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Abstract  
 

FRSH: A Frugal and Rapid bioSensor for in-House use to assess meat 

spoilage 
 

 

Alaa Sarah Selim 

 

Biogenic amines (BAs) represent a toxicological risk in many food products.  Putrescine 

is the most common BAs found in food and is frequently used as a marker for food quality.  Today 

there is a lack of regulation concerning safe putrescine limits in food as well as outdated food 

handling practices leading to unnecessary putrescine intake. Conventional methods used to 

evaluate BAs in food are generally time and resource heavy, limiting the options for on-site 

analysis.  In this work, we developed a transcription-factor based biosensor for quantification of 

putrescine, one of the BAs in meat products, using a naturally occurring putrescine responsive 

repressor-operator pair (PuuR-puuO) from Escherichia coli.  Moreover, we demonstrate the use 

of the putrescine biosensor with a paper-based cell-free device that enables low-cost and rapid 

putrescine detection.  The system was validated using a variety of consumer meat samples with 

comparable performance to standard well-plate analysis methods.  We propose that our system is 

ready for use to assess the safety of meat products will contribute to a new phase of low-cost 

biosensors designed for food safety. 
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Overview of Chapters 

This thesis describes the project I conducted over the course of my Master’s in Science in Dr. 

Steve Shih’s research group at Concordia University. In this work we were able to design and build 

a cell-free transcription factor biosensor to detect a small molecular analyte putrescine, from meat 

samples. This thesis begins with a short overview explaining the theory behind biosensing 

technology, the different types of biosensors, their applications, and their advantages and 

disadvantages. We address the challenges posed by these different biosensing technologies by 

proposing a biosensor that uses transcription factor-based biosensing using cell-free technology. 

We outline our intent for the biosensor by focusing our efforts to detect putrescine, a biogenic 

amine that is produced as a result of microbial activity. Which is a consequence of a lack of 

regulation and outdated food handling practices, resulting in an increased consumption of 

putrescine which can cause adverse physiological effects. 

 

Chapter 1 The chapter introduces the concept of biosensor technology, with an emphasis 

on transcription factor-based biosensors and cell-free technology, as this applies for the 

development of analytical devices for the detection of molecules of interest [putrescine]. This ends 

with a brief overview explaining the biogenic amine putrescine its relation to food quality 

[freshness] and how increased consumption can lead to adverse physiological effects. 

 

Chapter 2 Describes the materials and methods for research. It contains detailed accounts 

of the experimental protocols, validation methods, and the data analysis for the results presented 

in chapter 3 of this document.    
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Chapter 3 discusses results in characterizing and validating the putrescine responsive 

transcription-factor biosensor in a cell-free system. I will describe the synthetic promoter design 

and construction, the characterization transcription-factor biosensor. As a proof-of-concept 

transcription factor-based biosensor will be validated with-in a cell free system with meat samples 

stored at different storage conditions. Lastly, the putrescine biosensor will be affixed to a paper 

matrix will be further validated by testing with different meat samples stored at different storage 

conditions. 

 

Chapter 4 presents concluding commentary concerning my work and a future perspective 

of putrescine-biosensor. 
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Chapter 1: Introduction 
 

 In this chapter I will introduce the topic of genetically modified bacterial biosensors; how they 

function and their applications. I will also introduce ways genetically modified bacterial biosensors are 

being improved with the use of cell-free technology.  

 

1.1 What is a biosensor?   

A biosensor is composed of a biomolecule usually an antibody, DNA, RNA, or enzyme that 

interacts with a target analyte which generates a signal1. As you can imagine biosensors have been 

used in a number of fields, specifically the food industry2, 3, medical field4, and environmental 

sector5  to name a few. Biosensors provide better stability, sensitivity, and rapid responses in 

comparison with lengthy and costly traditional methods.4, 6  

A simple biosensors requires an analyte of interest, a bioreceptor, and their eventual 

interaction is termed a biorecognition event resulting in a signal output in the form of light, color, 

or pH change.4, 6 A great example of a simple biosensor includes the earliest form of a pregnancy 

test from ancient Egypt Figure 1.1A.7 Where women would urinate on barley or wheat seeds, if 

the seed sprouted this indicated that the woman was indeed pregnant. While primitive, several 

modern studies have indicated that this simple biosensor is 70% effective in identifying 

pregnancies.7 In the 1970s Drs.Vaitukaitis, Braunstein, and Ross engineered an antibody that was 

highly specific towards human chorionic gonadotropin (hCG) and surprisingly enough also sheep 

blood.8 They designed a binary test to determine pregnancy; they would mix sheep blood coated 

in hCG, hCG specific antibody, and the patients urine. If she was not pregnant the hCG specific 

antibodies would bind to the sheep blood and result in clotting. If she was pregnant, the hCG 

specific antibodies would bind the hCG in the urine as well as the sheep blood, resulting in minimal 
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to no blood clotting Figure 1.1B.9 This improved the quality, accuracy, and response time of 

pregnancy tests.9 However, the impracticality of these biosensors where long response time and 

could only be conducted at the doctor’s office. It was only in the late 1980’s that immobilized hCG 

specific antibodies onto paper devices, allowed for rapid at home diagnostic testing—that we are 

so familiar with today Figure 1.1 C. 

Figure 1.1 – Evolution of pregnancy biosensor. (A) Ancient Egyptian form of a pregnancy test, 

women who suspected they were pregnant would pee on a barley seed. If the seed germinated, 

then the where was a 70% chance the woman was pregnant. (B) Advances in antibody technology 

led to the development of rapid pregnancy tests that where typically performed at doctor offices. 

(C)Immobilization of antibodies onto a paper microfluidic device allowed for rapid at home 

testing—no longer requiring lengthy doctor appointments. 

 

1.2 Why Biosensors? 
 

The recent Covid-19 pandemic has emphasized the need for increased testing and has catapulted 

rapid diagnostics to the fore front of many national and international debates. Coupled with the 

recent trend toward integrated and automated instruments, biosensors have become a tool for rapid 

and sensitive tests with which diagnostic measurements can be made.5, 10 Biosensors are used to 

detect and determine the relative concentrations of specific analytes in a sample. This basic 
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principle offers a powerful opportunity11 for disease monitoring, drug discovery, detection of 

pollutants, disease-causing micro-organisms and markers that are indicators of a disease in bodily 

fluids (blood, urine, saliva, sweat).  

The appeal of a biosensor lies in its ability to translate the absolute concentration of an 

analyte in a sample into a measurable signal, therefore providing an avenue of communication.12 

Whole cell biosensors achieve this by controlling the metabolic state of the host, to transduce the 

target-analyte concentration by modulating gene expression.13 The reason being is that biosensing 

technology is ductile, strategic rearrangement of its structure can lead to the detection of a different 

target analyte(s). This makes biosensors a versatile tool for a diversity of applications for analysis 

and monitoring of medical, environmental, and industrial relevance. 14 

 

1.3 Types of biosensors and their applications. 

 

There are many different types of biosensors with a main difference focused on the bioreceptor 

component. A large repertoire of biorecognition element allows for the development of biosensors 

for specific conditions and circumstances. Here we discuss the different types of biorecognition 

components; enzymatic, immunosensors (antibodies), whole cells, genetic, and transcription-

factor based and highlight their advantages and disadvantages Table 1.1.    

 

Table 1.1: Different bioreceptors used for biosensing technology and their advantages and 

disadvantages. 
Biorecognition 

Element 

Advantages  Disadvantages Example 

Applications 

Enzymes High sensitivity 

Portability 

Rapid Response 

Results can be skewed due to changes in 

pH or temperature.15, 16 

Some enzymes may exhibit promiscuity.17 

Glucose 

Oxidase, 

Cholesterol 

Oxidase 

Alcohol oxidase 
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Antibodies High sensitivity, specificity, 

selectivity, and strong 

antigen-antibody binding. 

Partial denaturation can lead to 

inaccurate results. Immobilization 

process is not ideal, due to indefinite 

antibody orientation. 18 

Highly complex antibody processing 

procedure leading to increased cost. 

Anti-α-hCG 

/Anti-β-hCG 

(Pregnancy-test) 

Covid-19 IgG 

and IgM 

(Covid-19 rapid 

test)19 

Whole-Cells Increased stability in a 

fluctuating environment: 

salt content, temperature, 

and pH. Cost effective. 

Low selectivity. Limited by diffusion 

resulting in a slow reaction. Interfering 

background noise. Cannot express toxic 

proteins. 

Arsenite whole 

cell biosensor.20 

Genetic 

(DNA/RNA) 

Wide spectrum of 

applications. Highly 

specific due to high binding 

affinity. 

Lengthy and costly process [SELEX]. 

Sensitive to pyrimidine specific nucleases 

which are abundant in biofluids.21 

Environmental 

monitoring22 

Cancer 

detection23 

Transcription-

Factor 

Highly specific and 

sensitive. Easy to fine tune 

performance of biosensor. 

Can be integrated different 

chassis. 

Limited by the range of transcription 

factor promoter pairs available 

Monitor Fatty-

acid 

production24 

 

Enzymatic: Enzymes are proteins that catalyze chemical reactions but remains unchanged at the 

end of the reaction. Enzyme(s) that catalyze target analyte(s) in biosensor will release a by-

product(s) that are easily detectable. Rapid sensing and easily detectable by products of 

biorecognition are convenient factors when designing biosensors. However, enzymatic biosensors 

present many disadvantages such as cost, complicated purification process, loss of activity when 

enzymes are immobilized on transducer, and performance is heavily influenced by pH and 

temperature. 

Immunosensors: A class of biosensors that uses antibodies to detect target analytes (antigens). 

They work similarly to solid-phase immunoassays, where antibodies are immobilized onto a 

transducer and when exposed to an antigen the immunochemical reaction proceeds to completion. 

The recognition reaction between the antibody and the antigen is translated by the transducer into 

a signal that is proportional to the concentration of the antigen (target analyte). Immunosensors 

offers highly specific and sensitive detection coupled with the availability of engineered antibodies 

to identify a broad range of molecules.25 
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Whole cell biosensors: Cells are known to be sensitive to their surroundings and respond to 

changes to their environment and different kinds of stimulants. Whole cell biosensors are 

engineered cells which can be programmed to analyze molecular entities; toxins, carcinogens, and 

metabolic by products—from the environment and report their cellular concentration in real time.25 

Whole cells are great candidates for biosensing because they harbor a highly evolved regulatory 

network for tracking changes happening in the external environment.26 Whole cell biosensors offer 

a number of advantages making them an attractive component to construct biosensors with. Whole 

cell biosensors provide information about the concentration of a target analyte in real time and also 

provide functional knowledge pertaining to the physiological effect of the target analyte on the 

living cell.4, 27, 28 Whole cell biosensors are attractive instruments for industrial applications 

because they communicate information about the effect of a pharmaceutical drug on the cells 

metabolism, toxicity, and lethality.  

 

Genetic based biosensors (DNA and RNA aptamers): Aptamer based biosensing have gained 

recent traction in recent years due to its ability to build library of nucleic acid aptamers with 

varying affinity to the target analyte. Nucleic acid aptamers are selected by an in-vitro selection 

process called Systematic Evolution of Ligands by EXponential enrichment (SELEX).29 The 

process includes incubating the target analyte in a pool of random oligonucleotides, and bound 

oligonucleotides are separated from unbound oligonucleotides by elution, and finally bound 

oligonucleotide aptamers are PCR amplified. This process can be repeated multiple times (6-10 

times) resulting in increased affinity and specificity towards the target analyte.30 Another 

advantage of DNA and RNA aptamers is they can be easily modified with tags, markers, or probes.  
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Transcription-Factor Biosensor: Nature has developed a regulatory feedback system which 

include small molecule binding transcriptional factors with a cognate promoter which tightly 

regulates transcription based on the concentration of small molecule.31, 32 Currently, regulatory 

DNA sequences can easily be synthesized and be integrated into a functional synthetic biosensing 

circuit. 

