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ABSTRACT 

 

Key advances in healthcare have arisen from the implementation of point-of-

care (POC) testing in lightly-equipped laboratories, in the field, or at home. POC tests 

are used in the detection of various analytes, biomarkers, and pathogens, and are 

widely used due to their convenience, low cost, and reliability. One of the best-known 

POC tests is the lateral flow immuno-chromatographic assay (LFA). When used as an 

LFA reporter particle, M13 bacteriophages have demonstrated low limits of detection 

in the laboratory, and their integration into a complete practical assay was investigated 

in this work. We developed a rapid and very sensitive LFA, and demonstrated its 

storage stability and use with whole blood.  

A second line of investigation concerned measurement of the kinetics of LFA 

reporter interaction and capture in porous matrices. Such measurements have been 

difficult, especially on time scales below one second. A rapid-filtration system for 

short-time-scale measurement of the kinetics of binding in membranes is described. 

The system is composed of a mechanical syringe pump driving fluid through a 

membrane resting on a stainless-steel mesh membrane, which is connected to a 

vacuum pump to remove excess fluid, and computer-controlled solenoids to bring the 

membrane abruptly into and out of fluidic contact with the syringe at precisely-

controlled times. We used this technology to characterize the binding of M13 

bacteriophage onto LFA membranes at flow rates from 0.5 to 8 mL/sec over times 

ranging from 50 - 1000 msec. Under optimized conditions, this approach showed an 

increase in binding in a flow-rate and time-dependent manner. Potential applications 
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of rapid-filtration analysis include the study of chromatographic and membrane 

adsorption, membrane-based assays, and medical diagnostics. The integration of M13 

bacteriophage into complete LFAs and understanding their capture mechanism will 

lead to insights on how to improve the sensitivity and utility of LFAs. 
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CHAPTER 1: POINT OF CARE (POC) DIAGNOSTICS 

Diagnostics play critical roles in health care, such as providing appropriate and 

timely care to patients and data for health surveillance. Obtaining timely patient-level 

data allows for emergency public health interventions and long-term public health 

strategies. During the 2013-2106 Ebola outbreak, rapid testing was extremely valuable 

for improving disease management, patient triage, and isolation1. Point-of-care (POC) 

testing allows for patient diagnosis in physician’s offices, rural areas, ambulances, the 

home, the field, or within hospitals. Additionally, diagnostics are rapid and offer a 

degree of sensitivity and specificity that is crucial for testing in resource-limited 

settings enabling quick medical decisions, so diseases can be diagnosed at an early 

stage, leading to improved health outcomes for patients by allowing early treatment. 

Analytical targets used in diagnostics are proteins, metabolites, dissolved ions and 

gases, cell types, microbes, and nucleic acids. These targets can be present in a variety 

of samples, including blood, saliva, urine, feces, etc2–5. POC diagnostics may require a 

sample or with little or no preparation, need only elementary instruction to detect 

multiple analytes or markers. Result interpretation may be as simple as viewing a 

colored spot on a paper or polymer background. However, a subset of POC devices 

have transitioned to hand-held readers such as mobile phones or to benchtop 

instruments to provide comprehensive results, and if necessary, devices can control 

and operate the sample-containing platform and execute the analytical process6. While 

POC testing is commonly used in the health sector and for public health interventions, 

analytical testing also is used in a wide range of fields from agricultural and water 
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monitoring, drug abuse detection, or areas where diagnostic tools can provide 

information in a rapid format compared to traditional testing  

Historically, all, health care was similar to “point-of-care” in that it was 

delivered at the patient home through physician’s visits. With technological 

advancements and new medical discoveries, care shifted to central points, such as 

hospitals. With a population boom and new hospitals, large centralized laboratories 

were established, and over time the development of automated systems for the analysis 

of patient samples led to cost savings and reduced diagnosis times. From these 

centralized laboratories, a wide variety of medical tests could be performed in large 

batches and provided the needed quality control and sensitivity for the desired 

condition. However, these tests took hours or weeks to return results, and some were 

laborious and required the use of skilled technicians. Point-of-care devices were used 

on a limited basis in the hospital for rapid analysis in intensive care units. Over time, 

centralized laboratories became the primary sites of medical testing. Only a few home 

tests, such as pregnancy and glucose test kits were available to distribute the burden on 

the healthcare system7. With a growing elderly population and increased patient strains 

on the healthcare system, the emphasis on healthcare is shifting towards prevention 

and early disease detection8–10. POC testing gives immediate results in non-laboratory 

settings and requires fewer steps, time, and training compared to medical testing in 

centralized laboratories. It enables staff to make rapid triage and treatment decisions 

when diagnosing a patient’s condition or monitoring their treatment. Through this, 

clinicians can focus on what truly matters in providing effective quality patient care. 
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The benefits of rapid patient testing extend beyond the bedside and allow for improved 

efficiencies, productivity, simplified processes, and procedures. Additionally, rapid 

tests comply with regulatory and performance mandates that can reduce the burden on 

workers in the health care system11. Recent advances have greatly expanded the 

capability of POC testing systems. With technological advancements, devices now can 

transmit results wirelessly in real-time to the patient’s electronic medical record12. 

Additional improvements have led to systems with features designed to assist 

hospitals in managing their POC testing programs and ensure compliance with 

changing laboratory regulations13. POC testing integration with the health care system 

will allow for improved patient care and management. 

POC Market and Trends 

Due to the advantages involved in POC testing, the market is growing to meet 

the demands of the next century. In 2016, sales of POC testing reached $18.4 billion, 

an increase of 3.8% from 2014. In 2021 the total global POC diagnostic testing market 

is expected to reach $23 billion with a growth rate of 4.6% from 2016-2021. Other 

market studies have predicted faster growth rates in specific countries, with the global 

POC testing market to grow in the U.S. from $23.2 in 2016 to $40 billion in 2021 at a 

compound annual growth rate (CAGR) of 10%14,15. For the United Kingdom (UK), the 

expected growth rate is slightly different due to the variety of POC tests being used 

(Fig. 1). The demands of each healthcare system will vary as specific diseases and 

conditions are region-specific. Fertility tests, glucose tests, and infectious diseases 

comprise 45% of the total POC market, while significant parts of the market include 
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testing for HIV, tuberculosis, hospital-acquired infections, clostridium difficile, and 

vancomycin-resistant enterococcus15.  

 

Figure 1: U.K Point of Care Diagnostics/Testing Market by Size by Product, 2014-

2025. POC testing market growth for glucose, infectious diseases, cardiac markers, 

hormones, cancer markers, and drugs of abuse. 

Criteria for POC Devices 

  The World Health Organization (WHO) has outlined criteria for evaluating 

POC devices in resource-limited environments. POC tests need to meet the 

ASSURED criteria (Affordable, Sensitive, Specific, User-friendly, Rapid and robust, 

Equipment-free, and Deliverable to end-users)16. Diagnostics that meet such criteria 

aim to provide same-day diagnosis and facilitate immediate decision making. In the 

case of POC HIV tests, quick results can increase the number of people knowing their 

status, assist in treatment, and determine if follow-up assessments and treatments are 

needed. Additionally, devices that require minimal training can alleviate the burden at 

testing centers and on the healthcare system. POC devices need to be operable in 

resource-limited settings, where there is unreliable electricity, non-sterile conditions, 

and a lack of trained personnel to perform a test. 
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Drawbacks and Criticism of POC Devices 

  While there are key advantages associated with POC testing, there are also 

flaws and criticisms that need to be addressed moving forward. From advancements in 

POC testing, readouts have transitioned to using handheld readers. In the case of 

handheld glucose meters, they are incomparable to lab test results despite their 

portability and user-friendliness17. These minor deviations can severely impact patients 

who are on strict glucose control plans. Since there are multiple methods of 

performing the same test, the lack of standardization can lead to inconsistent results. 

Even with a simple test, data management and oversight are complex and require 

training and proper assessment. Additional criticisms of POC include battery life, 

images are lower quality compared to laboratory instruments, tests can potentially be 

inaccurate or unreliable, tests may lead to false negatives, and there can be faults in the 

communication systems for sharing information. POC tests waived under the U.S 

Clinical Laboratory Improvement Amendments (CLIA) have a limited range of 

capabilities relative to full laboratory tests18. There can be a trade-off between the 

test’s rapid format and its accuracy. Due to short test times, some clinicians believe 

that POC testing should be used as a screening tool rather than an on-site diagnostic 

since comprehensive tests can provide more accurate results.  

Common POC Diagnostic Devices 

  Small devices for POC testing range from dipstick assays to cartridge-based 

devices such as chemical-based detection in agricultural monitoring, glucose testing, 

and drug immunoassays. A subset of portable devices uses fingerstick capillary 



 

6 

 

samples that are directly applied to POC instruments that perform rapid analysis and 

output the result on a digital display19–21. Another subset of POC tests, dipsticks, works 

without external devices and is applicable to resource-limited countries where such 

external devices may not be readily available. Dipsticks are the simplest form of POC 

technology, in which porous membranes are dipped in a sample liquid to perform a 

test. Dipsticks are usually made of paper with stored reagents that can be used to test 

liquids for a given analyte. There are dipsticks for testing urine samples for 

hemoglobin, urinary tract infections, glucose, and various proteins22–24. Some versions 

of dipsticks require more operator care since their performance is dependent upon 

sample volume and sufficient testing times for a final readout25. A similar version to a 

dipstick test is lateral flow immunoassay that offers fast test times and requires lower 

sample volumes. 

The diagnostic analog of LFA in a central laboratory is the enzyme-linked 

immunosorbent assay (ELISA), which is a plate-based assay for the detection of 

analytes, antibodies, peptides, proteins, and hormones, among others. Fully automated 

instruments in laboratories around the world use the immunoassay for routine 

measurements of various analytes in patient samples26. Usually, an antigen or antibody 

is immobilized to a solid surface. An antigen is immobilized by surface adsorption or 

by capture on an antibody. After immobilization, the detection antibody is added, 

which can be covalently linked to an enzyme to produce a visible signal that is read by 

a plate reader. Between steps, the plate is washed with a detergent solution to remove 

any proteins or particulates that may bind non-specifically. While ELISA is performed 
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to evaluate the presence of an antigen or an antibody, it is a useful tool for food 

allergens, antibody concentrations, and blood tests. Various sample types can be used 

from urine, saliva, serum, plasma, and cellular and tissue extracts, among others. 

ELISA is a common technique due to its high sensitivity and specificity of detection. 

It is a high-throughput assay that can be done in a 96-well plate and even a 384-well 

plate. To detect the sample antigen or antibodies, various versions of ELISA exist 

from the direct, sandwich, and competitive assay (Fig. 2). However, it requires trained 

personnel and is time-intensive.  ELISAs are used in the development of antibody 

pairs for LFAs. This helps in determining the best antibody pair for surface 

immobilization and reporter conjugation. 

 

Figure 2: ELISA Formats 

 

For a direct assay, the antigen of interested is immobilized by direct adsorption 

to an assay plate or by attaching a capture antibody to the plate surface. Detection is 

through an antibody specific for the antigen and is directly conjugated to horseradish 

peroxidase (HRP) or an enzyme that results in a colored or chemiluminescence 
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readout. As for a sandwich assay, the analyte is bound between two primary 

antibodies, followed by a secondary antibody conjugate that will result in the readout. 

Competitive ELISAs are used when the antigen is small and has only one antibody 

binding site. A labeled analyte in a sample competes with a labeled analyte to bind an 

antibody. The labeled unbound analyte is washed away. 

 With improvements in strip assays and electronic devices, one of the most 

well-known POC devices is the glucose meter. The biosensor is based on the catalytic 

action of glucose oxidase, by which an electrical current is generated that can be 

measured. Extensions of the glucose biosensor have led to continuous blood glucose 

monitoring27. Another meter-type device measures prothrombin time, the time it takes 

for plasma to clot. Calcium ions and thromboplastin (an enzyme released by damaged 

platelets) are added, and the time for blood coagulation to end is reported. It is used in 

the screening of coagulation disorders when clinicians report abnormal findings28. 

These tests are based on a rapid format and require external devices for proper 

performance.  

 Various POC devices use small cartridges that require two or three drops of 

blood added on a cartridge, which is then inserted into a handheld device. This is best 

exemplified by the i-STAT system (Abbott laboratories), which is a blood analyzer 

allowing results in as little as two minutes. Test results can be uploaded automatically 

and delivered wirelessly to storage systems. The cartridge utilizes thin-film sensors 

with microfluidics for the detection of various analytes from Na, K, lactate, pH, PO2, 

and PCO2, among others. This POC device has gained popularity due to the ability to 
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test multiple analytes on a single device, using different cartridges and the reliability 

of its measurements29. Personnel operating the equipment only need to understand one 

operating procedure, and process steps and handoffs can be eliminated to reduce errors 

and promote patient safety. Additionally, the device is an economical way of 

providing multiple results from a single test. Another handheld testing system is based 

on Smart Card technology in which biosensors and microfluidics are printed on a 35 

mm tape30. The advantage of this technique is that it does not demand cleanroom 

manufacturing that is required for thin-film sensors.  

 Besides handheld devices, there are large bench-top devices that are used in 

centralized laboratories. Space is a premium in these laboratories, so the trend of 

miniaturization and increasing computing power is allowing the development of 

solutions to meet new needs. POC medical diagnostics must be accurate and sensitive 

enough to meet their clinical purpose. This is not always possible. For example, in the 

detection of hemoglobin A1c, which indicates the average level of blood sugar over 

the past two to three months, handheld devices have not been able to achieve the 

accuracy and sensitivity needed with low costs31. In this case, large bench-top 

analyzers are required to meet the analytical specifications. Various companies have 

specialization in this area from Siemens, Alere, and Roche with similar goals for their 

devices from having a simple user interface, test monitoring, and operating 

procedures. The advantage of bench-top analyzers is the ability to measure a wide 

range of clinical chemical analytes and perform multiple immunoassays. The 
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dominant application for bench-top testing is blood gas analyzers, which can measure 

various electrolytes, urea, creatinine, and glucose, among others32,33.  

Lateral Flow Assays 

A major class of POC diagnostics is lateral flow immunoassays (LFAs), which 

are low-cost, simple, rapid, and portable. LFAs are porous-based platforms for the 

detection and quantification of analytes in complex mixtures. Samples are placed on a 

test device, and the results are displayed within 5-30 minutes. LFA-based tests are 

widely used for the qualitative and quantitative detection of analytes, antigens, 

antibodies, DNA, RNA, and biomarkers. A wide variety of biological samples can be 

tested from blood, urine, saliva, sweat, serum, plasma, and other bodily fluids34–37. The 

most common application of an LFA is for the detection of the pregnancy hormone, 

human chorionic gonadotrophin (hCG). While LFAs are predominantly used in the 

healthcare field, they are employed in other industries from animal health, agriculture, 

food safety, environmental monitoring, drugs-of-abuse testing, forensic science, 

pregnancy, and fertility testing. Thus, advancements in LFAs will allow contributions 

to various industries where rapid tests are needed for the screening of animal diseases, 

pathogens, chemicals, water pollutants, and toxins, among others. 

Recent years have seen an increasing demand for POC diagnostic assays for 

the detection of multiple analytes. LFAs are easy to perform without laboratory 

oversights or individuals without training. They are easy to use, cheap to produce, and 

are accepted by users and regulatory authorities. A single LFA will only allow for the 

detection of one analyte, and in cases where a clinician requires more information to 
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make an informed decision, the detection of multiple analytes is useful. Multiplexing 

in LFAs is possible, allowing for the detection of numerous analytes38. In certain 

regions, various diseases are present with similar symptoms but do require different 

treatments. While novel technologies are being developed in the clinical diagnostic 

market and require billions of dollars and decades of work, the improvement and 

further development of LFAs often is a favorable alternative. The potential to produce 

devices that provide crucial information for challenging applications such as early 

cancer detection, disease monitoring, etc., is leading the growth for the POC market. 

LFAs are well adapted for use in developing countries, small ambulatory care 

settings, remote regions, and battlefields. This stems from the fact that LFAs often 

have long shelf lives, and that refrigeration is not required for storage. From the 

development of LFAs to end-user testing, devices require a further examination for 

meeting the ASSURED criteria. A test that can provide reliable results from a naked 

eye may be better than a test that involves the use of a hand-held device. Concerns that 

need to be addressed can range from if the device is available in the country, can 

untrained personnel operate the equipment, the device cost, does the device provide 

low detection limits, data storage, device connectivity, among other concerns that need 

to be addressed based on the POC device.  

