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1. INTRODUCTION 

Bioactive surfaces are defined, for the purpose of this review, as substrates functionalized with 

specific recognition elements, used to detect, capture and/or deactivate microorganisms/analytes 

of choice. These substrates can find applications in biosensors (on platforms such as surface 

plasmon resonance sensors [1], quartz crystal microbalances [2], high throughput lab-on-chip 

systems [3], paper diagnostics and dip-stick assays [4, 5], etc.) or as antimicrobial/antibiofilm 

surfaces in applications such as food packaging [6], indwelling medical devices (implants, stents, 

catheters) [7], wound dressings [8], antibacterial wipes, water treatment membranes [9] and 

coatings on surfaces in medical settings [10, 11]. Although a rich and interesting field of science, 

the subject of biotemplate design by virus/phage immobilization/patterning on substrates is beyond 

the scope of this text. The interested reader can consult a number of comprehensive reviews on the 

subject [12-19]. 

Bacteriophages (phages) are viruses that infect bacteria [20, 21]. Phages are the most abundant 

biological entity on earth and, being obligate parasites, propagate themselves by hijacking the host 

machinery [22]. They can have a broad host range, infecting several strains or species of bacteria 

[23], or infect a specific host, even down to a single bacterial strain [24]. A phage virion usually 

consists of a protein envelope (some also contain lipids in their envelope) encasing the genome, 

which can be a single or double stranded DNA or RNA molecule [25]. A phage virion may have 

a range of different shapes and sizes including tailed, filamentous, and icosahedral (Figure 1) [26]. 

A phage infects its host bacterium by first attaching its “capture proteins” to specific receptors on 

the host cell surface (e.g., lipopolysaccharide (LPS), pili, etc.) [27]. Phage capture proteins can be 

located symmetrically all around the virion [28] or located asymmetrically on one vertex [29], on 

a pole (filamentous phages) [30] or at the tip of tail fibers (tailed phages) [31]. Once attached to 
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the host bacterium, phage injects its genome into the host and either takes over host machinery 

immediately and starts propagating (lytic phage), or the viral genome gets incorporated into the 

host DNA and stays dormant (lysogenic or temperate phage). The lytic life-cycle ultimately leads 

to host destruction, except for some filamentous lytic phage which only decrease host growth rate 

[32]. The genome of a temperate phage is passed on to daughter cells during bacterial replication, 

maintaining the lysogenic lifestyle. Certain environmental triggers (e.g., heat, UV radiation, 

chemicals, etc.) can cause a switch from the lysogenic to the lytic lifestyle [33, 34].  

All phages have the potential to be used as specific recognition moieties in designing bioactive 

surfaces. Compared to other biological agents that provide similar specific interaction for pathogen 

capture/detection (e.g., antibodies), phage offers the advantage of having a longer shelf life and 

being cheaper and more humane to produce. Most lytic phage also offer the dual functionality of 

capture and destruction of the host. Compared to other bactericidal agents (e.g., antibiotics, 

antimicrobial peptides, silver nanoparticles, chemicals, etc.), phage offer the advantage of 

specificity. This characteristic could be very beneficial in applications such as food packaging. 

Food-borne infections continue to claim lives and cause significant economic loss in many 

developed countries [35]. Broad action biocides must be used with caution in these settings 

because the taste, odor and texture of many food products depend on the presence of “good” 

bacteria. Thus, selective biocides are of particular interest. The same argument holds for many 

indwelling medical devices which must not disturb the body’s microbiome, the collection of 

microorganisms living in our body that is responsible for maintaining physiological balance as 

well as the body’s immunity towards infections [36]. Furthermore, phages are innocuous to 

humans, animals and plants, which is an added advantage over many biocides currently in use [37, 

38]. Bacteriophages exist all around us in the environment and even in our bodies. Because they 
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have evolved over billions of years with their host bacteria, when the host develops resistance to 

the phage, the phage can mutate to develop the ability to infect its host, leading to a constant 

evolutionary arms race [39-41]. Thus, novel phages can constantly be isolated from the 

environment to tackle new infections. 

To use bacteriophages for designing bioactive surfaces, there exist several challenges that must be 

addressed. Firstly, to design a bioactive surface with high efficiency for use as either a biosensor 

or an antimicrobial surface, the immobilized phage must retain its infectivity. Moreover, for 

biosensing applications, a high surface density of immobilized phage is desirable to increase 

sensitivity. Since more than 95% of the phages isolated to date are tailed [22], and thus asymmetric 

in terms of the placement of their capture proteins, it is crucial that an immobilized phage be 

oriented on the surface in a manner that leaves its capture proteins exposed to the host. In this 

paper, we review the current state of knowledge in designing bioactive surfaces with immobilized 

phage and offer a critical perspective of the challenges in this field.  

