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Abstract 

Bacteriophages represent multifaceted building blocks that can be incorporated as substitutes for, 

or in unison with other detection methods, to create powerful new diagnostics for the detection of 

bacteria. The ease of phage manipulation, production, and detection speed clearly highlights that 

there yet remains unrealized opportunities to leverage these phage-based components in 

diagnostics amenable to resource-limited settings. The passage of regulations like the Food 

Safety Modernization act, and the ever increasing extent of global trade and travel, will create 

further demand for these types of diagnostics. While phage-based diagnostics have begun to 

entering the market place, further research is needed to ensure the potential benefits of phage-

based technologies for public health are fully realized. 
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We are just beginning to explore the possibilities that phage-based detection can offer us in the 

future. The combination of engineered phages as well as engineered enzymes could result in 

ultrasensitive detection systems for low-resource settings. Because the reporter enzyme is 

synthesized in vivo, we need to consider the options outside of normal enzyme reporters. In this 

case, common enzyme issues such as purification and long-term stability are less important. 

Phage-based diagnostics were conceptualized from out-of-the box thinking and the evolution of 

these systems should be as well. 
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1 Introduction 

Bacteria are an integral part of our world. They are present in the environment that surrounds us, 

the food and water we consume, and are vital inhabitants of our bodies. Of this vast bacterial 

population, a small percentage is pathogenic to humans, but this group represents a significant 

burden on public health. At both the national and global level, there has been increasing focus by 

public health agencies on emerging issues such as the dissemination of antibiotic resistance 

bacteria. 
1
 The added challenges in resource-limited settings, have driven research into the 

development of “lab-on-chip” technologies aimed at addressing issues with manufacturing, 

detection, automation, and power source to create diagnostics that are simple, cheap, and reliable 

and thus amenable to adoption in such settings. 
2
 

Paper-fluidic
3, 4

 and microfluidic
5
 based devices have proven themselves to be effective 

platforms for the detection of chemicals and pathogenic organisms of interest in resource-limited 

settings
6
, and there is a large body of research applying them for detection of various bacterial, 

chemical, viral agents. 
7
 Commercially available examples of these LFA based products for the 

detection of bacteria are the Lateral Flow System by DuPont (Wilmington, DE) and Neogen’s 

Reveal 2.0 product line, both of which have dipstick assays for the detection E. coli O157:H7, 

Salmonella spp., and Listeria (Neogen, Ann Harbor, MI). 

2 Bacteriophage 

Bacteriophages (phages) are a class of virus that infect prokaryotic bacteria. They were first 

discovered in 1915, and initially used as antimicrobial agents but were quickly supplanted by 
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antibiotics. With the increasing threat of multidrug resistant organisms, the study and application 

of phage therapy has become a growing field. Additionally, our increased understanding of 

phage diversity, and the creative applications of modern bioengineering tools, has led to renewed 

interest in bacteriophage. There are clear opportunities to leverage these advances and apply 

phage to enhance diagnostics, like paper-fluidic LFAs, geared to resource-limited settings. 

2.1 Bacteriophage as Detection Agents 

Phages are becoming increasingly popular as probes in bacterial detection schemes. 
8
 These 

viruses have several potential advantages over other biorecognition elements, such as antibodies 

and DNA. First, phages are relatively easy to produce as they are readily propagated in the 

presence of their host and can be subsequently purified for use. A second advantage is that phage 

are host specific, and a single or multiple phage types can be used to target a specific bacterial 

strain, species, or group of closely related bacterial species. The successful use of reporter-tagged 

phage for bacterial detection has been demonstrated using both fluorescent
9
 and enzymatic

10
 

tags. The VIDAS® UP by Biomérieux (St. Louis, MO) is a commercially available detection 

platform that utilizes reporter-tagged phage components as detector probes in an ELISA format 

for the detection of Salmonella, E. coli O157:H7, and Listeria with reported superior 

performance to PCR-based methods. 
11

 Phage-display schemes have also allowed for the 

development of novel phage-based probes by enabling the bioengineering of phage capsids to 

incorporate proteins with affinities to chemicals and molecule unrelated to bacterial detection. 
12
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2.2 Bacteriophage as Agents for Signal Amplification 

The use of phages as a detection probes also allows for signal amplification, commonly referred 

to as phage amplification. In concept, a single phage adsorbs to and infects a single bacterial cell. 

