T4 Bacteriophage Conjugated Magnetic Particles for E. coli Capturing: Influence of Bacteriophage Loading, Temperature and Tryptone
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Abstract: This work demonstrates the use of bacteriophage conjugated magnetic particles (Fe3O4) for the rapid capturing and isolation of Escherichia coli. The investigation of T4 bacteriophage adsorption to silane functionalised Fe3O4 with amine (-NH2), carboxylic (-COOH) and methyl (-CH3) surface functional groups reveals the domination of net electrostatic and hydrophobic interactions in governing bacteriophage adsorption. The bare Fe3O4 and Fe3O4-NH2 with high T4 loading captured 3-fold more E. coli (70% capturing efficiency) compared to the low loading T4 on Fe3O4-COOH, suggesting the significance of T4 loading in E. coli capturing efficiency. Importantly, it is further revealed that E. coli capture is highly dependent on the incubation temperature and the presence of tryptone in the media. Effective E. coli capturing only occurs at 37C in tryptone-containing media with the absence of either conditions resulted in poor bacteria capture. The incubation temperature dictates the capturing ability of Fe3O4/T4, whereby T4 and E. coli need to establish an irreversible binding that occurred at 37 °C. The presence of tryptophan-rich tryptone in the suspending media was also critical, as shown by a 3-fold increase in E. coli capture efficiency of Fe3O4/T4 in tryptone-containing media compared to that in tryptone-free media. This highlights for the first time that successful bacteria capturing requires not only an optimum tailoring of the particle’s surface physicochemical properties for favourable bacteriophage loading, but also an in-depth understanding of how factors, such as temperature and solution chemistry influence the subsequent bacteriophage-bacteria interactions.





1. Introduction
Foodborne illnesses have become a major concern worldwide, with the majority of foodborne diseases caused by Salmonella sp., Escherichia coli (E. coli), Staphylococcus aureus, Campylobacter jejuni and Bacillus cereus [1]. The conventional methods of detecting pathogens in food rely on cell culturing, which have been the “gold standard” microbiological technique [2-4]. This process consists of pre-enrichment, selective enrichment, plating and conformation and it may take up to 3-7 days to complete, making the process very lengthy [5]. With the need for rapid yet sensitive techniques, many detection methods have been developed, with some success. Several assay techniques, including enzyme-linked immunoassays (ELISA), immunosensors, polymerase chain reaction (PCR) and flow cytometry, have shortened the detection time to less than 2 h [6]. Regardless, due to the complexity of the food matrix, the low level of target bacteria and the diversity of other microflora in food, the applications of such techniques remain very challenging, as they still rely on the sample enrichment steps that in most cases will take days to complete [7, 8]. Although lengthy, sample enrichment is critical, as it promotes amplification of target bacteria, revives some injured target bacteria and suppresses the interference from food matrices [8, 9]. It is difficult to completely eliminate the reliance of many rapid detection methods on the sample enrichment process. Further advancement in sample enrichment technique is therefore required to fully achieve a rapid detection of bacteria in food. 

The concept of concentration and isolation of bacteria that is culture-independent has become increasingly popular [10], as it allows isolation and concentration of bacteria from other interferences and reduction of sample volume within a short period of time. The application of magnetic particles as a magnetically controllable material has revolutionised the isolation and separation of many chemical and biological materials especially when the concentration is low [11, 12]. When introduced into food samples, magnetic particles are capable of capturing bacteria, separating them from the food components through subsequent application of a magnetic field [10]. The specificity of the bacterial capturing is however, limited, as also shown in other studies with bare and functionalised magnetic particles [13]. The specificity of magnetic particles towards target pathogenic bacteria is an essential parameter as both pathogenic and non-pathogenic bacteria may be present in food [14]. Specific capturing of target pathogenic bacteria may aid downstream pathogen detection and reduce the potential for “false-positives” arising.

The specificity of magnetic particles can be tuned through coupling with a recognition element. One potential example of the recognition element is bacteriophage. Bacteriophages are ubiquitous viruses with a broad or specific range of bacterial host [15-17]. Exploiting their specificity and infectivity towards target bacteria, bacteriophages have come into vogue as a recognition agent in biosensing [18, 19], antibacterial surfaces [20] and as a model virus for membrane filtration testing [21]. The integration of bacteriophage and magnetic particles to isolate and capture target bacteria has not been well studied. Earlier studies have reported a very low bacteria recover (less than 20%) of such system [22, 23]. After almost two decades, a higher extent of bacteria recovery has only been reported by Chen et al. [24], with 60 - 70% recovery of E. coli K12 (105 cfu/mL) using T7 bacteriophage conjugated with mixed metal oxide nanoparticles containing 30% cobalt. However, the effectiveness of immobilised bacteriophage in infecting bacteria has been reported to reduce in the presence of environmental interferences, such as human albumin and extracellular polysaccharide [25]. Moreover, the presence of certain cations (Ca2+ and Mg2+), solutions’ pHs and temperatures have also been reported to significantly affect the interaction between bacteria and bacteriophage [26, 27]. Yet, thus far there are no studies that investigate the influence of such variables to the performance of bacteriophage based magnetic particles in capturing bacteria. With increasing interest in the use of bacteriophage based magnetic particles to capture bacteria in real food samples, further work is required to better understand and determine the critical  parameters required to achieve successful capturing. Thus, the aim of this study is to begin to address that knowledge gap.