2. PHAGE IMMOBILIZATION  

2.1. Physisorption, electrostatic attachment and covalent bonding 

Numerous approaches have been reported in the literature to effectively immobilize phage on a 

substrate. These immobilization methods are summarized with respect to bacterial biosensing, 

bacterial capture and antimicrobial activity in Tables 1, 2 and 3, respectively. These tables present 

quantitative data on effectivity in terms of detection limits, bacterial capture per unit area and 

antimicrobial effect, respectively. Most of these approaches involve physisorption [7, 42-67]. This 

is a very simple approach, but the physisorbed phage can detach from the substrate due to shear or 

changes in temperature, pH or ionic strength of the medium which is particularly troublesome for 
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biosensing applications. Since most virions have an overall negative charge at neutral pH [68], 

several researchers have used electrostatic binding to immobilize phage [68, 69]. This approach 

also suffers from instability and phage detachment in response to changes in physico-chemical 

properties of the medium. Covalent attachment of phage offers a much stronger bond and is not 

susceptible to easy phage detachment [70-82]. By targeting endogenous amino acids on the protein 

envelope of the virus, such as lysines, glutamic or aspartic acids, cysteines or (less common) 

phenol ring of tyrosines, many of the basic protein conjugation schemes can be used to attach 

phage to substrates of choice (Figure 2) [83, 84]. Appropriate chemistries can be tailored to the 

selected substrate and target application. Covalent binding results in a higher phage surface 

density, which is particularly desirable for biosensor applications [85-89]. Singh et al. report a 37-

fold improvement of bacteriophage attachment with covalently bound phage when compared with 

physisorption (Table 2) [82]. Although covalent binding is able to provide a more stable 

immobilized phage layer, Klem et al. have shown that tightly bound, viral cages did not allow for 

lateral mobility of the virus layer and ultimately hampered the formation of a tightly packed virus 

layer [90]. This could be of interest for biotemplate design applications. Furthermore, covalent 

binding is not by itself able to orient phage. The derivatized virions will bind to the substrate in an 

uncontrolled orientation resulting from their random diffusion to the surface. This would have 

direct implications for the bioactive performance of a phage modified surface. Phage orientation 

will be discussed in detail in section 3.  

It is important to bear in mind that some chemistries have the potential to damage phage integrity 

and/or decrease phage infectivity due to harsh reaction conditions (e.g., pH, solvents, temperature) 

or over derivatization of phage capture proteins, as reported by Sun et al. [91]. For designing 

bioactive surfaces, it is important that the phage remains infective or at least able to capture the 
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host; therefore, chemistries should be tested and optimized to minimize their effect on phage 

integrity. Moreover, many chemistries render the substrate single-use, requiring harsh cleaning 

steps for regeneration which may destroy the biosensing platform; this should also be kept in mind 

for applications where cost is a limiting factor.  

2.2. Genetic modification and phage-display 

Phage-display technology is a powerful tool that enables peptides of choice to be displayed on the 

phage envelope. Phages expressing a certain peptide can subsequently be immobilized on a surface 

if the surface is coated with a ligand specific to that peptide. Phage display libraries (landscape 

phage libraries) are created by inserting randomized DNA fragments into individual phages so that 

each phage displays a unique peptide expressed by the inserted DNA fragment [92]. Phage display 

technology emerged as a synergy of two fundamental concepts, combinatorial peptide libraries 

and fusion phage [93]. The first concept employs libraries of various peptides obtained in parallel 

synthesis as opposed to synthesis of individual peptides [94]; the second allows displaying foreign 

peptides on the surface of bacteriophages [93]. The merge of these two concepts resulted in 

development of phage display libraries, multibillion clone compositions of self-amplified and self-

assembled biological particles [80].  

The most common bacteriophages used in phage display are M13, fd and f1 filamentous phage, 

although other phages (filamentous and non-filamentous) have also been used [95]. Filamentous 

phage are thread-shaped, flexible viruses (Figure 1), whose cylindrical shell consists of the major 

coat protein p8. The poles of the phage are capped by five p3 and p6 subunits on one end (bacterial 

capture proteins), and by five p7 and p9 subunits at the other end [30]. Among the sequences for 

the major and minor coat proteins, those for p3, p8, and p9 are particularly amenable for genetic 
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modification; therefore, up to three different types of peptides can be expressed on the surface of 

a filamentous phage resulting in a multifunctional virion [96]. These functional virions are not 

limited to detecting their host bacteria and can be immobilized on a surface using one peptide 

while the other peptide(s) are used to capture cells/analytes of choice [72]. This display 

“machinery” is ideally suited to the production of artificial receptors competitive with antibodies 

in terms of the strength and specificity of the molecular recognition interaction, but which can be 

produced in considerable quantities easily and rapidly [97]. 

It is noteworthy that genetic modification can change the properties of the modified phage. For 

example, Tolba et al. fused the biotin carboxyl carrier protein gene (bccp) or the cellulose binding 

module gene (cbm) with the small outer capsid protein gene (soc) of phage T4 (tailed phage) which 

affected phage infectivity, resulting in a significantly reduced burst size as well as a prolonged 

latent period [98].  