 

1.4 Transcription-Factor Biosensors                                                                                

 Detection of small single molecules is often lengthy and requires expensive equipment and 

methods.3, 4 Biosensors present a cost-effective alternative for small single-molecule detection. 

There are various types of biosensors such as enzyme-based, immunosensors, DNA biosensors, 

thermal, and ribozyme biosensors.4  However, thousands of years of compounded evolution have 

led to the development of a diversity of small molecule-binding transcriptional regulator proteins 

and their cognate promoters.5 Their role is highlighted in prokaryotes, where bacterial transcription 

factors act as repressors. Therefore, when small (effector) molecules are absent, some transcription 

factors can bind to operator sequences and effectively stop gene expression. The process of 

arresting gene expression occurs by mechanically interfering with the binding of the RNA 

polymerase to DNA Figure 1.2A. However, activity of transcription factors is altered when small 

(effector) molecules are bound to the transcription factor, relieving the operator, and allowing 

RNA polymerase to bind and facilitate gene expression Figure 1.2B. A key example of this system 

in Figure 1.2 is the Lac operon.33  
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Figure 1.2 – Schematic of a repressor-based TF biosensor in bacteria. (A) In the absence of 

metabolite of interest, transcription factors will bind to the operator which will effectively repress 

transcription of the reporter protein, by blocking RNA polymerase. (B) when metabolite of interest 

is present, metabolite will bind to the repressor protein changing its conformation—making the 

repressor incapable of binding to the operator, freeing the operator, and allowing RNA polymerase 

to bind and transcribe the reporter protein.  

 

The ability to manipulate gene expression by modulating metabolite concentration, presents 

an effective biological switch for biosensing. Therefore using genetic engineering, a transcription 

factor for a specific analyte can be coupled with a reporter gene (i.e. fluorescent protein or 

luciferase) to monitor the presence of small molecular analytes34. Several studies have successfully 
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demonstrated the versality of transcription factor biosensors for the detection of arsenic20, 

cocaine35, and fluoride5. The robust nature of transcription factor biosensors distinguishes them 

from alternative bioreceptors like riboswitches and RNA aptamers. The flexible three-dimensional 

structures of riboswitches and RNA aptamers is a point of vulnerability, they are incredible 

susceptible to changes in pH and ionic strength making them a difficult to work with. 

 Presently a myriad of naturally occurring TF regulatory networks exist to monitor small 

molecular analytes, in order to maintain homeostasis within a living cell. However, these 

regulatory systems can be in fashioned into a synthetic biosensor(s) to indicate the presence of; 

small molecular analyte(s),36 pH change,37 temperature fluctuations,38 and much more. Simple 

molecular methods (i.e cloning) enable biologists to fine tune the biosensor parameters making 

them easily adaptable for commercial use. A great example of a synthetic biosensor is the 

ROSALIND system, which uses TF’s and their complementary synthetic DNA transcription 

templates in a cell free system to detect analyte(s) of interest in contaminated water samples.39 

1.5 Cell Free Biosensors 
 

Recently there has been an increase in the development of whole-cell biosensors (WCB) for a 

number of applications: clinical-diagnostics, water quality management, food quality and much 

more.40 However, their efficiency has been held-back by intrinsic limitations of microbial cells, 

resulting in reduced sensitivity, selectivity, limited detection range, and response time. The main 

challenges that affect their efficiency are: maintaining the cells viability, membrane transport, and 

cell viability when sensing toxic compounds.39 Another challenge is the time-consuming process 

of culturing cells to determine the presence or absence of a target analyte in a sample is impractical 

in the context of today’s fast-paced society or field deployment.41 However, a number of recent 
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studies have been conducted using cell-free protein synthesis (CFPS) as an alternative tool, mainly 

due to the fact it addresses the many limitations proposed by WCB’s.  

The emergence of CFPS as a simple, rapid, and scalable alternative has resulted in a 

significant departure from cell-based protein synthesis.42-44 CFPS is an attractive system because 

of its reductionist composition; it is devoid of its membrane boundaries and contains the 

components necessary for protein synthesis.40 CFPS effectively decouples the cell’s objectives 

[growth and reproduction] from the engineer’s objectives [protein expression]; the systems 

resources and energy will be funneled towards over expression of the protein of interest.45 CFPS 

has the capacity to prioritize the engineer’s objectives and has expanded its use becoming a 

transformative tool for applications in synthetic biology. It achieves this by facilitating a simplified 

organization of complex experiments, making CFPS a powerful tool in biological research.40  

The CFPS system is a mix of DNA template, transcriptional machinery, translational 

machinery, necessary substrates (amino acids, high energy molecules, cofactors, and salts), and 

water to properly execute protein synthesis Figure 1.3. When these components are mixed and 

incubated, the machinery can transcribe the DNA template into mRNA and the translational 

machinery is able to synthesize the protein from the mRNA template. This system facilitates the 

integration of more intricate genetic circuits and opens up the possibility of complex biosensing 

functions. This requires the integration of two modules: (1) a recognition mechanism to identify 

the target analyte and (2) reporter gene which can produced a readable output.46 
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To develop a simple, reliable, and cost-effective biosensor with a high application 

potential, we coupled a transcription factor-based biosensor with CFPS. Prokaryotic (TF) are 

proteins that bind to specific genes and regulate gene expression typically by blocking RNA-

polymerase and interfering with gene transcription. The ability of transcription factor to bind to 

specific genes is governed by the presence of specific small (effector) molecules.47 When these 

analytes bind to a transcription factor, they inactivate the repressors ability to bind to specific genes 

allowing for gene transcription to occur. This simple biosensing mechanism can be easily 

transferred to a cell free system, due to the open nature—the absence of a membrane—of CFPS 

samples can be readily added to the system and immediately analyzed of reporter gene expression. 

Figure 1.3 – Cell-free biosensor mechanism. Cell-free reaction is composed of four components; cell-

extract (with TX-TL machinery), reaction buffer: containing energy, cofactors, and amino acids, reporter 

plasmid with cognate promoter and reporter gene (i.e., eGFP), and sample with analyte of cell-free 

reactions are incubated at 37oC for 6 hrs and fluorescent output is measured using a plate reader. 

 

1.6 Analytes of biological interest: Biogenic Amine Putrescine 

 

Biogenic amines are organic, basic, nitrogenous compounds of low molecular weight. 

Biogenic amines found in nature are typically the result of bacterial metabolic activity, amines in 

nature are converted by enzymatic decarboxylation into biogenic amines.48 One example of a 

biogenic amine is 1,4-diaminobutane often referred to as putrescine, it is used as a monomer for 
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many industrial applications such as polymers, pharmaceuticals, cosmetics, agrochemicals, 

surfactants, and other additives Figure 1.4.49  

Putrescine functions as a powerful chemosensory agent, when animals die and begin to rot, 

they release a disagreeable odor.  A pungent component of this scent is emitted by putrescine, 

which results from the breakdown of fatty acids in the putrefying tissue of dead bodies50. 

Putrescine is an indicator of purification and is described as the smell of death, it constitutes an 

important signal related to risk avoidance, social cues, and feeding behaviors which are pivotal for 

surviving.51 It is well documented that different scavenging insects like Diptera (i.e., flies) and 

Coleoptera (i.e., beetles), are attracted and colonize a carcass in a relatively predictable sequence 

called the entomofaunal succession each associated with each stage of decay.52 Not only is 

putrescine a metabolite that documents the process of death in cadavers, but it is also a public 

health concern according to the Food and Drug Administration (FDA) and the European Food 

Safety Authority (EFSA).48 Investigating the health implications of putrescine indigestion from 

food and beverage sources at different stages of decay is a public health concern. Clinical studies 

investigating the human response to putrescine doses and their toxic effects are scarce. However, 

one study used real-time cell analysis to investigate the effect of cytotoxic effects of putrescine 

towards HT29 intestinal cells with concentrations that can be reached by inherently amine rich 

foods. The IC50 value for putrescine was determined to be 39.76 ± 4.83 mM resulting in changes 

in intestinal cell morphology and eventual deterioration due to necrosis.53 This is the most recent 
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comprehensive study that investigated the effects of putrescine to human physiology at the 

molecular level. 

Figure 1.4 – Putrescine chemical structure (A) Ball-and-Stick and (B) Lewis structure of the 

biogenic amine putrescine. 

 

1.7 Putrescine and Food Quality 

 
A characteristic of globalization and a growing world population is a demand for a sustainable 

food supply. Since the 1950’s there has been a growing trend of importing food from abroad; in 

fact, it is most likely that the food on your plate has traveled a longer distance than you did bringing 

it home from the shops. In every stage of the food processing chain, there is a risk of food 

contamination of different origins: bacteria, viruses, parasites, mold, contaminants, and in some 

cases chemicals or natural toxins.54 In addition, the environmental factors like temperature, pH, 

and salt content in which food is stored can propagate microbial contamination.55 
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This indicates that there needs to be a system that can identify food safety hazards at an 

early stage so they can be addressed in time before developing into a real public health risk.56 As 

a result, food safety has been a topic of public health legislation, and regulations are published to 

prevent and mitigate these hazards based on their characteristics and behavior. For example, good 

practices for agriculture and manufacturing (i.e. good agricultural practice (GAP)), as well as the 

hazard analysis critical control points (HACCP) are a set of guidelines to assess risks and control 

them.57 The FDA has published their own guidelines for food freshness assessment. The FDA has 

defined food decomposition as “the bacterial breakdown of the normal product tissues and the 

subsequent enzyme-induced chemical changes. These changes are manifested by abnormal odors, 

taste, texture, color and so on.”58 No chemical analysis are used or proposed instead visual and 

sensory analysis of these changes are monitored to detect, grade, and confirm the degree of 

decomposition based on a PASS-FAIL system. Yet it can be envisioned that for several risks, such 

measures may not be applicable given that these risks are yet unknown or unanticipated. One such 

unanticipated food toxin or contaminate is putrescine, a volatile biogenic amine, which is formed 

in food and beverages as a result of microbial action during the aging and storage process.59 

In addition to the toxic effects, the occurrence of putrescine in food leads to organoleptic 

properties and adversely affects the appearance, taste, and aroma of food.60 Biogenic amines are 

found in virtually all food products composed of proteins or free amines; however favorable 

conditions will permit uncontrolled exponential microbial enzymatic activity.59, 61 Bacterial 

species like Enterobacteriaceae, Clostridium, Lactobacillus, Streptococcus, Micrococcus, and 

Pseudomonas have the capacity to decarboxylate amino acids.54 During the decomposition 

process, free amino acids are released due to proteolysis, these free amino acids are a nitrogenous 

energy source for bacteria.54, 55, 62 The bacterial uptake of free amines is enzymatically processed 
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by amino acid decarboxylation which results in the synthesis of biogenic amines in food Figure 

1.5. Amino acid decarboxylation is not found in all bacterial species, however bacteria that evolved 

to decarboxylate amino acids can adapt to an environment rich in free amines. Biogenic amines 

for bacteria are an energy source, provide resistance to acidic environments, regulate DNA 

expression, and act as antioxidants—contributing to their adaptabilities. 63 

 

Figure 1.5 – Putrescine accumulation in food products. Putrescine synthesis is propagated by 

arginine uptake as an energy source. The Arginine is then converted to putrescine via metabolic 

pathway catalyzed by a decarboxylase enzyme.  