The principle behind LFAs is that a liquid sample containing an analyte of 

interest moves along a porous membrane, usually paper or a wax substrate through 

capillary action. An analyte present in the sample moves through various zones of the 

strip, where it will interact with molecules already present on the strip. Specifically, 
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LFAs employ reporter particles that are transported by capillary wicking in a porous 

membrane, to binding sites for antibodies or antigens. LFAs most often employ 

antibodies attached to reporters as recognition elements, and their binding on the 

membrane is affected by the flow along the strip and the time they interact with an 

analyte and capture antibodies.  

There are two different types of LFAs, which are a sandwich and a competitive 

assay. For the latter case, a positive test is represented by the displacement of a 

captured detection reagent with an analyte. Competitive assays are mainly used for 

small analytes, which are commonly seen in drugs of abuse39. Sandwich assays are 

common, and a positive test is represented by the presence of a colored line at the test 

and control line position. Both types of assays can be multiplexed, allowing for the 

detection of more than one analyte. Additionally, multiplexing offers cost-saving 

benefits and regions where resources are limited and can be done with multiple 

colored particles or using external readers. However, it is difficult in LFAs due to flow 

and possible interference that may arise from particles being captured at one line and 

not the other. If there are multiple lines where antibodies are immobilized on the 

membrane, this can complicate the flow and interaction of the analyte to the reporter 

particle and its subsequent binding at the membrane.  

As the sample adsorbs at the beginning of the strip, it will wick from the 

sample pad, which in some instances contains a filter to ensure an accurate and 

controlled flow of the sample (Fig 3). Depending on the sample, the rate at which 

liquid enters the sample pad and flows to the conjugate release pad is crucial for an 
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accurate LFA result40. The critical role of the sample pad is the flow and even sample 

distribution to the conjugate pad. Detergents, surfactants, and blocking agents may be 

used to treat the sample pad to alter the samples’ viscosity, so there is an increased 

reaction time at the conjugate release pad or chemical modification for the sample to 

bind at the test line. 

The conjugate pad stores antibodies that are specific to the analyte, and are 

conjugated to reporter particles. The sample, along with the conjugated antibody 

bound to the analyte migrates along the strip towards the membrane. Some have 

incorporated an additional membrane to extend the interaction between antigens and 

antibodies to enhance the test’s sensitivity41. Different proteins, detergents, and 

surfactants can be added to the sample pad but mainly the conjugate pad to promote 

solubilization of the conjugate and minimize non-specific binding of proteins along 

with reducing the adsorption of the analyte to the membrane42. 

As the sample migrates towards the membrane, it will interact with specific 

biological components, which are usually immobilized antibodies or a recognition 

element. Immobilization is through passive adsorption, or recognition elements are 

chemically linked to the porous membrane. There are two lines, a test, and a control 

line, which have different sets of antibodies (Fig. 3). At the test line, antibodies will be 

specific for the analyte of interest, while the control line will bind to an antibody 

conjugated to the reporter particle. Recognition of the analyte results in an appropriate 

response on the test line while proper liquid flow indicates a response on the control 

line.  
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The sample will pass through the rest of the membrane, into the last part of the 

strip, the absorbent pad, which will absorb any excess sample. Membranes can differ 

on the type of reporter particle to ensure a controlled flow. Absorbent pads will vary 

based on the volume of the sample test required to yield an accurate result. Between 

each part of the strip, there needs to be a proper overlap of the membranes. If the 

overlap is altered, this is known to affect the flow along the strip and reduce the 

sensitivity of the assay. This is pivotal for the conjugate release pad. The overlap of 

the sample pad to the conjugate release pad and the conjugate release pad overlap to 

the membrane is important since the release of the conjugate, and its initial flow will 

determine its trajectory along the strip. 

 

Figure 3: Components of a Lateral Flow Strip. 

The sample pad, conjugate pad, membrane, and absorbent pad (Fig. 3). A 

sample medium is added at the top of the sample pad that flows through the strip. An 

analyte present flows through the strip and binds to the conjugated reporter particles, 
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which then migrates along the strip and binds to anti-analyte antibodies immobilized 

on the membrane. Excess liquid is wicked by the absorbent pad43. 

Reagent transport, analyte, and reporter interaction, flow rate, and signal 

generation can affect the sensitivity of LFAs. Sensitivity is reduced by a high level of 

noise, or high background from incomplete transport, such as non-specific binding of 

reporter particles or detection reagents. The reporter particle or detection reagent may 

immobilize at and around the test line, leading to signal noise and affecting the 

sensitivity of the assay. Additionally, there can be reduced sensitivity in clinically 

relevant samples such as blood, saliva, and urine due to non-specific binding of 

detection reagents, reporter particles, or by interferents present in the sample. A 

strategy for minimizing non-specific binding is to use blocking reagents. These 

reagents can be dried onto the strip during LFA development or incorporated into the 

buffer when running the LFA strip. Blocking reagents currently used in LFAs are 

bovine serum albumin (BSA), casein, antibodies, or serum. These reagents have been 

developed further to improve sensitivity in LFAs.  

Another strategy to reduce non-specific binding and ensure constant flow in 

LFAs is the use of detergents and surfactants. During development, strips can be 

treated with these reagents and are also used in the running buffer for LFAs. Treating 

the strip with surfactants can reduce possible negative interactions from salt 

concentrations, pH, protein compositions, or any molecules that may cause non-

specific interactions in clinically relevant samples44. Additionally, these can improve 

flow and enhance the reproducibility of the assay. Strip treatment and the buffer used 
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while running the LFA need to be optimized for each test. Changes in the buffer pH 

and salt concentration can have drastic effects on the capture and subsequently affect 

the sensitivity of the assay. Furthermore, strip treatment and buffer optimization may 

also need adjustment based on the sample being used, such as whole blood, urine, or 

saliva. During LFA development after the strip is treated with the selected mixture of 

detergents and blocking reagents, the strip needs to thoroughly dry overnight in a 

desiccated environment (< 20% humidity). In some instances, drying at 37 ℃ or 

higher for a short period may be required before a transfer to the desiccated chamber. 

LFA strips can absorb moisture, and this can lead to destabilization of reagents dried 

on the surface, such as the immobilized antibodies45. Additionally, if the strip takes up 

moisture, this will affect the flow along the strip and can affect capture and alter the 

sensitivity of the assay, so dry handling and desiccated storage is crucial for sensitive 

LFA performance. 

Antibody Selection for LFAs 

Antibody selection plays a crucial role in the sensitivity of an assay. There are 

two main forms of antibodies, polyclonal and monoclonal. Polyclonal antibodies are 

mixed immunoglobulins which are secreted against a particular antigen, produced by 

different clones of plasma B cells. They can interact with different epitopes on the 

same antigen. Monoclonal antibodies are produced by a single clone of plasma B cells 

and interact with only a particular epitope of an antigen. Polyclonal antibodies are 

easier to couple to labels46. However, since they are a heterogeneous antibody 

population, there is batch-to-batch variability, and there is a likelihood of cross-
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reactivity due to recognizing multiple epitopes. As for monoclonal antibodies, there is 

an unlimited batch-to-batch reproducibility, a high specificity since recognition is for a 

single epitope, and thus a lower chance for cross-reactivity47. They can be susceptible 

to changes when conjugated to a particle. For LFAs, usually, the polyclonal antibody 

is conjugated to the reporter particle, and s monoclonal antibody is immobilized to the 

membrane. However, in LFAs, this arrangement is switched depending on the sample 

media and the analyte being detected. For each LFA, antibody pair optimization is a 

crucial first step for developing a sensitive assay. 

Sensitivity, Specificity, and Limit of Detection 

 Metric for LFAs and diagnostics are clinical sensitivity, specificity, and the 

limit of detection. Sensitivity is the ability of a test to detect the analyte when it is 

present, or in a broader sense, the proportion of individuals who test positive for 

disease among those who have the disease. A test that exhibits high sensitivity is 

reliable when the test is positive, assuming high specificity, and when it is negative, 

there is rarely a misdiagnosis with high sensitivity; however, this can be different if 

the test has low specificity. Specificity is the ability of the test not to report the analyte 

if it is not present. In a clinical sense, this is the proportion of individuals who do not 

have the disease test negative for it. If a test didn’t have high specificity, an assay 

might falsely indicate an individual has a particular condition, and treatment would 

start when it is not needed. For certain diseases, starting treatment if an individual 

does not have a condition can be detrimental to their health. So, an LFA would ideally 

have high sensitivity (>95%) and high specificity (>95%)44. Another metric are 
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positive and negative predictive values, which are the proportion of positive and 

negative results that are true positives and true negatives. The values depend on 

prevalence, which is the proportion of the population found to be affected. Large pools 

of diverse populations for biomarker selection and detection plays a crucial role in 

LFA development. Another metric for LFAs is the limit of detection, which is the 

lowest analyte concentration that can be detected and distinguished from the 

background signal. To determine the detection limit, multiple samples need to be 

tested to determine the background signal and assess the detection of various analyte 

concentrations. For the background signal, the mean value and standard deviation are 

calculated. The limit of detection is set as the background signal plus 3 times its 

standard deviation, through variations of this approach have used, 1, 2, 4, or even 10 

standard deviations48. The aim is that in the presence of an analyte, a test will produce 

a signal greater than the noise in the absence of an analyte. 

Reporter Particles in LFA 

Various LFA reporters have been employed, such as colloidal gold, colored 

latex particles, phosphors, magnetic particles, carbon nanotubes, aptamers, nucleic 

acids, or virus particles44,49–52. Reporter selection is one of the most critical decisions 

during the development of new LFAs, as it will impact the sensitivity, specificity 

assay’s cost, developmental time, stability in the clinical sample, and whether or not a 

reader is required for the final LFA readout. LFAs must give accurate and 

reproducible results, so the reporter particles must be of high quality and well 

characterized. The reporter particle material used should be detectable at low 
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concentrations and retain its properties when conjugated to antibodies or 

biomolecules. Ease of conjugation with biomolecules and stability over long periods 

are desirable features of a reporter particle. Reporter particles may generate a direct 

signal, such as a colored spot, while others require additional steps to produce a signal, 

such as enzymes reacting with a suitable substrate. Particles that provide a direct 

signal are preferable for test simplicity and reduced assay time. The reporter particle 

determines how the signal is presented to the final user, which especially applies to 

remote locations in the developing world. Some applications use mobile phones or 

other telemedicine applications for the final readout. In other cases, the test result may 

be transmitted to remote personnel with expertise that can interpret the result and 

guide treatment. 

Colloidal gold nanoparticles, the most commonly used reporter particles in 

LFA, are inert and almost perfect spherical particles. They have a high affinity 

towards biomolecules and can be easily functionalized. Depending on the size and 

shape of the particle, the optical properties will differ. Additionally, the particles are 

well characterized for use in LFAs. Another common form of particle used is 

magnetic particles, which can be measured by an optical strip reader53. Furthermore, 

the magnetic signal from the particles can be used as a form of detection signal with a 

magnetic reader. Magnetic signals are stable for longer times compared to optical 

signals, with enhancements of sensitivity from 10 to 1,000-fold. Magnetic particles 

can demonstrate an absorption spectrum that covers the whole visible region. 

However, magnetic particles can aggregate in the porous membrane of the LFA strip, 
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and external magnetic fields can assist in particle relocation from depths of the LFA 

strip to more-visible locations nearer to the top surface producing a more visible 

signal52.  

Other common reporter particles employed in LFAs are latex and cellulose 

beads. Both these particles are developed commercially and have easy bioconjugation 

techniques that are well established. They provide colorimetric signals with multiple 

colors available for the detection of various analytes. Cellulose and latex beads have 

large diameters (200 nm or greater), which works well for certain assays but can cause 

aggregation, so the addition of a surfactant may be needed.  

Fluorescent and luminescent particles are widely used in LFAs since 

fluorescence can allow for quantification of the analyte concentration. Organic 

fluorophores such as rhodamine are used, but a key problem is photobleaching 

resulting in reduced sensitivity. Additionally, they can chemically degrade. With 

advancements in nanomaterials, quantum dots (QD) display unique optical and 

electrical properties. As with gold particles, QDs show size-dependent optical 

properties, and only a single light source may suffice for the excitation of different QD 

sizes. They have high photostability and absorption coefficients but can have surface 

defects affecting the quantum yield54. For the implementation of QDs in LFAs, an 

external device would be required. Another fluorescent particle is upconverting 

phosphors (UCP), which gives emission in the visible region upon multi-photon 

excitation in the infrared region. Additionally, they do not show autofluorescence and 

do not photodegrade biomolecules55. Moreover, they are produced easily from bulk 
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materials; however, this can affect their uniformity, and the labeling of UCP reporters 

requires multiple steps. In certain assays, UCP demonstrates size-dependent sensitivity 

and specificity. Other fluorescent particles are europium (III) chelate nanoparticles, 

which have shown higher sensitivity than gold nanoparticles but require external 

devices56. Additionally, persistent luminescence nanoparticles offer enhanced 

sensitivity through time-resolved measurements and exhibit a sensitivity an order of 

magnitude lower than colloidal gold57.      

  

Figure 4: Various Reporter Particles. Employed in LFAs, ranging in size of 50 to 

1000 nm58.  

LFA Readouts and Readers 

Readouts for LFAs vary based on the reporter particle, if external devices are 

employed, and ranged from colorimetric, magnetic readings, light-based, and spectral 

based readouts. Most conventional LFAs that have been designed generate a color 

signal that can be read by the naked eye, without the need for an instrument. A color 

readout is user-friendly and straightforward but can cause difficulties of interpretation 

due to differences in the perception of color between individuals, the effect of age, and 
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visual ability. The development of handheld readers can allow tests to switch from a 

semi-qualitative assay to a quantitative result that will support clinical decision 

making. With a trend towards portable and wearable technology, the lateral-flow strip 

is being driven towards instrumental interfaces. This will allow it to be connected to 

the “internet of things” and interface with large data systems. Through this, real-time 

data will enable contributions to the medical and environmental database for 

monitoring spreads and outbreaks of various scenarios such as diseases, water quality, 

and bioterrorism, among others. However, with the sharing of real-time data, privacy 

becomes a concern. Whether and how the data is shared, how the information is 

collected or stored, and if there are regulatory restrictions are concerns, society will 

need to address.   

For visual readouts, various commercial optical readers are available based on 

reflectance or fluorescent principles. These readers can convert the readout into a 

digital result. Handheld detectors are allowing the transition of assays from qualitative 

to quantitative tests enabling LFAs readouts to have more precise results. The addition 

of software with data analysis allows for further enhancements of LFA tests, and data 

storage can allow for tracking health data and personalized healthcare. An extension of 

handheld devices used for quantitative analysis are imaging systems. Lateral flow 

strips can be imaged by a high-density charge-coupled device (CCD) or 

complementary metal-oxide-semiconductor (CMOS) camera that can capture the test 

and control lines on the membrane59,60. When combined with data analysis, calibration 

curves, and statistics, this can allow for further quantification. An advantage of 



 

23 

 

imaging systems is their adaptability to a variety of tests with various labeling 

systems. For rapid test analysis, some systems using scanning optics that will analyze 

only the membrane, instead of the full strip. When using imaging, Raman techniques 

were used with a 1,000-fold increase in detection sensitivity for the Flu B assay using 

gold nanoparticles labeled with Raman reporters61. However, while this is an example 

where Raman imaging can provide increased sensitivity, but it comes with a high 

instrument cost. The end-user, along with the environmental conditions, must be 

considered. If an immunoassay uses a high-cost reader that allows for higher 

sensitivity, fewer can be employed due to cost. If the test is cheaper, sensitivity may 

be sacrificed, but the test can be employed in more areas. The practicality and cost of 

the test need to be considered during the development of an LFA. Additionally, this 

ties in with where the LFA is going to be primarily used, as certain features can be 

implemented or not, whether it is in a developed or developing country.  

To address challenges with handheld readers and their developmental costs, the 

mobile phone is an emerging platform due to its practicality and ubiquity. With the 

advancement of mobile phones, they have become a diagnostic platform that can be 

used for imaging, data processing, storage, display, and communication. There are 

more than an estimated 6.5 billion cellphone subscriptions, making them an attractive 

platform for diagnostics. Cellphones are equipped with CMOS cameras and have low 

power consumption and can provide high image quality. Cellphones biosensing often 

can match the analytical performance of delicate instruments62. Various researchers 

have demonstrated the use of a phone camera as an optical reader, while others have 
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3-D printed attachments for the camera to fit various LFA tests51,63–65. Due to different 

cellphone brands and editions on the market with increased technological 

advancements, variability in imaging processing for LFA purposes remains an issue. 