Herein, we employed surface functionalisation of magnetic iron oxide nanoparticles (Fe3O4) via organosilane grafting to provide different surface functional groups and chemical properties, namely amine (-NH2), carboxylic (-COOH) and methyl (-CH3) functional groups. T4 bacteriophages are a non-enveloped, head-tail structure bacteria virus that infects E. coli. T4 bacteriophage are widely used as a recognition agent for biosensors [28], a surrogate to model virus removal in membrane filtration system [21] and antimicrobial surfaces [29] due to their well-understood properties [30, 31]. In this study, T4 bacteriophages were immobilised onto bare and differently functionalised Fe3O4. It was found that variation in surface chemistry of the particles influenced the bacteriophage loading. The performance of the T4 bacteriophage conjugated Fe3O4, with regards to the capture and isolation of E. coli was studied. We report a synergistic influence of bacteriophage loading, incubation temperature and the solution chemistry in dictating T4 bacteriophage conjugated Fe3O4 performance in capturing E. coli. 





2. Materials and Method
2. 1 Reagents and Materials
Iron (II,III) oxide nanopowder, 3-aminopropyltriethoxysilane (APTES), succinic anhydride, bovine serum albumin (BSA), octadecyltrimethoxysilane (ODTMS), phosphotungstic acid (PTA) and sodium citrate tribasic dihydrate were sourced from Sigma-Aldrich. Analytical grade methanol, ethanol, glacial acetic acid, sodium chloride, sodium hydroxide pellets, N,N-dimethylformamide (DMF), Tris-HCl, glycerol and D-glucose were purchased from Ajax Chemicals. Phosphate buffer saline tablets (8 g/L NaCl, 0.2 g/L KCl, 1.15 g/L Na2HPO4 and 0.2 g/L KH2PO4, pH 7.2-7.4), tryptone, yeast extract and agar bacteriological were obtained from Oxoid. Bacteriophage T4 (ATCC 11303-B4) and its host E. coli (ATCC 11303) were supplied from the ATCC. 

Luria Bertani broth was made by adding 10 g/L tryptone, 5 g/L yeast extract and 10 g/L sodium chloride in Milli-Q water. Tryptone agar was prepared by dissolving 10 g/L tryptone, 8 g/L sodium chloride, 3 g/L D-glucose, 2 g/L sodium citrate tribasic dehydrate and 10 g/L agar bacteriological in Milli-Q water. All media were sterilised by autoclaving at 121 ⁰C.

2.2 Surface Modification of Iron Oxide (Fe3O4) Nanoparticles
The amine functionalised Fe3O4 (Fe3O4-NH2) was prepared by mixing 0.2 g of iron (II,III) oxide nanopowder with 5 mL anhydrous methanol, 0.25 mL water, 0.5 mL glacial acetic acid, and 30 mL glycerol. The solution was sonicated for 2 minutes at 20% amplitude (Misonix) and transferred into a three-necked round bottom flask. A mixture of 10% (v/v) of APTES in anhydrous methanol, and was slowly titrated and the solution was heated to 120 ⁰C for 15 h under nitrogen. The particles were subjected to repeated washing after functionalisation in Milli-Q water and ethanol and dried under vacuum. The bare Fe3O4 was prepared as a control sample by following the same procedure with the absence of APTES.

The amine functionalised Fe3O4 was further derivatised to introduce carboxylic functional groups. An amount of 0.05 g of Fe3O4-NH2 was added to 10% (w/v) of succinic anhydride in anhydrous DMF. The mixture was stirred for 3 h under nitrogen. The particles were washed in DMF, Milli-Q water and ethanol successively and dried under vacuum.  

The methyl terminated Fe3O4 was obtained by dispersing 0.05 g bare Fe3O4 in 5% (v/v) n-butylamine in anhydrous methanol and 1 mL of ODTMS under sonication at an amplitude of 20% (Misonix) for 1 h. The suspension was left for 30 minutes and subjected to serial washing in methanol. The resulted particles were dried under vacuum overnight.    










2.3 T4 Bacteriophage Propagation
The propagation of T4 bacteriophage was done by incubating 50 µL of 1010 plaque forming unit (pfu) per mL in 4 mL of fresh E. coli culture for 45 min at 37 °C.  The mixture was then added to 200 mL log-phase E. coli culture and was incubated at 37 °C in a shaking incubator for 3 h. The solution was centrifuged twice at 5000 g for 20 min to pellet down the bacteria. The supernatant was then centrifuged twice at 25000 g for 2 h at 4 °C to pellet down the bacteriophages from the supernatant. The obtained pellet was re-suspended in 3 mL of 10 mM phosphate buffer pH 6 and stored at 4 °C until ready for use. 

