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ABSTRACT 
 
Lateral flow tests are simple devices used to detect of a wide variety of analytes. These 

devices are portable, stable, low-cost, and user-friendly, making them ideal for point-of 

care testing. The purpose of this project is to develop a lateral flow device, with a simple 

and rapid read-out, for quantitative detection of DNA. This device utilizes oligomer-

conjugated microspheres that aggregate in solutions containing the targeted DNA. When 

deposited onto a porous substrate, such as filter paper, the wicking distance of the 

microspheres is dependent on the size and presence of the aggregates. In lateral flow 

devices, pre-depositing reagents simplifies user input, making the device more user-

friendly. This report details a method of pre-depositing microspheres onto the device so 

that microspheres dry onto the paper and are able to be rehydrated and wick through the 

paper. Microspheres are negatively charged, hydrophobic particles. While stable in 

solution, the drying process forces microspheres close together; when the microspheres 

touch they irreversibly aggregate. The goal is to block microspheres from aggregating by 

adding water-soluble inert polymers, proteins, and surfactants to the deposited microsphere 

solution. The solution must be stable in dry form, yet dissolve easily upon re-hydration to 

allow the microspheres to wick through paper. We found that depositing microspheres in 

a buffer containing bovine serum albumin (BSA), sucrose, Tween-20, and PVP-40 allowed 

the microspheres to wick through Whatman® Fusion 5 upon addition of solution.    
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1. BACKGROUND 
 
1.1 Low Cost Diagnostics 

Many diagnostic technologies that are extensively used in developed nations are 

not useful in developing countries. Developing countries often lack the necessary 

equipment, trained personnel, or even basic infrastructure, such as electricity and running 

water that are necessary for these high-tech diagnostics. The World Health Organization 

(WHO) has set forth guidelines for developing diagnostics for use in resource-limited 

settings; a successful diagnostic must be ASSURED. It must be affordable to those who 

need it, sensitive and specific, user-friendly, rapid and robust, equipment-free, and 

delivered to end users. Paper is an ideal platform for point-of-care diagnostics in resource-

limited settings because it is lightweight, ubiquitous, low-cost, and easy to manufacture. 

1.2 Lateral flow devices  

Lateral flow assays (LFAs) are a 

class of paper-based devices that can be 

used to detect the presence or absence of 

a wide-variety of analytes. Lateral flow 

assays are an ideal diagnostic technology for developing countries because they are rapid, 

low-cost, user-friendly, and do not require any external machinery. In a LFA, liquid wicks 

through a porous substrate via capillary action, combating the need for a pump or other 

external driving force. LFAs are used for a many applications. LFAs can detect proteins, 

pathogens, metabolites, or nucleic acids in biomedical [2] [3], agricultural [4], 

environmental [5], and food safety [6] applications.  

Figure 1 Lateral Flow Assay Schematic [1]  
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In a lateral flow device, a sample containing a target analytes moves along a strip, 

passing zones that contain molecules that will react with the target. LFAs typically consist 

of a sample pad, conjugate-release pad, membrane and absorbent pad all affixed to a sturdy 

backing [7]. 

1.2.1 Sample pad 

The sample application pad is typically made of cellulose or glass fiber. It functions 

to collect the sample and transport it in a continuous manner to the rest of the strip. The 

sample pad may pre-treat the sample, such as filtering out certain components or adjusting 

the sample pH.  

1.2.2 Conjugate pad  

Typical materials for the conjugate pad are cellulose, glass fiber, and Fusion 5. The 

conjugate release pad functions as storage for labelled analytes or the colored recognition 

element. The conjugates must dry without aggregating or being damaged and remain stable 

for long-term storage, then easily release when a sample solution is applied.  

1.2.3 Membrane  

The membrane is typically made of nitrocellulose. It contains a test line and a 

control line where the target, typically bound to a colored particle, binds. It is important 

that the membrane have strong binding, to capture probes, and low non-specific adsorption, 

to ensure maximum assay performance.  