The phage DNA is injected into the host, and through a series of mechanisms, it commandeers 

the metabolic machinery of the cell into the production of new phage. At the end of the infection 

cycle holin and a lysozyme-like enzyme are produced, rupturing the cell wall, and releasing tens 

to hundreds of new phage into the environment. The E. coli phage T7, for example, has an 

infection-to-lysis time of 25 minutes under ideal conditions, and over 100 new phage released at 

the end of a cycle. For comparison, E. coli cells take approximately the same amount of time to 

replicate under optimal growth conditions, so a traditional bacterial enrichment for amplification 

results in only 2-fold increase using versus the potential 100-fold increase in T7 phage in the 

same amount of time. There other phages with burst sizes greater than a 1000-fold
13

, making 

their incorporation into bacterial detection schemes quite attractive. Furthermore, since phage 

replication requires healthy, growing bacterial cells, detection of phage amplification can be used 

to specifically identify the presence of only viable cells in a sample. This is another advantage 

phage-based detection schemes have over immunological and PCR-based schemes, which may 

detect extraneous antigens or DNA from non-viable cells resulting in higher false positive rates. 

Advances in molecular techniques, have enabled the combination of both phage and enzyme 

based amplification for bacterial detection. Phages have been genetically modified to express 

reporter enzymes with high turnover rates, enabling more rapid and sensitive detection. 

Luciferase has been successfully incorporated into several phage strains targeting bacterial 

pathogens like E. coli O157:H7[70], Yersinia pestis
14

, and Bacillus anthracis
15

. Commercially, 
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Sample6 (Cambridge, MA) has developed a phage-based bioluminescent enzymatic reporter 

platform for the detection of Listeria in environmental samples. In the literature luciferase 

appears to be a popular choice as an enzymatic reporter, but recent research has also shown the 

successful incorporation of enzymes such as peroxidases
16

, proteases
17

, and alkaline 

phosphatase
18, 19

 as phage-mediated reporters. 

3 Reporter Enzymes in Genetically Engineered Phage 

The use of genetically engineered phage to selectively infect target bacteria and, subsequently, 

express a reporter enzyme has been well described. 
20

 However, the current approaches have 

been limited by signal production and signal/noise ratio. In this regard, the full potential of 

genetically engineered phages for bacteria detection has not been realized. Biology has provided 

a number of diverse tools to allow for improved analysis. The use of these tools, in tandem with 

proper instrumentation and appropriate substrates, creates a significant opportunity to enhance 

the capabilities of genetically engineered phage for bacteria detection. In this section, we 

describe opportunities to improve upon the current state of the art using biological approaches as 

well as instrumentation and analytical methodology. It is important to note that these approaches 

to optimization are interdependent, and must be considered alongside the application to provide 

the best system for the intended use. 

3.1 Enzyme Optimization 

The selection of a suitable enzyme to be expressed following phage infection of bacteria is 

paramount in designing an improved detection system. Ideally, the enzyme should have a high 
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substrate turnover, be distinguishable from native enzymes in the bacteria, and be readily 

expressed. 

Turnover number (kcat) for enzymes represents the number of molecular conversions that can be 

achieved per unit time for a single active site. A higher turnover number indicates faster velocity 

at a set enzyme concentration. While turnover numbers can be as high as 10
7 

sec
1

, enzymes used 

in genetically engineered phage have turnover numbers of ca 10
0
 - 10

2 
sec

1
. Improving the 

turnover number can be achieved by selecting an enzyme with a higher turnover, mutating the 

enzyme, or adding cofactors that enhance activity. Enzymes with inherently high turnover, such 

as catalase and carbonic anhydrase, may be limited by the availability of proper instrumentation 

to measure low concentrations of product. However, other enzymes such as acid phosphatase or 

glucose-6-phosphate dehydrogenase have high turnover (ca 10
5
 -- 10

6 
sec

1
)
, 
and conversion can 

be analyzed using common instrumentation. 
21, 22

 Contrary to the use of enzymes in other 

diagnostic applications, enzymes expressed by phages only need to be viable within the duration 

of the assay. This requirement enables a large variety of high turnover enzymes to be considered 

in the design of the genetically engineered phage. 

Mutation in the structure of a native enzyme can provide an alternative means to increase 

turnover. Alkaline phosphatase, for instance, has been mutated to increase kcat >40 fold---

enabling improved substrate conversion and signal production. 
23

 Moreover, if the product of an 

enzyme conversion is not amendable to a specific detection method, co-reactants may be 

utilized.  These reactants enable improved signal output or sensitivity.  For example, tris(2-

carboxyethyl)phosphine (TCEP) has been employed to improve signal production from alkaline 
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phosphatase, and Ru(bpy)3
2+

 has been utilized as a co-reactant to facilitate alcohol 

dehydrogenase-catalyzed ethanol detection via electrochemiluminescence.  
24, 25

 

In addition to the above approaches, reduced inhibition of the native enzyme can also be used to 

enhance signal production. This approach is illustrated by the incorporation of Coenzyme A to 

react with a luciferase inhibitor (dehydroluciferyl-adenylate) that is formed as a side-product 

during signal production. Removal of the inhibitor, in this manner, allows the enzyme to 

generate an enhanced signal. 