2.4 T4 Bacteriophage Adsorption
T4 bacteriophage was allowed to adsorb on to bare and differently functionalised Fe3O4 by incubating 0.15 mL T4 bacteriophage (~1010 pfu/mL) to 0.35 mL of the modified Fe3O4 (0.1 mg/mL) for 16 h at 30 ⁰C in a shaker incubator (Incu). The particles were subjected to a series of washings in 50 mM Tris-HCl pH 8, followed by 0.1 % BSA in 10 mM phosphate buffer pH 6 and finally rinsed in 10 mM phosphate buffer pH 6 to remove unbound T4 bacteriophage and avoid any non-specific binding. The particles were suspended in 0.5 mL of 10 mM phosphate buffer pH 6. The collected washing supernatants were enumerated to determine the concentration of T4 bacteriophages remaining in the supernatant via a double agar overlay plaque assay [32]. A positive control of T4 bacteriophage in 10 mM phosphate buffer pH 6 was used.  



The density of phages on the particles (C) was calculated using equation 1 by subtracting the control T4 bacteriophage (C0) with the sum of T4 bacteriophages (Cw) remaining in washing supernatants. The calculated value was normalised with the corresponding surface area (SA, cm2) of particles calculated from the hydrodynamic diameter obtained from dynamic light scattering measurement. 
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2.5 Bacteria Capture Study
Fresh E. coli cultures were grown to a concentration of 1 x 109 colony forming unit (cfu)/mL. 0.2 mL of E. coli cultures were centrifuged and re-suspended in a desired media. The E. coli cultures were diluted in a desired media to a final concentration of 1 x 105 cfu/mL. The suspended solution of bare and differently functionalised Fe3O4/T4 was discarded and replaced by 0.5 mL of E. coli suspension (1 x 105 cfu/mL). The suspension was allowed to incubate for 10 minutes at either 4 ⁰C or 37 ⁰C under constant mixing. The particles were quickly separated using a magnet, which was then placed in an ice bath to prolong the latent period [26, 33]. The supernatants were enumerated using a plate counting assay to quantify the remaining E. coli.  





2.6 Particle Characterisation
Dynamic Light Scattering. The hydrodynamic diameter of bare and functionalised Fe3O4 suspensions in 10 mM phosphate buffer pH 6 was determined using dynamic light scattering (Malvern Zetasizer Nano ZS). The samples were sonicated with an ultrasonic probe for 1 min at amplitude 20% (Misonix) prior to the measurement. 

Zeta Potential. Phase analysis light scattering (Malvern Zetasizer Nano ZS) was used to determine the zeta potential of bare and functionalised Fe3O4 in 10 mM NaCl. The isoelectric point of bare and functionalised Fe3O4 was determined by measuring the zeta potential value at varying pH using 0.1 M HCl and 0.1 M KOH.   

Transmission Electron Microscopy (TEM). The morphology of the bare and functionalised Fe3O4 was observed using TEM (FEI Tecnai G2) at an accelerating voltage of 200 kV. For all images, particles suspension was dropped onto a 200 mesh, carbon coated copper grid. 
The biological sample for TEM was prepared by floating the carbon coated copper grid on a drop of sample solution for a few minutes. The excess fluid was drained from the grid by touching its edge with filter paper. The grid was stained with 2% PTA in 10 mM phosphate buffer saline. The grid was dried before examination under TEM (JEOL 2010) at an operating voltage of 200 kV.


  
X-ray Photoelectron Spectroscopy (XPS). Surface functionalisations were monitored using an ESCALAB220iXL spectrometer, operating with a monochromated Al-Kα radiation at 1486.6 eV and a source power of 120 W. The pass energy of 20 eV was used for narrow scans. All binding energies are referenced to the main carbon peak binding energy of 285.0 eV. Spectra were analysed using Avantage 4.88 software. 

3. Results and Discussion
3.1 Surface Modification and Characterisations
[bookmark: _GoBack]The surface modification of bare Fe3O4 by employing silane chemistry (Scheme 1) is to provide a scaffold to create tailored variations in the surface functional groups such as amine (-NH2), carboxylic (-COOH) and methyl (-CH3) groups, as well as variations in their surface charge. TEM images of bare and functionalised Fe3O4 are shown in Figure 1A-D. The TEM images reveal that the iron oxide particles have a primary size particle of approximately 10 to 30 nm. There are no notable silane layers observed, nor morphological changes on the geometry of the particles following surface functionalisation (Figure 1B-D). Such scarcely visible silane layers on APTES and succinic anhydride modified iron oxide have also been reported by Li et al. [34]. Bare and functionalised Fe3O4 have similar hydrodynamic diameters (Figure 1E) when suspended in T4 bacteriophage suspending media (10 mM phosphate buffer pH 6). The immediate aggregation observed after suspension in high ionic strength solution is due to the compression of double layer, which subsequently reduces the electrostatic repulsion between particles [35].
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[bookmark: _Ref427747802]Scheme 1 Schematic of surface functionalisation of ITO with –NH2, –COOH, –CH3. 











