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Currently, available food allergen detection methods are a mixture of cumbersome, time-consuming, complicated, and 

expensive.  Lack of technology for simple allergen detection for food samples could potentially lead to anaphylactic 

shock in the consumer by cross-contamination. There is a need for techniques that is rapid, on-site, cost-effective, 

disposable, highly sensitive, and accurate to identify these molecules urges the development of a point-of-care device. 

The aim of this work was to develop a microfluidic paper-assisted analytical device (μPAD) using hydrophobic 

channels, set by a wax printer on filter paper, and nanomaterials to  identify the allergens arachin (Ara h 1) for peanuts, 

β-lactoglobulin (β LG) for milk, and tropomyosin (Pen a 1) for shrimp and other shellfish presence. Polymer 

Nanoparticles (PnP) and gold nanoparticles (AuNP) were investigated and exploited for the development of assays, 

which could meet the need for rapid onsite detectors. We utilized aptamers as the primary biorecognition element in 

conjugation with their particular interaction with graphene oxide (GO) in their unbound state. The developed μPAD 

used AuNP to create a colorimetric system which has enough sensitivity to detect in the allergens present down to the 

nanogram range (allergens measured from 25 nM – 1000 nM with an LoD of 7.8 nM, 12.4 nM and 6.2 nM for peanut, 

milk and shrimp allergens respectively), in contrast to the microgram range of commonly used enzymatic 

immunoassays. The simple color indicator, varying from uncolored to pink in the presences of allergens allows 

utilization of the readout without the need for highly specific equipment or training. Alternatively, the results can be 

quantified by taking a picture and measuring the color. This presented μPAD can provide results in real time and has 

the potential to become a rapid, low-cost, and accurate portable point-of-care device for people to avoid cross-

reactivity of food-borne allergens. Further investigation into PnP nanomaterial platforms may yield better, cheaper 

alternatives for use with μPADs. 
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1 Introduction 

Food allergy sensitivity is related to an overreaction of an individual’s immunological system 

causing adversely to consumed proteins found in the meal denoted as allergens (aafa, 2017). The 

symptoms an individual experience from an allergic reaction vary from one to another and can 

range from mild to severe. Unfortunately, the causes of allergies are not yet completely understood, 

but the mechanisms are reported and thus allow for precautionary measures to be taken (Smith, 

2013). There is no current cure to allergies thus the allergic reactions are prevented by avoiding 

contact with the food, controlling the symptoms (taking antihistamines, epinephrine) and allergy 

injection therapy  (U.S Department of Health and Human Services and National Center for Health 

Statistics, 2015).  

Federal Drug Administration (FDA) and other governmental bodies have identified eight major 

allergens that affect sensitive individuals which include milk, eggs, fish, crustacean shellfish, tree 

nuts, wheat and soy (Center for Food Safety and Applied Nutrition, 2017). However, significant 

allergens can vary depending on the population and the region of the world thus they are the ones 

considered to evoke a reaction in more than 50% of allergic patients (Kallós et al., 1978). In the 

United States alone, 15 million individuals are sensitive to the various foodborne allergens (FARE, 

2016). To prevent accidental reaction sensitive individuals must rely on manufacturers, 

governmental regulation, and imposing a strict diet on themselves to lower the chance of a response 

due to allergenic material (World Allergy Organization, 2011). In this study, we selected peanut, 

milk, and shellfish allergens due to being the most common food allergens in children in the U.S. 

with an incidence of 25.5%, 21.1%, and 17.2%, respectively. It is essential to mention that out of 

the affected children, a significant minority had reported having a history of a severe reaction and 
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30.4% were allergic to more than one allergen. While lab-based testing methods are available, they 

do not allow those with a allergenic sensitivities to test food stuff for possible contamination onsite, 

leading to possible allergenic response. What is specifically needed are new methods which allow 

users to conduct onsite detection at their discretion. To accomplish this, we will leverage new 

materials and methods, like the use of paper-based microfluidics, polymer nanoparticles, and 

modified gold nanoparticles to create a onsite low cost biosensor for consumer use. 

The advent of paper-based microfluidics, which utilizes the natural capillary action of cellulosic 

substrates to perform rapid diagnostic test, may change this and help bring these Point-of-Care 

testing (POCT) to the masses (Martinez et al., 2010). This new type of diagnostic system provides 

a methodology which can help take microfluidics from the lab to the consumers. The advantages 

paper-based microfluidics include the low cost, ease of manufacturing, the possibility of simple 

multiplexing, small sample/reagent consumption and capability for development of the three 

dimensionally structured diagnostic tool (Martinez et al., 2007). These advantages allow paper-

based devices to deliver on the promises that original lab on chip microfluidic put forward, the 

development of POCT for the entire world. 

For this device, the primary sensing mechanism incorporates the use of aptamer to identify the 

allergenic proteins. Aptamers are short single-stranded DNA or RNA oligonucleotides that have 

the ability of binding to specific molecules showing activity like antibodies. Aptamers thus prove 

to have advantages on detection by antibodies due to: being smaller in size (6-30 kDa or 20-100 

nt), having a high affinity independent from the number of epitopes in the target molecule, 

allowing to identify single point mutation and isomers, detecting a more extensive range of 

molecules, rapid production, low variation between batches, low risk of contamination, long 
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stability, having the ability to be modified, and low to none immunogenicity (BasePair 

Biotechnologies, 2017; Zhou and Rossi, 2016). 

In this research, we describe the work conducted in the development of an onsite detection assay 

for food allergens utilizing advanced materials and methods. We utilize aptamer in conjugation 

with two different classes of materials to work towards a feasible onsite detection method. Our 

first assay procedure utilizes florescent Polymer Nanoparticles (PnP) that are utilized with 

aptamers and the specific properties of graphene oxide to create a competitive assay capable of 

detecting food allergens. A secondary more direct method using aptamers directly conjugating to 

gold nanoparticles (AuNPs) and graphene oxide (GO) is created to develop a functional assay. 

Once a functional and validated assay is developed, a simple paper device to simplify food allergen 

detection will be created.  

Each of these materials (PnP, AuNP, and GO) have been highly exploited for the development of 

POCT in recent years thanks to their fantastic properties and interactions. PnP is a class of 

materials which use the polymerization of polymer chains into spherical morphologies allowing 

utilization of their properties in many new ways. Monomer with specific optical, electrical, and 

chemical properties can be selected, doped, combined, and modified into PnP (Nambiar and Yeow, 

2011). Thanks to these properties and new advancements, such as simplifying synthesis and 

production, more researchers have begun to explore and utilize these materials. In this work, we 

selected polymer MEH PPV as it is a naturally fluorescent molecule with high stability and 

biocompatibility. Thanks to these properties, they make excellent possible reporters. Furthermore, 

it is a highly abundant polymer due to its numerous industrial uses. These properties make it an 

ideal material for research into making inexpensive methodologies for onsite detection. The use of 
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gold nanoparticles (AuNP) was also explored in this work as they are a tested platform for assay 

development thanks to their amazing properties.  AuNPs have optical and electrical properties such 

as their specific and robust surface plasmon resonance absorption and extremely high extinction 

coefficients allowing them to be ideal reporters for target analytes with low-cost equipment or with 

the naked eye (Alves et al., 2016). Furthermore, significant research has been conducted in their 

development, modification, and uses; making them an ideal platform for creating the next 

generation of onsite detection methods. 

Finally, GO can quench fluorophore-labeled bio-recognition molecules, such as labeled 

antibodies, which when in the presence of their target reverse the quenching and re-release their 

fluorescent signal due to Fӧrster resonance energy transfer (FRET) (Lu et al., 2015). It also has 

been shown to interact with a variety of biological molecules such as amino acids, peptides, 

proteins and most importantly for this application single-stranded DNA (Li et al., 2014, 2012). It 

has shown that single-stranded DNA has a unique adsorption interaction with GO due to π-π 

stacking thanks to the ssDNA aptamers bound to them. In contrast, double-stranded DNA or highly 

structure molecules of DNA do not show the formation of pi-pi interaction with GO, as their 

complex-rigid structure prevents the pi-pi interaction from occurring with GO (Li et al., 2014). By 

utilizing the interaction of single-stranded DNA aptamers with either fluorescent (PnP) or 

colorimetric (AuNP) labels and GO, it is possible to create a methodology capable of detecting 

food allergens. Finally, combining this with a simple paper-based device, it allows for the 

possibility of a simple, fast, and quantifiable onsite assessment of allergen concentration in food 

products.  
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2 Objectives 

There are three main objectives of this work which work to introduce a validated and tested onsite 

detector for food allergens. The first objective is the synthetization and characterization of 

functional nanomaterial platforms, utilized for the allergen detection process. Next, optimization 

of the nanomaterial platforms for the specific purpose of food allergen detection. Finally, we will 

validate a functional methodology for its capability of food allergen detection, explicitly focusing 

on sensitivity and selectivity, while creating a paper-based mechanism for the onsite testing 

application.   
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3 Literature Review  

3.1 Background 

Food safety is an issue which affects the world as a whole and will be a continued to be a top 

priority as our population exceeds 8 billion by 2020 (United Nations Department of Economic and 

Social Affairs, 2015). According to the World Health Organization (WHO), 600 million cases of 

foodborne illness due to pathogens, toxins, and chemicals had occurred worldwide in 2010 alone. 

Though food safety is a global concern, many of these cases are predominantly found in the 

developing world were 1/3 of these cases are related to those under the age of 5. Inadequate food 

safety resulted in the global estimated deaths of 420 000 individuals (World Health Organization 

(WHO), 2015). As stated, many of these food safety incidences are found in the developing world; 

however CDC estimates state that 1 in 6 (46 million) Americans were affected in 2015. Leading 

to 128,000 hospitalizations and upwards of 3000 deaths (Scallan et al., 2011). Food security is a 

global responsibility and affects everyone, irrespective of socioeconomic status. Ensuring food 

safety around the world requires an increase in regulations, leading to further burden on producers 

as the population increases. 

The cost of foodborne illness is immense, taking lives and costing hundreds of millions in 

treatment and lost productivity (Food and Agriculture Organization of the United Nations, 2017; 

World Health Organization (WHO), 2015). A Majority of food contamination cases around the 

world (an estimated 550 million) are caused by diarrheal diseases (Norovirus, Campylobacter spp., 

hepatitis A virus, helminth Ascaris spp. and Salmonella) and other bacteria, parasites, and viruses 

(Food and Agriculture Organization of the United Nations, 2017; Scallan et al., 2011; World 

Health Organization (WHO), 2015). The other component of food contaminated related illness are 
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caused by allergens, biotoxins, heavy metals, pesticide residue and other biological/chemical 

contaminants introduced during the production, manufacturing, and transport of foodstuffs (Busa 

et al., 2016; Kantiani et al., 2010). In the case of developing nations, this loss in productivity and 

increased burden on the health care system can lead to further impoverishment and decrease quality 

of life (Food and Agriculture Organization of the United Nations, 2017; World Health 

Organization (WHO), 2015).  Furthermore, the loss of food security will also cause significantly 

more economic harm over time; consumers trust food producers less, which results in decreasing 

sales and increasing costs (Hussain and Dawson, 2013). These effects eventually lead to an 

inflation of food products costs and further difficulty in securing a stable and clean supply of food. 

In conjunction with our ability for global trade, these contaminate can have a worldwide impact 

on all of humanity. Due to all the above factors, food and beverage contaminants are one of the 

most significant concerns for the global community.  

To help ensure our food security numerous laboratory assays have been developed to detect these 

contaminants which utilize either nucleic (PCR), immunoassay (Enzymatic, ELISA), 

chromatography (HPLC, GC), gel electrophoresis or bench top spectroscopy methodologies 

(Dzantiev et al., 2014; Gámiz-Gracia et al., 2005; Sinha et al., 2010; Taylor et al., 2006; Wang et 

al., 2017). However, to utilize them causes a delay of hours to weeks depending on the nation 

(McNerney, 2015). Therefore, centralized laboratories are less than ideal for quick detection and 

prevention of food contamination borne illness.  

As all individuals have the fundamental right to access to clean and uncontained food and water, 

there is a significant necessity and requirement for rapid testing methodologies to reduce the 

prevalence of contaminant-induced illness (United Nations, 1948). The need for diagnostic 
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methodologies that can prevent delay and inform consumers of contamination immediately is 

required, regardless of any economic or social restriction. The WHO has developed guidelines for 

such systems and can be summarized by the acronym ASSURED (affordable, sensitive, specific, 

user-friendly, rapid and robust, equipment-free and delivered to those in need) (Pai et al., 2012). 

This acronym mainly describes the needs and requirements for the development of Point of Care 

Testing (POCT) devices, which are cheap and allow producers and consumers to gain relevant 

information and make informed decisions. 

As we all, regardless of our socioeconomic status, have the right to safe and secure food and 

beverage the development and deployment of such technologies is necessary (United Nations, 

1948; World Health Organization (WHO), 2015).  A variety of POCT testing devices have been 

developed for just this purpose, they utilize many electrical, chemical, and optical properties to 

provide onsite results for food contamination. Currently using these different methodologies, 

several commercially available POCT devices are on the market. Much of these systems utilize 

Lateral Flow, Dipstick, and electrochemical or Microfluidics systems to detect clinically relevant 

levels of contamination in food. However, in terms of the ASSURED criteria, the newer 

technology of paper-based microfluidics is leading the path towards the pragmatic deployment of 

biosensors for food and beverage safety at both the consumer and producer level. 

 Specific Background on Food Allergens  

Food allergens are commonly proteins found naturally as a component of foodstuff that causes an 

unwanted immune response of varying effects. The immune system creates specific antibodies and 

when found cause mast cells to interact through IgE and IgG dependent pathways. While we have 

yet to fully ascertain the cause of sensitivity to these normally innocuous proteins found in food 
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products, their structure, specifically the structure of the epitope sites lead to the interaction with 

the body’s immune system causing the response. Each year the frequency of individuals who are 

sensitive to foodborne allergies increases (World Allergy Organization, 2011). It is estimated that 

at least 220 million individuals are clinically sensitive to different food-related allergens, causing 

a significant loss in quality of life (World Allergy Organization, 2011). Food allergies themselves 

are the result of an immune response caused by the ingestion or contact of certain food products. 

The effect of an allergic reaction can vary between slight discomfort to anaphylactic shock leading 

to death. As allergies are becoming increasingly prevalent in both adults and children, it has 

become a significant health concern (FARE, 2017a; World Allergy Organization, 2011). The 

primary food allergens which impose a significant danger as they are most common are peanuts, 

tree nuts, milk, eggs, wheat, soy, fish, and shellfish (FARE, 2017a; World Allergy Organization, 

2011). To limit the effect of this contamination suffering individuals, impose strict diets on 

themselves; this is in conjugation with increasing regulations for food producers to reduce the 

possibility of accidental exposure. With such a substantial prevalence and range of impacts, food 

allergens have become a significant public health concern.  

The eight significant groups contribute the most considerable number of hospitalizations of the 

30,000 cases reported each year in the USA (FARE, 2017b). Though the frequency of sensitivity 

of each allergen varies region by region, these eight main groups are the most common and 

prevalent in both adult and children populations (Prescott et al., 2013; World Allergy Organization, 

2011). In the case of allergens, an individual’s sensitivity is highly variable as well as the response. 

The developed laws and regulation for detection of allergenic proteins are therefore limited in 

global acceptance (Center for Food Safety and Applied Nutrition, 2016). Though this is the case 
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laws requiring the labeling of any possible contact with allergenic proteins and significantly more 

stringent regulation on the production of food products to prevent accidental cross-contamination 

(World Allergy Organization, 2011). This combination has significantly reduced the frequency of 

hospitalization in nations like the USA, regardless of their increasing prevalence within the 

population (FARE, 2017b).  However, in places with laxer restrictions and less governmental 

control over food quality, these are not available to suffering individuals. The result is a highly 

strict diet or the use of expensive adrenaline injections and frequent hospital visits. 

3.2 Current Laboratory Methods 

To test for allergenic material in food numerous assays have been developed to detect these 

contaminants which utilize either radioallergosorbent (RAST /EAST) tests, nucleic (PCR), 

immunoassay (Enzymatic, ELISA), chromatography (HPLC, GC), or gel electrophoresis 

(Dzantiev et al., 2014; Gámiz-Gracia et al., 2005; Sinha et al., 2010; Taylor et al., 2006; Wang et 

al., 2017). Though they are highly sensitive, these systems require significant infrastructure and 

expertise to utilize. They also are significantly time-consuming and require the use of expensive 

systems and reagents. While they may not be a concern in most developed countries where such 

infrastructure is in place, but places were food and beverage safety are most compromised, such 

luxuries often do not exist. Furthermore, even with the availability of such locations, samples 

would require shipping to these centralized laboratories. The delay creates unnecessary uncertainty 

and slows the response to the spread of infectious disease or dangerous contamination which in 

turn limits food safety and deteriorates public health (Martinez et al., 2010; Pai et al., 2012). The 

cost of delayed reaction to food and beverage contamination can lead to tremendous losses in 

productivity and cause a significant loss in an entire community’s quality of life. Even with our 
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rapid global urbanization as a civilization, 52% of the developing world population still exist with 

rural areas which have limited access to infrastructure (United Nations Department of Economic 

and Social Affairs, 2014). As such centralized laboratories, although available, would be less than 

ideal for quick detection and prevention of food contamination borne illness like allergens in these 

impoverished communities. Even in more developed nations the cost of delayed reaction to food 

and beverage contamination can lead to tremendous losses in productivity and cause a significant 

loss in an entire community’s quality of life. Lastly, in either developed or developing nations they 

will cause an increase in preventable burden on the health care systems. 