2.3. Entrapment in porous matrices  

Immobilization within a semi-solid micro-porous matrix allows to structurally and functionally 

stabilize the phage particles, retaining their activity for extended periods of time. The 

immobilization of phage by entrapment within a porous matrix (e.g., hydrogels, (bio)polymeric 

matrices of alginate and agar) is the method of choice for applications where the virions must be 

protected against harsh conditions [99-101]. Furthermore, entrapment could serve to retain 

humidity, which is critical for the infectivity of many phages, or protect the virions in lyophilized 

form [102, 103]. A successful commercial example of phage entrapment is PhagoBioDerm [8, 

104, 105], a 0.2-mm thick, perforated polymeric wound dressing impregnated with a mixture of 

lytic bacteriophages and other biocides [106]. 
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The matrix used for phage entrapment could hinder contact of the immobilized phage particles 

with host cells/analytes in the surrounding medium [59], thus decreasing the efficiency of the 

bioactive surface. To address this concern, employing controlled release entrapment platforms is 

of particular advantage. Such systems could be used to design wound dressings, antimicrobial 

coatings or food packagings that release phage in a time-dependent manner [107]. Electrospinning 

phage into polymer nanofibers has been performed by some researchers to design such controlled 

release platforms [107-109]. When designing controlled release encapsulation systems, care must 

be exercised to not compromise phage stability [110], its lytic ability [101] or its interaction with 

its target host/analyte [111, 112] by the employed chemicals/polymers. Furthermore, some phages 

possess enzymes that degrade certain natural polymers (e.g., alginate [113]) which complicates the 

use of these polymers as the main component of a protective porous matrix [114]. 

2.4. Layer by layer assembly 

Some researchers have explored the possibility to immobilize viruses by alternate layering with 

oppositely charged polyelectrolytes, claiming to observe improved virus particle surface coverage 

[115-120]. Yoo et al. have described a layer by layer approach where filamentous M13 phage, 

embedded between layers of oppositely charged weak polyelectrolytes, was able to diffuse to the 

top layer and spontaneously form a close packed phage monolayer [119]. The same group has 

demonstrated that the key aspect for spontaneous formation of densely packed and highly ordered 

self assembly of filamentous M13 phage on polymer surfaces is the molecular mobility of the 

polymer [120]. Spontaneous assembly into a densely packed monolayer was only possible with 

polymers of high molecular mobility, allowing for lateral mobility of the deposited phage.  

2.5. Infectivity of immobilized phage  

http://www.thefreedictionary.com/alternately
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As mentioned above, irrespective of the method of immobilization, it is crucial that the 

immobilized phage retains its infectivity. Although bacteriophages are much more robust than 

other commonly used biorecognition elements (e.g., antibodies, enzymes etc.), they could be 

inactivated by harsh conditions (chemicals, pH, etc.). Phages are specifically sensitive to moisture 

and can be deactivated when dried. Some phages are re-activated upon re-wetting whereas others 

are permanently inactivated [68, 121, 122]. Nonetheless, the addition of polysaccharides such as 

0.5% maltose or 0.3% starch was reported to significantly enhance the tolerance of T4 phage to 

the air-drying effect [68]. Lyophilization has also been reported as an effective approach to store 

and protect phage when used with appropriate chemical protectants [68]. There are few reports on 

the stability of immobilized phage in various environmental conditions (pH, salt, temperature, 

organic chemicals and macromolecules) for immobilization platforms other than entrapment 

matrices; available information is summarized in Table 4. A notable finding by Dixon et al. was 

that environmental and clinical interferents can affect the efficiency of phage-functionalized 

bioactive surfaces even if infectivity of free phage is not affected [123]. This highlights the need 

for phage-functionalized substrates to be tested under conditions relevant to the final application. 

2.6. Effect of physico-chemical conditions on phage immobilization 

The assembly of molecules and particles is directed by van der Waals, electrostatic and/or 

hydrophobic interactions. Changing the physico-chemical properties of the medium or the surface 

chemistry of the substrate or the virion is thus expected to change the balance of these forces and 

affect the density and arrangement of virions on the substrate [124]. Aggregation/flocculation of 

virions under certain physico-chemical conditions in suspension is a well documented 

phenomenon and is a direct consequence of a shift in the balance of these forces [125]. By 
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controlling the physic-chemical conditions of the medium, it is possible to achieve a high surface 

coverage of phage without forming patches of phage aggregates.  

The main body of literature dealing with the effect of physico-chemical conditions of the medium 

on phage-surface interactions can be divided into two main categories; namely, surface interactions 

of filamentous phage (of interest due to various applications of landscape phage) and surface 

interactions of icosahedral phages MS2 and PRD1 (of interest due to the use of these phages as 

surrogates for human viruses in evaluation of water treatment systems). Most of the literature in 

the latter case investigates the attachment/detachment of viruses to porous matrices (bare or coated 

sand) [125-132] and does not provide much insight into virus assembly on the substrate. Many of 

the observed effects, however, are fundamental and equally valid for non-porous substrates and 

can serve as a valuable guideline for designing bioactive surfaces [133]. Amongst the few in-depth 

studies on assembly of isosahedral phage on non-porous substrates, Archer and Liu investigated 

the organization of physisorbed T4 virions (genetically modified to omit the tail) on mica at a 

range of pHs and salt concentrations [134]. They reported that the virions are prone to aggregation 

on the surface under high ionic strength or low pH. Furthermore, changing the substrate or coating 

the virions with poly(ethylene glycol) significantly affected phage assembly and aggregation on 

the substrate [134].  