 

 

Therefore, biogenic amines could be used as an indicator of poor quality or of poor 

manufacturing practices.55 Biogenic amine detection is an important indicator of food quality 

because food appearance is not a relevant feature of freshness, in fact, food that appeared 

unspoiled could still indicate a high concentration of biogenic amines.55, 64, 65 A high occurrence 
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of putrescine in food correlates to microbial activity which is a strong indicator for spoilage in 

food products. The concentration of putrescine, histamine, and cadaverine represents the 

freshness of food and is defined in a mathematical formula to calculate the biogenic amines 

index (BAI) or quality index (QI).66 

 

𝐵𝐴𝐼 =
ℎ𝑖𝑠𝑡𝑎𝑚𝑖𝑛𝑒 (𝑚𝑔

𝑘𝑔
) + 𝑝𝑢𝑡𝑟𝑒𝑠𝑐𝑖𝑛𝑒 (𝑚𝑔

𝑘𝑔
) + 𝑐𝑎𝑑𝑎𝑣𝑒𝑟𝑖𝑛𝑒(𝑚𝑔

𝑘𝑔
)

1 + 𝑠𝑝𝑒𝑟𝑚𝑎𝑑𝑖𝑛𝑒(𝑚𝑔
𝑘𝑔

)𝑎𝑝𝑒𝑟𝑚𝑎𝑑𝑖𝑛𝑒(𝑚𝑔
𝑘𝑔

)
 

 

(1.1) 

When the BAI or QI is calculated, the evaluation can be used to determine the freshness 

of the food product(s) Table 1.2.67  

Table 1.2: Biogenic Amine Index can be used to determine the quality of meat. 

Biogenic Amine Index (BAI) Quality Evaluation 

BAI≤5 High-quality fresh meat 

5≤BAI≤20 Meat with acceptable quality with initial signs 

of spoilage. 

20≤BAI≤50 Meat is of low quality 

BAI>50 Meat is spoiled 

 

1.8 Physiological effects of putrescine  

 
Here we will investigate what role putrescine plays on the physiological level, and how a 

rise in putrescine concentration can affect our physiological systems. There are three sources of 

putrescine within the human body, from which putrescine can bioaccumulate: healthy cells can 

biosynthesize putrescine for regulatory functions, the intestines can house bacteria that produce 

putrescine, and direct consumption of food products.68  

Studies have shown that putrescine rapidly distributes within the body and is easily 

absorbed, this was evidenced by using ex-vivo rat models in which 70% of 14C-putrescine 

administered was found in the portal vein, 10 min after administration.69 The result from the study 

indicates that putrescine is a vasoactive amine, consequently increasing cardiac output, heart 
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failure, cerebral hemorrhage, as well as tachycardia, or hypotension.68 The toxicological effect of 

putrescine is low; however, its secondary effects have a serious impact. Putrescine can enhance 

and potentiate the toxicological effects of other BA like histamine and tyramine by interacting 

with enzymes that metabolize these BAs. 

The human body is an endogenous source of biogenic amines, and for good reason, 

polyamines are necessary for many biological functions like cell proliferation, differentiation, 

modulation of gene expression, apoptosis, and neurotransmission.70 However, disrupting the 

homeostatic levels due to increased intake of putrescine from food can have serious toxicological 

effects. Their molecular characteristics contributes to their necessity for cell physiology, they can 

easily bind to polyanionic molecules like DNA, RNA, and phospholipids.71 Under physiological 

pH and ionic strength conditions—much like physiochemical environment of a cell, biogenic 

amines are protonated at both termini.72 Putrescines’ amine groups will interact with the phosphate 

groups in the minor groove of the DNA molecule affecting its stability.73 In addition to DNA, 

putrescines protonated termini will interact with other negatively charged molecules such as RNA, 

phospholipids, and certain proteins. These purposeful molecular interactions result in regulatory 

structures which can modulate gene expression at different levels including transcription and 

amino acid translation.74  The interruption and deregulation of these complex regulatory 

mechanisms is involved in the manifestation of illnesses like cancer, neurodegenerative disorders, 

and cytotoxicity.75 

A serious aspect of putrescine is its ability to form carcinogenic nitrosamines by reacting 

with nitrates (NO2
-), a common food additive. The reaction results in the synthesis of  N-

nitrosopyrrolidine a Group 2B carcinogen (possible human carcinogen) as classified by the Intl. 

Agency for Research on Cancer (IARC). Biogenic amines are necessary for cell growth, 
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proliferation, and differentiation by regulating gene expression and enzymatic activity. An 

increased amount of putrescine intake can result in an imbalance which would affect process like 

cell growth and proliferation. Multiple studies have observed elevated levels of biogenic amines 

in cancer cells including blood and urine of cancer patients.76, 77Elevated levels of biogenic amines 

have been associated with tumorogensis.   

 Bioaccumulation of putrescine will disrupt physiological balance and effect functions of 

cell differentiation, proliferation, and regulation. As a result, elevated levels of putrescine intake 

can have serious short term or long-term effects on an individual either by increasing the toxic 

potency of other biogenic amines (histamine or tyramine) or reacting with nitrates to form N-

nitrosopyrrolidine, a Group 2B carcinogen. Because putrescine plays a critical role in maintaining 

physiological balance and is rapidly absorbed by the body, monitoring alimentary intake becomes 

a necessity to avoid cytotoxic effects. Biogenic amines play a large role in the physiology of tissues 

that are characterized by high rates of cell division such as the lumen of the digestive tract—

making them vulnerable to tumorigenesis.71  

1.9 Thesis objectives  

To address the challenges posed by current putrescine biosensors, we introduce a rapid and 

portable paper device to detect the putrescine content in protein-rich foods (e.g., meats). FRSH a 

novel biosensor that combines cell-free technology with transcription-factor based biosensing to 

make a frugal and rapid biosensor for in-house use to determine the quality of meat which may 

have been subject to unhygienic practices. This work will highlight the biosensors central 

advantages which are a (1) rapid and portable biosensing device (2) high specificity towards 

putrescine, as BA are usually the first compounds to be released during the decomposition of meat 

and (3) A limit of detection (LOD) below a defined limit of 39.76 ± 4.83 mM, which when applied 
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to intestinal cell (HT29) cultures results in cell necrosis.53 To achieve this, my research was divided 

into these following objectives: 

 

1. Design and build a TF biosensor: Using a naturally occurring putrescine responsive 

transcription factor PuuR, we designed and built a modified library of synthetic cognate 

promoters by inserting recognized binding regions with-in and downstream the -35 and 

-10 site. Furthermore, we characterized the synthetic promoter library in terms of 

dynamic range, LOD, sensitivity, and specificity to isolate the best performing 

synthetic promoter.  

2. Integrate biosensor into an optimized cell-free system: We sought to leverage the 

advantages of cell-free biosensing platforms to create a new approach for monitoring 

for the presence of putrescine. Therefore, we optimized a cost-effective cell-free system 

which was then used to evaluate the putrescine responsive TF-biosensor and decrease 

overall response time when tested with meat samples.  

3. Proof-of-concept: A paper-device was designed and fabricated to ensure a portable, 

easy-to-use, and economic alternative to expensive equipment traditionally used to 

detect putrescine. Cell-free system with TF biosensor was lyophilized onto the paper 

device and was re-hydrated with meat samples to evaluate biosensor within the context 

of a field application. 

Our work with TF-biosensors in cell-free systems exemplifies its potential as a pragmatic 

tool for the development of biosensing systems for rapid, cost-effective, easy-to-use, and 

field deployable diagnostic tool to address spoilage in protein-rich foods [meat] 
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Chapter 2: Materials and Methods 
 

In this chapter I will describe the methodology for designing and building our synthetic promoter library, 

the process of characterization of our synthetic promoter library, development, and optimization of our 

cell-free system for the integration of our putrescine biosensor, and the design and fabrication of our 

paper device, and meat sample preparation and evaluation.  

 

2.1 Escherichia coli strains, primers, plasmids, and reagents  

All general-use reagents were purchased from Sigma, unless specified otherwise. Strains and 

plasmids were described in Table S1.  Briefly, host strain E. coli DH5α and One Shot® BL21 

Star™ were obtained from Invitrogen Corporation (Carlsbad, CA, USA).  Competent DH5α and 

One Shot® BL21 Star™ were prepared using Hanahan method.78 Unless otherwise stated, cells 

were cultured in lysogeny broth (LB) medium or M9 minimal media, with appropriate antibiotics 

(kanamycin, carbenicillin, or chloramphenicol at 50, 100, 35 μg/ml, respectively).  All primers 

used were commercially synthesized by Biocorp (Montreal, QC, CA).  The plasmid pFAB4876 

was purchased from Addgene (#80649).79  The plasmid pTU1 was obtained from the EcoFlex 

MoClo kit purchased from Addgene (#1000000080).  Phusion® high-fidelity DNA polymerase, 

Taq DNA polymerase, T4 DNA ligase, DpnI, and BasI-HF® were purchased from New England 

Biolabs (Ipswich, MA, USA). Invitrogen PCR purification kit, Biobasic gel extraction kit, and 

Biobasic miniprep kit were purchased from Cedarlane (Ontario, Canada).  

2.2 Construction of the putrescine biosensor: repressor and reporter plasmids  

The putrescine biosensor contains a dual plasmid system consisting of a repressor (which we call 

‘PuuR’) and a reporter plasmid.  As shown in Figure S1, the repressor plasmid exclusively used 

parts from the Ecoflex MoClo kit80 and was constructed using an optimized, one-pot Golden Gate 
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assembly protocol adopted from previous work.81  The repressor plasmid contained the modified 

pFAB back bone (see Supplemental Protocol S1), T7 promoter, RBS, His-tag, and terminator 

(BBa_B0015) genes and the repressor protein PuuR (see Table S2 for DNA sequences) which was 

commercially synthesized by Twist Bioscience (San Francisco, CA, USA).  For the repressor 

plasmid assembly, BsaI restriction site were used as the type IIS restriction cut site for Golden 

Gate assembly.  The PuuR DNA insert was PCR amplified by primers PuuR_R and PuuR_F 

harboring BsaI restriction sites (see Table S3 primer sequences).   Inserting the restriction site was 

performed in a 50 μL PCR reaction containing 43.5 µL GC master mix (5x G/C buffer, 100% 

DMSO, 100 mM ATP/TTP/GTP/CTP), 2.5 µL of primer PuuR_R, 2.5 µL of primer PuuR_F, 1.0 

µL of PuuR template, and 0.5 µL Phusion® high-fidelity DNA polymerase (NEB) using PCR 

conditions listed in (Table S4).  The PCR reaction of PuuR was then loaded onto a 0.8% agarose 

gel and purified using BioBasic gel extraction kit according to manufactures instructions. The 

concentration of the gel purified PuuR was measured using a Tecan Infinite® 200 PRO (Tecan 

Group Ltd., Switzerland) and was used for the Golden Gate reaction in the next step.  To prepare 

for the assembly reaction, an overnight culture of the vector backbone pFAB was inoculated in LB 

with kanamycin selection, and isolated following the manufacturer’s instructions from the 

Biobasic miniprep kit.  Additionally, T7 promoter, RBS-linker, His-tag, and terminator 

(BBa_B0015) genes from the pTU1 backbone were obtained from the EcoFlex MoClo kit 

(Addgene) and were each inoculated with 5 mL of LB media with 35 µg/ml of chloramphenicol 

selection and cultured overnight at 37°C.  Plasmids containing each gene were isolated using the 

Biobasic miniprep kit.  To perform the assembly, 1.5 μL 10× T4 Ligation Buffer, 1 μL BsaI (or 

BsaI-HF®) (20 units), 1 μL T4 DNA Ligase (1–3 units), 50 ng pFAB destination vector, and 50 

ng of each part (T7 promoter, RBS-linker, His-tag, PuuR insert, and terminator (BBa_B0015)) 
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were added into a tube and topped up to 15 μL with ddH2O and mixed via pipetting up-and-down.  