The outlier of the above methods discussed are the immunoassay, as in comparison to other 

methods, is cheap and relatively easy to use. Therefore, they have taken a leading role in the 

detection of food allergens in the food production industry. The enzyme-linked immunosorbent 

assay (ELISA) immunoassays are the most employed methods as they have been heavily designed 

and researched in the past 30 years. In general, there are four main types of ELISA used for the 

detection of proteins which focus on the utilization of biomarkers for the detection of the specific 

analyte: Direct, Indirect, Sandwich, and Competitive. While these will be further explained, Figure 

1 below shows the general principles and methodologies utilized by each of the methods.  
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Figure 1: Types of ELISA and their general principles and methodologies. A) Direct, B) Indirect, C) 

Sandwich, D) Competitive ELISA methods (Aydin, 2015) and best viewed in color 
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ELISA are standard because of their use of biomarkers (biologic identifiers specific to the analyte) 

which can precisely identify the wanted analyte. Other methods like HPLC use far more 

complicated spectral analysis of the entire product and use complex processing to differentiate 

compounds based on bonds, energy excitation levels, or energy phase shifts (van Hengel, 2007). 

In contrast, ELISA methods include methods to help isolate the analyte of interest and in more 

advanced methods, add labels to make their detection easier. Immunoassays like ELISA use 

antibodies, antigens or other bio-receptors tagged with designed enzymes anchored to plate walls 

using their specific antigens. These enzymes have been targeted to the analyte to isolate and collect 

them for measurement. When the analyte is added, it interacts with the enzymes causing a reaction 

to occur. Using optical, colorimetric, electrochemical, or other known methods we can identify the 

amount of analyte from this reaction after stopping it at a set time. Using the natural biomarkers 

found on the analyte, we can identify them without the need for systems like HPLC in mixed 

media. This is called Direct ELISA, by immobilizing the bio-receptors (like aptamers, affinity 

proteins, and antibodies) to the walls of the plate well, we can hold onto the wanted analyte and 

use washing steps to remove everything else (Aydin, 2015). Resulting in the collection of the 

analyte of interest in which other methods can then be utilized to detect concentration like gel 

electrophoresis, but without the intricate and highly expensive isolation steps (Bülbül et al., 2015). 

Alteration to this simple method is to add another bio-receptor with an enzyme acts as the primary 

indicator of the amount of the analyte instead. This is an indirect ELISA as the enzyme’s substrate 

is added, often causing a colorimetric reaction to occur. Often the change in color or intensity of 

the produced color can be directly attributed to the amount of analyte found in the substance 

(Aydin, 2015).  
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Recently, more advanced, innovated, and complicated ELISA have also been developed to make 

the detection of analyte simpler and less resource intensive. Sandwich ELISA utilize complex 

bioreceptors (like antibodies) as well but directly immobilize them to the walls of the plate so that 

they cannot be washed away. When the analyte is added in incubates onto the first antibody, a 

secondary antibody with a label (sometimes for cells a developed antigen as well) is added. This 

label can be an enzymatic, fluorescent, electrochemically active species, or chemiluminescent and 

allows for the detection of the analyte based on the concentration or reaction caused by this 

secondary labeled bio-receptor. Last of the primary methods is a Competitive ELISA which 

utilized a combination reaction to see what the constituents of the reaction are real time. Two bio-

recognition molecules are immobilized onto the surface of the plate, one of which has a weak label 

which will react or be measured later. The enzyme tagged bio-recognition molecule and sample 

are added together and the reaction can proceed. If the analyte of interest is present than the 

secondary tagged bio-recognition element will exist and when measured show higher output 

(based on the tags reaction type) than the one on the other primary antibody. Vice versa is there is 

no analyte of interest than the ratio of outputs will change, allowing quantification or qualification 

of the output (Aydin, 2015). These are the main types of ELISA, and because of how simple they 

are in comparison to other available methods, in terms of processing and final result output, they 

have essentially become the golden standard for this industry. Furthermore, as it will be discussed 

later, immunoassay ELISA methodologies have been widely utilized in new Point of Care testing 

methods, that have begun to pave the way to solving the issue this format currently has. These 

shortfalls will be discussed and further explained below. 
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First and foremost, ELISA while the best of the laboratory methods, is still a laboratory method 

which requires time, expertise, and equipment. For some reactions, the needed amounts of reagents 

to be added need sub µL level precision to ensure accurate output. Furthermore as seen in the 

diagrams of Figure 1 there are often many steps, each of which can be compromised during the 

process and cause a significant shift in the results (Wong and Tse, 2009). Furthermore, these test 

use reagents in significant excess because the frequent use of laboratory plates (96 well plates) has 

been integrated into the underlying methodology, making high-level optimization difficult. The 

biggest issue which prevents the usage of these systems by users and consumer has always been 

the time and number of steps they take to process and obtain results. Because of this, the current 

batch testing method is used and the consumer cannot get products which can help them when they 

are unsure. Making the ELISA system more straightforward and more efficient will further reduce 

cost and allow for more consistent testing to occur. To accomplish this, researchers are currently 

looking into the development of specialized devices which simplifies the assay steps and allow 

any user to conduct these test as needed. Specifically, the development of Point of Care systems 

which meet the criteria of being cheap, easy to use, and accurate have become increasingly 

researched.  

 Current Point of Care Testing (POCT) Methodologies 

POCT has been on ever-increasing interest as more emphasis is put on fast, accurate, and available 

health care support programs. From a consumer’s perspective, they are the solution to current 

problems with our health care system. They can conduct on-site detection for ailments of interest 

rapidly and accurately. For health care providers, they provide focused methodologies which can 

be used in direct conjunction with differential diagnosis for rapid analysis. Removing the need for 
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broadband detection methods and screens which require highly sophisticated laboratories and 

trained personnel. Making healthcare more efficient and cost-effective (Mahato et al., 2017). 

While this has been the directive of many health care providers, the increasing population and 

movement of societies standards for service have begun to show the current limitation with our 

available methods. The new focus is on personalized health care solutions, which works with 

differential diagnosis to provide individually focused care. This shift in the focus of health care 

providers has mostly occurred because of the shift from clinical diagnostics to the realm of the 

bio-molecular (Sharma et al., 2015). Specifically, the use of Biomarkers which are used to detect 

and predicted illness in a quantifiable and reliable method, have made it possible to create POCT 

devices.  Using biomarker detection for the development of POCT, healthcare can be made more 

accessible and at the same time lessen cost (Sharma et al., 2015; Yetisen et al., 2013).  Due to the 

above issues, we will see a overtake of the large and expensive instruments and methodologies 

with the development of bench-top or handheld devices that will soon be tried and tested enough 

to make it to market (Yetisen et al., 2013). 

3.3 Paper-Based Microfluidics (µPADs) 

 Brief Description 

In 2007 a paper published by the Whiteside group showed the positive benefits of using simple 

paper as a substrate for microfluidics. Though they are similar to previously discussed lateral flow 

assays (LFA), there is no need for the use of nitrocellulose; it instead uses natural cellulose, 

hydrophobic barriers and the average porosity of paper cellulose to conduct microfluidic assays 

(Martinez et al., 2010). While the paper itself has been in use across laboratories for analytical 

purposes well before and into the 20th century. The recent highlight of its capabilities has helped 
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raise it as a star for diagnostic tools that are globally accessible (Martinez et al., 2007). Paper is 

readily compatible with biological samples and as a base material allows developed devices to be 

cheap and easily disposable (Luckham et al., 2010). Looking at paper as a substrate, in the 

perspective of microfluidics, its critical properties such as surface chemistry, optical properties, 

and porosity make it ideal for self-conducting assays (Costa et al., 2014; Pelton, 2009). The surface 

chemistry of paper and porosity allow for immobilization of molecules (antibodies, proteins, 

nanoparticles) and its porosity allows for movement of reagents and analyte by wicking (Pelton, 

2009). As cellulose is a highly abundant and well-studied molecule, many optical and chemical 

properties of paper have been significantly well defined (Costa et al., 2014; Fardim et al., 2005; 

Pelton, 2009; Roberts, 1996). This significant research, in conjunction with cellulose base 

materials easy chemical modification for new functional groups, allows paper to stand on the 

forefront for the development of new POCT diagnostics for the world. 

The chemical properties of paper are defined by the cellulosic fibers that are pressed together, 

which are commonly attained from wood or cotton (Yetisen et al., 2013). The most used type of 

cellulose is from sources like wood and cotton, which are used primarily to create either printer 

paper or analytical grade filters and chromatography paper (Pelton, 2009). For diagnostic 

applications, cotton based paper substrates are superior as they do not contain lignin, which causes 

discoloration and eventual self-destruction of the paper (Roberts, 1996). The critical properties of 

paper as discussed by Zhong et al. are related to the surface chemistry, surface area, capillary flow 

rate, pore size, thickness and porosity of the specific type of cellulose-based paper substrate. The 

choice of the paper type, and by extension, its characteristics, is based on the analytical and 

diagnostic needs of the assay (Zhong et al., 2012).  
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To summarize the effect of these parameters, Table 1 below has been provided.  

Table 1: Properties of paper with a summary of the known effect and the relation to paper-based 

microfluidics 

Paper Property Description of effect 

Surface 

Chemistry 

 

The source of the cellulose, as well as any modification, will alter characteristics such as 

surface tension, adhesion, and molecular compatibility of the paper (Roberts, 1996). 

Nitrocellulose, which is commonly used in LFT, is esterification of the cellulose fibers with 

nitric acid.  The resultant paper substrate is hydrophobic and does not wet during assays (Costa 

et al., 2014). The fibers do not swell like natural cellulose during interaction with water and 

keep consistent pore size during the assay (Pelton, 2009; Yetisen et al., 2013). Often to improve 

assay times in nitrocellulose the addition of surfactants need to be incorporated during 

manufacturing to help increase the wetting ability of the substrate, increasing the complexity 

and cost of the POC device (Costa et al., 2014). In comparison to untreated cellulose, 

unmodified nitrocellulose has high surface tension and roughness (increasing hydrophobicity) 

decrease immobilization of biomolecules, which make it less desirable for assays. 

 

Porosity and 

pore size  

 

Studies have shown that porosity significantly impacts a substrates ability to create hydrophilic 

channels. Naturally, the pore size will dictate what particulate size can be moved through the 

substrate to testing or mixing zones. The porosity, however, can also limit the ability of an 

assay as the cellulose matrix can swell, which restricts the capillary flow (Zhong et al., 2012). 

The pore size and average distribution will generally affect the capillary rate of a substrate if 

thickness and distribution are unchanging.  

 

Surface Area  

The available surface area of a substrate is defined with the inclusion of the pore found within 

the substrate area. Specifically, the structure will define the maximum area available for 

biosensors to attach to the cellulose matrix. The formula Γ can define this relationship.σ, where 

Γ is the maximum density of the immobilized sensor. σ is the specific surface area of the paper 

structure accessible to the biosensor and is defined by some relationship with the basis weight 

(mass of dry paper (bw)) of a specific type of paper. For instance, glassine, a non-porous 

cellulose matrix, has a specific surface area of σ = 2/bw. Γ is the maximum possible biosensor 

content within a polymer and is typically between 0.1-1 mg/m2. The effective surface area will 

dictate a reagent or sensors content within a specific area (Pelton, 2009). This will, in turn, 
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affect the sensitivity and reproducibility of a paper-based device as even dispersion and 

concentration of the biosensor will occur. 

 

Capillary Flow 

Rate 

 

The flow rate of liquid, either analyte or reagent, is an essential parameter for diagnostic testing. 

The flow rate is effected by many of the above-described parameters, such as the porosity and 

chemical properties, but can be altered by both physical and chemical modification (Y. Xu et 

al., 2014). Furthermore, the effective concentration of analyte present in a sample is inversely 

proportional to the square of the change in flow rate (Yetisen et al., 2013). This means that a 

paper-based devices consistency and sensitivity of detection is related to the substrates intrinsic 

flow rate. It is also important to note that some assay steps require time for conjugation or 

reactivity. Recently paper-based ELISA kits have been developed and use 3D construction 

techniques to control the analyte flow during key steps (Murdock et al., 2013).  Other 

techniques which modify the paper substrate like plasma etching process described by Xu et 

al., can tune the capillary rate of the assay in localized regions (Y. Xu et al., 2014).   

Paper Thickness  

Paper thickness is another physical aspect of the substrate, including the tensile strength, signal 

visibility, and bed volume. Bed volume is related to the dimensions of the substrate and the 

porosity, which gives the total volume. In paper-based microfluidics, the bed volume capability 

of a substrate is an essential characteristic as it determines the amount of a sample which can 

be absorbed and therefore transferred through the assay. In comparison to LFA, they utilize an 

absorbent pad to help mitigate this. In natural cellulose-based material, this is not necessary as 

the paper itself can be the absorbent pad initially (Lisowski and Zarzycki, 2013). Reagents or 

samples will disperse in a higher area on thinner paper, as there is less downward area to 

absorbed into. This allows for a higher concentration in the specified localized regions and 

promotes greater sensitivities (Yetisen et al., 2013). This is because it will increase the 

likelihood of interaction between the immobilized biosensor and analyte. 

The thickness also affects the signal intensity as the concentration of biosensors will be more 

three-dimensionally dispersed within the structure. If the reaction of the biosensor with an 

analyte is deep within the structure than it would be far more challenging to see the response 

due to the interfaces of the substrate. Having paper that is too thick and distributes reagents 

and biosensor to deep will cause a loss in the sensitivity   

To utilize these characteristics, many designs and methodologies have been developed to increase 

the efficiency of the sensing reaction. This goal has led to the development of reagent confining 

and sample flow control methodologies. For example, in Lateral Flow test strips the usage of glass 

fiber, polyesters and rayon are used for to facilitate fluid transfer and acts as a region for 

conjugation with the first step of the sensing mechanism. The next region is made of nitrocellulose, 
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which has an extreme ability for immobilization of biological molecules, and is where the flowing 

sample-conjugation is retained to inform the individual of the result (Yetisen et al., 2013). A 

breakdown of a common LFA and explanation of each component can be found in Figure 2 and 

Table 2 below: 

 

Figure 2: Breakdown of a standard commercial LFA device used for environmental, medical, and food 

testing. Adapted from Yetisen et al., 2013. 

 

Table 2: Breakdown of common LFA device components and usage (Koczula and Gallotta, 2016) 

Component Material Function 

Sample Pad Commonly made of either one or a 

combination of the following: cotton, 

rayon or glass fiber 

As this is where the sample is added to start the assay, 

it sometimes contains pH buffer, pretreatment reagents 

and surfactants  

Conjugation 

Pad 

Commonly made of either one or a 

combination of the following: glass 

fibers, polyester or rayon 

This is where the analyte and the biorecognition 

component first have a chance to interact and conjugate 

with each other  
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Reactionary 

Pad 

Commonly made of either one or a 

combination of the following: 

Nitrocellulose or nylon 

This area of the LFA is where the conjugated sample 

bind to the immobilized secondary biorecognition 

element. By doing so, the band will become apparent 

in the test and control region of the reactionary pad 

giving the assay output. 

Absorbent Pad  Normally made of cotton This is the final area for where all the excess liquid 

flows into and acts as a sponge to allow the assay to 

flow until completion. 

 

In paper-based microfluidics however only cellulose is utilized which has led to the development 

of methods which control sample flow, reagents depositions and assay methodologies by either 

chemical/physical treatments or the development of barriers (Cate et al., 2015; Costa et al., 2014; 

Yetisen et al., 2013). By controlling these characteristics with new designs and methodologies, we 

can create an efficient system which utilizes small quantities of samples and reagents to produce 

powerful results. Below a snapshot into standard methodologies used with paper-based 

microfluidics for specific and sensitive detection has been brought together. Lastly, thanks to 

paper’s structure and natural bio/chemical-compatibility, it can be utilized with a variety of 

materials. 

 Design Methodologies 

As the technology has progressed the fabrication methods of paper-based microfluidics has also 

evolved to allow for both more complicated designs and rapid construction. The earliest forms 

were commonly just cut paper that was treated with reagents, like a litmus test for pH (Costa et 

al., 2014; Lisowski and Zarzycki, 2013). While the most appropriate technique in some cases, this 

was not enough to truly bring large scale analytical tests and assays to the masses in a cheap and 

available solution. To meet the needs of more complex assays, many different design and 
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manufacturing methodologies have been developed to expand the functionality of paper-based 

devices (Yetisen et al., 2013). These new methodologies unlock the potential of paper-based 

systems through the integration of new materials or simple 3-dimensional manipulation of the 

substrate in an origami-like style. Based on a broad review of available articles, the most common 

methods of paper-based microfluidic fabrication are discussed below.  

Along with cutting and treating the paper with reagents, one of the most common original methods 

was derived from regular lab on chip microfluidics, photolithography (Cate et al., 2015). The zones 

of interest or testing are developed by patterning the paper substrate into hydrophilic zones (which 

enable capillary fluid transport of analyte) and hydrophobic zones (which prevent said action). 