It is noteworthy that due to interest in templating applications, surface interaction and 

assembly of plant viruses have been the subject of several in-depth studies [135-138]. Reports on 

cowpea mosaic virus indicate that pHs close to the isoelectric point of the virion result in the best 

surface coverage by reducing the electrostatic repulsion between the virions, but allowing for 

electrostatic attraction between the phage and the substrate [115]. This report, as well as many 



12 
 

other studies on plant viruses can be valuable in designing phage-functionalized bioactive surfaces; 

however, differences in shape, size and surface chemistry must be taken into account. 

The versatility of landscape phage is the main driving force behind research on surface interactions 

of filamentous bacteriophage. Filamentous phage are prone to lateral aggregation or bundling 

[139] which results in fewer exposed binding sites. Based on polyelectrolyte theory, low salt 

concentration reduces the phage’s axial charge density and thereby promotes bundling and vice 

versa [140]. However, DLVO theory predicts that low salt concentrations increase electrical 

double layer repulsion and thus decrease bundling [141]. In practice, filamentous phage 

physisorbed on gold exhibit minimal phage bundling at intermediate salt concentration (140-840 

mM) [42, 142]. Furthermore, addition of salts of different nature has been shown to augment 

hydrophobic associations between virus particles and hydrophobic membranes [143]. This effect 

is more pronounced for antichaotropic salts [144]. 

2.7. Quantifying phage surface density 

Quantification of phage surface density or surface coverage is important in designing bioactive 

surfaces, particularly for biosensor applications where the surface density of the virions is believed 

to significantly impact the sensitivity of the device. Direct methods such as scanning electron 

microscopy (SEM) [145, 146], atomic force microscopy (AFM) [70] and evanescent wave light 

scattering [147] have been employed for this purpose. Although these methods are reliable because 

they involve direct observation of the immobilized phage on the substrate, they are labour intensive 

and, if not performed correctly, are subject to significant bias. Amongst these, evanescent wave 

light scattering offers the possibility to quantify the deposition of phage on the substrate in real-

time [147]. Indirect methods can be employed to deduce the surface coverage or the mass of phage 

deposited on a substrate. Platforms such as opto-fluidic ring resonators [148], quartz crystal 



13 
 

microbalances (QCM) [71, 115] and surface plasmon resonance (SPR) [149] have been employed 

to approximate the mass of virus attached to the substrate. Molecular analysis methods such as x-

ray photoelectron spectroscopy (XPS) or Fourier transform infrared reflection (FTIR) 

spectroscopy could also provide an indirect measurement by quantifying certain functional groups 

(e.g., amine or carboxyl) [146]. There is no comparison reported in the literature between direct 

and indirect methods to serve as a guideline for crediting the indirect methods and thus care must 

be taken to observe the bias and the limitations of each method. 

2.8. Efficiency of biosensing platforms with immobilized phage 

The efficiency of biosensing platforms are most often measured by the lowest concentration of 

bacteria/analyte that they can detect. This has led researchers to strive to increase the phage surface 

coverage to push the limits of detection. It is important to note that based on Table 1, the detection 

limit did not change significantly for sensors that immobilized phage by covalent bonding, 

compared to the platforms that immobilized phage by physisorption. This suggests that, although 

an important factor, phage surface coverage is not necessarily the bottleneck for improving the 

sensitivity of a phage-based biosensor. The biosensors presented in Table 1 are based on different 

transduction platforms and the limit of detection can vary depending on the operational principle 

of the transduction platform. Tawil et al. suggested that for SPR biosensors, due to the limited 

penetration depth of the surface plasmon evanescent field (300 nm), the use of smaller phage 

allows for a larger portion of the captured bacteria to be probed by the biosensor and thus yields a 

larger SPR response [150]. Although the authors did not explore whether using smaller phage 

would improve the lower detection limit, they shed light on a very important design factor that 

deserves to be investigated further.  
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The characteristic transduction signal for a QCM platform is the change in frequency and/or 

dissipation of the oscillations of the quartz crystal induced by mass deposited on the crystal. This 

change in frequency and dissipation is governed by the nature of the coupling between the 

deposited mass and the sensor surface [151]. If a flexible bond is formed, the frequency will 

increase (positive shift), and if a rigid bond is formed, the frequency will decrease (negative shift) 

[152]. Bacteria captured by a filamentous phage immobilized on a QCM crystal have been reported 

to give rise to a positive frequency shift [61]. This can be explained by a coupled resonance model 

where the magnitude of the QCM response (negative or positive) depends on how close the 

inherent resonance frequency of the attached particle (determined by its mass m and bond stiffness 

k) is to the inherent resonance frequency of the quartz crystal [153-155]. Therefore, the QCM 

response per individual captured bacterium, and thus the sensitivity of the sensor, depends on the 

nature of the contact between surface and the bacteria. This will in turn depend on the type of 

phage (shape, interaction with host, surface hydrophobicity, etc.), phage orientation on the surface, 

phage surface density and on the nature of the bond between the phage and the sensor surface. In 

other words, the choice of phage can be crucial for the performance of the sensor. Thus, it is not 

surprising that Guntupali et al. were able to significantly alter the QCM response for bacterial 

capture by chloroform treatment of the immobilized phage which resulted in a contracted, yet fully 

functional phage with a short, thick and non-flexible tail [156]. 

