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ABSTRACT 
 
 
 

ADVANCING POINT-OF-NEED BACTERIA DETECTION USING MICROFLUIDIC 

PAPER-BASED ANALYTICAL DEVICES 

 
 

 Bacteria are responsible for more hospitalizations and deaths than any other 

foodborne contaminant, making the detection of these pathogens of utmost importance. 

To further complicate bacteria detection, the overuse of antibiotics and genetic plasticity 

of bacteria has caused antimicrobial resistant (AMR) bacteria to become a more 

prevalent issue that threatens to be the number one cause of death worldwide by 2050 

unless significant innovations are made. Although bacteria detection in the field is ideal, 

the current gold standards for detection require trained personnel and a central 

laboratory. The primary work in this dissertation acts to improve upon current bacteria 

detection methods by designing, developing, and optimizing inexpensive user-friendly 

tests that detect bacteria at the point-of-need without trained personnel or expensive 

equipment. These goals are accomplished using microfluidic paper-based analytical 

devices (µPADs), a growing field for point-of-need detection that have been used for a 

variety of analytes and applications. Using paper as a platform has allowed for the 

simple development of user-friendly devices because of their easily designed and 

modifiable material that typically costs <$0.01 USD per device and allows for multiple 

tests to be completed from one sample addition.     

Devices that will be described include colorimetric spot tests that detect common 

fecal indicator bacteria (FIB) species Escherichia coli and Enterococci spp. based on 
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enzymes that are naturally produced by the bacteria. Utilizing these enzymes, a test 

was developed that turns from clear to yellow as an indication of live bacteria. These 

tests were successfully used in the detection of bacteria in food and water samples to 

demonstrate its efficacy in food safety applications. To improve specificity and 

sensitivity of bacteria detection, a second spot test was developed that utilizes 

immunomagnetic separation (IMS) and an enzymatic sandwich immunoassay in the 

detection of another common foodborne pathogen, Salmonella typhimurium. This assay 

was developed specifically for detecting pathogens in complex matrices, such as one of 

the most common causes of pathogen contamination: animal feces.  

Because AMR bacteria are becoming a more prevalent problem, devices were 

developed to specifically detect bacteria resistant to β-lactam antibiotics, the most 

common case of antimicrobial resistance observed in bacteria. The first generation of 

devices were developed to detect β-lactamase activity, an enzyme that facilitates 

resistance against β-lactam antibiotics. These devices were successful in detecting 

AMR in different species of bacteria isolated from environmental samples, and in the 

detection of AMR in sewage water. The second generation of devices enables detection 

of resistance against specific antibiotics through hydrolysis of the antibiotic and 

detecting a change in pH. Although not yet demonstrated, these devices will eventually 

be used to determine if bacteria are resistant against specific classes of β-lactam 

antibiotics, including a commonly used class of last resort antibiotics, carbapenems. 

Beyond bacteria detection, this dissertation also explores developing a field-

ready device to identify falsified and substandard antibiotics. Because antibiotics are 

most commonly counterfeited in resource-limited settings, it is imperative to develop 
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user-friendly point-of-need devices that can quantify the amount of active 

pharmaceutical ingredient in antibiotics. This was accomplished using enzyme 

competition, a method that had not been demonstrated paper-based devices.  

Finally, all devices that have been developed and optimized in this dissertation 

utilized colorimetric detection. While a user-friendly and easily implemented method of 

detection, it does suffer from drawbacks such as sensitivity and user subjectivity when 

using the devices. To eliminate subjectivity, a portable system using a Raspberry Pi 

computer and 3D-printed light box and device holder have been optimized. Although the 

system has been demonstrated by automatically analyzing images and calculating 

Michaelis-Menten enzyme kinetic values, this system has limitless possibilities in 

automatically analyzing colorimetric paper-based devices for truly objective colorimetric 

readouts and quantitative infield detection of pathogens or other analytes.  
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CHAPTER 1. INTRODUCTION 

 

Most bacteria present in the environment coexist with humans and animals 

without harm. However, certain strains of bacteria are pathogenic and result in serious 

illness or death, making the detection of bacteria of significant importance.1 While 

studying bacteria pathology and evolution is central, diagnostics is a underrepresented 

and important field. A recent study found that 2% of healthcare spending is used in 

diagnostics, yet account for up to 70% of clinical decisions.2 Bacterial diagnostics are 

especially underrepresented as demonstrated by the medical field still employing the 

same diagnostic procedure as 80 years ago: bacteria culture.3 While a reliable and 

accurate method, the assay is time-consuming, taking up to 2-3 days for results. 

Therefore, doctors are more likely to employ empirical diagnostics, where treatment is 

prescribed based on assumptions and previous experience.4 The primary pitfall of 

empirical diagnostics is the unnecessary prescription of antibiotics when the patient 

could have a viral or fungal infection instead of bacterial infection. It was recently 

estimated that two-thirds of antibiotic prescriptions are unnecessary (Figure 1.1A).3 Due 

to unnecessary use of antibiotics and the genetic plasticity of bacteria, more pathogens 

have developed the ability to resist antimicrobials, giving rise to antimicrobial resistant 

(AMR) bacteria.5 At present, AMR infections cause 700,000 annual deaths worldwide 

and cost the United States upwards of $34 billion in additional healthcare costs.6 Unless 

significant innovations are made in the field, it is currently estimated that AMR infections 

will surpass cancer and heart disease as the global leading cause of death by 2050.3 

AMR bacteria add an additional hurdle for diagnosing bacterial infections because even 
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if bacteria are causing the infection, the physician will not know what antibiotics to 

prescribe without additional diagnostic tests. Therefore, it is not only imperative that 

tests are developed to distinguish between bacteria and other pathogens, but to 

determine what antibiotics can treat a bacterial infection. In addition to new diagnostic 

methods being rapid, devices that are inexpensive, portable, and user-friendly also 

need to be developed for point-of-care (POC) diagnostics.7 Most of the world’s morbidity 

and mortality is occurring in resource-poor countries, where sending patient samples to 

a central laboratory is not an option.8 By developing and employing rapid diagnostic 

tests instead of empirical diagnosis, this can reduce unnecessary use of antibiotics, 

prescribing the correct treatment to patients as soon as possible, whether that patient is 

in a hospital or needing treatment at the POC (Figure 1.1).  

 

Figure 1.1 │ Approximately two-thirds of antibiotic prescriptions for respiratory issues 

alone are unnecessary prescriptions (A), which can be prevented through the 
development and use of rapid diagnostics tests instead traditional or empirical 
diagnostics (B).3  

 



3 
 

Foodborne Bacteria in the United States. Although bacteria detection needs 

are most commonly associated with diagnosing bacterial infections in patients, a review 

found the most popular application was for food safety purposes, followed by clinical 

use, then environmental monitoring (Figure 1.2A).9 Bacteria detection is applicable in 

the United States food industry because foodborne illness outbreaks caused by bacteria 

results in 36,000 hospitalizations and over 800 deaths per year, more than any other 

foodborne contaminant.10 By implementing field-ready bacteria detection, outbreaks 

could be prevented by detecting bacteria before food is distributed, decreasing the 

approximate $36 billion USD lost to foodborne illnesses every year.11 Of these 

foodborne pathogens, Salmonella and Escherichia coli are estimated to cost over $4 

billion USD per year in the US alone, contributing to their popularity as the most 

reported species for bacteria detection (Figure 1.2B).9,12 Foodborne outbreaks are most 

commonly caused by animal fecal contamination of either the food directly or irrigation 

water.13-15 Therefore, it is not only important to detect bacteria in the food directly, but 

also in animal feces and water.16,17  

Detecting Bacteria in the Field. Even though bacteria are most commonly 

found in the environment, detecting bacteria currently requires samples to be 

transported to a central laboratory for laborious, time-consuming, and expensive 

diagnostic tests. Upon verbal correspondence with our funding agency, the National 

Wildlife Research Center, a division of the United States Department of Agriculture, 

around 200,000 wildlife and environmental samples are sent to their central laboratory 

for testing every year. Of these samples, approximately 90-95% are negative results. By 

developing inexpensive field-ready tests for bacteria detection, the number of samples 
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sent to the laboratory for comprehensive testing can be cut to 10,000-20,000 samples. 

At their reported $10 USD for the materials for each laboratory test, not including labor, 

this could result in at least $1.8 million USD in savings for this government agency 

alone. In addition to using field-ready bacteria tests for monitoring bacteria in wildlife 

samples, these developed portable biosensors would also be applicable to in-field 

testing of other environmental samples, food samples, and POC diagnostic testing for 

bacterial infections. 

 

 
Figure 1.2 │ Trends in bacterial detection. (A) Academic papers over the last 20 years 

show food industry is the most popular application. (B) Salmonella and E. coli are the 
most commonly detected pathogen. (C) PCR is the most popular detection motif.9  
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Laboratory Methods for Bacteria Detection. Three of the most popular 

methods for bacteria detection are culturing, polymerase chain reaction (PCR), and the 

enzyme-linked immunosorbent assay (ELISA). Although culturing has been the gold 

standard for bacteria detection for decades, PCR has surpassed the method in 

popularity in more recent scientific literature (Figure 1.2C).9 Traditional culturing is an 

ideal method because it detects viable bacteria, and selective culture can identify 

specific species, but the assay is time-consuming and can take up to several days to 

obtain a result.18 When detecting AMR bacteria, an additional step is required to test for 

susceptibility against certain antibiotics by growing the bacteria in the presence of the 

drugs.19 This method is still the gold standard for AMR bacteria diagnostics because it 

can quantify susceptibility against specific antibiotics, but the procedure can take 

several days. PCR is based on amplifying specific genes in the bacteria genome by 

denaturing the DNA and using a DNA polymerase to extend the genes using DNA 

primers and additional nucleotides in the solution (Figure 1.3A).20 The assay has gained 

traction because it is faster and more specific when compared to culturing. Depending 

on the assay, PCR can give results in as little as a few hours, and specific genes can be 

detected that are associated with pathogen strains or antimicrobial resistance.21,22 

Although the results are fast and specific, PCR can suffer from inhibition effects and 

detects genes only, and it is therefore unknown whether the bacteria are dead or alive.23 

ELISAs, which are based on specific antibodies adhering to the pathogen, have also 

been used in bacteria detection, but are less commonly used as compared to PCR and 

culturing.24 The assay is most commonly completed in a 96-well polystyrene plate and 

read with a plate reader. Although there are many different ELISA models, the sandwich 
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ELISA is one of the most popular motifs. The assay starts with a primary antibody, 

followed by the blocking agent (used to prevent nonspecific binding), bacteria sample, 

then completed with either biotinylated or enzyme-conjugated antibody (Figure 1.3B).25 

Using a biotinylated antibody allows the user to implement any enzyme that has been 

conjugated to streptavidin, which forms a stable noncovalent bond with biotin.26  

 

Figure 1.3 │ Two common detection motifs used in bacteria detection include (A) the 

polymerase chain reaction (PCR) based on amplifying bacterial DNA associated with 
specific species or AMR mechanisms and (B) the enzyme-linked immunosorbent assay 
(ELISA) which is based on detection through antibodies specific to a certain bacteria 
species. 
 

Between each step of the ELISA procedure, the sample is washed with buffer 

containing Tween 20 to remove unbound substrates and prevent signal background. 

Antibodies are widely available biological substrates, making them easy to implement 

into new assays and optimize. However, aptamers and bacteriophages have also been 

suggested for specific detection of bacteria in a similar fashion to immunoassays.27,28 

Although these biomolecules are not as widely available as antibodies, their ease to 
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mass produce and higher stability makes them a promising alternative for future 

applications. PCR and ELISA have also been combined for sensitive and specific 

detection of various pathogens in food and clinical samples.29-32 All presented laboratory 

methods are reliable and accurate, but these procedures require trained personnel, 

expensive instrumentation, and are hence not favorable for field settings.  

 Developing Biosensors for Bacteria Detection. As seen in Figure 1.2C, 

biosensors are a growing alternative to traditional bacteria detection and are predicted 

to surpass PCR and culturing in popularity.33 Biosensors can use different detection 

methods including optical and electrochemical measurements, and have incorporated 

three main classes of recognition elements: enzymes, antibodies, and nucleic acids. In 

addition to detection and diagnostics, biosensors have been developed for bacteria 

enumeration beyond the traditional and time-consuming culturing technique for more 

sensitive in-field detection.34 Nucleic acid amplification techniques have been applied to 

biosensors to decrease cost and increase user-friendliness to make the techniques 

more favorable for a point-of-care setting.35 For example, isothermal amplification 

techniques have been used as a replacement for PCR for amplifying genetic material in 

biosensors.36 PCR requires fluctuating temperatures throughout the assay, 

necessitating an expensive thermocycler. Isothermal amplification, however, requires 

the solution to be heated to a set temperature, without fluctuation, to complete the 

assay. Another popular motif in biosensors for bacteria detection is electrochemical 

impedance spectroscopy (EIS), which is an electrochemical technique based on 

electrical resistance. When the electrode surface becomes more crowded, for example, 

capturing more and more pathogens through antibodies covalently attached to the 
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electrode, decreasing electron transfer, and thereby increasing resistance. This method 

has been demonstrated in bacteria detection for a variety of applications and species 

including Salmonella, E. coli, and S. aureus, to name a few.37-41     

Biosensors for specifically detecting AMR bacteria have also been developed. 

Card et al. introduced the use of expanded microarrays for accurately and 

simultaneously testing gram-negative bacteria against 75 different antibiotics.42 

Although this method tests for a breadth of antibiotic susceptibility, it requires an 

extensive procedure, including overnight culturing, cell lysing, and DNA extraction, 

which increases both detection time and assay costs. Microfluidic devices fabricated 

with polydimethysiloxane (PDMS) have also been developed for determining the 

minimum inhibitory concentration (MIC) of different antibiotics against a specific bacteria 

isolate.43 One of these established PDMS devices can determine MIC within 3-4 hr by 

monitoring a single bacterium via microscopy.44 Another microfluidic device was 

recently developed for susceptibility testing that decreased total assay time to 1 hr by 

using a droplet generator and a fluorescent resazurin-based assay.45 Using a droplet 

generator effectively increased the concentration of bacteria without culture enrichment 

and fluorescence provided greater sensitivity compared to colorimetry. Many resazurin-

based sensors have been optimized for detecting AMR bacteria as the assay is based 

on detecting live vs. dead bacteria and can determine whether a certain antibiotic is 

effective against the bacteria.46-48 While these are all accurate and promising systems 

that provide alternatives to traditional methods, they require expensive equipment and 

trained personnel, making these assays more suitable for laboratory settings. To 

monitor bacteria in the field and diagnose bacterial infections at the point-of-care, rapid, 
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portable, and inexpensive devices that do not require instrumentation or trained 

laboratory personnel for analysis still need to be developed.  

Microfluidic Paper-Based Analytical Devices. While using paper in chemical 

assays was established over 200 years ago,49 it was reintroduced as a microfluidic 

platform in 2007 for portable and inexpensive analytical assays.50 This reintroduction of 

paper was groundbreaking because Whitesides and coworkers incorporated 

hydrophobic barriers into the paper to direct fluid flow to several channels and separate 

detection zones.50 Each zone was responsible for a different analytical test, enabling the 

detection of multiple analytes (glucose and protein in this device) from a single addition 

of sample (Figure 1.4A). Although this initial device had higher limits of detection and 

low sensitivity compared to conventional methods, this enabled the thousands of paper-

based devices that followed this article and created the field known as microfluidic 

paper-based analytical devices (µPADs). Paper has gained significant popularity as a 

platform for analytical devices because of their inexpensive material (often <$0.01 per 

device), ability to store and stabilize chemical and biological reagents, natural fluid-

wicking properties, and device disposability.51 Because of these properties, µPADs are 

specifically being developed as point-of-need analytical tests that enable the detection 

of analytes without trained personnel or a central laboratory.52 While the first device 

used qualitative detection based on color change, user-friendly quantitative detection 

has since been implemented using a “chemometer” design with readout similar to a 

common analog thermometer (Figure 1.4B).53 Instead of a simple yes or no answer, 

chemometers have been designed for the user to quantify an analyte by measuring the 

distance of color and relating that distance to a specific analyte concentration.  
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In addition to their ease of use, µPADs are also easy to design and fabricate and 

are practical for large-scale development and implementation.54 Paper-based devices 

are most often fabricated with Whatman chromatography paper, but almost any paper 

substrate can be used. To make µPADs, the user simply needs to develop a 

hydrophobic barrier that directs sample flow. The hydrophobic barrier can be many 

different materials including photo resist, or even scholar glue that is not vulnerable to 

potent chemicals like other barriers.55 One of the most popular hydrophobic barriers is 

wax, which can be deposited onto the paper using a common office wax printer56 or 

screen printing.57 Using a wax printer or screen printing allows for the user to create 

device designs using a common computer vector program such as Adobe Illustrator™ 

or Corel Draw™. Following wax application, the paper needs to be heated to melt the 

wax through the paper pores, creating a hydrophobic barrier, which can be completed 

using an oven or hotplates (Figure 1.4C). Once the hydrophobic barrier has been 

established, the user can modify the paper with chemicals to complete the desired 

analytical test. The back of the devices then need to be taped to prevent sample 

leakage.    

Since the first device, µPADs have been developed for environmental and 

biological applications for the detection of metals, organic compounds, biomarkers, 

bacteria, and viruses, to name a few.58 While this first device used simple and user-

friendly colorimetric detection, additional detection motifs have been established 

including electrochemical,59,60 fluorescence,61 and chemiluminescence,62 which were 

implemented into µPADs to lower limits-of-detection and increase sensitivity. As 

previously mentioned, paper has many different properties that are advantageous for 
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Figure 1.4 │ Microfluidic paper-based analytical devices (µPADs). (A) The first µPAD 

for the detection of glucose and protein using qualitative colorimetric detection.50 (B) 
Distance-based colorimetric detection of glucose for user-friendly quantification of 
analytes.53 (C) Fabricating paper-based devices by making a hydrophobic barrier with 
wax and taping the back of the device sheet.  

 

point-of-need detection, but one of the most critical properties is its ability to store and 

stabilize chemical reagents. This allows for reactions to take place on the paper 

substrate without additional solutions beyond the sample, facilitating user-friendly 

detection of countless analytes in a field-setting, including bacteria.  

Biological Assays on Paper-Based Devices. While PCR is the most popular 

method in recent years for bacteria detection outside of µPADs, PCR has not been 

directly applied to paper-based devices. This is likely because PCR requires a 

thermocycler, an expensive and complex piece of equipment that makes the assay not 

ideal for point-of-need settings. A thermocycler is necessary because PCR requires the 
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solution to shift between several different specific temperatures to complete the assay.20 

Instead, isothermal amplification techniques including loop-mediated isothermal 

amplification (LAMP) and recombinase polymerase amplification (RPA) has been 

applied to µPADs for sensitive and point-of-need detection of bacteria63 and viruses.64-66 

While isothermal systems still require a heating element, LAMP only requires to be 

heated to a set temperature of 60 °C, and RPA requires a set temperature of 40 °C for 

amplification. To further establish isothermal amplification for field settings, an 

inexpensive incubator was developed using a Styrofoam cup and chemical hand 

warmers,67 and it has been reported that polyethersulfone is the best paper substrate to 

use for LAMP-based µPADs.68 While isothermal amplification has been demonstrated in 

paper-based devices as a conducive alternative to PCR for field settings, the underlying 

issue with nucleic-acid based techniques is the lack of live/dead verification. 

Furthermore, in the application of AMR bacteria detection, it is unknown whether the 

AMR gene is expressed or simply present in the genome.   

Enzymes are one of the most popular detection motifs associated with paper-

based devices due to their catalytic abilities to accelerate a chemical reaction and 

amplify a detectable product. Enzymes can be used to detect an analyte of interest, 

including one of the most popular proof-of-concept reactions used in paper-based 

devices: glucose.69 Other enzymatic reactions that have been used in µPADs include 

the detection of other biomolecules such as uric acid, urine creatine, phenylalanine, and 

lactate.70-74 In addition to using enzymes to detect analytes, substrates can be used to 

detect enzyme activity in a sample. Detecting the activity of specific enzymes can 

indicate certain pathogens or health ailments. For example, assessing human health 
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based on enzyme detection has been established for many diseases that are 

associated with the expression or lack of function of specific enzymes, including liver 

function,75 organ failure,76 male fertility,77 and even organophosphate poisoning.78 Using 

this concept, µPADs can be developed for bacteria detection based on unique enzymes 

the bacteria produce. Detecting bacteria based on enzymatic activity is an attractive 

platform because it detects healthy and viable bacteria, like traditional culturing or the 

resazurin assay. Additionally, it is not as specific as PCR and immunoassays, enabling 

pan-bacteria detection, which is advantageous for applications such as food safety 

monitoring. Using enzymes as a detection motif has been described previously for 

colorimetric detection of E. coli, Listeria, and Salmonella in food and water samples.79-81   

When the user does desire species-specific and sensitive detection, 

immunoassays provide an attractive and robust platform that can easily be adapted to 

µPADs. Antibodies are naturally very specific to the analyte with little cross-reactivity, 

and can be manufactured to be specific to almost any analyte. One of the most 

recognizable forms of paper-based devices is the pregnancy test, which is a lateral flow 

assay (LFA). Pregnancy tests are based on nanoparticle-conjugated antibodies specific 

to human chorionic gonadotropin (hCG), a protein women express when pregnant.82 A 

similar device was developed for detecting pathogenic bacteria where bacteria are 

captured by antibodies resulting in the nanoparticles aggregating resulting in the 

formation of colored line.83 Another popular application of antibodies in µPADs is 

through ELISAs where enzymes are covalently attached to antibodies instead of 

nanoparticles. Enzymes provide an advantage over nanoparticles because enzymes 

can continually amplify a substrate, providing a lower limit-of-detection. As previously 
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mentioned, ELISAs are traditionally completed in 96-well polystyrene plates, but ELISA 

was first introduced into paper-based devices in 2010.84 By moving the assay to paper, 

there was decreased reagent consumption, waste, and total assay time. Since its 

introduction to paper, ELISA has been demonstrated in the detection of 

biomarkers,62,85,86 and pathogens including viruses87,88 and bacteria.89 To further 

advance analyte detection in complex samples, antibodies are also used in the process 

of immunomagnetic separation (IMS), where antibodies are covalently attached to the 

surface of a magnetic bead.90 The immunomagnetic beads are added to a complex 

sample to adhere to the analyte before separating the beads from the sample using a 

magnet and reconstituting the beads in fresh buffer. Reconstituting the sample in fresh 

buffer also allows for the user to concentrate the sample by resuspending the beads in 

a smaller volume of buffer than the original sample. IMS has been demonstrated for 

efficiently separating target analytes and cells from complex mixtures such as blood,91 

milk,92 meat,93 cheese and yogurt,94 and bovine feces,95,96 making the technique 

relevant to food safety applications.  

Paper-Based Devices for Foodborne Pathogen Detection. The work 

presented in this document revolve around improving bacteria detection at the point-of-

need using paper-based devices, including both spot tests and microfluidic devices. The 

first set of devices that will be discussed are spot tests that detect common fecal 

indicator bacteria, E. coli and Enterococci, and the most common foodborne pathogen, 

Salmonella typhimurium, for the application of food safety monitoring. The first device 

detects E. coli and Enterococci based on enzymes the bacteria produce: β-

galactosidase and β-glucuronidase97 for E. coli detection and β-glucosidase for 
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Enterococci detection.98 This method was successfully demonstrated in detecting 

bacteria in irrigation water and alfalfa sprouts, which are a common source of food 

poisoning. While this method provided accurate and user-friendly results, the limits of 

detection were rather high at 108 CFU mL-1 of bacteria, necessitating a culture 

enrichment step. By sampling the culture enrichment every four hours, we cut the 

analysis time to 8 hours for low bacteria concentrations compared to upwards of two 

days for traditional methods. However, the ideal bacterial detection system will have a 

low LOD without needing culture enrichment.  

To meet these needs, another paper-based spot test was developed to 

specifically detect S. typhimurium using antibodies. Implementing IMS as the first step 

of the procedure enabled us to isolate and concentrate the pathogen for detection in 

complex samples. Because IMS is a sample preparation step, not a detection method, 

an enzymatic sandwich immunoassay, similar to an ELISA, was added for sensitive and 

rapid analysis without expensive instrumentation. Using these two techniques for 

isolation, concentration, and detection of the pathogen, our LOD was decreased to 102 

CFU mL-1 in culture media. By using antibodies as our detection method, not only did 

we increase sensitivity of the assay, eliminating the need for culture enrichment, the 

assay is also very specific to S. typhimurium and showed no cross reactivity with E. coli 

bacteria. The final assay was demonstrated with bird feces and whole milk for food 

safety applications.  

Detecting AMR Bacteria using µPADs. The next set of devices that will be 

discussed are also based on enzymes the bacteria produce, but instead of identifying 

bacteria species, these devices detect enzymes that indicate AMR properties. There are 
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many different classes of antibiotics, therefore many different classes of antimicrobial 

resistance, and many of these resistance mechanisms are based off enzyme activity.99 

Using this idea, we developed a paper-based spot test to detect β-lactamase, an 

enzyme that facilitates resistance against the most commonly prescribed antibiotics, 

penicillins and cephalosporins.100 β-lactamase enables resistance by hydrolyzing the β-

lactam ring in β-lactam antibiotics, deactivating the compound. Taking advantage of this 

mechanism, we can use nitrocefin, a chromogenic cephalosporin, that turns from yellow 

to red upon enzyme hydrolysis (Figure 1.5).101 Using nitrocefin and paper-based 

devices, a spot test was developed to detect the enzyme activity at a fraction of the cost 

and time as traditional methods. Contaminated water is a significant source of infection 

and outlet for the spread of AMR bacteria and is therefore a popular area of study for 

environmental scientists.102-105 To study AMR bacteria epidemiology, scientists currently 

must transport samples to a central laboratory for testing. Hence, it is not only important 

to use AMR tests in the application of point-of-care diagnostics, but also in 

environmental monitoring. The test was demonstrated in environmental applications by 

detecting AMR bacteria in sewage water samples and 46 different environmental 

bacterial isolates. There was only one false result as verified by traditional methods, 

indicating 98% accuracy.   

To further expand upon this idea of detecting AMR bacteria based on enzyme 

expression, another µPAD was developed to detect bacteria that produce 

carbapenemase. This enzyme facilitates resistance against carbapenem antibiotics, a 

commonly used class of last resort antibiotics used in clinical cases.106 Carbapenem-

resistant bacteria are becoming a prevalent problem and is recognized as one of the top 
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Figure 1.5 │ Using nitrocefin, a chromogenic substrate, to detect antimicrobial resistant 

bacteria based on bacterial enzymes that facilitate resistance against antibiotics through 
deactivation.  

 

three most urgent threats of AMR in the US by the CDC.107,108 Although there is no 

chromogenic substrate for carbapenemase as there is for -lactamase, the hydrolysis 

the enzyme facilitates results in a decrease in pH. Using paper-based microfluidics, we 

developed a device that allows the bacteria sample to react with imipenem, a 

carbapenem antibiotic, then the sample flows to another section of the device with pH 

indicators. If the antibiotic is hydrolyzed, the user will observe a corresponding decrease 

in pH as compared to a sample of bacteria that does not express carbapenemase. This 

device has not been demonstrated in detecting carbapenem-resistant bacteria 

specifically, but has been developed and optimized for detecting specific penicillin 

antibiotics such as penicillin V and amoxicillin.  

 In-Field Devices for Counterfeit Antibiotic Screening. In addition to the use of 

enzymes in detecting an analyte based on color change, or using an analyte to detect 
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enzymes, analytes can be detected through enzyme inhibition, resulting in a lack of 

color change. This concept has been demonstrated in the detection of organophosphate 

pesticides that inhibit the reaction of acetylcholinesterase with a colorimetric substrate, 

resulting in less color change as the pesticide concentration increases.109,110 Using a 

similar concept, we have developed a µPAD to test for the authenticity of β-lactam 

antibiotics using β-lactamase and nitrocefin, but using enzyme competition, not direct 

inhibition. Counterfeit antibiotics is a prevalent problem in developing countries and it is 

estimated that up to 5% of global antibiotics are counterfeit.111,112 Of all counterfeit 

antibiotics, β-lactam antibiotics are the most counterfeited, accounting for over half of 

counterfeit antibiotics.113 To help combat this problem and monitor counterfeit antibiotics 

in the field, a µPAD was developed to detect the purity of β-lactam antibiotics using the 

same system that was used to detect β-lactam-resistant bacteria. The device operates 

through adding an antibiotic sample to the sample inlet where it travels down a channel, 

rehydrates nitrocefin, then travels to a detection zone where β-lactamase is stored. If 

the antibiotics are genuine, β-lactamase will statistically react more often with the 

concentrated β-lactam antibiotic compared to the dilute nitrocefin. If the antibiotics are 

counterfeit, β-lactamase will react with nitrocefin, turning the device red, indicating no or 

little active ingredient. Calibration curves for four different β-lactam antibiotics were 

generated and the device was tested with six common counterfeit ingredients, 

demonstrating its potential for in-field use of antibiotic screening. 

Developing a Raspberry Pi for Automating Color Analysis. All devices 

presented in this work use colorimetric readout for detection. While colorimetry is a 

user-friendly method that does not require external instrumentation, such as a 
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potentiostat in electrochemical detection, there is the underlying issue of subjectivity 

when reading the results. Currently, to quantify the color intensity in devices, an image 

is captured using either a Smart Phone camera and a light box, or a common desktop 

scanner. The image is then sent to a computer for analysis by an image software 

program such as NIH ImageJ or Adobe Photoshop. While this method works for 

laboratory research, it is not conducive to field settings. Consequently, smart phone 

applications have been developed to automatically analyze the device color following 

image capture.114,115 Although these applications are much more appropriate for field 

settings, the caveat of smart phone applications is the need to update the application for 

new and expensive phones and software. To enhance colorimetric detection capabilities 

in the field, we have chosen the Raspberry Pi format for developing a program where 

the user simply needs to input a command and the Raspberry Pi will automatically 

capture and analyze the images. A 3D-printed lightbox with a battery-powered light 

source was designed to hold the raspberry pi computer and camera and house the 

paper-based devices. The entire system costs <$100, which is cheaper than the 

average Smart Phone, and the system is portable and can be used in resource-limited 

settings. As a proof-of-concept, we have developed a program that automatically 

calculates Michaelis-Menten enzyme kinetics based on images captured by the 

Raspberry Pi™. This would enable the user to use the system for time-dependent 

reactions and calculate kinetics for enzyme-based detection methods.    

Summary. The work in this dissertation advances in-field bacteria detection 

through expanding biological assays to complex samples, such as food, milk, and 

animal feces. It also presents the first work on detecting antimicrobial resistant bacteria 
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using paper-based devices, both generally and to specific antibiotics. Although not 

directly related to bacteria detection, the first µPAD based on enzymatic substrate 

competition is used to develop the first quantitative µPAD for identifying substandard 

antibiotics. Finally, we describe the first Raspberry Pi system to use flood-fill in 

quantifying color change in the application of calculating Michaelis-Menten enzyme 

kinetic parameters.   
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CHAPTER 2. DEVELOPING PAPER-BASED SPOT TESTS FOR DETECTING 

BACTERIA IN FOOD SAFETY APPLICATIONS 

 

 Foodborne illnesses caused by bacteria account for the highest number of 

hospitalizations and deaths compared to any other foodborne contaminant. Preventing 

foodborne illness outbreaks begs for faster and portable bacterial sensors that can be 

taken into the field to detect bacteria before food is distributed, cutting back on the 

approximate billions of dollars lost to outbreaks every year. Most commonly, 

contamination occurs through fecal contamination of the food directly or the irrigation 

water. Hence, not only do these sensors necessitate the capability to detect bacteria on 

food, but also fecal and water samples. In this chapter, two different sets of bacteria 

devices are presented based on two different detection motifs.  

The first set of devices are paper-based spot tests that detect Escherichia coli 

and Enterococcus species, as indicators of fecal contamination. These fecal indicator 

bacteria (FIB) were detected using substrates specific to enzymes produced by each 

species. β-galactosidase (β-gal) and β-glucuronidase (β-glucur) are both produced by 

E. coli, while β-glucosidase (β-gluco) is produced by Enterococcus spp. Substrates 

used produced either p-nitrophenol (PNP) or o-nitrophenol (ONP) as colorimetric 

products (from clear to yellow). Low concentrations (101 CFU mL-1) of pathogenic and 

nonpathogenic E. coli isolates and (100 CFU mL-1) E. faecalis and E. faecium strains 

were detected within 4 and 8 h of pre-enrichment. Alfalfa sprout and lagoon water 

samples served as model food and water samples, and while water samples did not test 

positive, sprout samples did test positive within 4 h of pre-enrichment. Positive detection 
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of inoculated (2.3 × 102 and 3.1 × 101 CFU mL-1 or g-1 of E. coli and E. faecium, 

respectively) sprout and water samples tested positive within 4 and 12 h, respectively.  

