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Abstract: The work investigates the influence of surface physicochemical properties of planar indium tin oxide (ITO) as a model substrate on T4 bacteriophage adsorption. A comparative T4 bacteriophage adsorption study shows a significant difference in bacteriophage adsorption observed on chemically modified planar ITO when compared to similarly modified particulate ITO, which infers that trends observed in virus-particle interaction studies are not necessarily transferrable to predict virus-planar surface adsorption behaviour. We also found that ITO surfaces modified with methyl groups, (resulting in increased surface roughness and hydrophobicity) remained capable of adsorbing T4 bacteriophage.  The adsorption of T4 onto bare, amine and carboxylic functionalised planar ITO suggests the presence of a unique binding behaviour involving specific functional groups on planar ITO surface beyond the non-specific electrostatic interactions that dominate phage to particle interactions. The paper demonstrates the significance of physicochemical properties to bacteriophage-surface interactions.
1.  Introduction
Bacteriophages are viruses capable of identifying and infecting specific species or strains of bacteria [1]. Applications of bacteriophage, which exploit their high degree of specificity [2], and their ability to infect [2, 3] and identify viable from non-viable bacteria [4, 5], have received considerable interest in recent years. Potential applications have included their use in biosensors [6-8], phage-based biosorbents [9], antibacterial surfaces [3] and as a model virus in characterisation of membrane filtration systems [10]. With encouraging advances in the use of bacteriophage, controlling their interactions with material surfaces is a crucial design component. The fabrication of such surfaces necessitates a fundamental understanding of virus-surface interactions; in particular, those that govern the adsorption of virus onto the surface in a controlled manner. 
A useful strategy to better understand the influence of physicochemical properties of adsorbing surfaces towards virus adsorption is through a comparative study that employs different surfaces with defined physicochemical properties.  Previous studies have turned to modifying the surface chemistry of particles. It is found that virus-particle interaction is largely influenced by net electrostatic interactions between two oppositely charged components [9, 11-13]. However, with the expansion of bacteriophage applications beyond the use of particulate based substrates, such as biosensors and antibacterial surfaces, an understanding of the extent to which substrate physical configuration contributes to the virus-surface interactions is yet to be established. Indeed, a number of studies of virus adsorption to surfaces have been performed that cover a variety of viruses and surface chemical properties [14-16], many of which however, are often contradictory, perhaps because of different surfaces being studied and different methods of studying these interaction being employed.  For instance, Moghimian and colleagues reported the adsorption of M13 filamentous bacteriophage on to a planar carbon grid was due to high surface hydrophobicity and isoelectric point (IEP) [14]. In contrast, high surface hydrophobicity was found to have little influence to the adsorption of the same bacteriophage to a hydrophobic gold coated surface [15]. Low IEP of SiO2 surface was found to induce poor M13 filamentous bacteriophage adsorption [14] while adsorption of dengue virus to low IEP SiO2 wafer was found to be high [16].  The complex interactions between virus and the different physicochemical properties of surfaces give rise to challenges in deciphering the mechanism and factors influencing the virus adsorption. However, such an understanding is needed as the impact of surfaces on virus adsorption behaviour has implications for many intended applications, such as biosensors and antimicrobial surfaces.
In this study, we aim to provide a comparative study that investigates the significance of surface physicochemical properties via controlled surface modification of a planar indium tin oxide (ITO) surface as model substrate, on the adsorption behaviour of T4 bacteriophages. The study employed surface functionalisation via organosilane grafting which allows proper presentation of different chemical moieties, namely amine (-NH2), carboxyl (-COOH) and methyl (-CH3) groups, as well as the variations in their surface charge and hydrophobicity. Herein, we report unique T4 adsorption behaviour to the differently functionalised planar ITO surface beyond simple net electrostatic interaction, which has been widely documented in previous studies of virus-particle interactions [9, 12, 13]. Using a particulate form of ITO as a comparison, we observe for the first time the significant relevance of the physical configuration of the adsorbing surface (planar vs particulate) in dictating the T4-ITO interactions. Data presented strongly suggests that virus-particle interactions are not directly transferrable to predict virus-planar surface interactions. 