Furthermore, phone software updates may affect the application or analysis being 

performed. Others have demonstrated increased sensitivity using a mobile phone 

through optimization of the incident light, and the angle of detection through Mie and 

Rayleigh scattering59. The results can be stored or sent to a server for further data 

analysis and evaluation. Overall, the trend is moving towards the integration of optical 

instruments from handheld devices to mobile scanners allowing for a variety of home-

based diagnostics and the growth of decentralized healthcare.  

LFA readout results have also been measured through electrochemical sensors 

that allow for high sensitivity. Electroactive labels have been implemented along with 

electrodes for electrochemical detection66. Voltammetric detection does not allow for 

real-time measurements, but there is current work being performed to reduce the 

number of steps and allow for such measurements67. Others have worked on using 

chemiluminescence readers, which can be used for a broad range of analytical 

applications. Chemiluminescence assays usually require an external imager, and the 

assay may require complex reagents which need to be stored at low temperature or 

reagents that need to be mixed before the assay. It has been demonstrated that 

chemiluminescence signals can be captured by a CCD or CMOS camera through an 

external device or using mobile phones. Using a chemiluminescent readout, sensitivity 

was improved as much as 1,000-fold for the detection of hCG compared to colored 
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gold nanoparticles68. Additionally, others are working on self-contained assay systems, 

so the addition of reagents that need to be stored at low temperatures or mixed could 

be removed from the assay procedure69. The same issues are being addressed when the 

readout may use a spectral imager or a magnetic reader. While one may reach the 

desired sensitivity for the assay during development, a concern remains if the test is 

practical and cost-effective for the area, whether it’s in a resource-limited or a 

developed country.  

The readout result and its subsequent detection can be traced back to the 

reporter particle and labeling system employed. Thus, reporter particle selection is 

crucial as it will play a key role in determining if an external device is required if 

trained personnel are needed to perform the test, practicality, and cost-effectiveness of 

the test. While LFAs can vary in terms of their reporter particles and readout, they 

generally suffer from being qualitative tests, which provide a yes or no result. In cases 

where precise results are required, centralized laboratory instruments are used while 

LFA development works on providing quantitative results.  

Viral Nanoparticles as LFA Reporters 

The implementation of various reporter particles and different readout methods 

for LFAs have been mainly aimed at improving the assays’ analytical sensitivity. 

Techniques such as pre-concentration to increase the assays’ sensitivity have led to 

decreases in the detection limit70. Another approach to enhancing sensitivity is 

conjugating enzymes to reporter particles, which also demonstrated a reduction in the 

limit of detection71. In the detection of viruses and disease, LFAs have lagged behind 
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more elaborate laboratory methods from PCR and enzyme-linked immunosorbent 

assays (ELISAs). Bacteriophage peptides have been reported to be suitable as affinity 

reagents in ELISAs. This stems from phage display, which allows for the study of 

protein-protein, protein-peptide, and protein-DNA interactions72. A gene for a protein 

of interest is inserted into the phage coat protein, which causes the phage to display 

the protein on the outside coat protein. The displaying phages can be screened against 

other proteins, peptides, or DNA sequences. M13 bacteriophage is used for phage 

display and is reproduced in Escherichia coli but can attach to other bacteria to inject 

its genetic material into the bacterial cytoplasm. M13 injects the viral DNA strand (+) 

in the cytoplasm of E.coli where a complementary strand (-) is synthesized and forms 

a parental replication form. This is then nicked and creates a circularized displaced 

viral DNA strand (+). A pool of double-stranded replicative form is produced, where 

the negative strand of the replicative form is the transcription template, and mRNAs 

are translated into phage proteins. Additional, phage proteins are synthesized or 

inserted in the cytoplasm and are part of the DNA replication process. 

Functionalized viral nanoparticles have been explored in recent years for use as 

reporters in immunoassays, resulting in higher sensitivity and lower limits of 

detection. A bacteriophage, M13 phage, in particular, has been modified with 

recognition elements, reporter elements, and has been successfully used for 

diagnostics, medical, and imaging purposes73–75. M13 phage is filamentous with a 

length of approximately ~900 nm and a width of approximately 6.6 nm. M13 contains 

a core of circular single-stranded DNA encapsulated by 2,700 copies of the major coat 
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protein with minor coat proteins at the tips of the phage. The structure of an M13 

bacteriophage is advantageous in lateral flow due to its high surface-area-to-volume 

ratio (Fig 5). Its surface consists of multiple copies of identical coat proteins and 

allows for chemical modification, allowing for its wide adaptability as reporters in the 

use of LFAs. Due to the surface area available for conjugation, there are hundreds of 

binding sites for reporters and antibodies, even if mutual steric exclusion is 

considered. Another advantage of M13 phage is that they are stable over a wide range 

of pH, temperatures, and environmental conditions.  

 

Figure 5: Structure of an M13 Bacteriophage. Showing the different coat proteins 

which can be modified. 

Others have demonstrated using M13 as molecular scaffolds or optimizing 

their protein coat, which changes depending on the solution pH and salt 

cocnentration76,77. The coat protein is suitable for a range of chemistries and can also 

be genetically modified. Thiol-maleimide and N-hydroxy succinimide ester 

chemistries have been adapted for M13 bacteriophage. Through this, M13 can be 

linked to antibodies, small molecules, enzymes, nanoparticles, and a variety of 

functional groups. While phage is stable in a range of conditions, any chemical 

conjugation or element being conjugated can degrade over time, so the stability of 
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phage conjugates further characterization. Additionally, phages have advantages in 

that they do not normally infect mammalian cells, as there are no receptors on these 

cells for phage. Also, as mentioned, genetic modifications are possible through phage 

display, so the ability to display selective ligands for binding is possible. 

Bacteriophages have been used in the medical field for therapeutic administration to 

treat bacterial infections, with minor side effects78. They have been administrated 

topically, subcutaneously, orally, intranasally, and intravenously. There are high levels 

of phage in the digestive tract and the natural environment. It also has been reported 

that bacteriophage can be found in water treatment plants, bodies of water, and soils, 

among others79. The discovery of new phages is leading further research into phage 

display and screening for new proteins, peptides, and DNA segments. Phages have 

additional benefits and were approved by the U.S. Food and Drug Administration as 

an antibacterial food additive. 

The development of alternative LFA reporters that provide an increased 

sensitivity is of great interest.  Previously we introduced engineered M13 

bacteriophage particles as reporters in lateral flow assays that resulted in a 100-fold 

greater sensitivity in the detection of human chronic gonadotrophin (hCG) with the 

same antibodies compared to gold nanoparticles49. M13 was incorporated into LFAs 

for the detection of virus-like particles (VLP) for norovirus, which is responsible for 

gastrointestinal disease. Compared to a gold nanoparticle LFA, the limit of detection 

was improved 100-fold using bacteriophage reporters50. Horseradish peroxidase (HRP) 

and target-specific antibodies can be chemically attached to the coat protein (pVIII) of 



 

29 

 

M13. From previous studies, M13 reporters demonstrated success in LFA with low 

antibody loadings, eliminating binding by any possible confounding effects of 

multivalent binding by multiple copies of the target-specific antibody80. Additionally, 

it was reported that M13 phage could display small numbers of antibodies and a 

maximal number of enzyme reporters.  

Another key advantage of why M13 phages are attractive LFA reporters is that 

they have evolved under Darwinian selection so that they exhibit low non-specific 

binding81,82. This allows an improvement in LFA sensitivity by increasing the signal-

to-noise ratio at low analyte concentrations. Reporters or analytes present in the 

sample that flow along the strip may bind or not at the target-specific site. The non-

specific binding will affect the readout of the LFA and will yield a high background, 

making it difficult to discern the signal from binding at the specific site. To address 

and mitigate these issues, the addition of surfactant can be used. Such compounds 

reduce surface tension, and commonly used detergents for LFAs are Triton or 

TWEEN coupled with BSA. This will allow a faster flow of the analyte and reporters 

and minimize non-specific binding. In some instances, LFA strips will need to be pre-

treated with a surfactant in case the sample or reporter particle is known to bind non-

specifically or if it will get caught in the pores of the membrane. Additionally, if the 

presence of an analyte is too high, the test may yield a false-negative result. This can 

also arise from antibody interference, cross-reactivity, and signal interference. 

Surfactants have been known to mitigate this issue. A known issue in immunoassays is 

the hook effect, which results in false negatives from high analyte concentrations. 
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Excessive antigen binds to sites on the capture and detection antibodies, preventing the 

sandwich formation, causing a reduced detection. 

Due to M13’s high sensitivity for the detection of hCG and VLPs for 

norovirus, it is of interest to pursue further optimization to reduce the number of 

hands-on steps. Additionally, bacteriophage deserves further characterization in terms 

of its chemical modification, antibody capture, flow analysis, and storage. M13 phage 

will be characterized through the lyophilization of LFA strips, such that we will be 

able to further validate the use of M13 as a reporter in long term storage and clinically 

relevant samples. 

Binding of Particles in LFA 

Binding within LFA is affected by the flow of liquid along the strip the time 

reporters interact with an analyte and capture antibodies, and the inherent on-rate 

kinetic of the association. Vertical-flow immunoassays and a variety of biosensing 

technologies, as well as various preparative methods, also involve the capture and 

flow of targets and reporters in porous matrices. Mathematical models are being used 

to understand and improve the performance of LFAs42,83–85. Measurement of the 

kinetics of interaction and capture in lateral flow matrices has been difficult, especially 

on time scales below one second. The performance of LFAs can be improved by 

adjusting the assay parameters, including reporter particle, fluid velocity, reagent 

concentration, and the type of membrane. Increasing the analytical sensitivity of LFAs 

and its quantification would expand their usefulness across a variety of fields.  
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Current Techniques for Measuring Binding of LFA Reporters 

Previous techniques aimed at measuring binding such as surface plasmon 

resonance, (SPR), biolayer interferometry (BLI), or stopped-flow fluorescence are not 

capable of providing measurements in porous matrices. SPR occurs when polarized 

light hits a metal film at an interface between materials with two different refractive 

indices. The method works by the excitation and detection of the oscillation of free 

electrons. When a light beam hits a metal film, the reflected beam is collected and 

analyzed. The reflected beam has an angle of reflection and a surface plasmon angle, 

which indicates the reflection and absorbance signal. The reflection and surface 

plasmon resonance angle may represent a molecular binding event occurring on or 

near the metal film or a conformational change in the molecules bound to the film. 

This optical technique allows molecular interactions to be studied in real-time without 

the use of labels. SPR technique has applications for LFA development, by measuring 

the interaction of an analyte with antibodies and reporter particles, and vice versa. 

However, in SPR, one biomolecule is chemically attached to the metal film, and the 

interaction with the bound biomolecule is measured86. For example, if an antibody was 

chemically bound to the metal film, and one was measuring the interaction with an 

analyte, SPR serves as an important tool measuring for this interaction. However, the 

lateral flow of analytes is not possible. Additionally, the environment is different in 

LFAs, in which molecular interactions occur in porous matrices. For understanding the 

molecular interactions based on flow in porous matrices, SPR is not the proper 

technique. Biolayer interferometry is a label-free optical technique based on the 
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interference pattern of light reflected on surfaces. There is a layer of protein 

immobilized on the biosensor tip and a reference layer, so any change at the biosensor 

tip, such as the number of molecules or binding can cause a shift in the interference 

pattern that can be measured in real-time87. Again, molecular interactions occur in 

different environments with LFAs, so the results would not directly apply to capture in 

LFA. 

Stopped-flow fluorescence allows for studying fast chemical reactions in 

solutions. Two solutions are loaded into syringes and then suddenly pushed into a 

mixing chamber. The chamber is linked to a switch that triggers a measuring device, 

and the flow is stopped suddenly and measured. Stopped-flow is mainly used for 

association and dissociation kinetics, and antigen/antibody interactions88. To measure 

the interaction, various forms of spectroscopy and scattering of radiation are used. 

With this technique, interactions between analyte and antibody are possible but still 

doesn’t address the capture in a porous matrix. 

Binding of Viral Nanoparticles in LFA Matrices 

We have demonstrated there are varying orientational binding modes for M13 

in LFA matrices, and how its binding is affected by the liquids’ viscosity and its 

length80,89. Analysis of these binding modes was performed in Fusion 5, which is a 

silica fiber porous membrane. For M13 phage binding to the anti-M13 antibody, 

binding occurs on its lateral coat protein side and happens immediately after phage 

collides with a silica fiber within the membrane. The other binding property 

characterized was the capture of tip-biotinylated phage to NeutrAvidin. Avidin has a 
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very high affinity for biotin molecules and is stable and functional over a wide range 

of pH and temperature. Through this capture mechanism, phage only tip-bind due to 

the biotinylation of the p3 tail protein89. The local flow re-orients the phage allowing 

them to align parallel to the fiber before binding89. From these studies, the shape of 

phage may promote binding by increasing the capture cross-section and reorienting in 

lateral flow for an increased likelihood of capture.  

As described above, M13 phage has demonstrated high sensitivity in LFAs, 

and the phage shape couples to the membrane and promotes reorientation for binding. 

It was hypothesized that capture could be increased by adjusting the size and shape of 

the reporters. This was investigated with Alexa 555-labeled biotinylated phage and its 

capture to NeutrAvidin. Three filamentous phages of varying dimensions were 

examined, potato virus M virus-like particles, PVM, (200 nm in length, and a 13 nm 

width), M13 (900 nm length and a 6 nm width), and wild type filamentous Pf1 

bacteriophage, Pf1, (2,000 nm length and a 7 nm width)80. The capture on LFAs was 

visualized with a fluorescent microscope. Through these studies, regions with faster 

local flow had more phage bound, indicating that higher average local flux increased 

binding. The aspect ratio of phage was investigated to determine how it affects 

binding. The number of bound phages increased with the aspect ratio and scaled with 

the phage surface area, indicating the binding interaction may be influenced by the 

number of recognition elements on the surface. Thus, the greater space for recognition 

elements on the coat protein of phage allows it to encounter the membrane fibers and 

enhance the assay binding efficiency. These experiments were performed with Fusion 
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5, which differs from nitrocellulose membranes. For nitrocellulose membranes that 

exhibit faster flow rates, the assays are less sensitive. This may be different with phage 

due to its aspect ratio, as it couples with fluid flow and tumbles through the strip in 

Fusion 5. While this needs further investigation, it reflects that reporter particles and 

flow rates can differ depending on the membrane and alter the sensitivity of the assay.  

The transport of viral nanoparticles along a porous membrane (Fusion 5) strip 

driven by capillary force has an estimated average velocity of 1.8 mm sec-1 in 

phosphate-buffered saline (PBS)89 measured at the membrane. In a typical test strip, 

the test line is 1 mm wide, and thus the residence time of phage passing the capture 

line is 0.5 sec. To measure capture in LFAs, varying the fluid flow has been 

challenging and has used viscous solutions to slow the rate.  The ability to control the 

rate is essential to understand capture under 0.5 seconds, and this is possible through a 

vertical flow format. It is evident that a further understanding of the interaction 

between M13 bacteriophage and binding to recognition elements at short time scales is 

needed. 

To further understand the enhanced sensitivity of M13-based LFAs, we 

examined the capture and flow of bacteriophage in porous membranes in a vertical 

flow format. While the flow direction is different for each assay, key insights on 

reporter and analyte binding can be gleaned on how to improve such assays. It is 

essential to have a range of biochemical, biophysical, and chemical techniques 

available to characterize analyte and novel reporter binding to recognition elements. 

To measure reporter capture, vertical flow allows greater versatility in changing the 
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flow speed enabling a way to discern how binding is affected by the flow. The flow 

speed can be adjusted to match the transit time of reporters at the capture line in lateral 

flow assays. Residence times of reporters through the membrane is possible in the 

millisecond time range allowing capture on short time scales. This opportunity 

represents a way to measure analyte capture in porous matrices in flow-through 

assays, in which reagents flow in the vertical direction. The performance of flow-

through assays can be influenced by the membrane pore size and fluid flow, and signal 

intensity can be limited by the association rate of the affinity reaction90,91. The ability 

to measure how novel reporters bind in porous membranes with varying pore sizes and 

at fast flow rates can lead to insights on how to improve sensitivity in LFAs and flow-

through assays. 