This process were similar to those conducted for the development of regular PDMS based 

microfluidic chips, utilizing SU based photoresist to pattern in these zones on paper substrate 

(Martinez et al., 2007). The photoresist is cured with the use of a UV lamp in which a pattern is 

inlaid by a mask which can resist UV creating hydrophilic and hydrophobic zones. This method is 

simple, requiring only a UV lamp and hot plate, and highly effective in creating defined regions. 

While convenient, SU type photoresist is understood to have significant environmental impacts, 

so more friendly and cheap alternatives like Polyvinyl cinnamate-based photoresist have been 

explored and used. Furthermore, utilizing this photoresist was found to be very suitable for 

implementation in less structured cellulosic materials like clothing by the authors (Li et al., 2018).  

The technology has also been advanced with methodologies which used the coupling of 

hydrophobic silane to paper fibers with the application of UV. This is done thanks to the self-

assembly of Alkylsilane in the paper structure, when exposed to UV, these hydrophobic region 
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change to highly hydrophilic allowing the development of microfluidic channels and zones (He et 

al., 2013).  

Another common paper-based microfluidic fabrication technique was the usage of wax to create 

patterned hydro-phobic/phillic regions and channels. This was considered one of the next steps in 

paper-based microfluidic fabrication techniques in comparison to photoresist methods, as it has a 

lower potential for background reactivity(Martinez et al., 2010). Other than the benefit of reducing 

background reactivity or modification of the paper, wax patterning of microfluidic devices is 

inexpensive, rapid, has no requirement for solvents and is a straightforward process (printing and 

baking) (Zhong et al., 2012). Thanks to these properties, paper has taken a significant role in 

manufacturing and prototyping of paper-based devices. Based on a simple review, wax patterning 

has been utilized in the development of paper devices for biomedical, pharmaceutical and 

environmental testing (Marques et al., 2015; Mohammadi et al., 2015; Santhiago et al., 2014; Seok 

et al., 2017). The usage of wax has evolved as well with new faster methods of creating barriers. 

Originally wax stamping or liquid wax drawing was used to create design and zone for paper-

based devices (Carrilho et al., 2009). Now even more rapid methods such as inject like printing 

(Noh and Phillips, 2010) and wax screen printing (Cate et al., 2015) have been developed which 

truly enable mass manufacturing of these devices. Wax inject like printing has been developed to 

the point where commercially available units like the XEROX ColorCubetm Series can be 

purchased. These printers use common inject technology to print wax in the wanted design; then 

the paper is baked at 150 0C for 5 minutes to allow the wax to melt into the porous structure of the 

paper to make hydrophobic barriers. The process and limits of this technology have been pushed 

to the point were consistent sub-microliter manipulations of sample volumes has been conducted 
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(Tenda et al., 2016). To increase the prototyping ability of this technology the implementation of 

wax pen-like devices which allow the quick design of new devices for testing while maintaining 

substantial hydrophobic barriers (Zhong et al., 2012).  

A complementary technology of wax printing is the usage of commercially available printers to 

create one step deposition of device design and associated reagents. These are some of the first 

methods researched to allow larger scale manufacturing of paper-based devices (Su et al., 2016; 

Yamada et al., 2015). Using the inkjet printers, it is possible to deposit biological molecules and 

other testing regents on to the device. We can at the same time use these mechanisms to produce 

hydrophobic barriers that allow us to direct and channel flow, shortening the time of manufacturing 

of each device. One of the earliest examples of inkjet printing utilizes photoresist-soaked paper 

(polystyrene solution (1.0 wt % in toluene)) which when exposed to specialized inks to re-enable 

the hydrophilic nature of the paper. The paper which is hydrophobic thanks to the polystyrene 

solution has channels etched in with the usage of a highly concentrated toluene ink from the inject 

printer. This allows the precise placement and design of channels and sensing zones, limited only 

by the possible resolution of the commercial grade inkjet printer (Yamada et al., 2015). One of the 

downfalls with this technique is related to the major issues found with the usage of photoresist, the 

need for specialized methods and equipment. The toluene required special cartridges as standard 

plastic would degrade. The final step also requires the usage of organic solvent to develop the 

features and remove any possible background activity or extraneous reaction, which can take place 

due to the volatile chemicals. A secondary disadvantage related to this is that the entire printing 

process could not contain deposition of reagents as the subsequent exposers to harsh chemicals 

limit what can be deposited before the final setting step. Other UV curable inks have been 
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researched which allow for an inkjet printer to directly establish the hydrophobic and hydrophilic 

regions instead etching away hydrophobic area’s with solvents to return its hydrophilic nature 

(Ghaderinezhad et al., 2017). These allow for more control and less modification to the paper 

surface, leaving it pristine for the sensing elements. However, an issue with this is that a UV light 

and drying time are required, which once again prevent single step printing of an entire paper-

based POCT testing device. While not as relevant to most chemical-based methods, the usage of 

UV light will cause unpredictable damage to most biomolecules. This is a limitation to what assays 

can be one step printed onto the device and the simplicity of the methodology. 

To achieve the goal of a rapid, cheap, and accurate methodology, inks which do not require UV 

hardening or harsh solvents and solutions; several inks and compounds have been researched and 

used. Some of the most common of other compound are inks made of alkyl ketene dimer 

(AKD), silicone sol-gel, and aqueous fluoroacrylic copolymer dispersion (Yamada et al., 2015). It 

has been noted that of these developed inks, ADK is the most common as it has a history as a 

sizing agent for paper (Yamada et al., 2015). Using it in an inkjet printer is relatively simple as it 

is a self-starting reaction with a reduced reactivity, allowing for specific and detail design and 

patterning. The ADK reacts with cellulosic hydroxy groups by an esterification reaction (Lam et 

al., 2017). The result of this is a region of paper which becomes high hydrophobic, while the 

untreated zone retains their natural hydrophilic properties. Furthermore, excess ADK is quickly 

evaporated which allows for fast drying (<10 minutes) (Lam et al., 2017; Yamada et al., 2015).  

As stated above a significant advantage of inkjet printing is the research which has been conducted 

for the deposition of assay reagents while printing the design of the paper-based device. Often a 

major step which prevents the realization of revolutionary technology is the time it takes to 
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manufacture complex new systems and methodologies. An example of such an issue is the highly 

scientifically successful lab-on-chip technologies which have been extensively researched but 

generally have not made a significant splash into commercialized systems and technologies 

(Yetisen et al., 2013). The main contribution to this is the need for more considerable research in 

manufacturing methods and the ancillary technologies (pumps and power supplies) required for 

the function of a vast majority of lab-on-chip technology (Mohammed et al., 2015). Utilizing pre-

established technologies and no requirement for pumps, paper-based microfluidics has a 

significant advantage in overcoming these issues. Furthermore, the ability to disperse reagents and 

biomolecules while patterning the paper substrate with well-developed and available inkjet 

technology will play a significant role in moving the technology and methods from the research 

bench to commercial success. For example, Hossain et al. used specially designed silica sol-gel 

inks with entrapped enzymes for the development of an aflatoxin/paraoxon colorimetric sensor. 

The inkjet cartages have the specialized inks added and while the device is being printed the 

reagent are also added to the necessary sensing zones completing the test strip in one step. The 

paper-based testing devices were manufactured entirely by the printer with modified inks and 

could detect down to 30 nM of toxins when utilized with a simple color level algorithm (Hossain 

et al., 2009b). This group also has used this technology in a variety of other assay configuration, 

detecting pesticides, and pathogens at the nano-molar level (Hossain et al., 2012, 2009a). Other 

compatible inks which integrate functionalized nanoparticles, carbon nanorods, and other 

biological molecules (enzymes and antibodies) have been derived (Yamada et al., 2015).  

The above are the main most common methods utilizes in the development of paper-based 

microfluidic devices. However many others have been explored from utilizing screen printing 
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methods to create paper-based electrodes of varying materials (gold, silver, graphene) (Nie et al., 

2010b; Silveira et al., 2016), mass manufacturing flexographic printing (Olkkonen et al., 2010) 

and more advanced methods like using laser and plasma techniques pattern paper (Xia et al., 2016). 

These many different fabrication methods have made paper-based microfluidics more available 

for development by researchers. Furthermore, many of these techniques can be utilized instead of 

others, offering benefits and tradeoffs, meaning the most appropriate based on external factors can 

be chosen. For example, photolithography is the most archaic but produces small diameter 

channels very consistently. For a researcher with microfluidic facilities to develop PDMS / silicon 

lab-on-chips, it is possible to switch over to developing paper-based technologies if the assay is 

more appropriate on such a platform easily. The device design and components using this 

technique can then be easily transferred to a more cost-effective, appropriate, or advanced method. 

With conventional fabrication methods reviewed, we will now consider what methodologies are 

possible on a paper-based microfluidic chip. 

 Paper-Based Microfluidics Bio-Detection Molecules 

While it is often that antibodies are used as primary bio-recognition elements, they have significant 

drawbacks which can limit their applicability in PoC systems. As stated previously as proteins, 

they have specific environmental concerns which can affect the function or worse be damaged and 

prevent functions. In recent years newer sensitive and specific bio-recognition molecules called 

aptamers have been designed. Briefly, aptamers are short single-stranded DNA or RNA 

oligonucleotides that have the ability of binding to specific molecules showing activity like 

antibodies. Aptamers are structured as complementary base pairs that allow a stable secondary 

structure to form a rigid functional structure to bind with their target molecule. Because of these 
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properties, aptamers have been developed to identify metal ions, small organic molecules, 

peptides, proteins, viruses, bacteria, and whole cells (Keefe et al., 2010). Furthermore, they can be 

used in biosensors with a higher density than antibodies and have been proven to be reusable 

without changes in specificity or sensitivity (Lakhin et al., 2013). Lastly,  this specific researcher 

is their capability to bind and unbind to florescent quenching 2D material like graphene and 

graphene oxide (Weng and Neethirajan, 2017a).  

 Sensory Methods Utilized on Paper-Based Microfluidic Sensors 

3.3.4.1 Colorimetric 

Most of the paper-based devices found are mostly an adaptation of current LFA and thin 

chromatography assays brought into the realm of paper only microfluidics. These are assays which 

utilize dyes which are molecular, enzymes, or nanoparticles based to show the presence of the 

specified analyte (Adkins et al., 2017). For paper-based microfluidics patterned design allows us 

to control and modulate the flow as we want directly. So, we can direct a single addition of a 

sample to multiple different regions with stored reagents, creating detection zones. This is the 

primary advantage of paper-based microfluidics in comparison to common LFA or thin 

chromatography assays. The reagents that have been added to the detection zones can be 

enzymatic, acid-base indicators, or dyes (organic and nano-particle based). The primary principle 

of colorimetric analysis is visual change caused by a change in color in the zone of interest (Cate 

et al., 2015). A common type of colorimetric assay is a modified sandwich-based ELISA which 

uses immobilized antibodies first to capture immobilize an analyte of interest. Then a 

complementary secondary antibody (or any other type of recognition elements like aptamers) 

which is tied with an organic dye, tagged to a nanoparticle or has a reaction catalyst (enzyme) 
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attached to facilitate further future reactions is then allowed to diffuse across the region of 

detection. The complementary antibodies interact with the analyte, that has been immobilized in 

this specific region, causing a buildup of the secondary reagent. This either directly produces a 

visible change in color or will cause one when the addition of a tertiary reagent is added to the 

detection zone. An example of this is the paper-based ELISA developed by Cheng et al. which 

utilized paper as the primary substrate to detect Rabbit IgE, producing a change in color on the 

papers surface(Cheng et al., 2010). As seen in Figure 3, the rabbit IgE is immobilized on the papers 

surface, the secondary antibody, which is tagged with alkaline phosphatase (ALP), is then 

immobilized due to the rabbit IgE. After washing, BCI/NBT substrate is added to the cell and a 

color change based on the amount of IgE present occurs (Cheng et al., 2010). 
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Figure 3: A) Schematic of the assay for detection of Rabbit IgE. B) Colorimetric detection of Rabbit IgE on 

paper C) The results of detection with femta mol sample concentration.  adapted from Cheng et al., 2010 

 

Not all colorimetric methods use this modified ELISA methodology, but what is in common is 

how the output of the device is perceived. Having a change, emergence, or stain of color represents 

a change that is directly related to the analyte of interest. The example given above is quantitative; 

however other may output more similar to most LFA and gives the user information that the analyte 

of interest is present in detectable amount but provide no information as to how much is possibly 

present (Koczula and Gallotta, 2016). Furthermore, the above assay is many times more complex 
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than the straightforward reactionary methods in which the reagents are designed to interact with 

the analyte directly. These test act like litmus strips and just required the addition of the sample 

and time for the reaction to occur. However, the original principle holds, a change in the color on 

the device give the user direct-instrument free information on the status of the sample. This is the 

main benefit of colorimetric assays and is highly accentuated when combined with the cheap cost 

and easy manufacturability of paper-based devices for low resource settings. 

3.3.4.2 Electrochemical Detection 

Electrochemical detection is another detection methodology that has been utilized on paper-based 

microfluidics due to its high sensitivity and specificity for the detection of analytes. The theory 

which has been well developed over the last 50 years are often identically applied in paper-based 

microfluidics. Electrode material like graphene or silver/silver chloride are patterned onto paper, 

often in the traditional three-electrode configuration (Dungchai et al., 2010; Nie et al., 2010b). 

These are commonly patterned by screen printing as done by Nie et al., 2010b, but other methods 

such as the usage of inkjets to print gold and silver substrate have also been discussed Määttänen 

et al., 2013. The basic theory to electrochemical detection is the evaluation of a change in the 

electrical properties (resistance, inductance, capacitance, etc..) of an electrode due to the addition 

of a sample. For this purpose, significant characterization has been done on commercial electrodes 

so that these changes can be detected and attributed to specific causes or reactions. To prove that 

they function as regular electrode Määttänen et al. conducted a comparative analysis of the paper-

based electrode to conventional chip, which as seen in Figure 4, shows significant equivalency 

(Määttänen et al., 2013). The result of screen-coating the paper substrate created a surface that was 

in most cases identical to those produced on conventional substrates like glass. 
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Figure 4: A) Layout and material of the paper-based microfluidic electrode B) Characterization of both 

paper-based against conventional testing electrodes ((a) paper chip and (b) conventional cell. (c) The effect of 

scan rate and SAM measured at constant analyte concentration with paper chip-II. (d) The effect of varying 

scan rate and analyte concentration measured with glass-chip. The effect of scan rate measured with a 

conventional cell using (e) Ag/AgCl/3 M KCl and (f) Ag/AgCl disk as the reference). This has been adapted 

from Määttänen et al., 2013. Best viewed in color 

Furthermore, Nie et al. also showed their equivalent capability to common disposable screen-

printed electrodes by creating a paper-based electrode for the detection of glucose that worked 

together with a commercially available glucometer using chronoamperometry techniques (Nie et 

al., 2010a). Using the paper electrodes in combination with a handheld meter showed results 

identical and within error of the commercially available strips, while costing a fraction of the total 

price in comparison (Nie et al., 2010a). Other than consistent baseline characterization of the 

paper-based electrodes, it has been shown that standard methodologies like antibody 

A 
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immobilization are possible and in some cases more efficient thanks to the increased surface area 

due to the cellulosic structure of paper (Mettakoonpitak et al., 2016).  

Utilizing the maturity and research conducted in the field of electrochemistry along with the 

equivalent capability of paper-based electrodes these new ePADs (electrochemical paper 

analytical device) can allow electrochemical sensors to have an even more significant impact. 

While a reader is required which does not fully meet the needs of an ASSURED type device, the 

advantages of electrochemistry (high sensitivity, high specificity and general ease of use) in 

combination with a cheap and easily manufactured material (paper) may allow for greater access 

to those in lower resourced settings (Mahato et al., 2017; Nie et al., 2010b). Another possible 

advantage of this combination is the possibility to use paper designs and manufacturing methods 

to increase the efficiency of the device as sample pretreatment steps and flow control of the sample 

to the electrode surface can be easily integrated (Yetisen et al., 2013). 

3.3.4.3 Optical  

While not meeting the criteria required for an ASSURED device for low resource settings, the 

advent of new portable optical detectors has made using these approaches more available (Mahato 

et al., 2017). As more miniaturized devices for reading fluorescence, absorbance, and other optical 

phenomena are developed, paper-based devices are an ideal test conducting platform as it will limit 

the total future cost of using these devices. Paper devices can hold all necessary reactants, and 

direct samples to multiple sensing zones make them ideal for use with portable optical technology. 

A basic description of the principles for different optical techniques and their integration with 

paper-based microfluidics will be provided below.  
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3.3.4.3.1 Fluorescence 

This technique has begun to see more significant usage in paper-based microfluidics thanks to the 

simplicity it provides for quantification of the assay result. Unlike absorbance techniques which 

require the emittance and collection of scattering light, many fluorescent-based methodologies 

emit or lose energy directly (Lakowicz, 2006). The result of this is portable sensors that emit 

specific wavelengths of light and then test to see what is reflected or refracted from the sample. 