2. Materials and Methods
2.1 Reagents and Materials
Planar indium tin oxide (ITO) coated cover slips (18 x 18 mm, 15-30 ohm) were obtained from SPI Supplies. 3-aminopropyltriethoxysilane (APTES), octadecyltrimethoxysilane (ODTMS), bovine serum albumin (BSA), ITO nanopowder (referred as particulate ITO) and sodium citrate tribasic dihydrate were supplied by Sigma-Aldrich. Analytical grade methanol, ethanol, glacial acetic acid, N,N-dimethylformamide (DMF), sodium chloride, sodium hydroxide pellets, dichloromethane, 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, Ionic strength 298 mmol/L), beef extract, tryptone, yeast extract and agar bacteriological were obtained from Oxoid. Bacteriophage T4 (ATCC 11303-B4) and its host E. coli ATCC 11303 were procured from the ATCC.
Luria Bertani (LB) broth was prepared by dissolving 10 g/L tryptone, 5 g/L yeast extract and 10 g/L sodium chloride in Milli-Q water. Tryptone agar was made by adding 10 g/L tryptone, 8 g/L sodium chloride, 2 g/L sodium citrate tribasic dihydrate, 3 g/L D-glucose and 10 g/L agar bacteriological) in Milli-Q water. Media were sterilised by autoclaving. 
[bookmark: _Ref413330895]2.2 Preparation and Modification of Planar and Particulate ITO
All ITO substrates were cleaned by immersing the ITO substrates in dichloromethane, followed by methanol for 10 minutes each and in 0.5 M K2CO3 in Milli-Q water/MeOH (1:3, v/v) for 30 minutes under constant sonication. The ITO substrates were rinsed thoroughly with a copious amount of Milli-Q water and dried at 110 °C. 
The amine terminated ITO was prepared by immersing the cleaned planar ITO surface or 0.3 g cleaned particulate ITO  into a solution containing 5 mL anhydrous methanol, 0.25 mL water, 0.5 mL glacial acetic acid and 30 mL glycerol. The solution mixture was sonicated using an ultrasonic probe (Misonix) for 1 minute in a three-necked round bottom flask. A mixture of 0.5 mL APTES in 5 mL of anhydrous methanol was titrated into the flask and the solution was heated to 120 ⁰C for 15 h under a N2 environment. After modification, the surface was subjected to repeated washing in Milli-Q water followed by ethanol to remove any weakly bound molecules and dried under vacuum. The bare ITO was prepared by following the protocol above and replacing the 0.5 mL APTES with 0.5 mL anhydrous methanol. The bare ITO was used as a control sample. 
To introduce the carboxylic functional group, amine terminated planar ITO surface or 0.08 g of particulate ITO-NH2 was added to a succinic anhydride (10%) in anhydrous DMF. The mixture was stirred for 3 h under a N2 environment. The substrate was washed repeatedly in DMF followed by Milli-Q water and dried under vacuum. 
ITO-CH3 was prepared by immersing pre-cleaned planar ITO surface or 0.08 g of cleaned particulate ITO in 0.5% (v/v) n-butylamine in anhydrous methanol. 5% (v/v) ODTMS was added slowly into the solution. The sample was sonicated for 60 minutes at 20% amplitude. It was then left to incubate for 30 minutes, before being washed three times in methanol and acetone. The sample was dried overnight under vacuum.  