Here we introduce rapid filtration, as a method for measuring the capture of 

analytes and reporters in porous matrices, and describe its use in investigating ultra-

sensitive LFAs using filamentous bacteriophage as reporters. Previously, the rapid 

filtration technique was used for time-resolved measurements92–96. As discussed earlier, 

stopped-flow methods are restricted to cases where the molecular interaction being 

examined is optically active or can be stopped by an inhibitor. The rapid-filtration 

technique does not suffer from these limitations. The technique allowed for time-

resolved measurements of calcium binding to ATPase, and it was possible to measure 

transport or binding process at short times, 10 to 20 msec92. The advantage of rapid 

filtration is the study of soluble proteins that can be immobilized or adsorbed in a 

porous filter. Any porous filter can be used and broadening the applications for this 
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technique. This allows one to measure the molecular interactions in a porous 

membrane, yielding insights applicable to LFAs. The flexibility of this method allows 

for further understanding of various analytes, reporters, and proteins, and how their 

capture is affected by flow in porous matrices. The sensitivity of M13-based LFAs can 

be examined by measuring M13 capture by varying the flow rate and times at a time 

scale under one second, allowing us to further understand the increased sensitivity of 

phage-based LFAs.  
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CHAPTER 2: RAPID FILTRATION APPARATUS FOR SUB-

SECOND ANALYSIS OF ADSORPTION IN POROUS MATRICES 

Introduction 

A major class of point-of-care (POC) diagnostics is lateral-flow immunoassays 

(LFAs), in which antibody-bearing reporter particles are transported by capillary 

wicking in a porous membrane to capture antibodies. Reporter binding efficiency is 

affected by the rate of flow along the strip, and the time for interaction with an analyte 

with capture antibodies. Other technologies, such as vertical-flow immunoassays, a 

variety of biosensing technologies, and various chromatographic methods, also 

involve the capture and flow of targets and reporters in porous matrices. Mathematical 

models are being used to understand and improve the performance of LFAs, but 

measurement of the kinetics of interaction and capture in porous matrices has been 

difficult, especially on time scales below one second42,83–85. Most methods of measuring 

binding kinetics, such as surface plasmon resonance (SPR), biolayer interferometry 

(BLI) and stopped-flow fluorescence, are not applicable to porous matrices. One 

measurement technique potentially applicable to fibrous matrices is rapid filtration, 

used initially to measure binding of ligands to surface receptors on cells supported on 

a porous membrane. Previously the rapid filtration technique was used for time-

resolved measurements of calcium binding to ATPase, the kinetics of phosphate-

phosphate exchange mediated by an inorganic phosphate carrier, binding of nonionic 

detergents to membranes measurements of the kinetics of ADP and ATP transport, and 

calcium release from cell organelles92–96.  
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The development of novel immunoassay reporter particles in immunoassay 

with lower limits of detection is a critical need. M13 phage, in particular, has been 

modified with recognition elements, reporter enzymes, and has been successfully used 

for diagnostics, medical, and imaging purposes73–75. We introduced engineered M13 

bacteriophage particles as reporters in lateral-flow assays with a 100-fold greater 

sensitivity in the detection of norovirus and human chorionic gonadotrophin (hCG) 

when compared to conventional gold nanoparticles49,50. By fluorescence microscopy of 

labeled phage in LFA matrices, we demonstrated that there are several orientational 

binding mode’s for M13, and how its binding is affected viscosity and phage length. 

M13 phage captured by polyclonal anti-M13 antibodies binds immediately after 

colliding with a membrane fiber, regardless of orientation89. However, when end-

biotinylated phage is captured by Neutravidin, phage bind only after reorienting and 

transporting along the membrane fiber axis89. The wicking of fluid along a porous 

Fusion 5 silica membrane by capillary flow has an estimated average velocity of 1.8 

mm/sec on the membrane portion of an LFA strip in phosphate-buffered saline (PBS) 

which, for a typical 1 mm test line, gives a capture residence time of 500 msec. The 

performance of flow-through assays can be influenced by the membrane pore size and 

fluid flow, and signal intensity can be limited by the association rate of the affinity 

reaction that occurs at short time-scales so measurements at such times is of great 

importance.97. 

Here we introduce rapid filtration as a method for measuring the capture of 

analytes and reporters in porous matrices on short time scales and describe its use in 
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investigating ultra-sensitive LFAs using filamentous bacteriophage reporters. The 

flexibility of this method should allow for further understanding of a broad range of 

analytes, reporters, and product, and how their capture is affected by flow in porous 

matrices. 

Materials and Methods 

Culture and Titering of M13 Bacteriophage 

M13 phage displaying the Avi-tag, a substrate peptide for biotin ligase on the 

p3 tail protein, was a gift from Dr. Brian Kay (The University of Illinois at Chicago). 

Culture and titering of M13 phage were performed as described previously97,98. Avi-

Tag-M13 was pre-mixed with E. coli TG1 culture for two hours at 37℃ and was 

transferred to 2x yeast extract and tryptone (2 x YT) broth medium for overnight 

growth at 37℃. Bacteria were separated from the lysate by centrifugation (30 min, 

3,200 x g) followed by filtration through a 0.45 µm filter (Corning, #430512). Phage 

were then precipitated using PEG/NaCl as previously described99. Phage titers were 

determined on X-Gal/IPTG plates, as described. 

AviTag M13 Phage Coat Protein Biotinylation 

Avi-tag M13 are further biotinylated on the p8 coat protein with N-

Hydroxysuccinimide (NHS) biotin esters. 10 mM Sulfo-NHS-LC-Biotin (Thermo 

Scientific 21336) was mixed with 100 µL of M13 phage (1012 pfu/mL) to achieve 100 

biotin molecules per phage particle. After a 30-minute incubation on ice, excess 

biotinylation agents were removed from the biotinylated phage solution with a 7 KDa 

molecular-weight cutoff (MWCO) Zeba Spin Desalting Column.  
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AlexaFluor 555 labeling of biotinylated M13 

 Biotinylated AviTag-M13 phage was labeled with AlexaFluor 555 NHS Ester 

(Life Technologies #A-20009) on the primary amines of the p8 major coat protein as 

previously described100. 100 µL of phage suspension (1012 pfu/mL) was added to a 7 

KDa MWCO Zeba spin desalting column, and after centrifugation, the phage 

suspension was mixed with 5 µL of 10 mg/mL Alexa 555 fluor and incubated 

overnight at 4℃. To remove the unconjugated Alexa 555 fluor molecules, the solution 

was dialyzed against 1 L of PBS using a Float-A-Lyzer 300 KDa MWCO dialysis 

cartridge with five complete buffer changes over 36 hours.  

Rapid Filtration Apparatus 

A stainless-steel porous support (Fig. 6) is located directly below a stainless-

steel syringe with an air gap of 2 mm. The porous support rests on a solenoid actuator 

that, upon activation, brings the membrane into contact with the syringe in <10 msec. 

The bottom of the holder is connected to a vacuum pump. Fusion 5 membranes (GE 

Healthcare Life Sciences) were cut into 22 mm circles using a Silhouette Cameo 3 

Desktop craft cutter. Anti-bacteriophage M13 polyclonal antibodies (Novus 

Biological, NB100-1633) or NeutrAvidin (ThermoFisher Scientific) at varying 

concentrations were immobilized on Fusion 5 membranes (GE Healthcare Life 

Sciences) in a 50 mM sodium acetate (pH 3.6) solution and allowed to air dry for 24 h. 

Alexa 555-labeled or biotinylated Alexa 555-labeled phage (108  pfu/mL) was loaded 

into a syringe driven by a stepper motor (BioLogic). The rapid filtration apparatus was 

updated with an Arduino Nano microcontroller and controlled by a custom graphical 

user interface (GUI) LabVIEW program (National Instruments) (code can be accessed 
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through GitHub: https://github.com/willsonlab/rapidfiltration). The LabVIEW 

program takes inputs as flow rate (mL/sec) and duration (msec) and then maps the 

desired flow rate (0.5 to 9 mL/sec) to the calibrated pulse frequency for the stepper 

motor driver (40 to 2268 Hz). The pulse frequency and duration parameters are sent 

from the LabVIEW program to the microcontroller via serial communication. Upon 

activation, the microcontroller activates the solenoid actuator to bring the membrane 

into contact with the syringe and sends square pulse outputs to the syringe stepper 

motor to initiate flow. The liquid passing through the membrane is removed by 

vacuum. After a specified duration, the microcontroller simultaneously stops syringe-

driving pulses and deactivates the solenoid actuator. By spring action, the membrane 

is then separated from the syringe creating an air gap between them and preventing 

further liquid contact. 

 

Figure 6: Rapid Filtration Apparatus. 

https://github.com/willsonlab/rapidfiltration
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The stepper motor is initiated by an Adruino Nano microcontroller controlled 

by a LabVIEW GUI, and in combination with a solenoid activation, brings the 

movable filter holder to come into contact with the syringe, thereby initiating contact 

between the two stainless steel porous disks and liquid being able to flow.  

Membrane Phage Extraction 

Rapid filtration experiments were performed using Alexa 555-labeled phage 

(108  pfu/mL), and the bound phage was first measured in situ, the captured phage in a 

Fusion 5 membrane, and was then recovered. Fusion 5 was spotted with the 

membranes’ water absorptive capacity volume (152 µL/380 mm2) of anti-M13 

antibodies (4.3 µg/mL) in 50 mM sodium acetate (pH 3.6), for antibody 

immobilization through electrostatic adsorption. For recovery of bound phage, the 

Fusion 5 membrane was soaked in 500 µL of 7 M urea and vortexed for 1 hour, 

followed by centrifugation (10 minutes, 16,000 x g). Initial experiments used a 6 mm 

biopsy punch to puncture the membrane for fluorescence recovery, before switching to 

using the whole membrane. The supernatant was transferred to a 96-well plate 

(Greiner Microlon) and read using a fluorescence plate reader (Infinite M200 Pro, 

TECAN; Ex: 525 nm/Ex: 568 nm). As a control, additional cycles of urea recoveries 

and centrifugation of the membrane in 500 µL of 7 M urea were performed to confirm 

complete recovery of Alexa 555-labeled phage.  

Protein Assay of Membrane Immobilized Antibodies  

Circular disks (10 mm) of Fusion 5 membrane were placed in Eppendorf tubes 

containing 200 µL of 0-40 µg/mL of anti-M13 antibody in 50 mM sodium acetate, pH 
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3.6, and incubated for 1 hour. Fusion 5 disks were removed and put into a second 

Eppendorf tube, and the supernatant antibody solutions were transferred into a 96 well 

plate. All three samples (original antibody solution, antibody-loaded dish, and the 

supernatant containing uncaptured antibodies) were assayed by micro bicinchoninic 

acid (Thermo Fisher Scientific, #23235) using anti-M13 antibodies as standards. 

Samples were incubated at 37℃ for 2 hours and then allowed to cool to room 

temperature. The absorbance was read at 562 nm.  

Results and Discussion 

Rapid Filtration Apparatus Calibration 

The flow of the rapid filtration apparatus system can be adjusted from 0.50 

mL/sec to 9 mL/sec for varying durations (minimum of 10 msec). The dead time for 

the motorized syringe coming in contact with the stainless-steel porous support is 10 

msec. Updating the rapid filtration apparatus with a new microcontroller and 

LabVIEW software required the flow rates and duration to be re-calibrated with 

distilled water measured gravimetrically. Flow rate durations accuracy was confirmed 

by the linear relationship between the dispensed and calculated volumes with an R-

squared value of 0.99 (Figure 7A).  

The absorptive capacity of the Fusion 5 membrane was calculated to determine 

antibody loading volumes. The water capacity for the Fusion 5 membrane with a 

diameter of 22 mm was 152 µL. The capacity was tested with red color food dye 

(McCormick) with a volume above and below the capacity to determine the effects of 

membrane drying test for and noticeable coffee-ring effects. These effects originate by 

capillary flow induced by differential evaporation rates and can cause an increased 
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antibody concentration at the edge of the membrane, affecting the uniformity of 

antibody immobilization. For porous matrices, if liquid infiltration is faster than 

evaporation and particle motion, and the coffee-ring is suppressed101. The pore size of 

the membrane will affect the presence of a coffee ring, and if a pore size is small, as 

with Fusion 5, capillary flow is slow and thus reduces coffee ring formation102. The 

coffee ring line will be significantly reduced due to the antibody being suspended in a 

sodium acetate solution that will electrostatically interact with the silica fibers of 

Fusion 5, allowing antibody immobilization uniformly across the membrane. 

 

Figure 7: Calibration of the Rapid Filtration Apparatus. A) Calibration curve based 

on measured liquid and calculated volume. B) Chemiluminescence imaging of 

captured phage. 

The liquid dispensed by the motorized syringe was measured on an analytical 

balance and was plotted as a function of the calculated volume (flow rate x duration) 

to create a calibration curve (Fig. 7A). A linear fit was performed with an R-squared 

value of 0.9998. Chemiluminescence measurements of captured phage. 50 µL of anti-

M13 antibody in 50 mM sodium acetate, pH 3.6 was spotted on the membrane, and 
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disks were allowed to air dry for 24 hr. Biotinylated M13 bacteriophage (108  pfu/mL) 

passed through the syringe at 3 mL/sec for 0, 50, 100, 200, 400 and 800 msec (top left 

to right and rastering by raw). This was followed by flowing 1 ng/mL of streptavidin-

HRP and three washes of 0.1% TWEEN at 3 mL/sec for 100 msec. 152 µL of luminol 

was spotted on the membrane. The image was taken by a camera (Photometrics 

CoolSNAP K4) with an exposure time of 2 seconds (Fig. 7B).  

Several methods of measuring the amount of phage captured were tested: 

chemiluminescence imaging, in situ fluorescence, and recovery of bound phage, 

followed by measurements in solution. To measure captured phage through 

chemiluminescence imaging, biotinylated M13 phage was passed through disks 

immobilized with anti-M13 antibodies followed by streptavidin-horseradish 

peroxidase (HRP). The chemiluminescence reaction was confirmed by the 

chemiluminescence reaction catalyzed by HRP with an advanced chemiluminescent 

luminol substrate, FemtoGlow (Michigan Diagnostics, SHRPM 21004) by spotting 

152 µL of FemtoGlow on the disk and was imaged by Photometrics COOLSNAP K4 

camera, with an exposure time of 2 seconds (Figure 7B). This methodology was not 

chosen to measure the capture of M13 in the porous matrix due to the background 

chemiluminescence (membrane area without anti-M13 antibody) interfering with 

capture signal.  

In Situ Fluorescent Measurements of Alexa 555-labeled Phage 

M13 bacteriophage labeled with Alexa 555 fluorescence was measured in 

solution and on Fusion 5 membranes by a plate reader. A fluorescence peak height 
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was observed at 568 nm. Dried Fusion 5 membranes exhibited a higher background 

fluorescence (~1,500-200 fluorescence units) when compared to wet membranes. 

During the formation of Fusion 5 membranes, proprietary binders are used that can 

cause the membranes to exhibit fluorescence when the silica fibers are not wet.   

Alexa 555 labeled-phage was loaded into the rapid filtration syringe and then 

flowed through a Fusion 5 membrane with immobilized anti-M13 antibodies. The 

membranes were sampled with 6 mm biopsy punches at various locations and 

transferred to a 96 well plate. The fluorescence intensity at 568 nm upon excitation at 

525 nm in the TECAN plate reader was evaluated using the peak height. Varying flow 

rates and times were used to assess the capture of Alexa 555-labeled phage to anti-

M13 antibodies (Fig. 8A). With increasing flow rates, the fluorescence intensity also 

increases, such that there is a filtering effect, in that increasing amounts of Alexa 555-

labeled phage passing through the membrane allows more to get caught. Peak heights 

were also obtained for membranes without anti-M13 antibodies and served as the 

fluorescence background (Fig. 8B). When comparing flow rates, the fluorescence 

saturation is faster at high flow rates, 8 mL/sec, compared to lower flow rates, 1 

mL/sec. At 8 mL/sec, the residence time in the 370 µm thick membrane is 20 msec. 