Figure 2 shows the XPS spectra of the bare and differently functionalised Fe3O4. For bare Fe3O4, the appearance of peak in Si2p narrow scan could be de-convoluted into two peaks centred at 101.2 eV and 99.3 eV. These peaks are attributed to Si-O peak and Fe3s, respectively [36, 37]. The emergence of a tiny Si-O peak for bare Fe3O4 might be due to impurities in the carbon tape used to mount the sample for XPS analysis with similar observation also reported by Koh et al. [36]. The presence of impurities is also evident from the carbon contamination observed in the C1s narrow scan, which can be de-convoluted into fours peaks that are tentatively assigned to C-Si, C-C, C-O and O-C=O at 283.7 eV, 285.0 eV, 286.7 eV and 287.6 eV, respectively [36]. Amine functionalisation of Fe3O4 as shown in Scheme 1 resulted in the emergence of peaks in N1s narrow spectra (Figure 2), which can be de-convoluted into two peaks at 398.9 eV and 400 eV. These peaks are attributed to free amine (NH2) and protonated amine (NH3+), respectively [34, 38, 39]. The emergence of NH3+ was attributed from the coordination or intermolecular hydrogen bonding between surface hydroxyl groups on particle surface with amino groups. The adsorption of amino-silane molecules was also apparent by the increase in intensity of Si-O peak (101.0 eV), C-C (285.0 eV) and C-Si (283.7 eV) (Figure 2).  
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[bookmark: _Ref439762674][bookmark: _Ref442708842]Figure 1 TEM images of (A) bare, (B) amine (-NH2), (C) carboxylic (-COOH) and (D) methyl       (-CH3) functionalised Fe3O4. (E) Hydrodynamic diameter of bare and functionalised Fe3O4 particles measured using dynamic light scattering. All samples were suspended in 10 mM phosphate buffer pH 6. 

Carboxylic groups were introduced onto Fe3O4 via a nucleophilic reaction of –NH2 with succinic anhydride that converts –NH2 to N-C=O bond and yields carboxylic end functional groups (Scheme 1) [40, 41]. This conversion is evident from the disappearance of –NH2 peak and the simultaneous appearance of an N-C=O peak at 399.2 eV (Figure 2) [41]. The attenuation in O-C=O peak intensity in C1s narrow scan before and after reaction with succinic anhydride further confirming the successful conversion from Fe3O4-NH2 to Fe3O4-COOH. 
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[bookmark: _Ref425175139][bookmark: _Ref433189001]Figure 2 XPS narrow spectra of bare, amine (-NH2), carboxylic (-COOH) and methyl (-CH3) functionalised Fe3O4.





Silanisation using ODTMS grafting to obtain Fe3O4-CH3 resulted in the dramatic attenuation in C-C peak (Figure 2) [42]. A single peak is also observed at 102.3 eV in Si2p narrow scan, which is in agreement with the reported binding energy of 102.1 eV for a siloxane with different chemical state (Si-O2) [43]. The disappearance of Fe3s in Si2p narrow scan as compared to other functionalised Fe3O4 might suggest that a thicker ODTMS layer formed on the Fe3O4 surface that exceeded the XPS sampling depth. A similar observation is also reported by Li et al. [34] upon the silanisation using 3-mercaptopropyltrimethoxysilane (MPTMS) on Fe2O3. 

Apart from the different surface functional groups, the surface functionalisation also altered the surface charge of Fe3O4 particles. The presence of amine on Fe3O4 surface resulted in the positive shift in IEP (isoelectric point) from 6.8 to 7.8 (Figure 3), which is in agreement with other reported silanised particles [34, 44]. This implies that Fe3O4-NH2 particles exhibit a positive surface charge at pH less than 7.8. Following the conversion of amine moieties into carboxylic terminated groups, a left shift in IEP from 7.8 to 5.8 was observed (Figure 3) [34]. The lower IEP is attributed to the presence of –COOH groups on the surface, which has a low pKa of 4.13[37]. These findings suggest that Fe3O4-NH2 is more positively charged than bare Fe3O4 particles, whilst Fe3O4-COOH is more negatively charged than bare Fe3O4 particles.  Fe3O4-CH3 did not show any shift in IEP and the curve characteristic is also similar to bare Fe3O4. This is due to the neutral nature of methyl functional groups on the ODTMS that could not be protonated or de-protonated upon pH adjustment from acidic to basic pH. A similar observation was reported by Jesionowski et al. [45], whereby no shift in IEP was observed after silica particles was functionalised with methyl terminated octyltrimethoxysilane.   
[bookmark: _Ref433189200][image: ]Figure 3 Zeta potential profile of bare, amine (-NH2), carboxylic (-COOH) and methyl (-CH3) functionalised Fe3O4 in 10 mM NaCl.