These devices typically only need to emit a broadband signal of light anywhere between the UV 

and IR wavelength ranges and then absorb light. With proper optimization and characterization of 

the assay, can be tuned for specific wavelengths of interest (Shin et al., 2015). Furthermore, the 

need for sophisticated detectors with light grading and separation of wavelength are not necessary 

for fluorescent-based methods as the emission of light at some specific wavelengths are produced. 

While this is a significant simplification of the research required, with robust optimization and 

testing, it has been proven to be possible to create an onsite powered portable fluorescence sensor 

(Fang et al., 2016). The device is capable of being tuned explicitly for a wavelength of interest by 

altering the focal length of internal collimating mirrors, making it a truly versatile and portable 

system for fluorescent-based detection methodologies (Fang et al., 2016). 

Based on a review of available literature, it was seen that Fluorescence Resonance Energy Transfer 

(FRET) based techniques are the most technique utilized with paper-based microfluidics. The basis 

of the method is the use of a molecule or material which absorbs the energy released by an excited 

molecule which releases phosphorescence (Lakowicz, 2006). Further explained, FRET is some 

distance-dependent phenomena which the radiation is less transfer of energy from the donor 

(phosphor) molecule to acceptor molecule (quencher). As this is a self-regulated interaction 
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between selected emitters and donners, it has been widely utilized in biomedical and clinical 

applications (Valeur and Berberan-Santos, 2013).  An example of upconversion FRET 

methodology was developed by  He and Liu, 2013, which a schematic and results of the assay can 

be seen in  

 

Figure 5. The assay used NaYF4:Yb,Er nanocrystals that when excited with near IR light release 

a fluorescent signal. They are quenched with tetramethylrhodamine (TAMRA) dye that has been 

attached with a small peptide chain. When near IR light is released the excitation, energy released 

by the nanocrystal, it is directly absorbed by the small TAMRA molecule. When MMP-2, a 

biomarker for cancer, diabetes, and hypertension, is added the small peptide chain is cleaved will 

then inhibit FRET-based transfer due to the increased distance between the quenching molecule 
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(TAMRA) and the emitting nanocrystal. The primary FRET-based principle has been utilized on 

paper substrates with a variety of different emitters and quencher, utilizing material like QD, nano-

materials (nano-particles, graphene, and MoS2 sheets) and other molecules are used to produce 

quantifiable detection of a range of analytes (Duan et al., 2015; Qi et al., 2017; Scida et al., 2013; 

Su et al., 2015).  

 

 

Figure 5: Paper-based upconversion technique for MMP-2 biomarker fluorescent signal generation with 

experimental assay results conducted by a portable fluorescence detector. Adapted from He and Liu, 2013 

and best viewed in color. 

3.3.4.3.2 Chemiluminescence 

Like fluorescent assays chemiluminescence (CL) does not truly meet the needs of an ASSURED 

type device as it requires the usage of a detector for detection of the assay reaction. However, 
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unlike fluorescence which requires some stimulation of molecules to produce fluorescent signals, 

CL reactions release photons. Using simple CCD detectors, it is possible to detect and correlated 

the emittance of this light to the quantity of interaction between the reagents and the analytes in 

the sample. A common CL reaction which is utilized in paper-based microfluidics is the reaction 

of Luminol and H2O2 with a catalyst or intermediate, which can be used to increase or suppress 

created photons. These photons can be detected and related to the components of the reaction (Xu 

et al., 2006). Paper-based microfluidics provides some significant advantages for CL detection, 

reagent storage, designability, time-delayed interaction and decrease in background signal all are 

of a more significant benefit to CL reactions (Xu et al., 2006; Yetisen et al., 2013). As paper has a 

highly voluminous structure, a small region can store significant amounts of reagents internally 

(Costa et al., 2014). The paper-based devices can be designed to control and direct flow to slow or 

increase the rate of the reaction. It can also be used to add or mix any additional reagents before 

the reaction takes place (Yamada et al., 2015). Lastly, as paper as a reactionary background 

provides no emission or reaction which produce photons itself, making it ideal for use in CL 

reaction (Cate et al., 2015).  

The detection of glucose and uric acid by Yu et al. (Yu et al., 2011) was conducted using CL as 

the primary indicator for the reaction. The paper-based device was first patterned to direct the 

loaded sample into two independent testing zones. The device used a rhodamine derivative with 

the generated hydrogen peroxide to create a CL reaction which was then analyzed with a desktop 

luminescence analyzer. The results showed that the sensor was capable of detecting uric and 

glucose from 0.42mM to 50 mM and 1.4mM to 47 mM accurately (Yu et al., 2011). This is one of 

the first real attempts at bringing CL assays to paper-based microfluidics. One of the benefits 
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acknowledged by the authors was the simplicity paper brought when conducting the assay. With 

all the reagents pre-loaded, the system only needed the sample in a weak acid solution to be added 

and then placed within the sensor. Furthermore, thanks to the protection of the paper, the reagents 

were found to last for at least four weeks when stored in the correct environment (Yu et al., 2011). 

CL reaction are being ever improved and found, new advancement and methodologies like the 

usage of organisms which create chemiluminescent reactions and create light have been attempted 

(Burnham et al., 2014). Others have utilized nanoparticles as both anchors and catalyst for the CL 

reactions, such as the paper-based CL sensor developed by Liu et al. (Liu et al., 2014) which utilize 

an interaction between Lumino-Hydrogen Peroxide reaction and the target analyte of L-Cysteine 

is presented in Figure 6 (Liu et al., 2014).  
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Figure 6: Detection and quantification of L-Cysteine with the use of an AuNP-Luminol-H202 paper-based 

sensor. Adapted from Liu et al., 2014 and best viewed in color. 

The L-Cysteine acts as an inhibitor, causing a measurable decrease in the amount of light generated 

by the reaction when the AuNP-Luminol-Hydrogen Peroxide interaction occurs. The reaction was 

all loaded onto a paper substrate then needed the simple addition of L-cysteine in a weak hydrogen 

peroxide solution, creating a time-delayed CL reaction for easy detection of possible cancers as it 

is a biomarker (Liu et al., 2014). While possible that these new methodologies may not be ideal 

for a paper-based design, paper itself still lends well to both the techniques mentioned above. 

Organisms and nanocrystals (which are both highly sensitive to environmental damage) can be 

spatially controlled and protected by the porous structure of paper. Paper can also help decrease 

assay steps as the reactionary timing could be done while the sample is passively flowing through 

the paper. 



 

 

40 

 

 Overview of  Available Paper Based Sensors for Food Allergen Detection 

The information provided above is to help the reader understand what paper-based microfluidics 

are and what possibilities exist with them. The different methods of manufacturing and the diverse 

methodologies possibly make them a potent tool for point of care (POC) diagnostic and testing. In 

this section below, we will now look at what research has been developed so far for paper-based 

detection of food allergen contaminations. The focus will be on a time frame of the last six years 

and be very specific to the device that utilizes paper as the first reactionary surface, fluid transport 

mechanism, and reagent storage. Therefore, LFA technologies that are commercially available will 

not be discussed, as these mechanisms have been highly explored and exploited (Koczula and 

Gallotta, 2016). When necessary, however, new methodologies or uses of materials used on 

complex LFA that could be brought to paper only will be discussed. 

3.3.5.1  New Developed µPADs Systems for Food Allergen Detection  

As food allergies increase in prevalence, the need for paper-based detection methods becomes 

increasingly significant. This is because having an easy and cheap method of testing your food 

will allow the afflicted individual to either test all commercial food products or at least give them 

greater flexibility for testing when they feel it is needed. Although there is a significant need for 

POCT devices for allergens, it is to be noted that minimal recent work for paper-based allergens 

sensors has been completed. The most recent device for the detection of food allergens was 

developed by our group, The BioNano Lab, by Weng and Neethirajan, 2016. This device utilized 

a hybrid PDMS-paper design, where paper was used to transport samples to zones with pre-

dispersed reagents for the fluorescent detection of two food allergens (Egg white lysozyme and ß-

conglutin lupine) two food toxins (okadaic acid and brevetoxin). Focusing on allergens, the 
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portable device can detect samples of lysozyme and lupine from 0 to 4,000 and 0 to 30 μg/g, 

respectively, in under 5 minutes (Weng and Neethirajan, 2017a). This florescent based detector 

utilizes quantum dots (QD) which have been tagged with analyte-specific aptamers. Aptamers are 

chains of nucleic acids which have been designed to detect a specific analyte, acting like antibodies 

and binding to them. However, in this assay they are used to enable FRET-based quenching of the 

QD with graphene oxide (GO) as ssDNA (like aptamers) have unique adsorption onto its surface 

through pi-pi bonding (Park et al., 2014). This is a weak interaction which, when in the presence 

of the analyte will de-adsorb, allowing the release of fluorescent energy when excited as seen in 

Figure 7. Furthermore, a comparison between this paper-based assay and a commercially available 

ELISA kit should  (Weng and Neethirajan, 2017b). This is a highly versatile assay as the 

recognition element, the aptamer, can easily be changed for any specific allergenic protein in 

question. The benefit of paper is specifically related to the minimal background fluorescence 

created, which further enhances detection. Furthermore, the paper-based device utilizes the paper 

porous structure to increase the amount of reagent present so that a high signal in a smaller volume 

can be achieved. These two aspects are what make paper so ideal in this application; other recently 

conducted research could also benefit from these properties and are discussed below. 
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Figure 7: Design and function of a paper-based device developed by Dr. Weng of the BioNano Laboratory for 

the detection of fluorescent detection of two food allergens (Egg white lysozyme and ß-conglutin lupine) two 

food toxins (okadaic acid and brevetoxin). Adapted from Weng and Neethirajan, 2017a and best viewed in 

color. 

The study by Weng and Neethirajan, 2017a were the only literature found in recent years which 

detected any of major allergens with the use of paper as a primary substrate. While there is limited 

the work conducted in this field so far, there is significant hope for the future. First, it is essential 

to note that detection of proteins in paper-based microfluidics has been a significant field of study, 

mostly in the biomedical sphere of research (Anderson et al., 2017; Yetisen et al., 2013). This 
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growth is directly correlated with the increasing research and methods for specific detection of 

proteins, using molecules like antibodies, aptamers, and proteins with designed affinity to capture 

and label proteins of interest (Anderson et al., 2017). Included with this increase in affinity specific 

detection methods has been the improvements to localized dispersal  of reagents and development 

of electrodes (Silveira et al., 2016; Yamada et al., 2015) and new methods for covalent 

immobilization of antibodies in the cellulosic structure, without affecting the hydrophilic nature 

and bio-compatibility of the paper (Zhu et al., 2018).  

New immunological methods that utilize these improvements in bio-recognition and paper 

modification make it possible to bring new and previously researched methods to paper-based 

microfluidics. H. Xu et al., 2014 used gold nanoparticles that have been labeled with allergen-

specific antibodies, which are mounted within silicon nanorods. These are used in a sandwich 

format with the same antibodies immobilized on nitrocellulose for the LFA. The assay can detect 

allergenic proteins, which in this case was a model rabbit IgG protein, down to 0.05 ng/mL, which 

was found to be 50 times more sensitive than previously developed assays. The readout was a 

simple colorimetric line indicator which could later be quantified with a simple camera phone, as 

seen in Figure 8A (H. Xu et al., 2014). A similar LFA assay was conducted for the detection of 

casein, a milk allergen, but used a fluorescence based detection approach. As seen in Figure 8B, 

florescent microspheres were used as the primary label recognition molecule and are immobilized 

by the secondary antibody found at the sensing zone. The amount of fluorescent signal was then 

directly correlated to the amount of analyte detected, and was able to detect casein concentrations 

between 100 – 10000 ng/mL (Cheng et al., 2017). These LFA designs which needed the usage of 

nitrocellulose for immobilization of the secondary recognition molecules can now be entirely 
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conducted with similar sensitivity and performance on patterned paper based designs. (Zhu et al., 

2018). LFA are expensive not only because of the variety of materials and modification, but they 

need to be assembled. Thanks to recent research, paper only requires slight modification to allow 

for immobilization of the sensing elements. The cellulosic structure is modified by sodium 

pentahydrate to create an area where antibodies can be covalently immobilized, functioning like 

nitrocellulose (Zhu et al., 2018). Paper’s natural porosity allows for the same reagent storage and 

fluid movement capabilities that LFA systems are capable of. It is to be noted that common 

immunological tests are estimated to cost less than 1 cents per a unit when mass produced with 

paper as the base substrate (Yetisen et al., 2013). These developed assays and many other can be 

brought into the realm of paper only assays, which would make them cheaper while being as 

effective. 

Electrochemical (EC) detection of allergenic material has also been very explored in recent years 

as it provides a relatively simple analysis method once the assay has been designed and optimized. 

With the use of affinity specific biorecognition elements (antibodies, aptamer, affinity proteins), 

electrodes can be used for the detection of several different allergens. As previously explained, 

paper-based biosensors have been shown to have similar performance and behave identically when 

layered with conductive inks (gold, silver, conductive polymers) and standard graphene 

(Määttänen et al., 2013). It has also already been shown that they can easily be integrated with 

current commercial technologies, lowering the cost of EC detection while retaining its sensitivity 

and selectivity (Nie et al., 2010a). In the past ten years, significant work into electrochemical (EC) 

allergen sensing has been conducted and many affinity-based EC sensor have been developed for 

the entire range of allergens (peanut, milk, egg, soy, shellfish and other nuts) (Vasilescu et al., 
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2016). An elementary and recent EC detector of Ara h1 by Alves et al., 2015 used cheap disposable 

electrode coated with gold nanoparticle ink to detect quantities between 12.6 – 2000 ng/mL (Alves 

et al., 2015). The assay, as shown in Figure 8C, utilizes a secondary binding molecule tagged with 

silver, which would be reduced to Ag2+, creating a specific peak on a linear sweep voltammogram. 

A significant issue for this EC assay was that long-time required for the conjugation of each step, 

and necessary washing steps. Paper-based microfluidics offers some possible benefits for this 

assay: paper has a natural wicking ability; assay reagents can be stored within the paper itself and 

specific design can be made to control diffusion into sensing regions (Abbas et al., 2013; 

Jahanshahi-Anbuhi et al., 2014). This assay required frequent washing and drying steps and 

continued addition of secondary reagents. Paper can wick away excess sample and reagent which 

will decrease washing and drying time. Subsequently, the secondary reagents like the tagged 

antibodies could be stored within the paper structures and when required some solution can be 

added to allow it to flow into the sensing region. Other solution like new time-delayed bridges 

could be used to limit the diffusion rate (Cunningham et al., 2016). These capabilities of paper 

would both decrease the time and simplify the assay while still being utilized with commercial 

electrochemical readers.  
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Figure 8: A) Schematic of the paper-based microfluidic sensor developed by H. Xu et al., 2014 for the visual 

detection of proteins of interest by eye or simple color scanning. B) Florescent paper LFA based assay for the 

detection milk allergen casein using labeled florescent microspheres by Cheng et al., 2017. C) Electrochemical 

based detection of analytes of interest using secondary binding antibodies conducted on paper by (Abbas et 

al., 2013). Adapted from Abbas et al., 2013; Cheng et al., 2017; H. Xu et al., 2014. Best viewed in color. 
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3.4 Assay Materials and Background  

 Conducting Polymer Nanoparticles 

Many of the currently available methods utilize gold and enzyme as the primary labels, which is a 

result of them being used and heavily researched in the lab setting. Other labels such as quantum 

dots and inorganic dyes have also been of increasing research but have an issue related to 

sensitivity, expense, or the instrumentation required. For instance, gold which is commonly used 

for colorimetric systems is expensive and enzymatic active tags require specific condition, 

blocking and stopping reagents and are hard to precisely control in non-lab environments (Aydin, 

2015). To solve some of these issues, new materials are tested and used to augment and further 

improve immunoassay like methods for PoCT devices. One such material that has begun to see 

such usage are the class of polymer nanoparticles. While first developed in 1977, these particles 

have seen increasing usage in our technology as they are better understood. Currently, we find 

these particles in TV, organic sensing elements, organic transistors, in-vivo drug delivery, and 

other state of the art technologies (Nambiar and Yeow, 2011). They are used in such a wide array 

of sciences because of how versatile, customizable and inexpensive they are in comparison to 

metal or crystal particles.  

Briefly explained, their versatility and customizability arise from the fact that many different 

monomers and polymer have been polymerized into nanoparticles. The polymers often keep their 

independent properties allowing researchers to add new capabilities or methods for PoCT devices. 

For example, thanks to the ability to incorporate other elements into their matrix, it is possible to 

make non-conductive polymers into semi-conductive or even wholly conductive. This occurs due 

to the monomers and subsequent polymer active groups, causing either hydrophobic or hydrophilic 
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interactions (related to charge). The chains are first dispersed to critical solubility in a solvent 

(often THF) than quickly pipetted into water and heated. This caused the formed chains to bend 

and curl up. These are then polymerized to retain their shape, and thus, polymer nanoparticles are 

formed based on the charged groups on the polymer base chain. During this process, it is possible 

to add non-polymer elements to the matrix which are encapsulated and found with the internal 

structure of the nanoparticle. This is the basis of drug delivery nanoparticles and a highly versatile 

method to add new capabilities to the particles without significant effect its base structure as they 

can be spread out thinly, this allows for the development of electrodes that can be used equivalently 

to gold or carbon electrodes but require less sensitive manufacturing equipment (Ambrosi et al., 

2008). For example, doping a polymer with DBSA (4-Dodecylbenzenesulfonic) allows for high 

conductivity, but it can be unstable. Adding it to the polymer particles will protect the doping agent 

from full exposer, possibly lengthening the life span of the electrode. Furthermore, it is possible 

to use different monomer within one particle to create a system with even more specific properties. 