The second set of devices presents another colorimetric paper-based device that 

was combined with immunomagnetic separation (IMS) for detecting Salmonella 

typhimurium. IMS was completed with anti-Salmonella coated magnetic beads that were 

applied to capture and separate bacteria from the sample matrix and preconcentrate it 

into small volumes before testing on paper. To directly detect S. typhimurium after IMS, 

a sandwich immunoassay was used in the procedure with β-gal as the detection 

enzyme. Using the antibody/enzyme complex, we performed a colorimetric assay with 

chlorophenol red-β-D-galactopyranoside (CPRG) for bacteria quantification, which has a 

noticeable color change from yellow to red. Using this system, the limit of detection of S. 

typhimurium was found to be 102 CFU mL-1 in culturing solution without any pre-

enrichment or cross-reaction with other common bacteria species. Finally, the proposed 

platform was applied for detection of S. typhimurium in inoculated bird fecal samples 

and whole milk with detection limits of 105 CFU g-1 and 103 CFU mL-1, respectively, 

without any cultural enumeration. 

Because each set of devices has their advantages and disadvantages, this 

chapter will conclude with comparing the two different methods and their applications. 

This chapter is a compilation of my personal contribution to two different projects which 

were both accepted for publication in Analytical Chemistry.1,2 

 

Introduction 

Of all contaminants found in food and water (bacterial, viral, chemical, etc.), 

bacterial contamination causes the highest number of hospitalizations and deaths within 
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the United States annually.3,4 Whereas drinking polluted water can lead to illness, the 

use of unsafe water for irrigation can also contaminate agricultural products causing 

foodborne illness.5,6 Leafy greens, for example, are responsible for 46% of foodborne 

outbreaks within the United States and, because alfalfa sprouts are cultivated in a moist 

humid growth environment that facilitates bacterial growth, they are one of the leading 

sources of multi-state foodborne outbreaks.7,8 Human and animal excreta (primarily 

feces) are major sources of food and waterborne diseases, but it is impossible to test for 

all possible transferable pathogens in a comprehensive manner.9 Instead, general 

indicators for bacterial contamination are commonly detected, and both E. coli and 

Enterococcus spp. are used as standard fecal indicator bacteria (FIB).10-13 E. coli and 

enterococci are found in high concentrations, 109 and >104 colony forming units (CFU) 

per wet gram of stool respectively, predominantly in the gut of warm-blooded animals. 

Their presence is an indication of not only fecal contamination but also if conditions are 

amenable for the presence of other pathogens.13,14 FDA guidance and compliance 

regulations for both the agricultural production and industrial processing of food and 

beverages now call for the frequent testing of FIB species, necessitating portable, 

inexpensive, and user-friendly methods of testing.15  

Of these other foodborne pathogens that can be present as indicated by FIB, 

Salmonella is widely known as one of the most prevalent pathogens causing foodborne 

illness outbreaks.16 Per the Center for Disease Control and Prevention (CDC), 

Salmonella causes an estimated one million illnesses in the United States resulting in 

19,000 hospitalizations and 380 deaths, more than any other pathogenic bacteria.17 

Salmonella contaminates food products, like eggs, fruits, vegetables, meat, poultry, and 
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milk18 also through animal fecal contamination.19 This is because, like E. coli and 

enterococci, Salmonella live and replicate in the intestinal tracts of humans and animals, 

and therefore present in their feces.20 Studies have shown a strong correlation between 

skin and meat contamination of Salmonella, and prevalence in the animal’s feces, 

making feces an important sample matrix to detect the pathogen’s presence.21 

Conventional methods are not practical for on-site detection of bacteria and the need for 

expensive equipment and trained lab personnel increases testing costs, making large 

scale studies of Salmonella and other pathogen epidemiology difficult.22 

Due to the harmful role bacterial infections can play in human health, numerous 

bacteria detection methods have been developed. Common methods for bacterial 

detection include immunoassays, DNA amplification/detection methods such as 

polymerase chain reaction (PCR), and traditional culture methods.23,24 While DNA and 

immunoassays have advantages such as selectivity and sensitivity, both can suffer from 

inhibition effects from sample components that lead to false positives or negatives as 

well as high instrumentation and/or test costs.25,26 As a result, the gold standard for 

bacterial detection has remained culture-based methods.27 Culturing microorganisms 

allows for sensitive isolation and confirmation of live target bacteria. Non-selective and 

selective media are used sequentially in conjunction with biochemical testing and 

microscopy, making this method time-consuming and material intensive. Accordingly, a 

rapid, user-friendly, cost-effective, and reliable approach for FIB and Salmonella 

detection is required to overcome the drawbacks of conventional methods. The need for 

improved bacteria detection methods has led to the development of biosensors and 

analytical methods, including the use of paper-based analytical devices (PADs). PADs 
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provide a simple, easily modifiable and mass produced alternative platform, and can be 

incorporated with several different detection motifs.28,29  

Other advantages of PADs include small sample and reagent consumption, rapid 

analysis, simple operation, disposability, and portability.30,31 PADs hold great promise 

for use as analytical tools in remote areas or areas where minimal instrumentation is 

available due to their natural fluid wicking properties and ability to store and stabilize 

reagents. This renders PADs to be attractive and simple platforms for analysis in fields 

such as environmental monitoring, medical diagnostics, point-of-care testing, and food 

safety control.28,30 However, there have been only a few reports on using PADs for rapid 

detection of bacteria, including Pseudomonas aeruginosa,32 Staphylococcus aureus,32,33 

Escherichia coli,34-38 Salmonella typhimurium,35,39 and Listeria monocytogenes.35 Our 

lab has previously demonstrated bacteria detection in food and water samples based on 

bacterial enzyme expression.40,41 While detecting bacteria based on naturally expressed 

enzymes is a reliable method to detect viable bacteria, it does suffer from low limits-of-

detection, necessitating a culture enrichment step. Although the entire process was still 

shorter than traditional methods, the ideal bacteria detection system will not necessitate 

culture enrichment.  

Immunomagnetic separation (IMS) is an analytical method that was developed to 

separate targets of interest from complex sample matrices, and can also be used as an 

alternative to culture enumeration as a pre-enrichment step for pathogens. IMS is a 

procedure where antibodies specific to an analyte or cell are covalently attached to 

magnetic particles. These magnetic particles are added to the sample matrix to adhere 

to the target and are separated from the matrix with a magnet and re-suspended in 
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buffer. After separation from the sample matrix, many detection methods have been 

used including microscopy, broth enrichment, immunoassays, and PCR.42 IMS does not 

require bulky and expensive equipment to complete the procedure, making it ideal for 

in-field measurements. IMS has been demonstrated for efficiently separating target 

analytes and cells from complex mixtures such as blood,43 milk,44 meat,45 cheese and 

yogurt,46 and even bovine feces.47 With IMS, the antibodies attached to the beads can 

be specific to any analyte or cell of interest. Because of this, IMS has been 

demonstrated for detecting many biomarkers,43,48 along with various bacteria45-47 and 

viruses.49-51 Combining IMS with paper-based devices has been previously described 

for the detection of E. coli in contaminated water.34 In this work, the authors describe the 

use of IMS to pre-concentrate samples from contaminated water before lysing the 

bacteria and detecting bacterial enzymes β-galactosidase and β-glucuronidase. To the 

best of our knowledge, there has not been a paper-based device that is coupled with 

IMS for the detection of bacteria in more complicated sample matrices, such as animal 

feces and whole milk. Furthermore, despite the prevalence of Salmonella in bird feces, 

to the best of our knowledge, there has not been a proposed alternative detection 

method to traditional culture enrichment. 

Herein, two different colorimetric paper-based spot tests for bacteria detection 

are reported. The first is to detect FIB bacteria, E. coli and Enterococcus spp., via their 

production of species-indicative enzymes. Both β-galactosidase and β-glucuronidase 

were used for E. coli detection and β-glucosidase for Enterococcus spp. detection. Due 

to their association with coliforms and FIB, these enzymatic reactions are also used as 

indicators of microbial safety.52 Substrates for each enzyme produced either ONP or 
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PNP, initiating a color change from clear to yellow. PNP and ONP can also be detected 

electrochemically (Figure 2.1), but this will not be discussed in depth. Pathogenic and 

non-pathogenic strains of E. coli, as well as Enterococcus faecalis and E. faecium were 

detected in pure culture as well as model surface irrigation water (uninoculated and 

inoculated lagoon water) and model food samples (uninoculated and inoculated alfalfa 

sprouts). 

 

Figure 2.1 │ Reaction scheme showing the dual electrochemical and colorimetric 

detection of formed PNP from reacting with bacterially produced β-glucr with PNP-glucr. 
 

To improve the limit-of-detection and eliminate culturing that was used in the first 

set of devices, another method was developed by coupling PADs with IMS for specific 

colorimetric detection of S. typhimurium. IMS was applied to capture and separate 

target bacteria from the sample matrix, then preconcentrated into small volumes for 

further assays. By separating the pathogen from feces, this allowed us to complete a 

sandwich immunoassay to detect the presence of S. typhimurium in the sample (Figure 
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2.2A) without the concern of inhibition effects from the sample matrix. A second anti-

Salmonella antibody was conjugated with biotin, which was bound to streptavidin linked 

to β-galactosidase (β-gal) to perform a colorimetric assay with chlorophenol red-β-D-

galactopyranoside (CPRG) (Figure 2.2B). The PAD coupled with IMS demonstrated 

sensitive detection of S. typhimurium in media, and was also demonstrated in detecting 

S. typhimurium in inoculated bird feces samples. To show the PAD’s promise for onsite 

detection of contaminated food products, this method was also demonstrated in 

detecting S. typhimurium in inoculated whole milk.  

 

Figure 2.2 │ System for detecting S. typhimurium. (A) Schematic of selected approach 

for S. typhimurium. (B) S. typhimurium detection based on an enzymatic assay between 
β-gal and CPRG, resulting in chlorophenol red as a red-violet product. 
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Materials and Methods 

Materials and Reagents. Potassium chloride (KCl), potassium ferricyanide 

(K3Fe(CN)6), and Whatman #1 filter paper were purchased from Fisher Scientific 

(Fairlawn, NJ). Potassium ferrocyanide (K4Fe(CN)6) was purchased from Mallinckrodt 

Chemical Works (St. Louis, MO). Carbon ink and Graphite (<20-μm diameter) were 

purchased from Ercon (Warham, MA) and Sigma (St. Louis, MO) respectively. High-

purity silver ink was purchased from SPI Supplies (West Chester, PA). p-Aminophenol 

(PAP) was purchased from EMD Millipore (VWR, Billerica, MA). Sodium chloride (KCl), 

potassium phosphate monobasic (KH2PO4), potassium phosphate dibasic (K2HPO4), β-

galactosidase (β-gal), β-glucosidase, β-glucuronidase (β-glucr), p-nitrophenyl-β-D-

glucopyranoside (PNP-Gluco), and p-nitrophenyl-β-D-glucuronide (PNP-glucr) were 

purchased from Sigma. p-Nitrophenol (PNP) and p-nitrophenyl-β-D-galactopyranoside 

(PNP-gal) were purchased from TCI America (VWR, Portland, OR). o-Nitrophenol 

(ONP) and o-nitrophenyl-β-D-galactopyranoside (ONP-gal) were purchased from 

ACROS Organics™ (Thermo Fisher Scientific, Waltham, MA). p-Aminophenyl-β-D-

galactopyranoside (PAP-gal) was purchased from Biosynth (Itasca, IL). o-Nitrophenyl-β-

D-glucopyranoside (ONP-Gluco) was purchased from Alfa Aesar (VWR, Haverhill, MA).  

For the S. typhimurium assay, Dynabeads M-280 Tosylactivated (Product no. 

14203, Invitrogen) were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, 

USA). Anti-Salmonella typhimurium 0-4 antibody (mouse monoclonal [1E6] against 

lipopolysaccharides, Product no. ab 8274) was obtained from Abcam (Cambridge, MA, 

USA). Salmonella antibody, biotin conjugate (4-5 mg mL-1, Product no. PA1-73022, 

Invitrogen) and Streptavidin, β -galactosidase conjugate (Product no. S931, Life 
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Technologies) were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). 

The streptavidin, β -galactosidase conjugate was reconstituted in Milli Q water to a 

concentration of 2 mg mL-1 upon arrival. Chlorophenol Red- β -D-galactopyranoside 

(CPRG, Product no 59767) was obtained from Sigma-Aldrich (St. Louis, MO, USA).  

Device Fabrication. CorelDRAW software was used to design geometries for 

wax barriers. A wax printer was used to print wax designs onto the copy paper surface 

that was then melted through the paper using a hotplate at (150°C) for 60 s to form 

hydrophobic wax barriers (Figure 2.3). Packing tape was used to seal the back of the 

printed circles to form wells. Paper-based well plates consisted of 7 columns and 12 

rows for a total of 84 wells that were each 6-mm in diameter (inner) after melting and 

held 50 μL of total solution volume (Figure 2.3).  

For the devices to detect S. typhimurium, two formats of paper devices were 

employed: well-array35 and distance-based (referred to as “chemometer”)53 patterns. 

Both configurations were designed using CorelDRAW and fabricated on Whatman No. 4 

filter paper (GE Healthcare Life Sciences, NY, USA) using wax printing as described 

below. 

The design of well-array paper-based devices followed the layout from the 

previous work.35 These well arrays were 7-mm diameter circular wells with 4-pt line 

thickness. After printing the design using a wax printer (Xerox Colorqube 8870), devices 

were heated on a hot plate at 175 C for 50 s to melt the wax through the paper (Figure 

2.3), creating a hydrophobic barrier. Finally, the backs of the paper devices were taped 

with Scotch packing tape to control fluid flow and prevent leaking during the assay. 

Application of reagents and samples were performed on the front (wax-printed) side.  
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Figure 2.3 │ Fabrication schemes for wax printed paper-based well devices. 

 

The design and fabrication of distance-based paper devices or chemometers 

followed the process described previously.53 Device features containing a circular 

reservoir (6 mm diameter) and a straight channel (4 mm wide and 5.5 cm long) with 4-pt 

line thickness were generated using CorelDRAW software. A ruler was added parallel to 

the channel for easy reading of the distance of color development along the channel. 

The ruler design was first ink printed on the Whatman No. 4 filter paper to generate 

rulers for the chemometers, then wax printing was performed as above to create the 

remaining chemometer features. The ink-printed rulers are not affected by heating the 

devices on a hotplate. To prevent leaking and evaporation of reagents, the paper 

chemometers were thermally laminated at 110 C by passing the chemometers 

enveloped in Scotchthermal laminating pouches through an Apache AL13P thermal 

laminator. A 4 mm (internal diameter) hole was punched through the reservoir using a 4 

mm diameter disposable biopsy punch (Robbins Instruments, Inc., Chatham, NJ, USA). 

The back of the laminated chemometer was then taped with the Scotch shipping 

packing tape to allow reagent addition to the reservoir. 

Colorimetric Assay Detection. For quantification of colorimetric products, a 

“light box” and the camera of an iPhone 5S were used to capture images (Figure 2.4A). 
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The light box was fabricated by lining a square cardboard box (16 cm x 16 cm x 16 cm) 

with white copy paper and cutting a small opening (2 x 5 cm) at the top to accommodate 

the camera phone and flash. For each experiment, three samples of each reaction 

(replicate measurements) were placed in every other column (Figure 2.4B). The 

columns on each side of the samples contained DI water, which acted as lighting 

controls. Due to the inconsistent flash intensity across the device, the light controls were 

used to normalize the brightness to give more precise results. A white paper lining was 

used in the box to reflect and distribute light from the camera flash more evenly, and 

decrease the appearance of low lighting regions. Blank spot rows were further used to 

normalize lighting conditions.  

 

Figure 2.4 │ Scheme showing (A) the image capture process using a cellphone for the 

“light box” plate reading method and resulting (B) PNP calibration image labeled with 
blank and sample regions. 
 

Figure 2.5 shows the process of image analysis using NIH ImageJ software. 

First, the image was split into RGB color channels and the blue color channel was 

selected for optimal analysis of the yellow formed products. The channel was then 
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inverted, so that as color intensity due to product formation increased so did the 

measured mean grey intensity. The mean intensity of each spot test was measured, 

and normalized to a background lighting condition by subtracting the average mean 

intensity of the water spots on each side of the sample as shown in Figure 2.5.  

Colorimetric analysis for the devices to detect S. typhimurium was also carried 

out using NIH ImageJ, but instead of the blue channel, the green channel was selected 

and inverted before the grey color intensity was obtained. Light normalization was not 

used for S. typhimurium detection. For the assay on chemometers, the red-violet 

product (chlorophenol red) was wicked through the channel of the chemometer. Color 

development along the channel was proportional to the number of bacteria. For 

biosafety consideration, all assays on paper devices were carried out in covered petri 

dishes at BSL-2 containment. 

 
 

Figure 2.5 │ Background normalization process for (A) an example PNP calibration 

image, where (B) the blank spots are converted to an intensity unit and are shown 
shaded dark to light from highest to lowest intensity respectively. (C) The spots 
surrounding a sample spot are averaged to form an average background lighting 
condition for that sample to be subtracted from the measured sample intensity. 
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Preparation of Dynabeads® anti-Salmonella. The anti-Salmonella typhimurium 

0-4 antibody was covalently conjugated onto M-280 tosylactivated Dynabeads using 

the standard protocol from Invitrogen.54 Before antibody immobilization, the beads were 

washed using pre-washing buffer. Beads were vortexed for approximately 30 s or until a 

homogeneous suspension was obtained. A volume of 165 µL (5 mg) of the beads was 

pipetted into a 1.5 mL Eppendorf tube followed by adding 165 µL of pre-washing buffer. 

Beads were thoroughly mixed, then separated from solution using a magnet 

(DynaMag-2 Magnet, product no. 12321D, Thermo Fisher Scientific Inc., Waltham, 

MA, USA) for 1 min and the supernatant was discarded. The washing process was 

repeated once with the pre-washing buffer before immobilization. 

To covalently immobilize antibody onto the beads, 100 µg of antibody (for 5 mg 

beads) was recommended by the beads’ manufacturer. 50 µL of anti-Salmonella 

typhimurium 0-4 antibody (2 mg mL-1, 250 µg) was added to re-suspend the washed 

beads. Pre-washing buffer was also added to give a total volume of 150 µL, and 100 µL 

of coupling buffer was added to the beads mixture and thoroughly mixed on a rotator 

(RotoFlex, product no. R2000, Argos Technologies, Elgin, IL, USA) at 37 C for 12-18 h. 

The bead-antibody mixture was placed on the magnet for 1 min and the supernatant 

was discarded. 1 mL of washing buffer was added into the beads and the tube was 

incubated on the rotator at 37 C for 1 h, then the wash buffer was removed using the 

magnet as above. The beads were washed using 1 mL of storage buffer, vortexed for 5-

10 s, and the tube placed on the magnet to remove the supernatant. The washing step 

was performed twice. Finally, the beads immobilized with anti-Salmonella antibody were 
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re-suspended in storage buffer to a final bead concentration of 20 mg mL-1. The anti-

Salmonella magnetic beads were stored at 4 C for further use. 

FIB Enzymatic Assay Optimization. Enzymatic assay optimization was 

performed spectrophotometrically for ONP and PNP-producing reactions within 96-well 

plates and read using a microtiter plate reader (BioTek Synergy 2 Plate Reader). Each 

well contained a total reaction volume of 200 μL, and reactions were quenched by 

adding 0.5 M NaOH to the sample (0.25 M NaOH final concentration). Detection was 

completed under alkaline conditions to inactivate the enzyme, and ensure the product 

was in its anionic form for colorimetric detection. PNP and ONP are colorless below and 

yellow above their pKa values (pH 7.18 and 7.23 respectively). ONP and PNP 

production was detected at 400 nm. β-gal activity was detected using PNP-gal and 

ONP-gal. β-glucr activity was detected using PNP-glucr. β-gluco was detected using 

PNP-Gluco and ONP-Gluco. With each of these substrates, the carbohydrate moiety is 

cleaved off by the enzyme leaving either PNP or ONP as the product. The optimal 

reaction pH/buffer of each enzyme was determined using PCS buffer of pH 3 to 7.5 for 

β-gluco or PBS of pH 5.5 to 9 for both β-glucr and β-gal. Optimal pH for β-gal, β-glucr, 

and β-gluco were determined to be pH 7.5 PBS, pH 6.5 PBS, pH 5.5 PCS buffers 

respectively. 

Immunomagnetic Separation and Incubation. Immunomagnetic separation 

(IMS) was employed to isolate S. typhimurium from culture media, bird feces, or whole 

milk. The IMS process was performed using anti-Salmonella Dynabeads® that had 

been previously prepared. Subsequently, the bead-bacteria complex was conjugated to 
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β-gal through a biotin-streptavidin linkage. Both processes are schematically illustrated 

in Fig. 2. 

For IMS of bacteria, the anti-Salmonella magnetic beads were vortexed until a 

homogeneous suspension was obtained. Subsequently, 5 µL of the magnetic beads 

were pipetted into a 1.5 mL Eppendorf tube and 1 mL of bacteria suspension was 

added into the tube and mixed thoroughly by pipetting. The mixture was incubated on 

the rotator at room temperature for 15 min. Next, the tube was placed in the magnet for 

1 min before carefully removing the supernatant without disturbing the pellet of IMS 

beads attached on the side wall of the tube. 

Anti-Salmonella biotin conjugated antibody (Ab-biotin) was diluted to 0.02 mg mL-

1 in phosphate buffered saline (PBS) pH 7.4. 100 µL of the diluted Ab-biotin (~2.0 µg) 

was added to the bead-bacteria complex from the IMS process and incubated on the 

rotator at room temperature for 20 min. The tube was then placed onto the magnet to 

remove the supernatant and washed twice using washing buffer (PBS Tween). 100 µL 

of streptavidin/ β-galactosidase conjugate (strep-β-gal), diluted at 1:1,000 v/v in PBS, 

was then pipetted into the bead-bacteria complex. This corresponded to a concentration 

of approximately 0.2 µg for strep-β-gal. The mixture was incubated on the rotator at 

room temperature for 10 min, placed onto the magnet to remove the supernatant, 

washed twice to remove unbound strep-β-gal, and re-suspended in 100 µL PBS. The β-

gal-labeled bacteria were detected with CPRG on paper devices as described below.  

Determining Capture and Retention Efficiency.  The capture efficiency of the 

anti-Salmonella magnetic beads for Salmonella was considered using initial bacteria 

concentrations of 102, 103, 104 and 105 CFU mL-1. After the IMS process the bead-
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bacteria complex pellet was re-suspended in 100 µL PBS. High-concentration samples 

were diluted to have final concentrations of approximately 101 and 102 CFU mL-1 before 

using 10 µL of the final suspension to spread onto DifcoTM nutrient broth agar plates. 

Colonies on the plates were counted after incubation for 24 h at 37 C. The number of 

colonies before (nbefore IMS) and after (nafter IMS) IMS were compared to calculate the 

capture efficiency using the equation below; 

   Capture efficiency (%) =  

 

The number of bacteria before the IMS (nbefore IMS) was obtained from plating 100 

µL of 101, 102, and 103 CFU mL-1 bacteria suspension on the agar plates before starting 

the IMS process. The number of colonies on each plate was averaged to determine an 

estimate of the initial bacteria concentration. 

The same bacteria concentrations used to investigate the capture efficiency were 

used to evaluate retention efficiency. After bacteria capture using the IMS procedure, 

the coupling process was performed as previously described. The suspension of the 

bead-bacteria-β-gal complex was diluted in PBS to final concentrations of 101 and 102 

CFU mL-1 before using 10 µL for plating on the nutrient broth agar plates. After 24 h 

incubation at 37 C, colonies on the plates were counted as the number of bacteria after 

the coupling process (nafter coupling) which was compared with before the coupling step 

(nbefore coupling which was equal to the number of bacteria after the IMS, nafter IMS). The 

retention efficiency was determined using the equation below; 

 

100
IMS before

IMSafter 
n

n
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Retention efficiency (%) =  

 

FIC Bacteria Detection. The bacterial strains included; pathogenic Escherichia 

coli O157:H7 PTVS016 (lettuce-associated outbreak isolate obtained from human 

feces) and E. coli O157:H7 PTVS087 (lettuce isolate possibly linked to an outbreak); 

Enterococcus faecalis BB1172 and E. faecium BB498 (wild-type strains isolated from 

concentrated animal feeding operations); as well as nonpathogenic E. coli P14 (ATCC 

BA-1430) and E. coli P68 (ATCC BA-1431) originating from cattle hides. Probe 

sonication was compared to chemical lysing using an optimal 20 s for cell lysing and a 

50:50 solution of 10% chloroform and 0.005% SDS for chemical lysing prior to 

performing enzymatic assays. Detection of low concentrations of pure bacterial cultures 

was conducted using dilutions of pure cultures at stationary phase (18-24 h old) 

incubated in media with 1 mL aliquots taken for enzymatic assay testing.  

Salmonella Strains and Culture Conditions. The bacterial strains used in this 

work were Salmonella enterica serovar Typhimurium (ATCC 14028, product no. 

0363P) purchased from Microbiologics (St. Cloud, MN, USA) and DH5a Escherichia coli 

were purchased from Thermo Fisher Scientific. Both strains were grown in Difco 

Nutrient Broth (Product no. 234000, BD, Sparks, MD, USA) at 37 C with gently shaking 

at 125 RPM for 16 h. Serial dilutions of bacteria suspension were prepared in the range 

from 102 to 108 CFU mL-1 in nutrient broth. The exact bacteria concentration was 

quantified by plating 100 µL of 102 and 103 CFU mL-1 dilutions onto Difco Nutrient 

agar plates (Product no. 213000, BD, Sparks, MD, USA). The plates were incubated at 

100
coupling before

couplingafter 


n

n
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37 C for 24 h before counting the colonies. All experiments with bacteria in this work 

were performed in a biosafety level 2 (BSL-2) laboratory. 

Detecting FIB in Food and Water Samples. Alfalfa sprouts were purchased 

from Whole Foods and unfiltered water was obtained from Colorado State University’s 

Lagoon (Latitude: 40.57566, Longitude: -105.08631, Elevation: 1523 meters, Date: 

02/08/2016, Outdoor temperature: -1.7°C) and both were stored in the refrigerator at 

4°C overnight (10 h) prior to testing. Inoculated water and sprout samples contained 2.3 

x 102 and 3.1 x 101 CFU g-1 of E. coli and E. faecalis, respectively. For food samples 

and water samples, 10 g or 10 mL of sample (inoculated or uninoculated control) alfalfa 

sprouts or lagoon water, respectively, were mixed with 90 mL of BHI media. Sprout-

media mixtures were placed in a stomacher mixer for 1 min to mix/wash the sprouts. 

Water-media solutions were hand mixed to ensure a homogeneity. All samples were 

incubated in a 37°C shaker incubator with shaking at 100 RPM, sampled at set time 

intervals, and then sonicated (1 mL for 30 s at 5 W). Assays were reacted in centrifuge 

tubes with 250 μL of sonicated sample, and 250 μL of substrate and buffer. After 1 h, 

250 μL of 0.5 M NaOH in 0.4 M KCl was added to stop the reaction and the final 

solution was analyzed for both colorimetric and electrochemical measurements. Spread 

plating following serial dilutions was performed to determine inoculum levels in CFU/mL. 

S. typhimurium Detection in Bird Fecal Samples. Bird fecal samples were 

obtained from captive Starling birds maintained by the National Wildlife Research 

Center, a division of the United States Department of Agriculture located in Fort Collins, 

Colorado, United States. Samples were collected and kept on ice or in a 4 °C 

refrigerator until testing. To perform IMS on bird feces samples, ~0.10 g fecal samples 
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were weighed in Eppendorf tubes and 1 mL of Difco nutrient broth was added to the 

samples. The sample suspensions were vortexed for 30 s to break up the sample matrix 

and allow for separation of bacteria from the particulates. For inoculated fecal samples, 

at this point in the procedure, 10 µL of bacteria concentrations ranging from 102 CFU 

mL-1 to 108 CFU mL-1 were added to the suspensions and vortexed for an additional 15 

s. For fecal samples without inoculation, this step was omitted. To observe the 

microorganism load in the fecal samples before immunomagnetic separation of 

Salmonella, 10 µL of each sample suspension was plated onto BBLxylose lysine 

deoxycholate (XLD) agar plates (BD, Sparks, MD, USA) and labeled as “before IMS”. 5 

µL of the anti-Salmonella magnetic beads was added into the samples, vortexed for 5-

10 s, and then immediately placed on the rotator to avoid fecal matter settling. After 

incubation for 15 min on the rotator, the samples were vortexed immediately before 

placing on the magnet to separate the bead-bacteria complex from the matrix. After 

placing the tubes on the magnet for 2 min, unbound particulate matter was removed 

using 1 mL pipette tips with the first 5 mm cut off to allow the pipette to remove fecal 

matter from the tubes without clogging the pipette tip. The beads were washed twice 

with 500 µL of 1x PBS pH 7.4 before re-suspending the beads in 100 µL of Ab-biotin 

(0.02 mg mL-1). The remainder of the IMS procedure was completed using the steps 

and incubation times optimized for detecting Salmonella in media. At the end of the IMS 

procedure, 10 µL was plated on XLD agar and labeled as “after IMS” to compare to the 

“before IMS” plates. Finally, 10 µL of re-suspended beads was used to perform the 

assay with CPRG as previously described. For quantitative determination of Salmonella 
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in the sample, the color intensity of the sample spots was compared with that of 

standard solutions of known amounts of bacteria. 

Assessment of Beads Lost to Sample Matrix. To determine if beads were lost 

in the sample matrix, Ab-biotin was directly conjugated to tosyl-activated Dynabeads®. 

The coupling process was the same as previously described. The antibody-conjugated 

beads were added directly to either media or bird fecal samples. Samples were 

incubated with the beads for 15 min on a rotator to replicate the first steps of the IMS 

procedure. After media or fecal matter was removed from the beads and washed, the 

beads were incubated with strep-β-gal for 10 min. After incubation, the beads were 

washed twice with washing buffer (PBS Tween), re-suspended in PBS, followed by the 

enzymatic assay with CPRG on paper devices as previously described.  

Analysis of Milk Samples. King Soopers City Market branded organic whole 

pasteurized milk was purchased from King Soopers in Fort Collins, Colorado, United 

States, on 05/31/2017. Milk was warmed to room temperature before diluting S. 

typhimurium in the sample matrix in 10-fold dilutions resulting in concentrations ranging 

from 101-107 CFU mL-1. The IMS procedure and sandwich immunoassay was carried 

out as previously described for media. After re-suspending the beads in 100 µL of 1x 

PBS, 10 µL of the beads was reacted with 10 µL of CPRG for 30 min before analyzing 

as previously described. 

 

Results and Discussion 

Colorimetric Detection Optimization. Similar to previously described work that 

used a flat-bed scanner for reading 96-well plates,55 we developed a simple and 
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inexpensive detection scheme to take the place of a plate reader for paper-based 

detection. A cell phone camera was used to both image and wirelessly send results for 

analysis, which allowed for measurements to be taken as a function of time (Figure 2.4). 

The method is an improvement to our previously described method for bacteria 

detection, where results were only acquired using a desktop scanner once the device 

dried.41,56,57 We also studied the use of standards on either side of each spot test to 

normalize the background lighting and solution conditions. Figures 2.4 and 2.5 show the 

process of image analysis and normalization. Using the light box and background 

normalization method, the detection limit for ONP was decreased from 151 μM to 81 μM 

for ONP (Figure 2.6) and from 260 μM to 119 μM for PNP detection. Figure 2.6 shows 

the decrease in average relative standard deviations with normalization from 28% to 

9.2% over the linear range (0.1-1 mM). While the detection limit is higher than that of a 

plate reader (4.4 μM and 9.6 μM for ONP and PNP, respectively), the portability is 

improved and cost is significantly reduced. Part of the increase in detection limit is due 

to the decrease in path length on paper when compared to the plate reader. While the 

electrochemical detection of PNP has been reported using ePADs,58 to the best of our 

knowledge only the colorimetric detection of PNP and not ONP has been reported with 

PADs.59 Murdock et al used alkaline phosphatase as a tag in enzyme-linked 

immunosorbent assays (ELISAs) in paper-based wells to react with p-nitrophenyl 

phosphate (PNPP) and form PNP. While similar, this method only calibrated a dried, 

end-point color intensity with respect to antigen concentration.  
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Figure 2.6 │ Measured average grey intensity for ONP calibration in paper-based wells 

with and without background lighting normalization. (n=3) 
 

Enzyme Detection Optimization. Once optimal electrochemical and colorimetric 

parameters were established for each reaction, enzymatic conditions were optimized. 

Each enzymatic reaction was optimized using pure enzyme dilutions. Optimal pH 

conditions for the highest activity were achieved for β-gluco in pH 5.5 Phosphate-citrate 

buffer (Figure 2.7A) β-gal in pH 7.5 PBS (Figure 2.7B), β-glucr in pH 6.5 PBS. Optimal 

substrate concentrations for 1 U/mL of enzyme (representative of a high concentration 

of bacteria) were determined by varying substrate concentrations. With E. coli enzymes, 

peak signal response was reached for β-gal at 2.5 mM for ONP-gal and PNP-gal 

substrates, while β-glucr peaked at 2 mM PNP-glucr (Figure 2.8A). Enterococcus spp. 

enzyme β-gluco provided a maximum signal at 7.5 mM for PNP-gluco and 10 mM for 

ONP-gluco (Figure 2.8B). All reactions developed the highest color change after 1 hr 

with the exception of ONP-gal and ONP-gluco both of which peak in signal within 10 
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min (Figure 2.8B). Beyond 1 hr, evaporation from the paper-based wells began to 

significantly change signal response. 