3.2 Influence of Surface Functionalisation on T4 Bacteriophage Adsorption
T4 bacteriophage (see supporting information, Figure S1A) is a non-enveloped virus with protein polypeptide coat that comprises of various acidic, basic and hydrophobic amino acids. The bacteriophage has an IEP between pH 2 – 4 [46] and considered to be a hydrophobic virus [47]. T4 bacteriophage used in this study is specific to E. coli type B (ATCC 11303) and bacteriophages’ specificity towards their target bacteria is well known, even in the presence of non-target bacteria. For instance, Tlili and co-workers reported high selectivity of T4 bacteriophage based sensor towards E. coli in the presence of Listeria spp. [48] and similarly, Salmonella-specific bacteriophage, P22 also showed high selectivity in the presence of E. coli [49]. The adsorptive behaviour of T4 bacteriophage to surfaces is determined by the interaction between virus protein coat and the surface physicochemical properties. The influence of the bare and differently functionalised Fe3O4 towards T4 bacteriophage adsorption is herein investigated. 

Figure 4 shows the T4 bacteriophage concentration adsorbed per surface area for the bare, amine, carboxylic and methyl functionalised Fe3O4 particles. The surface area was calculated based on the hydrodynamic diameter obtained via dynamic light scattering (DLS) to account for the particles aggregation in the high ionic strength buffer (10 mM phosphate buffer). Note that particles when suspended in high ionic strength solutions, often aggregate due to compression of the double layer [35]. The T4 bacteriophage loading on bare Fe3O4, Fe3O4-NH2 and Fe3O4-CH3 was 3-fold higher than that on Fe3O4-COOH. As previously mentioned, bare Fe3O4 particles, which are rich in hydroxyl groups, have an IEP of 6.8, which suggests that they exhibited a net positive surface charge at the adsorption pH of 6. Meanwhile, T4 bacteriophage (IEP of pH 2 - 4) carried a net negative surface charge. Hence, the high T4 adsorption on bare particles appears to result from an electrostatic attraction between the opposite net surface charge. This is concordance with our earlier finding, whereby electrostatic forces dominate the interactions of T4 bacteriophage with particulate indium tin oxide (IEP of pH 7.5) [50]. Similarly, Meder et al. [51] reported high MS2 phage (IEP of pH 4) adsorption onto bare Al2O3 particles (IEP of pH 9.3) when incubated at pH 7 [46]. The significance of the net surface charge of the particles, in dictating bacteriophage adsorption, explains the variation in its adsorption behaviour to other hydroxyl group rich particles. For instance, the poor adsorption of MS2 phage and PRD1 to SiO2 particles is due to the low IEP of SiO2 (IEP of ~pH 3), which repels the negatively charged MS2 phage and PRD1 phage at their immobilisation pH 7.2 - 7.4 [52]. This suggests that amongst the macroscopic properties of the particle, the net surface charge predominantly dictates bacteriophage adsorption to the particles surface despite the similar presence of surface hydroxyl functional groups. Corroborating the role of electrostatic interaction, the high T4 adsorption was also observed for amine functionalised Fe3O4 (Figure 4). The Fe3O4-NH2 particles (IEP of pH 7.8, Figure 3) exhibit a net positive surface charge at the adsorption pH of 6, which promotes the adsorption of the net negatively charged T4 bacteriophage. High bacteriophage adsorption to amine functionalised particles has also been reported elsewhere [51-53]. 
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[bookmark: _Ref433199605]Figure 4 T4 bacteriophage concentration of bare and differently functionalised Fe3O4. Different letters indicates a significant different with P < 0.05 (one-way ANOVA followed by Tukey’s test), from four independent replicates. 1 x 1010 pfu T4 bacteriophage /mL was incubated with 0.1 g Fe3O4/L.  

The 3-fold reduction in T4 bacteriophage adsorption on Fe3O4-COOH compared to Fe3O4-NH2 also appears to be due to an electrostatic repulsion between two like charges as evident by the negative shift in IEP from 7.8 to 5.8 for Fe3O4-COOH (Figure 3). This infers that both Fe3O4-COOH and T4 bacteriophage carry a net negative surface charge at pH 6. Such a finding is also in agreement with studies conducted with other viruses, such as MS2, phiX174 and other phages to carboxylic modified particles [51, 53, 54]. Interestingly, the electrostatic repulsion between Fe3O4-COOH and T4 bacteriophage did not completely exclude T4 attachment. This observation is likely due to the complex properties of T4 bacteriophage that allow a multitude of interactions to occur with hydrophilic positively charged, negatively charged and hydrophobic amino acid residues [55, 56]. A similar observation was also reported by Meder et al. [51].  