Proper selection of the reporter enzyme can enhance not only signal production, but also the 

signal/noise ratio. Native enzymes present in the bacteria may contribute to background noise by 

reacting with the enzyme substrate. If a problematic native enzyme is expressed during analysis, 

alternative enzymes may be required. The interference may be reduced by employing a non-

native enzyme as the reporter enzyme. Additionally, a thermostable reporter enzyme may be 

expressed. 
26

 In this approach, the reaction mixture, following cell lysis, can be heated to 

denature or reduce the activity of any native lysate enzymes that are not compatible with the 

higher temperature, thus limiting their contribution to substrate conversion. 

Optimization of the concentration and quality of enzymes expressed per cell during phage 

infection provides another means of enhancing signal production. Ribosomal binding site 

sequence can be altered to increase the translation of the desired enzyme. However, if the 

translation rate is too high, the enzyme may be folded incorrectly. Therefore, it is valuable to use 

design calculators to help maximize efficacy of translation. 
27

 Likewise, codon optimization has 

proven to be a valuable tool for protein expression and should be applied in the initial design of 
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the gene sequence used for the engineered phage. If the enzyme is not soluble following lysis 

(i.e. inclusion bodies are formed), the application of a fusion tag, such as maltose binding 

protein, glutathione S-transferase, or SUMO, to the gene coding for enzyme expression should 

be considered. 

3.2 Optimization of Instrumentation and Analytical Methodology 

Along with biological approaches, instrumental methods and substrate selection are essential for 

optimization of genetically engineered phage systems. Both substrate and instrumentation should 

be accessible and deliver the necessary sensitivity, precision, and accuracy within the required 

timeframe for the intended application. 

Optical, spectrophotometric, fluorescence, luminescence, electrochemical, and 

electroluminescence approaches have been employed to measure signal production. While these 

techniques have been well-described, it’s worth highlighting some advantages, disadvantages, 

and opportunities. Optical detection, utilizing a visible substrate, is advantageous when a yes/no 

answer is desired. Though not as sensitive as other assays, optical detection by aggregation and 

precipitation of a substrate on a material surface can be a useful and simple detection method. 
28

 

Spectrophotometric assays allow for inexpensive quantification and tend to provide a stable 

signal, but are prone to background interference and low sensitivity. Bioluminescence and 

chemiluminescence are extremely sensitive, being able to detect as low as 10
20

 moles. 
29

 

Moreover, these systems are not as prone to background interference as other systems, and 

portable devices are also being developed, which will aid with point-of-care applications. 

However, a limited number of substrates are available for luminescence, and the signal is quickly 
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produced and relatively short lived (seconds -- minutes) after adding the substrate. These 

substrates prevent the enzyme from being able to build up signal with time, as they do with other 

assays. Fluorescent methods are sensitive and allow for signal build-up, however, the 

instrumentation is more expensive and not as well suited for point-of-care applications. 

Electrochemical reactions utilize either an oxidoreductase or a redox product from an enzymatic 

reaction. These systems are sensitive and reactions can be analyzed using inexpensive 

instrumentation. Moreover, electrochemical recycling of the enzyme product enables signal 

amplification. Background interference, however, can occur from common molecules in the 

detection matrix and may influence the signal/noise ratio. Electrochemiluminescence is a hybrid 

approach that improves on the sensitivity of electrochemistry while enabling greater assay 

versatility and substrate recycling when compared to chemiluminescence. 
30

 This approach is 

expected to be utilized to a greater extent in future applications. 

As noted, previously, the nature of the substrate can influence phage detection capabilities. 

Depending upon the application, the substrate should have a suitable limit of detection and 

detection range. For all applications, the reaction kinetics for the expressed enzyme should be 

well-described prior to implementation. Both kcat and Km are dependent on the substrate used, in 

addition to the assay environment (e.g. pH, temperature, ion concentration). Therefore, 

optimization of genetically engineered phage system should include kinetic screening 

experiments. For subsequent assays, detection can be enhanced by conducting analysis under 

optimized conditions, with substrate concentrations maintained at greater than twice the Km 

throughout the duration of the reaction in order to assure the enzyme is operating at maximum 

velocity. 
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4 Conclusion 

While the use of bacteriophages for the detection of bacterial pathogens has been evolving for 

several years, advances in synthetic biology, enzyme engineering and specific techniques such as 

CRISPR-CAS 9 will allow these phage-based systems to reach far beyond current capabilities. 

The phage-based detection model can be a pragmatic solution to low-resource settings because 

phages are relatively easy to transport and store. In typical sandwich assay type systems, the 

reporter probe such as an enzyme-tagged antibody is commonly the self-life limiting component. 

The phage-based system can allow the use of enzymatic amplification steps without the need for 

storage concerns as the reporter is not synthesized until the phage encounters a host cell. The 

unique format of the bacteriophage detection schemes will allow future bacterial diagnostics to 

be performed relatively quickly and at low-cost. 
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