1.2.4 Absorbent Pad  

 The absorbent pad, typically cellulose, is the final component of a lateral flow 

device. It functions to allow a greater sample volume to be used and still wick through the 

device without any external driving forces or machinery.  
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1.3 Nucleic Acid Testing  

 Nucleic acid testing has critical functions in areas of food safety, environmental 

monitoring, personalized medicine, health, and agriculture [8]. There are many 

technologies used extensively in the developed countries for detection of nucleic acid 

sequences including polymerase chain reaction (PCR) and quantitative PCR (qPCR); these 

methods rely on costly and sometimes inaccessible equipment and reagents, trained 

technicians, and require infrastructure that is largely lacking in developing countries. There 

is an emerging class of lateral flow devices that detect nucleic acids in point-of-care 

applications where a laboratory and trained personnel are not readily available [9]. For 

example, Mao et al. developed a nucleic acid biosensor using gold nanoparticles (Au-NP). 

In the presence of the target strand, the Au-NP probes are immobilized on the test zone, 

creating a red band that enables qualitative visual detection. However, in order to quantify 

the amount of DNA, a strip reader must be used to image the red band and calculate the 

intensity of the color [10]. Thus far, nucleic acid detection in lateral flow assays is limited 

to either qualitative yes/no detection or quantitative detection that requires a camera, smart 

phone, strip reader, or other external piece of equipment for analysis 

1.4 Instrument-Free Quantitative DNA Detection  

Our lab is developing a paper-based method for determining the concentration of a 

certain target DNA in a sample. Our method utilizes a three-component system in which 

two different strands of ssDNA, which are complimentary to either the 5’ or 3’ end of a 

target DNA sequence, are conjugated to the surface of two populations of polystyrene latex 

microspheres. When the conjugated microspheres are in solution with the target strand, the 

single stranded DNA hybridizes causing the microspheres to form aggregates. A higher 
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concentration of target DNA causes larger aggregates to form. When a solution containing 

these aggregates is deposited onto a porous substrate, such as filter paper, the wicking 

distance is dependent on the size of aggregates. Small particles wick farther than larger 

particles; therefore, a solution containing a high concentration of the target DNA will travel 

a shorter distance than a solution containing a lower concentration. This allows for a 

quantitative assay with a read-out visible to the naked eye.  

1.4.1 Pre-depositing microspheres  

The goal of this paper is to determine a method of pre-depositing microspheres onto 

a test strip such that the microspheres dry without aggregating and then re-hydrate and wick 

through the test strip upon addition of a sample solution. This would minimize user input, 

which is critical for successful point-of-care testing.  

Microspheres are negatively charged and hydrophobic. While stable in solution, 

they are forced close together during the drying process. If they come in contact with each 

other while drying, they irreversibly aggregate. In this paper, we aim to determine a 

material for the test strip, appropriately sized microsphere, and conjugate release buffer 

that allows the microspheres to be dried onto the test strip but still wick through the strip 

upon re-hydration. Materials commonly utilized in lateral flow assays: nitrocellulose, filter 

paper, and Fusion 5 were tested. The material must not permanently bind to microspheres 

and exhibit the inverse wicking relationship used in our detection mechanism. 

Additionally,  conjugate release buffers containing different concentrations of surfactant, 

blocking protein, water-soluble inert polymers, and stabilizers. The buffer must prevent 

microspheres from irreversibly aggregation when drying; it must be stable when dry but 

quickly dissolve upon addition of a sample.  
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2. MATERIALS AND METHODS  

2.1 Reagents and membranes 

A 10% solid solution of 0.15 µm, 0.30 µm, 0.33 µm, 0.66 µm, 0.68 µm and 1 µm 

colored, carboxylated, polystyrene latex microspheres purchased from Magsphere, 

Pasadena, CA. 10x phosphate buffered saline, bovine serum albumin (BSA), Tween-20, 

polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP40), and sucrose purchased from 

Sigma-Aldrich, St. Louis, MO. Backed nitrocellulose, Hi-Flow plus cellulose ester 

membranes (HF135), purchased from Millipore, Darmstadt, Germany. Whatman® 

qualitative filter paper, Grade 1 and Whatman® Fusion5 were purchased from GE 

Healthcare Life Sciences, Pittsburgh, PA.  