By adding in co-polymer blends into the process, the introduction of new resistances or the 

possibility of tuning other parameters like biocompatibility, optical emission, or the previously 

mentioned electrical activity is possible (Nambiar and Yeow, 2011). It is also possible to alter the 

solubility or increase susceptible to degradation by the human cells. Combining this functionality 

with bio-receptors designed to look for diseased cells has made targeted drug delivery possible. 

This not only prevents drugs from being used in excess, but the release of the drug on-site of the 

disease has been shown to dramatically increase the efficacy of the drug in comparison to current 

delivery methods (Li et al., 2017). Thanks to their manufacturing variability, ease of property 
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modification and general bio-compatibility with proteins and DNA they are of increasing 

consideration in the field of PoCT devices (Balint et al., 2014; Wang and Duncan, 2017). 

In this project, the focus will on the use of MEH-PPV polymers to create the central sensing 

platform for allergen detection. Utilizing MEH-PPV to create a system which limits the need for 

reagents and can be stored and function in a regular environment. Poly[2-methoxy5-(2′-ethyl-

hexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) as seen in Figure 9, is a long-chain molecule 

which has numerous applications in technology itself, from OLED displays to new optoelectrical 

sensing devices.  

 

Figure 9: Molecular structure of a single MEH-PPV monomer (Hooley et al., 2014). 

The average molecular weight of the polymer chains is known to be between 40 000- 70 000 units.   

MEH-PPV, when polymerized, has already been proven to be stable in water and other 

physiological environments without causing any biocompatibility issue (Xu et al., 2015). 

Furthermore, this polymer exhibits regular fluorescence when excited by wavelengths of light at 

485nm (Ghosh et al., 2017). The fluorescent emission is produced by the molecular structure of a 

single mer building block, which emit light at a wavelength with the visible spectrum (approx. 

580nm) producing an orange-like color when excited. Using a combination of new techniques, we 

can, in theory, use the regular florescent of the material as an indicator for the amount of allergen 

in a sample indirectly. This would allow the PoC system to produce a qualitative result and if a 
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strong relationship between fluorescence intensity and concentration exist the possibility of 

making a quantitative curve which can help identify analyte concentrations. Other important 

properties of this polymer are the fact that MEH-PPV is highly stable in water for extended periods 

and have already been proven to have low cytotoxicity. This means that the particles themselves 

will not cause conformation changes to proteins inducing false reports. Furthermore, their 

fluorescence is with an range which can be easily quenched through emission-absorbance 

interactions with materials like iron, graphene or gold; this makes future experiments far more 

open and versatile if an issue occurs (Huang et al., 2011; Huang and El-Sayed, 2010; Xu et al., 

2015). 

 Gold Nanoparticles 

As stated previously we find that many of the available POC assays utilize gold or other metallic 

nanoparticle as the primary labeling mechanism. The biggest issue with the use of these particles 

is that in comparison to newly researched labels like polymer nanoparticles is that they have an 

inherent expensive cost due to the rarity of the material (Aydin, 2015). The more substantial 

benefit, however, to these materials is that they have been widely researched thanks to their 

positive qualities as a primary indicator for assay of all types and configurations (Elahi, 2018). The 

remarkable properties are all related to gold nanoparticles surface plasmon resonance (SPR), which 

is the collective oscillation of the surface conductive electrons affected by the incident 

electromagnetic wave. This causes dipole moments to occur, leading to the extinction of specific 

wavelengths, resulting in their strong signal and color (Wolfgang Hais, 2009). Specifically, we see 

a redshift in color due to the absorbance of green wavelengths; furthermore as size increases, we 

see that the extinction band also shift causing a change in color of the solution based on the size 
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of the particles. This can be further exploited as a modification of the surface of AuNP can cause 

disturbances in the SPR which results in a shift of wavelengths without size increase. Due to this, 

the SPR is highly size, shape and composition-dependent which allows assays to be tuned or 

naturally develop specific properties making it possible to utilize different detection methods based 

on colorimetric, florescent, Surface Enhanced Raman, and electrochemical principles. (Elahi, 

2018). 

Furthermore, many assays have been developed for different analytes which require that the 

particle can have a tuned affinity. Affinity tuning is most often done by utilizing different chemical 

and biological agents to react with the analyte in a method which allows for quantification. For 

example, chemical agents such as quaternary ammonium group-terminated thiol (QA-SH) can be 

used to detect mercury in water samples by causing aggregation of the AuNP due to ligand 

exchange (Chen 2017). Biological methods are far more straightforward and utilize agents like 

Antibodies and Aptamers with specific affinities to identify targets with the AuNP acting as the 

labeling molecule allowing for detection of the analyte. Both these methods of detection require 

surface modification of the gold nanoparticles which can be accomplished through a variety of 

methods defined in three main categories. The first most common is based on the absorption 

properties on to the surface of the gold nanoparticles to add affinity elements. This is done by 

either electrostatic or hydrophobic interaction with the surface. The next method used is to 

covalently bind the reagents to the surface of the AuNP, commonly in this case thiol bonds using 

sulfur are used as they have one step interaction with gold allowing easy surface modification. The 

last commonly used method is adding moieties which have an affinity with specific biological 

agents allowing for detection of the wanted analyte (Corderio, 2016). These methods and research 
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have made the utilization of gold for the development of assay far simpler as proven processes 

allowing functionalization combined with their steady signal output make assay platform far more 

straightforward to develop for a range of analytes.  

 Aptamers 

Aptamers are a single-stranded nucleic acid (DNA or RNA) or peptide biopolymers with high 

affinity towards a specific molecule. Their specificity is comparable to that of monoclonal 

antibodies. While it is often that antibodies are used as primary bio-recognition elements, they 

have significant drawbacks which can limit their applicability in PoC systems. As stated previously 

as proteins, they have specific environmental concerns which can affect the function or worse be 

damaged and prevent function. In recent years newer sensitive and specific bio-recognition 

molecules called aptamers have been designed. Briefly, aptamers are short single-stranded DNA 

or RNA oligonucleotides that have the ability of binding to specific molecules showing activity 

like antibodies. Aptamers are structured as complementary base pairs that allow a stable secondary 

structure to form a rigid functional structure to bind with their target molecule. Because of these 

properties aptamers have been developed to identify metal ions, small organic molecules, peptides, 

proteins, viruses, bacteria, and whole cells (Keefe et al., 2010). Furthermore, they can be used in 

biosensors with a higher density than antibodies and have been proven to be reusable without 

changes in specificity or sensitivity (Lakhin et al., 2013). Relevant to this specific researcher is 

their capability to bind and unbind to florescent quenching 2D material like graphene and graphene 

oxide (Weng and Neethirajan, 2017a). Due to these advantages and properties, aptamers were 

chosen. The aptamer are found in a process labeled SELEX, which identifies DNA sequences with 

affinities for particular analytes and allows replication. In summary, a Systematic evolution of 
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ligands by exponential enrichment (SELEX) procedure processes seen in Figure 10, would be 

conducted. Possible ssDNA chains with affinity to the proteins of interest are identified and 

replicated. Testing to identify structure, specificity and affinity of these possible aptamer will be 

conducted and the best chosen.  

 

 

Figure 10: Common SELEX procedure conducted for the isolation and development of analyte-specific 

aptamers. Adapted from Kim and Gu, 2013 and best viewed in color. 

 Graphene Materials  

In recent years graphene-based materials have experienced an explosion of research due to their 

numerous beneficial properties and availability. Mainly, graphene-based materials like graphene 

(G) and graphene oxide (GO) sheets have seen extensive use in the development of new 

biosensors for a range of applications. From biomedical to environmental analytes, graphene-

based materials have taken over as a primary component of the designed assays. In this review 

we will focus on the use of GO as it has proven interactions with DNA in processes like those we 
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wish to exploit; also due to the oxidation its stability in solution is increased preventing sheet 

aggregation making the assay far more likely to succeed (Suk et al., 2010). This increased 

stability is due to the functional OH and COOH groups bound to available regions. The COOH 

groups specifically give the ability of the GO sheets to be easily dispersed and separated in basic 

solution and water (Suvarnaphaet and Pechprasarn, 2017). Furthermore, through interaction with 

these functional groups, we can tailor required properties like porosity, reactivity, and specific 

surface area (Mohan et al., 2018). Table 3 list some of the essential mechanical properties of GO, 

while not as strong as G monolayers, they show impressive figures relative to size and weight 

(Suk et al., 2010).  

 

Table 3: Graphene Oxide Properties 

Material 

Properties 

Value (Reference) 

Planar Surface 

Area 

2630m2/g* (Suvarnaphaet and Pechprasarn, 2017) 

Youngs Modules >100 GPa (Suk et al., 2010; Suvarnaphaet and Pechprasarn, 2017) 

Fracture strength ~76.8 MPa (Suk et al., 2010) 

*Value given has been taken from those calculated for G monolayer sheets, however, as an estimate it is assumed to 

be similar as a majority of the structure remains similar between G and GO  

 

These properties are further accentuated as GO also is known for its remarkable thermal electric 

conductivity and specific (and tunable) optical properties (Lee et al., 2016; Mohan et al., 2018; 
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Suvarnaphaet and Pechprasarn, 2017). GO also has specific secondary properties like its affinity 

to creating pi-pi bonds with carbon ring structures, allowing for unique and exploitable interactions 

with DNA, proteins, and other biological molecules. It is biocompatible and easy to work with 

thanks to the abundance of research, making it an ideal material for usage in biosensor assays (Lee 

et al., 2016). 

Biosensors have utilized GO as a basis for many different methods ranging from electron donor 

and Foster Resonance Energy Transfer (FRET) as both a florescent quencher and original label. 

This occurs due to the strong pi-pi stacking capabilities previous described allowing emitter to 

enter a close enough proximity to allow for FRET. It is also used as the primary structure for 

Surface-Enhanced Raman due to the fact it can absorb background fluorescence and that there can 

be designed chemical enhancement using electron transfer (Lee et al., 2016; Suvarnaphaet and 

Pechprasarn, 2017). Finally, the most common and researched use of GO has been in the 

development of electrochemical based biosensors. The primary focus in its uptake in use has been 

because of its highly characteristic electrical and thermal properties, making it an efficient base 

for a variety of electrochemical sensing strategies. This, in combination with its easy of surface 

modification and the string mechanical properties has made it a staple in the development of a 

range of biosensors (Lee et al., 2016),.  
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4 Materials and Methods 

The development of an onsite detection method for food allergens was based on two individuals 

approaches due to material properties. The first researched methods utilized the fluorescent 

properties of PnP in a competitive assay design with aptamers. Onsite POCT systems need to be 

accurate, fast, and as cost-effective as possible. Utilizing MEH-PPV polymers to create small 

fluorescent particles which act as the primary label is not only cost-effective; florescent based 

approaches are highly sensitive, and the availability of cheap onsite detection instrumentation due 

to research efforts has made it far more accessible (Sung et al., 2017). The second approach 

considered was to further eliminate the need for any external systems, beyond the eye and a 

standard smartphone, and create a purely colorimetric approach with the use of AuNP. AuNP is a 

highly research field in the area of onsite detection, thanks to their excellent optical properties. 

They are highly visible in solution and thanks to their high extinction coefficient straightforward 

to utilize with basic absorbance-based spectroscopy methods. In this following section, the 

principles, materials, and methods for each method have been documented. 

4.1 General Equipment 

TEM imaging (Tecnai G2 F20) was taken to obtain the micrographs. For the spectral scanning, 

Cytation 5 (BioTek), and Cary 100 UV-Vis (Agilent) were used. The samples were centrifuged on 

Sorvall ST 40 R (ThermoFisher Scientific). Boiling and heated in Precision Water Baths 280 

(Thermo Fischer Scientific). Incubations took place in the Incushaker mini (Southwest Science). 

Milli-Q water was used in all the experiments (0.055 μS/cm).   
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4.2 MEH-PPV (PnP) Florescent Based Method 

 Principles 

Figure 11 is the first purposed methodologies suggested, utilizing the fluorescent properties of the 

particle and its primary emission to determine the presence and concentration of allergen. It is 

known that the PnP fluorescent signal is quenchable with the use of quenching materials such as 

Graphene or Graphene Oxide (Ran et al., 2012). The central carbon ring backbone of the MEH 

PPV polymer chain will in theory form Pi-Pi interaction with the Graphene-based materials, 

enabling FRET-based energy transfer of the free electron to cause the fluorescent signal to be 

quenched. Aptamer are used as a steric interferer preventing the PnP from coming close enough 

allow FRET-based energy transfer. Furthermore, Aptamers when not in the presence of their 

specific target are known to from significant Pi-PI interaction with 2D carbon-based materials like 

Graphene and Graphene Oxide. Using currently available literature, we have theorized that there 

is a far higher affinity between the Aptamer and 2D Carbon materials, leading to the estimated 

steric interference, which prevents the quenching of the PnP fluorescent signal. The higher the loss 

in the PnP fluorescent signal, the greater the concentration of the allergen in the sample in theory.  
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Figure 11: Schematic of principles of MEH-PPV polymer nanoparticle-based food allergen detection. Best 

viewed in color. 

 Material 

Phosphate buffer saline (1x PBS; 0.01 M phosphate buffer, 0.0027 M potassium chloride, 0.137 

M sodium chloride, pH 7.4), graphene oxide, bovine serum albumin (BSA), sodium chloride 

(NaCl), hydrochloric (HCl), sodium hydroxide (NaOH), poly[2-methoxy-5-(2′-ethylhexyloxy)-p-

1,4-phenylenevinylene] (MEH PPV) and tetrahydrofuran (THF) were all purchased from Sigma-

Aldrich Canada. 

 Synthesis Protocols 

4.2.3.1 Synthesis Protocol 

Hydrophobic poly[2-methoxy-5-(2′-ethylhexyloxy)-p-1,4-phenylenevinylene] nanoparticles 

(PnP) were synthesized in a single pot processing method. Particles are dispersed with the help of 

shear forces generated from an ultrasonic probe to create uniform spherical nanoparticles (PnP) 

(Xu et al., 2015). 10mg MEH-PPV polymers are first dissolved in nitrogen degassed THF for 10 



 

 

59 

 

Hrs under a nitrogen atmosphere. 0.5mL of this stock solution was then diluted in 5mL more of 

degassed THF then quickly added at high pressure to 15mL of double distilled water that is under 

ultrasonication. After the mixture is sonicated for 30 minutes at 10o C the excess THF is evaporated 

with the use of a vacuumed water bath set to 78o C, bringing the final volume to 15mL(Xu et al., 

2015). THF is a robust organic solvent which is used in this case to untangle the polymer chains 

of the MEH-PPV stock. MEH-PPV is hydrophobic, resulting in the constrained spherical 

morphology. Ultrasonication is a required step within this process as the shear forces and long 

dissolving time allow for polymer chains to untangle and separate before they are introduced to 

water. Specifically, the addition of the ultrasonic vibration was found to decrease the size of the 

average particle to ~100nm or less in size on average (Changfeng Wu et al., 2006). Once the 

particles are formed and wholly removed from THF solvent by evaporation, leaving small pure 

PnP. 

 Characterization 

PnP were characterized using a standard method for analysis of morphology (size, shape) and 

fluorescence Spectroscopy. Absorbance and fluorescence were taken and compared against 

literature; it is expected that the absorbance peak will be found at 490nm and the expected 

fluorescence is 595nm. Finally, TEM was utilized to image and observe the morphology of the 

PnP. The expected size of the particles is within the ~100nm range (Xu et al., 2015).  

 Optimization 

4.2.5.1  Mixing Time Optimization 

The first optimization conducted is determining the time necessary to allow for fluorescent 

quenching of the PnP to occur. 50uL of PnP were mixed with the equivalent to 1mg/mL 
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ultrasonicated Graphene Oxide (GO) and topped up to 200uL with DDH2O and allowed to mix on 

an orbital shaker for up to 60 min at 120 RPM. The temperature of the mixture was maintained to 

approximately 10o C and are completely covered from external light sources to prevent fluorescent 

output loss of the particles over time (Ran et al., 2012). The emission results were collected with 

the use of the Cytation 5 Multimodal plate reader and used to facilitate all future experiments for 

characterization of the PnP performance concerning the theorized assay.  

4.2.5.2 GO Quenching Optimization  

Once mixing time was determined the quantity of GO required to quench a majority of the PnP 

fluorescent signal was optimized. Using standard 96 well plates, 50uL of PnP solution and 

equivalent concentration from 0.025mg/mL to 1.5mg/mL of GO were mixed and placed on the 

orbital shaker at 10oC for 10 minutes. After the mixing time was complete, they were quickly 

transferred to the Cytation 5 multimodal plate reader and excited, and the emission spectra was 

recorded. 