 

Figure 2.7 │ Optimal pH measurements for (A) ONP-gluco and PNP-gluco reacted with 

β-gluco in PCS buffer, and (B) ONP-gal and PNP-gal reacted with β-gal in PBS buffer. 
(n=3) 
 

 

Figure 2.8 │ Measured average grey intensity results of enzymatically formed product 

(A) PNP and (B) ONP from varying concentrations of substrate PNP-Glucr and ONP-
Gluco respectively. Enzymes for ONP-Gluco and PNP-Glucr are β-gluco and β-glucr 
respectively. (n=3) 

 

Detection limits for each enzyme/substrate pair were conducted using optimal 

substrate concentrations. Enzyme LODs obtained for PNP-gluco (0.2 µg/mL), ONP-
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gluco (2 µg/mL), PNP-glucr (7 µg/mL), PNP-gal and ONP-gal were both 1.5 µg/mL. 

Differences in LOD and optimal substrate concentrations for the same enzyme but 

different substrates are a result of substrate affinity and possible feedback inhibition 

effects.60 The high relative detection limit for PNP-glucr is probably due to substrate 

inhibition, which occurs in approximately 20% of enzymes.61 While most substrate 

optimization curves were logarithmic, the signal for PNP-glucr (Figure 2.8A) decreased 

above 2 mM until almost no activity measured at 10 mM. When testing PNP-glucr with 

bacteria, it also gave the lowest signal, which could also be indicative of substrate 

inhibition or lower β-glucr expression. 

PNP vs. ONP Substrates. A comparison between the use of PNP and ONP 

substrates for β-gluco found that PNP-gluco produced a significantly higher signal than 

ONP-gluco (Figure 2.8). As such, ONP-gluco was not used in the final experiments 

involving Enterococcus spp. For β-gal, ONP-gal reacted faster than PNP-gal, however, 

over longer reaction times, PNP-gal provided a higher signal on the plate reader and 

paper. Because ONP and PNP demonstrate similar molar absorptivity, this is likely due 

to increased reaction efficiency with β-gal and PNP-gal compared with ONP-gal. 

An interesting phenomenon occurred when ONP assays reacted in the paper-

based wells for more than 10 min. A noticeable decrease in signal occurred within the 

sample wells, while simultaneously the light control spots and surrounding paper began 

to turn yellow. This phenomenon was not observed within the deeper wells of the plate 

reader or for PNP assays on paper. This was determined to be due to the higher vapor 

pressure of ONP (12 Pa) relative to the vapor pressure of PNP (0.32 Pa) resulting in 

gas phase transfer between spots.62 The higher vapor pressure is in part due to the 
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ortho- position of the hydroxyl group, which causes ONP to form intramolecular 

hydrogen bonding, and decreases intermolecular hydrogen bonding, contributing to its 

volatility. Because of ONP’s comparatively high volatility, it would not be practical to 

react ONP in open PAD devices. When detecting bacteria, therefore, the reactions were 

completed in microfuge tubes before being quantified on paper so ONP could be used 

to detect bacteria. 

Bacterial Detection. Given the need to enrich bacteria after sampling to verify 

cell viability, we next considered the impact of growth media on both colorimetric and 

electrochemical signals. We first studied removing culture media and resuspending cells 

in buffer to remove the colored background and potential electrochemical interferences 

as well as provide a simple preconcentration step. Figure 2.9A shows the colorimetric 

detection of PNP-gluco with resuspension of cells after media removal. It was found, 

however that keeping the cells in their original media gave higher colorimetric signals 

than centrifuging and re-suspending cells in buffer (Figure 2.9B). This is due to either 

loss of secreted enzymes during centrifuging, or possibly the natural release and 

buildup of enzyme within the media due to cell death and apoptosis over time before 

centrifuging. Therefore, when removing the media, enzymes were removed as well, 

decreasing enzymatic activity and product turnover. In an attempt to regain enzymatic 

activity, we explored chemical and probe sonication-based lysing methods that we have 

previously shown enhanced detection.41 20 s of probe sonication provided the highest 

intensity signal over no lysing for the majority of bacteria species detected (Figure 

2.9C). Chemical lysing, however, resulted in no assay response, likely due to the 

enzyme denaturation by the chloroform or SDS. While sonication with media removal is 
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a viable option for measuring enzyme activity within cells, the current study utilized the 

direct sonication and detection of bacteria within media due to its simpler preparation 

and higher signal.  

 

Figure 2.9 │ Showing (A) electrochemical and colorimetric response of centrifuged and 

resuspending E. faecalis incubated for 2 hr with PNP-gluco substrate and (B) 
comparison of the same strain and reaction in media vs. centrifuged with increasing 
concentrations and decreasing assay time. (C) Comparison of 20 s of sonication for all 
tested bacteria strains with their corresponding PNP cubstrates for β-gal for E. coli and 
β-gluco for enterococci (n=3). Controls include reaction well without bacteria present.  
 

Bacterial strains used as indicators of fecal contamination in food and water, E. 

coli and Enterococcus spp. were tested from pure cultures to assess assay 

performance and time to detection for low concentrations. For colorimetric detection, 

none of the bacterial strains tested developed signals at 4 h, which is not surprising 

given the low starting concentrations of bacteria, but all 101 CFU mL-1 dilutions 

produced signals by 8 h (Figure 2.10). By 12 h, a maximum signal had been obtained 
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for all bacterial strains and dilutions, except for detection of PNP-gluco for E. faecium 

and E. coli PTVS087, both of which generated maximum signal at 18 h. However, as 

discussed below, a decrease was seen in the colorimetric Enterococcus spp. assays at 

24 h. The assay results for PNP-glucr detection were omitted, because these 

pathogenic strains are negative for β-glucr production and all time points were negative. 

Because of these results, using this assay has been demonstrated as an option to 

identify pathogenic strains of E. coli O157:H7. It was determined that ONP substrates 

provided higher signals than PNP substrates for colorimetric detection. 

 

Figure 2.10 │ Heat map showing average (n = 3) measured colorimetric normalized 

mean intensity detection of PNP and ONP production from enzymatic assays measured 
after 1 hr of reaction. Each strain was tested for three dilutions at low concentrations 
(CFU mL-1), cultured, and measured with pre-enrichment culture time (– indicates 
signals below the detection limit). 
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Food and water sample testing. Detection of foodborne pathogens requires a 

sampling and culture technique appropriate for the manner of contamination that might 

occur. Our lab’s previous studies used a swabbing technique to detect surface 

contamination on ready-to-eat and butcher meats.63,64 However, for large surface area 

foods such as leafy greens, a washing/mixing technique is preferable, as was previously 

demonstrated for bacterial detection from spinach leaves.63 Raw sprouts were 

inoculated with a generic E.coli species (P14) and Enterococcus faecalis to simulate 

contaminated food, and sampled using a washing/mixing approach. Figure 2.11 shows 

the resulting colorimetric detection of cultured sprouts as a function of time. For both 

detection methods there was not a significant difference between raw and inoculated 

sprouts except for colorimetric detection of β-gal activity at 4, 18 and 24 h in which there 

is a slightly higher intensity signal for the inoculated sprout samples. Without 

inoculation, the sprouts contained 1.5 x 109 CFU g-1 of bacteria, as verified by culture 

methods (spread plating). The lack of differences between control and inoculated sprout 

samples is probably due to the very high initial concentration of bacteria, where, except 

at initial time points, the enzyme assays quickly reached a saturation point. Our device 

did not find β-glucr activity in the raw or inoculated sprouts. This high initial 

concentration could also have inhibited enzyme production or cell growth of the 

inoculated β-glucr expressing bacteria, which can occur with mixed bacterial growth due 

to competitive behavior and cellular signaling responses.65 While β-glucr was negative, 

all β-gal assays achieved positive signal within 4 h, emphasizing the need for multiple 

assays when determining FIB contamination.  
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For model irrigation water sample detection, no signal was obtained with lagoon 

water samples without inoculation (Figure 2.11). The lagoon water had a significantly 

lower bacterial concentration at 2.9 x 102 CFU mL-1 when compared to sprouts. In this 

case, the species of bacteria present probably did not express the target enzymes 

employed, and were therefore probably not FIB as concentrations were low enough that 

inhibition effects are significantly less likely. Inoculated bacteria were detected by all 

assays within 8 h. Due to the low concentrations of bacteria found in water (<102 CFU 

mL-1), filtration steps are usually taken to reduce analysis and culture time while 

improving detection limits.66  

 

Figure 2.11 │ Colorimetric measured mean gray intensity for inoculated (I) and control 

(C) sprout and water samples measured with increasing pre-enrichment culture time. 
Assay time 1 hr. (– indicates signals below the detection limit (n = 3)). 

 

Starting at 12 h, the colorimetric signal for all sprout sample assays decreased. 

This behavior was also seen in inoculated water samples, where a decrease in all 
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assays except ONP-gal, starting at 18 h for PNP-gal, and 12 h for both PNP-gluco and 

PNP-glucr. This decrease in signal was also measured at 24 h for all assays except 

PNP-glucr, which occurred at 18 h. We have two hypotheses to why this is occurring. 

The first could be associated with changes in pH of the media or other interfering 

metabolites being produced by the bacteria over time. Measured changes in cell culture 

for all strains grown from ~105 CFU mL-1 went from pH 7.5 to 5.5 after 12 h While both 

Enterococcus strains remained relatively low at ~pH 6, the E. coli strains increased back 

up to ~pH 7. This could affect enzymatic reaction rates and possibly measured assay 

intensities. The second hypothesis could be that the phenomenon is associated with cell 

growth and the expression of enzymes.  

Using IMS and an Immunoassay for S. typhimurium Detection. While the 

above method is excellent for pan-detection of FIB, the method does suffer from the 

necessity to culture the bacteria in order to reach detectable concentrations. Therefore, 

we also demonstrated specific and sensitive detection of S. typhimurium using IMS 

coupled with a sandwich immunoassay for faster results. Detection of S. typhimurium 

was also based on an enzymatic assay using β-gal as the reporter enzyme and 

chlorophenol red-β-d-galactopyranoside (CPRG) as a substrate, which turns from 

yellow to red upon enzyme cleavage instead of clear to yellow. It was reported 

previously that β-gal has a relatively low limit of detection of 0.01  0.01 µg mL-1 when 

reacting with CPRG,35 making it ideal for detection of S. typhimurium. Because S. 

typhimurium bacteria do not naturally produce β-gal like E. coli, we developed a two-

step assay to detect bacteria that consists of (i) incubating bacteria with a biotinylated 

anti-Salmonella antibody (Ab-biotin) and (ii) incubating bacteria with β-gal conjugated 
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streptavidin (strep-β-gal) and colorimetric detection of β-gal retention with CPRG. A 

schematic of the S. typhimurium detection approach is presented in Figure 2.2 and the 

step-by-step IMS process is in Figure 2.12. 

 

Figure 2.12 │ Schematic diagram illustrating the process for detection of S. 

typhimurium, which is based on immunomagnetic separation (15 min), enzyme 
conjugation (20 min for Ab-biotin and 10 min for strep-β-gal), and the enzymatic assay 
between β-gal and CPRG (30 min).  

 

Before the incubation with Ab-biotin and strep-β-gal, IMS was performed to 

isolate S. typhimurium from the sample matrix. A S. typhimurium antibody, directed 

against lipopolysaccharides (LPS) on the exterior of the bacteria, was immobilized onto 

the magnetic bead surface to capture intact S. typhimurium bacteria from the samples. 

In addition to separation from the sample matrix, the IMS process was used for pre-

concentrating the bacteria to enhance sensitivity of the assay. A second S. typhimurium 

antibody against “O” and “H” antigens of S. typhimurium conjugated with biotin was 

incubated with the bead-bacteria complex. For the final step of the assay, the bead-
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bacteria complex with biotinylated antibody was incubated with the strep-β-gal 

conjugate. Finally, β-gal labeled bacteria were detected with CPRG on paper devices. 

The β-gal on the bacteria complex catalyzed the hydrolysis of CPRG into chlorophenol 

red (Figure 2.2B), which is a red-violet product. Development of a red color in the assay 

indicated the presence of S. typhimurium. If S. typhimurium was not present in the 

sample, then biotinylated antibody and strep-β-gal will have been removed during 

washing steps and the assay would stay yellow. 

Optimized Assay and Sensor LOD. The limit of detection for this approach was 

determined, as shown in Figure 2.13A. The proposed system detected S. typhimurium 

at concentrations as low as 100 CFU mL-1, a full six orders of magnitude lower than our 

approach to detect FIB. E. coli was also applied to investigate the selectivity of the 

proposed approach. As seen in Figure 2.13A, E. coli only showed a positive result at a 

relatively high concentration of 107 CFU mL-1 with signal intensity equal to the intensity 

of only 100 CFU mL-1 of S. typhimurium. Normally, E. coli can produce intracellular β-

gal; however, the result showing a relatively low signal of 107 CFU mL-1 E. coli implied 

that the enzyme is not secreted and is not detectable with CPRG in intact organisms. 

The slightly positive result from 107 CFU mL-1 of E. coli could be due to non-specific 

binding of the anti-Salmonella antibody. However, non-specific signals only occurred at 

an extremely high concentration of E. coli, therefore should not be a concern for real-

world samples. 

Chemometers were implemented for detection of S. typhimurium, as shown in 

Figure 2.13B, to provide instrument-free CPRG signal quantification. At a high 

concentration of bacteria (104-106 CFU mL-1), color development was not significantly 
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different, likely due to assay saturation. However, for 102-104 S. typhimurium, the 

distances that color developed along the channels were proportional to the bacteria 

concentration. The chemometer also showed a detection limit of 100 CFU mL-1 for S. 

typhimurium detection. Compared with spot tests on the well-array paper devices, 

performing the assay on chemometers is more convenient for users because the signal 

can be read directly on the device without image capture and computer analysis. 

However, well-array paper devices are slightly easier, faster, and more convenient for 

fabrication and preliminary testing. 

 

Figure 2.13 │ Assay detection limit and specificity using the optimized incubation times 

and demonstrated on two different PADs: (A) well-array devices and (B) chemometers.  
 

Results obtained from both formats of paper devices confirmed that detection of 

S. typhimurium using the proposed system was achieved at as low as 100 CFU mL-1, 

with analysis time of 75 min and an additional 10-15 min for washing steps. The 
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analysis time for the entire procedure should be within 90 min without any requirement 

for complex instruments and culture enrichment steps for bacteria incubation. 

Therefore, the proposed approach has shown its ability as an alternative to culturing to 

be a sensitive, easy, rapid, instrument-free, reliable, and portable method for detection 

of S. typhimurium and could be an ideal platform for on-site analysis, especially in 

chemometer format. 

Capture and Retention Efficiencies. To determine how efficient the anti-

Salmonella magnetic beads captured bacteria in solution, the capture efficiencies were 

calculated. This was determined by comparing the S. typhimurium concentration pulled 

down with anti-Salmonella magnetic beads with the original concentrations of S. 

typhimurium (ranging from 102-105 CFU mL-1). The calculated capture efficiencies 

ranged from 8.84-21.3%, decreasing as bacteria concentration increased (Table 2.1). 

This is likely due to bead concentration remaining constant as bacteria concentration 

increases, therefore fewer bacteria are captured by beads. Because the magnetic 

beads are smaller than the bacteria, more bacteria in the solution could also lead to 

steric hindrance, making it harder for bacteria to bind to the antibodies.  

 

Table 2.1 │ Determining the anti-Salmonella conjugated Dynabeads efficiency to 

capture S. typhimurium in solution and retain the captured bacteria throughout the IMS 
process. 
  

Bacteria Concentration 
(CFU mL-1) 

Capture Efficiency Retention Efficiency 

2.3 x 105 8.84% ± 5.1% 114 ± 57.4% 

2.3 x 104 11.1% ± 4.9% 196% ± 130% 

2.3 x 103 20.2% ± 10.8% 115% ± 70.5% 

2.3 x 102 21.3% ± 10.3% 12% ± 23.1% 
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These capture efficiencies are lower than expected as literature citing the use of 

polyclonal antibodies conjugated to tosyl-activated Dynabeads® for immunomagnetic 

separation reports ~40% capture efficiency for 103 CFU mL-1 of Mycobacterium avium 

subsp. Paratuberculosis.67 However, different antibodies will have different binding 

affinities, which can impact capture efficiencies, and the authors reported using a higher 

volume of beads. In addition, mycobacteria are much smaller than Salmonella bacteria, 

so more could potentially bind to the beads. The large standard deviations are likely due 

to the error associated with plating lower concentrations of bacteria. Moreover, pipetting 

variability could also be an issue because bacteria are not necessarily evenly distributed 

throughout the media. This caused variation in the number of bacteria pipetted and 

rendered quantification of small concentrations of bacteria inaccurate. This error could 

also explain why retention efficiencies were on average >100% with one of the values at 

13% and the other three concentrations resulting in well over 100% efficiency. This 

mostly consistent >100% efficiency could also be due to possible bacteria enumeration 

during the IMS procedure. Although the capture efficiencies can likely be improved, 

retention efficiencies are high which indicates that few bacteria are lost throughout the 

IMS procedure after initial capture. Increasing the capture efficiency using demonstrated 

techniques will be the subject of future studies. One possible factor could be further 

studied to improve the capture efficiency is the volume of beads used for bacteria 

capture. However, this should be compromised between the capture efficiency and the 

background signal possibly arising from non-specific binding of the reagents used for 

the sandwich assay and due to Dynabeads® color being similar to chlorophenol red, our 

detectable product. Grant and coworkers also investigated how different antibodies and 
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magnetic beads increase capture efficiency of their final IMS assay,67 something that 

can be done as future work to ultimately achieve a more sensitive assay.  

S. typhimurium Detection in Bird Feces. After optimizing the IMS procedure in 

media, the method was used with bird feces to demonstrate this assay could be used to 

accurately detect S. typhimurium in animal samples. Fecal samples were collected from 

Starling birds maintained by the National Wildlife Research Center, a division of the 

United States Department of Agriculture located in Fort Collins, Colorado, United 

States. First, it was determined whether the same sensitive LOD would transfer from 

media to fecal samples despite a complex matrix. 0.1 g of fecal sample was inoculated 

with different concentrations of S. typhimurium before completing the IMS procedure as 

optimized in media. Final bacteria concentrations in the fecal matrix ranged from 101-

107 CFU g-1. To compare bacteria composition of the sample from before the IMS 

procedure to after, 10 µL of sample was plated on an XLD agar plate before and after 

the IMS procedure for comparison. The LOD of S. typhimurium in bird fecal samples 

was significantly higher than in media at 105 CFU g-1 (Figure 2.14A). This higher LOD 

could be due to several factors. Because bird feces are a complex matrix, there could 

be numerous components that affect specificity of antibodies, reducing bacteria binding. 

For example, high acidic levels in bird feces could decrease binding efficiency of the 

antibody to the antigen.68 Solid matter in the solution could also affect the beads’ ability 

to access bacteria in the sample. Lastly, it was observed that the number of beads 

retrieved from fecal samples varied qualitatively, indicating that beads were likely 

getting caught in matrix and not adequately recovered by the magnet. When using IMS 

on fecal samples that had not been inoculated, one slightly positive result was obtained 



63 
 

(Figure 2.14B). However, this result was not confirmed on XLD agar plates. All other 

fecal samples showed a negative result, and these negatives were confirmed on XLD 

agar plates. Therefore, of the 10 non-inoculated fecal samples, there was one possible 

false positive, and no false negatives.  

 

Figure 2.14 │ Detecting S. typhimurium in bird fecal samples (A) The LOD of S. 

typhimurium in inoculated bird fecal samples is 105 CFU g-1, compared to 100 CFU mL-1 
in solution. (B) Detecting S. typhimurium in noninoculated bird feces samples yielded 
one slightly false positive that was not confirmed via traditional plating methods.  
 

To confirm whether beads were lost in the sample matrix, Ab-biotin modified 

beads were added to fecal samples and allowed to incubate on the rotator like 

traditional IMS. After removing all fecal matter from the solution, Strep-β-gal was 
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conjugated to the biotin and then reconstituted in PBS before reacting with CPRG. 

Therefore, unlike traditional IMS, regardless of bacteria present in the sample, the 

beads should react with CPRG if present in the final solution. Fecal samples were 

placed on the magnet for 1, 3, and 5 min to determine whether extended time would 

result in improved bead recovery (Figure 2.15). Extended time on the magnet does not 

appear to assist with bead recovery, and as observed, significant variation was 

observed in beads lost in the sample matrix when compared to beads in media. There is 

still the possibility of sample matrix conditions affecting the antibodies conjugated to 

Dynabeads®, and this will be the subject of future research. 

 

Figure 2.15 │ Determining beads lost in fecal sample matrix. While separating beads 

from sample matrix, different samples were left on the magnet for 1, 3, and 5 min to 
determine whether extended times on magnet extracted more beads. 
 

While the LOD is not as low in fecal samples, IMS has demonstrated in 

inoculated bird fecal samples the ability to selectively purify S. typhimurium from other 

bacteria species present in the sample (Figure 2.16). S. typhimurium presence is 
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indicated on XLD plates by black colonies while other bacteria species are yellow. 

Although no S. typhimurium was detected in fecal samples without inoculation, no other 

bacterial species grew on the “after IMS” agar plates. This indicates that the beads were 

specific to S. typhimurium and would not adhere to other bacterial species, resulting in 

no bacteria after the IMS procedure if S. typhimurium is not present.  

 

Figure 2.16 │ Purifying S. typhimurium from other bacteria. S. typhimurium presence is 

indicated by black colonies while other bacteria species are yellow. 
 

S. typhimurium Detection in Milk. To demonstrate the onsite food safety 

potential of this method, S. typhimurium detection was verified in pasteurized whole 

milk. Utilizing the optimized incubation times and concentrations demonstrated in 

media, the detection limit of S. typhimurium in whole milk was 103 CFU mL-1 (Figure 

2.17). While lower than bird feces, this detection limit is still an order of magnitude 

higher than media. Although not as complex as feces, milk is still a very complex matrix 

with solids comprising over 10% of the matrix composition, including numerous proteins, 

fat globules, and lactose.69 Any of these solids could affect the specificity of the 

antibodies during capture, thus raising the detection limit. A capture efficiency study was 
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not conducted in any other sample matrix other than media, but will be the subject of 

future research to determine how different sample conditions affect antibody capture. 

This detection limit should still be efficient in determining whether whole milk has been 

contaminated by bacteria, and shows promise as a quick and accurate detection 

method for infield food safety measurements.  

 

Figure 2.17 │ Detecting S. typhimurium was demonstrated in whole milk for food safety 

applications where the detection limit was 103 CFU mL-1. 
 

Conclusions 

Herein, we have developed procedures for the detection of FIB bacteria and S. 

typhimurium using colorimetric detection within paper-based devices. The first devices 

successfully measured the presence of FIB using enzyme activity in sprouts and water 

samples. Although the method still required culture for bacteria enumeration, we could 

detect low concentrations (100 or 101 CFU mL-1) of FIB within 8 hr, compared to several 

days for traditional methods. One way to improve detection limits for this assay is to use 

inducers to increase enzyme expression in cultured cells.52 Isopropyl-β-D-

thiogalactopranoside (IPTG) and methyl-β-D-glucuronide (MetGlu) have been used to 
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induce β-Gal and β-glucr expression respectively. Further optimization of colorimetric 

assays and their detection platforms would provide improved detection of food and 

water bacterial contamination. 

Combining PADs with IMS has also been demonstrated for simple, rapid and 

sensitive detection of S. typhimurium without the culture enumeration required for the 

first set of devices. A sandwich immunoassay was applied to directly detect S. 

typhimurium in the sample, with the retention of β-gal on the beads and colorimetric 

conversion of CPRG to chlorophenyl red as a sensitive detection modality. The 

detectable level of S. typhimurium was found to be 102 CFU mL-1 in pure culturing 

solution within 90 min. In addition, the proposed approach was confirmed to be highly 

selective with S. typhimurium without any interference from E. coli. Chemometers were 

also used for detection of S. typhimurium and showed the same detection limit as the 

well-array paper devices, providing a more user-friendly device where image processing 

was not required. IMS was also demonstrated for the first time in the positive detection 

of inoculated S. typhimurium in bird fecal samples and whole milk samples with 

detection limits of 105 CFU g-1 and 103 CFU mL-1, respectively. Low sensitivity of the 

developed system for detection of S. typhimurium in fecal samples could be due to the 

matrix effect in feces. However, this method is the first demonstration of an alternative 

to traditional culture methods, and has shown its potential for onsite detection of S. 

typhimurium in complex sample matrices. 

The presented methods are different but each has their individual advantages for 

in-field bacteria detection. Although the IMS/immunoassay was faster and achieved 

lower detection limits, the assay would not be sufficient for less specific bacteria 
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detection or in distinguishing between pathogenic and non-pathogenic bacteria as the 

FIB tests demonstrated. Additionally, antibodies adhere to bacterial cell wall 

components and it is therefore unknown whether the bacteria are dead or alive, while 

the FIB tests detected active enzymes indicating viable bacteria. These tests would 

work well in conjunction as someone could use the first set of tests to indicate whether 

there are viable FIB present in their food and water sample, which as mentioned in the 

introduction, indicates a growth environment where other more pathogenic bacteria can 

be present. The user can then implement the IMS/immunoassay test for specific 

detection of concerning pathogens, such as S. typhimurium. While this assay was 

specifically demonstrated for S. typhimurium detection, by exchanging the antibodies 

used in the assay, one can develop an analytical test for not only other bacteria, but 

other pathogens including viruses and fungi. Detecting bacteria based on enzyme 

expression can also be applied to other pathogenic bacterial species, and even 

antimicrobial resistant bacteria, which will be described in the next two chapters. Hence, 

both tests have demonstrated their potential for in-field use for detecting potentially 

harmful bacteria in a variety of matrices for food safety applications. Additionally, these 

paper-based devices are customizable and more tests could be established for more 

comprehensive pathogen testing to prevent more foodborne illness outbreaks.  
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CHAPTER 3. UTILIZING PAPER-BASED DEVICES FOR β-LACTAM RESISTANT 

BACTERIA DETECTION 

 

 Antimicrobial resistance (AMR), the ability of a bacterial species to resist the 

action of an antimicrobial drug, has been on the rise due to the widespread use of 

antimicrobial agents. Per the World Health Organization, AMR has a current estimated 

annual cost of $21B to $34B in the United States alone, and is predicted to be the 

number one cause of death worldwide by 2050. One of the many ways AMR bacteria 

can spread, and where individuals can contract AMR bacterial infections, is through 

contaminated water sources. Monitoring AMR bacteria in the environment currently 

requires samples to be transported off-site to a central laboratory for slow, relatively 

expensive, and labor-intensive tests. We have developed an inexpensive, fast assay 

using a paper-based analytical device (PAD) that can test for the presence of β-

lactamase-mediated resistance as one major form of AMR. To demonstrate viability, the 

device reliably and rapidly detected β-lactam resistance in sewage and wastewater 

samples and identified resistance in individual bacteria species isolated from 

environmental samples.  

 This work was accepted for publication in Angewandte Chemie.1 

  

Introduction 

 The introduction of antimicrobial agents in the early 20th century revolutionized 

medicine, significantly decreasing morbidity and mortality. However, due to the 

widespread use of antimicrobial agents and the genetic plasticity of bacteria, more 
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pathogens have developed the ability to resist these drugs, giving rise to antimicrobial 

resistant (AMR) bacteria.2 According to the World Health Organization (WHO), AMR is 

responsible for around 8 million hospital days, and costs approximately $21B to $34B 

annually within the United States alone. Additionally, AMR infections are predicted to 

surpass heart disease as the number one cause of death worldwide by 2050.3 

Contaminated water is a significant source of infection and outlet for the spread of AMR 

bacteria. AMR propagation in water is further advanced through contamination by 

antimicrobial agents, which results in the selective proliferation of AMR bacteria, and the 

horizontal gene transfer of resistance from AMR bacteria to non-AMR bacteria.4 Due to 

its significant role, many bodies of water have also been studied for the presence of 

AMR bacteria including urban wastewater,5 irrigation water,6 and drinking water in 

China,7 to name a few.8   

 The gold standard for detecting AMR bacteria is through antimicrobial 

susceptibility testing. This is a broad family of tests that include broth dilution, 

antimicrobial gradients, disk diffusion, and automated systems.9 While these methods 

provide reliable results, they also require samples to be sent to a central laboratory to 

complete testing. In addition to transportation time, these methods require at least 

overnight (12-16 hr) incubation and trained laboratory personnel to execute the 

procedure and analyze results.9  

Alternative methods for detecting AMR bacteria have also been developed. Card 

et al. introduced the use of expanded microarrays for accurately and simultaneously 

testing gram-negative bacteria against 75 different antibiotics.10 Although this method 

tests for a breadth of antibiotic susceptibility, it requires an extensive procedure, 
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including overnight culturing, cell lysing, and DNA extraction, which increases both 

detection time and expense. Microfluidic devices fabricated with poly-dimethysiloxane 

(PDMS) have also been developed for determining the minimum inhibitory 

concentration (MIC) of different antibiotics against a specific bacteria strain.11 Among 

these PDMS devices, Choi et al developed an assay that is capable of determining MIC 

using a single bacterium within 3-4 hr.12 While this is a promising system, it required 

constant monitoring via a microscope, necessitating the use of a laboratory and trained 

personnel, and as a result, makes it more suitable for clinical settings. Similar to 

traditional disk diffusion methods, Deiss et al published a paper-based portable culture 

device specifically designed for in-field diagnostics.13 Using similar concepts to antibiotic 

susceptibility testing, the device requires an autoclave for sterilization and 18 hr of 

incubation in a 37 °C incubator. While this method uses paper over conventional 

materials, which decreases costs, reagent consumption, and waste generation, it still 

requires the use of additional instrumentation and lengthy analysis time. To monitor 

AMR bacteria in the field and diagnose AMR infections at the point-of-care, a rapid, 

disposable, and inexpensive device that does not require instrumentation or trained 

laboratory personnel for analysis is still needed.  

 Paper-based analytical devices (PADs) have shown significant promise as an 

alternative platform for performing diagnostics, having grown in popularity with over 

1000 papers published since 2007.14,15 PADs have been developed for a variety of 

applications, including point-of-care (POC) diagnostics and environmental monitoring. 

Because AMR displays current and emerging concerns for both developed and 

developing countries, the WHO specifically mentions in their Global Action Plan for 
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Antimicrobial Resistance that these diagnostic tools should be portable and 

inexpensive.16 PADs offer a cost effective platform for global use because the starting 

substrate materials are inexpensive (often less than $0.01US), the manufacturing 

techniques rely largely on everyday office equipment, and the reagents (the most 

expensive part) are deposited in small amounts (µg-ng).17 Additionally, PADs are easy 

to transport due to their small size, simple to manufacture, and easy to dispose. Many 

diagnostic motifs have been developed for PADs, yet few have been developed to 

detect naturally-produced enzymes. Our group previously published two papers utilizing 

colorimetric assays to detect different bacteria from food and water sources based on 

the enzymes they produce.18,19 This same detection motif can be used to detect 

different forms of AMR, as some of these antimicrobial properties can be traced back to 

bacterial enzymes responsible for deactivating antibiotics.20,21  

 β-lactam antibiotics are the most widely used class of antibiotics, however, 

bacterial resistance to these antibiotics are also the most commonly acquired resistance 

and is classified as a serious threat by the CDC.22 Resistance is a result of bacterial 

expression of β-lactamase enzymes,23,24 which inactivates penicillins by hydrolyzing the 

β-lactam ring in the antibiotic, rendering it useless in controlling infection.21 β-lactamase 

production has been studied in many species of bacteria, including, but not limited to 

Salmonella enterica,25 Myobacterium tuberculosis,26 Klebsiella pneumoniae, and 

Escherichia coli.27 There are several ways to detect β-lactamase activity,28 but the most 

user-friendly and sensitive way is to react a bacterial solution with nitrocefin, a 

chromogenic cephalosporin.29 The reaction results in the hydrolysis of the carbon-

nitrogen bond in the β-lactam ring, as seen in antibiotic inactivation, causing a distinct 
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color change from yellow to red (Scheme 3.1). Using this straight-forward detection 

method, we have developed a paper-based test that can detect β-lactamase-expressing 

bacteria in real-world samples as demonstrated by the successful analysis of urban 

sewage water, as well as β-lactam-resistant bacteria from various species isolated from 

environmental samples. The platform is inexpensive, costing ~$0.20US per test, 

compared to $10-22US for antibiotic susceptibility testing.9  

 

Scheme 3.1 │ Reaction overview of β-lactamase and nitrocefin. Hydrolysis of the β-

lactam ring in nitrocefin, mediated by β-lactamase, results in a distinct color change 
from yellow to red, making a visually detectable and user-friendly test.  
 

 

Materials and Methods 

Device Fabrication and Data Analysis. The devices were fabricated with 

Whatman chromatography paper grade 4 [GE Healthcare Life Sciences], using a simple 

design of black circles on a 7 by 12 grid designed with CorelDraw X4. Whatman 4 was 
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selected based on separate enzyme kinetics experiments. It was determined in this 

separate project that Whatman 4, due to its larger pores, therefore less surface area, 

has less nonspecific adsorption, results in a higher colorimetric signal.  Each device 

circle was designed with a 4 pt line and measured 8 x 8 mm. To define the device’s 

hydrophobic barriers, a ColorQube 8870 [Xerox] wax printer was used to dispense wax 

on the surface. An IsoTemp [Fisher Scientific] hot plate was set to 150 °C with two 

metal plates and wax-printed paper was placed between the hot plate and a metal plate 

for 1 min to allow wax to melt through the pores. Scotch Shipping Heavy Duty packing 

tape was then taped on the back of the paper to prevent sample leakage (Figure 3.1).  