The reaction was incubated in the thermal cycler with the following program: 37 °C for 5 min then 

16 °C for 10 min—repeated for 30 cycles—with an ending cycle at 50 °C for 5 min and at 80 °C 

for 5 min. Next, 2.5 μL of the assembly reaction was added to 25 μL DH5α for heat-shock 

transformation at 42 °C for 45 seconds and recovered in 200 μL SOC media and plated on pre-

warmed 50 µg/mL kanamycin agar plates.  Five randomly chosen transformants were selected for 

colony PCR using Taq polymerase in a 50 μL reaction using primers pFAB_frwd and pFAB_rev, 

reaction was carried out following reagents and thermocycler conditions listed in (Table S4).  

Colonies with positive colony PCR results were inoculated overnight in LB with 50 µg/mL 

kanamycin.  A glycerol stock was made by mixing 1 mL of overnight culture with 1mL of 50 % 

(v/v) glycerol solution in a cryovial tube and stored for long term storage in -80 °C freezer.   

For the reporter plasmid, there were four parts that were assembled in the plasmid backbone 

– the puuO promoters, RBS, eGFP, and the terminator (Table S2).  In total, 11 synthetic promoters 

(Table S2) were built using primers by a sowing PCR method to build the library (see Figure S2 

for workflow).  To assemble each synthetic promoter, we performed two rounds of PCR: in the 

first round, the core promoter was amplified by two over lapping primers (primer_2F and 

primer_2R; Table S3).  To add flanking BsaI restriction sites to the core promoter, a second round 

of PCR was performed using primers: primer_R and primer_F.  Each PCR reaction contained a 50 

µL reaction volume consisting of 0.5 µL Phusion® high-fidelity DNA polymerase (NEB) with 2.5 

µL of each primer: primer_2F and primer_2R and the reaction was topped up with 43.5 µL G/C 

master mix (5x G/C buffer, 100% DMSO, 100 mM ATP/TTP/GTP/CTP).  The conditions of the 

PCR followed Table S4. Gel purification of the promoters and overnight inoculations of the pTU1 

backbone, RBS, eGFP, and terminator (BBa_B0015) and isolation followed the protocol for the 
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repressor plasmid except with 35 µg/ml chloramphenicol selection for inoculation.  In addition, 

assembly (using Golden Gate Table S5), transformation, and colony PCR protocols followed the 

protocol for the repressor plasmid. Successful assemblies were inoculated overnight in 5 mL of 

LB with 100 µg/mL carbenicillin.   To make a glycerol stock, 1 mL of overnight culture was mixed 

with 1 mL of 50% (v/v) glycerol solution in a cryovial tube for long term storage in -80 °C freezer. 

Sequential transformation was used to incorporate both the repressor and reporter plasmids 

into BL21 DE3 E.coli for our cell-based sensors.  One Shot® BL21 Star™ competent cells were 

prepared using Hanahan method.78 To start, 50 μL of BL21 DE3 star™ competent cells were 

thawed on ice, and 10 ng of repressor plasmid (PuuR) was added to 50 µL of competent cells and 

gently mixed by up and down pipetting.  For the first transformation, the mixture was incubated 

on ice for 30 min, heat shocked for 30 s at 42 °C, and returned to ice for 5 min.  950 µL of room 

temperature SOC media was added to reaction tube and incubated in shaking incubator for 1 h at 

37 °C.  After 1 h, reaction tubes were spun down and 900 µL of LB was removed.  The remaining 

100 µL was resuspended and spread on pre-warmed agar plates with 50 µg/ml of kanamycin 

selection and incubated overnight at 37 °C.  Five randomly chosen colonies were selected for 

colony PCR reaction using the same conditions as above.  Successful transformants were 

inoculated overnight in 5 mL of LB with 50 µg/mL kanamycin to make a starter culture for 

competent cells.  The 5 mL starter culture of BL21 DE3 starTM with repressor plasmid was used 

to prepare chemically competent cells according to the Hanahan method. Next, 50 µL of the 

competent cells containing the repressor plasmid was used to transform 10 ng of each reporter 

plasmid and was used for heat shock transformation. After applying 42 °C for 30 s, cells were 

plated on agar plates with 50 µg/mL of kanamycin and 100 µg/mL carbenicillin. Successful 

transformants were picked inoculated in LB media with both 50 µg/mL of kanamycin and 100 
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µg/mL carbenicillin and grown overnight.  This was done for the promoter library, and 1 mL of 

overnight culture was mixed with 1 mL of 50 % (v/v) glycerol solution in a cryovial for long term 

storage in -80 °C freezer. 

 

2.3 Characterization of the putrescine biosensor 

Cell culture and fluorescence detection: In a 96 deep-well plate (Corning Costar 3603, New York, 

USA), E. coli strains carrying the co-transformed promoters were inoculated in 1 mL of M9 

minimal media with 50 µg/mL of kanamycin and 100 µg/mL carbenicillin and grown overnight in 

an orbital shaker (Infors-HT, Bottmingen, Switzerland) at 37 °C at 250 rpm.  Cultures were 100-

fold diluted into fresh 100 µL of M9 minimal media with above-mentioned selection and incubated 

at 37 °C at 250 rpm for 3 hours until the optical density reached 0.3 - 0.5.  Cultures were induced 

with 0, 0.1, and 0.5 mM of IPTG and supplemented with putrescine to a final concentration of (0 

mM, 0.1 mM, 1 mM, 10 mM, 50 mM, 100 mM, 500 mM, 1000 mM). Additionally, each plate 

included controls: cells with only repressor plasmid, only BL21 DE3 star™ cells, and only M9 

minimal media were also induced with putrescine.  After 16 h, at 37 °C with shaking at 250 rpm, 

optical density at 600 nm (OD600) and GFP fluorescence (excitation at 488 nm and emission at 507 

nm, gain of 1900) of each well was measured using a well plate reader (CLARIOstar, BMG 

Labtech, Germany) using the endpoint option.  Fluorescent output was normalized to cell density 

measured at OD600 and background corrected by subtracting the normalized fluorescence of cells 

lacking eGFP reporter.  All putrescine induction reactions were done in triplicates.  All data points 

were represented as an average with error bars displaying standard error of the mean (SEM).  

Graphs were plotted using GraphPad Prism 9.0 and the fluorescence data was fitted with a Hill 

function.  
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Dose-response and sensitivity:  To plot a dose-response curve, we followed Mannan et al. and 

Chen et al.,47, 82, 83 which include parameters such as basal expression (eGFPmin), maximal 

expression (eGFPmax), dynamic range (µ), KA, and response sensitivity defined as the slope of the 

dose response-curve or the Hill coefficient ‘n’.  

 

 
𝑦 = 𝑒𝐺𝐹𝑃𝑚𝑖𝑛 +

𝑥𝑛(𝑒𝐺𝐹𝑃𝑚𝑎𝑥 − 𝑒𝐺𝐹𝑃𝑚𝑖𝑛)

(𝑥𝑛 + 𝐾𝐴
𝑛)     

 

 

(2.1) 

In Equation 2.1, y represents the normalized fluorescence (R.F.U/OD600) in accordance with 

putrescine concentration at value x. KA represented the putrescine concentration that induces a 

response halfway between the baseline and maximum response at a specific putrescine 

concentration.  n is the Hill coefficient which describes sensitivity, the ability to distinguish small 

differences in putrescine concentrations.36, 84, 85 eGFPmin and eGFPmax represent the fluorescence 

signal from a blank putrescine control with 0.5 mM IPTG and fluorescence signal measured at 16 

h, respectively.  

  

Limit of detection: To calculate the limit of detection (LOD) a linear regression was extrapolated 

from the dose-response curve for all promoters.  From the linear regression, the LOD was 

calculated using Equation 2.2. 

 
𝐿𝑂𝐷 =

3.3(𝜎)

𝑆
 

 

(2.2) 
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Where σ is standard deviation of the linear range of dose-response curve, and S is slope of the 

linear range of the dose-response curve.86   

 

Dynamic range: Dynamic range was evaluated by measuring the fold change in signal output in 

the presence and absence of the inducer putrescine.  Dynamic range (µ) was calculated by dividing 

normalized fluorescence of eGFPmax over eGFPmin using Equation (2.3) as a reference.47 

 
𝜇 =

𝑒𝐺𝐹𝑃𝑚𝑎𝑥

𝑒𝐺𝐹𝑃𝑚𝑖𝑛
 

(2.3) 

Specificity: Specificity testing was performed to determine if the biosensor was promiscuous with 

other analytes. Biogenic amines with very similar molecular structure and characteristics (e.g., 

histamine and cadaverine) were exogenously added to the whole cell biosensor (0 mM, 0.1 mM, 

1 mM, 10 mM, 50 mM, 100 mM, 500 mM, 1000 mM) and their output fluorescence was measured 

following our culture protocol above.  To quantify TF-biosensors specificity, we calculated the 

percent increase of the normalized fluorescence of cadaverine, and histamine compared to 

putrescine at 50 mM (closest value to our target putrescine concentration). 

 

2.4 Cell-free putrescine biosensor system 

Cell extract was prepared according to a modified protocol by Levin et al.87 where E. coli BL21 

DE3 star™ cells were transformed with repressor plasmid expressing the transcription factor 

PuuR.  To harvest, lyse, and to make the cell extract for the cell free biosensor, we followed 

detailed protocols as described in Supplemental Protocol S2.  Cell free reactions were prepared 

by mixing cell lysate (referred to as solution A), reaction buffer (solution B and solution C), and 

plasmid DNA, putrescine inducer, and water.  All cell-free reactions were carried out in 15 µL in 

1.5 mL microcentrifuge tubes in triplicates, unless otherwise stated. Generally, three solutions 
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were prepared to test the biosensor under cell-free conditions: solution A (15 mg/mL of cell lysate 

as described in Supplemental Protocol S2), solution B (1.2 mM ATP, 0.850 mM GTP, 0.850 mM 

UTP, 0.850 mM CTP, 31.50 µg/mL folinic acid, 170.60 µg/mL tRNA, 0.40 mM nicotinamide 

adenine dinucleotide (NAD), 0.27 mM coenzyme A (CoA), 4.00 mM oxalic acid, 1.50 mM 

spermidine, and 57.33 mM HEPES buffer), solution C (2 mM Mg(Glu)2, 10 mM NH4(Glu), 20 

mM K(Glu), 2 mM each of the 20 amino acids, and 0.03 M phosphoenolpyruvate (PEP)). All 

solutions were thawed on ice for 10-15 min.  For calibration curves, 2.1 µL of solution A, 2.2 µL 

of solution B, 5.0 µL solution C, 50 ng/µL of reporter plasmid, putrescine between 10 mM - 100 

mM, and DNase/RNase-free water were mixed together to bring the final reaction volume to 15 

µL.   

