were 

separated by a magnetic separation rack. After washing thrice with PBST, 100 μL of 

HRP-labeled goat anti-mouse IgG was added to the S. aureus-bacteriophage-MBs 

complexes and incubated under constant shaking at 37 °C for 30 min. Then, the 

immune-complex (MBs/ bacteriophage/ S. aureus/ HRP-labeled goat anti-mouse IgG) 

were separated magnetically and thoroughly washed by PBST. Finally, optical 

detection with 100 μL of chromogenic substrate TMB incubated for 10 min at 37 °C. 

Then 100 μL of 2 mol L
-1

 sulphuric acid was added to stop the enzymatic reaction and 

the absorbance values were read at 450 nm on a FilterMax F5 Multi-Mode Microplate 

Reader. Different parameters (for instance, the incubation time of bacteriophage-MBs 

and S. aureus, the amount of bacteriophage-MBs and the dilution ratio of the 

HRP-labeled goat anti-mouse IgG) were optimized.  

 

Fig. 1. Schematic representation of the bacteriophage based phagomagnetic immunoassay for S. 

aureus detection (not to scale). 
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3. Results and discussion 

3.1. Isolation and host range of bacteriophage P-S.aureus-9 

The S. aureus-specific bacteriophages were isolated from environmental samples. 

Using S. aureus-LQ7 and S. aureus-N315 as indicator strains, a total of 6 

bacteriophages were isolated from 11 sewage samples collected from the Langya 

Forest and the South lake park in Chuzhou, China. Interestingly, the host range test of 

isolated S. aureus -specific bacteriophages revealed that one of the bacteriophages, 

named P-S.aureus-9, showed a broad inhibition against the tested S. aureus stains 

(Table S3 in the Supplementary material). This suggested that the P-S. aureus-9 

bacteriophage might be a good recognition element for the development of a novel S. 

aureus detection biosensor. 

3.2. Morphology of bacteriophage P-S. aureus-9 

Isolated bacteriophage P-S. aureus-9 could form clear and round plaques of 1-2 

mm in diameter on a lawn of S. aureus (Fig. 2A). For morphological characterization 

of bacteriophage P-S. aureus-9, TEM analysis revealed an icosahedral capsid (88 ± 3 

nm, n = 5) with a long contractile tail (191 ± 6 nm, n = 5), suggesting that P-S. 

aureus-9 belongs to the Myoviridae family (Fig. 2B). 

 

Fig. 2. Isolated bacteriophage P-S. aureus-9. (A) Plaque morphology of bacteriophage P-S. 



13 
 

aureus-9. (B) TEM of phage P-S. aureus-9 negatively stained with freshly prepared 2% 

phosphotungstic acid at ×100,000 amplification. Scale bar, 200 nm.  

 

3.3. Optimization of experimental conditions 

Different experimental parameters were optimized using S. aureus at 5.0×10
5
 

CFU mL
-1

 to obtain high ratio of A/A0 (A was the absorbance at 450 nm with the 

sample containing target bacteria, while A0 was the signal of PBS as a blank sample). 

For the phagomagnetic immumoassay, the signal was strongly influenced by the 

following parameters: the incubation time of S. aureus/ bacteriophage-modified MBs 

mixture, the amount of bacteriophage-modified-MBs and the dilution ratio of the 

HRP-labeled goat anti-mouse IgG. 

3.3.1. Optimization of the incubation time 

Bacteriophage, acted as a recognition element, presents highly specific and 

efficient capture capacity for the target bacteria. For this detection strategy, the 

response of the biosensor was intensely influenced by the amount of the 

bacteriophage/ S. aureus biocomplex formed on the magnetic beads, while the 

formation of this biocomplex was affected by the incubation time. Under the 

conditions of 5.0×10
5 

CFU mL
-1

 S. aureus, 10 μg COOH-magnetic beads and 1:1000 

diluted HRP-labeled goat anti-mouse IgG, different incubation time was tested. 

The effect of incubating time of S. aureus/bacteriophage-modified magnetic 

beads mixture on the response is shown in Fig. 3A, 3B. As seen in Fig. 3A, a sharp 

increase of the absorbance values at 450 nm were observed when the incubation time 
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changed from 0 to 30 min. Subsequently, signals reached a plateau after 30 min, 

suggesting a binding saturation of S. aureus to the bacteriophage-modified magnetic 

beads. Additionally, PBS was applied as a blank sample to all optimization 

experiments. The signals of the blank samples kept at a relatively low level regardless 

of the increase of time. As seen in Fig. 3B, A/A0 was parallel to that of positive signals 

in Fig. 3A. Taken the efficiency into consideration, the incubation time of 30 min was 

selected in the following investigations. 

