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Abstract 

 Standard diagnostic tests for the detection of diseases typically cannot be performed in 

low-resource settings because they require equipment and conditions found in a laboratory. To 

address this problem, rapid test devices that can be operated outside of the laboratory have been 

created. The devices integrate complex assays into miniature devices with simple user interfaces 

allowing them to be used by unskilled workers. However, current devices are limited to one-step 

assays due to their design. The advantage of an assay with more than one step, a multi-step 

assay, is that the signal of the results can be amplified, making the device more sensitive. In this 

paper, I discuss the creation of a microfluidic paper-based device for performing the multi-step 

enzyme-linked immunosorbent assay (ELISA). In order to determine the functionality of the 

device, we needed a target disease, and chose to use syphilis because of the vast amount of 

literature that exists for syphilis rapid test devices and syphilis detection methods. By creating a 

rapid test device that is able to perform a multi-step assay such as the ELISA, point-of-care 

diagnoses will be more robust as the ELISA is proven to be more sensitive and specific than the 

assays currently used in rapid test devices. 
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Rapid Test Devices 

In low-resource settings, many of the typical assays used for the diagnosis of various 

diseases (i.e., Western blot, fluorescent antibody absorption, particle agglutination, and enzyme 

immunoassays) cannot be performed because they require materials and conditions found in 

well-equipped clinical laboratories as well as skilled personnel.1 To provide analytical tools for 

the diagnosis of diseases in resource-limited settings, rapid test devices—portable devices that 

incorporate some of these techniques at a smaller scale—have been created for use in low-

resource environments.2 Rapid test devices are typically thought of as a “lab-on-a-chip” where 

the miniature device is performing all of the complicated functions that are typically performed 

in a lab. The allure of this technology is its potential for simplifying complex assays. Many of 

the rapid test devices require a few simple steps to perform and lead to a result that is easy to 

understand; a classic example of this is the pregnancy test where urine is the only reagent the 

user has to provide. The advantages of rapid test devices stem from their miniature size and 

portability; the devices use small volumes of fluids, have fast turnaround times, and are useable 

in most environments.3 These devices are typically designed to fulfill the ASSURED 

(Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment free, and 

Deliverable to end-users) standards of the World Health Organization for diagnostic devices to 

be used in developing countries.  

Currently, however, one of the limitations of rapid test devices is that they are unable to 

perform multi-step assays. The majority of rapid test devices are lateral flow devices using one-

step assays—“one-step” is defined here as an assay only requiring the addition of one reagent—

such as particle agglutination as their method of detection.4–6 While there are many advantages to 

a lateral flow assay, the one-step nature of the assay has some shortcomings including not being 

able to enhance the signal and not being able to include wash steps. These shortcomings can be 

addressed in a multi-step assay.7 Thus, this project hopes to make a more sensitive and versatile 

rapid test device by incorporating a multi-step assay, the enzyme-linked immunosorbent assay 

(ELISA), into a paper-based diagnostic device, using syphilis detection as a means of 

determining the effectiveness of the device. 
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Syphilis 

According to the World Health Organization, there are 12 million new cases of syphilis 

each year.8 Syphilis is caused by the coil-shaped spirochaete Treponema pallidum (Tp). The 

disease causes rashes and lesions that facilitate the spread of the bacteria through venereal 

contact. Depending on the level of disease activity, syphilis infection is divided into five stages: 

incubating, primary, secondary, latent (early latent and late latent), and tertiary syphilis.9 Various 

techniques are more effective in diagnosing the disease for its various stages, but the current gold 

standard method regardless of the stage of the infection is the Treponema pallidum particle 

agglutination (TP-PA) assay. The assay sensitizes colored gelatin particles with Tp antigen and 

mixes it with a serum sample of the patient. If the test is positive, the gelatin particles will 

agglutinate because of the attraction to the antibodies in the serum and clumps of color will be 

seen.1  

Since a plethora of rapid test devices exist for syphilis, we decided to use syphilis as the 

target that we would detect, as there is plenty of literature to compare our results. Many of the 

rapid tests for syphilis that exist on the market are lateral flow immunoassay tests. In these rapid 

tests, a liquid sample flows through a membrane and flows across areas where biomolecules 

have been pre-attached. Typically, there is one test line and one control line; the test line will 

hold anti-analyte antibodies while the control line will hold anti-immunoglobulin G (IgG) 