 

2.5 Paper-disc fabrication and sample loading 

Paper disc devices were fabricated according to previously published protocols.5, 88  Essential to our 

device design was to minimize cross contamination and facilitate quantifying eGFP output using 

the well-plate reader.  With these criteria, we constructed a device with four separate 5 mm disks 

(9 mm diameter center to center), with the intention of being able to line the devices with the 

configuration of a Greiner 96 half-bottom well plate. Aluminum foil (Kingsford Extra Wide 

Aluminum, 25µm), positional mounting adhesive (3M), and cold roll laminator (INTBUYING, 

Scarborough (ON), Canada) were purchased from Amazon. For the paper substrate, cellulose 

chromatography Whatman Grade 1 (GE health care, 20 cm x 20 cm x 0.188 mm) was purchased 

from VWR. Whatman paper was affixed onto the mounting adhesive and gently peeled off, then 

transferred onto an aluminum sheet and trimmed to paper dimensions (measuring 20 cm x 20 cm).  

The foil-backed paper was fed through the cold-roll laminator to enable binding and to eliminate 
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any air bubbles. Using AutoCAD, we designed paper disc devices with four separate loading 

zones: two discs containing cell-extract with-out the reporter plasmid and two discs containing 

cell-extract with the reporter plasmid. The discs are 5 mm in diameter and are spaced out from 

center-to-center at 9 mm.  This device pattern was laser engraved using a 60 W CO2 laser (Trotec 

Speedy, Trotec, Marchtrenk, Austria) with the following settings: 10% speed, 60% power, 1000 

ppi, 35 psi of compressed air.  

Individual devices were cut using a tabletop paper cutter (X-ACTO, Westerville (OH), 

United States) and placed in a glass Petri dish and immersed in 4% BSA solution with 50 mM Tris 

buffer pH = 7.5 and left to incubate for 1 h.  Devices were transferred to a clean petri dish and left 

to air-dry overnight which was then ready for use.  After drying each reservoir was loaded with 5 

μL of cell free reaction.  Two of the reservoirs were loaded with 5 μL of cell-free reaction without 

the reporter plasmid, and the other two reservoirs were loaded 5 μL of cell-free reaction with the 

reporter plasmid.  Liquid nitrogen was poured over the paper devices and transferred to 

lyophilization jar (Fast-Freeze Flask).  Paper devices were lyophilized at 0.04 mbar at -50 °C for 

12 h.  For long term storage, devices were stored in a box with calcium sulfate (Drierite) at room 

temperature. 

 

2.6 Putrescine biosensor testing with beef samples 

To study the bioaccumulation of putrescine in real food samples, beef steak was purchased from a 

local grocery store.  Beef was transported to the lab under ambient conditions from the local 

supermarket within 30 min.  In the lab, beef was transferred to sterile containers and stored at -20 

°C.  Sterile containers were labeled with the date and supermarket.  Using a sterile razor blade, 5.0 

g of beef was cut and weighed individually on separate and sterile boats.  The meat was transferred 
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to a 50 mL Falcon tubes and were tightly sealed by wrapping lids with Parafilm and were 

immediately transferred to -20 °C.  To determine the effect of temperature on meat quality, beef 

samples were subjected to different types of storage commonly used: fridge (4 °C), room 

temperature (20-22 °C), and frozen (-20 °C). The samples were left under these conditions for 6 

days. On day 2 and on day 6, 1.0 g from the sample and 1.0 mL of phosphate buffer solution (PBS) 

were mixed and vortexed for 1 min to ensure uniform mixing between sample and PBS.  A 200 

µL of the supernatant was aliquoted into a 1.5 µL centrifuge tube and was used for putrescine 

measurement. To measure their putrescine content, in a cell-free reaction, 2.1 µL of solution A, 

2.2 µL of solution B, 5.0 µL solution C, 50 ng/µL of reporter plasmid Phyb(3A), 1.0 µL of the 

supernatant from the meat mixture, and DNase/RNase-free water were mixed together to bring the 

final reaction volume to 15 µL.  

 Prior to aliquoting on the paper disc device, the meat samples were centrifuged at 10,000 

rpm for 2 min to remove any debris.  Next, 200 µL of the meat supernatant was aliquoted from the 

meat samples used in the above mentioned 15 µL cell-free reactions.  Paper biosensors were 

rehydrated by adding 2.0 µL of the meat sample directly onto the paper disc of the device.  The 

device was incubated bench top at room temperature (20-22 °C) until entire device was saturated 

with sample for 30 seconds to 1 min.  Paper biosensors reservoirs were directly aligned with a 

center of the well and taped onto plate and placed in a plate reader (CLARIOstar).  The eGFP 

fluorescence was measured at lex = 488 nm, lem = 507 nm, and gain = 1900 for the calibration curve 

(see Supporting Information Protocol S3).  These devices were incubated at 30 °C for 1 to 6 

hours and fluorescent measurements were pathway adjusted and well-scanned.  The amount of 

putrescine in the meat samples was calculated from the calibration curve for promoter Phyb(3A).  
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Chapter 3: Results and Discussion 
 
In this section I will discuss our experimental results the synthetic promoter library 

characterization in terms of dynamic range, LOD, sensitivity, and specificity. The cell-free 

optimization and evaluation of our biosensor with spiked putrescine samples and real meat 

samples, and lastly validation work concerning our paper device with lyophilized cell-free 

biosensor. 

3.1 Design of a putrescine biosensor and its variants  

We designed and constructed a putrescine sensor consisting of two genetic circuits: (i) the 

repressor and (ii) the sensing circuit (Figure 1A).  The regulation of these circuits is coordinated 

through the expression of the PuuR repressor through the T7 promoter, and this will bind to a 

synthetic putrescine-inducible promoter containing the operator ‘puuO’ on the reporter plasmid. 

When there is low level or absence of putrescine, the repressor [PuuR] will bind to the synthetic 

promoter and prevent eGFP production by blocking RNA polymerase from binding to puuO’.  In 

contrast, when putrescine is present, it will bind to PuuR, releasing it from puuO’, allowing for 

RNA polymerase to bind to the promoter to enable eGFP expression.    
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Figure 3.1 – Putrescine biosensor. (A) Schematic of the transcription-factor biosensor for the 

detection of putrescine.  (B) DNA sequence of synthetic promoters PuuAp, TacR(3), TacR(2), and 

LR2 taken from Chen et al.83 with highlighted red PuuR binding regions, -35/-10 census sequences 

highlighted in green, and a LR-promoter spacer region highlighted in yellow.  (C) DNA sequences 

of hybrid synthetic promoters (Phyb = PTac + PLR) for this study containing binding regions: A (red), 

B (green), and/or C (blue) were inserted either within or downstream of the -35 and -10 site.  

Yellow highlighted areas are LR-promoter spacers.  Dose-response semi-log plots based on (D) 

different placement of the B binding site and (E) type of binding site.  Both plots were fitted to a 

Hill function using Prism.  Error bars represent the standard deviation for three replicates. 

 

There have been several reports 83,89 describing the development of synthetic promoters for 

detecting putrescine.  In particular, in Chen et al., they modified the Tac (TacR) and the wild-type 

promoter (PuuAp) to monitor intracellular putrescine production.  Tac is a functional hybrid of trp 

and lac promoters and highly efficient when directing transcription, which can be attributed to the 

Tac promoter’s tight regulation of expression.90, 91  Furthermore, they showed TacR to exhibit 

optimal performance and had desirable activity and responsiveness when monitoring intracellular 

levels of putrescine.83  Similarly, they also created a phage lambda promoter (LR2) that is also 

highly active in vivo, although it shows 15-3092 times lower binding affinity for RNA polymerase.  

Their work is an important step forward for detecting polyamines; however, the main limitation 

from the study is that their whole-cell biosensor was primarily optimized to monitor endogenous 

putrescine biosynthesis.  Exogenously added putrescine showed very slow response time ( > 6 h) 

and low dynamic range (see quantification below), which can be challenging for meat sample 

detection.93  Therefore, to create a biosensor for real meat sample detection, we report new designs 

of synthetic promoters that can be used for measuring exogenous putrescine from meat samples 

with faster response times and higher dynamic range. 

To engineer our library of synthetic promoters, we used two commonly used strategies: (1) 

modify the -35 and -10 consensus sequence94 and (2) add transcription factor binding regions at 

different locations within the operator24, 95.  As an initial design, we used the two highest dynamic 
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range promoters, TacR(2) and LR2 from Chen et al.83, and generated a hybrid promoter consisting 

of the “-10” site from the LR2 promoter and the “-35” site from TacR promoter because hybrid 

promoters are known to be highly efficient when directing transcription compared to non-hybrid 

promoters.89, 90 Next, we obtained sequences from PuuA and PuuD genes,96, 97 which are known 

PuuR binding regions: GTGGTCATTATATTTTACGC (we call “A”), 

ATGTTCAATATTTTTTCAAT (B), and GTGGACTAAATTATCGCCAT (C), and placed these 

binding regions within (W) and/or downstream (D) of -35 and -10 sites to create different 

combinations of binding sites as it has been shown that mixing binding sites can lead to changes 

in the sensing and regulation.96-98  Using these two strategies, we used 4 promoters from Chen et 

al. as controls (Figure 1B) and created 7 hybrid promoters (Figure 1C). 

  Using our synthetic promoters, we measured the repression dynamics caused by PuuR.  In 

the first step, the promoters were tested in the absence of IPTG (0 mM).  We expect without any 

repression, eGFP to be produced.  As shown in Figure S3, regardless of the concentration of 

exogenously added putrescine, the plot confirms that fluorescence is always observed (i.e., no 

repression is occurring).  In contrast, the sensors were interrogated with exogenously added IPTG 

at concentrations 0.1, and 0.5 mM, to induce PuuR expression.  Generally, we observe properties 

of a sigmoidal curve – sharp increases in fluorescence at higher putrescine concentrations and low 

fluorescence output at low putrescine concentrations - when the circuit was induced with 0.1 and 

0.5 mM IPTG.  There are two promoters that did not exhibit these biosensing characteristics: 

TacR(3) and Phyb(1C).  TacR(3) shows no repression behaviour while Phyb(1C) shows random 

fluorescence values for all tested putrescine concentrations.  Given the poor characteristics, we 

eliminated both promoters from our quantification study (see below).  Regardless, 6 out of the 7 
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designed promoters show regulation by induction, with the 0.5 mM induction showing a more 

dose-like Hill response properties indicating that PuuR is repressing the circuit when it is induced. 

 Interestingly, we observed differences in the output response when the promoters had 

different combinations of binding sites.  Comparing the output fluorescence levels (at 0.5 mM 

induction) for Phyb(1B), Phyb(2B), Phyb(3B), they show differences in their fluorescence output.  

Specifically, the output response for 2B and 3B showed increased sensitivity to putrescine (slopes) 

and lower response threshold (amount of putrescine for 50 % output expression relative to 

baseline) (Figure 1D) compared to Phyb(1B).  Furthermore, we compared the output fluorescence 

containing the same type of binding site at all three regions.  As shown in Figure 1E, binding sites 

A and C show similar dose-response curves but are different when compared to the curve given 

by B.  The major difference is the maximum biosensor output, which is ~2-fold larger for A and 

C compared to B.  We are unsure of the genesis of the differences observed with the combinations 

of binding sites, but hypothesize that changing the promoter operator site changes the affinity of 

the transcription factor PuuR to the promoter site.36, 84, 99   This is observed in other studies47, 48, 100, 

where one or two nucleotide changes in the operon can drastically change the overall dose-

response dynamics.  Indeed, more work is needed to understand these variations, but the 

performance is suitable for the application of interest here (meat spoilage detection, described 

below). 

 

3.2 Characterization of the putrescine biosensor 

The safety and quality control of food, particularly meats, are usually monitored through the 

detection of biogenic amines.48  Previous putrescine biosensors have two major drawbacks: the 

relatively limited dynamic range83 and slow response to exogenous toxic concentrations of 
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putrescine,83, 89 which are not suitable to detect our target concentrations of putrescine in meats.  