The membranes’ surface capacity in terms of fluorescence was the capture of Alexa 

555-labeled phage on immobilized anti-M13 antibodies with the background 

membrane fluorescence subtracted as a function of the volume, flow rate x time (Fig. 

8C).  
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Figure 8: Capture of Alexa 555-labeled phage. A) Membrane without antibodies. B) 

Membrane with antibodies. C). Capture on the membrane with antibodies with 

membrane without antibodies subtracted. D). Capture as a function of volume flowed. 

Capture of Alexa 555 labeled-phage (108  pfu/mL) on Fusion 5 membranes 

with immobilized anti-M13 antibodies (4.3 µg/mL) with varying flow rates: ●, 1 

mL/sec, ▼, 2 mL/sec, ▲, 3 mL/sec, ■, 4 mL/sec, ♦, 8 mL/sec. Membrane with no 

antibodies (50 mM sodium acetate-pH 3.6) and Alexa 555-labeled phage in PBS was 

passed through the system (Fig. 8A).  Membrane with immobilized anti-M13 (4.3 

µg/mL) antibodies and Alexa 555-labeled phage (108  pfu/mL) passed at selected flow 

rates and time through the system (Fig. 8B). Alexa 555-labeled phage capture in 

Fusion 5 with the data from graph A subtracted for background noise (Fig. 8C). Alexa 

555-labeled phage captured as a function of volume flowed based on the flow rate and 

volume passed through Fusion 5 (Fig 8D).  
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As the initial front of the liquid dispensed from the syringe comes in contact 

with the porous membrane, the liquid wicks radially and flows further through the 

membrane at faster flow rates (8 mL/sec) and longer times (800 msec). At these flow 

rates and times, M13 may get displaced compared to slower rates (1 mL/sec) and 

times (100 msec) where the phage is binding to its recognition elements and being 

caught in the top part of the membrane. While flow rates would affect the binding of 

Alexa 555-labeled phage, the rapid filtration apparatus yields similar fluorescence 

values when comparing the total volume passed through the membrane, indicating 

binding is very fast compared to the flow rate (Fig. 8D). However, only the 

fluorescence on the top of the membrane was able to be measured in the plate reader. 

The total fluorescence of Alexa 555-labeled phage through the depth of the membrane 

cannot be accurately read. If the membrane is flipped upside down, the fluorescence 

values differ. Therefore, there is a fluorescence gradient through the 370 µm 

membrane thickness, depending on the flow rate and time.  

Filamentous M13 is highly anisotropic with a length of approximately 900 nm 

and a width of approximately 6.6 nm. Due to its aspect ratio, which is advantageous 

for chemical modification and improved readout in LFAs, it has limitations in porous 

membranes. Fusion 5 matrix has a pore diameter of 11 µm and an average fiber 

diameter of D=4.35 ± 1.90 µm allowing phage to interact with the fibers and possibly 

be caught in the pores of the  membrane89. When M13 is run on Fusion 5 membranes 

for LFAs multiple washing steps with 0.1% TWEEN, a polysorbate nonionic 

surfactant, are needed. Flowing surfactant after Alexa 555-labeled phage is passed 
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through the rapid filtration apparatus will alter its capture. Due to these possibilities, 

the total fluorescence of M13 phage embedded within the Fusion 5 membrane cannot 

be accurately measured. To measure the total Alexa 555-labeled phage captured within 

Fusion 5, index matching was used to read the total fluorescence. With a high 

refractive index of 1.457 for Fusion 5, a viscous glycerol solution did not allow for a 

total fluorescence reading103. Index matching is not possible for Fusion 5 due to its 

composition properties of silica fibers and proprietary binders. 

Measurement of Phage by Recovery from the Membrane 

To measure the total fluorescence recovery of the membrane in varying liquids 

to read the total fluorescence. A variety of solutions did not fully extract the captured 

Alexa 555-labeled phage (PBS and H2O), while other solutions caused a high 

background fluorescence ranging from ~1,500-5,000 fluorescence units at 568 nm. (1 

M HCl, 7 M guanidine hydrochloride). 7 M urea was found to give the most complete 

recovery of fluorescence from the porous membrane. By soaking the membrane in 7 

M urea, Fusion 5 was disintegrated into fibers, allowing the phage to be released. This 

disintegration was not observed with the other recovery solutions tested. When Alexa 

555-labeled phage is vortexed in urea, no significant loss of fluorescence was 

detected. The membrane was soaked in 500 µL of 7 M urea and vortexed for 1 hour. 

After centrifugation, the supernatant fluorescence was read. During recovery to ensure 

the fluorescence from Alexa 555-labeled phage was accurately measured, multiple 

factors were tested, such as background membrane fluorescence, if vortexing affects 

the fluorescence of Alexa 555-labeled phage and the Eppendorf tube fluorescence 
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(~500 fluorescence units at 568 nm). After establishing these factors have minimal 

effects on the total fluorescence, membranes immobilized with and without anti-M13 

antibodies were spotted with Alexa 555-labeled phage and then soaked for recovery of 

fluorescence (Fig 9).  

 

Figure 9: Measuring Fluorescence of Alexa 555-labeled phage A) Recovery on 

membranes without antibodies. B) Recovery on membranes with anitbodies. 

Alexa 555-labeled phage (108  pfu/mL) was incubated in 7 M urea for 1 hour in 

vortexed and non-vortexed conditions (Fig 9A). Recovery of Alexa 555-labeled phage 

(ALP) from the membrane with no antibodies. Free Alexa dye and Alexa 555-labeled 

phage were compared in non and vortexed conditions. Alexa 555-labeled phage (108  

pfu/mL) was spotted onto Fusion 5 (F5) 22 mm disks and then dried for 24 hours. The 

membrane was vortexed in 500 µL of 7 M urea for 1 hour and centrifuged (10 min, 

16,000 x g). The supernatant was collected, and its emission was read at 568 nm (ALP 

F5). Further recoveries (R2, R3, R4) of the membrane in 500 µL of 7 M urea with 
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vortexing (1 h) and centrifugation were performed. Each supernatant was then read at 

568 nm.). Recovery of Alexa 555-labeled phage from the membrane with anti-M13 

antibodies (150 µL of 4.3 µg/mL per 380 mm2) (Fig. 9B).  

In comparing the total fluorescence at a peak height of 568 nm between 

unconjugated Alexa dye and Alexa 555-labeled phage, there is a loss of fluorescence 

(8%) as this is most likely due to Alexa 555 coupling (Fig 9A and 9B). To obtain 

>95% of the total fluorescence, an additional recovery period for membranes 

immobilized with anti-M13 antibodies is needed (Fig. 9B). With additional recoveries, 

the Fusion 5 membrane disintegrates, becoming a fibrous clump. Based on this data 

and creating baseline curves, Alexa 555-labeled phage (108  pfu/mL) was passed 

through Fusion 5 membranes with anti-M13 antibodies (4.3 µg/mL) and membranes 

without antibodies. Various flow rates were performed:  ●, 1 mL/sec, ▼, 2 mL/sec, 

▲, 3 mL/sec, ■, 4 mL/sec, ♦, 8 mL/sec. The membrane was soaked in 7 M urea for 1 

hour, vortexed, centrifuged, four times for complete recovery of phage. Each time the 

supernatant was collected, 568 nm peak heights summed. The fluorescence captured 

on membranes without antibodies was subtracted from membranes with antibodies. At 

higher flow rates (4 mL/sec and 8 mL/sec), a higher total fluorescence is exhibited 

(Fig. 10).  However, for an 8 mL/sec flow rate at 200 msec and longer times, the 

fluorescence levels off, indicating that capture of Alexa 555-labeled phage is reduced. 

Additionally, this would indicate that faster flower rates assist in the binding of M13 to 

its recognition element, while at slower rates, longer times are needed for capture.  
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Figure 10: Rapid Filtration Recovery 

To determine the capture of Alexa 555-labeled phage the percent capture was 

calculated based on the liquid fluorescence recovery by the offered fluorescence (Fig 

11 A and B).  Alexa 555-labeled phage (108  pfu/mL) was passed through the 

membrane immobilized with anti-M13 antibodies (4.3 µg/mL) The fluorescence of 

Alexa 555-labeled phage in solution was measured before it was passed through the 

rapid filtration apparatus. The liquid fluorescence of Alexa 555-labeled phage after 

being passed through the membrane was recovered at varying flow rates: ●, 1 mL/sec, 

▼, 2 mL/sec, ▲, 3 mL/sec, ■, 4 mL/sec, ♦, 8 mL/sec. Percent not captured was 

calculated based on the fluorescence before passed through rapid filtration apparatus 

by the fluorescence captured by the vacuum. These values were subtracted from one to 

obtain percent captured.  



 

53 

 

 

Figure 11: Percent Capture of Alexa 555-labeled phage. A) Percent not captured 

based on liquid fluorescence readings. B) Percent captured based on not captured 

subtracted from one. 

There is a greater percent captured at faster flow rates and reaches a threshold 

in the Fusion 5 membrane. There are possible ways for reduced capture at longer flow 

times from the antibody binding sites fully occupied, steric hinderance of M13 phage 

blocking other M13 from antibody capture, or the immobilized antibody is not 

properly oriented for capturing phage.  

Micro BCA Quantification of Membrane Immobilized Antibodies  

 

To calculate the amount of antibody immobilized on the Fusion 5 membrane, a 

micro BCA assay was performed in a depletion format. An initial antibody solution 

was measured the contacted with the membrane in an Eppendorf tube, and the protein 

remaining unbound in the supernatant was measured. To measure if any protein was 

attaching to its walls, the Eppendorf tube was also analyzed. For the BCA assay, the 
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absorbance was measured at 562 nm, with the lowest concentration measured at 2.0 

µg/mL and an anti-M13 standard curve. After protein concentrations were calculated 

and compared between the initial and post soak solutions, the Eppendorf tube, and the 

Fusion 5 membrane, the amount of protein per membrane (78.54 mm2) varied from 

0.73 ug to 3.7 ug based on anti-M13 offered (Fig. 12). 
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Figure 12: Micro BCA Assay Quantification of Membrane Immobilized Antibodies 
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Fusion 5 membranes were punctured (10 mm) and incubated in an anti-M13 

antibody (17.2 µg/mL) 50 mM sodium acetate solution (pH 3.6) for 1 hour. 

Membranes were removed and put into another Eppendorf tube. The post incubation 

solution, the Fusion 5 membrane, and the Eppendorf tube were incubated with 150 µL 

of the BCA microassay master mix for 2 hours at 37 ℃ and read at 562 nm. Antibody 

concentrations were calculated based on an anti-M13 antibody standard curve.  

Initial phage capture experiments were performed with a low concentration of 

anti-M13 antibody (4.3 µg/mL) contacting the membrane, immobilizing at an amount 

of 0.7 µg/78.5 mm2 (8.9 ng/mm2). The protein per area on a 3 mm wide lateral flow 

strip with a 0.3 µg antibody loading on a 0.75 mm line width is 130 ng/mm2. Thus, 

initial capture experiments with the rapid filtration apparatus and subsequent recovery 

protocols were at a lower antibody immobilization per membrane area. To more 

closely match LFA strip antibody loading, the membrane concentration for rapid 

filtration analysis was increased from 4.3 µg/mL to 17.2 µg/mL to more closely match 

that within a typical lateral flow strip. Varying concentrations of the recognition 

element on the porous matrix will affect the capture of the reporter particle or 

analyte104,105. Alexa 555-labeled phage was passed through membrane at varying flow 

rates and recovered using 7 M urea. At a higher antibody loading, the total 

fluorescence within the membrane with the background-subtracted is higher compared 

to a lower antibody loading at the same volumes (Fig. 13).  
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Figure 13: Rapid Filtration Recovery on Fusion 5 Membranes at Higher Antibody 

Concentrations. 

Rapid Filtration Recovery on Fusion 5 membranes immobilized with anti-M13 

antibodies at 2.9 µg/mm2. 150 µL of anti-M13 antibody (17.2 µg/mL) was 

immobilized on the Fusion 5 membrane and was allowed to air-dry for 24 hours. Two 

anti-M13 loadings were compared, 4.3 µg/mL and 17.2 µg/mL. For 4.3 µg/mL, only 

one flow rate (O, 1 mL/sec) is graphed with the higher antibody loading. For the 17.2 

µg/mL antibody loading various flow rates of Alexa 555-labeled phage (108  pfu/mL) 

were passed through the rapid filtration at varying flow rates: ●, 1 mL/sec, ▼, 2 

mL/sec, ▲, 3 mL/sec, ■, 4 mL/sec, ♦, 8 mL/sec. Recovery protocols were performed, 

as previously explained, with vortexing and centrifugation. 
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 To determine the percent, capture the fluorescence of Alexa 555-labeled 

phage in solution was measured before being passed through the rapid filtration 

apparatus (Fig. 14). The liquid fluorescence of Alexa 555-labeled phage after being 

passed through the membrane was recovered O, indicates 1 mL/sec at 4.3 µg/mL anti-

M13 loading. Loadings for 17.2 µg/mL at varying flow rates: ●, 1 mL/sec, ▼, 2 

mL/sec, ▲, 3 mL/sec, ■, 4 mL/sec, ♦, 8 mL/sec. Percent not captured was calculated 

based on the fluorescence before being passed through the rapid filtration apparatus by 

the fluorescence captured by the vacuum. These values were subtracted from one to 

obtain percent captured. 

 

Figure 14: Effects of Antibody Loading on Capture Efficiency. A) Percent not 

captured based on liquid fluorescence readings. B) Percent captured based on not 

captured subtracted from one. 

In comparing percent captured, at 1 mL/sec at different antibody 

concentrations, there is a higher percent capture at a higher loading of immobilized 

antibody (Fig 14A and B). Thus, with a higher antibody loading, more M13 is able to 
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bind to its recognition element. The same trend is also observed with faster flower 

rates, of M13 binding to its recognition element. With a higher concentration of anti-

M13 antibody and based on the fluorescence intensity peaks, more capture sites allow 

for faster binding. At low flow rates, 1 mL/sec, capture is slower. 

The Capture of Biotinylated M13 Phage on NeutrAvidin  

 

 We have previously reported that M13 phage captured by anti-M13 antibodies 

exhibit differences in the distribution of orientational binding modes when compared 

to capture by NeutrAvidin for functionalized LFA membranes89. For use in the rapid 

filtration apparatus, Fusion 5 membranes were loaded with NeutrAvidin (4.3 µg/mL) 

in 50 mM sodium acetate, pH 3.6, at 645 ng/380 mm2. Initial experiments started with 

dilute concentrations of NeutrAvidin similar to the capture studies of M13 phage to 

anti-M13 antibody at a flow rate of 3 mL/sec. The capture of biotinylated M13 phage 

to NeutrAvidin at a concentration of 4.3 µg/mL was not detectable at 50 to 200 msec 

due to the membranes’ background fluorescence without immobilized NeutrAvidin. 

As the time of flow increases from 50 to 800 msec, capture is more visible towards the 

longer time points. There was a weak dependence on NeutrAvidin loading as capture 

goes to completion, so for further capture characterization, the NeutrAvidin loading on 

the membrane was increased to determine a concentration for the binding to 

biotinylated M13 phage for rapid filtration analysis. With increased loadings of 

NeutrAvidin on the Fusion 5 membrane, the capture of biotinylated Alexa 555-labeled 

phage increases at the time points measured (Fig. 15). This further indicates that a 

higher loading of NeutrAvidin is needed to measure the capture of biotinylated Alexa 
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555-labeled phage on the rapid filtration apparatus. Identically-treated antibody-free 

membrane exhibited a background signal, <1,000. 

 

Figure 15: Membrane Loadings of NeutrAvidin 

Varied concentrations of NeutrAvidin, ●, 10 µg/mL, ■, 20 µg/mL, and ▲ ,50 

µg/mL was immobilized on Fusion 5 membranes in 50 mM sodium acetate (pH 3.6) 

solutions. Biotinylated Alexa 555-labeled phage (108  pfu/mL) was passed through the 

rapid filtration apparatus at 3 mL/sec. The membrane was punched out with 6 mm 

biopsy punches, and the membrane was read at 568 nm. Fluorescence readings from 

membranes with no NeutrAvidin were subtracted. 
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The rate of capture is higher with increased NeutrAvidin, but the fluorescence 

plateau is the same across the varied NeutrAvidin loadings indicating that capture is 

faster than the flow rate Also, due to M13 phage being biotinylated, the amount of 

Alexa labeled dye per phage differs from the amount of dye per phage without any 

biotinylation. Additionally, the orientational binding modes of phage to anti-M13 

antibody or NeutrAvidin differ from side to tip binding. While the affinity of biotin for 

avidin is higher, tip binding by the capture of NeutrAvidin indicates a higher loading 

of the recognition element, but further studies are needed to address these issues.  