antibodies. The spot where the sample is added will have anti-analyte antibodies conjugated with 

a nanoparticle made of either gold or latex. When the sample is added, these conjugated 

antibodies will bind to the target analyte from the sample, and as this antibody/analyte 

combination flows through the nitrocellulose membrane, the analyte will be bound to the pre-

attached anti-analyte antibodies in the test line, resulting in a color from the collected 

nanoparticles. The same will occur for the control line, except that the anti-analyte antibodies 

conjugated with the nanoparticles will be bound by the pre-attached antibodies at the control line 

regardless of the analyte existing in the sample, leading to color.7 As stated before, the 

shortcomings of this method come from its lack of an amplification step in its method of 

detection.10 Previous research has shown that enzyme-linked immunosorbent assays (ELISAs) 

are more sensitive and specific than TP-PA and lateral flow immunoassays, especially with 

individuals co-infected with HIV.1 Therefore, we aimed to incorporate the multi-step ELISA into 

a rapid test device.  



8 

 

Enzyme-Linked Immunosorbent Assay (ELISA) 

Typically performed in a wet-lab setting, the ELISA is a high-sensitivity test that uses 

antibodies in conjunction with enzymes to identify a substance. As with all immunoassays, the 

ELISA relies on the interaction between antibodies and their antigens to detect a particular target 

molecule. There are three main types of ELISAs: direct, indirect, and sandwich. The various 

types of ELISAs describe the method by which the enzyme-linked antibodies will bind their 

antigen. In the direct ELISA, the enzyme is attached to the primary antibody whose antigen will 

be the target molecule. For the indirect ELISA, the enzyme is attached to the secondary antibody 

that is specific to the primary antibody that will bind to the target molecule. The sandwich 

ELISA is similar to the indirect ELISA, except the antigen is first sandwiched between two 

primary antibodies—called a capture antibody and a detection antibody—and then the secondary 

antibody conjugated to the enzyme is added for visualization. Figure 1 shows the various types 

of ELISA and how they function. 

 

Figure 1: Various types of ELISA 

The use of an enzyme allows for an amplification step in the assay because of the 

enzyme’s ability to interact with a substrate more than once. Due to this, even if small amounts 

of the target molecule are present in the sample, if the enzyme-linked antibodies are able to bind, 

then interaction with the substrate will create an amplified signal and therefore allow for easier 

visualization. Amplifying the signal results in a more sensitive device and reduces the risk for a 

false negative, which can help to curb the spread of disease. 
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Overview 

The device consists of multiple layers of wax-patterned chromatography paper with 

double-sided tape to transform the two-dimensional paper sheets into a three-dimensional device 

with complex microfluidic paths. The key feature of the device is a sliding strip that moves 

within the device to various positions, allowing for the device to incorporate assays with multiple 

steps. The strip is made from chromatography paper, nitrocellulose, and cellulose acetate. The 

key component of the strip is the wax-patterned piece of nitrocellulose used as the reaction 

matrix for immunoassay reactions to occur.  

 

 

Figure 2: Three positions that the sliding strip can occupy. 

 

The various layers of the device are patterned with wax, which creates a hydrophobic 

barrier in the paper and results in channels where the wax was not laid. The fluid flows along the 

channels of the hydrophilic paper by capillary action.11 The device consists of five layers. Each 

layer is used either to store a reagent or to facilitate moving the fluid through the device. For 

each step of the assay, the device has a single inlet that branches into two outlets, one for the test 

and one for the control. Figure 3 shows a visual representation of various layers of the device as 

well as where the reagents are stored.  
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Figure 3: Device with its multiple layers. Black indicates a paper layer and gray indicates a tape layer. The 

bottommost layer is blotting paper.  
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Sliding Strip 

The sliding strip is crucial to the design of the device, and is one of its truly novel 

components. The sliding strip essentially introduces the idea of a mobile sensing area. In 

previous devices, the sensing area is stationary, and therefore all channels will cross paths at 

some point within the device en route to the sensing area or after passing the sensing area. 

Without the strip, multiple reagents, and therefore multiple steps, are unable to exist within a 

rapid test device because the sensing area would interact with multiple reagents simultaneously. 

A lack of control in when the reagents reached the sensing area of the device prevents the 

success of multiple step assays. With the incorporation of the sliding strip, the device is 

effectively partitioned into multiple sections; in the case of our device, there are 3 partitions, one 

for each step of the ELISA. This partitioning grants the user control over when a reagent should 

be used in the assay taking place within the device. 