2.3 Phage Immobilisation
All immobilisations were performed in 10 mM phosphate buffer that had been adjusted to pH 6. The T4 bacteriophage titre was adjusted to a final concentration of 1010 pfu (plaque forming unit)/mL by dilution with 10 mM phosphate buffer pH 6 and the same concentration was used for all the phage immobilisation studies. The modified substrate was incubated in 0.5 mL of T4 bacteriophage solution for 16 h at 30 ⁰C in a shaker incubator (Incu). The substrate was thoroughly washed three times in 50 mM Tris-HCl (pH 8), followed by three times washing in 0.1% BSA in 10 mM phosphate buffer pH 6 and rinsed four times in 10 mM phosphate buffer pH 6. The washing supernatants were collected and the phages were enumerated via a double agar overlay plaque assay [17]. Bacteriophage in 10 mM phosphate buffer was used as a positive control. 
The density of phages on the substrates was calculated by the following equation:



where C is the concentration of T4 phage on the substrate (pfu/cm2), Ci and Cw are the initial bacteriophage concentration and bacteriophage concentration in washing supernatant collected, respectively. S.A (cm2) is the surface area of planar or particulate ITO, which is 0.1 cm2 and 2 cm2, respectively.  



2.4 Surface Characterisation
Contact Angle Goniometry. The static contact angle (CA) of water was measured using a Rame-Hart 100-00 goniometer, using a drop of Milli-Q water (3.5 µL). All samples were prepared in triplicate with at least three separate spots being measured for each sample. 
X-ray Photoelectron Spectroscopy (XPS). XPS measurements of bare and differently modified ITO surfaces were acquired using an ESCALAB 220iXL spectrometer with a monochromatic Al Kα source (1486.6 eV). The spectra were accumulated at a take-off angle of 90⁰ at a pressure of less than 10-8 mbar with pass energy of 20 eV. All spectra were referenced to the C1s signal (285.0 eV). Spectra were analysed using Avantage 4.88 software. The elemental analysis was also performed at different take-off angles, which was set to 30⁰ (near to surface) and 90⁰ (bulk). The take-off angle is defined as the angle between the surface and the directions of the photoelectron emission.
Zeta Potential Analysis. In order to determine the isoelectric point of bare and functionalised ITO, particulate ITO was used.  Particulate ITO was prepared by following the same protocol as described in section 0. The zeta potential of particulate ITO was measured using phase analysis light scattering (Malvern Zetasizer Nano ZS) at varying pH in 10 mM NaCl. The pH was adjusted using 0.1 M HCl and 0.1 M KOH. 
Scanning Electron Microscopy (SEM). The binding of T4 bacteriophage to planar ITO surfaces was characterised by SEM. The substrates were fixed with 2% glutaraldehyde in buffer for 30 min. The samples were washed in glutaraldehyde-free buffer twice for 5 min each. The specimens were dehydrated in a series of ethanol solutions (50%, 60%, 70%, 80%, 90% and 4 x 100%) for 15 minutes each and dried via critical point drying (Leica CPD030). The dried specimens were then mounted on aluminium support stubs using conductive carbon paint and coated with a 10nm layer of platinum (Edwards Auto 306 Magnetron Sputter coater). The SEM imaging was done using a JEOL 7500FESEM operated at 5kV at a working distance of 8 mm and using a spot size setting of 7.   
Atomic Force Microscopy (AFM). The 3D surface topography and roughness were determined by Bruker Dimension ICON SPM using contact mode. The height and phase images (1 µm x 1 µm) were collected simultaneously and analysed using NanoScope Analysis software. All the roughness values refer to root-mean-square (rms) roughness. 



















3. Results and Discussion
In the first step into the study of T4 adsorption behaviour onto planar surfaces, we functionalised the ITO surfaces with several functional groups, each designed to create unique surface characteristics. Apart from the obvious variation in the chemical species, the surface functionalisation of –NH2, –COOH and –CH3 groups on ITO (via organosilane grafting, see Scheme 1) also provided variations in the surface charge and surface hydrophobicity, which had been reported previously to influence virus adsorption [9, 11].