 

Figure 3.1 │ Devices were developed by printing wax on Whatman chromatography 

grade 4 paper, then heated on a hot plate to melt the wax through the pores, creating a 
defined hydrophobic barrier. The back of the device sheet was then covered in packing 
tape to prevent sample leakage. 

 

To make devices with nitrocefin dried into the paper before reaction, 5 µL of 

nitrocefin solution was dried into the chromatography paper before taping the back with 

packing tape. Devices were dried at 4 °C because it was determined that drying at lower 

temperatures away from light resulted in more efficient reactions with samples.  

For quantifying colorimetric products, a “light box” and the camera of an iPhone 5C or 

5S were used to capture images and send to computer for image analysis (Figure 3.2). 
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The resolution on an iPhone 5C and 5S are reported to be 8 megapixels with a 

resolution of 3264 x 2448. Using this method, we could obtain kinetic results as 

opposed to simply endpoint results that would be obtained using an office scanner.30 

Pictures were taken within the box (measured 16 x 16 x 16 cm) designed to encompass 

the entire paper analytic device and to limit any outside light. To capture the image, a 

slit measured 2 x 5 cm was cut out of the top to allow a view inside the box for the 

camera phone and flash. The box interior was lined with standard white copy paper to 

best disperse light from the camera’s flash. For each experiment, three samples of each 

reaction were placed in every other column of circles. Water was placed in the columns 

on each side of the samples to act as a “light control.” Due to the imperfect flash 

intensity across the paper, the light controls were used to normalize the intensity of 

each sample spot to give more precise results. 

Images were sent to a computer and analyzed using NIH ImageJ software. The 

image was split into its color channels and the green color channel was selected and 

inverted. The green channel was selected because it is the complimentary color of red, 

the reaction’s endpoint color. The color intensity of each sample spot was quantified, 

then normalized by subtracting the mean intensity of the water spots on each side of the 

sample spot. Normalized values were input into Microsoft Excel where the mean and 

standard deviation of samples were obtained. Standard deviation was represented in 

statistical graphs as error bars. 

Characterization of β-lactamase and nitrocefin reaction. Nitrocefin [VWR 

International], a chromogenic cephalosporin, was used for detection of β-lactamase 

because of the distinct color change from yellow to red in the presence of the enzyme,  
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Figure 3.2 │ Devices were imaged using a cardboard box lined with copy paper and a 

hole on the top that allows for a camera to view and image the devices. These images 
were then wirelessly sent to a computer to analyze using ImageJ software. 
 
 
making it a user-friendly platform. 5 mg of nitrocefin was initially dissolved in 1 mL 

dimethylsulfoxide (DMSO), because the substrate is insoluble in water. Aliquots of 9.68 

mM nitrocefin was frozen at -20 °C in amber microcentrifuge tubes [VWR International]. 

These tubes were used to minimize degradation from UV exposure. Aliquots were taken 

out and allowed to thaw and warm to room temperature. Nitrocefin was further diluted 

with pH 7.4 phosphate buffered saline (PBS) [1.37 M NaCl, 0.027 M of KCl, 0.1 M 

Na2HPO4, and 0.018 M KH2PO4] to a concentration of 0.5 mM for each experiment 

(except for nitrocefin concentration optimization where 0.5 mM was selected). During 

pH optimization experiments, nitrocefin was diluted in pH buffers ranging from pH 6 to 

pH 9. Recombinant β-lactamase was purchased at a concentration of 1,500 U/mg 

[Abcam] and was initially dissolved in dH2O and aliquoted and frozen. It was diluted with 

PBS before optimization experiments. For each reaction, 20 µL of nitrocefin would react 
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with 20 µL of β-lactamase. Images were obtained at 2 hr, to ensure reaction completion. 

For determining the limit of detection of β-lactamase, the image was taken at 4 hr. 

β-lactamase kinetics. To quantify the concentration of nitrocefin that was 

hydrolyzed every minute, a calibration curve was generated by quantifying the red 

product after the reaction had completed, and plotting green light intensity vs. product 

concentration. The linear regression equation of this line was used to calculate the 

product concentration in the solution at each time point. The slope of the line of red 

intensity between 3 and 5 min was used to calculate the reaction rate. Eight different 

concentrations of nitrocefin was used to obtain a kinetic curve (0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, and 0.7 mM). To obtain Vmax and Km, a Lineweaver-Burk plot was generated by 

plotting 1/[S] vs. 1/v and the inverse x- and y-intercepts were obtained. The calculated 

Vmax and Km values were carried out in the Michaelis-Menten equation to obtain a 

theoretical kinetic curve to compare to data points. 

Live Bacteria Detection. DH5α E. coli cells [New England Biolabs] were used 

for both control and experimental bacteria in initial laboratory bacterial analysis. The 

control E. coli did not express β-lactamase, while the experimental bacteria expressed a 

previously published plasmid, pBG143, which encodes β-lactamase.31 The pBG143 

plasmid was transformed into DH5α cells and the bacteria were incubated in Luria broth 

(LB) media containing 50 μg/mL ampicillin to select bacteria exclusively expressing β-

lactamase. For subsequent experiments, bacteria were cultured in LB media overnight 

(~12-16 hr) before each experiment. To determine our limit of detection, bacteria 

concentration was calculated using serial dilution and plating 50 µL of 10-6 and 10-7 

dilutions on LB Agar plates containing no antibiotics and allowed to grow for 24 hr. The 
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colonies were counted on each plate, calculated back to the original concentration, and 

the average was taken to obtain an estimate of the original bacteria concentration. To 

determine whether cell lysis was necessary for β-lactamase detection, the cells were 

sonicated for 20 sec using a XL-2000 Series probe sonicator set at 5 W, 22 kHz. The 

sonication settings and time was selected due to previously published data on 

sonicating E. coli cells.18  Similar to optimizing the reaction with pure enzyme, 20 µL of 

bacterial culture was reacted with 20 µL of 0.5 mM nitrocefin and images were obtained 

after 2 hr of reaction. For all experiments involving bacteria, devices were placed in a 

petri dish to help prevent outside contamination and evaporation during the reaction 

time.  

 To detect bacteria using UV-vis spectrophotometry, a PerkinElmer Victor X5 

multilabel plate reader was used to measure the change in absorbance in a microtiter 

plate. 100 µL of nitrocefin was mixed with 100 µL of bacteria sample and allowed to 

react for 2 hr when the absorbance was taken at 490 nm. The microtiter plate was 

covered with a plate lid to prevent evaporation during reaction.  

Detecting β-lactamase in Sewage Samples. Waste water samples were 

collected from the Drake Water Reclamation Facility located in Fort Collins, Colorado, 

United States [Collected on 09/07/2016 at approximately 10 a.m.]. Influent samples 

were collected using a Hawk Composite Sampler, and effluent samples were collected 

as a grab sample post SO2 treatment. After collection, influent and effluent samples 

were put directly on ice away from light for transportation back to the laboratory. 1 mL of 

sample was mixed with 3 mL of LB media and incubated in a 37 °C shaker. Three 

samples were taken of each the influent and effluent. Sample solution was taken out of 
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the incubator every 2 hr to test for the presence of β-lactamase activity by reacting 20 

µL of sample with 20 µL of 0.5 mM nitrocefin for 2 hr, when a picture would be obtained 

and analyzed. 0 hr samples were not mixed with media, but were reacted directly with 

nitrocefin. 

Results were confirmed by membrane [0.45µm mixed cellulose esters millipore 

membrane, MilliporeSigma™] filtration techniques on Orientation plates and extended-

spectrum-β-lactamase (ESBL) selecting plates [CHROMagar™]. Influent sewage 

samples were diluted through 10-fold dilutions, and the 10-6, 10-5, and 10-4 dilutions were 

plated on ESBL and Orientation plates and allowed to grow at 37 °C for 24 hr. The 

colony forming units were counted and calculated to CFUs/100 mL. Relative percentage 

of resistant bacteria was calculated with Orientation (non-selective) as the denominator 

and ESBL (selective) as the numerator from the same source. 

Obtaining and Testing Bacterial Isolates from Sewage and Environmental 

Samples. Bacterial isolates were obtained from grab samples in the field, except for 

influent. Field samples include influent, effluent, surface water from a river and sewage 

samples from city sewers. All samples were plated by pipetting 50-100 µL on various 

clinical agars [CHROMagar™ Orientation, CHROMagar™ ESBL, and CHROMagar™ 

KPC]. Bacterial isolates were purified by selecting a single colony with an inoculating 

loop and spreading the colony on the same kind of agar the colony was selected from, 

or was spread onto a MacConkey agar plate [Difco]. To remove potential inhibitors 

before any testing, they were further subcultured onto non selective agar [Tryptic Soy 

Agar, Thermo Scientific™ Remel™] and then grown in a nutrient broth [Tryptic Soy 

Broth, Thermo Scientific™ Remel™, Soybean Casein Digest] at 37 °C and 2% CO2. 
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After replenishing the nutrient broth, all bacterial isolates were grown using a shaker for 

12-18 hr depending on bacteria growth rate. They were also re-plated on ESBL plates 

to confirm resistance mechanisms. The isolates were given to the tester blind for 

accurate, unbiased results. Bacteria were not lysed before reacting 20 µL of bacteria 

solution with 20 µL of 0.5 mM nitrocefin. Images were obtained after 2 hr of reaction. 

Matrix-assisted laser desorption ionization time of flight mass spectrophotometry 

(MALDI-TOF) was used for speciation of isolates. Isolated bacterial cultures purified 

from selective media were sent to the Colorado State University Veterinary Teaching 

Hospital-Diagnostic Medical Center (Vet-DMC) to be analyzed. These samples were 

grown on blood agar plates and analyzed to identify species [VITEK-MS™ Biomerieux, 

USA]. Samples that could not be confidently identified at 99.9% or above by MALDI-

TOF analysis were identified by 16-S-PCR of the variable 4 region. 

To determine antibiotic susceptibility of Chromobacterium violaceum and the 32 

E. coli isolates, each isolate was subjected to antibiotic susceptibility testing [VITEK 2™ 

Biomerieux, USA] using microdilution and photometric determination of growth at the 

Colorado State University Veterinary Diagnostic Laboratory located in Fort Collins, CO, 

US. Minimum Inhibitory Concentration’s (MICs) were reported in µg/mL, and results 

were interpreted per the Clinical Laboratory Standard Institute (CLSI). The antibiotics 

that were tested against C. violaceum included amikacin, amoxicillin-clavulanate, 

ampicillin, cefazolin, cefpodoxime, ceftazidime, cephalothin, imipenem, ticarcillin, and 

ticarcillin-clavulanate. Antibiotics tested against each E. coli isolate included amoxicillin, 

ampicillin, cefalexin, cefovecin, cefpodoxime, ceftiofur, piperacillin, ceftazidime, 

cefotaxime, and imipenem.  
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Polymerase chain reaction (PCR) was also performed by the Colorado State 

University Veterinary Diagnostic Laboratory. These diagnostic tests were used to 

determine whether the bacterial isolates’ genome contained ESBL genes blaTEM 

and/or blaCTX-M. PCR was performed using the diagnostic lab’s standard procedure as 

follows.   The following are the primer sequences used for the amplification of the 

isolated DNA32: CTX-M (F: ATG TGC AGY ACC AGT AAR GTK ATG GC, R: TGG GTR 

AAR TAR GTS ACC AGA AYC AGC GG, 593 bp) and TEM (F: CGC CGC ATA CAC 

TAT TCT CAG AAT GA, R: ACG CTC ACC GGC TCC AGA TTT AT, 445 bp). 32 E. coli 

isolates from ChromAgar™ ESBL and ChromAgar™ Orientation were lysed in 100 µL of 

water per sample at 100 °C for 1 hr using BIO-RAD T100™ Thermocycler [Bio-Rad 

Laboratories, Inc, California]. Amplification was carried out by 2 µL DNA, 10 pmol of 

each primer, and 12.5 µl Emerald Amp® GT PCR Master Mix [Takara Bio Inc., 

Clontech, Japan] under conditions described by Amaya 2011.33 The PCR conditions 

were as followed: 15 minutes of denaturation at 95 °C (1 cycle), 30 seconds of 

denaturation at 94°C, 90 seconds of annealing at 62 °C, and 1 minute of polymeration 

at 72 °C (34 cycles), with a final extension at 72 °C for 10 minutes. PCR products were 

analyzed on a 1.5% agarose gel [BioRad] and visualized using Ethidium Bromide (item). 

Single reaction PCR confirmed the presence or absence of each gene.  

 

Results and Discussion 

 Optimizing β-lactamase Detection. Reaction optimization was performed using 

arrays of 8-mm-diameter paper wells fabricated with Whatman #4 chromatography 

paper. In all studies, assays were kept at room temperature (~22 °C) to best mimic field 
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conditions. The devices were photographed, then analyzed with NIH ImageJ software. 

To determine the optimal assay pH, β-lactamase and nitrocefin were reacted in 

phosphate buffered saline (PBS) solutions between pH 6 and pH 9 (Figure 3.3A). PBS 

pH 6.0 and 7.5 displayed the highest reaction efficiency. Why there was a dip reaction 

efficiency between pH 6 and 7.5 is unknown. Future trials were performed at pH 7.4 (pH 

7.0 for enzyme limit-of-detection) to best mimic blood pH for possible point-of-care 

diagnostic applications.  

 Optimal substrate concentration was determined using a constant concentration 

of β-lactamase (100 U/mL for prompt results) incubated with varying concentrations of 

nitrocefin. 1 mM nitrocefin provided the highest final color intensity, whereas 0.25 to 0.5 

mM nitrocefin produced the largest color intensity change of 85-83% compared to a 

64% intensity change observed with 1 mM nitrocefin (Figure 3.3B).  Using nitrocefin at a 

concentration above 1 mM results in a very dark starting sample solution, making 

changes in the reaction color difficult to measure. Hence, lower concentrations of 

nitrocefin are optimal for generating the widest dynamic range for detection of β-

lactamase.  

 To find the limit of β-lactamase enzyme detection, the minimum concentration of 

β-lactamase present that could react with nitrocefin to give a measurable color change 

was established. 0.5 mM nitrocefin was reacted with decreasing concentrations of 

recombinant β-lactamase for 4 hr and imaged. The enzyme showed little difference in 

light intensity at lower concentrations (Figure 3.3C). Any concentration of β-lactamase 

lower than 10 mU mL-1, does not show enough color intensity to be detected accurately.  

The optimal nitrocefin concentration to dry into the paper was determined by drying 5 µL 
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of different concentrations of nitrocefin on chromatography paper and observing the 

change in color intensity before and after adding 1 U/mL of β-lactamase for 30 min. 

Similar to nitrocefin in solution, too high of concentrations of nitrocefin resulted in too 

dark of a starting spot, thus 1 mM was determined to be the optimal concentration to dry 

on paper with a color intensity change of 71% (Figure 3.3D). 

 

Figure 3.3 │ Nitrocefin and β-lactamase reaction optimization on paper. (A) β-
lactamase enzyme was reacted with nitrocefin using different pH buffers to determine 
the optimal reaction pH. (B) Optimal nitrocefin concentration was determined using 
change in signal from starting color intensity of nitrocefin alone (before reaction) and 
increase in color intensity (after reaction). (C) Determining the β-lactamase enzyme 
LOD. (D) Optimal nitrocefin concentration to dry in paper. Error bars denote s.d. where 
n = 3. 
 

The Michaelis-Menten kinetics of β-lactamase and nitrocefin were calculated for 

reactions on paper at ~22 °C. Using a Lineweaver-Burk plot, the calculated Vmax was 

0.0285 ± 0.0012 mM/min and Km was 0.293 ± 0.013 mM (Figure 3.4). Literature 

searches have not generated published Michaelis-Menten values for β-lactamase 
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reacting with nitrocefin, but were similar to other reported values for β-lactamase.34 This 

similarity in Michaelis-Menten values exhibits promise for the paper-based assays.  

 

Figure 3.4 │ The paper-based devices were used to determine kinetic values by 
reacting 1 U/mL of β-lactamase with nitrocefin between 0.1 and 0.7 mM. Error bars 
denote s.d. where n = 3. 

 

Optimizing Bacteria Detection. To demonstrate detection of β-lactamase in live 

bacteria, the optimized reaction conditions were used to analyze E. coli without 

culturing. Serial dilutions of β-lactamase-expressing E. coli and control E. coli were 

reacted with 0.5 mM nitrocefin at room temperature directly on the paper devices. No 

color change was observed unless the bacteria expressed β-lactamase (Figure 3.5A). 

The color change in the assay occurred with more than 3.8x106 CFU/mL bacteria, but 

not with lower concentrations.  To determine whether non-β-lactamase producing 

bacteria would interfere with the detection of β-lactamase-producing E. coli, different 

ratios of β-lactamase-expressing bacteria to control bacteria were analyzed. The color 

intensities were the same with or without non-β-lactamase producing bacteria present in 

the sample (Figure 3.5B). E. coli that do not express β-lactamase do not interfere with 

the reaction as similar color intensities were observed in pure or mixed cultures.  
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Figure 3.5 │ (A) The paper-based tests were used for serial dilutions of bacteria that 
were positive and negative for β-lactamase expression. (B) β-lactamase-expressing 
bacteria were mixed with either non-β-lactamase-expressing bacteria or pure media to 
determine if other bacteria interfered with the reaction. (C) Determining if bacteria lysis 
would result in more sensitive detection. Error bars denote s.d. (n=3). 

 

β-lactamase is produced within bacteria, so to attempt increasing sensitivity, we 

repeated the assay with lysing. For DH5α E. coli cells expressing β-lactamase, lysing 

the cells using probe sonication helped obtain a faster and more intense signal, but only 

marginally compared to no lysing (Figure 3.5C). After 10 min of reaction, the color 
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intensity of lysed cells was approximately 5% higher than intact cells. These results 

indicate the cells either secrete β-lactamase or nitrocefin is cell permeable. Several 

studies support bacteria translocating β-lactamase from the cytoplasm across the 

bacteria’s inner membrane into the periplasm, but not outside the cell entirely, 

supporting the latter hypothesis.35-37 

Because nitrocefin is a colorimetric substrate, it has been speculated whether 

using UV-visible spectrophotometry would result in more sensitive bacteria detection. 

Serial dilutions of laboratory E. coli expressing β-lactamase were reacted in a microtiter 

plate with nitrocefin and the absorbance was measured using a plate reader. Using a 

microtiter plate and plate reader compared to a PAD and smartphone did not yield a 

lower LOD (Figure 3.6A). This demonstrates that using a PAD and smartphone is a 

cost-effective way to detect bacteria using nitrocefin, without the need for expensive 

instrumentation. Because the goal of point-of-need devices is to have a final product 

that can be taken into the field with minimal supplies for testing, it was also investigated 

whether nitrocefin could be dried in the paper beforehand. It was determined that the 

ideal concentration to dry into paper was 5 µL of 1 mM nitrocefin as mentioned above. 

Adding 40 µL of bacteria sample to the PAD test with dried nitrocefin was compared to 

PAD tests that held 20 µL of 0.5 mM nitrocefin solution and 20 µL of bacteria sample. 

Drying nitrocefin onto the paper before adding the sample showed slightly more 

sensitive results compared to nitrocefin solution (Figure 3.6B). This is likely because 

nitrocefin did not need to be added to the total solution volume, therefore more sample 

could be added. Nitrocefin’s long-term stability on paper is unknown, but will be the 

subject of future studies. 



90 
 

 

Figure 3.6 │ (A) Detecting color change using UV/vis spectrophotometry in a plate 
reader yielded the same limit of detection of 106 CFUmL@1 as observed on paper. (B) 
Drying nitrocefin on paper before adding sample yielded similar or slightly more 
sensitive results compared to adding nitrocefin solution to the bacterial sample on 
paper. Error bars denote s.d. (n=3). 
 
 

Detecting AMR in Sewage Samples. To confirm the new method would work 

with real-world samples, influent and effluent water was obtained from the Drake Water 

Reclamation Facility located in Fort Collins, Colorado, United States. In the influent, β-

lactamase was detected after only 2 hr of sample incubation in media. The signal 

continually increased until reaching a maximum at ~10 hr of incubation (Figure 3.7). 
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Similar results could be obtained with a microtiter plate but at much higher costs. The 

effluent, which should contain less bacteria, did not show a signal until 8 hr of 

incubation. These results were confirmed using dilution and plating methods, which 

gave a concentration of 4.50x106 CFU/mL of total bacteria in the influent, and 5.08x103 

CFU/mL of total bacteria in the effluent. AMR bacteria were confirmed using 

commercially available extended-spectrum-β-lactamase (ESBL) plates from 

CHROMagarTM. On these plates, there were 4.96x104 CFU/mL of total ESBL-containing 

bacteria in the influent and 1.30x101 CFU/mL in the effluent. This correlates to 1.1% and 

0.257% ESBL bacteria in the influent and effluent respectively. Why such a high signal 

was obtained in the influent sample, considering a 1:99 ratio of β-lactam-resistant 

bacteria to non-resistant bacteria, could be due to several factors. First, bacteria  

 

Figure 3.7 │ Detecting β-lactam resistance in urban sewage water. Samples of influent 
and effluent water were obtained and incubated in media for 12 h. Samples were 
obtained every 2 h for testing and both the influent and effluent tested positive for β-
lactam resistance, which was confirmed by traditional culture methods. Error bars 
denote s.d. (n=3). 
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resistant to β-lactam antibiotics could be growing at a faster rate compared to non-

resistant bacteria, therefore occupying more of the sample once it was concentrated 

enough to detect resistance. This variance in growth rate was also observed in the 

effluent between samples as demonstrated by the large error bars at 12 hr. The sewage 

sample bacteria also had to react for over an hour with nitrocefin to obtain a detectable 

signal, compared to 2-5 min of reaction for samples that were entirely resistant bacteria. 

However, this slower reaction rate could also be due to chemicals in the sewage water 

interfering with the enzymatic reaction. 

Identifying Resistance in Different Species. To determine how many different 

bacterial species were detected in the sewage samples, several bacteria species were 

isolated and cultured from the original sewage and other environmental samples. The 

bacteria cultures were given to the tester blind to ensure no biases when using the 

paper-based tests. Of 10 different bacteria isolates tested from a variety of species and 

environmental sources, there were no false positives and one false negative (Figure 

3.8). Bacteria solutions were kept intact and not lysed for consistency. When using the 

paper-based test on intact bacteria, results indicate that the assay could also quantify 

resistivity for different bacteria species. The “slightly positive” paper tests corresponded 

to “weak positives” that were confirmed via CHROMagarTM ESBL plates. “Slightly 

positive” was defined as having a color intensity change of 20%-80% compared the 

positive control laboratory E. coli, and “weak positive” was defined as reduced bacteria 

growth on ESBL plates compared to a non-antibiotic plate.  

One bacterial isolate, Chromobacterium violaceum, tested negative using the 

paper-based test but tested positive using a CHROMagarTM ESBL plate. This same 



93 
 

species did not grow on an ampicillin-containing agar plate, indicating that it is likely 

susceptible to penicillins. To confirm which test was correct, the minimum inhibitory 

concentration (MIC) of different β-lactam antibiotics was tested. The isolate was 

resistant to cephalosporins like cefazolin and cephalothin, but was susceptible to 

penicillins, such as amoxicillin and ticarcillin. The bacteria were also susceptible to 

imipenem, a carbapenem β-lactam antibiotic that is used as a last resort in clinical 

cases. Overall, this resistance profile is inconclusive, but similar to a previously 

published profile on resistance to cephalosporins, but sensitive to penicillins.38 Why 

nitrocefin would not react with C. violaceum’s β-lactamase is unknown. Nitrocefin is 

defined as a chromogenic cephalosporin, so in theory should be reactive with a β-

lactamase that protects the cell against cephalosporin antibiotics.  

 

Figure 3.8 │ Detecting b-lactam resistance in bacterial isolates. Different bacterial 
species were isolated from environmental samples and tested for individual resistance 
using the paper-based test. There have been no false positives and one false negative 
(Chromobacterium violaceum isolated from the influent of urban sewage water). 
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While ESBL-selecting plates are a common method to determine β-lactamase 

expression, it is more common in medicine to subject bacteria to antibiotic susceptibility 

testing. To compare the PAD to this method, 32 different environmental E. coli isolates 

were subjected to antibiotic susceptibility testing of different β-lactam antibiotics as well 

as plating the isolates on ESBL-selecting plates. The PAD test was compared to these 

methods for accuracy, and no false negatives were observed (Figure 3.9). When 

comparing the PAD test to ESBL-selecting plates, two false positives occurred (isolate 

#7 and #20). However, when comparing to antibiotic susceptibility testing, these isolates 

were resistant to at least two penicillin antibiotics. When comparing the PAD test to 

antibiotic susceptibility testing, the tests were negative when the bacteria were 

susceptible to all tested antibiotics, and were positive when resistant to any of the tested 

antibiotics. As further confirmation, the E. coli isolates were also tested for the presence 

of ESBL genes blaTEM and blaCTX-M using polymerase chain reaction (PCR). Isolates 

#7 and #20 had the blaTEM gene present in their genome, also corresponding to the 

PAD results (Figure 3.9). With 42 tested isolates and one true false negative, this test 

has so far shown 97.6% accuracy. 

 

Conclusions 

A straightforward and accurate paper-based colorimetric assay to detect bacteria 

resistant to β-lactam antibiotics has been developed that costs ~$0.20 per test but gives 

similar sensitivity to more expensive microtiter plate methods. We have also optimized 

the enzymatic reaction between nitrocefin and β-lactamase on paper, and demonstrated 

that non-AMR bacteria do not interfere with the assay performance and cell lysis is not 
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Figure 3.9 │ Comparing the PAD test to an ESBL-selecting plate, antibiotic 
susceptibility testing, and PCR gene analysis.  
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required. Detecting β-lactamase-expressing bacteria in community sewage water and 

identifying resistance in various species of bacterial isolates has demonstrated the 

practicality of this method. All tests were confirmed and compared to traditional culturing 

methods, antibiotic susceptibility testing, and PCR gene analysis. Although a laboratory 

was necessary to concentrate the sewage samples, this method still reduced the 

laboratory process by 14-20 hr. This test is also possible to ultimately integrate into a 

field-ready module by creating a more sensitive test or concentrating samples in the 

field. Bacterial samples were shown to react with nitrocefin whether in solution or dried 

into the paper, also demonstrating its potential for a field-ready module. It was 

confirmed that using a paper-based test and a camera phone for quantification yielded 

the same LOD as using an expensive and non-transportable plate reader and microtiter 

plate. While traditional methods are also quantitative of resistance, our paper-based 

method would be a rapid, cost-effective surveillance tool with a yes/no informed 

decision outcome prior to establishing a need for additional testing.  
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CHAPTER 4. MICROFLUIDIC PAPER-BASED DEVICE FOR DETECTING 

ANTIMICROBIAL RESISTANT BACTERIA THROUGH ANTIBIOTIC HYDROLYSIS 

 

 While many different antimicrobial resistant (AMR) bacteria pose a significant 

worldwide threat, it has been acknowledged that Carbapenem-resistant 

Enterobacteriaceae are one of the world’s top AMR bacteria threats as identified by the 

Center for Disease Control and Prevention. This chapter describes a new device that 

further expands our first paper-based device for AMR bacteria detection (Chapter 3) by 

detecting bacteria resistant against specific β-lactam antibiotics through monitoring a 

change in pH caused by antibiotic hydrolysis. A 3-layered microfluidic device was 

designed and developed for detection that allows bacteria to react with a specific 

antibiotic, then a valve is opened for the resulting solution to travel to three different pH 

indicators. If the bacteria express an enzyme that hydrolyzes the antibiotic, this will 

result in a pH decrease, and display a positive result. If the bacteria do not express an 

enzyme that hydrolyzes the antibiotic, then there will not be a decrease in pH, resulting 

in a negative result. The device has been optimized and demonstrated for detecting 

bacteria resistant to specific penicillin and cephalosporin antibiotics, expanding the 

specificity of our -lactamase paper-based device. This new device has not been 

successful in detecting bacteria resistant to carbapenem antibiotics yet, but this is likely 

due to the initial bacterial samples that were used to test the system, and will therefore 

be the subject of future study.   
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Introduction 

 The emergence of antimicrobial resistant (AMR) bacteria is a prevalent and 

growing problem around the world that threatens to be the number one cause of death 

worldwide by 2050.1 The Center for Disease Control and Prevention (CDC) released a 

report on the top AMR threats in the United States where they identified specific classes 

of resistance that were classified as either urgent, serious, or concerning threats.2 Of 

these threats, they identified 12 serious threats, but only three urgent threats, including 

hospital-acquired Clostridium difficile infections and drug-resistant Neisseria 

gonorrhoeae. The third urgent threat was carbapenem-resistant Enterobacteriaceae 

(CRE), which are considered one of the top threats of AMR bacteria worldwide.3,4 These 

gram-negative bacteria are resistant against a class of last resort antibiotics used in 

clinical cases, the carbapenems. CRE bacteria are currently estimated to cause 9,000 

drug resistant infections per year that result in around 600 deaths.2 CRE can be 

especially deadly in sepsis infections as the mortality rate in CRE-associated infections 

is almost 50%.2 Similar to many other resistance mechanisms used in bacteria,5,6 the 

most common resistance pathway used in CRE is through the expression of 

carbapenemase, a broad spectrum β-lactamase enzyme.7,8 While the spread of AMR 

and CRE bacteria cannot be entirely prevented, many steps can be taken to slow their 

emergence, including developing new antibiotics, decreasing the use of current 

antibiotics, and developing new detection methods and diagnostic tests to study the 

spread of AMR and accurately prescribe antibiotics.9  

Although detecting and studying AMR bacteria in the field is important, commonly 

used methods for detection still require a central laboratory.10 Antibiotic susceptibility 



101 
 

testing is considered the gold standard in hospitals as it accurately detects and 

quantifies susceptibility against specific drugs;11 however, the procedure is time-

consuming as it can take up to 2-3 days to obtain a result. As one study identified, every 

hour that a patient does not receive appropriate treatment is critical, especially in the 

case of sepsis patients where every hour without treatment can lead to a 7% increase in 

mortality risk.12 Polymerase chain reaction (PCR) has also been proposed as a faster 

alternative that is based on amplifying specific genes associated with antimicrobial 

resistance.13 However, PCR is susceptible to inhibition effects and detects only known 

resistance genes. It is unknown whether these genes are expressed, and cannot detect 

emerging mechanisms of resistance.  

Many alternative methods have been proposed for AMR and CPE detection 

including mass spectrometry based methods.14,15 Rapid antibiotic susceptibility testing 

has also been proposed in polymer-based microfluidic devices using a resazurin-based 

assay that can determine whether bacteria are dead or alive and can therefore 

determine the effectiveness of specific antibiotics.16,17 Isothermal nucleic acid 

amplification techniques have also been applied to microfluidic devices for more 

portable and user-friendly detection of AMR-associated genes, including those 

associated with carbapenem-resistance.18 The Carba-NP test is a popular test to 

directly test for resistance against specific carbapenem antibiotics by observing a color 

change from red/orange to yellow when the test is positive.19,20 This is completed 

through reacting the bacteria sample with imipenem, a carbapenem antibiotic, and 

seeing if the color changes through a change in pH that is observed during antibiotic 

hydrolysis. Although these methods are accurate, they suffer from the need for trained 
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personnel, a central laboratory, or expensive equipment, and therefore are not 

conducive to field settings for applications such as environmental monitoring or point-of-

care diagnostics. 

Microfluidic paper-based analytical devices (µPADs) are a growing field of 

analytical tests based on a paper platform.21 Paper-based devices provide many 

advantages for user-friendly testing including its inexpensive material, natural fluid-

wicking properties through capillary action, reagent-storage capabilities, and the ability 

to apply many different user-friendly detection motifs, such as colorimetry.22 Because of 

these properties, many µPADs have been developed specifically for point-of-care and 

environmental applications for field testing without the need for training the users or 

expensive equipment.23 Several µPADs have been developed to detect bacteria using 

antibodies,24-26 nucleic acid amplification,27 and through detecting bacteria based on 

unique and naturally produced bacterial enzymes.28-31 As seen in the previous chapter, 

we have developed a paper-based device to detect bacteria resistant against β-lactam 

antibiotics based on their expression of β-lactamase.32 

In this new work, we have expanded this paper-based test for detecting bacteria 

resistant against specific antibiotics, not just detecting resistance against all β-lactam 

antibiotics. Using a similar concept to the Carba-NP test, we have designed a µPAD 

where a bacteria sample reacts with an antibiotic, then a valve is opened for the 

resulting reaction solution to go to three different pH indicators. By using three different 

indicators, phenol red, chlorophenol red, and bromothymol blue, we can expand our pH 

range to allow us to see slight changes in pH over a broader range, increasing the 

sensitivity of our device (Scheme 4.1). This new device has been demonstrated for 
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detecting bacteria resistant against specific antibiotics, such as ampicillin and cefazolin. 

The final goal of this assay is to detect bacteria resistant against imipenem, a commonly 

used carbapenem antibiotic, however, this has not been demonstrated yet. While the 

assay with imipenem has been attempted, the assay was not successful, which is likely 

due to the level of resistance of the bacteria we were detecting.  

 

Scheme 4.1 │ Detection scheme for the assay to detect bacteria resistant against 

specific antibiotics by monitoring a pH change through chemical hydrolysis.  
 