Another important observation reported in the literature is that bacterial capture efficiency 

increased with increasing phage surface coverage only up to a threshold surface density, after 

which it decreased dramatically [157]. It was suggested that above the optimal phage surface 

density, the virions are too close to each other which invokes entanglement of their tail fibers, 

preventing their interaction with host bacteria. It could also be hypothesized that electrostatic 
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repulsion between the virions hinders the increase of phage surface density above a certain 

threshold. It is noteworthy that covering a substrate with phage changes its physico-chemical 

properties and could give rise to hydrophobic, electrostatic, and even steric interactions with 

bacteria and subsequently decrease bacterial capture. This fact is highlighted by Dixon et al. who 

showed that the bacteria capture efficiency of a surface functionalized with a hydrophobic phage 

was different from that functionalized with a hydrophilic phage [123]. Evoy and coworkers also 

reported very different host capture efficiencies with three tailed phages covalently immobilized 

on gold [157]. Only one E. coli cell was captured per 1887 immobilized T4 virions, this number 

changed to 1 Salmonella cell per 41 P22 virions and 1 Campylobacter cell per three phage (NCTC 

12673). Taking into account the high affinity of T4 phage for its host, this large difference in host 

capture could be partially explained by the different physico-chemical properties of the 

immobilized phage layer. 

Finally, it is worth noting that not all phages remain attached to their host after infection. This can 

result in decreased sensitivity and bias for biosensors. This problem can be circumvented by 

choosing the right phage. Also, if infection of the bacteria is not desirable for the sensing platform, 

ghost phage (phage without genome [158]) could be constructed to take advantage of the specific 

interaction of phage with its host without the complication of phage infection. 

3. ORIENTATION OF IMMOBILIZED PHAGE 

Once immobilized on the surface of interest, phage efficiency in capturing its host often decreases. 

This can be attributed to the fact that the majority of phages are of bilateral geometry, consisting 

of a capsid encapsulating the phage genome and a tail through which they bind to and inject their 

genome into their host. The immobilized phage will only be able to retain its activity on the surface 
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if it is oriented in such a way that its binding receptors are exposed and able to interact with 

receptors on the host bacterium (Figure 3). This is reminiscent of similar limitations with the well-

known specific recognition element, the antibody. Like most phages, antibodies are highly 

asymmetric; improvement factors as high as 200 have been reported by controlling their surface 

orientation [159].  

The importance of orientation of immobilized phage is exemplified in our earlier work [146]; 

phages with different shapes and symmetries were selected against the same host and covalently 

immobilized on a substrate. Substrates functionalized with tailed phages exhibited lower bacterial 

capture efficiency compared to symmetric icosahedral phages. It was postulated that the cause for 

a lower capture efficiency of asymmetric phages was their mixed orientation on the surface which 

leaves the bacterial capture proteins on their tail fibers unexposed and thus unable to interact with 

host receptors. Interestingly, asymmetric phages that could bind to bacterial pili had relatively 

higher capture efficiencies as compared to asymmetric phages that bind to bacterial surface 

proteins, possibly due to the higher availability of the pili to reach phage capture proteins for 

unfavorably oriented virions [146]. This finding demonstrates that the location of phage binding 

sites on the bacterial cell is an important aspect to consider for the bioactivity of the phage-

functionalized surface. 

It should be noted that the desired orientation of the immobilized phage depends on the intended 

application of the bioactive surface. For antimicrobial surfaces and biosensors designed to utilize 

the inherent binding specificity and lytic activity of phage towards the bacterial host, tailed phage 

should be orientated with their tail directed away from the surface and filamentous phage with 

their bacterial-capturing pole exposed (Figure 3) [42]. For filamentous landscape phage with 

peptides expressed on their cylindrical envelope, it is desirable for the virions to align more or less 
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parallel to each other on the surface which ensures the exposure of peptides to capture the 

analyte(s). In the following, potential strategies are presented for orienting phage virions. 

3.1. Electrostatic orientation 

The electrophoretic mobility of the negatively charged T7 phage has been reported to increase 

when its tail fibers are detached, suggesting a slight positive charge for the tail fibers [160]. Anany 

et al. also reported that while charge of intact T4 phage was negative, the charge of tail and tail 

fibers alone were slightly positive [68]. Researchers have demonstrated that this inherent charge 

difference can be exploited to orient a tailed phage on a positively charged [69] or positively 

polarized substrate [161] (Figure 4a). Tunneling electron micrographs suggested that tailed 

phages preferably adhered “head-down” to a positively charged aminosilane-modified silica 

microsphere [69]. Although not demonstrated for phage, cyclic voltammetry has been successfully 

employed to orient antibodies on gold substrates [162].  