Conclusions 

 

In LFAs, the interaction time between a reporter particle and its immobilized 

recognition element where binding occurs is on the order of milliseconds. Various 

factors may affect this interaction, such as the geometry of the reporter, the buffer 

solution, the biological sample, and the properties of the porous matrix106–108. While 

LFAs vary in these factors, we have demonstrated the use of M13 bacteriophage 

reporters leads to an increased sensitivity of the assay49. The binding of bacteriophage 

to recognition elements on porous membranes has not been fully characterized to 

understand the assays’ increased sensitivity. By adjusting the fluid flow rate, 

especially decreasing the rate, analytical sensitivity has been improved109. To further 

understand the interaction of M13 with its recognition elements at a short-time scale, 

rapid filtration will yield insights for further characterization. Previously, studies 

indicated a faster flow rate is better for the capture of M13 phage to anti-M13 

antibodies89. The rapid filtration apparatus is versatile, allowing the use of other 
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reporters or analytes to be analyzed. As a novel technique, the rapid filtration 

apparatus can provide insights into binding kinetics by varying the analyte and capture 

agents. We established a rapid filtration assay that can precisely dispense liquid 

volumes with the ability to test the solution on the porous membrane. Additionally, the 

rapid filtration apparatus uses a porous membrane in which proteins or analytes are 

immobilized on porous substrates. These studies will characterize the capture of 

reporters for LFA and vertical flow. Additionally, the pore dimensions of the stainless 

mesh for the rapid filtration apparatus are on the order of 100 µm, so the capture of 

reporter particles of varying dimensions can be used in the rapid filtration apparatus. 

Rapid filtration allows the measurement of adsorption in membranes on the 

sub-second time-scale. It is anticipated the measurements can help understand the 

remarkable sensitivity of the phage-based lateral-flow test. By varying the flow rate 

and timing, the capture of M13 bacteriophage at low and high antibody loading rates 

can be understood. This will allow the optimization of lateral and vertical flow 

conditions for a higher degree of capture and increased sensitivity. The insights to 

characterize capture at short-time scales below one second is crucial for the 

understanding of antibody purification, chromatographic and membrane adsorption, 

and membrane-based assays and medical diagnostics. 
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CHAPTER 3: LYOPHILIZATION OF BACTERIOPHAGE 

LATERAL FLOW ASSAYS  

Introduction 

Point-of-care (POC) testing allows for patient diagnostics away from central 

laboratories, in the physician’s office, rural areas, ambulances, and at home. It allows 

for the rapid detection of analytes near the patient, which facilitates better disease 

diagnosis, monitoring, and management. The global POC testing market is expected to 

grow in the U.S. from $23.2 billion in 2016 to $40 billion in 2021 at a compound 

annual growth rate (CAGR) of 10%14,15. POC diagnostics are affordable, rapid, and 

offer a degree of sensitivity and specificity that is crucial for testing in resource-

limited settings. They enable quick medical decisions and may provide earlier 

detection, leading to improved health outcomes for patients by allowing early 

treatment.  

A major class of POC diagnostics is lateral flow immunoassays (LFAs), in 

which reporter particles are transported to binding sites by capillary wicking in a 

porous membrane. LFAs most often employ antibodies attached to detectable reporters 

as recognition elements. LFAs have employed various reporters—colloidal gold, 

colored latex particles, phosphors, magnetic particles, carbon nanotubes, and virus 

particles—that have demonstrated a sensitivity applicable for the desired 

immunoassay44,49–52. Readouts for LFAs vary based on the reporter particle and external 

devices employed, with readouts ranging from colorimetric, magnetic, and light-based 

to spectral based readouts52,57,110,111. The performance of LFAs can be improved by 

adjusting the, including the reporter particle, fluid velocity, reagent concentration, and 
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the membrane type80,89. Increasing the quantitative nature and analytical sensitivity of 

LFAs would expand their usefulness across a variety of fields. 

While various reporter particles have been implemented into LFAs, the choice 

of the particle and the corresponding detection method directly affect the performance 

of the assay.  Depending on the reporter particle, chemical modifications can be 

difficult, and the choice of reporter particle can lead to a compromise between ease of 

chemical modifications and sensitivity. One approach to addressing these issues is the 

use of bacteriophage as LFA reporters, which we recently introduced49. Functionalized 

viral nanoparticles have been explored in recent years for use as reporters in 

immunoassays, resulting in higher sensitivity and low limits of detection97,112,113. 

Filamentous M13 bacteriophage, in particular, has been modified with recognition and 

reporter elements, and successfully used for diagnostics, medical, and imaging 

purposes73–75. The high surface-area-to-volume ratio of an M13 phage is advantageous 

in lateral flow and assures its neutral buoyancy. M13 phage is ~900 nm in length and 

~6 nm in width and can be genetically modified to different aspect ratios114,115. The 

surface of a bacteriophage consists of multiple copies of identical coat proteins, which 

allows for its chemical modification and wide adaptability as a reporter for LFAs. 

Others have demonstrated a variety of chemistries have been adapted for M13 phage 

to perform a wide range of chemical linkages and functional groups116,117. Previously, 

we introduced engineered M13 phage particles as reporters in lateral flow assays that 

resulted in a 100-fold greater sensitivity in the detection of human chorionic 
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gonadotrophin (hCG) when compared to conventional gold nanoparticles in 

pregnancy-based tests49,50.  

Several novel laboratory-developed LFAs have demonstrated improved limits 

of detection but suffer from future test optimization for their widespread 

implementation. Long-term stability under different environmental conditions, device 

portability, and maintaining high sensitivity are unique advantages related to LFAs. 

Translational of these lab advantages of phage LFAs to practical diagnostics requires 

the development of storage-stable forms and compatibility with blood samples. Before 

the commercialization of LFA strips, several aspects of the strip have to be carefully 

examined from the optimization of the assay steps, material properties, storage 

stability, and the read-out result40. Each reporter particle used in an LFA requires 

optimization and subsequent testing to ensure the test’s sensitivity is maintained across 

the shelf-life of an LFA. Furthermore, LFAs have shown great promise in the 

laboratory but have failed further assay development, since the interaction of various 

reporter particles and signal generation has cross-reacted in clinically relevant 

samples118. To further affirm M13 phage use as a reporter particle in LFA we set out to 

optimize the strip in terms of the membrane, long-term storage of reporter particle 

within the conjugate release pad, and test the sensitivity of M13 phage in blood to 

determine if differences exist over a one month accelerated stability period.  

Materials and Methods 

Culture and Titering of M13 Bacteriophage 

M13 phage displaying the AviTag, a substrate peptide on the p3 tail protein, 

was a gift from Dr. Brian Kay (The University of Illinois at Chicago). Culture and 
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titering of M13 phage were performed as described previously97. AviTag-M13 was 

pre-mixed with Escherichia coli TG1 culture for two hours at 37℃ and was 

transferred to 2x yeast extract and tryptone (2 x YT) broth medium for overnight 

growth at 37℃. Bacteria were separated from the lysate by centrifugation (30 min, 

3,200 x g) followed by filtration through a 0.45 µm filter (Corning, #430512). Phage 

were then precipitated using PEG/NaCl as previously described99. Phage titers were 

determined on X-Gal/IPTG plates as described98. 

Preparation of LFA Strips 

 0.5 L of rabbit polyclonal anti-M13 IgG antibody (4.3 mg/mL) (Novus 

Biologicals, Littleton, CO) diluted in 50 mM sodium acetate buffer (pH 3.6) was used 

to spot the test line. CF5 membrane (GE Healthcare, Piscataway, NJ) was used as the 

absorbent pad (18 mm), silica-fiber Fusion 5 membrane (GE Healthcare, Piscataway, 

NJ) was used as the sample pad (12 mm), and the membrane (22 mm), and Standard 

14 (8 mm) was used as the conjugate release pad. Nitrocellulose FF 80 HP (GE 

Healthcare, Piscataway, NJ) was also tested as a conjugate release pad. The lateral 

flow strip was assembled using a manual laminator (Shanghai Kinbio Tech Co.) with a 

2 mm overlap for each adjacent component. Strip components were assembled on a 

plastic backing card (DCN Diagnostics, #MIBA-020) and cut to a width of 3 mm 

using a guillotine cutter (Shanghai Kinbio Tech Co, Automatic Cutter, ZQ2000) and 

stored in a desiccant box at 25% relative humidity.  
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Lyophilization 

 The strips were cooled for 1 hour in a -80C freezer and then transferred on an 

ice block to a lyophilization chamber (LabConco, -56C, 0.090 Pa) for 16 hours. 

Concurrently, a control set of strips were air-dried for 17 hours at ambient temperature 

on a lab bench. 

Lateral Flow Assay with Phage Reporters 

 Strips were washed two times with 20 L washing buffer (1% PBS, 0.5 % 

TWEEN-20, 0.5% BSA). 20 L of 1010  M13 phage/mL in PBS was added, followed 

by three washes of 20 L of washing buffer. For the detection of human chorionic 

gonadotrophin (hCG), the M13 anti-hCG conjugate was stored in the conjugate release 

pad. 20 L of (hCG) diluted in PBS was added to strip first followed by three washes 

of 20 L washing buffer. For M13 and hCG detection, 20 L of anti-M13 HRP diluted 

in 1% PBS, 0.5 % TWEEN-20, 0.5% BSA was added. Strips were then washed five 

times with 20 µL of washing buffer. Signals were visualized by spotting 5 L of 

blotting 3,3’,5,5’-Tetramethylbenzidine (TMB) on the membrane test spot (Sigma-

Aldrich, St. Louis, MO). Images were taken with an iPhone 6 camera under auto-

exposure settings using a white background, and densitometry was performed with 

ImageJ. 

M13 Phage-Antibody Conjugation 

 1 µL of 2.8 mg/mL polyclonal anti-hCG antibody (1.1 x 1013) was modified 

with 1 µL of 0.1 mg/mL Traut's Reagent (Thermo Fisher Scientific, #26101) in de-

ionized (DI) water and 128 µL of 5 mM EDTA/PBS (pH 8.0). The mixture was 
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incubated for 1 hour on a rotator at room temperature and then applied to a 7 KDa 

(MWCO) Zeba spin desalting column (Thermo Fisher Scientific, #89882).  

Concurrently, 100 µL of ~1012 phage /mL in PBS was modified with 10 µL of 1 

mg/mL succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) and 

20 µL of PBS (pH 7.0). The mixture was incubated for 30 minutes on a rotator at 

room temperature and then applied to a 7 KDa Zeba column. After both mixtures 

passed through the Zeba columns, they were combined and incubated for 2 h on a 

rotator at room temperature. PBS was added to bring the total volume to 1 mL. The 

solution was dialyzed against 1 L of PBS with a Float-A-Lyzer 300 KDa MWCO 

dialysis cartridge (Fisher Scientific, #08-607-029) with five complete buffer changes 

over 36 hours.  

Blood Filter Evaluation 

 The sample pads of LFA strips assembled as previously described, were 

replaced with blood filters from the following manufacturers: mdi membrane 

technologies, (FR1 (0.35 mm), FR1 (0.6 mm), FR2 (0.7 mm), and WFR1), GE 

Healthcare (Fusion 5 and MF1), Vivid Plasma (GX and GR), and PrimeCare (SG, NX, 

and X). 50 L of whole blood (Gulf Coast Regional Blood Center with EDTA 

anticoagulant) was added at the beginning of each filter. After two minutes, strips 

were washed three times with 20 L washing buffer (1% PBS, 0.5 % TWEEN-20, 

0.5% BSA). Images were taken with an iPhone 6 camera under auto-exposure using a 

white background, and densitometry was performed with ImageJ to determine the 

amount of blood that passed the conjugate release pad. 
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Detection of hCG in Blood 

 Various dilutions of hCG in 50 L of whole blood (Gulf Coast Regional Blood 

Center) and was added at the beginning of the blood filter. After two minutes, strips 

were washed three times with 20 L of washing buffer (1% PBS, 0.5 % TWEEN-20, 

0.5% BSA). 20 L of anti-M13 HRP diluted in 1% PBS, 0.5 % TWEEN-20, 0.5% 

BSA was added. Strips were then washed five times with 20 µL of washing buffer. 

Signals were visualized by spotting 5 L TMB liquid substrate onto the membrane 

spot (Sigma-Aldrich, St. Louis, MO). Images were taken with an iPhone 6 camera 

using auto-exposure using a white background, and densitometry was performed with 

ImageJ119. 

Storage and Stability Tests 

 LFA strips were assembled as previously described with the selected blood 

filter, conjugate release pad, membrane, and absorbent pad. Strips were stored in LFA 

cassettes (mdi Membrane) and were packaged in mylar bags (QQ-Studio) with silica 

gel desiccant (Interteck Packaging), and vacuum sealed (Sinbo DZ-280/2SE). Sealed 

bags were stored at 37C  and tested for the detection of hCG in blood as previously 

described every seven days over the course of 28 days.  

Results and Discussion 

The increased sensitivity previously demonstrated with M13 phage as reporter 

particles make evaluation of long-term storage stability, integration into complete 

tests, and use in clinically-relevant samples of great interest. Reporter particles 

incorporated into the strip is a key way to reduce the number of steps and minimize 
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test error. A truly POC platform is one that requires minimum user intervention, so 

only sample addition is need120. Reporter particles implemented into an LFA need to 

undergo further optimization to ensure sensitivity is maintained as various factors may 

affect the assays’ sensitivty121. For practical use, LFA strips must be packaged and 

perform consistently over the course of an extended shelf-life. To determine the 

incorporation of M13 phage into LFA strips, a buffer for stable storage and release of 

the phage was investigated. Additional criteria considered in LFA strip development 

such as the membrane type, the buffers, and antibody immobilization on the 

membrane. We describe the development of a rapid and sensitive lateral flow assay, 

and demonstrate its stability and use in blood through the optimization of lateral flow 

components.  

Evaluating Viral-Nanoparticle Lateral Flow Assays (LFAs) 

 To evaluate phage as reporter particles, complete LFA strips were fully 

assembled, including sample pad, conjugate release pad, membrane, and absorbent 

pad. Previous experiments that demonstrated phage as a reporter particle used strips 

that didn’t implement a conjugate release pad. Improper overlap of the conjugate 

release pad by the sample pad or by the membrane is known to affect the flow and 

subsequently can affect the assays’ sensitivity122. Regions of overlap between each part 

of the membrane were chosen at 2 mm and were consistent for each overlap. To 

ensure detection of phage was not affected by membrane overlap, strips with the 

conjugate release pad were evaluated with flow beginning at the top of the sample pad 

(Fig. 16B). For screening experiments, no control line was added to the strip. A signal 
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was obtained by the binding of phage on an anti-M13 capture line, followed by 

binding of anti-M13-HRP and addition of chromogenic, TMB resulting in a 

colorimetric readout (Fig 16A). No significant differences in detection of M13 phage 

were observed with the incorporation of the conjugate release pad. 

 

Figure 16: Lateral Flow Assay with Viral Nanoparticles. A) Bacteriophage lateral 

flow assay schematic. B) LFAs ran with bacteriophage with a conjugate release pad. 

 Schematic of a bacteriophage lateral flow assay, with test and control lines. No 

conjugate release pad is shown in the schematic (Fig 16A). LFA of bacteriophage with 

conjugate release pads (Fig. 16B). 0.5 µL of 4.3 mg/mL anti-M13 antibody in 50 mM 

sodium acetate, pH 3.6, was spotted on the membrane and allowed to air-dry for 24 h. 

Strips were washed two times with 20 L of washing buffer (1% PBS, 0.5 % 

TWEEN-20, 0.5% BSA). 20 µL of M13 (1010 phage/mL) was passed through the 

strip, and then washed 3 times with 20 µL of washing buffer. 20 L of anti-M13 HRP 

with a 1:4,000 dilution in 1% PBS, 0.5 % TWEEN-20, 0.5% BSA was added. Strips 
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were then washed five times 20 µL each and allowed to dry for 5 minutes. Signals 

were visualized by spotting 5 L TMB liquid substrate onto the test spot. Stripes were 

imaged with an iPhone 6 camera under auto-exposure settings. A strip without M13 

phage served as the negative control. 1 indicates the sample pad, CR indicates the 

conjugate release pad, Mem is the membrane, and Abs being the absorbent pad. Only 

a test line was spotted. 