4.2.5.3 PH Optimization of GO – PnP interaction 

Finally, as the bases of the targeted detection utilized Aptamers to identify the target protein. To 

maximize the potential assay capabilities, it is crucial to determine what effect PH may play in the 

PnP-GO system. This is experimentally determined by setting up an optimized reaction of the PnP-

GO in differing PH adjusted solution from PH 4 to PH 10. After 10 mins of incubation, the samples 

were quickly loaded into the Cytation 5 multimodal plate reader, and the fluorescent emission was 

recorded. 
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4.3 Gold Nanoparticle (AuNP) Optical / Colorimetric Based Method 

 Principles 

AuNP are non-fluorescent but have a high extinction coefficient which causes significant visible 

pigmentation of the solution they are in. AuNP allows the use of a purely colorimetric approach 

for detection of allergenic proteins, while not as sensitive as a fluorescence-based approach it is 

far simpler to implement into a working onsite methodology. The optimization of the AuNP 

particle for detection is based on the assay approach seen in Figure 12. In comparison to PnP 

particles, AuNP will be modified with the aptamers using the intermediate biological tagging 

molecule Streptavidin (SA) and its target Biotin. With the Aptamers on the surface of the 

molecules, we will once again utilize the known affinity of interaction between free Aptamers and 

2D Carbon materials to cause aggregation related to the concentration of the allergen in the sample. 

In the absence of allergenic material, when GO is added, we will see an aggregation of the free-

floating AuNP into clusters. Oppositely, the more allergen in solution, the less aggregation was 

seen. Therefore, we are explicitly using the change in color of the solution as a representation in 

the amount of allergen present. 
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Figure 12: Schematic of principles for proposed mechanism using AuNP's, Aptamers and GO for the 

colorimetric detection of food allergens. Best viewed in color. 

 Materials 

Tetracholoroauric(III) acid (HAuCl4 •3H2O), trisodium citrate (Na3C6H5O7 •2H2O), streptavidin, 

β-lactoglobulin (βLG), phosphate buffer saline (1x PBS; 0.01 M phosphate buffer, 0.0027 M 

potassium chloride, 0.137 M sodium chloride, pH 7.4), graphene oxide, bovine serum albumin 

(BSA), sodium chloride (NaCl), magnesium chloride (MgCl2), tris(hydroxymethyl)aminomethane 

(Tris, C4H11O3N), ethylenediaminetetraacetic acid (EDTA, C10H16O8N2),  mixed cellulose ester 

filters (MCE, 0.45 μm), boric acid (H3BO3), sodium hydroxide (NaOH), Tween 20, Whatman 

chromatography paper (cellulose, 15 cm x 100 m), were purchased from Sigma-Aldrich Canada. 

Arachin (Ara h 1) and tropomyosin (Pen a 1) were purchased from Indoor Biotechnologies. 

Integrated DNA Technologies synthesized aptamers. The sequence of the aptamers is listed in 

Table 1. 
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Table 1 Aptamer Sequence for detection of each specific allergen 

Allergen Sequence Bases 

(nt) 

Tm 

(°C) 

GC 

% 

β-

lactoglobulin 

ATA CCA GCT TAT TCA ATT CGA CGA TCG 

GAC CGC AGT ACC CAC CCA CCA GCC CCA 

ACA TCA TGC CCA TCC GTG TGT GAG ATA 

GTA AGT GCA ATC T 

94 72.9 51.1 

Arachin TCG CAC ATT CCG CTT CTA CCG GGG GGG 

TCG AGC GAG TGA GCG AAT CTG TGG GTG 

GGC CGT AAG TCC GTG TGT GCG AA 

77 75.8 62.3 

Tropomyosin TAC TAA CGG TAC AAG CTA CCA GGC CGC 

CAA CGT TGA CCT AGA AGC ACT GCC AGA 

CCC GAA CGT TGA CCT AGA AGC 

75 72.8 54.7 

  



 

 

64 

 

 AuNP+SA+Apt + GO Production Protocols 

4.3.3.1  AuNP Synthesis 

Gold nanoparticles were prepared using Turkevitch’s method (Turkevich et al., 1951). A 100 mL 

of HAuCl4 •3H2O 1 mM were boiled while stirring in a hot plate with a magnetic bar. Then 10 mL 

of Na3C6H5O7 •2H2O 38.8 mM were added. The reaction was left to boil for 10 minutes until the 

color changed from yellow to black to deep red wine. AuNPs were left to cool at room temperature 

before filtration with MCE membranes. It was required for the nanoparticles to be covered from 

light and kept at 4°C to ensure their stability.  The nanoparticles have an SPR peak at 521 nm, and 

this SPR corresponds to a 15-nm diameter size, which was in correspondence with literature 

(Wolfgang Haiss, *,† et al., 2007). Theoretical calculation state that the synthesized particles are 

expected to be dispersed as a 1.1 nM concentration, which was calculated with an estimated 

extinction coefficient of 2.18E+08 (Wolfgang Haiss, *,† et al., 2007). 

4.3.3.2 Streptavidin Conjugation (AuNP-SA) 

Thawed 1 mg/mL streptavidin was diluted to 50 μg/mL in 400 μL of borate buffer (0.1 M, pH 7.4). 

Conjugation with 600 μL of AuNPs was performed at 4°C in moderate shaking for 30 minutes. To 

remove unbound streptavidin, AuNP-SA were centrifuged for 40 minutes at 4500 rpm and 4°C. 

The supernatant was discarded, and the pellet as resuspended in 1x PBS. A second wash was 

performed in the same conditions. The final resuspension was made in 100 μL of PBS (Lim et al., 

2012).  

4.3.3.3 Aptamer functionalization and conjugation (AuNP-SA-M/P/S) 

Lyophilized aptamers were centrifuged for a pulse and then resuspended in TE buffer (10 mM 

Tris, 0.1 mM EDTA, pH 7.5) per the protocols provided by Integrated DNA Technologies to 100 
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μM. The aptamers were incubated at room temperature for 30 minutes and vortexed. Afterward, 

the aptamers were pulsed at 10,000 g for 2 seconds and aliquoted to be preserved a -20°C. Prior to 

be used, aptamers were diluted to 50 nM in 100 μL of folding buffer (1 mM MgCl2, 1x PBS) and 

denatured at 90°C for 5 minutes. They were let to cool down at room temperature for 15 minutes.  

Streptavidin-coated gold nanoparticles were mixed with aptamers at room temperature for 30 

minutes under gentle mixing. Excess aptamers were removed by centrifugation for 15 minutes at 

6000 rpm and 4°C. The pellet was resuspended in 1x PBS, repeating the washes thrice (Weng and 

Neethirajan, 2016). Conjugated AuNP-SA-M/P/S is left for 16 hours to age at 4°C.  

4.3.3.4 Graphene oxide quenching (AuNP-SA-M/P/S + GO) 

In order to make the sensing mechanism to function based on color, fully functionalized AuNPs 

are quenched in GO nanosheets. 100 μL of nanoparticles were mixed with 0.01 mg/mL graphene 

oxide of which is extensively sonicated for 30 minutes before its usage. BSA, 0.5%, was added to 

the graphene oxide after AuNP quenching to block any possible additional space on the GO to 

limit unwanted affinity interactions.  

 Characterization 

The physical diameter of the nanoparticles was determined by analyzing TEM micrographs with 

ImageJ (Schneider et al., 2012). 20 μL of diluted samples were placed on copper grids and let sit 

overnight to be absorbed before taking them to the electron microscope. The analysis of the images 

included applying an FFT Bandpass Filter, making large structures down to 20 pixels and small 

structures up to 5 pixels. Then the image was adjusted using the threshold tool, and the particles’ 

area was analyzed with a circularity above 0.3. 



 

 

66 

 

Dynamic Light Scattering (DLS) measurement was taken by adding 200 μL of filtered samples in 

deionized water in the cuvettes and diluting as the count rate reach an approximate value of 400 

kcps.  

Absorbance was measured using Cytation 5 or Cary 100 using a 96-well plate or cuvettes. A 10× 

dilution factor was used for all scans unless otherwise noted; all necessary graphs will show the 

dilution corrected values. Every step of the conjugation was verified with data obtained in Cytation 

5, and data were further processed as necessary. 

 Optimization 

4.3.5.1 AuNP Size Optimization 

The proposed mechanism has several critical steps that can be changed to improve the reliability, 

reproducibility and maximize the signal that is produced. The first study was different 

nanoparticles synthesis methods to create various mean diameters. Turkevitch’s method (J. 

Kimling et al., 2006) and Martin’s method (Low A, 2010) were compared, and a process which 

allowed for the most stable production of nanoparticles was selected. 

4.3.5.2 AuNP Modification Buffer Selection 

Choosing the correct working buffer became an essential condition when conjugating our 

functionalized AuNPs, PBS was only used after ensuring AuNPs had the critical concentration of 

SA thus making the first conjugation in borate buffer non-saline mandatory (Geneviève et al., 

2007). This was because borate buffer 0.1 M pH 7.4, 0.01 M pH 7.4 and 0.1 M pH 6.4 did not 

have any adverse effect on AuNPs; however, PBS 1X pH 7.4 and SC (sodium citrate) 1X pH 7.0 
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cause instability and eventual flocculation of the nanoparticles. This prevented any interference 

from occurring when the first functionalization with SA occurred. 

4.3.5.3 AuNP-SA Optimization 

The critical concentration of SA was determined with the use of a salting flocculation test 

(Geneviève et al., 2007) and the stability verified by the SPR peak shift (Lim et al., 2012). To 

optimize the aptamer concentration, we first theoretically calculated the minimum amount required 

for a total coverage of the SA cover AuNPs. This estimation uses the spectral shift caused by the 

conjugation of SA on the surface of the gold nanoparticles to calculate the amount of SA found on 

the surface of the AuNP (Pollitt et al., 2015). The estimation assumes spherical gold particles 

covered with a monolayer of protein. Utilizing the spectral shift, we can calculate the monolayer 

thickness utilizing Equation 1. 

𝑔 = (1 + 𝛼𝑠)(
𝜆𝑝

2(𝜀𝑠 −  𝜀𝑚)

Δ𝜆 ∙ 𝜆𝑚𝑎𝑥,0
+ 2𝛼𝑠)−1 

Equation 1: Calculation of fraction of the particle that is shell, g, utilizing spectral shift caused by conjugation 

of the SA 

The terms of this equation are all known or can be measured: Δ𝜆 is the spectral shift due to the 

conjugation of the protein;  𝜆𝑝 is the free electron oscillation wavelength, which for bulk gold can 

be measured at 131 nm (Pollitt et al., 2015); 𝜀 is the relative permittivity and the subscripts S and 

M are the values for the shell and surrounding medium respectively; g is the fraction of the total 

particle this is a shell; 𝜆𝑚𝑎𝑥,0 is the wavelength of max adoptions for uncoated AuNPs (521 nm) 

and  𝛼𝑠 =  (𝜀𝑠 − 𝜀𝑚)/(𝜀𝑠 + 2𝜀𝑚). 𝜀𝑠 and 𝜀𝑚 are related to the square of the refractive index of the 

shell and surrounding medium. Therefore 1.334 for the medium (water) and a refractive index of 
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1.47 for SA can be used to calculate these terms (D’Agata et al., 2017; Sechi et al., 2013). Using 

Equation 1, the value of the shell fraction thickness provided from above can then be used with  

Equation 2 below to calculate the thickness of the shell layer.  

𝑠 =  
𝑑

2
[(1 − 𝑔)(−

1
3

) − 1] 

Equation 2: Calculation of shell thickness using core diameter and the previously calculated shell fraction g 

With this value, we can further calculate the coverage of the SA (mass of SA per unit area) on the 

AuNPs, which is defined as Γ.  

Γ = s
𝑛𝑆𝐴 − 𝑛𝑤𝑎𝑡𝑒𝑟

𝑑𝑛
𝑑𝑐

 

Equation 3: Equation to calculate the final coverage (𝚪) of SA on the surface of the AuNP  

Using the refractive index described above for water and SA and the value of 0.212 cm3g-1 for the 

refractive index increment (dn/dc) (D’Agata et al., 2017), a SA coverage of 3.57 mg m-2 is 

obtained. From the SA coverage value an estimated 23 molecules of SA are available on each 

AuNP. With a theoretical estimate developed, we will now conduct the physical optimization of 

the SA layer using a modified method designed by Geneviève et al., 2007. As stated, we want to 

produce a monolayer that has assembled on the surface of the particle. In theory, once we have 

produced a monolayer of SA, the nanoparticles should see an increase in their stability when in 

salt environments. Briefly, when pure citrate caped AuNP are in solution, they retain stability due 

to the negative charge differentials between particles, which is verified by the collected zeta 

analysis data. However, when electrolytes from salts like NaCl are added, they cause a shielding 

like an effect which decreases the repulsion seen between particles causing flocculation of the 



 

 

69 

 

AuNP. Using theoretically optimized values as a starting basis, we will test the coverage capability 

of different concentration of SA to thoroughly coat the surface of the AuNP increasing their 

stability and causing immunity to electric charge shielding by NaCl addition (Geneviève et al., 

2007). 

4.3.5.4 AuNP-SA-Apt Optimization 

From the SA coverage value, an estimated 23 molecules of SA are available on each AuNP, which 

correlates to approximately 46 available biotin-binding sites for biotinylated aptamers. With our 

known initial concentration of AuNP, an estimate of 38 nM solution of biotinylated aptamers is 

the need for total coverage. Spectral scanning post conjugation is conducted to capture SPR shift 

and determine what minimum concentration of aptamer is required to functionalize the system 

entirely. This theoretical calculation will be confirmed and further optimized using spectral shift 

testing. As stated, when the local SPR is affected through conjugation onto the surface of the 

particles, we expected a specific spectral shift to occur. With SA optimized various concentration 

from 10nM to 100nM of aptamer will be added, and the minimum concentration of added aptamer, 

which causes a stable shift will be used as an optimized setting. 

4.3.5.5 AuNP-SA-Apt+GO Optimization 

For the mechanism to accurately detect their target allergen, GO concentration was also optimized 

by varying the concentration from 10 μg/mL to 90 μg/mL and getting the spectral scan from the 

supernatant after a 45-minute wait and pulse centrifugation at 6000 rpm for 10 seconds. This 

optimization was conducted to minimizing the amount of GO needed as it is also capable of 

interacting with SA, which could cause a similar reduction of fully functionalized nanoparticles 

(with aptamers) found in the supernatant if given enough time (Li et al., 2012). Therefore, to limit 
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the loss of the colorimetric signal we optimized to use as little GO as needed. This was done 

because ssDNA such as aptamers, when unstructured, are much more sensitive and capable of 

creating the necessary pi-pi interaction required in comparison to structured proteins like SA (Li 

et al., 2014, 2012). However, it is possible, so the decision to minimize the amount of GO used for 

both decreasing the cost and increasing visibility of the output was prioritized.  

 Allergen Detection Studies  

In solution verification of the modified AuNP-GO system was conducted using buffer samples 

spiked with specific allergen concentration. Spiked samples from 25nM to 1000nM were prepared 

using the standard method of protein mass conversion to molar concentration. 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑀) =

𝑛𝑔
𝑚𝐿

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑘𝐷)
 

Equation 4: Conversion of protein mass to concentration (NovaTeinBio, 2016) 

As specified in Scheme 2, the spiked allergen samples are mixed with the modified AuNP and GO 

and allowed to incubate at optimized settings. At the end of the incubation period, the samples are 

quickly spun at 5000 RPM for 30 sec, and the supernatant is carefully pipetted, and absorbance 

scanned using the Cytation 5 multimodal plate reader.  

 Specificity and Cross-Reactivity Studies 

1000 nM spiked allergen solutions were used to test the cross-reactivity of the modified AuNP 

assay. Each aptamer modified AuNP system was tested against the other allergens to determine if 

there is a possibility of false-positive detection in a multiplexed system. Peanut aptamer modified 

AuNP were tested against milk and shrimp protein, milk aptamer modified AuNP against peanut 
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and shrimp and shrimp aptamer modified AuNP against peanut and milk proteins at 1000nM 

concentration. 

 Paper-Based Device  

For this device, paper tests were made on Whatman chromatography paper with designs from 

Inkscape (0.92, The Inkscape Project, open-source program) using Colorqube wax printer. The 

paper coated with the device was heated in the hot plate at 170°C for 2 minutes to create the 

hydrophobic channels using a glass slide to cover the paper system (Lee and Gomez, 2017). The 

paper was cooled down before loading of the supernatant of the quenched sensing mechanism. The 

folded paper system is now ready to direct and channel small volumes of the supernatant to filter 

and display the testing results. 
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5 Results and Discussion 

5.1 Results of PnP Florescent Based Method  

 PnP Synthesis Results 

Using a shear-based manufacturing method, it was essential to prove that the nanoparticle exhibit 

the fluorescent properties expected. TEM studies conducted show that the particles are 

approximately 95nm ± 12.7 nm in size on average and show spherical morphology, as see in Figure 

13 below. 