Our goal is to be able to design a biosensor that would reflect the expected target concentrations 

of putrescine in its environment and achieve faster responses.36, 82  We quantified the dose-response 

parameters for our synthetic promoters: (1) dynamic range which is the fold change in eGFP 

expression in the presence and absence of the analyte putrescine within the sample, (2) limit of 

detection (LOD) which is the lowest concentration of putrescine in a sample the biosensor is 

capable of detecting, and (3) sensitivity which describes the biosensor’s ability to distinguish 

differences in putrescine concentration and the change in signal output when the putrescine 

concentration transitions from 0 mM to 1000 mM.  

 

Dynamic range 

Dynamic range is quantified as the ratio of the highest measured output to the lowest measured 

output.101 A high dynamic range indicates an increased degree of confidence in the biosensors 

ability to measure a wide range of analyte concentrations.102, 103  As shown in Figure 2A, we 

evaluated 6 synthetic promoters (3 controls) and the dynamic range values are generally higher for 

the synthetic promoters that we designed compared to the Chen et al. promoters; PuuAp, TacR(2), 

and LR2.  For example, Phyb(3A), showed a dynamic range of 186 ± 6.52 (p < 0.0001, N = 3 

replicates), which is a ~30-fold increase compared to the dynamic range for PuuAp (5.54 ± 0.83).  

We also note the dynamic range for promoters with uniform binding sites are highest.  For 

example, Phyb(1B), which contains a B binding site between -35 and -10 and two A binding sites 

downstream of the -10, shows a similar dynamic range as the control promoters of 3.36 ± 3.74.  

Comparing with Phyb(3B), which only contains B binding sites (at the same locations), shows a 

dramatic 17-fold increase in dynamic range.  In fact, Phyb(3A), Phyb(3B), Phyb(3C), all promoters 
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with uniform binding sites (at the same locations) all show similar dynamic range, ~ 178.3 ± 6.5, 

156.1± 17.05, and 115.8 ± 25.05 respectively, and were observed to be the highest dynamic range 

of all synthetic promoters (with Phyb(2C) as an exception).   

 

Figure 3.2 – Quantification of dose-response parameters for PuuR response promoters. (A) 

Dynamic range shown for Chen et al.83promoters: PuuAp, LR2, TacR(3), and TacR(2) and six 

hybrid promoters developed in this study. The promoter with the highest dynamic range, Phyb(3A), 

is highlighted in green.  (B) Limit of detection (LOD) shown for all 9 PuuR responsive promoters. 

The dotted line exhibits the target putrescine concentration (~ 39.76 mM).  Phyb(3A) has an LOD 

of 5.37 mM ± 0.66 and is highlighted in green. (C) Dose-response semi-log curve displays the 

normalized fluorescence (over OD) for different concentrations of putrescine, cadaverine, and 

histamine for promoter Phyb(3A). All plots with error bars represent one standard error of mean (n 

= three independent replicates).  
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Limit of detection (LOD) 

Currently, there is no well-defined legal putrescine limit in North America despite the ability of 

putrescine to accumulate in very high concentrations for many food products.104, 105  However, one 

extensive study investigated the cytotoxic effects of putrescine when exposed to HT29 intestinal 

cells over a 24-hour period.  The results showed that growth of HT29 cells were inhibited when 

putrescine reached a value of 39.8 mM or the half-maximal inhibitory concentration (IC50).
53   We 

used this value as the defined limit of putrescine, and as shown in Figure 2B, we found all 

promoters (except for Phyb(3C) to have an LOD lower than the target concentrations of putrescine. 

The LOD value was extrapolated from dose-response curves (Figure S4) and was found to be 5.37 

mM ± 0.66, which is below the target 39.76 mM concentration.   

 

Specificity 

When constructing a biosensor for putrescine, there is a requirement to ensure strong and selective 

affinity between PuuR and the target analyte putrescine.  Given that there are other biogenic amines 

that are similar to putrescine in chemical structure, we wanted to assess the crosstalk between 

different metabolites.  We selected two chemically similar and naturally occurring biogenic 

amines: cadaverine (1,5-diaminopentane) and histamine (2,4-imidazolyl-ethylamine).  Promoter 

Phyb(3A) was treated with putrescine and two other biogenic amines cadaverine and histamine.  As 

shown in Figure 2C (for completion, see Figure S5 for other promoters), the dose-response curve 

showed minimal induction, where there is non-specific binding between PuuR and cadaverine and 

histamine resulting in a dynamic range close to zero.  Significant lower percentages for histamine 

2.5% ± 2.06 and cadaverine 2.84% ± 0.22 are observed for Phyb(3A).  These results are further 

supported by Chen et al., 83 who shows that PuuR is evolved to be highly specific to putrescine 
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and not towards other structurally similar biogenic amines (e.g., cadaverine).  Given that Phyb(3A) 

showed the optimal LOD, highest dynamic range, and minimal non-specific binding, we 

determined this promoter to be best suited for our meat sample sensor. 

 

3.3 Cell-Free Biosensing 

 

Cell-based biosensors are suitable for therapeutic applications106 but are not suitable for spoiled 

meat detection given the culture conditions and equipment that are needed to maintain viability of 

the cells.  To address this, we prepared our biosensor in a cell free system.107-110  One of the key 

limitations with cell-free systems is that they are costly.  Many of these studies use PURE-based 

(or commercial) cell-free systems because of strict quality control, however, it comes at a cost of 

~ $ 3,383.00 USD, which translates to only 100 cell-free reactions.111  To minimize cost, we 

constructed an in-house crude cell free system using Kwon et al. as a reference87, 112, and from our 

calculations, we were able to minimize the cost from $33.83 USD per reaction to $1.52 

USD/reaction using our cell-free system (Table S7, Figure S6).  Although creating an in-house 

cell free formulation can have significant cost benefits, there is the additional challenge of 

optimizing the system’s parameters to enhance protein synthesis.  To optimize our formulation for 

protein production, we tested two main parameters that affect cell-free protein synthesis: ion 

concentrations (Figure S7A) and lysate compositions (Figure S7B) since these parameters are 

known to have the largest effect in protein production.87, 113, 114  Magnesium is an essential cofactor 

for DNA replication115, transcription116, and neutralizing the charge on ribosomal RNA (rRNA)117. 

Additionally, potassium ion concentrations need to be calibrated to stabilize functional mRNA, 

tRNA, and rRNA molecules.118  From Figure S7A, we determined the optimal concentration for 

our cell-extract batch was 2 mM of magnesium and 20 mM of potassium for 30 µL lysate.  We 

also examined the proportion of lysate composition necessary for our biosensor to properly 
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function and hypothesized that more lysate would result in higher eGFP transcription.  However, 

the results indicated that with the energy, amino acids, and ions added to the solution, only 30 µL 

of cell-extract is required (Figure S7B) and this finding was corroborated by other cell-free 

biosensors.35, 39, 119  In addition, we compared the protein production between our cell-free 

formulation and a commercial kit (Expressway™ Mini Cell-Free Expression System, Invitrogen) 

(Figure 3A).  Our formulation was shown to synthesize a higher protein yield in comparison to 

the commercial kit using our calibration curve.  We produced 10.94 µg/mL ± 0.01 of eGFP protein 

in comparison to the commercial kit (Expressway™ Mini Cell-Free Expression System, 

Invitrogen) which produced 4.56 µg/mL ± 0.411 (a ~2.4-fold increase in eGFP yield).  Next, we 

tested our cell-free system by supplementing the cell free reaction with a plasmid expressing eGFP 

under the control of a T7 promoter, and our formulation was able to express eGFP over a span of  

8 hours (Figure 3B) which is suitable for our application below.  

 

 



39 

 

Figure 3.3 – Optimization of our in-house cell-free system.  (A) Comparison of the total protein 

yield for our optimized cell-free reaction and a commercial lysate kit.  Raw fluorescence values 

were converted to eGFP yield based on eGFP standard curve (see Figure S11). (B) Verification of 

in-home cell-free system, fluorescence over time in a cell-free biosensor system in a well-plate 

reader. (C) Spiked putrescine (50 mM) sample was added to cell-free biosensor on paper and 

measured over time in a well plate reader.  Absence of putrescine in a cell-free reaction was 

performed as a control.  (D) A calibration curve for Phyb(3A) was generated to quantify fluorescent 

outputs (from our cell-free lysate) to putrescine concentration.  Putrescine was exogenously added 

with a concentration range of 10 mM to 100 mM to the cell free reaction and incubated for 4 hours 

at 30 °C.  All data point represents one standard deviation for two biological replicates. 

  

 

3.4 Testing the biosensor with real meat samples  

To evaluate the potential use of our cell-free biosensor in a field setting, we designed a paper-disc 

device that can be used to store our cell-free components and be used as a diagnostic device to 

determine the putrescine content in meats.  We were motivated by previous works that have used 

freeze-dried paper discs for disease-based diagnostics 5, 120, 121 and designed four discs on one 
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device (Figure S9) and use the steps described by Mahmud et al.88 to fabricate the paper-based 

discs.  Following the workflow in Figure S10, cell free reactions were added to the paper discs, 

lyophilized for 12 hours, and putrescine standards or meat solution samples were added to the 

discs.  As an initial test, we validated our cell-free biosensor system on paper by adding putrescine 

(50 mM) to the cell lysate and evaluating eGFP expression under the control of Phyb(3A) over the 

course of 12 h.  After 1 h, we already observe differences in the fluorescence (compared to the 

control), as shown in Figure 3C.  Next, to evaluate the performance of the cell-free biosensor, a 

series of putrescine calibrators ranging from 10 – 100 mM was prepared and evaluated in 

triplicates.  As shown in Figure 3D, the fluorescence response for the optimized promoter, 

Phyb(3A), is fitted to the Hill equation, R2 = 0.9, revealing a limit of detection of 4.33 mM ± 1.66 

of putrescine, which is well below the defined limit for meat detection. 
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Figure 3.4 – Assessment of putrescine in beef using our FRSH device.(A) An image of the 

fluorescent well-scan after beef samples were stored at – 20 °C for four days.  Each set of 

experiments contained four samples: only beef sample (+ beef), beef sample with cell-free 

biosensor (+beef/+DNA/+CFPS), beef sample and cell-free system (+beef/-DNA/+CFPS) and 

cell-free biosensor without beef sample (-beef/+DNA/+CFPS).  (B-D) Kinetic plots showing the 

fluorescence of the putrescine content over 4 hours when stored under three temperatures (B) -20 

°C, (C) 4 °C, and (D) 20 °C.  Putrescine content was measured each hour on the paper discs. The 

error bars represent one standard deviation for three biological independent replicates. 

 

Prepared beef samples were stored at different temperatures and their extractant was loaded 

onto paper devices, and spectrophotometer measurements were taken after four hours to measure 

putrescine content (Figure 4A).  Figure 4(B-D) presents our cell-free measurements of the 

kinetics for sensing putrescine in beef samples under different storage conditions.  Each data point 
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represents the putrescine concentration (converted using calibration curve), N = 3, between 1 to 4 

hours on either day 0 and 4 of storing the beef under fridge, room, or freezer temperature which 

are common forms of storage.  As depicted, the temperature trend shows that freezer temperatures 

produce the lowest putrescine content and that room temperature show putrescine concentrations 

greater than the target concentration after 4 days.  Although there was a foul smell for the beef 

after 1 day in room temperature, it is considered safe to eat when it is stored less than a day or 

when it is stored in the fridge and freezer for less than 4 days.  This an expected result given the 

low temperature discourages bacterial populations from propagating and taking up free amines 

which can lead to enzymatic reactions to produce more putrescine.64, 77 

As depicted in Figure 4(B-D), the measurement was carried out after 4 hours of incubation.  