Lyophilization of Phage LFAs 

 For incorporation of bacteriophage into the conjugate release pad, various 

excipients were examined, to have a minimal step assay. Excipients are added to the 

conjugate release pad to stabilize and promote the re-solubilization of the reporter 

conjugate and minimize adsorption of the analyte to the membrane. The addition of 

reporter particles into conjugate release pads is followed by a drying or lyophilization 

process, which is crucial for the storage and release of reporter conjugated particles.40. 

To overcome variability during reporter particle integration, lyophilization, also 

known as freeze-drying, is commonly applied and is known to increase the speed and 

sensitivity of lateral flow assays123. The type of excipient used can affect the protein 

structure and function, so the excipient formulation needs to be optimized for each 

protein124. The buffers and sugars chosen for the storage of bacteriophage on conjugate 

release pads were based on previous dried-protein storage studies125. Succinate and 

citrate were chosen at a concentration of 50 mM along with 5% lactose or trehalose. 

These excipients were compared with water and PBS in both air-dried and lyophilized 

strips and served as a starting point to determine if more excipients would need to be 
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screened (Fig 17). Complete lateral flow strips were used for optimization, and 

excipient characterization was based on the release of M13 and anti-M13 HRP 

reacting with TMP resulting in a colorimetric readout at the capture line. As a control 

a set of strips was run with excipients and no phage. 
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Figure 17: Conjugate Release Pad Buffer Optimization 
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Figure 17 demonstrates strips that were dried in two different conditions (black 

bars represent air-dried, and white bars represent freeze-dried). 3 µL of bacteriophage 

(107 pfu/ml) diluted in various buffers was spotted on the conjugate release pad 

(Fusion 5) and then were freeze or air-dried. Strips were washed four times with 20 µL 

of 1% PBS, 0.5 % TWEEN-20, 0.5% BSA. 20 µL of anti-M13-HRP 1:4,000 dilution 

in wash buffer was added, followed by 5 washes of 20 1% PBS, 0.5 % TWEEN-20, 

0.5% BSA. The strips were allowed to air-dry for 5 minutes, followed by the 

application of TMB. Images were taken by an iPhone 6 camera using an auto-

exposure setting, and densitometry was performed using ImageJ. For buffers, 

succinate or citrate was dissolved in water at a concentration of 50 mM with 5% 

lactose or trehalose. For each condition, a set of 3 strips were stored with an excipient 

and run without phage as a negative control. M13 was added to the conjugate release 

pad (Fusion 5) in water or a 50 mM citrate buffer, or a 50 mM succinate buffer. Other 

conditions were 50 mM succinate buffer with 5% trehalose, or 5% lactose. The other 

buffer was a 50 mM citrate buffer with 5% trehalose or 5% lactose (n=3; ± SEM).  

Throughout the optimization experiments, freeze-drying the bacteriophage 

produced a greater colorimetric readout. (Fig 17). There were no observable impacts 

on the effects of HRP or TMB for the colorimetric readout in the presence of 

excipients. Overall in terms of buffer selection, the ones that yielded the strongest 

signal were 50 mM citrate with 5% lactose and 50 mM succinate with 5% lactose (Fig 

17). For further optimization, M13 storage with 50 mM citrate and 5% lactose was 
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chosen due to the colorimetric signal being sharper, not diffuse, and spotty compared 

to 50 mM succinate with 5% lactose. 

Conjugate Release Pad Optimization 

The complete release of the reporter particle from the conjugate release pad is 

crucial for a sensitive test, so further optimization is required beyond buffer screening. 

Conjugate release pads need to be optimized to determine which pad ensures proper 

liquid flow and analyte detection. In the buffer optimization experiments, Fusion 5 

was used as the conjugate release pad, as it can be implemented for every part of the 

strip126. Fusion 5 was compared to nitrocellulose (FF80HP Plus) and Standard 14, a 

thinner glass fiber compared to Fusion 5. 3 µL of M13 (107 pfu/mL) was added to the 

conjugate release pad in a 50 mM citrate 5% lactose buffer or in PBS, and strips were 

freeze and air-dried. Control strips had excipient and no phage to ensure there was no 

cross-reactivity and non-specific binding from the excipients. Strips were run with 

four washes of 20 µL of 1% PBS, 0.5 % TWEEN-20, 0.5% BSA, followed by 20 µL 

of anti-M13 HRP conjugate, and 5 washes of 20 µL 1% PBS, 0.5 % TWEEN-20, 

0.5% BSA. Strips were allowed to dry for 5 minutes before TMB was spotted at the 

conjugate release pad and the test line. Conjugate release pads were compared by the 

intensity of the colorimetric readout at the membrane and at the conjugate release pad. 

Freeze-dried bacteriophage still yielded the strongest signal when compared to air 

drying (Fig 18A and 18B). Through testing various conjugate release pads, Standard 

14 demonstrated the strongest colorimetric readout at the test line with a minimal 

readout at the conjugate release pad (Fig. 18C). After optimizing the conjugate release 
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pad and excipient formulation, the rest of the membrane components were further 

examined. The sample pad and membrane consisted of Fusion 5 in which we 

demonstrated a consistent flow of bacteriophage. Nitrocellulose was considered as the 

membrane; however, we have observed a sharper colorimetric readout on Fusion 5. As 

for the absorbent pad, Fusion 5 and CF5, a cotton linter material, were compared, and 

the latter could hold more volume, which is suitable for extra washes. 

 

Figure 18: Conjugate Release Pad Optimization. A) Strips dried on lab bench at 

ambient temperature. B) Strips that were freeze-dried. C) Comparison of strips that 

were air and freeze-dried. 

Figures 18A-C demonstrate strips that were dried in two different conditions 

(lined bars represent M13 in PBS, checkered bars represent M13 in 50 mM citrate and 

5% lactose, black bars represent air-dried strips, and white bars represents freeze-dried 

strips) and were run with bacteriophage (107 pfu/ml). First, four washes of 20 µL 1% 

PBS, 0.5 % TWEEN-20, 0.5% BSA followed by 20 µL anti-M13-HRP diluted in 

washing buffer were performed. This was followed by five 20 µL washes of 1% PBS, 

0.5 % TWEEN-20, 0.5% BSA, and a drying time of 5 minutes. A chromogenic 
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substrate (TMB) was spotted on the membrane to result in a colorimetric readout. 

Images were taken by an iPhone 6 camera under auto-exposure, and densitometry was 

performed using ImageJ. For buffers, PBS and 50 mM citrate with 5% lactose were 

compared. For each condition, a set of 3 strips were stored with an excipient and run 

without phage. Air-Dried Strips. M13 was added to the conjugate release pad, Fusion 

5, Nitrocellulose, and Standard 14 in PBS or 50 mM citrate 5% lactose buffer, and 

strips were dried on the lab bench (Fig. 18A). Freeze-Dried Strips. M13 was added to 

the conjugate release pad, Fusion 5, Nitrocellulose, and Standard 14 in PBS or 50 mM 

citrate 5% lactose buffer, and strips were freeze-dried (Fig. 18B). Comparison of 

conjugate release pads that were air and freeze-dried (Fig. 18C). Comparison of M13 

added to varying conjugate release pads in 50 mM citrate 5% lactose buffer in which 

strips were air or freeze-dried. A set of 3 strips were run for each condition and 

graphed with the standard error. 

Cassette Integration 

 Buffer and strip optimization were performed with non-conjugated viral 

nanoparticles. For analyte detection, M13 phage were functionalized with anti-hCG 

antibodies, as hCG assays have been extensively studied. The functionalized viral 

nanoparticles were spotted on the conjugate release pad with the selected excipient 

formulation, and strips were air or freeze-dried (Fig. 19). The strongest signal readout 

is demonstrated using a citrate and lactose buffer, and with, freeze-dried strips (Fig. 

17). For each buffer condition, a set of strips were freeze-dried with excipient and 
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phage anti-hCG conjugate but run without hCG to ensure no cross-reactivity and non-

specific binding from the M13 phage-conjugate.  

Towards practical use, LFA strips were packaged into cassettes to ensure strip 

integrity and to minimize sample handling127,128. This was demonstrated using an M13 

anti-hCG conjugate, which was stored in the conjugate release pad. The signal forms 

by hCG being added to the beginning of the strip, which binds to the M13 anti-hCG 

conjugate and migrates along the strip and binds to anti-hCG antibodies immobilized 

on the membrane. At this spot, it is a sandwich stack. Anti-M13 HRP is added and 

migrates through the strip followed by the application of TMB. As a control, strips 

were run without hCG, and thus, any M13 anti-hCG conjugate should pass by the 

immobilized anti-hCG antibodies (Fig. 19B). The signal is from the non-specific 

binding of anti-M13 HRP to the membrane; thus, if a lower control value is needed, 

the number of washing steps needs to be increased, an increase in the surfactant 

buffer, or pre-treatment of the LFA strip. While we demonstrated the use of 

functionalized viral nanoparticles on an LFA strip, we assembled them into plastic 

cassettes and further tested them (Fig. 19C). From these freeze-dried buffer 

optimization experiments, we were able to validate the use of functionalized viral 

nanoparticles in LFAs. 

Figure 19 A-C demonstrate strips that were dried in two different conditions 

(black bars represent air-dried and white bars represents freeze-dried) with 

bacteriophage (107 pfu/ml) chemically modified to anti-hCG antibodies and stored in 
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the conjugate release pad. M13 anti-hCG conjugate was stored in water, PBS, or with 

50 mM citrate and 5% lactose.  

 

Figure 19: M13 anti-hCG Reporter LFA Optimization. A) Densitometry of strips that 

were air and freeze dried with varying excipients. B) Strips ran and without M13 anti-

hCG conjugate. C). Strips incorporated into plastic cassettes  

20 µL of 5 ng/mL of hCG in wash buffer (1% PBS, 0.5 % TWEEN-20, 0.5% 

BSA) was added at the sample pad followed three sets of 20 µL wash buffer. Next, 20 

µL of anti-M13-HRP diluted in 1% PBS, 0.5 % TWEEN-20, 0.5% BSA was passed 

through the strip, followed by 5 washes of 20 µL 1% PBS, 0.5 % TWEEN-20, 0.5% 

BSA and a drying time of 5 minutes. A chromogenic substrate (TMB) was spotted on 

the membrane to result in a colorimetric readout. Images were taken by an iPhone 6 

camera under auto-exposure, and densitometry was performed using ImageJ. For each 

condition, a set of 3 strips were stored with an excipient and run without phage. M13 

anti-hCG conjugate was added to the conjugate release pads (Standard 14) in a 50 mM 

citrate 5% lactose buffer, water or PBS (Fig. 19A). Readout of conjugated viral 
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nanoparticles. Strips ran with M13 anti-hCG conjugate and without hCG (1) and with 

hCG (2) (Fig. 19B).  Integration of conjugated viral nanoparticles into cassettes. LFA 

strips were packed into cassettes with M13 anti-hCG conjugate stored in the conjugate 

release pad and ran without (1) and with (2) hCG (Fig. 19C). 

Blood Filter Optimization 

 Filtering of whole blood is critical for analyte detection in assays, and multiple 

approaches have been demonstrated from self-powered systems to external devices, 

and paper membranes129–131. Many analytes are present in blood from viruses, Ig 

molecules, and small molecules, among others. For colorimetric LFAs, blood obscures 

the signals, and blood filters have been used due to being asymmetric for the capture 

red blood cells and allow plasma to flow through. Blood filters have a limited capacity 

and can cause cells to lyse, so we tested a variety of blood filters from different 

suppliers currently on the market to determine the filter with the highest blood 

capacity for an M13 phage LFA.  

 While the blood filters reported a capacity of 40-50 µL of whole blood, upon 

further testing, the capacity didn’t hold up due to red blood cells breaking through the 

filter and eventually flowing through the rest of strip (Fig. 20A and 20B). Fusion 5 

membrane that is marketed for implementation of all of the strip caused the red blood 

cells to lyse, resulting in the strip turning a dark red color. From a total of 10 blood 

filters, only four were further tested to determine which had the highest capacity under 

assay conditions due to their ability to hold 50 µL of blood within the filter (Fig. 20C). 

The six blood filters were further tested with washing after the addition of blood and 
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caused red blood cells to escape from the filter and lyse and obscure the colorimetric 

signal  Studies were performed by running an LFA with M13 in blood for four filters. 

Again, with washing, colorimetric detection is possible, but the red blood cells 

escaped from the filter and were lysed obscuring detection. Visualization of a colored 

spot on the membrane is difficult on colored backgrounds compared to a white 

background. Based on these tests, FR2 (0.7 mm) had the clearest membrane 

background for easier colorimetric detection by the naked eye (Fig. 20C). 

 

Figure 20: Blood Filter Performance. A and B) Blood filter retention from various 

manufactures. C). Percent of blood that covered the strip from the filter. 

 50 µL of whole blood was added to the beginning of each strip. Blood filter 

capacity from different manufacturers, from left to right (GX, MF1, GR, and NX) 

(Fig. 20A). Blood filters from mdi Membrane, from left to right (FR1 (0.35 mm), FR2 

(0.6 mm), FR2 (0.7 mm), and WFR1 (Fig. 20 B). 
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 Strips were fitted with the selected blood filter (FR2 (0.7 mm)) and freeze-dried 

with 50 mM citrate and 5 % lactose and with M13-anti-hCG conjugate stored in the 

conjugate release pad. This allowed for the demonstration of a fully integrated LFA 

for the detection of hCG and its performance in blood (Fig. 21A).  

 

 

Figure 21: M13 anti-hCG Conjugate Performance in Blood. A) M13 anti-hCG 

conjugate strips ran in blood with hCG. B) Densitometry of strips based on the 

detection of hCG in blood. C) Plot profiles from densitometry. 

 A variety of hCG dilutions spiked in blood were used to determine the LFA’s 

sensitivity using conjugated viral nanoparticles. Through image analysis and 

densitometry, the limit of detection was 1 pg/mL in blood (Fig 21B and 21C). The 

signal is 30% higher than 3 times the standard deviation of the background signal, a 

standard for the limit of detection. Thus, a lower limit is potentially possible. The low 
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level of detection is possible by matrix effects of the bacteriophage interacting with 

the blood and its particulates, but this needs further analysis. Long polymers are 

known to increase the flux of red blood cells in capillary walls132. While the red blood 

cells are caught in the blood filter, the aspect ratio of phage may allow it to interact 

with particulates in blood and the analyte contributing to the detection level. 

Additionally, plasma and serum are known to reduce non-specific binding. From these 

studies, we were also able to determine the blood filter performance was not impacted 

by the strip undergoing the freeze-drying process. 

Strips were freeze-dried with the incorporation of M13-anti-hCG conjugate (3 

µL of 107 pfu/ml) (Fig. 21A). 112 pg/mL of hCG was spiked into 50 µL of blood and 

added to the sampled pad. After two minutes, there were three 20 µL washes of 1% 

PBS, 0.5 % TWEEN-20, 0.5% BSA, and the addition of 20 µL anti-M13-HRP diluted 

in wash buffer, followed by five 20 µL washes of 1% PBS, 0.5 % TWEEN-20, 0.5% 

BSA. The strip was allowed to dry for 5 minutes, and TMB was added. Images were 

taken by an iPhone 6 camera under auto-exposure setting and densitometry was 

performed using ImageJ based on the peaks at the membrane test spot. Detection of 

various hCG concentrations with densitometry of the colorimetric readout with 

varying dilutions for the detection of hCG in blood. A set of 3 strips was run for each 

hCG concentration and is graphed with the standard error (Fig. 21B). Plot profiles 

from ImageJ densitometry: A is 0 ng/mL, B is 1 pg/mL, C is 11.2 pg/mL and D is 112 

pg/mL (Fig. 21C). 1 indicates the overlap of the conjugate release pad with the 
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membrane, 2 indicate the test spot on the membrane, and 3 indicates the overlap of the 

absorbent pad with the membrane. 