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Scheme 1 Schematic of surface functionalisation of ITO with –NH2, –COOH, –CH3. 
We successfully functionalised the planar ITO surface as characterised by the XPS narrow spectra (Figure 1). The (3-aminopropyl)triethoxysilane (APTES)-modified planar ITO surface was indicated by the emergence of a Si-O peak at 101.9 eV, which was attributed to the silica backbone of APTES [18-20]. The successful APTES grafting was also evident by the presence of amino groups in the form of free amine (NH2) and protonated amine (NH3+) at 399.5 eV and 401.6 eV, respectively [18-20]. Note that an increase in carbon to indium ratio from 0.25 to 0.4 (see supporting information, Table S1) following APTES modification was also observed, which might be attributed from the addition of propyl group of APTES. To further investigate the nature of APTES grafting, an angle resolved XPS analysis was carried out for planar bare ITO and ITO-NH2 (see supporting information, Table S2). The XPS analyses at lower take-off angle revealed increasing Si-O to indium and NH2 to indium ratios closer to the surface of ITO-NH2, which suggest a multilayer silane formation that resulted in some NH2 buried closer to the surface [21, 22].
The subsequent conversion of amine on ITO-NH2 to carboxylic groups by succinic anhydride (as described in Scheme 1) resulted in the formation of an amide bond as demonstrated by the N1s peak shift to 400.03 eV, which corresponds to N-C=O [23]. An additional peak is also observed in C1s spectra, which is attributed to N-C=O [24]. The amide bond formation is in agreement with an increase in the relative carbon to indium intensity from 0.4 to 0.83 when compared to planar ITO-NH2 as shown in Table S1. Evidence for the surface modification of ITO with octadecyltrimethoxysilane (ODTMS) comes from the pronounced Si-O peak and the dramatic increase in the relative carbon to indium intensity (Table S1) which is mainly contributed from C-C peak from the long alkyl chain in ODTMS.
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Figure 1 XPS narrow spectra of bare (-OH), amine (-NH2) functionalised, carboxylic (-COOH) functionalised and methyl (-CH3) functionalised planar ITO. 
The T4 adsorption behaviour towards the differently functionalised planar ITO surfaces was investigated by exposing the functionalised surfaces to T4 bacteriophage (1010 plaque forming unit (pfu)/mL) for 16 h at 30 ⁰C under constant mixing. Note that 1010 pfu was chosen based on theoretical calculations to achieve a complete T4 bacteriophage monolayer. Post-incubation, unbound and loosely-bound phages were removed by repeated washing of the surfaces with 50 mM Tris-HCl pH 8, followed by washing with 0.1% BSA in 10 mM phosphate buffer pH 6 to inhibit any non-specific binding on the planar ITO surface.


[bookmark: _Ref418497872][image: ]
Figure 2 SEM images of planar ITO-COOH without (A) and with (B) the presence of T4 (yellow dotted circles denote T4 bacteriophages). Activity test of ITO-COOH without (C) and with (D) the presence of T4 on an E. coli lawn. The presence of a lysis ring on (D) indicates the adsorbed T4 bacteriophage on ITO-COOH is infective towards E. coli. 
Figure 2A and B show the SEM images of ITO-COOH with and without the presence of T4 bacteriophage. The distribution of phage on the surface was found to be fairly uniform on ITO-COOH glass. Images for other functionalised planar ITO could be found in Figure S1.  The activity of adsorbed T4 bacteriophage on planar ITO was determined by placing the planar ITO on an E. coli lawn. This method of analysis exploited the ability of active bacteriophage to infect bacteria and cause bacteria lysis. The same principle has been employed to enumerate bacteriophage (via double agar overlay assay) [17]. The E. coli forms a lawn on tryptone agar and the presence of active T4 bacteriophage on the lawn will result in a transparent/localised clearing zone, due to the production of new bacteriophage and E. coli lysis (see Figure 2D). Figure 2C presents the negative control, whereby 10 µL of 10 mM phosphate buffer pH 6 was dropped on the lawn (location was marked by the piercing on the lawn). Herein, no clearing zone was observed. However, clearing zones could be clearly observed when 10 µL of 109 pfu T4 bacteriophage/mL was dispensed on the E. coli lawn (Figure 2D). This infers the presence of active T4 that infected the E. coli and caused lysis. 