Tuning the electrostatic repulsion between the virions is another potential way to orient phage. 

Peng et al. demonstrated this concept for the rod-shaped tobacco mosaic virus (TMV) [163]; by 

increasing the pH above the isoelectric point of the virion (3.4), they managed to change the 

orientation of the viruses (Figure 4b). At lower pH, the rods carried less negative charges, thus 

their assembly on the gold substrate was relatively slow, and the particles vertically attached to the 

substrate. At high pH, and thus higher virion negative charge, attachment kinetics was much faster, 

and the rod-like particles deposited horizontally on the gold surface [163]. Changing the pH also 

affects the charge and hydrophobicity of the gold substrate [164] which could also contribute to 

the resulting phage orientation. 

3.2. Genetic modification 
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Genetic modification is likely the most effective way to orient phage. Landscape phage with 

peptides that can specifically bind to certain substrates are a perfect example of this case. However, 

there are complications that can arise. Researchers from University of Guelph cloned biotin 

carboxyl carrier protein gene (bccp) or the cellulose binding module gene (cbm) into T4 phage 

[98]. The biotin-binding phage performed well when immobilized on biotin-coated beads [145]; 

the cellulose-binding phage, however, failed to capture bacteria when immobilized on cellulose 

[98]. It was concluded that despite the availability of cellulose affinity tags on the phage head, 

there was still a possibility for phage tails to interact with sugar moieties on the surface of 

microcrystalline cellulose [98]. This interaction is similar to the interaction with polysaccharides 

on the surface of the bacterial cell. Thus, the affinity of the tail fibers to attach to polysaccharides 

(cellulose substrate) apparently overcame the affinity of the CBM proteins on the phage capsid.  

3.3. Molecular imprinting  

Molecular imprinting has become an increasingly popular method for the design of artificial 

antibodies against a variety of analytes [165]. The technique involves using a template analyte to 

pattern a deformable polymer. The patterned layer is then used for the recognition of an analyte 

that is a geometrical fit with the template (Figure 4c). This method was successfully used to detect 

viruses [166]. An alternative technique to prepare the patterned layer is to polymerize a monomer 

directly around a template analyte [167] (Figure 4d). Although not demonstrated for this purpose, 

molecular imprinting has the potential to be used for orienting tailed phage by using an icosahedral 

phage or virus as template. 

Tawil et al. claim to have inadvertently used a similar approach to orient phage [76]. They reported 

that phage immobilized on gold coated with L-cysteine conjugated to 11-mercaptoundecanoic acid 
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was very efficient in infecting a population of host bacteria. AFM investigation revealed cavities 

on this surface that were of similar diameter and depth as the phage capsid leading the authors to 

hypothesize that surface topography had forced the phage capsid into the cavities thus orienting 

the phage. Since the authors did not quantify phage surface densities or bacterial capture for the 

phage-functionalized surfaces, it is difficult to conclude whether the higher infectivity was due to 

higher phage density or favorable phage orientation. 

3.4. Assembly at liquid-liquid interface 

The use of liquid interfaces as platforms to assemble inorganic nanoparticles has garnered 

considerable attention. Self-assembly at organic-aqueous interfaces is driven by reduction in 

interfacial energies and, thereby, in Gibbs free energy, making it thermodynamically favorable 

[168]. Although this approach has yet to be tested for phage, it was successfully demonstrated for 

orienting the rod-shaped tobacco mosaic virus (TMV) at the perfluorodecalin/water interface 

(Figure 4e). At low virus concentration, the TMV particles organized themselves parallel to the 

interface but as the concentration increased, they oriented themselves perpendicular to the interface 

to accommodate the increased packing density and also neutralize inter-rod electrostatic repulsion 

[169]. 

3.5. Assembly at liquid-air interface 

In 1917, Langmuir demonstrated that long-chain fatty acids form, on water, films that are one 

molecule thick and that the molecules are oriented on the water surface with the polar functional 

group immersed in the water and the long nonpolar chain directed nearly vertically away from the 

surface [170]. This technique enables high quality organic layers (Langmuir-Blodgett films) to be 

deposited onto a variety of substrates [171]. Guntupalli et al. have explored this approach to control 
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the orientation of phage by forming a Langmuir-Blodgett film at an air-liquid interface [172]. They 

found that phages in a Langmuir-Blodgett film gradually change their orientation from horizontal, 

to oblique, to vertical as the bulk phage concentration (and thus pressure) increases (Figure 4f). 

Once formed, the Langmuir-Blodgett film could be transferred to the solid-liquid interface simply 

by dipping the substrate into the solution where the film was formed, as verified by ellipsometry 

and SEM. Although the orientation was somewhat compromised, forming phage Langmuir-

Blodgett films proved to be an interesting self-assembly approach to control the orientation of 

phage. The authors further used this technique to immobilize a layer of tailed phage on gold QCM 

crystals for biosensing application (Table 1) [156].  