Storage and Stability Studies 

 By optimization of a freeze-dried formulation for the release of M13 anti-hCG 

conjugate in blood samples, a very low limit of detection was achieved. Another 

important attribute of a useful assay is the storage stability of LFA strips123. To 

characterize the shelf-life of LFA strips with conjugated viral nanoparticles and blood 

filters, an accelerated stability study was performed. Assembled strips were packaged 

into cassettes and stored with desiccant (Interteck Packaging), which was sealed into 

mylar pouches (QQ Studio). LFAs have suffered limited sensitivity from the 

influences of environmental conditions (temperature and relative humidity)133. LFA 

strips were stored in a 37℃ incubator to test the stability of the detection of hCG in 

blood. During LFA strip storage, a partial unfolding of the immobilized antibody or 

the antibody being cleaved off from the phage is possible134–136. Additionally, there 

could be damage to phage in the process. Every 7 days, strips packaged in cassettes 

and pouches were removed for the detection of hCG in blood (Fig. 22). Two 

concentrations of hCG were chosen, 1 ng/mL, (an hCG concentration detected by gold 

LFA tests), and, 134 pg/mL,  lower but above the limit of detection reported by our 

LFA test137–140. The detection of 134 pg/mL hCG was stable over 28 days, while the 

1.34 ng/mL hCG detection was more variable. The higher variability can be due to a 

higher analyte concentration and interference with the membrane and sample. 

Additionally, at higher concentrations of hCG, a stronger signal is observed at the 
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membrane, which was observed across the two concentrations. Across the 28 days, 

strips did not fail, and the detection of hCG in blood was stable over time. The storage 

of LFA strips with conjugated viral nanoparticles and blood filters demonstrated 

stability for the detection of hCG over the course of 28 days.  
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Figure 22: Stability of LFA Strips 

 LFA strips with the blood filter FR2 (0.7mm) were prepared with M13 anti-

hCG conjugate in 50 mM citrate 5% lactose buffer stored in the conjugate release pad. 

0.5 L of rabbit polyclonal anti-M13 IgG antibody (4.3 mg/mL) (Novus Biologicals, 

Littleton, CO) was diluted in 50 mM sodium acetate buffer (pH 3.6) and spotted on the 

membrane. LFA strips were freeze-dried in cassettes and then packaged in mylar bags 

with desiccant. Assembled tests were stored in a 37℃ incubator, and were taken out 

every 7 days (d) for the detection of hCG in blood. Various concentrations of hCG 
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were spiked in 50 µL of blood. This was followed by three 20 µL washes of 1% PBS 

0.5% TWEEN-20-0.5% BSA, and the addition of 20 µL anti-M13-HRP diluted in 

wash buffer, followed by five 20 µL washes of PBS 0.1% TWEEN-20-0.5% BSA 

followed by the addition of TMB. A set of 3 strips was run at each time point. Images 

were taken by an iPhone 6 camera using auto-exposure setting and densitometry was 

performed using ImageJ based on peaks at the membrane test spot. 

Conclusions 

 Increased sensitivity among LFAs may find countless applications in medical 

diagnostics, food safety, forensic science, and therapeutic monitoring, etc. The 

integration of M13 phage as a reporter particle into complete LFA tests was 

investigated, and a freeze-drying formulation for the optimal release from conjugate 

release pads was identified. These studies did demonstrate that freeze-drying strips 

were better than air-dried strips. Additionally, various conjugate release pads were 

tested for an M13 phage conjugate LFA. From these results, we were able to 

demonstrate LFA strip integration in cassettes. The incorporation of M13-conjugated 

phage into LFAs and cassettes further allowed us to develop a complete assay for the 

detection of human chorionic gonadotropin (hCG) and demonstrated our assays’ 

performance in blood. By testing various blood filters to determine the highest blood 

capacity under assay conditions, we achieved a limit of detection of 1 pg/mL in blood. 

Storage and worldwide shipping at ambient temperature are concerns for POC 

applications in remote and resource-limited environments69. Additionally, a brief 

accelerated stability study indicated that using conjugated viral nanoparticles and the 
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LFA strip is stable over a month for the detection of hCG in blood. To determine the 

full shelf-life of LFA tests, long term studies need to be performed. Thus, for a rapid 

and sensitive lateral flow assay, whether, in buffer or blood, M13 bacteriophage as a 

reporter has significant advantages and can lead to an increased sensitivity among 

LFAs. To further minimize user intervention, a colorimetric readout can be replaced 

with a lyophilized chemiluminescent substrate or enzyme-based reagent systems to 

further minimize steps141,142. 

 We were able to further validate M13 phage incorporation for a complete assay 

and demonstrated a detection limit of 1 pg/mL. In turn, this suggests that careful 

tuning of membrane design variables such as proper membrane selection and storage 

buffer can increase binding efficiency and thus the sensitivity of LFAs143–146. In the 

future, we will examine the shelf life of other conjugation possibilities for LFAs, and 

their use in other sample mediums needs to be tested, such as saliva, urine, and stool. 

More broadly, our development and testing of an M13 phage LFA may prove useful 

towards the detection of biomarkers and analytes, where an increased sensitivity is 

needed in LFAs. 
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions and Future Directions from the Lyophilization M13 Phage 

LFAs are diagnostic tools, and increasing their sensitivity will allow them to be 

useful in a variety of fields where rapid detection is a priority. They are affordable 

tests that are convenient, do not require the use of trained personnel, and can be used 

in resource-limited regions. For the detection of low-level analytes, proteins, small 

molecules, and chemicals, among others, LFAs need to demonstrate high sensitivity 

and low limits of detection. For improving the sensitivity of the assay, researchers 

have focused on antibody selection, the type of reporter particle, adding an external 

device, and the assays’ format, whether an LFA, dipstick, or wax paper microfluidic 

strip. For each case, there are certain advantages and disadvantages in improving the 

sensitivity of an assay. However, improving the sensitivity may result in an increased 

cost of the assay or the need for trained personnel or laboratory equipment that are not 

commonly found in certain regions. There can be a trade-off between the sensitivity 

and the practicality of the assay where it is being deployed. 

The selection of the reporter particle plays a critical role in LFAs, both in how 

the assay is run and its readout. From previous studies, M13 phage was demonstrated 

as an LFA reporter particle with increased sensitivity compared to gold nanoparticles 

in the detection of hCG and detection of norovirus49,50. We investigated whether M13 

phage could be implemented into a complete LFA and be stable over an extended 

shelf life. We further validated M13 phage as a reporter particle and demonstrated a 

freeze-drying excipient formulation for the storage and release of M13 phage. 
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Additionally, we developed a complete LFA assay for the detection of hCG in buffer 

and in whole blood.  

We were able to determine the parameters that needed to be tuned to ensure a 

rapid, sensitive assay. The type of conjugate release pad affects the flow of M13 phage 

and readout of the assay44. Furthermore, strip components were optimized, including 

the sample pad, conjugate release pad, membrane, and absorbent pad. Freeze-drying 

LFA strips allowed for the detection of hCG using conjugated M13 phage without 

signal interference from the excipient formulation. Minimal non-specific binding was 

exhibited after freeze-drying of strips and conjugated M13 phage. The incorporation 

of conjugated M13 phage reduced a key operator step in running the LFA. An assay 

with minimal steps will have reduced error and can facilitate trained personnel 

performing the assay42. Additionally, to protect the sample medium and assay from 

contamination, lateral flow strips were incorporated into plastic cassettes and shown to 

perform consistently. To demonstrate the use of LFAs with clinically-relevant 

samples, a series of commercial blood filters were evaluated, and one was selected that 

demonstrated the highest blood capacity. Expanding on optimization of LFA strips, we 

demonstrated a whole-blood limit of detection for hCG of 1 pg/mL. To address the 

stability of phage LFAs, a brief one-month storage stability study was performed with 

the selected lateral flow strip components assembled into plastic cassettes and 

vacuum-sealed along with desiccant packages in mylar pouches. Tests were stored at 

37℃ for one month, then tested for the detection of two concentrations of hCG in 

blood, and performed consistently. Minimal assay variability was observed at lower 
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hCG concentrations, while more variability was observed at the higher concentration, 

possibly due to analyte interference. For a rapid and sensitive lateral flow assay, 

whether, in buffer or blood, M13 bacteriophage as a reporter has demonstrated 

advantages and can lead to an increased sensitivity among LFAs. 

 There is a need for increased sensitivity of LFAs for the detection of analytes 

or molecules. There are countless applications from medical diagnostics, food safety, 

forensic science, therapeutic drug monitoring, etc. Through the characterization of 

viral nanoparticles, we were able to further validate them as reporter particles and their 

use in a complete assay across two different mediums and demonstrated a detection 

limit of 1 pg/mL. While more characterization is required, we believe that using viral 

nanoparticles can lead to increased sensitivity among LFAs.  

 While we demonstrated the optimization of a freeze-dried formulation and an 

optimal blood filter, the storage and stability of LFA strips with conjugated viral 

nanoparticles need to be characterized for longer time periods. Packaged strips would 

be stored at 37℃ and at ambient temperature for 18 months, with regular interval 

testing to ensure the detection limit is maintained across the desired shelf life. Various 

factors can affect the stability of the reporter particle, the conjugated recognition 

elements, the immobilized antibodies, and the LFA membrane134,135,147. While whole 

blood was tested in LFAs with conjugated M13 phage, other sample media need to be 

tested, such as saliva, urine, and stool, to determine any systematic matrix 

interferences. Additionally, blood with various anti-coagulants needs to be tested, as 

these can affect signal readout148. While a low limit of detection was obtained with 
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M13 phage conjugated to anti-hCG antibodies, other chemical modalities and analyte 

detection need characterization. Due to the high aspect ratio of M13 phage, it tumbles 

in lateral flow and gets caught in the pores of the matrix, requiring further strip 

washing. Currently, there are multiple wash steps involved, extending assay time, and 

creating chances for error. Ideally, washing with a few drops from a pipette commonly 

seen in pregnancy test is a future aim149. Testing different chase buffers for minimal 

washing is an aim to have an assay meet the “user-friendly” of ASSURED criteria set 

by WHO.  

 Throughout these experiments, M13 phage was conjugated to antibodies for 

the detection of analytes through a colorimetric readout. The possibility of a 

chemiluminescent or fluorescent readout with M13 phage needs investigation in order 

to determine the applicability of such readouts and their detection limits. The 

introduction of smartphones and handheld devices for LFA measurements with M13 

phage can lead to a lower detection limit and a greater degree of sensitivity that needs 

further examination. M13 phage can also be conjugated to other enzymes or use 

alternative reporters and substrates. The incorporation of M13 phage into LFAs does 

not add an increased cost to the assay that would affect its deployment in resource-

limited regions. M13 phage can be bought in bulk or reproduced in E.coli. Compared 

to an LFA test that employs gold nanoparticles, M13 phage is a practical affordable 

reporter. 

 We demonstrated M13 phage could provide low detection limits in LFAs, but 

the mechanisms of capture and binding are not fully understood. One way to 
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understand the binding mechanism is through techniques such as surface plasmon 

resonance (SPR), biolayer interferometry (BLI), and stopped-flow fluorescence. Rapid 

filtration allows for the measurement of capture in porous matrices that will facilitate 

parameter tuning in LFAs. Understanding the capture mechanisms of M13 phage in 

porous matrices will allow sensitivity enhancements and detection limits of LFAs. 

Additionally, rapid filtration will allow us to understand how the aspect ratio of M13 

phage may assist in achieving the observed low detection limits. With M13 phage 

being able to be genetically modified, the use of phages with different aspect ratios 

will allow further understanding of phage capture in porous matrices and how it can 

lead to sensitive assays. Also, various researchers have conjugated multiple phages to 

each other for building scaffolds150,151. The ability to conjugate multiple phages in 

various shapes may further allow enhanced detection in LFAs. 

 While M13 phage was demonstrated in LFAs, their use in other assays needs 

to be considered including ELISAs, and wax-based and vertical-flow assays. Vertical-

flow assays offer key advantages over their lateral-flow counterparts from reduced 

assay time, ability to be multiplexed, and greater sample volume. Vertical-flow assays 

involve capture in porous matrices, and M13 phage may meet a critical need in such 

an assay.  

Conclusions and Future Directions for Rapid Filtration 

Lateral- and vertical-flow immunoassays and a variety of biosensing 

technologies, as well as various preparative methods, involve the flow and capture of 

targets and reporters in porous matrices. Here we introduced rapid filtration as a 
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method for measuring the capture of analytes and reporters in porous matrices on 

extremely short time scales and described its use in investigating ultra-sensitive LFAs 

using filamentous bacteriophage as reporters.  

We anticipate the measurements to help understand the remarkable sensitivity 

of the phage-based lateral-flow test. By varying the flow rate and timing, we can 

understand the capture of M13 bacteriophage at low and high antibody loading rates. 

The capture of M13 phage in porous matrices needs further investigation. We 

demonstrated capture and recovery through rapid filtration with M13 phage. Initial 

studies indicated that a faster flow rate might assist a higher degree of capture. This is 

different from other reporter particles in which a slow flow rate may provide a higher 

degree of capture. Thus, a study of M13 phage capture in various porous matrices is 

needed. 

The same trend was observed with M13 phage biotinylated for capture to 

NeutrAvidin; higher flow rates may assist in a greater degree of capture. However, a 

higher loading of NeutrAvidin on the membrane was needed to capture biotinylated 

M13 phage. The mechanisms of capture are different in each case and may indicate a 

higher loading might be needed in LFAs for the capture of biotin and NeutrAvidin. 

Further studies of both capture mechanisms with the rapid filtration technique are 

required to determine the optimal flow rate for capture. This will allow results from 

rapid filtration to provide insights for capture in LFAs and vertical flow assays using 

M13 phage. Extensions of these studies would be to chemically link the target element 

to the membrane and investigate capture, to determine if chemical linkage to the 
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membrane is more advantageous or not than electrostatic adsorption. While studies 

were performed with M13 phage, various phages with different aspect ratios can also 

be investigated through the rapid filtration apparatus. This will be key in determining 

how the aspect ratio may assist capture and allow ways to improve the detection and 

sensitivity when employing phage. This will allow us to optimize lateral and vertical 

flow conditions for a higher degree of capture and increased sensitivity. 

Future aims are to adjust the phage concentration and membrane antibody 

immobilization to determine how capture depends on flow rate capture across a wide 

range of conditions. Another aim is to wash the membrane with the surfactant buffers 

employed in LFAs to investigate how this affects the capture. Through these studies, 

we will be able to further investigate and understand the mechanisms of M13 phage 

capture in porous matrices. To determine which will yield the highest degree of 

capture, we can determine the optimal flow rate, membrane antibody immobilization 

level, and the surfactant buffer formulation. Furthermore, any liquid can be passed 

through the rapid filtration apparatus, so the sample viscosity can be adjusted to 

determine its role in the capture of M13 phage. Various clinically-relevant samples 

can also be passed through the apparatus, such as blood, serum, plasma, saliva, and 

urine, to observe how the sample fluid affects capture. Insights from the rapid 

filtration technique will allow us to develop phage assays with low limits of detection 

and high levels of sensitivity and specificity. 

 Since the kinetics of interaction and capture in matrices occurs on time scales 

below one second, the rapid filtration method will allow us to probe further to 
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understand the capture of analytes and molecules. While the experiments were 

performed using M13 bacteriophage, the rapid filtration apparatus is versatile, 

allowing the use of other reporters or analytes. Future experiments will examine varied 

reporter particles such as phosphors and colloidal-gold particles. These studies will 

characterize the capture of reporters for LFA and vertical flow. This will allow us to 

further understand if slower or faster flow rates or reporter particles alter the degree of 

capture. From delving into capture mechanisms, parameter tuning can be altered for 

assays based on the insights into the behavior of reporter particles in the rapid 

filtration apparatus. 

Due to the porous matrix of the rapid filtration apparatus, multiple reporter 

particles up to 100 µm can be investigated. Capture experiments using this technique 

with various reporter particles will allow a mechanistic understanding of capture in 

porous matrices and how flow rate and particle shape play a role. The technique can 

benefit the LFA field and diagnostic space where porous membranes are used. The 

rapid filtration apparatus also is applicable to chromatography. In chromatographic 

separation, porous substrates are used. The use of immobilized proteins on porous 

substrates for purifying monoclonal antibodies from cell culture supernatants can be 

investigated by how different flow rates affect capture. The insights from capture 

characterization at short-time scales below one second is crucial for our understanding 

of antibody purification. Thus, the rapid filtration apparatus can provide insights for a 

variety of fields where understanding capture is a critical need.  
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