Despite containing non-ionised groups, Fe3O4-CH3 also exhibited high T4 bacteriophage adsorption (Figure 4). The addition of a large fraction of methyl groups by ODTMS grafting to surfaces has been found to increase the surface hydrophobicity [42, 50, 57], which is likely to interact with the hydrophobic domains of the bacteriophage. The increase in surface hydrophobicity of silica particles following the grafting of octadecytricholorosilane has been reported to promote MS2 phage adsorption by 400-fold compared to the bare particles via hydrophobic interactions.65 Meder et al. [51] also reported high MS2 phage adsorption to the more hydrophobic chloro- functionalised Al2O3 comparable to the bare Al2O3, as also observed in the current work.  

3.3 Bacteria Capture Study of Fe3O4/T4 
In this study, the capabilities of bare and functionalised Fe3O4 particles with adsorbed T4 to capture E. coli were investigated. Fe3O4-CH3 particles were not investigated due to the difficulty in dispersing the particles in E. coli suspending solution.  Herein, the particles were incubated in various E. coli-containing solutions for 10 minutes at different temperatures under constant mixing. The particles were then separated from the E. coli suspension by applying a magnetic field. The E. coli supernatants were assayed using a plate counting assay to determine the E. coli capturing ability of Fe3O4/T4. Prolonged Fe3O4/T4 – E. coli incubation is undesirable as E. coli lysis would commence at approximately 30 minutes following T4 infection, as evident in Figure 5A, whereby a reduction in optical density at 600 nm (OD600) was observed after 30 minutes [30]. It is also crucial to determine as to whether any potential traces of free T4 bacteriophage in the solution might cause a reduction in E. coli concentration that may lead to false positive data. To confirm this, ~107 pfu T4 bacteriophage/mL was incubated with ~107 cfu E. coli/mL for 10 minutes at 37 °C under constant mixing in Luria Bertani medium following similar experimental procedure as the E. coli capture experiments. We observed no reduction in E. coli concentration (Figure 5B), which implies that any changes in E. coli concentration exhibited by the Fe3O4/T4 systems are not due to possible traces of free T4 bacteriophage.  
[image: ]

[bookmark: _Ref446604039]Figure 5  (A) Optical density measurement at 600 nm (OD600) of E. coli with and without the presence of T4 bacteriophage. (B) Concentration of E. coli after incubation with and without T4 bacteriophage for 10 minutes, measured via plate counting assay. All experiments were conducted at 37 °C under constant mixing in Luria Bertani medium. ~107 pfu T4 bacteriophage/mL and ~107 cfu E.coli/mL were used. Data obtained from three independent replicates.  
Figure 6A shows the percentage of E. coli captured by the T4 conjugated particle in Luria Bertani medium at 37 ⁰C after 10 minutes incubation. It can be observed that ~30% capturing was achieved by bare and other functionalised Fe3O4 without T4, which suggests the contribution of non-specific binding. A ~3-fold increase in % E. coli captured for bare Fe3O4/T4 and Fe3O4-NH2/T4 in comparison to their respective particle-only control suggests enhanced capturing capabilities in the presence of T4. This finding is in accordance with Chen et al. [24], who observed similar capturing efficiency for T7 conjugated bare mixed metal oxide (FeCo) nanoparticles.  In contrast, a low percentage of E. coli was captured by Fe3O4-COOH/T4 and no significant increase observed in comparison to Fe3O4-COOH without T4. Herein, the low percentage of E. coli captured by Fe3O4-COOH/T4, which is 3-fold lower than bare Fe3O4/T4 and Fe3O4-NH2/T4 appears to stem from the low T4 bacteriophage loading on Fe3O4-COOH. Figure 7 shows the relationship between T4 loading on the particles and the E. coli captured density. It can be observed that an increase in T4 bacteriophage density improves the E. coli capturing. This observation is in agreement with Naidoo et al. [58], who reported an increase in bacteria captured with higher phage loading on particles until it reaches the optimum point. Nevertheless, the observation of bacterial binding in the absence of T4 suggests further work is required to assess alternate surface blocking materials (to BSA) in order to reduce or eliminate non-specific binding of bacteria to the particle surface. 
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[bookmark: _Ref433201536]Figure 6 Percentage of E. coli captured by bare (-OH), amine (-NH2) and carboxylic (-COOH) functionalised Fe3O4 particles with and without the presence of T4 in Luria Bertani at (A) 37 ⁰C and (B) 4 ⁰C. 105 cfu E.coli/mL was used. The * indicates a significant different with the respective control sample (α=0.05, by two-way ANOVA followed by Holm-Sidak correction), from three independent replicates.


[image: ]
[bookmark: _Ref439075421]Figure 7 The relationship between E. coli captured density and the T4 bacteriophage loading on bare, amine (-NH2) and carboxylic (-COOH) functionalised Fe3O4. 105 cfu E. coli/mL was used. Data obtained from at least three independent replicates. 