A simple technique to assemble phage at the air-liquid interface was demonstrated for orienting 

filamentous phage [173]. A landscape phage expressing a polymer-binding peptide on one pole 

was employed. When the substrate was dipped into the phage suspension the filaments attached to 

the substrate from one end. When the substrate was pulled out of the liquid, the shear imposed on 

the phage filaments resulted in the coiled filaments to stretch out and deposit parallel to each other 

(Figure 4g). The same result can be achieved by drying a drop of a phage suspension on a surface 

while simultaneously tilting the surface and blowing air over the drop in a fixed direction (Figure 

4h) [174]. Stretching the filaments was shown to be successful as long as the phage were attached 

to the surface via one pole with an intermediate bond strength (i.e. weak enough to unfold, but 

strong enough to resist to shear). This technique, first used to immobilize and align DNA strands, 

which is strongly dependent on the pH of the phage suspension [175], has the potential to be 

employed in reducing filamentous phage bundling on biosensor platforms, thereby improving the 

sensitivity of biosensors exploiting filamentous phage. 
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Convective assembly is another method where particles are aligned by capillary forces induced 

by a slowly receding meniscus formed at the air-liquid-solid interface (Figure 4i). The difference 

between this technique and the methods described above is that the alignment of the deposited 

particles and the assembly process are both driven by the capillary forces at the liquid evaporation 

front [176]. Convective assembly has been described for rod-shaped TMV [177-179] and 

filamentous phage [180] and the aligned phage have successfully been used to direct the growth 

of mammalian cells [178, 180].  

3.6. Micro contact printing 

Micro contact printing has proven to be a useful technique to pattern self-assembled monolayers 

on surfaces [181]. Although originally used to pattern molecules [182], it has been demonstrated 

to work for phages [183] and plant viruses [184]. High local densities of phage are delivered to the 

surface using a silicone elastomer polydimethylsiloxane (PDMS) stamp patterned via soft 

lithography (Figure 4j). The method involves adsorbing a monolayer of phage to the hydrophilic 

surface of the stamp by embedding a small drop between the stamp and a plasma-cleaned glass 

cover slip. When the cover slip is removed, the virions can potentially be oriented in a manner 

similar to the orientation in Langmuir-Blodgett films. This ordered phage layer is then stamped on 

the substrate of choice. Although experiments with TMV have shown that under controlled 

conditions the nanorods can be aligned [184], it remains to be determined whether this hypothesis 

can in fact result in an oriented layer of filamentous and tailed phage. 

3.7. Specific binding proteins 

Proteins/peptides that have specific affinity for certain proteins on the phage virion could be coated 

on a surface and used to orient the phage. This concept has proven very successful for antibody 
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orientation. Proteins G and A display binding domains specific to the Fc portion of IgG antibodies. 

Coating a surface with these proteins results in a predominantly tail-on orientation [185]. Factors 

that affect the conformation of the chosen proteins (e.g., pH and temperature) can affect the 

subsequent orientation of the phage or antibody on the surface [186]. Controlling the lateral 

spacing of the capture protein could also improve the performance of on-chip assays [187]. 

3.8. Characterizing phage orientation 

Characterizing the orientation of phage on a surface is of fundamental interest. Immobilized phage 

can adopt various orientations based on their shape (Figure 3). For the highest bacteria/analyte 

binding, immobilized phage must be oriented in a manner allowing their binding proteins to 

interact with the host/analyte. Although there have been claims regarding the use of electron 

microscopy (SEM, TEM) for characterizing phage orientation [98], these claims should be 

interpreted with caution since electron microscopy (in most cases) requires drying of the sample 

which can potentially alter phage orientation. When possible, embedding the phage-functionalized 

substrate in epoxy resin and preparing microtomes could somewhat circumvent artifacts 

introduced by drying. 

In atomic force microscopy (AFM), surfaces are scanned by a nano-scale tip, resulting in a 

topographical surface map of soft biomaterials such as proteins and antibodies. From this 

information, local properties of the surface such as the degree of coverage and the thickness of the 

layer can be determined. AFM has been used in many instances to measure the height of an 

antibody layer immobilized on a substrate to distinguish between tail-on and side-on orientation 

[188-192]. The same method could be applied to phage virions (Figure 5a). To avoid artifacts due 

to drying of the sample, both the surface and the probe may be immersed in a liquid of choice 

under a relevant and controllable temperature [193]. A layer of physisorbed phage, however, may 

http://pubs.rsc.org/en/content/articlehtml/2013/an/c2an36787d#fig1
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detach or even change its orientation due to interaction with the AFM tip. Cryo-AFM offers the 

advantage of slowing the kinetics of surface interactions by drastically lowering the scanning 

temperature. It should be noted that even in non-contact mode, AFM tip convolution will still 

induce discrepancies [73].  

Using a QCM platform that allows the measurement of dissipation of the oscillations of the quartz 

crystal (QCM-D), has been shown to provide information required to calculate the size of 

deposited particles [194]. This method can, in theory, be used to determine the orientation of a 

layer of adsorbed phage since different orientations will result in adsorbed layers of different 

thickness (Figure 5b). Researchers have also suggested that the ratio between the two QCM-D 

output parameters (frequency and dissipation) is indicative of the orientation of filamentous phage 

[195, 196] and TMV [163].  