Methods 

 µPAD Design and Fabrication. Devices were designed with Whatman grade 4 

chromatography paper [GE Healthcare Sciences] and transparency sheets, and were 

designed using CorelDRAW. This material was chosen because initial optimization 

experiments showed no significant difference in color change of the pH indicators, but 

Whatman 4 showed faster and more consistent flow to the pH indicators compared to 

Whatman grade 1 chromatography paper. The device consists of three layers, the top 
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and bottom layers are wax-printed Whatman 4 chromatography paper, while the middle 

layer is wax-printed transparency sheet.  

The bottom layer (pH indicator layer) was designed with an 8 mm diameter circle 

that leads to three separate pH indicator arms; each arm is a 3 mm by 4.5 mm channel 

leading to a 5 mm diameter pH detection zone for each selected pH indicator. The top 

layer, where antibiotic is dried, is a single 8 mm diameter circle surrounded by solid 

wax. Both top and bottom layers were wax-printed using a ColorQube 8870 [Xerox] wax 

printer. To define the hydrophobic barriers, an IsoTemp [Fisher Scientific] hot plate was 

set to 165 °C with two metal plates. The wax-printed paper was placed between the hot 

plate and a metal plate for 2 min to allow wax to melt through the pores completely. The 

top layer was then modified with 4 µL of varying concentration of a select antibiotic and 

allowed to dry at room temperature. The bottom layer was modified with three different 

pH indicators: one application of 0.35 µL of chlorophenol red; two applications of 0.35 

µL of phenol red; and one application or 0.35 µL of bromothymol blue. Following 

chemical modification, Scotch Shipping Heavy Duty packing tape was used to tape the 

back of the bottom layer to prevent sample leakage. Because the top layer is supposed 

to open to the bottom layer, no packing tape was used on this layer. 

The middle layer is a wax-printed transparency sheet to act as a “valve” or barrier 

between the top and bottom layers. To increase hydrophobicity and prevent sample 

leakage before the intended time, black wax was printed on the sheet, but the hot plate 

step was omitted. Following wax printing, the transparency sheet was cut into 9.5 mm 

by 20 mm rectangles using an Epilog Zing Laser Cutter (30 Watt) set to 195% speed, 

5% power, and 200 Hz frequency. Following laser-cutting, the tip of one end of the 
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transparency sheet was folded up to create an accessible tab to enable users to easily 

move the transparency sheet between the top and bottom layers. All three layers were 

tightly taped down onto copy paper using transparent Scotch MagicTM tape.  

Images were captured using an iPhone 5S and “light box” that was described in 

the previous two chapters. The images were analyzed qualitatively because a 

quantitative procedure has not yet been established.  

Optimizing pH Indicators. The pH indicators chlorophenol red [Alfa Aesar] and 

phenol red [Fluka Analytical] have been previously optimized on paper in our lab, 

therefore the same concentrations and volumes were used for this device.33  

Bromothymol blue [Sigma Aldrich] was optimized by drying different concentrations and 

volumes onto 5 mm circles. The ideal concentration and volume was chosen by adding 

1 µL of different pHed buffers and qualitatively comparing the pH indicator range, 

between pH 6 and 9. Different concentrations of bromothymol blue include 0.5 mM, 1 

mM, 1.5 mM, and 3 mM.  

Enzymatic Reaction Optimization. To demonstrate that hydrolysis would result 

in a pH decrease, the system was first demonstrated using lyophilized β-lactamase 

[Abcam, ab67672] and ampicillin sodium salt [Ward’s Science]. For initial experiments, 

the entire device was not used, only the bottom pH indicator layer. Varying 

concentrations of ampicillin were mixed equal parts with varying concentrations of β-

lactamase and allowed to react for 10 min in a microcentrifuge tube before adding to the 

pH indicator layer of the device and capturing an image.  

Bacteria Detection Optimization. DH5α Escherichia coli cells [New England 

Biolabs] were used for both control and experimental bacteria in initial laboratory 
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bacterial analysis. The control E. coli did not express β-lactamase, while the 

experimental bacteria expressed a previously published plasmid, pBG167, which 

encodes β-lactamase.34 The pBG167 plasmid was transformed into DH5α cells and the 

bacteria were grown on Luria Broth (LB) agar plates containing 50 μg mL-1 ampicillin to 

select bacteria expressing β-lactamase. For subsequent experiments, bacteria were 

cultured in LB media overnight (~16-18 hr) before each experiment. To determine our 

limit of detection, bacteria concentration was calculated using serial dilution and plating 

50 µL of 10-5, 10-6, and 10-7 dilutions on ampicillin-containing LB Agar plates and grown 

for 24 hr. The colonies were counted on each plate, calculated back to the original 

concentration, and the average was taken to obtain an estimate of the original bacteria 

concentration. For lysing the cells during optimization, the cells were sonicated for 15 s 

using a XL-2000 Series probe sonicator set at 5 W, 22 kHz. These settings were 

chosen based on past experimental data for bacteria detection based on enzyme 

expression.30 

Bacteria solutions were reacted with ampicillin for 10 min until it was determined 

that 30 min was the optimal reaction time. Initial experiments were completed using only 

the bottom layer of the device and reacting equal parts bacteria sample with ampicillin in 

a microcentrifuge tube before adding 12 µL to the pH indicator layer to assess pH 

change. Once the entire 3-layer device was finished, 40 µL of bacteria sample was 

added to the top layer of the device and reacted for 30 min. Following reaction, the 

center part of the device, the wax-printed transparency layer, was removed, allowing the 

reacted mixture to flow from the top layer to the bottom layer, and to each individual pH 

indicator (Figure 4.4).  
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To determine if chemical lysing was adequate for enzyme detection, SolyLyseTM 

was used. Different volumes and reaction times were added to the final device as 

previous experimentation with the liquid revealed that too high of volumes (>20% total 

solution volume) used of the solution leads to the sample bleeding through the wax. For 

200 µL of bacteria sample, 10, 20, and 30 µL of SoluLyseTM were added and allowed to 

incubate for 10 min. After determining the ideal SoluLyseTM volume, incubation times 

were varied for 10, 20, and 30 min before adding the bacteria solution to the device to 

incubate for 30 min as previously optimized.  

Detecting Resistance Against Other Antibiotics. To determine what 

antibiotics the DH5α cells were resistant against, 20 µL of 50 mg mL-1 penicillin V 

potassium salt [Acros Organics], amoxicillin sodium salt [Alfa Aesar], and cefazolin 

sodium salt [Chem Impex Int’l Inc.], were spread across LB agar plates containing no 

antibiotics. After allowing the antibiotic to dry on the surface, 50 µL of the 10-4 dilution of 

the bacteria was plated and incubated at 37 °C for 24 hr. If the bacteria grew on the 

plate, it was considered resistant against the antibiotic and should theoretically 

hydrolyze the antibiotic in the µPAD test. Because antibiotics have varying starting pH 

compared to ampicillin, penicillin V and cefazolin were dissolved in pH 8.5 Tris buffered 

saline as opposed to dH2O, like ampicillin and amoxicillin. 4 µL of 125 mM antibiotic was 

dried onto the top layer of the device at room temperature. The sample addition and 

reading procedures were the same as described above for ampicillin resistance.  

Detecting Carbapenem-Resistant Bacteria. To test this system on 

carbapenem-resistant bacteria, different E. coli environmental isolates were obtained 

from different environmental samples, such as river or sewage water. These isolates 
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were obtained and maintained by the Elizabeth P. Ryan laboratory in Environmental 

Health and Radiological Sciences department, the same collaborators as in Chapter 3. 

The isolates were grown overnight in Tryptic Soy broth. Instead of using the final device, 

the isolate was reacted in a microcentrifuge tube with 3 mg mL-1 imipenem or 

ertapenem dissolved in 0.1 mM ZnSO4 for 30 and 120 min. Following these reaction 

times, 12 µL was deposited onto the pH indicator layer of the device and imaged. To 

increase bacteria concentration, 1 mL of bacteria solution was resuspended in 0.5 mL of 

media. 1 mL of bacteria solution was centrifuged at 10,000 RPM for 5 min, then the 

supernatant was carefully removed, before resuspending the solution in fresh bacteria 

media.  

Determining Carbapenem Resistance of Environmentally Isolated Bacteria. 

To confirm resistance against imipenem and ertapenem, the minimum inhibitory 

concentration (MIC) was determined using 200 µL of diluted bacteria mixed with 20 µL 

of different concentrations of ertapenem or imipenem. The antibiotic concentrations 

started at 500 µg mL-1 and were serially diluted by half until 244 ng mL-1. Because the 

antibiotics were diluted in bacteria 10-fold, the actual concentration range was 50 µg 

mL-1 to 24.4 ng mL-1. Once the bacteria and antibiotic were mixed, the microtiter plate 

was incubated in a 37 °C shaker overnight. The MIC was determined by selecting the 

lowest concentration of antibiotic where the bacteria did not grow.  

 

Results and Discussion 

 Optimizing Initial Device. This pH indicator device is based off a previously 

optimized µPAD that was developed in the Henry Laboratory for saliva diagnostics.33 
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For that device, chlorophenol red, phenol red, and phenolphthalein were chosen to 

indicate saliva pH to the device operator as an indication of specific health ailments. 

During initial proof-of-concept experiments for a device that detects antimicrobial 

resistant bacteria using a pH change of antibiotic hydrolysis, it was determined that the 

ideal quantitative range for pH was between 6 and 8. Because phenolphthalein changes 

color at around a pH of 9, this indicator was replaced with bromothymol blue, which has 

a quantitative range between 6 and 7.6. For determining the ideal concentration and 

volume application of bromothymol blue, the indicator was dried on the device through 

one or two applications of 0.3 µL and compared 0.5 mM, 1 mM, 1.5 mM, and 3 mM 

concentrations. Two applications of 1.5 mM bromothymol blue were found to provide 

the most visually quantitative results between different buffer pHs. Following this 

optimization, a calibration chart was developed of the final pH indicator device with all 

three pH indicators (Figure 4.1).  

Once the pH indicators were optimized for different buffers, the next step was to 

establish whether the device could be used to detect a change in pH as a result of 

hydrolysis by an enzyme to an antibiotic. Because carbapenemase is not available to 

buy as an isolated enzyme, the system was demonstrated with β-lactamase hydrolyzing 

ampicillin. Equal parts ampicillin and enzyme of varying concentrations were mixed in 

microcentrifuge to react for 10 min before adding 10 µL of reaction sample to the pH 

indicator device to see if a pH change occurs that is noticeable via color change. When 

reacting ampicillin from concentrations of 10 mM to 150 mM with variable 

concentrations of β-lactamase, it was determined that 25 or 50 mM ampicillin would be 

most ideal. While 50 mM was more sensitive to different concentrations of β-lactamase, 
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Figure 4.1 │ Calibration chart of chosen pH indicators at a variety of pHs to 

demonstrate quantifiability of the assay.  
  

25 mM did provide a lower detection limit. Using a lower concentration of ampicillin did 

not allow enough antibiotic hydrolysis for a noticeable change in pH. On the other hand, 

too high of a concentration of antibiotic leads to higher detection limits, because there is 

too much antibiotic to hydrolyze for lower concentrations of enzymes to result in a 

noticeable color change (Figure 4.2).  

Following initial optimization of the system using pure β-lactamase, the system 

was tested on laboratory bacteria. When 25 mM and 50 mM ampicillin were first reacted 

with bacteria, there was very little color change. But when the bacteria were lysed using 

mechanical sonication, a noticeable color change occurred with concentrated bacteria 

solution (Figure 4.3). However, despite the addition of cell lysing, the detection limit of  
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Figure 4.2 │ Initial optimization of antibiotic concentration reacting pure β-lactamase 

and ampicillin in a microcentrifuge tube before putting on pH indicator layer of paper-
based device.  
 
 
the assay was 108 CFU mL-1, two orders of magnitude higher than observed when using 

nitrocefin for β-lactamase detection (Chapter 3). During initial optimization experiments, 

the enzyme sample and antibiotic reacted for 10 min, which was adequate for detection, 

but longer reaction times could improve detection limits. The pH of the reaction was 

taken at 10, 20, and 30 min of reaction for E. coli reacting with 25 mM and 50 mM 

ampicillin. For 50 mM ampicillin, reacting the solution for 30 min did not change the pH 

 

Figure 4.3 │ Initial optimization of bacteria detection to determine ideal bacteria 

preparation and reaction time for sensitive detection.  
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significantly from 10 min of reaction. However, 25 mM ampicillin did result in a 

noticeable pH change at 30 min of reaction, therefore, this concentration and reaction 

time were chosen for the final device (Figure 4.3).  

Developing a 3-Layer Device for AMR Detection. Up until this point, all 

detection of β-lactamase or β-lactamase-producing bacteria was completed by first 

reacting the sample in a microcentrifuge tube, followed by adding the reacted sample to 

the pH indicator microfluidic device. However, this reaction setup is not conducive to 

field settings. The ideal device simply requires the user to add sample to one device 

without the need to bring multiple solutions and tools into the field. It was originally 

theorized that simply drying antibiotic in the sample addition zone of the pH indicator 

device for bacteria to react with before going to the pH indicator zones. However, as 

previously optimized, the ideal reaction time for the bacteria sample with antibiotic is at 

least 30 min. Therefore, the device requires a reaction zone where the sample can be 

stored for 30 min, then travel to the pH indicators following reaction. Several devices 

have been fabricated that control flow to specific sections of a device for applications 

such as environmental monitoring and biomedical testing.35,36 Using a similar concept, a 

device composed of three layers was developed. When all three layers are taped 

together, the user simply needs to add a bacteria sample, wait 30 min, then pull the 

middle layer valve, wax printed transparency sheet to prevent sample leaking. Pulling 

the valve allows the reacted sample to flow to the bottom pH indicator layer. If the 

bottom layer indicates an alkaline pH, the bacteria did not hydrolyze the antibiotic, 

indicating a negative result. If the pH is acidic, then the antibiotic was hydrolyzed, 

displaying a positive result (Figure 4.4).  
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Figure 4.4 │ Designing a µPAD that allows the user to add sample to a reaction layer 

(top layer with dried antibiotic) for 30 min, then pull a valve (the middle layer, a wax-
printed transparency sheet), which allows the reacted solution to travel to the bottom 
detection layer (pH indicator layer) for the user to read for whether the sample is 
positive or negative for bacteria resistant against that specific antibiotic.  
  

Optimizing 3-Layer Device for Bacteria Detection. While initially optimizing the 

3-layer device, it was made apparent that regular transparency film was not 

hydrophobic enough to hold the sample in one place for 30 min. Over time, the sample 

would diffuse to the edges of the film and eventually leak from the device. Because wax 

is used as a hydrophobic barrier in paper-based devices, wax was printed onto the 

transparency film before cutting into individual valves. This enabled the device to hold 

samples for the necessary 30 min required for the reaction to take place before opening 

the valve and allowing the sample to flow to the pH indicators. Similarly, while the pH 

indicator only requires 12 µL of sample to saturate the device, the addition of the valve 

and top reaction layer with dried antibiotic, resulted in increasing the sample size to 40 

µL. Because some sample is lost to the top layer and evaporation over 30 min of 
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reaction, volumes lower than 40 µL would not result in enough sample to saturate the 

pH indicators.  

 When drying antibiotic into the top layer of the device, the reaction layer, the 

concentration would need to be reoptimized to account for increased sample volume 

and assuming antibiotic is lost to the paper. Concentrations ranging from 10 to 150 mM 

were dried into the top layer of the device. Choosing the ideal concentration was 

determined qualitatively by comparing the detection of 108, 107, and 0 CFU mL-1. The 

ideal concentration could detect at least 107 CFU mL-1, but adequately distinguish this 

concentration from when no antibiotic is hydrolyzed. Similar to optimizing the antibiotic 

concentration in solution, lower concentrations of antibiotic yielded indistinguishable 

changes in pH across different bacteria concentrations (Figure 4.5). The pH difference  

 

 

Figure 4.5 │ Optimizing antibiotic concentration to store in the top layer of the device for 

optimal bacteria detection.  



115 
 

between no bacteria and higher bacteria concentrations continually increase until 125 

mM. Higher concentrations were not tested as it was assumed that concentrations 

higher than 150 mM would lead to an increase in the detection limit as what was 

observed with the solution assay. 

Based on these initial optimizations, it appeared 125 mM would provide the most 

sensitive results. However, as previously demonstrated, lower concentrations often 

provide better detection limits. Therefore, 75 mM, 100 mM, and 125 mM were chosen to 

react with 106 and 107 CFU mL-1 bacteria to determine whether a lower detection limit 

was achievable. As seen in the bottom portion of Figure 4.5, there was a slight pH 

change with 106 CFU mL-1. This pH change was most noticeable with 125 mM 

ampicillin, and it was therefore selected for subsequent experiments.  

 Detecting Bacteria Resistant to Specific Antibiotics. Following optimization, a 

calibration chart was generated for β-lactamase-producing E. coli. As seen in Figure 

4.6, the device detected bacteria resistant to ampicillin only when the bacteria were 

resistant, as confirmed by growing the bacteria an ampicillin resistant selective plate.   

 

Figure 4.6 │ Demonstrating the sensitivity and specificity of the device by generating a 

calibration chart of E. coli both resistant and not resistant to ampicillin. 
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 One of the advantages of this device over the device described in Chapter 3 that 

detects AMR bacteria based on nitrocefin hydrolysis is the ability to detect resistance 

against specific antibiotics. Nitrocefin detects β-lactamase activity, which indicates to 

the user that the bacteria are likely resistant against any β-lactam antibiotic. However, 

as also discussed in Chapter 3, bacteria that express β-lactamase can be resistant 

against some β-lactam antibiotics, but not others. By drying different antibiotics on the 

reaction layer of the device, the user can test for resistance against specific antibiotics 

for a more precise resistance profile. In addition to testing resistance against ampicillin, 

we tested the laboratory E. coli for resistance against amoxicillin, penicillin V, and 

cefazolin, a cephalosporin β-lactam antibiotic (Figure 4.7). The caveat of using this 

device to detect resistance against several antibiotics is the starting pH of each 

antibiotic. Amoxicillin’s starting pH is more alkaline compared to ampicillin, and 

therefore there is not as significant of a pH change when reacted with the same 

concentration of bacteria. The opposite is seen in penicillin V and cefazolin as their 

starting pH’s are more acidic than when the device stops being quantifiable. Despite 

dissolving penicillin V and cefazolin in pH 8.5 Tris buffered saline, the starting pH was 

lower than ampicillin, also making the device less quantifiable. The pH of naturally 

acidic antibiotics can be adjusted by dissolving the chemicals in alkaline buffers. 

However, as what will be discussed in more detail in Chapter 5, alkaline solutions cause 

speedier degradation of β-lactam antibiotics. The hypothesis as to why this happens is 

because of hydroxyl groups present in alkaline solutions hydrolyzing the β-lactam ring at 

an increased rate compared to neutral or acidic solutions.  
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Figure 4.7 │ Detecting resistance against other β-lactam antibiotics. 

 

 Adapting the Assay for Detecting Carbapenem-Resistant Bacteria. The final 

goal of this assay is to detect bacteria resistant against different classes of β-lactam 

antibiotics, including last resort antibiotics, the carbapenems. For testing the system of 

β-lactam-resistant bacteria, laboratory E. coli DH5α was transformed with a plasmid that 

expresses β-lactamase. Unfortunately, a plasmid is not available to express 

carbapenemase, therefore bacteria species that have been isolated from environmental 

samples were used. These isolates were identified as carbapenemase-producing 

bacteria based on selective plates, a commonly used traditional method. Because 

carbapenem-resistant bacteria that have been isolated from the environment are going 

to have different resistance profiles compared to transformed laboratory bacteria, we did 

not use our optimized reaction conditions. Instead, we followed a procedure like the 

Carba-NP test, and only used the pH indicator layer of the device. Unlike detecting 

traditional β-lactamase activity, many carbapenemases are metalloenzymes, meaning 

they require a metal to facilitate the reaction. The creators of the Carba-NP test were 

successful when using 10 mM imipenem dissolved in 0.1 mM ZnSO4, therefore these 

conditions were used.37  
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When testing these reaction conditions in distinguishing environmentally isolated 

bacteria that do and do not grow on carbapenemase-selecting plates, the test was not 

successful (Figure 4.8). Isolates #1 and #2 grew on these selective plates, while 

isolates #3 and #4 did not grow, however, all bacteria isolates are indistinguishable 

using this device. Several different preparation techniques were attempted, including 

extending the reaction time to 2 hr instead of the optimized 30 min. Similar to what was 

demonstrated for bacteria detection in Chapter 2, we resuspended the bacteria in a 

lower volume of buffer than the original sample, concentrating the sample. Neither of 

these procedures were effective. As seen in Figure 4.8, all bacteria isolates are 

decreasing the pH compared to the media control sample. Therefore, either all bacterial 

species are hydrolyzing imipenem, or another bacterial property is causing the decrease 

in pH.  

 

Figure 4.8 │ Detecting resistance of environmentally isolated bacteria against 

imipenem, a carbapenem antibiotic. Using traditional methods, bacteria isolates #1 and 
#2 tested positive for resistance against imipenem while isolates #3 and #4 tested 
negative for resistance. 
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To confirm whether these bacteria were resistant or susceptible to imipenem and 

ertapenem (another carbapenem antibiotic), a minimum inhibitory concentration (MIC) 

assay was performed using serial dilutions of these antibiotics. Whether or not the 

bacteria would grow in the presence of a specific concentration of antibiotic determined 

whether bacteria were resistant to the antibiotic at that concentration. Using this 

traditional technique, we determined that all four isolates had similar resistance against 

imipenem with isolates #1-3 having an MIC of 0.78 µg mL-1 and isolate #4 with an MIC 

of 0.39 µg mL-1 (Table 4.1). All isolates were more resistant against imipenem when 

compared to ertapenem, therefore would likely be a better antibiotic to test for initial 

carbapenem-resistance. All isolates display similar MICs for imipenem, suggesting that 

our results show all bacterial species hydrolyzing imipenem. However, when using this 

system to detect resistance in β-lactamase-producing DH5α cells, these laboratory 

bacteria were growing in the presence of much higher concentrations of antibiotics. At 

50 µg mL-1, the DH5α cells were approximately 64x more resistant than these 

environmental isolates, therefore are likely to hydrolyze much less antibiotic for a 

noticeable color change in the pH indicators.  

 

Table 4.1 │ Calculated minimum inhibitory concentration (MIC) of the tested 

environmental isolates. N/A designates the bacteria did not grow in the presence of the 
lowest tested antibiotic.  
 

Bacteria Isolate # Imipenem MIC (µg mL-1) Ertapenem MIC (µg mL-1) 

1 0.78 0.195 

2 0.78 0.39 

3 0.78 N/A 

4 0.39 N/A 
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Conclusions and Future Directions 

 A device has been designed and partly optimized for detecting bacteria resistant 

against different classes of β-lactam antibiotics. The device has been optimized for 

detecting bacteria resistant against ampicillin, but will need further optimization for other 

antibiotics such as amoxicillin, penicillin V, and cefazolin for maximum pH and color 

change. The system should eventually work for detecting bacteria resistant against 

carbapenem antibiotics, however, this will involve verifying the MIC of multiple additional 

environmental isolates before selecting a few isolates for optimization. Another option 

would be to customize a new plasmid for DH5α cells that encodes carbapenemase for 

optimization experiments before demonstrating the device with bacteria isolated from 

environmental samples. Another issue to note is that the media used to grow bacteria is 

most likely acting as a pH buffer. Hence, we will also be testing whether centrifuging the 

bacteria and resuspending in deionized water will yield more sensitive results. Once the 

final device has been optimized, it will eventually be verified for clinical applications 

using inoculated plasma or serum samples.  
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CHAPTER 5. PAPER-BASED ENZYME COMPETITION ASSAY FOR DETECTING 

FALSIFIED ANTIBIOTCS 

 

Falsified and substandard antibiotics are a growing worldwide problem that leads 

to increased patient mortality, decreased trust in healthcare, and contributes to 

antimicrobial resistance. Monitoring falsified antibiotics is difficult because most falsified 

pharmaceuticals are found in developing countries, where detecting the active 

ingredient is difficult due to lack of access to complex instrumentation. Herein, we 

describe the development and optimization of a microfluidic paper-based analytical 

device (µPAD) to detect the active ingredient in the most falsified class of antibiotics, β-

lactams. The assay is based on enzyme competition, making it the first demonstrated 

competitive enzyme assay reported in paper-based devices. The assay uses nitrocefin, 

a chromogenic substrate, to compete with β-lactam antibiotics in a reaction with β-

lactamase. A yellow color indicates legitimate drugs, while a color change from yellow to 

red indicates falsified drugs. In addition to testing for the active ingredient, another 

section of the device was added to test the sample pH to further verify results and 

identify common falsified ingredients like aspirin or baking soda. Calibration curves for 

four different antibiotics, including cefazolin, have been generated making it the first 

paper-based device capable of detecting the purity of both cephalosporin and penicillin 

antibiotics. The µPAD has also been tested with common falsified ingredients and 

Augmentin antibiotics in tablet form, demonstrating its potential for in-field falsified 

antibiotic testing. 

 This work was accepted for publication in ACS Sensors.1   
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Introduction 

The field of medicine was transformed with the advent of antibiotics in the early 

20th century when doctors could start efficiently treating bacterial infections. However, 

antibiotics are only helpful to the patient if they are legitimate. Substandard and falsified 

drugs have become a serious worldwide problem recognized by the World Health 

Organization (WHO) and the International Police Organization (INTERPOL).2-4 Despite 

serious efforts by these groups, per the Pharmaceutical Security Institute, the number of 

reported cases of drug counterfeiting increased over 10-times between the years 2002 

and 2010.5 Although this increase could be due to heightened awareness and 

monitoring efforts, it is impossible to know how many falsified drugs go undetected. 

While falsified drug sales are still prevalent in developed countries due to sales from 

online pharmacies, sales are the highest in developing countries, making the drugs 

difficult to track and detect.6 The WHO estimates that up to 10% of drugs worldwide 

could be falsified, with 50% of these involving antimicrobials.7 Falsified and substandard 

antibiotics often lead to treatment failure, increasing the chances of patient mortality.8 In 

addition to increasing mortality, treatment failure also results in more patients receiving 

unnecessary broad-spectrum antibiotics, thereby contributing to the growing worldwide 

problem of antimicrobial resistance.7 It is estimated that 5% of the global antibiotics 

market are falsifieded.9 Of these antibiotics, β-lactams are the most commonly 

falsifieded, making up half of the falsified antibiotics in the world.7  

The standard procedure to determine drug purity is via mass spectroscopy (MS) 

or high-performance liquid chromatography (HPLC).10,11 However, it is difficult to test for 

drug purity in developing countries due to lack of access to these expensive 
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instruments. Consequently, drug efficacy is often determined by looking at the quality of 

packaging and labeling in resource-limited settings. Although legitimate pharmaceutical 

companies are putting more effort into their labeling to distinguish from falsified sellers, 

it is possible for counterfeiters to replace antibiotics in legitimate packaging.12 To help 

combat this problem, the Global Pharma Health Fund manufactures the GPHF-Minilab® 

for in-field pharmaceutical ingredient analysis using thin-layer chromatography.13 While 

a robust system that tests the authenticity of dozens of antibiotics and antimalarial 

drugs, it still requires an initial investment cost and trained personnel to operate, and is 

therefore not a system that could be used by laypersons.14 Consequently, there is still a 

need for inexpensive and portable tests that can be used by untrained individuals for 

determining the purity of active pharmaceutical ingredients in antibiotics.  

Microfluidic paper-based analytical devices (µPADs) have gained significant 

traction in the field of point-of-need diagnostics and detection methods for developing 

countries.15 Paper is an attractive platform for point-of-need detection over other 

materials because of paper’s natural ability to store reagents, fluid-wicking properties, 

and cost.16 Because of these properties, there have been thousands of publications 

over the last decade demonstrating paper-based detection of metals, biomolecules, 

bacteria, and viruses in a large range of complex biological and environmental sample 

matricies.17    

In 2013, Weaver et al. developed a µPAD for screening β-lactam antibiotics and 

antituberculosis pharmaceuticals to ensure purity.18 While a promising system and an 

important step toward inexpensive in-field pharmaceutical analysis, the device is 

qualitative and primarily focuses on detecting common substitute pharmaceutical 
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ingredients and unapproved excipients. To test for the active ingredient of ampicillin and 

amoxicillin, the authors describe using copper (II) as a qualitative colorimetric indicator. 

This chemistry was also studied by Fernandez et al. for ampicillin and amoxicillin 

detection, but not for other β-lactam antibiotics.19,20 Additionally, although 60% of 

falsified drugs contain no active ingredient, the remaining 40% involve variable amounts 

of active ingredient, rendering qualitative detection methods insufficient.21 In 2014, 

Koesdjojo et al. reported a µPAD for detection of artesunate anti-malarial drugs that 

detected the active ingredient through the reaction of the active ingredient using fast 

red.22 While this method provides excellent results for artesunate anti-malarials, it 

cannot be extended to common β-lactam antibiotics. Therefore, an inexpensive and 

portable device that can test for the universal purity of all β-lactam antibiotics in a 

quantitative capacity is still needed.  

Nitrocefin is a chromogenic cephalosporin first reported in 1972 as a novel and 

straight-forward substrate used to detect bacteria resistant to β-lactam antibiotics.23 

Nitrocefin is hydrolyzed in the presence of β-lactamase, a bacterial enzyme that 

facilitates resistance against β-lactam antibiotics by hydrolyzing the β-lactam ring, 

deactivating the antibiotic. A distinct color change from yellow to red occurs after 

nitrocefin is hydrolyzed by β-lactamase, allowing for detection of the enzyme (Scheme 

5.1). Nitrocefin was utilized in Chapter 3 of this document in the detection of 

antimicrobial resistant bacteria in environmental bacterial isolates and sewage water.  

Applying the nitrocefin-β-lactamase reaction, we have developed a paper-based 

device that detects the presence of β-lactam antibiotics using an enzymatic competition 

assay. By dissolving the antibiotic in water and adding it to the device, the solution will 
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Scheme 5.1 │ Reaction scheme for β-lactamase and nitrocefin, a chromogenic 
cephalosporin that turns from yellow to red upon hydrolysis.  
 

rehydrate dried nitrocefin and travel to the detection zone containing deposited β-

lactamase. If the antibiotics are present, they will compete in a concentration dependent 

manner for the β-lactamase active site with the dilute nitrocefin, resulting in little to no 

color change through the course of the measurement. If the antibiotics are falsified, the 

β-lactamase will react more quickly with nitrocefin as there will be no competition for the 

active site, turning the device red as an indication of falsified drugs (Scheme 5.2). To 

add further verification of the results, a second channel in the µPAD is used to 

determine pH, as some falsified agents strongly affect the resulting solution pH. This 

µPAD demonstrates the capability to distinguish between falsified and legitimate 

antibiotics using four different β-lactam antibiotics, including both penicillin and 

cephalosporin antibiotics. The detection motif has also been tested using Augmentin 

antibiotics in tablet form and six different common excipients and active ingredient 
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replacements found in falsified drugs. To the best of our knowledge, this is the first 

demonstration of an enzyme competition assay as a viable detection method in µPADs. 

 

Scheme 5.2 │ Falsified antibiotic detection method. (A) Final optimized antibiotic purity 
device with a pH Indicator region and Antibiotic Purity region. The pH indicator region 
contains bromophenol blue (1), phenol red (2), and phenolphthalein (3). The antibiotic 
purity region contains a detection zone with β-lactamase (4) and nitrocefin substrate (5). 
(B) Using enzyme competition as a detection motif. When antibiotics are legitimate, 
ampicillin will be present in the detection zone at a higher concentration compared to 
nitrocefin, therefore the device will stay yellow. When antibiotics are falsified, more 
nitrocefin will be present in the detection zone to react with β-lactamase, leading to a 
color change from yellow to red. 
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Materials and Methods  

Proof of Concept Using Absorbance. Different ratios of ampicillin sodium salt 

[Ward’s Science, >98% purity] and a constant concentration of nitrocefin [VWR 

International] were reacted with β-lactamase [Abcam, ab67672] in a 96-well plate and 

read using a Biotek Synergy 2 Plate Reader at 510 nm. 50 µL of 1 mM nitrocefin was 

mixed with 50 µL of ampicillin at concentrations 0.01, 0.1, 1, 10, and 100 mM.  100 µL 

of 1 Unit mL-1 β-lactamase was added to the mixture and allowed to react for 20 min, 

obtaining the absorbance every minute for kinetic results. The final graph (Figure 5.1) 

was developed using absorbances at 15 min into the assay reaction. 

Paper-Based Device Fabrication and Data Analysis. The devices were 

designed using 3 point blue lines in CorelDRAW X4 with the following dimensions: a 8 

mm diameter circle for the sample inlet; a 4 mm wide by 10 mm long rectangular 

channel and a 10 mm diameter circle for the detection zone of the antibiotic purity 

section; for the pH indicator section of the device, a 3.5 mm wide by 10 mm long 

channel leading to an 8 mm diameter circle that leads to each pH indicator arm; each 

arm is a 3 mm by 4.5 mm channel leading to a 5 mm diameter pH detection zone 

(Scheme 5.1A). Following design, the devices were printed on either Whatman 

chromatography paper grade 1 or grade 4 [GE Healthcare Sciences] using a ColorQube 

8870 [Xerox] wax printer. To define hydrophobic barriers and direct sample flow, the 

devices were placed on an IsoTemp [Fisher Scientific] hot plate and covered with a 

metal plate at 165 °C for 90 s to allow the wax to melt through the paper pores. To 

prevent sample leakage, the back of the device was taped with Scotch Shipping Heavy 
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Duty packing tape. For “covered” devices, an additional packing tape layer was used to 

cover the entire device except for the sample inlet.  