2.2 Microsphere Preparation  

Microspheres were diluted 10-fold to a 1% solid solution in 1mM PBS. 

Microspheres were centrifuged at 7,000 rpm for 15 minutes. The supernatant was discarded 

and replaced with fresh PBS. After three wash cycles, the microsphere were re-suspended 

to a 10% solid solution. The microspheres were added to various conjugate release buffers 

to make a 1% solid solution. 

2.3 Preparation of the test strip  

Filter paper was backed with clear packing tape and then cut into 5x60 mm strips. 

The strips were then affixed to cardstock with double-sided tape. The nitrocellulose and 

Fusion 5 were cut into 50x600 mm strips and affixed to cardstock using double-sided tape.   

2.4 Assay procedure  

Using a micropipette, 5 µL 1%-solid microspheres in various buffers was deposited 

onto the test strips. The microspheres were allowed to dry at least 24 hours at room 



 
 

 6 

temperature. In order to test the microsphere’s ability to re-hydrate, 50 µL of the same 

conjugate release buffer used deposit microspheres was added to the test strips. 

Microspheres in 1 mM PBS was used as a control.   

3. RESULTS AND DISCUSSION  

3.1 Material of Test Strip  
 

Nitrocellulose, filter paper, and Fusion 5 were chosen because they are commonly 

used in lateral flow devices. Nitrocellulose almost exclusively functions as the membrane 

where the test strip and control strip are bound in classic LFAs. Filter paper is made of 

cellulose, which is sometimes used as the sample application pad and/or conjugate release 

pad. Fusion 5 is an “all-in-one” material that can serve as each component of a lateral flow 

device, though it is often utilized as simply a conjugate release pad. Six different sized 

microspheres from 0.15 to 1 µm were tested, this range is was chosen due to the pore sizes 

of the three materials tested. Fusion 5 has a pore size of approximately 2.5 µm.  Grade 1 

filter paper has a particle retention size 11 µm, Nitrocellulose has a pore size of around 

0.45 µm. The microspheres chosen are small enough to travel through each substrate.  

3.2 Buffer Composition 
 
 Three different conjugate release 

buffers were tested (Table 1). Each 

buffer is a 1 mM PBS buffer with 

1% (w/v) PVA and 0.5% (w/v)  

PVP-40, both water-soluble inert 

polymers. The buffers have a high, 

medium, and low concentration of 

Table 1 Conjugate Release Buffers 

Buffer 1 
low 

concentration 

Buffer 2 
medium 

concentration 

Buffer 3 
high  

concentration 

1mM PBS 1mM PBS 1mM PBS 

0.5% PVP40 0.5% PVP40 0.5% PVP40 

1% PVA 1% PVA 1% PVA 

0.1% Tween-20 0.5% Tween-20 1% Tween-20 

1% BSA 10% BSA 20% BSA 

15% Sucrose 20% Sucrose 25% Sucrose 
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Tween-20, BSA, and sucrose. The concentration of Tween-20 in conjugate release buffer 

for microspheres in Fusion 5 is often between 0.1% (w/v)  and 1% (w/v), the 

concentration of sucrose from 15%-25% (w/v)  and the concentration of BSA is between 

1% and 25% (w/v) [11]. Tween-20 aids in the release of microspheres upon re-hydration, 

BSA acts as a blocking protein to prevent non-specific binding and aggregation, and the 

sucrose functions as a blocker, protecting the microspheres during the drying process. 

Sucrose also aids in the release of microspheres, since sugar dissolves easily upon 

addition of solution.  