The significance of partitioning the device is that it allows multiple environments to exist 

within a single device. Partitioning will be defined as the various positions that the sliding strip 

can occupy. For example, if the strip is at position 1, as shown in Figure 2, what is stored in this 

pathway can be completely different from what is stored in the pathways for the strip at position 

2 or position 3. Each time the strip slides to a new position, the sensing area is connected to a 

new channel, and therefore a new environment. In the case of the sliding strip device designed 

for detecting syphilis, the secondary antibody conjugated with the enzyme is stored in position 2 

while the substrate that will react with the enzyme is stored in position 3, as shown in Figure 4. 

Partitioning the device also allows for the use of different buffers and the ability to wash 

the sensing area after each step. Since each position the strip occupies is self-contained, different 

buffers can be used at each position to alter the pH of the various channels for their specific 

purposes. For the syphilis device, 1x PBS is used as the buffer for positions 1 and 2 to maintain 

an environment of pH 7.4, while Tris buffer solution of pH 9.5 is used in position 3. Position 3 

requires a different pH environment because this is the position in which the enzyme will interact 

with the substrate, and the enzyme that is being used, alkaline phosphatase, works optimally in 

basic conditions. On the other hand, it is beneficial to maintain a neutral pH for the binding steps 

of antibody to epitope that occur in positions 1 and 2; the sliding strip allows for a change in 

environment based on what conditions are preferred.  
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Figure 4: From left to right: sample layer, splitting layer (yellow is the NBT/BCIP substrate), 6-

hole layer, 6-hole layer (red is the secondary antibody), sliding strip (green is the antigen, Tp17), larger 6-

hole layer. The antigen used in this figure is specific to the device used for syphilis. 

Sensing Area 

 The sensing area on the strip is made from nitrocellulose. The ideal material used for a 

sensing area has consistency throughout the surface pore size and high binding capacity of 

proteins.12 Nitrocellulose has a high binding capacity for macromolecules and is commonly used 

in molecular biology for various assays that require the adsorption of macromolecules onto a 

membrane. Over the last two decades, nitrocellulose has been used frequently as the membrane 

for the sensing area in lateral flow assays.12 While it is not well understood how nitrocellulose 

binds macromolecules, it is hypothesized that both electrostatic and hydrophobic interactions 

play a role, with hydrophobic interactions playing a more dominant role.13 Nitrocellulose’s 

ability to bind macromolecules without extra modifications to the membrane make it compatible 

with a variety of assays, and therefore make it a desirable substance to be used to bind the 

antigen in our device.  

Choice of Analyte 

Treponema pallidum (Tp) is the spirochaete bacterium that causes syphilis, as well as 

other diseases such as bejel, pinta, and yaws that are caused from treponemal infection. The outer 

membrane of the Tp bacterium contains several outer membrane proteins such as Tp15, Tp17, 

Tp45, and Tp47. These four membrane proteins are considered important candidates for the 

serological diagnosis of syphilis because of their strong immunogenicity and presence 

throughout all stages (primary, secondary, tertiary, and latent) of syphilis infection.14,15 For our 

device, we have selected Tp17 as the target to detect in our model. 
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Detection Method 

The device employs an indirect ELISA as its method of detection. The Tp17 antigen is 

bound on one side of the sensing area of the sliding strip. If a patient is positive for syphilis, their 

body’s antibodies will bind to the Tp17 on the sensing area, and these antibodies will act as the 

primary antibody in the ELISA. Next, the previously stored, anti-human IgG secondary 

antibodies conjugated with enzyme will flow onto the sensing area and will bind to the primary 

antibodies. Finally, the stored substrate will flow to the sensing area and will interact with the 

secondary antibodies and the enzymes, completing the assay.  

The enzyme used in the assay is alkaline phosphatase (ALP), and it is used in conjunction 

with the substrate nitro blue tetrazolium chloride/5-Bromo-4-chloro-3-indolylphosphate 

(NBT/BCIP). When ALP comes into contact with NBT/BCIP, ALP cleaves the phosphate group 

from the BCIP and creates an intermediate that reacts with the NBT. The reaction results in the 

tautomerization of the blue dye intermediate, and the reduction of the NBT which is a solid, dark 

blue precipitate as shown in Figure 5. 