The effects of bacteriophage loading aside, it was found that the E. coli capturing capabilities of the T4 conjugated particles also varies with the incubation temperature. A lower incubation temperature of 4C in Luria Bertani medium (Figure 6B) caused a reduction in E. coli capturing for both bare Fe3O4/T4 and Fe3O4-NH2/T4, when compared to those at 37C. Note that both Fe3O4/T4 and Fe3O4-NH2/T4 exhibited comparable capturing percentages relative to their respective particle-only control at 4 C. This is most likely attributed to the retardation of irreversible T4 – E. coli binding at low temperature, as described herein.  The binding of T4 to E. coli involves a two-step process that starts with the reversible binding of the bacteriophage on E. coli surface via receptor identification, involving the distal end of T4 long tail fibres. This is followed by irreversible binding through T4 short tail fibres [31]. Unlike the reversible binding, the irreversible binding of bacteriophage to its host was found to be dependent on incubation temperature [59]. A clear example of this, the bound T1 bacteriophage was found to easily detach from E. coli surface at 3 ⁰C due to dilution, which suggests the absence of irreversible binding at low temperature. A similar finding was also reported for T4 and E. coli [60]. Taken together, the findings suggest the need for T4 to establish irreversible binding with E. coli for capturing by bare Fe3O4/T4 and Fe3O4-NH2/T4. In other words, the lowering of incubation temperature to 4 ⁰C inhibits the necessary succession from reversible to irreversible binding of T4 to E. coli. This shows the importance of incubation temperature in dictating Fe3O4/T4 performance in capturing E. coli, even for particles with already high density of adsorbed bacteriophages.     
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[bookmark: _Ref433635937]Figure 8 Percentage of E. coli captured by bare (-OH), amine (-NH2) and carboxylic (-COOH) functionalised Fe3O4 particles with and without the presence of T4 in 10 mM phosphate buffer at (A) 37 ⁰C and (B) 4 ⁰C and in 0.067 M phosphate buffer, 0.1 M NaCl and 0.001 M MgSO4 at (C) 37 ⁰C (C) and (D) 4 ⁰C. The statistical analysis revealed no significant differences compared to the respective control (α=0.05, by two-way ANOVA followed by Holm-Sidak correction), from three independent replicates.


As more efforts have been made to apply bacteriophage-conjugated magnetic particles to capture and concentrate target bacteria from food samples, the efficacy of such an application in different environments therefore need to be investigated. Previous studies have employed a variety of solution chemistry when investigating bacteriophage conjugated particles performance in capturing bacteria, such as phosphate buffer saline and Luria Bertani medium [22, 61-63]. The influence of the solution chemistry on the capturing performance however, remains unclear. 

Herein, the E. coli capturing performance was tested in 10 mM phosphate buffer pH 6. At the optimum temperature of 37 ⁰C, poor E. coli capturing performance was observed for bare and other functionalised Fe3O4 with T4 in 10 mM phosphate buffer pH 6 (Figure 8A). Several bacteriophages have been known to require the presence of co-factors to establish interaction with their host bacteria or for multiplication inside their host bacteria. For instance, certain strains of T5 bacteriophage are dependent on the presence of Ca2+ to multiply, whereas specific strains of T4 and T6 require presence of L-tryptophan to bind to its host bacteria [64]. Certain strains of T4 bacteriophage have been reported to require the presence of L-tryptophan to interact with its E. coli host; it is reported that six molecules of tryptophan are required to activate all the T4 tails on one phage for interaction [65]. Tryptone is one of the components in Luria Bertani medium and it is rich in tryptophan [66]. The absence of tryptone in 10 mM phosphate buffer might explain the reduction in E. coli capturing performance by bare Fe3O4/T4 and Fe3O4-NH2/T4 when compared to those in Luria Bertani medium at 37C.  

[image: ]
[bookmark: _Ref433639770]Figure 9 Percentage of E. coli captured by bare (-OH), amine (-NH2) and carboxylic (-COOH) functionalised Fe3O4 particles with and without the presence of T4 in 10 mM phosphate buffer with 10 g/L tryptone at (A) 37 ⁰C and (B) 4 ⁰C. The * indicates a significant different with the respective control sample (α=0.05, by two-way ANOVA followed by Holm-Sidak correction), from three independent replicates. 

To validate the role of tryptone towards the E. coli capturing capabilities of the bare and functionalised Fe3O4/T4, we spiked the 10 mM phosphate buffer pH 6 system with 10 g/L tryptone. Recalling the low E. coli capturing by bare Fe3O4/T4 and Fe3O4-NH2/T4 (20%) in the 10 mM phosphate buffer-only system at 37C (Figure 8A), the addition of the tryptophan-rich tryptone significantly improved the bacterial capturing to 70% (Figure 9A). In the absence of tryptophan, Kellenberg et al. [65] observed the failure of T4 bacteriophage to bind onto E. coli due to retraction of T4 tail fibers in phosphate buffer at pH 7. Harbouring the receptor binding domain on its tip, the retraction of tail fibers will impede the interactions between T4 and E. coli. This shows that the presence of tryptophan, (in this case supplied in tryptone), is vital in promoting interactions between the bacteriophage and E. coli that ultimately leads to their irreversible binding at the optimum 37 ⁰C for E. coli capturing. 