3.3.2. Optimization of the amount of bacteriophage-modified –MPs 

The amount of bacteriophage-modified magnetic beads was a crucial factor 

affecting the sensitivity. At the conditions of 5.0×10
5 

CFU mL
-1

 S. aureus, optimized 

incubation time (30 min) and 1:1000 diluted HRP-labeled goat anti-mouse IgG, the 

effect of the amount of magnetic beads (from 3 μg to 20 μg) on the response was 

detected. As shown in Fig. 3C, the absorbance increased gradually with the increase 

of the amount of bacteriophage-modified magnetic beads. Meanwhile, the weak 

colorimetric signal generated from blank sample (PBS) revealed a slight augment. As 

illustrated in Fig. 3D, A/A0 reached the maximum when the amount of 

bacteriophage-modified MBs was 15 µg. With the continual increase of the amount of 

bacteriophage-modified MBs, a downtrend of the ratio was observed, indicating a 

non-specific adsorption of the HRP-labeled goat anti-mouse IgG to excessive MPs. 

Thus, 15 µg bacteriophage-modified MBs was selected and adopted in the subsequent 

investigations. 

3.3.3. Optimization of the dilution ratio of the HRP-labeled goat anti-mouse IgG 
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Goat anti-mouse IgG is another recognition element for the system. Therefore, 

the dilution ratio of the HRP-labeled goat anti-mouse IgG prominently influences the 

sensitivity of the detection system. Under the conditions of 5.0×10
5 

CFU mL
-1

 S. 

aureus, optimized incubation time (30 min) and bacteriophage-modified MBs (15 µg), 

the dilution ratio of HRP-labeled goat anti-mouse IgG, ranging from 1:200 to 1:3000, 

was optimized as shown in Fig. 3E and 3F. Fig. 3E indicates that the absorbance 

revealed a dramatic increase when the dilution ratios of the HRP-labeled goat 

anti-mouse IgG changed from 1:3000 to 1:200. However, low dilution ratio of the 

HRP-labeled goat anti-mouse IgG leads to a rise of signals in blank samples, 

suggesting a non-specific adsorption. Fig. 3F shows that the highest signal-to-blank 

ratio (A/A0) was obtained when the dilution ratio was 1:500.Thus, the dilution ratio of 

1:500 was adopted in the further experiments. 
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Fig. 3. Effects of experimental parameters on the signals of the immunoassay. (A) Absorbance at 

450 nm under different incubation time of bacteriophage-MBs and S. aureus. (B) The ratio of 

signal-to-blank under different incubation time. (C) Effect of COOH-MBs amount on the 

absorbance at 450 nm. (D) The ratio of signal to noise under different amount of COOH-MBs. (E) 

Effect of the dilution ratio of the HRP-labeled goat anti-mouse IgG on the absorbance at 450 nm. 

(F) The ratio of signal-to-blank under different dilution ratio of the HRP-labeled goat anti-mouse 

IgG. Error bars indicated the standard deviations of the results extracted from three independent 

experiments. 

 

3.4. Detection of S .aureus in PBS 

Under optimal conditions determined above, the phagomagnetic immunoassay 

system was applied for quantitative detection of S. aureus in PBS first. PBS was used 

as a blank sample. As shown in Fig. 4A, the absorbance at 450 nm increased linearly 

with the S. aureus concentration in the range of 1.0×10
4 

to1.0×10
6
 CFU mL

-1
. For the 

calibration curve, the linear regression equation was  

𝑌 = 1.159 × 𝑥 + 0.02814 

Where Y is the absorbance at 450 nm and x is the concentration of S. aureus. The 

determination coefficient (R
2
) is 0.9999. The limit of detection (3σ, where σ is the 

standard deviation of blank samples processed in the same procedure as the S. aureus 

samples, n=9) was calculated to be 2.47×10
3
 CFU mL

-1
. Additionally, to evaluate the 

repeatability and stability of the detection system, eleven groups of the same 

concentration of S. aureus (5.0×10
5
 CFU mL

-1
) were tested with a coefficient of 



17 
 

variation 3.64 % (as shown in table S4 in Supplementary material), indicating 

acceptable reproducibility of the detection method. 

3.5. Detection of S .aureus in apple juice 

Unpasteurized or fresh juices are favorite drinks for people, but also easy to be 

contaminated by pathogenic bacteria [34] , especially S. aureus since it exists widely.  