Figure 2E and F, show the planar ITO-COOH without and with the presence of T4 bacteriophage, respectively on the E. coli lawn. It can be observed that there is no clearing zone observed on planar ITO-COOH without T4. A similar observation can be seen for bare and other functionalised planar ITO (see supporting information, Figure S2A-F). This implies that the variations in physico-chemical properties of bare and functionalised planar ITO did not bring about E. coli lysis. On the contrary, the presence of T4 bacteriophage on bare and functionalised planar ITO (as shown in SEM images in Figure 2A-B), shows the lysis ring formed around the ITO, which suggests the adsorbed T4 bacteriophage is active.
The density of T4 bacteriophage adsorbed on planar ITO was enumerated via a double agar overlay plaque assay (see supporting information). Herein, we observed distinct phage adsorption behaviour onto the differently-functionalised planar ITO surfaces (Figure 3). Unlike the adsorption behaviour typically observed on the particulate form of the substrate, the conversion of the hydroxyl group-rich planar bare ITO – to – ITO-NH2 surfaces resulted in a substantial reduction in phage adsorption. The phage adsorption however, was increased following subsequent transformation of the planar ITO-NH2 – to – ITO-COOH surface (Figure3). These findings are in contrast to the well-documented virus adsorption behaviour on particulate substrates, whereby amine-functionalised particles are generally associated with a higher extent of virus adsorption in comparison to the carboxylic-functionalised particles [9, 12, 13]. Such finding of higher phage adsorption on amine-functionalised particles was also corroborated in the current study with particulate ITO modified in an identical manner to the planar surfaces (inset in Figure 3). Interestingly, the extent of adsorption of T4 bacteriophage onto bare ITO and ITO-CH3 did not vary between planar (Figure 3) and particular form of ITO (inset Figure 3). With comparable surface chemical compositions (Figure S4) and phage exposure conditions between the two distinct forms of ITO, the variation in T4 adsorption behaviour is tentatively hypothesised to stem from different modes of phage mass transfer to the surface, which influences surface-phage contact frequency. The stationary nature of planar ITO surface induces lower collision frequency with T4 in comparison to the more mobile particulate ITO (hydrodynamic diameter = 1-1.5 µm, see Figure S3). It has been reported that T4 bacteriophage requires the order of seconds to initiate binding with the host cell bacteria and the reduction in the contact time due to higher collision frequency between T4 and its host cell has been shown to impede the T4 binding to its host [25]. Hence, the lower collision frequency exhibited between T4 and more stationary planar ITO might allow more contact time for T4 to initiate the necessary binding to the surface. In contrast, the higher collision frequency between T4 and mobile particulate ITO translates to less contact time available between T4. This difference in the extent of collision may therefore lead to different T4 adsorption behaviour. This study demonstrates the paramount influence of substrate physical configuration towards phage adsorption, which implies that the knowledge of virus-particles interactions is not directly transferrable to predict the virus adsorption behaviour to other form of substrate.
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Figure 3 The calculated T4 bacteriophages concentration on bare and differently functionalised planar ITO based on double agar overlay plaque assay. The inset shows the calculated T4 bacteriophages on differently functionalised ITO particulate. Different letters indicate a significant different (α = 0.05, by one-way ANOVA followed by Tukey test), from four independent replicates.