 Before taping the µPADs, sections of the device were modified with different 

chemicals to enable different aspects of the assay (Scheme 5.1). For the antibiotic 

purity section, the channel was modified with 2 µL of nitrocefin solution and the 

detection zone was modified with 2.5 µL of β-lactamase solution. In the pH indicator 

section, the first detection zone was modified with 0.45 µL of bromophenol blue [EM 

Science]; the second detection zone was modified with two deposits of 0.35 µL of 

phenol red [Fluka Analytical]; and the third detection zone was modified with 0.40 µL of 

phenolphthalein [Flinn Scientific Inc.]. Why each pH indicator was selected is further 

explained in the discussion.  

 For using the devices, 35 µL of sample (deionized H2O or varying concentrations 

of antibiotics) was added to the sample inlet and allowed to saturate and react with the 

device. 15 min following sample addition, devices were scanned as Tagged Image File 

Format (TIFF) documents using a Xerox Documate 3220 scanner. The images were 

analyzed using ImageJ [NIH] software by splitting the file into red, green, and blue color 

channels. The green channel was selected and inverted for analysis by using the circle 

tool to measure the color intensity of the detection zone in the antibiotic purity section of 

the device. The pH segment of the device was analyzed qualitatively by the user.  

Paper-Based Device Optimization. Optimization experiments were carried out 

by adding 35 µL of sample (either dH2O or 50 mg mL-1 ampicillin) and allowing the 

devices to react for 15 min before scanning and image analysis. Before paper 
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optimization, all substrate optimization experiments were carried out on covered 

Whatman 4 filter paper.  

For β-lactamase concentration optimization, concentrations of 1, 5, 10, 25, 50, 

75, and 100 U mL-1 was dried onto circular paper sample spots like the detection zone 

in the final antibiotic purity device, but without a channel and sample inlet. The β-

lactamase solution was dried on paper either at room temperature (~22 °C) in the light, 

room temperature in the dark, or in a dark refrigerator at 4 °C. 40 µL of 0.5 mM 

nitrocefin in solution was added to the sample spot and allowed to react for 30 min 

before capturing an image. 30 min was chosen for maximum color response, because it 

is not time-dependent like the competition reaction. Because the devices were not 

covered, the image was captured using an Apple iPhone 5S Smartphone camera and a 

cardboard “light box” that has been described previously.24 Image analysis was carried 

out as described above.  

To determine ideal nitrocefin concentration, our final antibiotic purity device was 

used with 75 U mL-1 β-lactamase in the detection zone. 2 µL of nitrocefin at 

concentrations of 0.5, 0.75, 1, 2, 3, 5, and 7.5 mM were dried onto the channel of the 

microfluidic device. Both dH2O and 50 mg mL-1 ampicillin were added to the device and 

reacted for 15 min. The color intensity between the two “samples” was compared.  

For paper optimization, devices were made using both Whatman 1 and Whatman 4 

chromatography paper. Whether the device should be covered with tape was also 

investigated by comparing devices with only the back taped to devices where both the 

back and top were taped except for the sample inlet. The devices were fabricated using 
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what was concluded to be the ideal concentrations of β-lactamase and nitrocefin, 75 U 

mL -1 and 3 mM respectively.  

The pH range of the final optimized device was determined by adding buffers 

ranging from pH 4.5 to pH 10 in increments of 0.5 pH units and analyzing the color 

intensity of the detection zone. Phenol red and phenolphthalein in the pH indicator 

section of the device has been previously optimized and described by our lab (Ref). 

Bromophenol blue had not been previously optimized, but 0.45 µL of 1% solution 

deposited and dried at room temperature proved to provide ideal results.  

  Antibiotic Testing. In addition to ampicillin, calibration curves were also 

generated for amoxicillin sodium salt [Alfa Aesar, >88% purity), penicillin V potassium 

salt [Acros Organics, >99% purity], and cefazolin sodium salt [Chem Impex Int’l Inc., 

>93% purity] Calibration curves for four different antibiotics were generated using the 

final optimized device. For ampicillin, amoxicillin [Alfa Aesar], and penicillin V [Acros 

Organics], concentrations of 0.1, 0.2, 0.4, 0.6, 0.8, 1, 2, 4, 6, 8, and 10 mg mL-1 were 

used. Concentrations used for the calibration curve of cefazolin were 0.5, 1, 2, 4, 6, 10, 

20, 30, 40, 50, 60, 80, and 100 mg mL-1. All antibiotic solutions were dissolved in dH2O 

to best mimic field conditions where buffer will not always be available. 35 µL of each 

antibiotic sample was added to the sample inlet of the device. Images were captured of 

the devices via scanner at 7.5 and 15 min after sample addition and analyzed as 

previously described. Images of the devices (Figure 5.10) with common antibiotics were 

generated by adding 50 mg mL-1 of antibiotic to the device and capturing the device 

image 15 min after sample deposition. All calibration curves used the units mg mL-1 

instead of molarity because when testing real samples the user will not know how many 
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moles of antibiotic are supposed to be present, but the mass of active ingredient in 

milligrams is available. 

 Augmentin, a commonly prescribed pharmaceutical drug that contains amoxicillin 

and clavulanic acid, a β-lactamase inhibitor, was also tested. Because this antibiotic 

was in tablet form, the pill was crushed using a mortar and pestle until it was a fine 

powder. A solution of 10 mg mL-1 was made using the powder and vortexed, though not 

all the tablet’s contents would completely dissolve in dH2O. 35 µL of sample was 

deposited into the device and an image was captured after 15 min. 

Stability of Nitrocefin and β-lactamase on Paper. Storage testing of β-

lactamase and nitrocefin was performed on paper well plates. To create the wells, 7 mm 

diameter wax circles were printed onto either Whatman 1 or 4 paper. The paper well 

plates had 7 wells in each row, three sample wells and four blank wells to account for 

inconsistences in lighting across the row as previously described.24 β-lactamase and 

Nitrocefin were dried onto each well in varying concentrations and volumes and stored 

in Ziploc bags at different temperature, lighting, and humidity’s to optimize storage 

conditions. Stabilizing agents used for β-lactamase storage include, bovine serum 

albumin (BSA), sucrose, trehalose, dextrose, chitosan, poly(vinylsulfonic Acid sodium 

salt), and poly(diallyldimethylammonium chloride). Stabilizing agents used for nitrocefin 

include an acidic citric acid-disodium phosphate buffer ranging from pH 3 to 6 (0.1 M 

Citric Acid and 0.2 M Na2PO4 in varying volumetric ratios), benzene, acetone, 

acetonitrile, ethanol, and methanol.  

  To determine the enzymatic activity after a certain storage time, 20 µL of 0.5 mM 

nitrocefin was added to each well containing β-lactamase. To quantify the color change, 
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pictures of the well plate were taken 30 min after nitrocefin addition.  All pictures were 

taken with a Samsung Galaxy S7 Smartphone using the phone’s flash and a light-box to 

remove ambient light. Images were processed using ImageJ as previously described 

with mean color intensity used to quantify β-lactamase activity. All enzyme activity 

experiments were performed at room temperature. To determine the viability of 

nitrocefin dried on paper, 20 U/mL β-lactamase was added to each well containing dried 

nitrocefin and the same process described above was followed to ascertain the stability 

of the substrate after storage. For the nitrocefin study only, an additional picture was 

taken before the β-lactamase was added to observe any degradation of nitrocefin over 

time. Different storage conditions included room temperature constantly exposed to 

light, room temperature in the dark, 37 °C in the dark, and storage in a dark 4 °C 

refrigerator.  

Testing Common Drug Replacements. Selected falsified ingredients included 

gelatin [Ward’s Science], sodium bicarbonate [Ward’s Science], acetylsalicylic acid 

[Sigma Aldrich], sucrose [Fisher Scientific], D-(+)-lactose [J. T. Baker Chemical Co.], 

and calcium carbonate [Fisher Scientific]. 50 mg mL-1 solutions were made of each 

falsified replacement and dissolved (to varying degrees) in dH2O. As previously 

described with antibiotic samples, 35 µL of sample was deposited onto the device and 

an image was captured 15 min later. The image underwent the same image analysis as 

previously described.  

Blind Testing. Someone unfamiliar with the devices was selected to analyze six 

blinded 10 mg mL-1 samples. The user was provided with an image key for what the 

device should look like if the samples were legitimate or falsified (Figures 5.10 and 5.11) 
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and a pH indicator key of how several common drug replacements would show up on 

the pH indicator (Figure 5.12). The user was told which antibiotic each sample was 

supposed to represent and was given instructions on pipetting and reading the device. 

After 15 min, the user identified each sample as either legitimate or falsified. 

 

Results and Discussion  

Enzyme Competition: Proof of Concept. Before designing the µPAD, an 

enzyme competition assay in solution was studied to determine if it was a viable 

detection motif for β-lactam antibiotics. To confirm this idea, concentrations of ampicillin, 

a commonly falsifieded β-lactam antibiotic,7 ranging from 0.01 to 100 mM was mixed 

with a constant concentration of nitrocefin. This mixture of nitrocefin and ampicillin was 

reacted with β-lactamase in a 96-well plate and the results were analyzed with a plate 

reader at an absorbance of 510 nm after 15 min of reaction.  Molar ratios ranged from 

1:100 to 100:1 of ampicillin to nitrocefin, and the absorbance at the λmax of the red 

hydrolyzed nitrocefin decreased as the concentration of ampicillin increased (Figure 

5.1), demonstrating enzyme competition as a viable method for antibiotic detection. 

 Paper-Based Microfluidic Device Optimization. While using a plate reader for 

absorbance is a reliable and quantifiable method for determining ampicillin 

concentration relative to nitrocefin, it requires the use of expensive and non-portable 

instrumentation. There are inexpensive, portable spectrophotometers available, 

however, these instruments can exceed $3000 USD and require multiple solutions to 

complete the test.25 The ideal detection system could be used by someone with little 

training and without any external instruments or solutions beyond the sample. Using a 
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µPAD format, these requirements can be achieved. Using paper’s ability to store 

reagents and natural fluid-wicking properties,26 a device was conceived where the user 

would simply add sample and wait 15 min to see if a color change occurs (Scheme 

5.1A). Nitrocefin was stored in the channel of the antibiotic purity section of the device, 

which leads to a detection zone where β-lactamase is stored. Thus, when the user adds 

sample, the fluid wicks down the channel, rehydrating and transporting the stored 

nitrocefin to the detection zone to react with β-lactamase. If the user’s sample contains 

antibiotic, it should be present at a higher concentration relative to nitrocefin, therefore 

β-lactamase will react with the antibiotic and the device will stay yellow. However, if the 

user’s sample is falsified and does not contain the active antimicrobial ingredient, 

nitrocefin will be the dominant substrate in the system for β-lactamase to hydrolyze, 

resulting in a distinct color change from yellow to red (Scheme 5.1B). 

 

Figure 5.1 │ Using spectrophotometry as a proof-of-concept to demonstrate when more 

ampicillin is present compared to nitrocefin, β-lactamase will choose to react with 
ampicillin more often, leading to less hydrolysis of nitrocefin, therefore less color 
change. (n =3) 
 



137 
 

 Several aspects of the device were optimized, including β-lactamase and 

nitrocefin concentration (Figure 5.2). To optimize β-lactamase on the device, 

concentrations varying from 1-100 U mL-1 were dried onto simple circular devices in 

various conditions (Figure 5.2A). Concentrations lower than 75 U mL-1 did not give as 

intense of a color change, and higher concentrations did not increase color intensity. 

Drying the enzyme on paper at 4 °C gave the best results compared to drying at room 

temperature (~22 °C), likely due to enzymes being more stable at lower temperatures 

while in solution. Nitrocefin concentration was optimized using the antibiotic purity 

section of the device by drying nitrocefin of varying concentrations (0.5-7.5 mM) in the 

channel (Figure 5.2B). Unlike β-lactamase optimization, the color intensity was 

measured for no antibiotic (representing falsified antibiotics) and a high concentration of 

ampicillin (representing legitimate antibiotics). The difference between the color intensity 

of the falsified and legitimate samples was calculated to determine the concentration of 

nitrocefin that could most effectively distinguish between the two samples. As observed 

in Figure 5.2B, the contrast between legitimate and falsified antibiotics increased until 3 

mM when the gap started to close again. Although the color intensity was high for 

falsified antibiotics using higher concentrations of nitrocefin, the color intensity 

increased for legitimate antibiotics after 3 mM (Figure 5.2B). This discrepancy could be 

due to two different reasons. As we have previously reported, higher concentrations of 

non-hydrolyzed nitrocefin tend to appear more red than a diluted sample before 

hydrolysis,27 which likely leads to more red in the detection zone when using a high 

concentration of nitrocefin. Secondly, because this is an enzyme competition assay, 

increasing nitrocefin concentration leads to more competition with antibiotic present in 
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the sample, hence β-lactamase will statistically react with nitrocefin more often than with 

a lower concentration of nitrocefin.  

 

Figure 5.2 │ Optimization of substrates for the µPAD. (A) Optimization of concentration 

and drying method for β-lactamase, the detection enzyme. (B) Nitrocefin concentration 
optimization based on net color change between a no antibiotic and a high 
concentration of antibiotic. (n = 3) 
 

 In addition to optimizing reagent concentrations and drying conditions, there are 

several kinds of paper that can be used for µPADs (Figure 5.3A). Because of their 

widespread use and inexpensive materials, we limited this study to Whatman 

chromatography paper grade 1 and grade 4. Additionally, paper-based devices can be 

open to the environment or taped or laminated to protect the reagents present on the 

device. Because this device includes enzymes deposited on the paper, lamination was 
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eliminated due to the potential for high temperatures to denature the enzymes. Devices 

fabricated with Whatman 1 paper and taped on both the bottom and top delivered the 

best reaction and were used for the final device (Figure 5.3A). Devices that were taped 

on the top and bottom of the device likely performed better due to decreased sample 

evaporation, along with slower and more controlled flow. Whatman 1, which has smaller 

pores relative to Whatman 4, also performed better, supporting the hypothesis that 

slower flow increases reaction efficiency. Slow and controlled flow likely allows the 

sample to rehydrate more nitrocefin to react with β-lactamase in the detection zone, 

resulting in a more noticeable color change when falsified antibiotics are detected. 

 

Figure 5.3 │ Additional optimization of µPAD. (A) Determining ideal paper to use and 

whether the device should be taped on bottom only or top and bottom. (B) Working pH 
range of final optimized device. (n = 3) 
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 Because the enzymatic reaction between nitrocefin and β-lactamase is pH 

dependent,27 it is important to verify the pH range at which this device can operate. 

Therefore, we added buffers to the device ranging in pH between 4.5 and 10 (Figure 

5.3B and 5.4A). The device works optimally between pH 6.5 and pH 8, and does not 

work at acidic pHs. Although the device does not work as well at a pH above 8, it does 

not entirely stop working like it does in acidic pH conditions. In basic conditions the 

hydrolysis of nitrocefin can still take place with a hydroxide ion rather than a water 

molecule. In fact, the hydrolysis is more favorable in basic conditions because 

hydroxide is more nucleophilic than water (Figure 5.4B). The increased rate of 

hydrolysis in alkaline solutions offsets the decrease in enzyme activity expected at high 

pH’s. The opposite is true in acidic solutions, which is why we observe lower signals. 

 

Figure 5.4 │ (A) Proposed mechanism for hydrolysis of nitrocefin via H2O or OH-. (B) 
The pH indicator region of the µPAD at different pH buffers. 
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Stability of Nitrocefin and β-lactamase on Paper. Most falsified antibiotics are 

found in resource-limited settings where storage options are limited.5 Therefore, it is 

important to determine the most effective way to store the device without reagent 

degradation. A study by Nery et al. examined 33 different stabilizing agents used to 

increase shelf-life of glucose oxidase stored on paper.28 We chose five of the most 

successful and facile stabilizing methods from this paper for use with β-lactamase and 

found that BSA blocking of the paper had the most significant impact on storage ability 

(Figure 5.5).  

 

Figure 5.5 │ Five different stabilizing methods and/or reagents were used to store β-
lactamase on Whatman 1 filter paper in three different storage conditions. All samples 
were stored in their respective storage conditions for two weeks.  

 

As previously theorized by Ramachandran et al. and others, we believe the BSA 

binds to the paper thereby decreasing the loss of enzyme to adsorption in an inactive 
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form.29 We also theorize that the BSA forms a protective coating that shields the β-

lactamase from agents that can affect activity. In addition to selecting a stabilizing 

agent, we also optimized the paper used as a substrate for storage. We found that 

Whatman 1 filter paper increased shelf-life of β-lactamase over Whatman 4, 

nitrocellulose, and polyethersulfone. When BSA was used to stabilize β-lactamase on 

Whatman 1 filter paper, the enzyme showed no decrease in activity over three months 

at room temperature and retained >80% of its activity after one year of storage (Figure 

5.6).  

 

 

Figure 5.6 │ Activity of β-lactamase over 52 weeks in four different storage conditions. 

Variable results in weeks 2 – 4 are the result of old nitrocefin and inconsistencies in 

photographic methods.  
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Nitrocefin proved more difficult to stabilize. At room temperature, nitrocefin 

degraded to its red hydrolyzed form in two days, rendering it useless for the assay. As 

the degradation mechanism is a hydrolysis, we attempted to keep the device water-free 

by drying the paper, diluting the nitrocefin in organic solvents, vacuum sealing the 

device, and storing with desiccant. Unfortunately, these efforts only increased the 

effective shelf life of nitrocefin on paper to roughly one week. To store nitrocefin for 

more than one week, the device must be stored in a refrigerator to slow or stop the 

degradation through hydrolysis. When stored at 4 °C, the nitrocefin was stable for at 

least 4 weeks (Figure 5.7). 

 

Figure 5.7 │ Activity of nitrocefin over 4 weeks in different storage conditions. Nitrocefin 
should not be stored outside the refrigerator or it will degrade to it’s red, hydrolyzed form 
less than three days. 
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µPAD for Testing Antibiotic Purity. As previously mentioned, β-lactam 

antibiotics are one of the most falsifieded drugs on the market. Of the β-lactam 

antibiotics, ampicillin and amoxicillin are two of the most common targets of falsified 

drug manufacturers. However, it is important to establish whether this method can be 

used universally across many β-lactam drugs. In addition to amoxicillin and ampicillin, 

the device was tested with penicillin V and cefazolin (Figure 5.8). Although not in the 

class of penicillin drugs, cefazolin is still a β-lactam antibiotic in the class of 

cephalosporins.  

 

Figure 5.8 │ Structures of four different β-lactam antibiotics used to demonstrate µPAD.  

 

When completing the enzyme competition assay in the 96-well plate and 

measuring the absorbance, a linear trend between color intensity and antibiotic 

concentration was observed, indicating that the system could be quantifiable. 

Calibration curves were established for all tested antibiotics using the completed µPAD 

(Figures 5.9 and 5.10) 
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Figure 5.9 │ Calibration curves of common antibiotics including (A) Ampicillin (m error = 
4.75, b error = 2.64) (B) Amoxicillin (m error = 4.17, b error = 2.51)  

 

All four antibiotics showed the general trend of a linear region that levels off at 

higher antibiotic concentrations (2 mg mL-1 for penicillin antibiotics and 20 mg mL-1 for 

cefazolin). The curves show a negative trend because we are measuring the red 

intensity of nitrocefin hydrolyzation. The more antibiotic present, the less nitrocefin will 

hydrolyze, resulting in lower red intensity. Amoxicillin showed the greatest sensitivity 

with a slope of -50 mL mg-1, while ampicillin and penicillin V showed similar sensitivities 

with slopes of -39 and -40 mL mg-1 respectively (Figure 5.9 and 5.10A). Although 

cefazolin did eventually quench the reaction of nitrocefin and β-lactamase, it showed an 

order of magnitude less sensitivity compared to penicillin antibiotics with a slope of -4.0 

mL mg-1 (Figure 5.10B).  
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Figure 5.10 │ Calibration curves of common antibiotics including (A) Penicillin V (m 
error = 3.77, b error = 2.08) and (B) Cefazolin (m error = 0.41, b error = 1.96). (n = 3) 

 

This decrease in sensitivity could be due to β-lactamase having a decreased 

sensitivity with cephalosporin antibiotics compared to penicillin antibiotics. To the best of 

our knowledge, direct evidence of β-lactamase displaying lower sensitivity to 

cephalosporins compared to penicillin antibiotics has not been published. However, 

varying enzyme coefficients for different substrates has been reported,30 suggesting that 

enzymes can have different sensitivities for different substrates. Not only can nitrocefin 

be used to colorimetrically detect the purity of different antibiotics, but we could also 

calculate Michaelis-Menten kinetics colorimetrically. This will be completed in future 

work to confirm our hypothesis of our selected β-lactamase having lower sensitivity 

toward cephalosporin antibiotics as compared to penicillin antibiotics. Additionally, 
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cefazolin has a molecular weight of 454.5 g mol-1 compared to amoxicillin and penicillin 

which have lower molecular weights at 365.4 and 334.4 g mol-1 respectively. The 

difference in size equates to fewer moles of cefazolin in the same mg mL-1 antibiotic 

concentration, thus a lower molar ratio relative to nitrocefin. Larger molecular size could 

also lead to steric hindrance when reacting with β-lactamase, leading to decreased 

kinetics. Despite decreased sensitivity, the µPAD can still be used to detect falsified 

cephalosporin β-lactam antibiotics. The user would simply need to dissolve more 

sample in water compared to penicillin antibiotics.    

To determine if these calibration curves can identify substandard antibiotics, we 

used the error of the slope and the Y-intercept of the calculated linear regression. 

Assuming the user dissolves 1 mg mL-1 of ampicillin, amoxicillin, and penicillin V, and 10 

mg mL-1 of cefazolin, these devices are capable of distinguishing between 70% API (or 

65% for ampicillin) and 100% API. Although the ideal system could confidently 

distinguish between 90% API and 100% API, this still offers better quantitative abilities 

than any other inexpensive field test currently available. The confidence could likely be 

increased by implementing reagent printers to eliminate device-to-device variability that 

is likely currently in place due to fabricating the devices by hand. Decreasing the error 

associated with the linear regression line will be the subject of future work and 

optimization.  The µPAD was also used to determine the purity of an antibiotic in tablet 

form. Antibiotic tablets never contain 100% antibiotic as there are always some form of 

pharmaceutical excipients present. Excipients, which are defined as any non-active 

ingredient present in the tablet, are added for a variety of reasons including to stabilize 

and/or preserve the active ingredient.31 Therefore, it is important to confirm this method 
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works even when the antibiotic is in the presence of pharmaceutical excipients. The 

device was tested with Augmentin, a commonly prescribed antibiotic that contains 

amoxicillin and clavulanic acid. At a concentration of 10 mg mL-1, the device verified the 

antibiotic as pure (Figure 5.11), although this was not confirmed by conventional 

methods. A concern for this method is the use of an enzymatic reaction using β-

lactamase, which can be inhibited by clavulanic acid, a well-known β-lactamase 

inhibitor. However, we do not believe this should be a concern for this device as 

clavulanic acid is not a common falsifieding ingredient. Common falsified ingredients 

tend to be cheap and accessible, and clavulanic acid is neither. Additionally, clavulanic 

acid is an acid and should therefore be detected using the pH indicators in the second 

portion of the device.  

 

Figure 5.11 │ Comparing full microfluidic device reacted with a dH2O control and 50 mg 
mL-1 of amoxicillin, ampicillin, penicillin V, and cefazolin; and 10 mg mL-1 of Augmentin. 
 

Testing Common Drug Replacements. Many ingredients are used as 

replacements for active ingredients in falsified drugs and it is important to verify the 
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method still works with a variety of the most common replacement ingredients. An 

extensive list of materials can be used in place of the active ingredient, which makes it 

impossible to test for all falsified ingredients. For this study, we have limited our tested 

falsifieds to ingredients that are more common in falsified drugs, such as chalk and 

sugar, and ingredients we believe would interfere with the assay.32,33 

As previously discussed, this assay is dependent on pH, so a pH indicator 

section was added to the device in addition to the antibiotic purity device component. 

The pH indication zone can alert the user when the assay is at an acidic or alkaline pH, 

suggesting the drug may be tampered. Three pH indicators were chosen, including 

bromophenol blue (Scheme 5.2A-1) to indicate an acidic pH (below pH 4.5), 

phenolphthalein to indicate an alkaline pH (Scheme 5.2A-3) above pH 8.5, and phenol 

red (Scheme 5.2A-2) was added to system for the user to indicate the pH between 6 

and 8.   

To determine whether antibiotics could be distinguished from falsified ingredients 

outside the working pH range, acidic and alkaline ingredients were tested. 

Acetylsalicylic acid (aspirin) and sodium bicarbonate (baking soda) were chosen 

because of their extreme pH values as well as their use in falsified drugs.34,35 As 

expected, using aspirin in the device resulted in a false positive (no color change) due 

to its acidic pH (Figure 5.12). However, the pH indicators show an acidic pH with phenol 

red turning yellow, and bromophenol blue turning light brown on its way to yellow. The 

indicators suggest a pH around 4, which is below the device’s working pH range and 

correctly identifies the antibiotic as falsified without the hydrolysis of nitrocefin. Baking 

soda on the other hand did show some color change in the detection zone indicating a 
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falsified drug while also indicating an alkaline pH as phenolphthalein turned pink. The 

only concern with the pH indicator method resides in the fact that antibiotics can also 

impact pH (Figure 5.12 and 5.13). However, pure amoxicillin displayed an alkaline-

leaning pH, while its counterpart in tablet form, Augmentin, displayed a neutral/slightly 

acidic pH. This is likely due to clavulanic acid and pharmaceutical excipients, which can 

often act as pH stabilizers. To the best of our knowledge, pH variabilities in antibiotics in 

tablet form has not been published, therefore, this is an area that would need extensive 

optimization in future work.  

 

Figure 5.12 │ To determine whether common drug replacements interfere with the 
µPAD, six different drug falsified ingredients were tested with the device. 

 

In addition to baking soda and aspirin, other common replacements such as 

chalk, sugar (sucrose and lactose), and gelatin were also tested. Likely because of their 
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lack of solubility in water, chalk and gelatin tested falsified using the device. Gelatin 

created a viscous solution, so it did not completely saturate the device (Figure 5.12), but 

the section of the device it did saturate turned red, indicating falsified. Sucrose and 

lactose also tested falsified. 

 

Figure 5.13 │ The pH of each antibiotic and different common excipients using the pH 

indicator portion of the µPAD. 

 

Blind Testing. For this device to be used by the general population, it is 

important to confirm that it can be used by individuals who have not been trained and 

are not as familiar with µPADs. Six blind samples were given to a new user and labeled 

as the “supposed” antibiotic. The user was provided with Figures 5.11, 5.12, and 5.13 

as a key for comparison of the completed test so the user could assess the assay 

results. The user then pipetted the samples into the device, waited 15 min, and 

concluded whether the sample contained legitimate or falsified antibiotics. Without bias, 
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the users correctly identified 29/32 blind samples (Figure 5.14), indicating an easy-to-

read and user-friendly test to identify most falsified antibiotics. The primary blind sample 

that was most difficult to identify was acetylsalicylic acid when labeled as cefazolin, 

likely due to both having a similar initial pH and acetylsalicylic acid not turning as red as 

other counterfeit ingredients. Being able to accurately distinguish these two antibiotics 

will be the subject of future research and optimization.  

 

Figure 5.14 │ Six different blind samples were given to a new user to test on the device 
and conclude whether the sample is legitimate or falsified. 6/6 samples were guessed 
correctly. 
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Conclusions 

 A µPAD that can distinguish between falsified and legitimate β-lactam antibiotics 

has been developed using an enzyme competition assay. The µPAD tested the quality 

of five different β-lactam antibiotics, including cephalosporins, something that has not 

been demonstrated on a paper-based device. The detection of antibiotics in tablet form 

demonstrates its potential for real-world analysis. This work is also the first 

demonstration of enzyme competition as a viable detection method for µPADs. The 

current approach detects falsified antibiotics qualitatively by visual inspection, which is 

very important for field detection as over half of falsified drugs contain no active 

ingredient. However, it has been reported that drug counterfeiters are manufacturing 

antibiotics with around 20% of the advertised active ingredient. Low quality antibiotics 

like these are likely to bypass some of the detection systems in place,10 so a portable 

quantitative system that can distinguish low levels of active ingredient from no active 

ingredient would be an important tool for global monitoring efforts. The described µPAD 

has shown quantitative properties as demonstrated by the calibration curves generated 

for four different antibiotics. In future work, a portable system to quantify the color 

intensity of the device could be optimized, such as a cell phone application. When 

combining the µPAD with a portable system to quantify color, it has the potential to be 

an inexpensive and practical in-field device to detect both falsified and substandard 

antibiotics. 
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CHAPTER 6. DEVELOPING A RASPBERRY PI SYSTEM TO QUANTIFY COLOR 

CHANGE AND CALCULATE ENZYME KINETICS ON PAPER-BASED DEVICES 

 

 Colorimetric detection, while a user-friendly and easily implemented method of 

analysis on paper-based devices, often suffers from subjectivity by the device user. In 

this chapter, we describe the development of two generations of a Raspberry Pi system 

to automatically analyze colored samples. With the implementation of an attached 

camera that obtains images every minute, we demonstrated that Michaelis-Menten 

enzyme kinetic values can be calculated directly from paper-based devices based on 

the change in color intensity over time. In our first-generation system, we demonstrated 

that just by obtaining one colored pixel per sample spot, we can generate enzyme 

kinetic values. A 3D-printed box was also designed and optimized with an independent 

light system that holds the paper-based devices and the Raspberry Pi board with 

attached camera. This box omits environmental light for consistent lighting and holds 

the camera in the same position between experiments for ideal image capture. Our 

second-generation system improves upon the limitations of the first generation including 

obtaining and averaging more pixels for more accurate analysis, and a new light box to 

improve the image quality. Preliminary analysis of enzyme kinetics on Whatman paper 

versus plastic-based transparency film devices shows that paper-based devices might 

inhibit enzyme activity, but this will be confirmed with further studies.   
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Introduction 

 The need to take advanced laboratory tests into resource-limited settings has 

sparked the field of portable lab-on-a-chip sensors where users can measure analytes 

without transporting samples to a central laboratory.1-3 The desire for simple, 

inexpensive devices has driven the field of microfluidic paper-based analytical devices 

(µPADs), which have grown significantly in popularity since their inception in 2007.4-6 

Since then, paper-based devices have been developed for portable detection of 

environmental contaminants,7,8 foodborne pathogens,9,10 infectious diseases,11,12 and 

other health ailments.13,14  

 Paper-based devices allow for many different detection motifs to be used 

including colorimetry, electrochemistry, fluorescence, or chemiluminescent detection.15 

Colorimetric detection provides one of the simplest options for in-field detection as it 

does not require external instrumentation. However, color-intensity-based 

measurements can suffer from subjective reading, causing inconsistent results between 

tests and users. To help combat this problem, colorimetric devices based on length of a 

colored band that forms during detection have been developed.16,17 Like an analog 

temperature thermometer, the user simply measures the length of color to determine 

analyte concentration. However, an advantage of color-intensity-based spot tests is the 

ability to capture reaction kinetic information, not just end-point color formation. 

Distance-based devices also tend to have lengthy analysis times (typically 30 min) and 

the devices are not as easily fabricated. Additionally, not all analytes, such as cellular 

organisms like bacteria and fungi, are able to efficiently move through paper due to 

limited pore sizes.  
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Currently, most colorimetric devices using color intensity require images to be 

captured using either a digital camera or desktop scanner and then analyze the image 

using imaging software. While this setup works for laboratory settings, it is not as 

applicable to field settings where healthcare providers will have limited training. 

Whitesides and coworkers were the first to suggest the use of cellphones for offsite real-

time diagnosis, where the healthcare provider would capture an image of a colorimetric 

device using a cellphone camera, then send the image offsite for image analysis and 

receive an official diagnosis.18 With the rapid growth and deployment of smartphones 

worldwide, it is no longer necessary for images to be sent offsite for analysis. 

Smartphones are capable of storing and running complex applications for chemical 

analysis,19 including image capture and automated analysis. Applications like these 

have been developed for paper-based devices for water quality monitoring20 and 

Salmonella detection,21 to name a few.22 Smartphone applications and accessories 

have also been applied for infield fluorescent detection on paper-based devices, 

eliminating the need for a fluorescent microscope.23 Although smartphones have 

opened the door for a variety of possibilities for portable medicine and environmental 

monitoring when combined with paper-based devices, there are drawbacks. The 

average cost of a smartphone is over $300 worldwide, a statistic that has not decreased 

significantly since 2011.24 Additionally, smartphones are frequently updating with new 

software and these applications need to update with the software for compatibility. 

Programmers developing applications for point-of-care diagnostics also need to be 

concerned with the Health Insurance Portability and Accountability Act, a United States 
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legislation that was introduced to protect individual medical information, something that 

can be breached when using smartphones for sensitive medical information.  