Measurable putrescine values were obtained for beef after 1 hour, especially at room temperature; 

however, saturation of these values were generally observed after 3 hours of incubation.  This a 

notable result because our promoters show faster response times (compared to Chen et al.83 

promoters) when exposed to exogenous putrescine that is produced by real samples.  We attribute 

the faster response times to having a cell-free system and an optimal promoter sequence for 

putrescine detection.  Clearly, more work is required to improve the time to minutes, and we 

propose the time might be lowered by using different lysate or cell media formulations83, RNA-

based sensor122, and non-fluorescence-based measurements123. However, the accuracy in 

determining the key trend and the target putrescine concentration gives us confidence that we are 

able to use our hybrid-based promoter with a cell-free system on paper discs to detect putrescine 

in real meat samples. 
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Chapter 4: Conclusion 

 

Here I present our concluding remarks and future perspectives. 

4.1 Conclusion 

In summary, we have successfully used a cell-free paper biosensor for the detection of putrescine 

in different meat samples under different storage conditions. Using a systematic engineering 

approach, we improved biosensor performance by introducing TF-binding regions into promoters 

to make Phyb(3A). This is an effective method to modulate dynamic range, sensitivity, background 

noise, LOD, and response time. A 3-fold increase in dynamic range was observed as a result of 

our promoter modifications. The biosensor showed a detection limit of 10.4 mM, which is lower 

than the toxic concentration of 39.76 mM, which induces cell necrosis in the intestinal lining. We 

further improved the system by incorporating cell-free biosensing with paper-sensing device 

making the device easy to use, portable, affordable, and biodegradable. We successfully 

demonstrated putrescine detection in real meat samples using the paper-based, cell-free paper 

biosensor. Taken together, this work could be expanded with additional TFs to include other BAs 

of relevance to the food industry such as spermidine, agmatine, and tyramine.   

 

4.2 Future Perspectives 

As we have highlighted, chemical procedures and instrumental methods used to monitor 

the quality of protein rich foods such as salmon, chicken, and beef are inconvenient for commercial 

use. Current methods have many limitations which make them impractical such as high cost, time-

consuming, requires pretreatment of food samples, and a lot of the time requires skilled individuals 

to carry out the qualitative assay. Another trend adopted by many inspection agencies, like the 

FDA and CFIA, is the use of sensory evaluations using a trained panelist. Despite being a well-
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established method to determine the quality of food freshness based on human sensors it can be 

time consuming subjective, our senses are less sensitive with time and when an individual is 

sick.124 Assessing food quality is complex due to the intricate molecular nature of food, however 

we can reduce its complex nature by focusing on biomarkers that are indication of spoilage or 

increased microbial activity. One of the first BAs to be released during the process of spoilage 

happens to be putrescine and is at best the earliest indication hygienic contamination.  

Previously published biosensors to detect putrescine lacked practicality in Chen et al. they 

built a tunable putrescine WCB using TFs for industrial purposes: monitoring endogenous 

putrescine biosynthesis. In Zhang et al. they developed a WCB using TFs for diamine biosensor, 

however it lacked specificity towards putrescine. Our cell-free putrescine TF based biosensor 

eliminates the time and specialized equipment associated with culturing cells to determine the 

putrescine content in food samples. Our successful development of an easy-to-use putrescine 

specific cell-free paper biosensor has the potential to extend its reach to individuals from diverse 

backgrounds; from the sous-chef checking the quality of an expensive wagyu beef, to the butcher 

or fishmonger checking their stock of meats, to the everyday parent unsure of the freshness of the 

meat. However, a lot more work is required before FRSH-test becomes as a ubiquitous as a 

pregnancy test. To improve the FRSH test we suggest the following integrating a high-quality 

CFPS system to decrease response time from 4 hours to preferably 30 min. Secondly the use of a 

colorimetric signal instead of a fluorescent signal eliminates the need for a spectrophotometer and 

can easily be read with the naked eye. Thirdly, a digital read much like glucose sensor to facilitate 

comprehension of assay results which avoids confusion.  

The abundance of protein-rich foods like cheese and wine opens the possibilities of testing 

quality and flavor profiles that maybe affected by putrescine contamination with our biosensor. 
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Taken together, our engineering cell-free putrescine biosensor decentralizes sensing technology 

and has the potential to empower consumers to monitor and ensure quality control within their 

own home. 
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Supplementary Information 

 
Protocol S1: Generating Golden Gate destination vector for repressor plasmid 

 

BsaI restriction sites were inserted into the pFAB4876 backbone by performing two cycles of 

PCR. Primers were designed to incorporate the BsaI site into the 5´end of the forward primer while 

the reverse primer anneals back-to-back with the 5´end of the complementary region of the forward 

primer, refer to Figure S2. In the first cycle of PCR, the primer pair pFAB4876_frwd_BsaI and 

pFAB4876_rev_BsaI (Table 1) were used in a 50 μl PCR reaction containing 43.5µl G/C master 

mix, 2.5µl forward, 2.5µl reverse primer, 1.0µl of template, and 0.5µl Phusion® high-fidelity DNA 

polymerase (NEB) and was mixed by pipetting up and down. First round of PCR conditions are 

listed in (Supplementary Table 5). Methylated template DNA was removed after PCR by 

restriction digest using DpnI (NEB) and purified using Invitrogen PCR purification kit. From the 

PCR reaction 5 μL of the template was mixed with 50 μL of chemically competent E. coli DH5α 

cells using heat shock transformation. After recovery in 200 μL of SOC medium, 100 μL of cells 

were plated onto LB plates with 50 µg/ml kanamycin and grown at 37 °C overnight.  Five 

randomly selected colonies were grown in 5 mL of LB broth with 50 µg/ml kanamycin and grown 

over night in 37oC shaking incubator at 250 RPM. Overnight culture was used to isolate the 

plasmid using Biobasic miniprep kit. Isolated plasmids were digested in a 50µL reaction consisting 

of 1 µg of plasmid template, 5 µL of cut-smart Buffer®, 20 U of BsaI-HF®, and topped up to 50 

µL with nuclease-free water. Digest reaction was left to incubate at room temperature ~ 23 °C for 

30 min and was then visualized on a 0.8% agarose gel. Plasmid with successful BsaI integration 

was used as a template for the integration of the second BsaI site.  

The isolated plasmid was used as the template for the second round of PCR. In the second 

round of PCR, primers pFAB4876_frwd_2BsaI and pFAB4876_rev_2BsaI were used to introduce 
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the second BsaI site; 5’-GGTCTC-3’ into the pFAB4876 backbone. PCR reaction was performed 

in 50 μl PCR using the same volumes and conditions as mentioned in the first round of PCR. The 

PCR reaction was purified using Invitrogen PCR purification kit then treated with DpnI (NEB) to 

remove methylated DNA template. 5µl of plasmid was transformed in 50µl of DH5α using heat 

shock transformation at 42oC for 30 seconds, and recovered with 200 μL of SOC media, and plated 

on pre-warmed 50 µg/ml kanamycin agar plate. Five randomly selected colonies were chosen and 

inoculated in 5 ml of LB broth with 50 µg/ml kanamycin and grown over night in 37oC shaking 

incubator at 250 RPM. Overnight culture was used to isolate the plasmid using Biobasic miniprep 

kit. Isolated plasmids were digested in a 50µL reaction consisting of 1µg of plasmid template, 5µL 

of cut-smart Buffer®, 20U of BsaI-HF®, and topped up to 50µL with nuclease-free water. Digest 

reaction was left to incubate at room temperature for 30 min and was then visualized on a 0.8% 

agarose gel. Plasmid with successful integration of second BsaI site was stored in 50% (v/v) 

glycerol solution for long term storage in -80oC freezer. The successful integration for two BsaI 

sites in pFAB4876 makes the plasmid golden gate compatible and was renamed pFAB.  

 

Protocol S2: Preparation of cell lysate for cell-free protein synthesis reactions  

To prepare the cell lysate for cell-free protein synthesis reactions (CFPS), we obtained the protocol 

from but made modifications to the protocol to fit our application.87, 112  E. coli BL21Star™ (DE3) 

cells were acquired from a glycerol stock, streaked on an LB agar plate, and incubated overnight 

at 37 °C. A single colony of E. coli BL21Star™(DE3) was inoculated into a starter culture of 50 

mL in LB with no selection, and grown overnight (15-18 h) at 37 °C and 200 rpm. A solution of 

2x YTP was prepared by dissolving 5.0 g sodium chloride, 16.0 g of tryptone, 10.0 g of yeast 

extract, 7.0 g of potassium phosphate dibasic, and 3.0 g of potassium phosphate monobasic into 
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750 mL of ddH2O. A glucose solution was prepared by dissolving 250 mL of ddH2O with 18 g of 

D-glucose.  2xYTP was transferred to a 2 L baffled flask and autoclaved for 30 min at 121 °C.  

The glucose solution was filter sterilized using a 0.22 µm vacuum filtration system. On the day of 

inoculation, the glucose solution was added to the 2xYTP media and warmed in a 37 °C incubator. 

Overnight starter culture of BL21starTM (DE3) was removed from shaking incubator and diluted 

in a 1:10 ratio and OD600 was measured using a spectrophotometer. Overnight starter culture was 

added to 1L of 2xYTPG media and inoculated culture was incubated at 37 °C while shaking at 200 

rpm. OD600 was monitored every hour to ensure stable growth until culture reached mid 

exponential phase or OD600 = 0.6. After reaching this OD, the culture was induced with 1 mL of 1 

M isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. After 

induction, the OD600 of the culture was monitored every 20-30 min and was immediately immersed 

in an ice-water bath to arrest growth at OD600 1.9-2.0. The culture was transferred into cold 1 L 

centrifuge bottles (Beckman Coulter, Indianapolis, IN) and centrifuged for 10 min at 5000 x g and 

4oC (AvantiⓇ J-E Centrifuge, Beckman Coulter, Indianapolis, IN). Supernatant was removed, and 

the pellet was placed on ice using a sterile spatula and transferred to a cold 50 mL Falcon tube 

placed on ice.  Cells were washed three times with 30 mL of cold S30 buffer (14 mM Mg (OAc)2, 

10 mM Tris (OAc), 60 mM KOAc, 2 mM dithiothreitol) by resuspension via vortexing with short 

bursts (20 - 30 s) with rest periods (1 min) in between. For each wash, the suspension was 

centrifuged at 5000 x g and 4°C for 10 minutes. After disposing the supernatant, the pellet was 

weighed, then flash frozen via liquid nitrogen and kept at – 80 °C until extract preparation. The 

frozen cell pellet was combined with 0.8 mL of S30 buffer per 1 gram of cell pellet and thawed on 

ice.  Once the cell pellet was fully thawed, it was resuspended via vortexing, with short bursts (20 

- 30 s) and rest periods (1 min), until no visible clumps were observed. 1 mL of resuspended cell 
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pellet was transferred to 1.5 ml Eppendorf tubes. A Q125 sonicator (Qsonica, Newtown, CT) with 

a 3.175 mm probe was used at a frequency of 20 kHz and resuspension was sonicated for 45 s 

followed by 59 s off for 3 total cycles, with amplitude set at 50 %. Immediately after, 4.5 µL of 1 

M DTT was added to the lysate, Eppendorf tubes were closed and gently inverted 3-4 times. In 

total, 800-900 J of energy was delivered to each 1.5 mL microfuge tube containing 1mL of 

resuspended cells. Using a PierceTM BCA assay kit (ThermoScientific), total protein concentration 

was measured of the lysate. To maintain consistency between batches, cell-extract was 

concentrated using a 10,000 MWCO centrifuge column (GE Healthcare; Vivaspin20) to obtain a 

final concentration of 15mg/ml. The lysate was then centrifuged using a tabletop centrifuge at 

14,000 × g and 4 °C for 15 minutes. Following centrifugation, the supernatant (or lysate) was 

pipetted into new and sterile 1.5 mL Eppendorf tubes, flash frozen in liquid nitrogen, and kept in 

a – 80 °C freezer until use.  