 

Figure 13: TEM micrographs of MEH-PPV Polymer Nanoparticles with Histogram of size distribution top 

left. 
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Next, the absorbance and emission of the particle was measured in the standard setting of double-

distilled H2O PH balanced to 7. As seen in Figure 14, the resultant absorbance peak was found to 

be between 506-509nm, and the primary emission peak was 590-595nm. When these values were 

compared against current published of 508nm peak absorbance and 585nm peak emission, the 

resultant synthesis can be considered successful as both the morphology and characteristic optical 

match (Xu et al., 2015). A possible explanation for the difference between these collected results 

and those in literature could be equipment differences as the Cytation 5 used in this study is a 

multi-modal reading system which will have a wider bandpass range during emission than a 

purpose-built emission and absorbance spectroscopy devices. Another possible cause could be 

related to the effect of size of the nanoparticle on MEH-PPV backbone. Using a shear based 

synthesis method requires consistency of the ultrasonic system to produce shear forces during the 

formation process of the nanoparticles (Szymanski et al., 2005). This means that size of the 

particles can be changed by the intensity of ultrasonic vibration in theory during the formation 

process when the dissolved solution is added quickly to water (Xu et al., 2015). The comparable 

particles developed in literature are far smaller than those developed in the lab due to their possibly 

higher ultrasonic input. The expected theory states that smaller particles will be blue-shifted due 

to the decrease in conjugation, and possible kinking of the backbone in formation. These larger 

particles have a far greater diameter, which will significantly increase conjugation length, causing 

less backbone kinking causing the emission shift. While the cause of variability between results 

and those published cannot easily be explained, a comparison of the full spectra shows significant 

similarity (Szymanski et al., 2005). 
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Figure 14: Normalized absorbance and fluorescent emission spectra for PnP using citation 5 multimodal plate 

reader. Initial absorbance and emission peaks found at 506-509nm and 590-595nm, respectively. Best viewed 

in color. 

 PnP Method Optimization Results  

Based on the assay design found in Scheme 1, the first critical step needed was to determine if it 

is possible to quench MEH-PPV PnP controllably.  Using the synthesized PnP, varying 

concentrations of GO sheets were added to the solution, and the fluorescent response of the 

particles was measured. The expected result is a decrease in the fluorescent signal due to near field 

interactions between the graphene-based materials and the florescent PnP  (Ran et al., 2012). 

However, it is also to be noted that Figure 15 is the resultant florescent out of the mixed PnP and 

GO after 1-hour incubation and mixing. Based on these result two significant conclusions can be 

made; first it can be observed that there has been an interaction between the PnP and the GO where 

the increasing concentration of the GO results in decreasing fluorescent signal. An optimized value 
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for needed GO concentration for quenching was also determined. Using approximately 1mg/mL 

of added graphene material would cause an 80% reduction in the florescent signal. Higher 

concentration showed saturation as a further addition of graphene material did not cause any 

significant loss.  

 

Figure 15: MEH PPV with increasing GO concentration, showing quenching the of fluorescence signal after 

1hrs incubation. 

The next tests conducted were done so to optimize the setting of the interaction, tests for the effect 

of PH and mixing time were conducted. The results seen in Figure 16 allow us to optimize further 

and control the interaction between PnP and the GO. The test was conducted by taking 50uL of 

PnP and adding the optimized concentration of 1mg/mL of graphene oxide. As a note, it is essential 

to list that the Aptamers utilized as the primary recognition molecules have been tested and 

optimized in neutral to slightly acidic PH (6-7PH) (Eissa and Zourob, 2017; Tran et al., 2013; 

Zhang et al., 2017). Based on the results seen in Figure 16 there seems to be a very minor effect 
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on the interaction and subsequent quenching of the florescent output at the tested pH levels. While 

it seems that neutral pH is the worst overall, allowing the environment to be optimized for the 

aptamers is far more critical as they control the sensitivity and capability of the detector. Next it 

was decided to study the kinetics of the florescent quenching mechanism. Based on literature 

originally reviewed it is expected that a majority of the interaction is related to Foster Resonance 

Energy Transfer (FRET), which is a near field effect requiring between approximately 10 

angstroms of space to occur (Ran et al., 2012). However, during our studies, it was found that it 

was not possible to scan our samples fast enough to record the data, even attempts which were 

conducted directly after mixing as seen in Figure 17. This is interesting as it is expected that there 

should be time for the interaction between PnP and the GO sheets. Furthermore, specific research 

was then found which states that new methodologies have been utilized and another process of 

photoinduced electron transfer may be occurring between the PnP and GO which causes rapid 

quenching (Ran et al., 2012). Photoinduced electron transfer is the conversion of florescent photon 

acceptor (GO) to a radical anion, resulting in quenching of the fluorescent signal of both the donor 

and acceptor. By comparison, FRET requires spectral overlap and also quenches, however the 

acceptor may still exhibit emission (Williams, 1996). Visualizing the kinetic interactions requires 

transient absorption spectroscopy at femtosecond scales to observe. Regardless, it was found that 

mixing times were mostly irrelevant as quenching occurred exceptionally rapidly.  
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Figure 16: Results of pH optimization on MEH-PPV PnP - GO interaction from pH 4 – 10. 

 

Figure 17: Results of mixing time optimization for MEH-PPV PnP – GO. 
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 Methodology Failure 

While having reductions in assay times is a benefit, this study showed that quenching might occur 

at rate and range far more expansive than initially theorized. A study of interaction was conducted 

where the low concentration of GO was first blocked with a surface agent, then an introduction of 

PnP was added. This is, in theory, used to simulate the effect of having a steric interference 

between the PnP and the graphene oxide quencher. With the optimized parameters, a test to 

determine if the proposed methodology was possible was developed. To do this, Bovine Serum 

Albumin (BSA) protein as it is a known binder to GO with a size greater on average than the 

expected distance needed to allow FRET-based fluorescence quenching. As previously stated, 

FRET-based energy transfer requires no more than approximately 10 Angstroms of space between 

the emitter and quencher to function (Ran et al., 2012). The average size of BSA particles os 

complicated to accurately determine as PH induced aggregation can occur a single protein unit, 

however, is approximately 140x40x40 Angstrom units in size on average with aggregation 

possible of reaching 100 nm in size (Jun et al., 2011; Wright and Thompson, 1975). BSA has 

proven affinity to GO causing strong absorption-based binding to its surface due to hydrophobic 

interaction (Nan et al., 2019). Various concentration of BSA in 7 PH corrected PBS buffer was 

added to the optimized concentration of 1mg/mL GO and allowed to incubate for 1Hrs as per stated 

procedure (Nan et al., 2019). After this incubation period is over 50uL of stock PnP are added and 

allowed to further mix for 10 minutes before they are loaded into the Cytaion 5 spectrometer, and 

the fluorescent signal is scanned. While perfect coverage cannot be concluded, the BSA is added 

in significant excess as the sigma purchased GO are estimated to be 22uM in diameter. The average 

hydrodynamic diameter of a single BSA molecule is 140 nM, meaning only 24675 BSA units are 
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required to cover each sheet. At the lowest concentration of .1mg/mL of BSA, 9.1*1014 molecules 

of protein are present meaning there should be significant excess to provide coverage. To test this 

the natural fluorescence of BSA caused by the amino acids tyrosine (Tyr) and tryptophan (Trip) 

that make up BSA (Nan et al., 2019). Figure 18 shows the resultant quenching of BSA with 

increasing concentration of GO after 1 Hrs of incubation. Observing the results, it can be seen that 

the expected fluorescent quenching as stated in literature with the first peak at 335nm, with the 

addition of 1mg/mL GO it is possible to completely quench the signal signifying that a majority 

of the BSA molecules have been quenched and absorbed onto the surface of the GO. 

 

Figure 18: BSA florescent quenching using GO showing physio-absorption and interaction between 

materials. Best viewed in color. 
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With these factors verified it was conducted the final proof of concept in which GO incubated 

with BSA was introduced to PnP. The expected results predict that the BSA should act as steric 

interference between the GO and the MEH preventing the quenching of their fluorescence. 

However, as Figure 19 shows, this was not the case.  

 

Figure 19: Test to verify if quenching prevention is possible with BSA as a large steric blocker on the surface 

of GO. PnP emission at 585 nm is utilized.  

 

This was an unexpected result as based on all preliminary research, the interference of a steric 

molecule should be capable of preventing some of the quenching interaction. Using the normal 

emission at 585 nm of PnP, we expect to see prevention of the surface interaction between GO and 
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PnP due to the incubated BSA. However, what is seen here is that even at an extreme concentration 

of BSA was not able to prevent the interaction expectedly. Previously a conducted experiment 

showed a far faster rate of quenching then what was expected, conducting further extended 

research showed us that there is a possibility that FRET is not the only mechanism at play as studies 

such as Ran et al., 2012 have theorized. More extended range mechanisms may allow longer-range 

fluorescent quenching meaning it is far more challenging to create steric interference, therefore 

making the development of this method impossible without a significant rework of the assay 

design and materials. While unfortunate, our experimentation with an AuNP based assay had 

shown significant promise, and a higher concentration of effort was now employed. 

5.2 Results of AuNP Optical/Colorimetric Based Method 

 AuNP Synthesis Results 

To demonstrate the biomolecules were being attached to AuNPs, TEM images and DLS 

measurements were acquired. For characterization of the mechanism, the data represented below 

is with the conjugation of Beta-Lacto Globulin specific aptamer. Each conjugation step was 

expected to occur on the surface of the AuNPs without causing seeding effects nor a change in 

morphology. In Figure 20A, 20B and 20C, the micrograph from TEM show that nanoparticles 

preserved their spherical morphology and the average diameter (~14 nm) from AuNP upon 

conjugation with SA and biotinylated aptamers, respectively. The hydrodynamic radii were 

obtained with the use of DLS, giving values of 24.2 nm, 45.7 nm, and 58.4 nm for AuNP, AuNP-

SA, and AuNP-SA-M respectively. Unlike the TEM, which is unable to image the conjugated 

proteins and ssDNA visually, the DLS analysis shows an increase in the hydrodynamic radii from 

each functionalization. Zeta analysis values were also obtained, giving values of -72.41, -38.74 
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and -46.54 for AuNP, AuNP-SA, and AuNP-SA-M/P/S, respectively. The increase in absolute 

potential seen when AuNP -SA are further functionalized with the aptamer shows a change in the 

surface morphology with a more negative molecule, which can be used to further attribute to 

binding of the aptamer (D’Agata et al., 2017; Weng and Neethirajan, 2016). From Figure 20F, 

spectral scanning show SPR peaks of conjugated 14 nm AuNP from 520 nm to 531 nm when 

covered with SA and to 536 nm when aged aptamers are absorbed onto SA. The adsorption of 

protein on to the surface causes a change in the surface morphology and therefore effects the 

scattering of the particles. The well known optical characteristics, which were first systematically 

explained by Mie (Mie, 1908), describe how the localize environment affect these properties. As 

gold has a strong surface plasmon resonance the shift of the peak can be directly correlated to a 

change in the localized refractive index. Therefore, a shift in the spectral peak of gold can be a 

correspondence to a new molecule which interferes with the natural gold surface plasmon 

resonance peak. The introduction of the protein SA and its electrostatic adoption onto the surface 

causes this change in the local refractive index, which in turn causes the shift of the spectral 

absorbance (Pollitt et al., 2015). The second shift is caused by the introduction of the biotinylated 

aptamers, which directly bind to the SA, leading to a change in the SA localized refractive index 

(D’Agata et al., 2017; Pollitt et al., 2015). Inserts on Figure 20A, 19B & 19C demonstrates the 

diameter distribution of the functionalized AuNPs from the processed micrographs to ensure that 

the peak shift to 536 nm does not correspond to flocculation and instead to surface biomolecule 

addition. Using a combination of DLS analysis, spectral scanning and TEM studies, a 

determination that surface modification of the nanoparticles due to the conjugation of the 



 

 

83 

 

biomolecules (SA and aptamers) has been successful, creating stable and fully functional 

nanoparticles for the detection of allergens. 

Figure 20D and 19G show and explain the effect of nanoparticles being bound to sheets of 

graphene oxide, creating bridges between sheets, resulting in the complexes seen in Figure 20D. 

As explained previously the pi-pi stacking interaction between the different layers of graphene 

oxide due to the functionalized AuNPs only readily occurs when the aptamers are unstructured 

(Park et al., 2014; Wang et al., 2011; Wu et al., 2011). As no allergenic proteins are present, most 

nanoparticles have been removed from solution, as seen from the spectrographs of the supernatant 

in Figure 20G. The background layer of graphene oxide and the implanted nanoparticles in Figure 

20D further support this assessment of interaction between the nanoparticles. 



 

 

84 

 

 

Figure 20: TEM micrographs of A) AuNPs, B) AuNP-SA, C) AuNP-SA-Milk Apt, and D) AuNP-SA-Milk Apt 

+GO nanosheets with histogram of average diameter found to right. E) Image of AuNP, AuNP-SA-ssDNA, 

AuNP-SA-ssDNA + GO + 1000 nM allergen spiked sample in solution and AuNP-SA-ssDNA + GO with no 

allergen spike F) Spectral shift caused by the conjugation of SA and sptamer compared to bare nanoparticles. 

G) Spectra of functionalized AuNPs before and after quenching. Best viewed in color. 
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 AuNP Optimization Results 

The proposed mechanism has several critical steps that can be changed to improve the reliability, 

reproducibility and maximize the signal that is produced. The first study was different 

nanoparticles synthesis methods to create various mean diameters. Turkevitch’s method (Kimling 

et al., 2006) was chosen due to yielding consistent sizes and bigger particles than Martin’s method 

(Low and Bansal, 2010) thus proving to have enough surface area to chemisorb SA. Based on 

previous studies of SA, it was estimated that between 20 nm2 ~ 40 nm2 of the surface area is 

required for electrostatic adsorption of SA (Bayer et al., 1990). As stated above the consistent and 

straightforward Turkevitch method provided a nanoparticle of consistent size with ample surface 

area of adsorption of SA molecules. Based on TEM, there was an estimated average available 

surface area of approximately 620 nm2. Next, choosing the correct working buffer became an 

essential condition when conjugating our functionalized AuNPs, PBS was only used after ensuring 

AuNPs had the critical concentration of SA thus making the first conjugation in borate buffer non-

saline mandatory (Geneviève et al., 2007). This was because borate buffer (0.1 M pH 7.4, 0.01 M 

pH 7.4 and 0.1 M pH 6.4) did not have any adverse effect on AuNPs; however, PB 1× pH 7.4 and 

SC (sodium citrate) 1× pH 7.0 cause instability and eventual flocculation of the nanoparticles. This 

prevented any interference from occurring when the first functionalization with SA occurred. The 

critical concentration of SA was determined with the use of a salting flocculation test (Geneviève 

et al., 2007) and the stability verified by the SPR peak shift (Lim et al., 2012). The monolayer 

production test and optimization data can be seen in Figure 21A and 21B, resulting in the optimum 

concentration to provide a monolayer of SA for AuNPs to be 50 μg/mL of SA. To optimize the 

aptamer concentration, a theoretically calculation of the minimum amount of SA required for total 
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coverage on AuNPs was conducted using the method introduced in Sections 4.3.4 (Pollitt et al., 

2015; D’Agata et al., 2017; Sechi et al., 2013).  

From these studies, an estimated 23 molecules of SA are available on each AuNP, which correlates 

to approximately 46 available biotin-binding sites for biotinylated aptamers. With our known 

initial concentration estimation of AuNP, an estimate of 38 nM solution of biotinylated aptamers 

is needed for total coverage. To prove this estimation a similar procedure to the SA optimization 

was used to determine the optimum concentration of aptamers (Lim et al., 2012), and as seen in 

Figure 21C, 50 nM of biotinylated aptamers yielded to a stable shift in the spectra of 536 nm. 

Although not an exact estimation of the minimum possible values of aptamer needed is between 

38 nM and 50 nM for complete and stable functionalization. 

For the mechanism to properly detect their target allergen, GO concentration was also optimized 

by varying the concentration from 10 μg/mL to 90 μg/mL and getting the spectral scan from the 

supernatant after a 45-minute wait and pulse centrifugation at 6000 rpm for 10 seconds. This 

optimization was done per minimizing the amount of GO needed as it is also capable of interacting 

with SA, which could cause a similar reduction of fully functionalized nanoparticles (with 

aptamers) found in the supernatant if given enough time (Li et al., 2012). Therefore, to limit the 

loss of the colorimetric signal it was optimized to use as little GO as needed. This was done because 

ssDNA such as aptamers, when unstructured, are much more sensitive and capable of creating the 

necessary pi-pi interaction required in comparison to structured proteins like SA (Li et al., 2014, 

2012). However, SA interaction with GO is possible, so the decision to minimize the amount of 

GO used for both decreasing the cost and increasing specificity of the output was prioritized. Using 

the data collected and displayed in Figure 21D the minimum concentration that allows the 



 

 

87 

 

mechanism to quench within the 45-min reaction time fully is 20 μg/mL of previously extensively 

sonicated GO (30 minutes of prior sonication).  

 

Figure 21:A) SA conjugation from right to left from 10 μg/mL to 90 μg/mL after NaCl addition. B) Spectra 

shift after SA conjugation. C) Spectral shift after aptamer conjugation using different concentrations. D) GO 

optimization conjugation using the peak absorbance. Best viewed in color. 