Raspberry Pi’s are inexpensive, portable single-board computers that have 

become popular because they are easy to program for a variety of uses.25 While a 

common application is for automation of household appliances such as temperature, 

lights and home security,26,27 Raspberry Pi computers can also be programmed for 

automating scientific analysis.28,29 Furthermore, specialized cameras have been 

commercialized for direct attachment to a Raspberry Pi board and can be controlled 

through programming.30 A Raspberry Pi system has been created for automatic color 

analysis in colorimetric assays, but this system is for analyzing color in solution, not on 

paper-based devices.31 In addition to programming the Raspberry Pi to automatically 

analyze images after capture,32 these images can be captured at specific times points, 

enabling kinetic analysis.  

One of the most common detection motifs used in µPADs are enzymatic 

reactions, including the first µPAD that was developed.6 Enzymes are an attractive 

detection motif because of their selectivity, specificity, and catalytic abilities to amplify a 

product, yielding lower detection limits. Since the first µPAD, demonstrating glucose 

detection has become a common application for demonstrating new devices as a proof-

of-concept, such as electrochemical detection and three-dimensional devices.33-35 The 

most common way to detect glucose is using a bienzyme system of glucose oxidase 

and horseradish peroxidase.35 Beyond glucose detection, enzymes have been used in 

the detection of urine creatine, uric acid, cholesterol, and pesticides, to name a few.13,36-

38 In addition to using enzymes to detect specific substrates, enzyme detection can be 
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used for clinical diagnostics39-41 and measuring pathogens.42,43 Because of the common 

employment of enzymes in paper-based devices, it is important to understand how 

different papers can affect an enzymatic reaction. Studies have demonstrated the 

impact of paper substrate on the color intensity of an enzyme reaction, and how 

different papers affect nucleic acid amplification.44,45 To the best of our knowledge, 

however, there has not been a study completed that directly analyzes changes in 

enzyme kinetic parameters depending on the device substrate.  

Herein, we describe the development of two different Raspberry Pi systems for 

the automatic calculation of Michaelis-Menten enzyme kinetic parameters on different 

microfluidic device substrates. The first system was developed as a proof-of-concept 

and was compared to manual analysis for the enzyme kinetics on Whatman 1 and 

Whatman 4 chromatography paper. Because of the variable difference in manual and 

Raspberry Pi analysis, a second-generation system was created to improve short-

comings of the first-generation system. In the second-generation system, we have 

improved the device holder for better quality images. Additionally, the program was 

improved for more precise and accurate analysis, giving rise to the first system of its 

kind. Using the second-generation system, we have investigated how enzyme kinetics 

are affected whether the devices are fabricated with paper or transparency film. While 

this analysis system was specifically programmed for obtaining and analyzing 

colorimetric images, then automatically calculating Michaelis-Menten values, the 

program could be modified for other applications on paper-based devices and to 

eliminate subjectivity in colorimetric devices.  
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Materials and Methods 

Materials. For the Raspberry Pi setup, a Raspberry Pi 2 Model B was used 

along with a Wide Angle FOV160° Raspberry Pi camera [SainSmart], which is attached 

to the computer board with a 15-pin ribbon cable. The camera contains a Omnivision 

5647 sensor in a fixed focus module with 5-megapixel resolution. The Raspberry Pi 

board was enclosed in a transparent case that allowed access to all ports [SB 

Components].   

 The enzyme kinetic experiments were carried out with two enzyme/substrate 

pairs, β-lactamase [Abcam] and nitrocefin [VWR International] and β-glucuronidase 

[Sigma] and p-nitrophenol-β-d-glucuronide [Sigma].  

Paper-Based Device Fabrication. Paper used for testing included Whatman 1 

and Whatman 4 chromatography papers [GE Healthcare Sciences] and clear plastic 

transparency film [Apollo]. A simple 9 by 8 grid design of 7 mm black circles was 

designed with CorelDRAW. To define hydrophobic barriers, a ColorQube 8870 [Xerox] 

wax printer was used to dispense wax on the paper or plastic’s surface and an IsoTemp 

[Fisher Scientific] hot plate was set to 150 °C with two metal plates on it. Wax-printed 

paper was placed between the hot plate and a metal plate for 60 sec, for the wax to 

melt through the pores. This step was omitted for transparency film. After cooling, 

Scotch Shipping Heavy Duty packing tape was used to cover the back of the paper to 

prevent sample leakage. The paper-based devices were laser-cut to be 9.4 x 9.4 cm 

with four 3 mm holes located one each at each corner for the paper-based devices to fit 

onto the pegs designed into the PAD holder. The laser cutter used was an Epilog Zing 

Laser Cutter (30 Watt) set to 100% speed, 9% power, and 2500 Hz frequency.  
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Designing and Fabricating the Raspberry Pi Holders. The holder for both the 

Raspberry Pi computer board/camera and the paper-based devices were designed 

using computer-assisted design software and 3D printing. All components were 3D 

printed using clear resin and the Form 2: Stereolithography 3D Printer [Formlabs]. The 

bottom component of the holder, which holds the paper-based devices, was designed 

using SketchUp [Microsoft]. This component (Figure 6.2A) measures 10.4 x 10.4 cm 

with a 3 mm lip that allows for the top component (that holds the Raspberry Pi card and 

camera) to consistently sit in a set position. There are 3 mm pegs in the floor of the 

holder to place the paper-based device in the same location every experiment. The 

PADs had 3 mm holes cut in the exact locations of the pegs located in the holder. The 

walls of the holder are 5 mm thick to compensate for the 3 mm lip, and the floor of the 

holder is 3 mm thick. 

 Generation 1 Raspberry Pi Holder. The first Raspberry Pi holder was designed 

using Autodesk Inventor software. The holder (Figure 6.2B and 6.2C) measures 5 cm in 

diameter at the top of the holder and 10 cm in diameter at the bottom of the holder, and 

is overall 10 cm tall, not including the pegs on top of the holder. Pegs on top of the 

device were used to hold the Raspberry Pi camera in the same position between 

experiments. Pegs were also added on the side of the device for the option of using a 

rubber band to hold the camera down for more consistent placement between 

experiments (seen in use in Figure 6.2C). Pegs were used on another side of the holder 

and measured 4 mm at the base and 6 mm at the top. The pegs were used to hold the 

Raspberry Pi board which is housed in a plastic case. This holder contains notches that 

the pegs were specifically designed to hold for the Raspberry Pi board case to snap into 
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place. The interior of the Raspberry Pi holder was spray painted with matte-white spray 

paint to help reflect light for optimal images. The lighting system to illuminate the inside 

of the holder was a standard light circuit where the bulbs were designed to be in 

parallel. A 9V battery was wired first to a toggle switch, then to the light bulbs in parallel, 

then to the resistor, back to the negative input of the battery. 3 white LEDs and an 820 

Ω resistor were used. The wires, bulbs, and resistor were soldered together on a 

breadboard using a soldering iron for optimal electrical connection. Holes were drilled 

into the side of the holder using a 15/64 inch drill bit for the LEDs to insert into the 

device. The breadboard was taped to the side of the holder using electrical tape to hold 

the lighting system in place.  

 Generation 2 Raspberry Pi Holder. The second Raspberry Pi holder was 

designed using Onshape, a cloud-based CAD software. The holder measures 10 x 10 x 

10 cm. The pegs on the side to hold the Raspberry Pi board plastic case are the same 

dimensions as described above. The lid of the holder also measures 10 x 10 cm and is 

3 cm deep, making the entire holder 13 cm tall. The lid was attached to the body of the 

holder by attaching metal hinges to both the lid and the body using Epoxy glue. The 

walls of the holder, both the lid and body, were 3 mm wide. To hold the camera, the 

user lifts the lid and places the camera on similar pegs to the first Raspberry Pi holder. 

The camera is placed in the center of the holder through a 15 mm diameter circle on 

pegs the same size and distance apart as the first holder. The camera holder was held 

in the center of the device using 3 mm diameter supports leaving most of the device 

open for the light to illuminate the paper-based device. A light diffuser was generated to 

sit on the camera holder supports. The light diffuser was made with clear poly(methyl 
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methacrylate) (PMMA) and cut to be 9.4 x 9.4 cm with a 2.5 x 2.9 cm square cut out of 

the center for the Raspberry Pi camera to lay flat. To give the PMMA a frosted texture, 

sandpaper and water was used to lightly scratch the surface of the plastic. The light 

circuit was designed to fit into the lid of the Raspberry Pi holder so the lighting was 

placed behind the Raspberry Pi camera. 16 LEDs were arranged in a circle by laser-

cutting two 3 mm holes in white PMMA for each LED to be placed in a circle orientation. 

The wires from each LED were inserted into the 3 mm holes and were wired in parallel. 

All anodes and cathodes of each LED were each soldered to a circular copper wire ring 

to eliminate the need for 32 separate wires. One wire was soldered to each the “anode 

ring” and the “cathode ring” and a light circuit was generated the same as previously 

described, but with a 100 Ω resistor. Hot glue was dried over the wiring to insulate the 

electrical connections. The light circuit in the PMMA board was glued in the lid of the 

Raspberry Pi holder also using Epoxy.  

Determining the Best Lighting System (Generation 2). A paper-based device 

without any samples was placed in the bottom of the device holder and several different 

lighting conditions were tested. This includes whether the light diffuser was necessary; if 

the frosted side of the diffuser should face up or down; whether lining the side of the 

holder with copy paper would help diffuse light (with and without the first light diffuser); 

and covering the entire device with a dark cover to further limit exterior light. Images 

were captured using the Raspberry Pi camera and analyzed using ImageJ by 

measuring the light intensity of each sample spot after selecting the green color 

channel, without inverting the image. The ideal lighting system was selected by 

calculating the standard deviation from each row and column and averaging all standard 
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deviations. The most consistent lighting had the smallest average standard deviation 

across all sample spots. A heat map was generated in Microsoft Excel for a visual 

demonstration of light distribution across the sample spots on the paper-based device.  

Kinetic Experiments and Analysis. For reactions between nitrocefin and β-

lactamase, 5 mg of nitrocefin was initially dissolved in 1 mL dimethylsulfoxide (DMSO), 

because the substrate is insoluble in water. Aliquots of 9.68 mM nitrocefin was frozen at 

-20 °C in amber microcentrifuge tubes [VWR International]. These tubes were used to 

minimize degradation from UV exposure. Aliquots were taken out and allowed to thaw 

and warm to room temperature. Nitrocefin was further diluted with pH 7.4 phosphate 

buffered saline (PBS) [1.37 M NaCl, 0.027 M of KCl, 0.1 M Na2HPO4, and 0.018 M 

KH2PO4] to the following concentrations for enzyme kinetic experiments: 0.05, 0.1, 0.25, 

0.4, 0.5, 0.6, 0.7, and 0.9 mM were used to generate a kinetic curve. For reactions 

between β-glucuronidase and p-nitrophenol-β-d-glucuronide (PNP-glucr), the substrate 

and enzyme were each dissolved in pH 7.4 phosphate buffered saline. The same 

concentrations were used to obtain a kinetic curve as nitrocefin. 6 U mL-1 and 300 U 

mL-1 concentrations were used for β-lactamase and β-glucuronidase respectively. To 

generate a calibration curve for nitrocefin, concentrations of 0.01, 0.025, 0.05, 0.075, 

0.1, 0.15, 0.2, and 0.25 mM were used. For p-nitrophenol, concentrations of 0.05, 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 mM were used. 

For each experiment, three samples of each reaction were placed in every other 

column of circles. The columns on each side of the samples were used for water to act 

as a “light control.” This concept and a schematic of the setup are further described in 

Chapters 2 and 3. For manual analysis, the images were analyzed using NIH ImageJ 
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software. The image was split into its color channels and the green (β-lactamase) or 

blue (β-glucuronidase) color channel was selected and inverted. The intensity of each 

color spot was quantified, then normalized by subtracting the average brightness of the 

water spots on each side of the sample spot. After normalization, color intensity was 

converted to product concentration using a calibration curve. To eliminate the need to 

input a different calibration curve for each experiment, a calibration curve was 

implemented into the paper-based device in the eighth column. The calibration curve 

was generated by plotting color intensity vs. known product concentration (either 

hydrolyzed nitrocefin or p-nitrophenol as products) and generating a linear regression 

line. Color intensity was converted to product concentration by inputting color intensity 

into the “Y” variable, and calculating “X”, the product concentration.   

 

Figure 6.1 │ Analyzing images in NIH ImageJ (beta-lactamase and nitrocefin). (A) 

Original image. (B) The green channel was selected after splitting the original image 
into red, blue, and green color channels. (C) Inverting the image for light intensity to be 
a positive trend as chemical concentration increases.  
 
 

To obtain Michaelis-Menten parameters, images were captured at minutes 1, 2, 

and 3, to represent reaction progression. To calculate the reaction rate, the product 

formed (calculated using the linear regression equation as described) at each time point 
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was calculated and plotted on a graph of product formed vs. reaction time. The slope of 

the linear regression was determined to be the reaction rate in units of mM min-1. The 

rate of eight different concentrations of each substrate were used to obtain a kinetic 

curve. Vmax and Km values were calculated for each enzyme and substrate pair by 

generating a Lineweaver-Burk plot. 1/[S] was plotted vs. 1/v and the inverse x- and y-

intercepts were obtained. The calculated Vmax and Km values were carried out in the 

Michaelis-Menten equation to obtain a theoretical kinetic curve to compare to the data 

points and verify the accuracy of Vmax and Km. 

Using the Raspberry Pi. Generation 1: Programming the Raspberry Pi was 

completed by a collaborative computer science student, Sadie Henry. The Raspberry Pi 

was programmed to obtain images every minute for three minutes and analyze the color 

intensity by selecting a specific pixel from each sample spot in the image. The specific 

pixel was selected by the user before each experiment to accommodate any 

inconsistent camera placement. The kinetics are analyzed as previously described for 

manual analysis for obtaining Michaelis-Menten parameters. 

Generation 2: Programming was completed by another collaborative computer 

science student, Erin Doan. This generation was programmed using a flood fill algorithm 

that also selects an initial specific pixel (again chosen by the user for each experiment), 

but then continues to analyze the pixels surrounding it, eventually filling the entire 

sample spot. Once pixels have been selected, the program averages the color intensity 

of all pixels, like manual data analysis. The kinetics are analyzed as previously 

described for manual analysis for obtaining Vmax and Km. 
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Results and Discussion 

 Designing a Raspberry Pi and PAD Holder. In addition to programming the 

Raspberry Pi, one of the first steps of this project was to design a holder to house the 

paper-based devices and hold the Raspberry Pi board with attached camera. This 

holder was designed to make the system more portable and user-friendly, and for 

consistent placement of the PADs and Raspberry Pi camera. Additionally, one of the 

recognized pitfalls of using computer programs for objective analysis are variable 

lighting conditions found in field settings.46 Creating a holder with an independent 

lighting system should eliminate this pitfall by not relying on natural light. The final 

holder was composed of two different parts (Figure 6.2). The bottom component of the 

holder was designed to hold the PADs in the same location between experiments. 3 mm 

pegs were used in the bottom component, and 3 mm holes were designed into the 

PADs via laser cutting for the 3 mm holes to be in the same location as the holder’s 

pegs for consistent device placement (Figure 6.2A). The top component of the holder 

secures the Raspberry Pi computer board and places the attached camera in the same 

location between experiments using pegs, like the PAD. The Raspberry Pi board was 

housed in a plastic case with notches that were designed for wall-mounting, so pegs 

were designed into the side of the holder for the Raspberry Pi to have a secure fitting. 

The camera, which is attached to the board through a ribbon, is placed at the top of the 

holder where pegs can hold the camera over a window for the camera to image the 

paper-based device (Figure 6.2B and 6.2C). Additional pegs were placed on either side 

of the camera for the option of securing the camera using a rubber band. The holder is 

10 x 10 cm on the bottom of the holder, but decreases to 5 x 5 cm at the top of the 
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holder where the camera is held, similar to a pyramid. This design was initially chosen 

instead of a square device to enhance the system’s portability, along with generating an 

overall cheaper holder by using less materials. To illuminate the inside of the holder, a 

light circuit was fabricated using a toggle switch, three white LEDs, an 820 Ω resistor, 

and a 9V battery. Although it was calculated that only a 75 Ω resistor was necessary, 

using a larger resistor dimmed the LEDs to an appropriate brightness as to not “wash 

out” the devices. The inside of the holder was also spray-painted with matte-white paint 

to defuse light more evenly across the device. Finally, a dark cloth covered the entire 

holder during experiments due to natural light affecting the photos through the camera’s 

viewing window on top of the holder.  

 

Figure 6.2 │ The holder for the Generation 1 Raspberry Pi. (A) CAD image of the 

bottom component that houses the paper-based devices. (B) CAD image of the top 
component that holds the Raspberry Pi and attached camera. (C) How the Raspberry Pi 
and attached camera fit onto the entire holder put together. 
 

 

Kinetic Experiments and Analysis. For the first Raspberry Pi system, we 

compared Raspberry Pi photo analysis to manual photo analysis using β-lactamase and 

nitrocefin on Whatman grade 1 and Whatman grade 4 chromatography papers. The 

Raspberry Pi camera obtained images at minutes 1, 2, and 3 throughout the reaction 
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once the program was initialized (Figure 6.3). The same images were analyzed whether 

it was the Raspberry Pi program or manual analysis (detailed photo analysis can be 

found in the materials and methods). For manual analysis, NIH ImageJ was used to 

measure the mean color intensity of each sample spot using the circle tool to 

encompass the entire spot, around 1000 pixels. When the Raspberry Pi analyzed the 

images, one specific pixel from each sample spot was chosen to measure the light 

intensity instead of averaging the color intensity of all pixels within the sample spot. The 

obtained color intensity pixel values, whether manual or Raspberry Pi analysis, both 

used the same data analysis process to calculate Vmax and Km as explained in detail in 

the materials and methods section.  

Figure 6.3 │ Images obtained from the Raspberry Pi during a kinetic experiment. 

 

Manual vs. Raspberry Pi Analysis. The goal of this project was to design a 

program that obtains similar values of color intensity and Michaelis-Menten values 

whether it is a person or a Raspberry Pi program analyzing the images. Michaelis-

Menten constants, Vmax and Km, were calculated through Raspberry Pi and manual 

analysis, then compared for overall average. As seen in Figure 6.4, the average Vmax 

and Km calculated using the Raspberry Pi program were similar to values obtained 
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through manual analysis, especially for Whatman 1 paper. In Whatman 4 paper, the 

averages were similar value, but the error was much larger at 30-50% relative standard 

deviation compared to 2% in manual analysis. This only occurred for Whatman 4, 

therefore this error could be indicative of inconsistent color formation across each 

sample spot. In manual analysis, the color intensity values are based off an average of 

1000 pixels across the sample, vs. Raspberry Pi analysis, the color intensity is based off 

one pixel.  

 

 

Figure 6.4 │ Comparing (A) Vmax and (B) Km of β-lactamase and nitrocefin on Whatman 

1 and Whatman 4 papers as calculated via manual analysis or Raspberry Pi (RP) 
analysis. (C) A sample Michaelis-Menten kinetic curve comparing manual analysis and 
Raspberry Pi computer analysis. 
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If color formation across the sample spot is consistent, obtaining color intensity based 

on one pixel is satisfactory. However, if color intensity is inconsistent, using one pixel 

could lead to significant error. When comparing Whatman 1 and Whatman 4, whether 

manual or Raspberry Pi analysis, there is no statistically significant difference in either 

Vmax or Km. Whatman 4 appears to be more consistent across experiments, but only 

when averaging all 1000 pixels across the sample spot. This implies that although color 

formation rate is consistent between experiments, it is not consistent across the sample 

spot. 

Generation 2: Raspberry Pi Holder Design. While the first generation of the 

Raspberry Pi program was an excellent proof-of-concept, there are many areas that 

could be improved to create a better system. The images currently do not have 

consistent lighting across the device, necessitating a new light box system. For the 

updated lightbox, we used CAD and 3D printing to create a new holder for the 

Raspberry Pi. Because the paper-based devices are the same, the bottom component 

from the first-generation holder was maintained, and only a new holder for the 

Raspberry Pi board and camera was designed. The first-generation holder contained 

three white LEDs that were placed in the wall of the device. While this illuminated the 

inside of the holder, it did not disperse light evenly across the paper-based device. For 

this second-generation holder, we changed the lighting system to be placed behind the 

camera with light diffusers to increase light distribution. This was accomplished by 

making the holder square, instead of pyramidal like the first holder, and implementing a 

lid (Figure 6.5). A circular ring of 16 LEDs was glued into the lid (Figure 6.5B) for the lid 
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to close over the camera that was situated in the center of the holder like the first-

generation system (Figure 6.5C). Frosted clear PMMA was used as a light diffuser.   

 

Figure 6.5 │ The second generation Raspberry Pi holder composed of a main 

component and a lid to hold the lighting system. (A) CAD drawing of Raspberry Pi 
holder. (B) Lifting the lid of the final 3D-printed holder with lighting system enclosed in 
the lid. (C) Final system with Raspberry Pi held in place on the side of the holder.  
 

Optimizing Lighting in the Raspberry Pi Holder. To generate the best lighting 

system, we compared light distribution using one or several light diffusing methods. 

Light distribution was compared by measuring the light intensity of each sample spot on 

a clean paper-based device. The standard deviation of light intensity in each row and 

column of the PAD were calculated, then all standard deviations were averaged. The 

smaller the average standard deviation, the more evenly distributed the light. For a 

visual comparison, heat maps were generated in Excel to demonstrate where on the 

paper-based devices there was uneven light distribution. In addition to testing whether 

the frosted plastic light diffuser was necessary, we also investigated the position of the 

frosted plastic diffuser in the holder, the use of white copy paper inside the holder, and 
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putting a dark cloth over the entire holder to limit exterior light. The best distribution of 

light was accomplished with the frosted diffuser, with the frosted side facing the PAD, 

lining the holder with white copy paper, and without a dark cover over the holder. The 

average standard deviation of light intensity across the PAD was 4.85 (highlighted in 

Figure 6.6A), which was much lower than the average light intensity SD of 15.20 seen in 

the worst light distribution in Figure 6.6B.   

 

Figure 6.6 │ Comparison of the best and worst distributions of light. (A) The best 

distribution of light was to line the holder with copy paper, have the plastic light diffuser 
with frosted side facing the paper-based device, and without a dark cover over the 
entire holder. (B) The worst distribution of light was no frosted plastic diffuser, no copy 
paper lining the sides, and with a dark cover over the entire holder.   
 

The use of a dark cover over the holder consistently resulted in less light 

distribution across all experiments. This is surprising considering a dark cover was 

necessary in the first-generation Raspberry Pi holder. The difference is likely because 

the new holder encloses the camera with the paper-based device, unlike the first-

generation holder where the camera sat on top of the holder and viewed the PAD 

through a viewing window. By sitting on top of the holder, environmental light easily 
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affected image capture. Because the second-generation holder is fabricated with clear 

resin, exterior light can still penetrate the inside the holder. Lining the interior of the 

holder with copy paper likely assisted with limiting exterior light, plus these experiments 

were completed indoors with consistent environmental lighting. Therefore, this is an 

aspect that could change when the system is used outdoors. For example, exterior light 

can affect the interior of the holder differently whether it is the middle of the day where 

the sun is directly above the user, vs. earlier or later in the day when the sun is closer to 

the horizon. Once the Raspberry Pi system is more portable, the use of an external 

cover will be re-investigated.  

 Overall, the image quality significantly improved between the first-generation and 

second-generation Raspberry Pi holders (Figure 6.7). The paper-based devices are 

noticeably better illuminated with better light distribution across the PAD. Additionally, 

by having the camera inside the holder, this allows the camera to be closer to the 

device, averaging more pixels per sample spot, and eliminates the “vignette” seen in the 

first-generation photo (Figure 6.7A).  

 

Figure 6.7 │ Comparison of the images capture by the Raspberry Pi in the first-

generation holder (A) vs. second-generation holder (B).    
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Modifying the Raspberry Pi Program. Once the image quality was improved, 

the program to analyze the images was modified for more accurate and consistent 

kinetic analysis. The primary pitfall of the first Raspberry Pi program lied in the analysis 

of one pixel vs. averaging 1000+ pixels in manual analysis. If the selected pixel was not 

representative of the entire sample zone, this could cause significant error. In the 

updated Raspberry Pi program, the same pixel is selected as the first program, but then 

the program analyzes the color intensity of the pixels surrounding the first pixel using an 

algorithm called “flood fill.” If the color intensity of each pixel analyzed is a similar color 

intensity (within a selected threshold), then the pixel is included in the overall average. 

Once included in the overall average, then the pixels around that pixel are also 

analyzed. If a pixel is not within the color intensity threshold, the pixel is omitted. One of 

the many advantages of this code is if the camera is off-center and the starting pixel is 

toward the edge of the sample zone, then it should stop growing in one direction faster 

than growing in the opposite direction. This code would most likely provide more 

accurate results compared to manual analysis for reasons including customizable 

sample zones and eliminating subjectivity. For example, a single oval shape is created 

to encompass the entire sample zone during manual analysis, then the same oval is 

used throughout analysis for consistency and analysis speed. However, using a wide-

angle fisheye lens for the Raspberry Pi system has caused inconsistent sample spots, 

which is visible when comparing Figure 6.1 (obtained with a camera phone) and Figure 

6.3 (obtained with the Raspberry Pi camera). Using the flood-fill algorithm enables 

customizable sample zones and avoiding areas in the sample with inconsistent lighting, 

which will be discussed later.  
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 Generation 2: Enzyme Kinetics Analysis. To verify the second generation 

Raspberry Pi system, we compared manual and Raspberry Pi kinetics analysis of two 

different enzymes and on two different kinds of devices. We used β-lactamase and 

nitrocefin again, along with β-glucuronidase with p-nitrophenol-β-d-glucuronide, which 

turns from clear to yellow to verify other colors could be analyzed. We compared 

manual analysis to Raspberry Pi analysis on Whatman 1 filter paper, and compared 

kinetics on paper to devices fabricated with transparency film.  

 The second-generation Raspberry Pi kinetics analysis displayed little error when 

comparing to manual analysis. Values of Vmax ranged from 1% off to 11% off from 

manual analysis (Figure 6.8A), compared to 10% to 43% off when using Generation 1. 

Values of Km displayed larger error, which varied from 2% to 17% off (Figure 6.8B), 

however, this is still down from the first-generation code, which could be off by 44%.  

 

Figure 6.8 │ Comparison of (A) Vmax and (B) Km through manual and Raspberry Pi 

image analysis using the second generation Raspberry Pi system.  
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The largest discrepancy between manual and Raspberry Pi analysis was 

calculating Vmax for a reaction taking place on a transparency sheet. While the 

Raspberry Pi program was consistently obtaining slightly lower values compared to 

manual analysis, the Vmax obtained for a β-lactamase reaction on transparency sheet 

was 70% higher at 0.51 mM min-1 compared to 0.16 mM min-1. However, this is likely 

due to error by manual analysis, not the Raspberry Pi program. Due to the 

reflectiveness of plastic, error was introduced into the sample spots by the ring of lights 

(Figure 6.9). Whatman filter paper is matte white, therefore helped to disperse light. 

Despite placing copy paper under the transparency sheet, plastic still reflects the light in 

a more specific, rather than dispersive, manner. In the transparency sheet kinetics 

images, one can see the reflection of the light ring in the sample spots. When the 

specific channel is obtained and inverted, this light ring reflection turns into 

 

Figure 6.9 │ Analyzing kinetic data on transparency sheets. (A) Kinetic experiment 

image that has been inverted to demonstrate that light ring reflection can affect data 
analysis. (B) Raspberry pi program using flood fill algorithm to avoid these light 
reflections. 
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black spots, and can therefore affect the color intensity when averaging the entire 

sample spot (Figure 6.9A). However, the flood-fill algorithm can avoid these light spots 

because the pixel values are not within the program’s threshold. These light spots are 

eliminated from the overall average (Figure 6.9B), which would not be possible in 

manual analysis.  

 Kinetics on Different Platforms. When comparing enzyme kinetics from paper-

based devices to plastic-based devices, we used the values obtained by the updated 

Raspberry Pi program. Because of the program’s ability to avoid reflections from the 

light source, the program likely obtains more accurate results compared to manual 

analysis. Preliminary results show that kinetic values for β-lactamase and β-

glucuronidase on transparency film are higher compared to kinetics on Whatman paper 

(Figure 6.10A), but not statistically significantly higher for β-glucuronidase. Although 

more experiments will need to be completed before this conclusion can be drawn, a 

hypothesis can be made as to why enzyme kinetics could be affected by the device 

material. When Linnes et al were determining which paper substrates affect nucleic acid 

amplification the least, the authors hypothesized that enzymes involved in replication 

were nonspecifically binding to the paper substrate, decreasing amplification 

efficiency.45 This could be happening during colorimetric enzyme kinetics as well. 

Although it is unlikely that enzymes are completely inhibited when they nonspecifically 

bind to paper, this would likely decrease the amount of substrate that is turned over, 

therefore decreasing the observed Vmax. However, if this hypothesis is true, then Km 

would likely increase as it would theoretically require more substrate to reach the 

enzyme’s Vmax. With experiments thus far, Km has consistently been lower on paper 
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compared to transparency film, except for one experiment which was higher. 

Completing more enzyme kinetic experiments across different paper and plastic 

substrates and paper modifications will be the subject of future research to further 

explore this hypothesis.  

 

Figure 6.10 │ Comparing kinetic data on different substrates. (A) Vmax and (B) Km of 

enzymes on paper-based devices first transparency sheet devices.  
 

Conclusions and Future Directions 

 A new and accurate Raspberry Pi program has been developed for automatically 

calculating enzyme kinetics on different device substrates based on color change. The 

first-generation program was an excellent step in the right direction and obtained 

relatively accurate kinetic values despite obtaining one pixel vs. averaging 1000+ pixels. 

However, the second-generation system has been demonstrated in obtaining what is 

most likely more accurate values compared to manual analysis with a new code that 

averages most pixels present in a single sample spot. A new 3D-printed Raspberry Pi 

holder with better light dispersion has also been developed for obtaining better images 

for analysis compared to our first-generation holder, further improving our results. Data 
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obtained using the program so far has suggested that transparency film as a device 

substrate inhibits enzyme kinetics less compared to paper substrates, but more data will 

be needed across several enzymes and substrates to confirm this hypothesis.  

 To verify whether nonspecific enzyme adsorption to the paper is what is causing 

decreased enzyme activity on paper-based devices, we will test additional paper 

substrates and paper modifications. For example, bovine serum albumin and non-fat dry 

milk solutions are used to prevent proteins from nonspecifically binding to paper and 

other substrates. Theoretically, these modifications to paper could be used to increase 

enzyme activity on devices. Other polymer-based materials could also be tested for 

enzyme kinetics such as PMMA or polydimethylsiloxane (PDMS) to help confirm 

whether plastic-based materials used in devices inhibit enzyme activity less compared 

to paper substrates.  

 While we demonstrated this system to obtain enzyme kinetic values, the program 

could be modified for other colorimetric device applications. Because the program does 

not analyze a set number of pixels, but continues to analyze pixels until the device’s 

edge, it is not limited by device shape. The program currently obtains an average color 

intensity, then calculates the product formed over three minutes to calculate Vmax and 

Km of a specific enzyme. The program could be modified to relate the average color 

intensity back to a specific calibration curve and output a concentration that relates to 

the analyte being detected, whether metals, pathogens, or biomarkers. Additionally, the 

program is currently measuring color intensity, but the program could be modified to 

count specifically colored pixels within a color intensity, enabling objective distance-

based measurements. With minor revisions to the code, this technology could be 
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applicable for a large variety of colorimetric detection applications to eliminate the 

subjectivity currently seen in colorimetric paper-based devices.  
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CHAPTER 7. CONCLUSIONS AND FUTURE DIRECTIONS 

 

 Bacterial contamination of food and water is a major concern worldwide as a 

single foodborne illness outbreak can result in many hospitalizations and deaths, and 

cost the industry tens to hundreds of millions of US dollars.1,2 For example, the recent 

multistate E. coli outbreak in romaine lettuce from Yuma, Arizona, has caused infections 

in over half of the United States with almost 150 reported serious illnesses.3 Because 

the outbreak and its investigation is still ongoing, it is unknown how the lettuce was 

contaminated and the total cost of the outbreak. It is currently too expensive and time 

consuming to test for bacterial contamination in all food products or irrigation water, 

therefore, contamination is not made apparent until a consumer contracts an illness 

after all contaminated products have been distributed. The work presented at the 

beginning of this dissertation offers cheaper and faster alternatives to traditional 

methods for the detection of common bacteria indicative of bacterial contamination, and 

specific and sensitive detection of Salmonella typhimurium as a model organism.4,5 

These methods were successfully demonstrated in real-world samples such as 

contaminated alfalfa sprouts and inoculated irrigation water, and even bird fecal 

samples. Although it is difficult to prevent foodborne illness outbreaks entirely, 

generating inexpensive field-ready tests for detection of common foodborne pathogens 

is an important step in the right direction.  

 While bacteria identification is important, classifying whether bacteria are 

susceptibility to specific antibiotics is another critical component to bacteria detection. 