Apple juice purchased from the local market was adopted as a food sample to evaluate 

the application potential of the phagomagnetic immunoassay approach for S. aureus 

detection. The apple juice was spiked with different concentrations of S. aureus first 

and then filtered with paper to remove some large aggregates in the sample. The 

filtered apple juice was utilized as a blank sample. As shown in the calibration curve 

in Fig. 4B, the linear range was from 1.0×10
4
 to 1.0×10

6
 CFU mL

-1
. The linear 

equation was: 

𝑌 = 1.206 × 𝑥 + 0.03981 

Where Y is the absorbance at 450 nm and x is the concentration of S. aureus. The 

determination coefficient (R
2
) is 0.99. The limit of detection (LOD) was 8.86×10

3
 

CFU mL
-1

. The recovery percentage of S. aureus detected by the assay ranged from 

89.4% to 108% for the different amount of S. aureus added, as shown in Table S5 in 

Supplementary material, which was satisfactory for quantitative assays of S. aureus in 

apple juice. 
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Fig. 4. Calibration curves for S. aureus detection. (A) Calibration curve for S. aureus detection in 

PBS buffer. (B) Calibration curve for S. aureus detection in apple juice. The curve of absorbance 

value at 450 nm along with S. aureus concentration. Error bars indicated the standard deviations of 

the results extracted from three independent experiments. 

 

3.6. Specificity study 

The specificity of the phagomagnetic immunoassay was evaluated by comparing 

the response to PBS (as a blank sample), S. aureus and six potential interfering 

pathogenic bacteria, including two gram-negative bacteria (E. coli O157:H7 and 

Salmonella), and four gram-positive bacteria (E. faecium, E. faecalis, Streptococcus 

agalactiae and Streptococcus dysgalactiae). As shown in Fig. 5, only S. aureus at 

1.0×10
5
 CFU mL

-1
 caused a significant signal increase in comparison with the blank 

sample. All of the responses from the interfering bacteria at 1.0×10
7 

CFU mL
-1

 

showed negligible difference compared to that from the blank. All the above results 

indicated that this developed biosensor has an ideal specificity for S. aureus detection. 
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Fig. 5. Specificity of the phagomagnetic immunoassay for S. aureus. The concentration of S. 

aureus was 1.0×10
5
 CFU/mL and the interfering bacteria were at 1.0×10

7
 CFU/mL. All the assays 

are performed triplicate at the chosen optimal conditions.  

 

The main advantages of using phagomagnetic instead of the immunomagnetic 

separation are combination of the specificity of bacteriophage with the simplicity of 

magnetic beads. Compared to antibodies, which are widely used in immunomagnetic 

separation, bacteriophages take the advantage of receptor binding proteins that are 

located in the tail fiber to achieve target bacteria recognition. Hence, this approach 

circumvented the interference of Streptococcus in the normal antibody-based S. 

aureus detection. In addition, bacteriophages are animal-free, cost-efficient and 

remarkably unsusceptible to temperature and pH variation [35]. Recently, some new 

bacteriophage-based methods to detect S. aureus have also been reported rapidly with 

high sensitivity [36]. However, either isotype [37,38], time-consuming gene 

engineering [39], phage display or sophisticated instrument [37, 38] was required. 

Furthermore, homogeneous detection system was susceptible to sample matrix 
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interference [40]. The proposed colorimetric detection approach can be envisaged as a 

visible method for rapid diagnosis of S. aureus without time-consuming sample 

pretreatment procedures and complicated equipment, which exhibited good 

application potentials in food safety control.  

The bacteriophage (P-S. aureus-9) used in this phagomagnetic immunoassay 

possesses a broad host range, covering the tested 18 clinical strains of S. aureus from 

our laboratory collection. However, because one bacteriophage will not cover all the 

serotypes of a bacterial species, employing a bacteriophage cocktail would be needed 

in the future to maximize the detection range of the assay. 

4. Conclusions 

In summary, we have isolated and purified a broad-host-range S. aureus-specific 

bacteriophage, which can be assembled on COOH-MBs as a bio-recognition element 

for magnetic separation and S. aureus detection. The developed phagomagnetic 

immunoassay biosensor for S. aureus detection was constructed based on the specific 

and high affinity of the MBs/bacteriophage composite to target bacteria and 

Staphylococcus protein A to immunoglobulin G. The proposed biosensor was 

demonstrated to respond linearly over the concentrations of S. aureus tested with an 

ultralow LOD of 2.47×10
3
 CFU mL

-1
. Furthermore, the high specificity towards S. 

aureus compared to other possible interfering strains (Streptococcus agalactiae, 

Streptococcus dysgalactiae, E. faecium, E. faecalis, E. coli O157:H7, Salmonella) and 

the reproducibility of this approach have been illustrated experimentally. Finally, the 

methodology is efficient to be applied for detection of S. aureus in apple juice, 
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demonstrating its potentials for rapid detection and quantification of S. aureus in real 

samples. 
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Highlights 

 A broad-host-range S. aureus-specific bacteriophage was isolated and purified. 

 The method circumvented the interference of other bacteria such as 

Streptococcus. 

 The method was successfully applied to detect S. aureus in spiked apple juice. 

 S. aureus was double-recognized by phage and IgG sensitively and specifically. 

 