3.3 Effect of Material on Microsphere Re-Hydration  
 

Nitrocellulose, filter paper, and Fusion 5 were tested by depositing 1% microsphere 

solutions in the different buffers onto a test strip and comparing the microspheres in the 

conjugate release buffers to microspheres deposited in PBS. Microspheres in PBS 

irreversibly aggregated when dried and did not wick through the test strip upon addition of 

buffer regardless of the material of the test strip, as expected (Fig 2-4a).  

In nitrocellulose (Fig 2) and filter paper, (Fig 3), none of the microspheres 

exhibited conjugate release. The three buffers showed no change in behavior from the 

PBS control. In Fusion 5 each combination appears to move slightly upon re-hydration 

(Fig 4). The microspheres in each conjugate release buffer are slightly lighter and have a 

larger diameter than the PBS control indicating the dried microspheres moved slightly 

upon re-hydration. However, the blue  0.68 µm microspheres in the medium-strength 

buffer, buffer 2, shows a much higher conjugate release than the other sized 

microspheres; nearly all the microspheres rehydrate and wick through the test strip. The 

weak buffer, buffer 1, does not block aggregation (Fig 4b), while the most concentrated  
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(a) PBS  (b) Buffer 1 (c) Buffer 2 (d) Buffer 3 
0.15 µm 
0.30 µm 
0.32 µm 
0.66 µm 
0.68 µm 
1.00 µm 

Nitrocellulose 

Figure 2 Nitrocellulose  Various sized microspheres deposited in PBS (a), and buffer with a 
low (b), medium (c), and high (d) concentration of sucrose, BSA, and Tween-20.  

(a) PBS  (b) Buffer 1 (c) Buffer 2 (d) Buffer 3 
0.15 µm 
0.30 µm 
0.32 µm 
0.66 µm 
0.68 µm 
1.00 µm 

Filter Paper, Grade 1 

Figure 3 Filter Paper  Various sized microspheres deposited in PBS (a), and buffer with a low 
(b), medium (c), and high (d) concentration of sucrose, BSA, and Tween-20.  

Fusion 5 

Figure 4 Fusion 5  Various sized microspheres deposited in PBS (a), and buffer with a low (b), 
medium (c), and high (d) concentration of sucrose, BSA, and Tween-20.  

(a) PBS  (b) Buffer 1 (c) Buffer 2 (d) Buffer 3 
0.15 µm 
0.30 µm 
0.32 µm 
0.66 µm 
0.68 µm 
1.00 µm 
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buffer, buffer 3, seems to block the pores of the Fusion 5 (Fig 4d). Additionally, the high 

concentration of sugar created a glaze, causing the test strip to appear shiny.  

3.4 Effect of Microsphere Size on Wicking Distance 
 

 Our quantitative DNA 

detection method utilizes the fact 

that larger microspheres travel 

shorter distance; this inverse 

wicking relationship is central to 

our detection mechanism. To 

analyze this trend in nitrocellulose, 

filter paper, and Fusion 5, 50 µL of 0.1% solid microspheres, from 0.15 µm to 1 µm, were 

deposited onto a test strip made of each material (Fig 5).  

 

 

 

 

 

 

 

We expect to see that the smallest (0.15 µm) microspheres travel farther than the largest (1 

µm) microspheres. In nitrocellulose and filter paper this trend is observed (Fig 5a-b).  In 

Fusion 5, all of the microspheres travel a very short distance with no significant difference 

Table 2 Conjugate Release Buffers  

High Tween-20 
concentration 

High sucrose 
concentration 

High BSA 
concentration 

1mM PBS 1mM PBS 1mM PBS 

0.5% PVP40 0.5% PVP40 0.5% PVP40 

1% PVA 1% PVA 1% PVA 

1.0% Tween-20 0.1% Tween-20 0.1% Tween-20 

1% BSA 1% BSA 20% BSA 

15% Sucrose 25% Sucrose 15% Sucrose 

(a) Tween-20  (b) Sucrose (c) BSA 
0.15 µm 
0.30 µm 
0.32 µm 
0.66 µm 
0.68 µm 
1.00 µm 

Effect of Tween-20, Sucrose, and BSA 

Figure 5 Effect of Buffer Concentration Various sized microspheres 
deposited in Buffer 1 with an increased concentration of  Tween-20 (a), 
sucrose (b), and BSA (c) onto Fusion 5.  
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between the smallest and largest microsphere. This may be due to the PBS buffer the 

microspheres were deposited in or the pH of the microsphere solution. Further investigation 

must be done to determine if different-sized microspheres wick different distances in 

Fusion 5 to ensure it can be used in our assay. 