To help slow the emergence of antimicrobial resistant (AMR) bacteria, scientists need to 
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understand the epidemiology and spread of resistant bacteria in the environment, and 

doctors must be able to identify AMR bacteria during diagnosis to help prevent 

unnecessary antibiotic use. Inexpensive and user-friendly alternatives to AMR bacteria 

detection to help satisfy these needs have also been successful demonstrated by 

detecting AMR bacteria based on enzymes that facilitate resistance. These paper-

based devices are the first of their kind as no other paper-based detection method for 

AMR bacteria has been proposed since the publication of the dissertation. The first 

device, based on colorimetric detection from yellow to red, was successful in detecting 

AMR in different bacterial species isolated from environmental samples, and in 

detection of AMR in uninoculated sewage water. All results were validated by traditional 

methods, but the results were obtained using our tests at a fraction of the time and 

cost.6 To further advance this method, we developed a 3-layer device that can test for 

resistance against specific β-lactam antibiotics based on a change in pH when enzymes 

react with antibiotics. Although it has not been demonstrated yet, this method should be 

able to confirm bacterial resistance against specific classes of β-lactam antibiotics, 

including carbapenem antibiotics, which are considered a major health threat.7  

 While all these methods to detect bacteria and their resistance to antibiotics are 

excellent improvements over traditional methods, they still have drawbacks that need to 

be addressed. When detecting bacteria based on enzymatic expression, the detection 

limit is much higher than what is necessary in the field. Improving the detection limit in 

colorimetric detection could be done through paper modifications that either enhance 

the reaction efficiency, or enhance color formation. For example, silica nanoparticles 

and chitosan have been used to improve color formation in glucose detection.8,9 Or, as 
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observed in Chapter 5 for antibiotic purity, carbohydrates such as sucrose and lactose 

appears to enhance color formation of the nitrocefin and β-lactamase reaction. 

Modifying paper with both nitrocefin and sucrose or lactose could improve the detection 

limit seen in AMR bacteria detection, and will be the subject of future studies. 

Furthermore, an infield bacterial concentration system could also be implemented, such 

as syringe filters or an in-field incubator. For example, chemical hand warmers and 

Styrofoam cups have been optimized as an inexpensive incubator for isothermal 

amplification.10 A similar system could be optimized for bacteria incubation in the field, 

eliminating the need for a bulky and expensive shaking incubator currently used to 

enumerate bacteria to a detectable concentration.  

 We improved upon the detection limit by using immunomagnetic separation 

(IMS) coupled with an enzymatic sandwich immunoassay for specific and sensitive 

detection of S. typhimurium in milk and feces samples. However, with this improvement 

in detection came the drawback of an extensive and complicated procedure that 

generate excessive waste. An important aspect of field-ready tests is their user-

friendliness, and the procedure associated with S. typhimurium detection requires 

training personnel. To improve upon the drawbacks of the conventional procedure, our 

lab has designed and is currently optimizing a 3D-printed rotational manifold to semi-

automate all these steps for a user-friendly procedure. In preliminary studies, the 

manifold successfully completes all the steps of the procedure and has a detection limit 

of 104 CFU mL-1. Although the detection limit is higher than the original procedure 

completed in a microcentrifuge tube, this is still an excellent step for the goal of true in-

field bacteria detection and will continue to be improved.  
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 Beyond bacteria detection, this dissertation has also presented research that 

advances detection of falsified and sub-standard antibiotics and improving colorimetric 

analysis. While the current gold standard for quantitatively determining antibiotic purity 

are high performance liquid chromatography and mass spectrometry, our demonstrated 

device has the potential to give quantitative results in the field without a central 

laboratory.11 Further optimization will be needed, such as creating a calibration curve for 

percentage of active pharmaceutical ingredient, instead of mg mL-1. The assay will also 

need to be tested with more antibiotics in tablet form to assess the concern of pH 

affecting the ability to determine the difference between legitimate and falsified 

antibiotics. Quantitative capabilities in the field could be taken a step further by 

implementing a system similar to the Raspberry Pi program and device holder that has 

already been developed and optimized. Developing the Raspberry Pi program and 

device holder for determining enzyme kinetics on paper is just the tip of the iceberg of 

what can be completed with this system. At this point, the Raspberry Pi needs to be 

connected to a monitor, mouse, and keyboard, plus the device user needs to input 

commands into a command center. However, small touchscreens have been developed 

that can control a Raspberry Pi, further advancing this system for field settings. To 

improve user-friendliness of the Raspberry Pi, graphical user interfaces, or GUIs, can 

be programmed into the device. By implementing GUIs, this eliminates the need for a 

user to be trained on how to input commands into a command center on the Raspberry 

Pi and analyze results. In summary, with further programming and optimizations, a user 

would simply need to push an icon on a touch screen to run a program and output user 

results. In combination with our inexpensive and user-friendly paper-based tests, we 
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can develop a truly portable and user-friendly system for objective colorimetric detection 

of a variety of pathogens for food safety, environmental, and biomedical applications.   
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APPENDIX I. DIAGNOSING FUNGAL INFECTIONS USING A 3D-PRINTED 

MANIFOLD AND PAPER-BASED MICROLFUIDICS 

 

Summary and Specific Aims 

The goal of this project is to develop a fast, user-friendly, point-of-care diagnostic 

test to detect the presence of Candida albicans in blood samples from sepsis patients, 

commonly referred to as invasive candidiasis or candidemia. Invasive candidiasis is 

responsible for around 9% of all nosocomial infections, making it the 4th most common 

bloodstream infection in the world. Of all the species that cause invasive candidiasis, 

Candida albicans is the most prevalent, and is associated with almost 70% of Candida-

associated infections. Candidemia is also associated with a mortality rate that exceeds 

40%, which can be decreased with early diagnosis and treatment. This high mortality 

rate is due to candidemia presenting symptoms similar to bacterial infections, leading to 

more than 95% of patients often receiving two or more antibiotics before medical 

personnel determine that bacteria are not causing the infection. The medical field 

currently employs empirical diagnoses, meaning that many health care providers 

assume what is causing the infection and prescribes treatment without proper 

diagnostic tests. The current gold standard for medical diagnostics are blood cultures, 

which take around two days for bacterial infections and upwards of five days for fungal 

infections. Thus, doctors often take the risk of empirical diagnoses because, especially 

in the case of sepsis, waiting 2-5 days for a diagnosis can mean life or death for the 

patient. With fungal infections being more common than realized, many initiatives have 

spurred to increase fungal infection awareness including the Center for Disease Control 
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and Prevention’s (CDC) Fungal Disease Awareness Week in mid-August. Likewise, the 

Global Action Fund for Fungal Infections (GAFFI) is actively working to implement their 

95-95 by 2025 Roadmap whose goal is for 95% of fungal infections diagnosed, 

therefore 95% of patients receiving treatment for the best outcome possible. 

Consequently, effective and rapid diagnosis of fungal infections is a current and 

pressing public health need. 

While awareness is the first step in fighting fungal infection prevalence, designing 

and implementing new fungal diagnostic tools is key to decreasing high mortality rates 

caused by fungal infections. Because fungal infections are prevalent in developing 

countries, the ideal diagnostic platform is not only rapid, but low cost while not requiring 

a central laboratory. Polymerase chain reaction (PCR) and β-glucan tests have been 

demonstrated as faster alternatives to traditional culture techniques for diagnosing 

candidiasis, but still require trained personnel and expensive laboratory equipment. 

Paper-based microfluidic devices (µPADs) provide an attractive platform for these 

requirements because of paper’s ability to store reagents, natural fluid wicking 

capabilities, and inexpensive materials. µPADs were first introduced in 2007 and have 

since gained popularity with thousands of publications, demonstrating many different 

diagnostic techniques in an inexpensive and user-friendly format. Despite the 

importance of fast and portable detection of candidemia, no true point-of-care diagnostic 

test has been proposed for diagnosing invasive candidiasis at the point-of-care. In this 

project, we will develop the first paper-based assay to detect candidemia at the point-of-

care using an inexpensive and user-friendly format that does not require trained 

personnel or a central laboratory.   
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Aim 1: Optimize an in-solution assay for the detection of C. albicans using 

immunomagnetic separation (IMS) and an enzymatic sandwich immunoassay. 

IMS can be used to separate analytes of interest from complex sample matrices using 

antibodies covalently attached to magnetic beads. Coupled with an enzyme-based 

sandwich immunoassay, this detection scheme can provide fast and sensitive detection. 

We have established this technique in the detection of Salmonella typhimurium and 

Escherichia coli in complex sample matrices including bird feces and milk. This system 

will be optimized for the detection of candidemia using C. albicans-specific antibodies 

for rapid and sensitive detection in whole blood samples.  

Aim 2: Adapt the IMS/immunoassay to a user-friendly rotational manifold 

for use in resource-limited settings without trained personnel. While IMS coupled 

with an immunoassay is a fast and sensitive method for detecting pathogens, the 

traditional assay still requires trained personnel and an exhaustive procedure. We have 

recently developed a reusable rotational manifold where all the steps of IMS and the 

immunoassay were performed on disposable paper-based devices that are inserted into 

the manifold. All assay reagents are dried in the paper beforehand and the user simply 

rotates a device through several steps to complete the assay and read the sample layer 

for color change to determine whether the pathogen is present in their sample. Moving 

the entire assay to our unique rotational manifold will allow rapid and consistent 

performance of C. albicans detection in a format that can be automated and used by 

untrained personnel in the field. These devices will then be demonstrated for field 

settings using C. albicans-inoculated and non-inoculated serum and whole blood 



194 
 

samples. Our final assay and device will be compared to traditional diagnostic tests for 

total assay time, sensitivity, specificity, and accuracy.     

The outcome of this project will be a fast, accurate, and user-friendly diagnostic 

test that can be used at the point-of-care to diagnose candidemia in patient samples, 

providing rapid actionable information for health care providers and resulting in the best 

outcome for patients with invasive candidiasis. 

 

Significance 

Despite 1.5 million annual deaths, fungal infections still go largely 

undiagnosed and untreated around the world. Despite the high mortality rate 

associated with invasive fungal infections, there is still a lack of public health awareness 

of the prevalence of fungal infections worldwide. There are over 11.5 million invasive 

fungal infections each year, which results in around 1.5 million annual deaths globally, 

more than either tuberculosis or malaria.1 While there are over 600 species of fungi that 

cause invasive infections in humans every year, infections associated with Candida spp. 

are especially common with over 400,000 life-threatening infections per year worldwide 

with a 46-75% mortality rate.2 Approximately 93% of candidemia infections are acquired 

in healthcare facilities, and because these infections display symptoms like bacterial 

infections, patients are often placed on broad-spectrum antibiotics.3 One study found 

>95% of candidemia patients received two or more antibiotics before receiving the 

correct treatment.4 Delaying treatment in candidemia patients significantly increases 

patient mortality from 10% to over 40% by the third day without treatment.5,6 In addition 

to increasing patient mortality, this unnecessary use of antibiotics in fungal infections 
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are contributing to the worldwide problem of antimicrobial resistant bacteria and 

increases patient risk for Clostridium difficile infections.7-10 Although many Candida 

species can cause infections, the most prevalent and pathogenic species is Candida 

albicans, which is responsible for 68% of all Candida-associated sepsis infections.11 To 

help increase awareness of fungal infections, the CDC launched Fungal Disease 

Awareness Week, emphasizing the importance of recognizing fungal infections to 

increase patient outcome with early treatment.12 Awareness is also the goal of the 

Global Action Fund for Fungal Infections (GAFFI), who created a 10-year action plan 

entitled “95/95 by 2025” roadmap.13 This roadmap’s goal is for diagnosing 95% of fungal 

infections so 95% of patients receive antifungal treatment to decrease morbidity and 

mortality by fungal infections.  

Improving fungal infection outcome is not possible without improving 

current diagnostics. When most patients develop sepsis, doctors will likely complete 

an empirical diagnosis, which is when a diagnosis is made based on previous 

experience instead of a diagnostic test.14 This is because the current gold standard for 

sepsis diagnosis are blood cultures, which can take anywhere from 2-5 days to 

complete based on individual pathogen growth rates.15 In addition to being time-

consuming, blood culture tests are frequently inaccurate with 50% of patients with 

candidemia receiving false negatives.16 Because of these extensive wait times and 

inaccuracy, it is safer for a doctor to make an empirical diagnosis, because waiting for a 

diagnostic test leads to increased mortality rates for patients as several studies have 

shown.5,6,14 Alternatives to fungal cultures have been proposed including polymerase 

chain reaction (PCR) and β-glucan assays. While these are promising methods that are 
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faster and more accurate than culture, each assay still has drawbacks. PCR has been 

demonstrated to have high sensitivity and specificity, and is much faster than 

culturing.17 However, this method is still considered a research tool due to lack of 

standardization.16 The β-glucan assay detects fungi based on the presence of β-glucan 

as a major cell wall component in most fungal species.18 The assay displays high 

sensitivity and specificity to β-glucan, but is not species-specific and is prone to false 

positives.16,19 Other drawbacks of these established methods include requiring trained 

personnel, a central laboratory, and expensive equipment. Because fungal infections 

are prevalent worldwide, the ideal fungal diagnostic test is not only accurate and fast, 

but user-friendly, inexpensive, and portable.  

We recently developed an assay using immunomagnetic separation (IMS) 

coupled with a sandwich immunoassay for sensitive detection of Salmonella 

typhimurium in complex sample matrices including milk and bird feces.20 IMS is a 

method that has been used for separation of target analytes in complex matrices by 

covalently attaching antibodies to magnetic particles and separating the beads from the 

sample using a magnet. This is a well-established method that has been demonstrated 

in the detection of many bacteria and viruses,21-24 as well as one example in the 

detection of Candida spp.25 While IMS with an immunoassay is a specific, sensitive, and 

fast method that can be used in many different sample matrices, traditional IMS still 

requires trained personnel to execute multiple pipetting steps, resulting in a laborious 

procedure and excessive waste. In unpublished work, we recently combined this 

method with microfluidic paper-based analytical devices (µPADs) for a user-friendly 

device that semi-automates all IMS steps for untrained personnel to detect pathogens 
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without an extensive procedure. Many detection motifs have been used in µPADs,26 

however, using paper-based devices to automate IMS has not been previously 

described. Furthermore, despite µPADs use to detect many analytes including viruses 

and bacteria,27 there has yet to be a µPAD developed for the detection of fungi. Using a 

reusable rotational manifold and disposable paper-based sample and reagent cards, we 

will establish the first point-of-care test for diagnosing candidemia infection in patients. 

This device will be inexpensive, user-friendly, and fast, enabling health care providers to 

provide the correct treatment to their patients as soon as possible and help decrease 

the high mortality rates associated with fungal infections. 

 

Innovation 

A fast and sensitive diagnostic tool to detect C. alibicans in patient 

samples. The primary pitfall of current fungal diagnostics is the speed at which it 

detects fungi, which is currently 2-5 days. This test will detect the presence of C. 

albicans in patient blood in <1 hr, providing health care officials with fast answers 

enabling them to accurately treat patients for the best outcome.   

User-friendly semi-automation of IMS coupled with an immunoassay.  While 

IMS coupled with an immunoassay is a sensitive and selective procedure, it is a labor-

intensive assay associated with excessive waste. By drying reagents into paper-based 

devices and employing a reusable rotational manifold to semi-automate the devices and 

hold buffer, we have eliminated most of the waste and labor associated with the 

procedure. Once established, this assay can easily be applied to other pathogens by 

simply changing the antibodies on the magnetic bead and the biotinylated antibodies.  
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The first point-of-care (POC) test for diagnosing candidemia. In addition to 

this assay being accurate and providing fast results, it will also be inexpensive (~$1-2 

USD), user-friendly, and portable, making it the first true POC test for candidemia. This 

will enable organizations like Doctors Without Borders in resource-limited settings to 

use this diagnostic test as it does not require trained personnel or a central diagnostic 

laboratory. This will also be the first µPAD for the diagnosis of any fungal infection. 

 

Approach Aim 1: Optimize an in-solution assay for the detection of C. albicans 

using immunomagnetic separation (IMS) and an enzymatic sandwich 

immunoassay.  

When choosing a scheme for detecting candidemia, immunomagnetic separation 

(IMS) coupled with an enzymatic sandwich immunoassay was chosen for several 

reasons. IMS was developed to separate targets of interest from complex sample 

matrices by covalently attaching specific antibodies to magnetic beads. After allowing 

antibody-conjugated magnetic beads to incubate in a sample, a magnet is used to 

separate the magnetic beads and any bound analytes from the rest of the sample. This 

isolates the pathogen from any possible interferences for the final immuno- and 

enzymatic assay. Following sample removal, the beads are resuspended in buffer, 

presumably with your analyte of interest attached. Because the beads can be 

resuspended in a smaller volume of buffer than the original sample, this method can 

also be used for concentrating the pathogen as an alternative to culture and other 

enumeration techniques. Following IMS, the analyte recovered from the sample can be 

detected using a variety of techniques including microscopy, PCR, culture enrichment,  
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Figure A1.1 │ Proposed detection scheme of C. albicans (A) Schematic of selected 
immunoassay approach for detecting C. albicans (B) Detecting analytes based on the 
enzymatic reaction between β-galactosidase and CPRG, resulting in chlorophenyl red 
as a red-violet product. 
 

and immunoassays. Because we want a technique that is rapid and completed without 

electricity or trained personnel, we opted against PCR, microscopy, or culturing due to 

equipment and time requirements. An immunoassay detection format has been selected 

for our detection motif of the captured species because it can easily be applied to a 

µPAD format in a POC setting. Like enzyme-linked immunosorbent assays, the 

pathogen is detected by first adding a biotinylated antibody specific to the pathogen. 

After removing unattached antibody through washing, the sample is incubated with a 

streptavidin-conjugated enzyme that can link with the biotin attached to the antibody. 

After proper washing, a substrate specific to the enzyme can be added to the solution 
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for a detectable product. If no pathogen is present in the sample, then no product 

should be observed as any excess enzyme or biotinylated antibody should have been 

removed during washing steps. For the first part of this project, we will optimize an IMS 

system for the detection of C. albicans in media and spiked whole blood. We will use β-

galactosidase (β-gal) and chlorophenol red galactopyranoside (CPRG) as the enzyme 

and chromogenic substrate pair for the sandwich immunoassay (Figure A1.1).  

Feasibility. We have previously optimized IMS coupled with an immunoassay for 

the detection of bacteria in complex sample matrices. In collaboration with Dr. Geiss’ 

laboratory (CSU Microbiology), we recently published a paper for the detection of S. 

typhimurium in bird feces and milk using an IMS assay.20 Before detecting bacteria in 

complex matrices, we optimized the system in culture media with highly sensitive and 

specific results. Our limit of detection was 102 CFU/mL for S. typhimurium with no cross-

reaction with other bacteria species using the same assay (Figure A1.2A). When 

detecting C. albicans in patient samples, it is not only imperative that the method is 

sensitive, but very specific to our pathogen because we want to distinguish fungal 

infections from bacterial infections. When determining the assay’s specificity to S. 

typhimurium in the presence of other bacteria, we performed the assay with excess E. 

coli in the sample. Even when E. coli was present in the sample at 1000x higher 

concentration than S. typhimurium, the assay sensitivity and selectivity was not 

compromised (Figure A1.2B).  

Experimental Approach. The first aim of this proposal will be focused on 

adapting this IMS/sandwich immunoassay format to detect C. albicans in media. We 

have learned from optimizing IMS for E. coli and S. typhimurium detection that each 
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Figure A1.2 │ IMS assay limit of detection and sensitivity for S. typhimurium. (A) Assay 
limit of detection in media as compared to same concentrations of E. coli. (B) Sensitivity 
of assay to S. typhimurium in the presence of excess E. coli.  

 

IMS/immunoassay system is unique and requires its own individual optimizations. For 

IMS, there are several antibodies to select for the assay. In addition to selecting the 

optimal antibodies for the assay, volume and concentration of each reagent will need to 

be optimized, along with incubation times of each reagent.  

Optimize IMS procedure for C. albicans detection. Using IMS to detect C. 

albicans has been successfully demonstrated in the detection of general Candida 

species in whole blood samples, with capture efficiencies varying from 11-43% 

depending on the species of Candida and used culturing as their detection method.25 

While IMS shortened the culturing procedure by 24 h, we will take this concept and 

improve the assay time further by adding a sandwich immunoassay to detect C. 

albicans in under an hour without enrichment. This will require two different antibodies 
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that pair well together in the same assay (there are several C. albicans antibodies 

available from AbCam and Fisher Scientific), and optimizing concentrations and 

incubation times for each of the assay components. One aspect to consider when 

finding the correct pair of antibodies is to ensure that each antibody is specific to a 

different component of the pathogen’s cell wall to eliminate competition between the two 

antibodies. It is also important to verify that these targets are abundant on the cell wall 

to increase capture efficiency. To optimize the IMS assay in solution, the volume of 

beads will be optimized. Although using more beads will increase capture efficiency in 

the sample, too many beads could lead to more nonspecific binding from other assay 

reagents and the beads are naturally a red color, both of which can cause background 

for the assay. The concentration of biotinylated antibody and streptavidin-conjugated 

enzyme will need to be determined. After concentration optimization, the substrate 

incubation time of each step, including bacteria capture, will be optimized. Like 

substrate concentrations, increasing the incubation time can decrease the assay LOD 

up to a certain time point. This point will be determined for the assay to be as short, but 

as sensitive, as possible. Once the procedure has been optimized for detecting C. 

albicans, specificity will be tested in the presence of other yeast genus’ along with 

different bacteria species that are common in sepsis patients, such as E. coli, 

Staphylococcus aureus, or Klebsiella pneumoniae.28 Because the primary purpose of 

this assay is to distinguish between yeast and bacterial sepsis infections, it is crucial 

that this method is specific to C. albicans and not any bacteria species, resulting in a 

false positive and incorrect patient treatment.      
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Detecting C. albicans in whole blood and different morphologies. Part of the 

reason C. albicans is more pathogenic compared to other Candida species is because 

of its ability to morph from its original yeast form into a filamentous hyphae form.29 

Hence, when it infects its host, it takes on this hyphae form, and it is essential that this 

method can detect C. albicans in this morphology. Once the device has been optimized 

in the detection of C. albicans in yeast form, we will test this method in the detection of 

C. albicans in hyphae and pseudohyphae form. Once the LOD has been determined for 

all forms of C. albicans, we will confirm that we can detect the pathogen in plasma and 

whole blood samples and an LOD will be established.  

Potential Pitfalls. The primary concern with any new diagnostic test is whether it 

will be as sensitive and specific as necessary for diagnosing infections. Concentrations 

in patients with confirmed candidemia can be as low as 5 CFU/mL.30 With our IMS 

system to detect Salmonella, the LOD was at 100 CFU/mL. This detection limit will 

detect some fungal infections, but for the best patient outcome, the LOD needs to be as 

low as possible. The LOD can be dictated by the antibodies selected for the assay, 

therefore it is likely that we will purchase and test many different antibodies to find the 

ideal pair for optimal detection. Once the optimal antibody pair is selected, we can also 

investigate the use of other enzyme and substrate pairs. We chose β-gal and CPRG as 

our enzyme-substrate pair in Salmonella detection because it is a user-friendly and 

noticeable color change from yellow to red. While this pair was successful, if necessary, 

we can also investigate the use of poly-horseradish peroxidase (poly-HRP) and 3,5,3’5’-

trimethylbenzidene (TMB) as an alternative enzyme and substrate pair as it could 

increase our assay speed and sensitivity.  
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Expected Outcomes. Upon completing Aim 1, we will have demonstrated rapid 

and sensitive detection of C. albicans using IMS and a sandwich immunoassay in media 

and blood samples for fast and sensitive diagnosis of candidemia.  

 

Approach Aim 2: Adapt the optimized IMS/immunoassay to a user-friendly 

rotational manifold for use in resource-limited settings without trained personnel.  

While IMS coupled with an immunoassay for C. albicans in solution would 

enhance clinician’s ability to diagnose candidemia in infected patients, this method will 

still require trained personnel and reagent refrigeration. For infections occurring in 

resource-limited settings, a diagnostic test that is also robust, user-friendly, and portable 

is required. The focus of Aim 2 is to develop such a test for candidemia diagnosis. Once 

the assay has been demonstrated in a paper-based format using the rotational 

manifold, it will need to be verified that this new diagnostic motif can be applied in real-

world settings and will demonstrate the final device with whole blood samples and 

plasma.    

A user-friendly and reusable device for diagnosing candidemia. We are currently 

optimizing an inexpensive 3D-printed rotational manifold that has been developed to 

semi-automate all the steps of IMS coupled with an immunoassay. This manifold 

completes the entire procedure on paper so the user only needs to add buffer and 

rotate the device through each step. All the reagents are stored and stabilized on paper, 

therefore no refrigeration is required to store reagent solutions, increasing device 

robustness and portability. As seen in Figure A1.3A, the reusable manifold consists of 

three main plastic parts, the manifold top, center, and bottom pieces. Each of these 
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Figure A1.3 │ 3D representation of reusable rotational manifold and fluid flow. (A) CAD 
drawing of the 3D-printed rotational manifold and each of the manifold components. 
Grey indicates plastic-based reusable components while blue designates disposable 
and paper-based devices. (B) Fluid flow of buffer from the buffer reservoir to the 
reagent channel, sample layer, and finally the waste pad.  

 

components is held together using bolts, springs, and wingnuts to hold the components 

together tightly under constant pressure, yet allow the user to rotate the center of the 

manifold to complete each sequential step of the assay. The connection between the 

manifold layers are wedges to allow the manifold to rotate 45°, then snap into place, like 

the mechanism of a retractable pen. The manifold is reusable, but the sample and 

reagent/waste layers are disposable and interchangeable. The user will not need to 

pipette a set volume of buffer for each step because a wick will transport buffer from the 

reservoir to the manifold using capillary action. Buffer will be transported from the regent 

channel to the sample layer and waste pad using the natural fluid-wicking properties of 
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paper (Figure A1.3B). Once the waste pad is completely saturated, buffer flow will stop 

and the user can rotate the manifold to initiate the next step, allowing fine control of the 

assay to provide reproducible results. To keep the immunomagnetic beads in place 

during the assay, a magnet is located underneath the sample layer in the sample layer 

insert. To perform the test, the user will deposit a sample onto the sample layer, where 

immunomagnetic beads are stored, and allow the sample to incubate for 10 minutes. 

After incubation, the user will place the sample layer onto the sample layer insert and 

magnet and place the insert in the manifold. Next, the user will insert a reagent and 

waste card into the slot of the manifold center, then fill the buffer reservoir. Once the 

manifold is set up, the user can start with the first reagent channel, then rotate the 

manifold after each step is completed. As described in detail in Figure A1.4, each 

channel of the device will distribute a different reagent used in the original immunoassay 

procedure, including wash steps. The user will rotate the manifold after each step is 

complete, delivering a new reagent to the sample layer, which is stationary during the 

entire assay. After each step has been completed, the user will rotate the manifold one 

more time to dispense CPRG onto the sample layer and wait 30 minutes for a result. If 

the sample layer stays yellow, the test is negative, and if the sample layer turns red, the 

test is positive.  

Feasibility. One of the many advantages of using paper-based devices is the 

simplicity of their fabrication. The Henry lab has been developing µPADs since close to 

their introduction, as we were the first lab to integrate electrochemical detection into 

paper-based devices in 2009,31 and have since published 50 manuscripts in the field. 

Therefore, our lab is equipped with all the technology and resources to create and 
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Figure A1.4 │ Detailed step-by-step instructions and illustration of the mechanism to 
detect C. albicans in patient samples using IMS in a 3D-printed rotational manifold at 
the user level (top) and molecular level (bottom). 
 

optimize this device for the detection of C. albicans, including a 3D printer for the 

reusable rotational manifold. IMS has been demonstrated in whole blood multiple times 

including for the detection of bacteria, cancer cells, and neutrophils, to name a few.32-35 

We have previously collaborated with an environmental and health sciences lab at 

Colorado State University for the acquisition of different environmental and human 

samples, including human blood plasma. Additionally, whole human blood can be 

purchased from Lee Biologicals.  

Experimental Approach. Like optimizing IMS in solution, the rotational manifold 

reagent and waste layer will need to be optimized for detection of C. albicans on paper, 

as different concentrations and buffer volumes will likely be required compared to S. 

typhimurium.  

Optimizing the rotational manifold for C. albicans detection. With the combination 

of optimizing the manifold for S. typhimurium detection, and optimizing C. albicans 
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detection in solution, optimizing C. albicans detection in the rotational manifold on a 

paper-based format should be straight-forward. Reagents and buffer volumes will need 

to be optimized, as well as number of assay steps. As seen in Figure A1.4, we are 

currently planning to use five of the eight channels designed into the device. This is 

purposeful, as the addition of other steps could be necessary. In addition to number of 

steps that can be optimized, we can also control the volume of buffer used for each step 

by changing the size of paper used in the waste pad, making the paper-based device 

customizable for each step and assay. When optimizing the manifold, we will perform 

several experiments for determining the best concentration of each reagent to deposit 

onto the paper. For most optimizations, as you increase reagent concentration, the final 

signal will increase up to a certain point, where the signal levels off. Once the reagent 

concentration is optimized, then the optimal buffer volume will be determined for each 

step by investigating several waste pad sizes.   

Distance-based detection of C. albicans. Our current rotational manifold 

quantifies pathogens by analyzing the color intensity of the sample layer using ImageJ 

software. While a practical method for quantifying color change in a sample, this 

requires the use of a camera and image software to complete, tools that are not as 

available in resource-limited settings. Therefore, we are going to implement distance-

based detection of chlorophenol red, the product of the reaction, for this project. 

Distance based detection has been demonstrated before in our lab using a chemometer 

format for the detection of metals and biomolecules.36,37 Unfortunately, yeast and 

magnetic beads are both too large to move efficiently through paper, so the traditional 

chemometer format will not be applicable. However, chlorophenol red can move through 
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paper and has a -2 charge that will be attracted to cations.20 We propose that modifying 

paper with poly(diallyldimethyl-ammonium chloride), chlorophenol red can move through 

paper and saturate modified regions of the paper that are shaped as bars, which can be 

completed using reagent printing.38 This motif could be applied to a reaction of β-

galactosidase and CPRG, which gives chlorophenol red as a product. The product will 

then travel through an additional channel in the manifold to modified paper, and the user 

will simply need to count the number of bars to quantify the concentration of C. albicans 

present in the sample.  

Modifying the manifold for whole blood samples. While the manifold and paper-

based devices will have been optimized, these optimizations were completed using 

pathogens in media. When adding a more complicated matrix like whole blood, 

additional optimizations will likely be necessary. For example, we designed the device 

to have eight channels even though only five are currently being used. After allowing the 

sample to incubate with immunomagnetic beads, additional wash steps will likely be 

necessary to wash the sample before completing the rest of the assay. We will start with 

the least complicated form of blood, serum, then move on to more complicated samples 

like plasma and whole blood to confirm whether different blood components will affect 

the assay LOD. Previous results from our lab saw an increase in LOD as the assay 

samples grew more complicated with whole milk and bird feces.20 The final goal of the 

assay is to detect C. albicans in whole blood for the user to have minimal sample 

preparation.  

Comparing to traditional diagnostic methods. Once the device has been 

optimized for whole blood samples, our diagnostic technique will be compared to 
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traditional diagnostic methods. We will compare our device to culturing, PCR, and the β-

glucan assay for total detection time, accuracy, sensitivity, and user-friendliness.16 

Potential Pitfalls. Like optimizing the assay in solution, one of the biggest 

concerns for the assay is the LOD. Several papers have been published on increasing 

sensitivity of biological assays on paper by modifying with surface with different 

chemicals, such as chitosan modification to increase color formation of an enzymatic 

reaction.39 One of the many positive aspects of paper is its ability to store and stabilize 

reagents, however, this can also disadvantageous when applying immunoassays to 

paper. Antibodies and enzymes will often nonspecifically bind to the paper during 

immunoassays and are not removed during wash steps, causing background.40 We 

have already determined that the best paper to use is Fusion 5 paper (GE Healthcare 

Sciences), which results in the least nonspecific adsorption of reagents to the paper. If 

additional nonspecific binding issues arise, we can modify the paper with different 

reagents used in other immunoassays including Tween 20 and bovine serum albumin 

(BSA). Modifying the manifold for real-world sample could also prove difficult, such as 

blood’s natural red color creating background. Because whole blood is a different 

density and viscosity compared to media, different paper modifications or material may 

need to be optimized for preparing and washing the sample. If we see this same 

increase in the LOD in whole blood, we will investigate sample preparation and device 

modifications to increase sensitivity of the device. For example, whole blood samples 

will contain clotting factors, therefore clotting will be a concern for real patient samples 

as viscosity will increase and could affect the immunomagnetic beads’ capture 

efficiency. To prevent clotting, we can investigate different anti-coagulants (such as 
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EDTA) to modify the sample layer to maintain a less viscous sample.  Although the ideal 

system would allow the user to add the sample to the manifold’s sample layer and 

proceed with the assay, if necessary, we can investigate sample preparation in a 

microcentrifuge tube before adding the sample to the sample layer. This would also 

allow the user to use a larger volume of sample, up to 1 mL, as compared to the current 

system that uses 20 µL of sample.  

Summary. At the end of this project we will have developed, optimized, and 

demonstrated the first paper-based POC diagnostic motif for the detection of C. 

albicans in blood samples. If developed, this device could revolutionize the field of 

fungal diagnostics for being inexpensive, fast, user-friendly, and most importantly, 

accurate. This assay would give health care providers confidence in prescribing 

antifungals or antimicrobials to patients with sepsis without the compromise of waiting 2-

5 days for culture results, therefore decreasing the high mortality rate associated with 

candidemia and improving patient outcome.  
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