Several other methods have been proposed in the literature for characterizing the orientation of 

antibodies and/or phage by measuring the thickness of the attached layer. Spectroscopic 

ellipsometry analyzes the state of polarized light reflected from multilayer reflective samples. The 

layer thickness can be deduced by model-based analysis (Figure 5c). It should be noted, however, 

that these models assume continuous thin films and applying them to discrete particles is not free 

of error. Ellipsometry has been used to deduce information regarding phage orientation by 

measuring the thickness of the adsorbed layer [172]. Surface Plasmon Resonance (SPR) has been 

established as a powerful method to monitor label-free biomolecular interactions in liquids (Figure 

5d) [197]. SPR platforms have also been used to deduce the thickness and orientation of adsorbed 

layers of antibodies [198] and phage [57]. Neutron reflectometry is a neutron diffraction technique 

used to determine the thickness and composition of molecular layers on surfaces with a sensitivity 

of 2–3 Å (Figure 5d) [199]. The technique involves directing a beam of neutrons onto a flat 
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surface, and measurement of the intensity of the reflected radiation. This method has been 

demonstrated for characterizing the orientation of antibodies [199-201]. Dual Polarization 

Interferometry (DPI), an optical wave-guide-based analytical technique, can be used to obtain 

information on molecular dimensions (layer thickness), packing (layer refractive index, density) 

and stoichiometry (mass) [202] (Figure 5e). The measured layer thickness has been employed to 

provide information on the arrangement of antibodies on surfaces [203]. 

Evanescent wave light scattering and interferometric scattering microscopy (iSCAT) [204] are 

methods that have great potential to be used for real-time monitoring of phage orientation on a 

substrate, both providing quantitative and visual information. Evanescent wave light scattering is 

the principal behind total internal reflection microscopy (TIRM and TIRFM) with which changes 

in a very thin (~200 nm) region of specimen can be monitored [205]. Changes in phage orientation 

within the evanescent light field can alter the intensity of the phage scattered light and thus allow 

real time monitoring of an absorbed phage layer (Figure 5e). iSCAT is a novel technique that is 

capable of imaging very small labels at very high speeds. This method has been demonstrated to 

yield real-time visual information regarding both position and orientation of single quantum dot–

labeled virus particles (Figure 5f) and is claimed to provide a higher resolution compared to 

evanescent wave light scattering [206]. Finally, high-resolution time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) is a powerful method to obtain biophysical information about the 

molecular structure of the surface. This technique involves bombardment of a surface with a pulsed 

primary ion beam that has a sampling depth of 1–3 nm [207]. The resulting positively or negatively 

charged ions are analyzed by a time-of-flight mass analyzer, yielding a fingerprint of the attached 

species (Figure 5f). Since the sampling depth is very shallow, these data can be used to interpret 

the orientation of immobilized antibodies (and possibly phage) [208-211]. 
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4. CHALLENGES  

The main challenge in designing efficient biosensors based on immobilized phage appears to be 

controlling the orientation of the immobilized phage. Controlling phage orientation is complicated 

by the lack of a well-developed method for in situ monitoring of phage orientation. We have 

identified a number of methods to monitor the orientation of the phage layer. Many of these 

characterization methods, however, have not been developed for viruses and therefore method 

development is an area that deserves more attention.  

A major challenge in this field is moving beyond laboratory scale, proof of concept experiments 

and developing bioactive surfaces that can find application in real life. In this regard, it is crucial 

to understand the effect of environmental interferents on immobilized phage. Proteins and cells in 

the blood, or macromolecules and colloids in untreated waters can interfere with the efficiency of 

a biosensor or the performance of an antimicrobial surface. This is a relatively unexplored area in 

this field since most published research report experiments performed under idealized laboratory 

conditions. Preliminary results indicate the importance of the choice of phage; phages must be 

chosen that are not affected by the interferents in the environment in which they are expected to 

perform. Large scale production of high purity phage is another important step towards real life 

application of phage-functionalized platforms. The purity of phage can affect both biosensor 

applications and the safety of phage-based antimicrobial surfaces.  

The development of controlled release entrapment platforms is a very promising area for real-life 

application of phage-based antimicrobial surfaces. Such platforms can find applications in food 

packaging, wound dressings and even antimicrobial coatings. Entrapment platforms can protect 
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the phage against harsh environmental conditions and drying and allow for more versatile 

antimicrobial surfaces. An important hurdle in realization of phage-functionalized antimicrobial 

surfaces, which involve long term release of phage in a fixed medium, is concern regarding the 

development of phage resistance in the target host community. Phage resistance is inevitable and 

the phage-resistant host population has been reported to be diversified into various phenotypes 

[212] some of which could even exhibit altered levels of virulence [213, 214]. However, it is 

possible to choose a phage or a phage mixture that renders the phage-resistant mutants weaker and 

less virulent. In conclusion, phage-based bioactive surfaces have immense potential for 

applications in biosensors and antimicrobial surfaces but their realization relies on choosing the 

right phage(s) for a certain application to overcome inherent limitations and avoid future 

complications. 
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