The functionalisation of planar bare ITO with –CH3 groups with ODTMS resulted in a high degree of contact angle (~97⁰, Figure 4B) in comparison to bare and other functionalised planar ITO (33-49⁰, Figure 4B), which confirms the hydrophobicity of the surface. The modification also gave rise to the increase in surface roughness to almost double (root-mean-square roughness (rms) = 3.9 ± 0.1 nm, see Figure S5) compared to bare planar ITO (rms = 1.8 ± 0.1 nm, see Figure S5), which is attributed to the agglomeration of ODTMS molecule. Despite the significant changes in the surface physical properties, planar ITO-CH3 showed similar high extent of T4 bacteriophage adsorption as compared to planar bare ITO (Figure 3). It appears that surface hydrophobicity and roughness influence the adsorption of T4 to planar ITO-CH3. This finding is consistent with other study, which show high surface roughness and surface hydrophobicity promote the adsorption of fd phage to an amorphous carbon film [14]. Unlike planar ITO-CH3, which possess a high degree of contact angle (~97⁰, Figure 4B) and surface roughness (rms = 3.9 ± 0.1 nm, Figure S5), bare ITO, ITO-NH2 and ITO-COOH have similar contact angle (33⁰-49⁰, Figure 4B) and surface roughness (rms = 1.1-1.8 nm, Figure S5). Therefore, the surface hydrophobicity and surface roughness could not solely explain the variation in adsorption of T4 bacteriophage to planar bare ITO, ITO-NH2 and ITO-COOH. This might suggest that there are other factors that influence the T4 adsorption behaviour to these three surfaces. 
The phage-to-particle adsorption behaviour has been widely reported to result from electrostatic interactions between the phage and the substrate [9, 12, 13]. This is also corroborated by the adsorption of T4 phage to particulate ITO (inset in Figure 3). In this study, the introduction of the high pKa (9.8) amino groups caused the ITO-NH2 particles to be more positively charged, as indicated by the IEP shift from pH 7.5 to 8.3 (Figure 4A) and in turn, rendering the particles highly favourable for adsorption of the net negatively charged T4 (IEP pH 2-4) [26-28]. In contrast, the subsequent conversion of amino groups to carboxylic groups (Scheme 1) led to an opposite IEP shift from pH 8.3 to 6.8, which is in concordance with other reported literatures (pH 3.5 to 6.2) [19, 29-32]. The variations in reported IEP are largely due to the contribution of the native surface and the newly added molecule [29]. The shift in IEP value leads to more negatively-charged particles that repulse the phage. Electrostatic interactions of the net oppositely charged components that dominate the bacteriophage-ITO particle interactions (inset Figure 3) however, appears to only have minimal effects on the phage adsorption behaviour to the corresponding ITO planar surfaces (Figure 3). 
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Figure 4 Physical and chemical properties of functionalised ITO. (A) Zeta potential profile of particulate ITO in 10 mM NaCl. (B) Water contact angle of bare and functionalised planar ITO. Zeta potential values were collected from three independent replicates. Four planar ITO were analysed for each functional groups and at least 4 images were taken at different locations for water contact angle measurement.  