3.5 Effect of Surfactant and Blocker Concentrations on Microsphere Re-Hydration 
  

The effect of Tween-20, sucrose, and BSA in the conjugate release buffer was 

studied by increasing the concentration of a single component in three different conjugate 

release buffers (Table 2). Tween-20 was increased from 0.1% to 1%, sucrose was 

increased from 15% to 25%, and BSA was increased from 1% to 25%. These values were 

chosen based on recommended conjugate release buffers for polystyrene latex 

microspheres [11]. The low concentration of each component in Buffer 1 and the high 

concentration in these buffers represents the entire range of recommended values.  

 

 

 

 

 

 

 

Each condition improved the conjugate release in Fusion 5. The concentration of all 

components of the conjugate release buffer were identical to Buffer 1 (Fig 4b). Although 

there was a slight improvement in each case, increased Tween-20 (Fig 6a) did not 

significantly increase the amount of microspheres that re-hydrated and wicked through the 

(a) Tween-20  (b) Sucrose (c) BSA 
0.15 µm 
0.30 µm 
0.32 µm 
0.66 µm 
0.68 µm 
1.00 µm 

Wicking Distance of Different Sized Microspheres 

Figure 6 Wicking distance of  microspheres Various sized 
microspheres, 50µL of 0.1% solid microspheres in PBS, deposited onto 
Nitrocellulose (a), Grade 1 Filter Paper (b), and Fusion 5 (c).  
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test strip. Increased sucrose (Fig 6b) had a more noticeable effect than the increased 

Tween-20. Tween-20 and sucrose mainly improved conjugate release for the red 0.66 µm 

and blue 0.68 µm microspheres. Increasing the amount of BSA (Fig 6c), improved 

conjugate release for each size. This suggests that BSA is extremely important in blocking 

the microspheres from binding to each other. However, the amount of BSA was increased 

25X, while the amount of sucrose was only increased 1.7X, and Tween-20 10X. The 

observed increase in conjugate release in the buffer with increased BSA may be due to the 

greater percent increase of BSA as opposed to the functionality of BSA itself.  

4. CONCLUSION AND FUTURE WORKS  

The aim of this project was to develop a method of depositing microspheres onto a 

substrate such that they quickly re-hydrate and wick through the test strip upon addition of 

a sample solution. This would simplify in user-input, an important aspect for developing 

practical assays for point-of-care testing. Different substrates, conjugate release buffers, 

and microsphere sizes were tested in this paper. Common materials used in LFAs, 

Nitrocellulose, filter paper, and Fusion 5, conjugate release buffers with varying 

concentrations of surfactants and blockers, and a range of microspheres were tested.  

In all trials in nitrocellulose and filter paper, the microspheres permanently 

aggregated when dried. Fusion 5 showed a small amount of microsphere re-hydration in 

each case compared to the PBS control, though only one condition provided a significant 

amount of conjugate release. The 0.68 µm microspheres in the medium-strength buffer 

deposited on Fusion 5 appears to successfully rehydrate upon addition of buffer and wick 

through the test strip. However, upon further investigation, it is not clear the Fusion 5 is an 

adequate substrate for our method of quantitative DNA detection. When 50 µL of 0.1% 
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solid microsphere solution in PBS was deposited onto Fusion 5, the wicking distance was 

not affected by the size of the microspheres. The 0.15 µm and 1 µm microspheres travelled 

similar distances. Further investigation needs to be done to determine if deposition in 

different buffers or with different pHs have the same effect. 
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