The critical role of tryptone in promoting T4 – E. coli interaction is in line with further investigations of the effects of monovalent and divalent cations addition to E. coli capturing. The presence of monovalent (Na+) and divalent (Mg2+) cations has been widely reported to cause charge neutralisation and subsequently, promote bacteriophage adsorption to its host [67], which results in E. coli capturing.  Such addition of cations (0.1 M NaCl and 0.001 M MgSO4) into the phosphate buffer system (0.067 M phosphate buffer pH 7) however, did not enhance the E. coli capturing of the bacteriophage conjugated particles relative to the control particles, even at 37 C (Figure 8C). Unlike in the presence of tryptone, this finding infers that the E. coli capturing cannot be achieved through charge neutralisation via the addition of cations. 

Interestingly, the presence of tryptone is benign to the T4 - E. coli interactions at low incubation temperature. The E. coli capturing capabilities of the bare and functionalised Fe3O4/T4 in Luria Bertani decreased at 4 ⁰C (Figure 6B). The trend was also observed with the presence of tryptone in 10 mM phosphate buffer pH 6 at 4C (Figure 9B). Apart from the already mentioned inability for T4 to establish irreversible binding with E. coli at low temperature, a couple of studies reported that adsorption of tryptophan to the T4 bacteriophage key binding site reached an optimum at 35 ⁰C, with temperature above or below 35 ⁰C was found to retard the adsorption of tryptophan that led to poor T4 adsorption on E. coli [60, 68].  Therefore, the E. coli capturing by T4 bacteriophage-conjugated magnetic particles is unlikely at low temperatures even in the presence of tryptophan-rich tryptone. Similarly, poor E. coli capturing performance was exhibited by low T4 loading on Fe3O4-COOH (Figure 9A) even at the optimum conditions of 37 ⁰C and the presence of tryptone in the media. Hence, it can be deduced that the presence of tryptone, the use of optimum incubation temperature (37 ⁰C) or the high T4 loading alone is insufficient to promote E. coli capturing. These observations reveal a synergistic effect between temperature, the presence of tryptone and T4 loading in dictating the performance of bare and functionalised Fe3O4 in capturing E. coli. 

4. Conclusions
In this study, we investigated the performance of T4 bacteriophage conjugated Fe3O4 in capturing and isolating E. coli. Herein, the variations in chemical surface properties introduced via organosilane grafting of the magnetic particles affected T4 bacteriophage loading onto the surface. High bacteriophage adsorption onto bare Fe3O4 and Fe3O4-NH2 was found to result from the electrostatic interactions between the net positively charged particles with the net negatively charged T4. Meanwhile, electrostatic repulsion between the net negatively charged Fe3O4-COOH and T4 resulted in 3-fold lower bacteriophage adsorption. The adsorption of T4 binding onto non-ionised methyl functionalised Fe3O4 is attributed to hydrophobic interactions. The capturing performance is largely influenced by the bacteriophage loading, with a high percentage of E. coli capture (70%) was achieved by high T4 loading on bare Fe3O4 and Fe3O4-NH2 after 10 minutes, while low T4 loading on Fe3O4-COOH resulted in poor E. coli capturing. It was consistently observed that particles without T4 bound approximately 20% of the bacteria in solution. The conjugation of T4 bacteriophage on bare and amine functionalised Fe3O4 increased the amount of captured bacteria by 3-fold. Interestingly, in the absence of tryptone and at sub-optimal temperatures, T4 conjugated bare and amine functionalised Fe3O4 showed a substantial reduction in captured bacteria, similar to that observed on equivalent particles without T4, demonstrating that the conjugation of the particles with T4 was responsible for the capture of E. coli. Despite this success, further work is required to screen alternate methods to “block” the surface of the particles to improve binding specificity of T4 conjugated particles toward E. coli.

In addition to the bacteriophage loading, we also report the important effects of incubation temperature and presence of tryptone on the E. coli capturing ability of the particles. Effective E. coli capturing requires an irreversible binding between T4 bacteriophage and E. coli, which occurs at 37C in tryptone-containing media for the bare Fe3O4/T4 and Fe3O4-NH2/T4. Poor E. coli capturing by both particles were interestingly observed at 37C in the absence of tryptone and similarly, in the presence of tryptone at 4C. The poor capturing is most likely caused by the inhibition of the irreversible binding at low temperature, with the absence of tryptone has been known to result in retraction of T4 bacteriophage tails where the receptor binding domain is located. The study highlights for the first time the critical importance of bacteriophage loading, temperature and the presence of tryptone, as well as their synergistic effects, to achieve successful bacteria capturing by bacteriophage conjugated particles. 

Supporting Information
Additional figures used in this study are included in the Supporting Information. The Supporting Information is available online.  
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