 

 Biosensor Validation, Selectivity, and Sensitivity 

To verify that the mechanism works as expected in solution, trials were first conducted to verify 

that a consistent response to given concentrations of an allergen would occur. For these tests, a 
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spiked sample of protein allergen was introduced to the fully functionalized AuNPs at different 

concentrations. Then GO was added at the previously optimized amount to all tubes and 45 minutes 

of time was given to allow the formation of the aggregates with the GO and AuNPs. When the 

aptamer interacts with its specified protein, its structure changes from one which can interact with 

GO and create pi-pi sticking to a rigid structure which weakly produces these bonds (Li et al., 

2014). Through this mechanism of interaction and the ability to prevent interaction, the assay can 

selectively remove functionalized AuNPs which have not had sufficient reaction with there 

specific allergenic protein from the solution with GO. This will create a colorimetric signal which 

is proportional to the amount of allergenic protein found in solution. This hypothesis was proven, 

as shown in Figure 22b1, 22b2, and 22b3 where a standard curve for each aptamer is shown.  
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Figure 22:A) Functionalized AuNP reacted with (from left to right) 25nM, 50nM, 100nM, 500nM and 

1000nM of allergenic protein and pulse centrifuged. B1,2&3) Spectral signal of from supernatant due to 

reaction and GO quenching from various allergen concentrations of B1) Peanut, B2) Milk and B3) Shrimp, 

bottom to top 25nM, 50nM, 100nM, 500nM and 1000nM. C) Selectivity study of the functionalized AuNP 

system to the other allergenic proteins. Best viewed in color. 
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5.2.3.1 Peanut Allergen Testing 

Spike allergen samples concentrations from 25nM to 1000nM were added to the system to 

determine the standard response of the assay. The first allergen tested was the peanut allergen, Ara 

h1, which is a trimer protein. As previously mentioned peanuts are found to be the primary cause 

of allergenic response in 25.5% individuals in the United States. Ara h1 was however specifically 

chosen over other peanut proteins as it is known to have 23 independent IgE binding epitopes. The 

result of having such a structure makes it far more likely to be the cause of an allergenic response 

in comparison to other peanut protein within the family (Tran et al., 2013). Based on standards 

developed by the FDA for food safety, cross-contamination levels cannot exceed more than 

.25mg/kg in foodstuff (Center for Food Safety and Applied Nutrition, 2016). However, it is to be 

noted that this is not perfect as an individual’s sensitivity can vary from requiring ingestion to 

merely touching a surface contaminated with the food allergens. Furthermore, any work on 

determining a possible lower limit of sensitivity for individuals with food allergies was not found 

with authors in many works only discussing how varied said response are found to be in sample 

population. The assay results shown in Figure 22b1 for peanut allergen show a logarithmic 

response where 1000nM of allergen concentration virtually saturated the possible output of the 

assay. Furthermore, a calculated lower limit of detection (LoD) for the allergen detection system 

was calculated with a 3σ ratio, calculated to be 7.8nM for peanut allergen (Thomsen et al., 2003). 

The lower tested limit of 25nM is therefore statistically significant as it is unlikely that noise or 

baseline error would contribute to a false reading at the lower level of allergen concentration by a 

significant margin. 
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5.2.3.2 Milk Allergen Testing  

The next allergen tested using the above setting was milk-based products because 21.1% of the 

allergenic child population are known to be sensitive in the US (World Allergy Organization, 

2011). However, it is not possible to directly detect milk because it is a slurry of several 

components; therefore a marker must be chosen a which will best represent its presence in food 

materials. Beta Lactoglobulin, which is a dimeric protein in structure, is the component of milk 

selected for this study. Its choice was more complicated as many of the proteins in milk have also 

been found to have allergenic properties, making a specific selection of an allergen for milk 

difficult. Therefore, the choice of using Beta Lactoglobulin was made through an analysis of the 

composition of milk and their allergenic potential. Based on available studies, Beta Lactoglobulin 

is a protein which in terms of percentage makes up a significant component of milk, but as of yet 

has had no real function identified. In whey isolation of globular proteins from milk, it is estimated 

to be 65% of the fractional composition, meaning it is highly abundant in natural milk products 

(Natale et al., 2004). Another possible component in the selection of a marker for milk was the 

other highly allergenic protein called casein. While casein is known to be the most likely to cause 

an allergenic response from sensitive individuals, in comparison to Beta Lactoglobulin it makes 

up a tiny percentage of milk (Natale et al., 2004). Therefore, Beta Lactoglobulin was selected as 

an indicator of milk in food products based on its abundance as a component of milk. This will 

allow in theory for the assay to be more robust as Beta Lactoglobulin will be more abundant in 

comparison to other allergenic components of milk. The AuNP assay was modified with aptamers 

with affinity to Beta Lactoglobulin and spiked allergen samples were added in a process identical 

to what was conducted for Ara h1 testing. The resultant developed standard curves in Figure 22b2 
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show similarities to that of the peanut allergen testing and can easily differentiate between the 

varying concentration of added allergen. Furthermore, based on FDA guidelines, 0.36mg/kg of 

Beta Lactoblobulin are allowed in cases of possible food cross-contamination, this assay has 

significant more sensitivity than this limit (Center for Food Safety and Applied Nutrition, 2016). 

Furthermore, a LOD was calculated to be 12.6nM, meaning that there is a significant margin 

between the lowest tested allergen concentration and baseline fluctuation of the assay. Which will 

limit the possibility of false detection due to baseline fluctuation. 

5.2.3.3 Shrimp Allergen Testing 

Seafood is the third most common sensitivity for individuals with food-related allergies; 

approximately 17.2% of sensitive individuals in the US are allergic to some seafood-based product. 

With such a broad group of allergenic proteins due to the variety of seafood, the selection of any 

specific protein will not adequately protect all seafood sensitive individuals. However, based on 

available studies Tropomyosin, an allergenic protein found in kinds of seafood like shrimp and 

other shellfish is considered to be one of the most frequent causes of allergenic response for 

sensitive individuals. Secondary to its selection is that individuals with arthropods sensitive can 

also use a developed device for detection as they share this protein as an allergenic cause (Pascal 

et al., 2015). This will be more relevant for individuals in locations in which food production may 

not be at as high of a standard to developed countries or in the case of accidental contamination. 

Finally, based on a review of available literature the developed aptamer for this allergenic protein 

was found to have significant affinity for the target analyte, this would increase the possibility of 

successfully developed of a platform for testing food products for incident allergens (Zhang et al., 

2017). Once again, the assay was modified with the specific Tropomyosin attracted aptamers, and 
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the standard curve seen in Figure 22b3 was developed using spiked allergen samples. The resultant 

curves show properties like those found in tests for peanut and milk allergens. Like the other 

allergenic proteins as well the sensor is capable of meeting the required FDA detection standard 

of 0.13mg/kg of cross contaminated product. A LOD was calculated to be 6.2nM, significantly 

below the lowest tested concentration and the inverse logarithmic response shows us the expected 

saturation. 

5.2.3.4 Biosensor Cross-Reactivity & Performance Conclusions 

The developed system can detect concentrations well under this required limit. This is a significant 

benefit as sensitive individuals may have different levels of sensitivities to these allergens. So even 

if under these limits, an adverse reaction may occur, which could cause the death or otherwise 

unneeded suffering. Although for the lower limit a spectrometer is required, for industrial 

application in the food industry it provides a fast-quantitative alternative for some current 

conventional methods like ELISA; which also require bench-top devices and significantly more 

reagents and steps. Most ELISA kits offered by major suppliers like NEOGEN or r-Biopharms 

require benchtop equipment like plate readers, a significant number of reagents and take 30 

minutes or longer (NEOGEN, 2017a, 2017b, 2017c; r-Biopharm, 2017a, 2017b, 2017c). These 

kits are considered the gold standard for industry; however, most are only able to detect within the 

microgram range in comparison to these mechanisms ability to function at nanogram levels. 

Furthermore, the assay time is very comparable to these kits, as some of the fastest currently 

available assay takes a minimum of 30 minutes to complete. Another significant benefit of this 

system is the simple processes required to obtain a measurement, in comparison to the multiple 

reagents ELISA tests that these systems utilize for detection of allergenic material, the proposed 
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mechanism only requires operators to add GO after the sample has been incubated with the pre-

functionalized AuNP. The specific affinity for their target proteins is seen in Figure 22C, where a 

selectivity study shows the output of the system, which is spiked with 1000 nM of each protein. 

Although more comprehensive cross-reactivity studies are necessary, there is limited cross-

reactivity between these aptamers. They will only produce a signal when in the presence of a 

designed target that is similar to their designated proteins. This makes them ideal for their 

application as an onsite biosensor as they are both highly sensitive and selective, with results that 

directly correspond to the amount of allergen present. 

 Paper-Based Microfluidics Analytical Device 

Paper-based microfluidics, as mentioned previously, offers a variety of benefits which can be 

utilized to make the proposed mechanism much more available outside the laboratory 

environment. The main goal of the proposed bio-sensing system is to increase the options a 

sensitive individual or food manufacturer have to quickly and efficiently detect these proteins. To 

accomplish this simple cellulose-based paper was utilized with the above mechanism to both help 

separate the created complexes from solution and increase the readability of the result. Using paper 

to filter is one of its oldest known usage in science (Yetisen et al., 2013), and here it can be used 

for this specific purpose. Whatman 1 cellulose based paper is selected as it does not degrade over 

time, its availability and low cost (GE Healthcare Life Sciences, 2017; Mahato et al., 2017). To 

first verify if it is possible to filter the developed complexes with Whatman paper (pore diameter 

of 11µm) test samples which have been first incubated with varying quantities of allergenic protein 

and “quenched” with GO were filtered through the paper. The supernatant derived from this test 

can be seen in Figure 23A, and shows the ability of the paper to remove the developed complexes 
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from solution while allowing a passageway for the un- “quenched” AuNPs. As Whatman 1 filter 

paper can selectively remove the complexes from solution, it was the basis of a design for a paper 

device which utilizes a simple 3-fold design, as seen in Figure 23B. By adding the hydrophobic 

barriers to this paper using a Xerox Colorcube, it allows us to direct and control the flow in the 

paper device to propagate and use the assay (Lee and Gomez, 2017; Lisowski and Zarzycki, 2013). 

In this case, it is possible to help push the liquid through the filter layer and to limit the loss of the 

sample through adsorption into each layer.  

The main advantage of paper-based technology is the limited requirement for volume for testing. 

For our design, it was possible to utilize less than 30µL of the GO reacted systems to view a 

measurable result. A scaled-up model with a higher number of testing zones was used to test many 

allergen concentrations simultaneously and peanut aptamer functionalized AuNPs. Various peanut 

allergen concentration samples and incubated 20 µL of the functionalized AuNPs and then added 

GO. After 30 minutes the 20 µL of a solution, which contained both the floating complexes and 

unbound AuNPs that have developed, were dispersed on a layer of paper with designated zone 

made by printed hydrophobic wax. This layer is where the sample is first dispersed and acts as the 

filtering layer for the complexes, identical to the function of the middle layer in Figure 23B.  This 

layer was then placed on top of another layer, of identical design, with hydrophobic barrier defined 

zones. The backside of this bottom layer was covered with tape to prevent any further fluid transfer. 

As in Figure 23B, this bottom layer is designed to function as the output or color presentation 

layer. The last top cover layer, which was simply a sheet of parafilm wax was placed on top. This 

acts similarly to the top layer in Figure 23B and is used to help push the sample through the filter 

layer onto the color output layer. A large sheet of glass placed on top to help provide even pressure 
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to all testing areas are pushed by hand. After 1 minute, the layers were disassembled and the output 

layer, as seen in Figure 23C, shows the resultant dying by the free AuNP. Visibly this has made 

direct observation much more straightforward and can help the user quickly identify the possible 

level of contamination. Further quantify the results using straightforward processing procedures, 

as conducted by (Jokerst et al., 2012). Requiring only an image of the testing zone to measure 

average mean grey intensity. Using ImageJ resulted collected on the mean grey average of each 

zone after testing. Figure 23D is the collection of this data, showing us a similar output to that of 

the in-solution verification (Figure 23B). The system is able to quantify lower levels of allergen 

concentration with significant reliability, though the requirement of a camera is necessary. 

Although this is the case, the availability and accessibility of smart devices with a camera in 

comparison to a bench top spectra device is easily seen. The simple processing steps to acquire the 

mean grey average from the output zone in an image is far simpler and more accessible. Using the 

method described by Thomsen et al (2003) the lowest possible detectible concentration with a 3σ 

signal to noise ratio for the paper device was calculated and found to be 27 nM. Although it can 

detect down to 25 nM using the spectra, the paper devices showed reproducible identification for 

values at or above 50 nM with the peanut aptamer functionalized AuNPs. Below this amount it 

became difficult to see or measure any color dying caused by un-“quenched” AuNPs in the paper 

based device. 
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Figure 23:A) Image of the supernatant produced after simple filtration with Whatman 1 filter paper of 

samples with varying quantities of allergenic protein and the addition of GO, from left to right: 0nM, 25nM, 

50nM, 100nM, 500nM and 1000nM of allergenic protein. B) Image of simple 3-fold paper-based device for 

assistance in detection of allergens in food. The Top: Lid Layer, Middle: Filter Layer, Bottom: Output Layer.  

C) Image of the output layer after filtering samples with varying amounts of allergenic proteins, from left to 

right: 0nM, 25nM, 50nM, 100nM, 500nM and 1000nM of allergenic protein. D) Graph of the measured mean 

grey value of ROI from image C. Best viewed in color. 
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6 Conclusion 

6.1 Functioning Allergen Detection Assay 

For individuals living with allergen sensitivity, there is a significant lack of pro-active measures 

to help protect their health and well being. There is a necessity for a bio-sensor system that can 

directly benefit both government and manufacturers, that is accurate, specific, cheap and requires 

limited usage of laboratory instrumentation to detect allergen contamination in food. By utilizing 

the power of golds strong optical properties, with the selectivity and sensitivity of aptamer and the 

power of paper-based microfluidics the proposed device can meet these needs. With the proposed 

mechanism, it was possible to accurately measure allergens from 25 nM – 1000 nM with LoD of 

7.8 nM, 12.4 nM and 6.2 nM for peanut, milk and shrimp allergens respectively in solution. A 50 

nM – 1000 nM range with a LoD of 27 nM when integrated with the microfluidic paper device 

when utilized with a smart device with a camera. Furthermore, the system only requires the need 

for two reagents, functionalized AuNPs and GO, and a simple and cheap paper-based device. 

Further optimization and investigation is however required to both fully understand the capabilities 

of the mechanism and to create a better experience for the end user. Overall, the proposed device 

is highly comparable in time to other quantitative methods, such as ELISA, with even greater 

sensitivity and less complexity. This combination allows it to be a strong tool for those living with 

allergen sensitivities and giving manufactures a cheap and efficient method to control cross-

contamination and mitigate associated economic losses. 

6.2 Future PnP Research 

While it was expected that a far more reliable and sensitive method could be designed with 

florescent PnP, unexpected interaction between GO and PnP florescent quenching have made it 
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far more difficult to solve. Graphene based materials can be modified to alter properties, finding 

methods to possibly decrease affinity or cause charge-based separation may be a path towards a 

functioning assay. Other consideration like modification of the polymer structure with specific 

doping agents to allow for shielding of unwanted interaction may also be of benefit to study. The 

ability of a cheap florescent based detection method with limited materials and assay steps is 

needed. Also, while not meeting the World Health Organizations ASSURED methodologies for 

onsite detectors, the sensitivity, extreme low cost and reliability of a florescent based method 

would be of greater value in industry. Having a highly accurate and low-cost mythology has been 

shown to encourage testing and may help to further bring down the risk for those affected.  

6.3 Further Point of Care Development 

In this work a simple and effective paper-based device was demonstrated as a method to remove 

the need of a centrifuge and make detection possible with the naked eye. This system has not fully 

utilized paper in a method which could make detection far more sensitive or reliable. Further 

research in to designs, construction methodologies and new modification may increase the 

capabilities of the assay beyond just the removal of complexity and infrastructure. While 

encapsulated AuNP and PnP are very stable the proteins and aptamer based biorecognition (much 

less so than protein based biorecognitions methods like antibodies) elements are very susceptible 

to environmental conditions which could affect the capabilities of the system. Utilizing different 

structures and designs that combined function and packaging to create optimal conditions until use 

would further increase the usability of the system in a far greater range of environments. Other 

new methods like time delayed bridges could also allow for self timing and electrostatic buffer 



 

 

100 

 

localization may make it possible to have a small device which requires zero operator control and 

training without the need for any complex technologies.  

Furthermore, for a functioning onsite detector a control system and color identification method 

would need to be implemented into the primary design. Using scale of color, we can create an 

easily identifiable legend for users to compare against in each testing strip. The more important 

step needed to be taken would be for a method to confirm that the assay has functioned as expected, 

so the development of a control like those found to prove function of pregnancy tests would need 

to be added. This is an important feature which would need to be developed and integrated into 

the system so that the results can be used with confidence by the affected consumer. 

6.4 Smartphone Enabled Detection 

Thanks to the simplicity of the output it would be possible to utilize smartphones as a method for 

far more accurate reading. In the work above a simple algorithm to convert an RBG image to a 

mean grey value resulted in an output like that was seen in solution-based testing. Furthermore, 

with the use of a smartphone image normalization for lighting and distortion can take place which 

would allow for even possible greater detectability of the color output by the assay. The color scale 

after normalization could also be programed in meaning even less skill is required by an operator. 

The paper-based devices could also be far simpler in design as no scale would need to be included 

as this would all be done though application on a smart device. An example of the entire assay 

with the use of a smart device has been demonstrated in Figure 24. 
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Figure 24: Assay with the utilization of a smart device for the detection of allergenic materials in food 
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