 

Protocol S3: Quantification of the Reporter Protein 

 

Using a half area 96-well black polystyrene plate (Greiner, Germany), 48 µL of 0.05 M HEPES 

(pH 8) was loaded for each sample and replicates. Reactions are removed from 30oC incubator for 

endpoint measurement, and 2 µL were transferred into the 48 µL of 0.05 M HEPES, pH 8. Samples 

were pipetted up and down again in the well to mix. Once all reactions are loaded, the 96 well 

plate was placed in the ClARIOstar and the fluorescence was measured at an excitation wavelength 

of 488nm and an emission wavelength of 507nm using a fluorescence microplate reader 

(CLARIOstar, BMG Labtech, Germany). Using an eGFP standard curve, the concentration of 

eGFP can be calculated from the obtained fluorescence readings. 

 

 

Protocol S4: Methods for Preparation of an eGFP Standard Curve 
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A standard curve of quantitation of eGFP was prepared in the following manner. From a glycerol 

stock of BL21(DE3) starTM-eGFP was streaked on an agar plate with 100μg/ml carbenicillin 

selection and incubated at 37oC overnight. A single colony was inoculated in 10ml of LB with 

50 μg/ml carbenicillin in a round bottom test tube and grown over night at 37 °C and 250 rpm. 5ml 

culture was transferred to a 15ml falcon tube and centrifuged at 10,000 x g at 4oC for 5 min. 

Supernatant was discarded, his-tag purification was carried out using HisPur™ cobalt resin 

(Invitrogen). Pellet was immersed in ice and 800 μl of wash buffer was added and was resuspended 

by pipetting up and down. Pellet was incubated on ice for 20-30 min, resuspension solution was 

transferred to 1.5ml microcentrifuge tubes and sonicated for 10s on, 10 s off, until the total J 

delivered was ~200 J. Sample was centrifuged at 10,000 x g for 5 min at 4oC, supernatant was 

separated and collected in separate 1.5 mL microfuge tube. Cobalt purification columns were 

prepared by allowing the storage buffer to drip through and equilibrated the column with 2 column 

bed volumes of wash buffer (400 µL). 400µL of supernatant was transferred to spin column and 

bottom was plugged to prevent leakage and inverted six times. Spin column was placed on ice and 

ice box was placed on orbital shaker and incubated for 30 minutes. Bottom plug was removed, and 

spin column was centrifuged at 700 × g for 2 minutes at 4oC to remove supernatant. Process was 

repeated again with the rest of 400µL of supernatant. The spin column was washed with two resin 

beds of wash buffer (400 µL) and centrifuged at 700 × g for 2 minutes at 4oC and fractions were 

collected in a microcentrifuge tube. The spin column was washed three times, and each fraction 

was collected. Elution was performed by adding 2 resin beds of elution buffer (400 µL) and 

centrifuged at 700 × g for 2 minutes at 4oC and fractions were collected in a microcentrifuge tube. 

Proteins were eluted from the spin column two more times and fractions were collected each time. 

The spin column was regenerated by washing with 10 resin bed volumes of MES buffer (20mM 
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2-(N-morpholine)-ethane sulfonic acid, 0.1M sodium chloride; pH 5.0) then centrifuging at 700 × 

g for 2 minutes at 4oC. Then washing the spin column with 10 resin bed volumes of ultrapure water 

and centrifuged at 700 × g for 2 minutes at 4oC. The cobalt resin was stored as 50% slurry and 

20% ethanol and stored at 4oC. To remove imidazole from the purified protein dialysis was 

performed using Thermo Scientific™ Slide-A-Lyzer™ Dialysis Cassettes (Invitrogen) against 

dialysis buffer (150 mM NaCl, 100 mM HEPES–NaOH, pH 8.0) and concentrated using Amicon 

Ultra-15 concentrators (Millipore, Billerica, MA). Using Pierce BCA protein assay kit, the overall 

concentration of the purified protein was determined by measuring absorbance at 562nm, and 

extrapolating concentration from BCA standard curve. Serial dilutions of stock eGFP protein, 

ranging from 0 to 800µg/mL of protein was prepared in triplicates and was measured at 562nm to 

determine absorbance. Resulting measurements were used to plot a standard curve in order to 

convert fluorescence readings to concentration of eGFP in µg/mL as shown in Figure S11. 
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Table: Escherichia coli strains and plasmids used in this study 
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Table S2: DNA sequences used in this study 

 

a Addgene gene number 
b NCBI gene number 

§Underlined regions are BsaI restriction sites 
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Table S3: List of PCR primers used in this study 

 

 

 



62 

 

Table S4: Volumes and thermocycle conditions for PCR 

 

Colony PCR 

Phusion Master Mix 16.8 µL 

Forward Primer 1.0 µL 

Reverse Primer 1.0 µL 

Template (colony dissolved in 20µL H2O) 1 µL 

Phusion 0.2 µL 

Total 20.0 µL 

 

Template Conditions 

Phusion Master Mix 43.5 µL 

Forward Primer 2.5 µL 

Reverse Primer 2.5 µL 

Template (colony dissolved in 20µL H2O) 1.0 µL 

Phusion 0.5 µL 

Total 50.0 µL 

 

Thermocycler Conditions 

Step Number of Cycles Temperature Time 

Initial Denaturation 1   98 °C 30 s 

Denaturation  

35 

98 °C 10 s 

Annealing 45 °C -72 °C 20 s 

Extension 72 °C 30 s 

Final Extension 1 72 °C 10-12 min 

hold 1 4 °C-10 °C ∞ 

 

Table S5: Golden Gate Conditions 

 

Temperature Time Number of cycles 

37 °C 5 min                     15-30 

16 °C 10 min 

50 °C 5 min 1 

80 °C 5 min 1 

 

Table S6: PuuR binding regions for our synthetic promoters 

 

Binding Region Sequence Source 

A GTGGTCATTATATTTTACGC 96, 97, 125 

B ATGTTCAATATTTTTTCAAT 96, 97, 125 

C GTGGACTAAATTATCGCCAT 126 
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Table S7. Costs of reagents and materials for producing in-house cell-free extract 
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Figure S1- Repressor plasmid construction. Step (1): Flanking primers with BsaI restriction 

sites are used to amplify the PuuR insert. (2) Genetic parts are isolated: T7 promoter (green), RBS 

(red), PuuR insert (blue with orange flanking sites), terminator (yellow), and pTU1 backbone.  All 

parts have two BsaI cut sites (shown as the ‘Z’-block black line). (3) All genetic components are 

mixed in a single tube reaction with a BsaI restriction enzyme, T4 DNA ligase and subjected to 

thermocycler reactions conditions. (4) Final product of Golden Gate assembly reaction plasmid 

with all the integrated genetic components. 
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Figure S2 - Construction of promoter library. (A) Schematic of the required primers to 

construct the putrescine synthetic promoter library.  Forward primer 2 and Reverse primer 2 are 

used to amplify the core promoter. The forward primer 1 and reverse primer 1 are used to flank 

the promoter with BsaI restriction sites. (B) A snippet of the DNA sequence for PuuAp promoter 

with the forward primer 1 (green) and 2 (orange) and reverse primer 1 (blue) and 2 (light green).   
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Figure S3 – Repression dynamics. Repressor expression was induced with IPTG at two 

concentrations 0.1 and 0.5 mM. The putrescine was exogenously added at a final concentration of 

(0, 0.01, 0.1, 1, 10, 100, 1000, 10000mM). Each point represents eGFP fluorescent output 

measured at the end of a 16 h incubation period and normalized to their OD.  Semi-log curves were 

fitted by Prism 9.0 using a 4-parameter non-linear regression function.  Fluorescent measurements 

were done in triplicates and error bars are representing one standard deviation. 
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Figure S4 - Dose-response curves for our synthetic promoters. Each promoter was induced 

with 0.5 mM IPTG and with putrescine at a final concentration of 0, 0.01, 0.1, 1, 10, 100, 1000, 

10000 mM. Each point represents an eGFP fluorescent output measured at the end of a 16 h 

incubation period and normalized to their OD. Semi-log curves were fitted by Prism 9.0 using a 

4-parameter non-linear regression to determine the KA.  Fluorescent measurements were done in 

triplicates and error bars are representing one standard deviation. 

  



68 

 

 
 

Figure S5 – Specificity testing for our synthetic promoters. Each promoter was induced with 

0.5 mM IPTG and different concentrations of putrescine (black) and other chemically similar 

biogenic amines cadaverine (red) and histamine (blue) at a final concentration of 0, 0.01, 0.1, 1, 

10, 100, 1000, 10000 mM.  Each point represents eGFP fluorescent output measured at the end of 

a 16 h incubation period and normalized to their OD.  Semi-log curves were fitted by Prism 9.0 

using a 4-parameter non-linear regression to determine the KA. Fluorescent measurements were 

done in triplicates and error bars are representing one standard deviation. 
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Figure S6 - Cost comparison of our cell-free extract with other commercial kits.  The bar 

graph shows the price per reaction for each cell-free crude kit. 

 

 

 

 

 

 

 

 

 

 

 

 



70 

 

Figure S7 – Optimization of our in-house cell-free system.  A) K+ and Mg+2 ions were 

screened against a lysate with a eGFP protein concentration of 15 g/mL as the optimal 

concentration for the expression of eGFP.  All cell free reactions were performed in triplicates in 

15 µL volumes. Endpoint fluorescence of each reaction was used to generate contour plot. eGFP 

fluorescence shows maximum at 2 mM of Mg+2 and 20 mM of K+.  B) Optimization of eGFP 
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protein yield by changing lysate composition.  Error bars show one standard deviation for three 

independent biological replicates. 

 

 

 

 

 

Figure S8 – Workflow showing meat sample preparation. 5 g of sample was collected from 

chicken breast, salmon fillet, and beef steak. Samples were transferred to a falcon tube and 

subjected to different storage temperature: 4 °C, 22 °C, and -20 °C.  Samples were collected on the 

second day and sixth day for putrescine detection using our cell-free biosensor. 
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Figure S9 – FRSH paper disc device for assessing meat spoilage.  Four 5 mm discs were 

fabricated 9 mm apart to match the well-to-well dimensions on the well-plate. 
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Figure S10 – FRSH device fabrication and sample testing. Step (i): An adhesive (20cmx20cm) 

is transferred to Whatman Grade 1 Chr paper and then gently peeled off. (ii) Whatman paper is 

transferred onto aluminum sheet (20cmx20cm).  (iii) The foil-backed paper was fed through a 

manual cold-roll laminator.  (iv) The paper aluminum substrate is used for laser cutting paper 

microfluidic device. (v) Cell free reactions are lyophilized on the paper discs.  (vi) Samples are 

prepared for spoilage assessment. (vii) Food samples are loaded onto the discs to rehydrate and 

initiate the cell free reactions to yield an eGFP output.  
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Figure S11 – eGFP calibration curve.  eGFP protein was expressed and purified according to 

Supplementary Protocol S4.  This calibration curve was used to convert fluorescence into eGFP 

yield (µg/mL). The error bars represent one standard deviation for three biological replicates. 

 

 

 

 

 
 