The modulation in T4 adsorption behaviour observed when transitioning from planar bare ITO – to – ITO-NH2 – to – ITO-COOH surfaces suggests the prevalence of unique bacteriophage binding behaviour involving specific functional groups, beyond the non-specific electrostatic interactions. In contrast to that observed with ITO particles, a reduction in the adsorption of the net negatively charged T4 was observed when transitioning from planar bare ITO to the more positively-charged planar ITO-NH2 (Figure 3). This interesting trend was also seen when transitioning from ITO-NH2 to the more negatively-charged planar ITO-COOH, with a 5-fold increase in T4 adsorption. The unique phage adsorption behaviour on planar surfaces, in fact resemble those observed with E. coli host, which have been used as model systems to study bacteriophage-to-surface interactions [33, 34]. The likely involvements of the surface amine and carboxylic functional groups, as also indicated in the current work, had been investigated by analysing the bacteriophage adsorption behaviour as a function of pH [18]. Note that the bacteriophage polypeptide is reported to comprise of carboxyl, amino or substituted amino, phenolic-hydroxyl and sulphydryl groups [35], with similar functional groups also found on E. coli surface [36, 37]. Optimum adsorption of T2 bacteriophage (structurally similar to T4) was observed at pH 6.8 to 8.5 and dropped to essentially none at below pH 4 and above pH 10 [38]. The findings infer involvement of ionised surface functional groups – the carboxylic (-COO-, pka 3.1) and amine (-NH3+, pka 8) moieties, and less likely, the phenolic-hydroxyl (-phenol-OH, pka 10) or sulphydryl groups (-SH, pka 8.5) at the optimum adsorption pH 6.8 to 8.5. Anderson reported similar pH dependency of the T4 bacteriophage adsorption to E. coli with an optimum adsorption seen at pH 6.8 to 9 and decreased outside the pH range [39]. The current work further extends the understanding of the involvement of the surface amine and carboxylic groups in the bacteriophage-surface interactions, as described herein.
A decrease in T4 adsorption following the blocking of hydroxyl groups on planar bare ITO (with APTES) to provide surface amine groups infers the reduction of favourable chemical binding site on planar bare ITO. This suggests the less significant role of –NH2 compared to –OH groups in T4 adsorption. Such an observation is in accordance with the minimal involvement of the E. coli host’s surface amine groups in the adsorption of T2 to E. coli. T2 adsorption on E. coli was unaffected upon blocking of E. coli’s surface amine groups (with acetic anhydride) relative to the untreated cell [38, 40]. The blocking of E. coli’s surface carboxylic groups on the contrary (with methanol and hydrochloric acid), resulted in significant reduction of T2 adsorption relative to the untreated cells [38]. The apparent role of the host’s carboxylic functional groups is also indicated in the current work with the significant increase of the T4 adsorption when transitioning from planar ITO-NH2 to ITO-COOH. Recalling the comparable macroscopic surface characteristics, such as surface roughness and hydrophobicity of planar bare ITO, ITO-NH2 and ITO-COOH, it would be reasonable to deduce that the variations observed in bacteriophage adsorption result from microscopic interactions involving surface functional groups of planar surface functional groups (potentially the –OH and –COOH). The findings denote the role of specific surface functional groups in the adsorption of bacteriophages on surfaces beyond the commonly accepted net electrostatic interactions.


















4. Conclusions and Outlook
In this study, we provide a comparative study to investigate the influence of surface physicochemical properties of ITO as model substrates towards T4 bacteriophage adsorption. This study provides the first evidence of the role of the substrate’s surface physical configuration (planar vs particulate) to bacteriophage adsorption behaviour, which implies that a phage-particle study could not be used as a model system to predict phage interactions to other form of surfaces. Importantly, the work presents evidence on the significance of planar surfaces’ functional groups towards bacteriophage adsorption. Presence of specific functional groups, in this case the surface carboxylic and hydroxyl groups on planar ITO, was found to promote T4 bacteriophage adsorption. The presence of surface amine groups on planar ITO on the other hand, reduced the phage adsorption. This finding challenges the commonly accepted net electrostatic interactions, whereby the net positively charged amine surfaces was expected to promote the adsorption of the net negatively charged bacteriophage and similarly, the net electrostatic repulsion was anticipated for the phage adsorption to net negatively charged carboxylic surfaces [9, 12]. These findings thus highlight the influence of chemical species beyond the widely postulated macroscopic surface parameters, such as net surface charge, surface roughness and surface hydrophobicity towards the adsorption of bacteriophage on planar surfaces. 
Concerning the applications of bacteriophage-based interfaces, such as biosensors, antimicrobial surfaces and membrane filtration system, the findings presented herein will allow better design and fabrication of bacteriophage based interfaces via tailoring of the surface physico-chemical properties to achieve the intended applications



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