 

Figure 5: NBT/BCIP Reaction16 

Complex Microfluidic Paths 

While previous rapid test devices have mainly used lateral flow as the method for 

wicking the fluid, the 3-dimensional nature of the sliding strip device allows for vertical and 
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lateral flows. A device with vertical flow capabilities allows for more complex assays to be 

incorporated into a small, rapid test device.17 An example of this is the combination of the 

vertical and horizontal flows working in tandem in the second layer of the device where the fluid 

flows from layer 1 to layer 2 and dissolves the NBT/BCIP substrate before continuing to flow 

horizontally towards the inlets of layer 3. The complex flow helps to create a homogenous 

solution containing the substrate as the chromatography paper channels double as a filter for the 

larger substrate particulates that were not completely dissolved in the initial flow from layer 1 to 

layer 2.  

Furthermore, having both vertical and horizontal flow allows the device to remain 

compact despite having pathways that are more complex. With the ability to build vertically, 

branching and splitting of flow lets a device have powerful multiplexing capabilities while 

remaining a reasonable size.17 

Blood Test 

The ultimate goal of the device is to be able to place a drop of blood onto the inlet of the 

device and allow the device to process the blood and analyze its contents. Currently, we are 

using human serum based VIROTROL® Syphilis Total and VIROCLEAR® as our positive 

control and negative control, respectively. Both products are produced by Bio-Rad Laboratories 

and are used as quality assurance reagents for immunoassays. VIROTROL® Syphilis Total 

contains IgG and IgM antibodies to the Tp bacterium as well as non-treponemal antibodies, 

making it an ideal mimic for the serum from a patient who has been infected by syphilis. 

VIROCLEAR® is guaranteed to be non-reactive for Tp IgG and IgM antibodies as well as non-

treponemal antibodies; it is commonly used as a non-reactive quality control for assays for 

syphilis. 

Stored Reagents 

As seen in Figure 3, three reagents are pre-stored in the device; these reagents are the 

NBT/BCIP substrate, the secondary antibody conjugated with ALP, and the antigen. The 

NBT/BCIP substrate is stored in the second layer of the device as a powder. Using a sterilized 

mortar and pestle, NBT/BCIP Ready-to-Use Tablets from Roche are ground into a fine powder 

that is then transferred to the device using a Miltex® Biopsy Punch with Plunger with inner 
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diameter of 1.0 mm. Once the powder is in place, the first layer with tape is placed on top of the 

device to seal the substrate within the device. 

The secondary antibody conjugated with ALP is Anti-Human IgG (Fc specific) − 

Alkaline Phosphatase antibody produced in goat. The secondary antibody is diluted in 1x PBS 

and StabilCoat® Immunoassay Stabilizer until the concentration of the secondary antibody is 

100 µg/mL and the solution consists of 10% StabilCoat® Immunoassay Stabilizer. 2 µL of this 

solution is transferred to the middle two channels of the fourth layer of the device, as shown in 

Figure 4. The layer is then placed in a vacuum desiccator for 3 hours. After 3 hours, the third 

layer with tape attached is placed on top of the fourth layer to seal the secondary antibody into 

the device. 

To store the antigen, in this case the Tp17 outer membrane protein, 2 µL of Tp17 with 

concentration of 2.8 mg/mL is added to the testing region of the nitrocellulose sensing area. The 

nitrocellulose is then placed in an incubator at 20 degrees Celsius for 15 minutes to allow the 

antigen to dry. After 15 minutes, the nitrocellulose is removed from the incubator, placed in a 

solution of 3% bovine serum albumin (BSA), and placed on a shaker for one hour in order to 

block the sensing area. After one hour, the nitrocellulose is removed from the solution and 

washed three times with molecular grade water. The nitrocellulose is once again placed in the 

incubator at 20 degrees Celsius for 15 minutes until the sensing area has dried. The nitrocellulose 

is then placed on the sliding strip. 

Procedure 

The device is run in three steps – one step for each location the strip occupies, as seen in 

Figure 6. In the first step, 20 µL of the sample (VIROTROL® or VIROCLEAR®) is added to 

the first inlet. After the sample has flowed through the device, 100 µL of 1x phosphate buffered 

saline (PBS) solution with 0.05% Tween 20 is added to the same inlet as the sample. The PBS 

not only ensures that the sample has passed through the entirety of the device, but also acts as a 

washing step to remove any unbound molecules from the sensing area. At this point in the 

procedure, if the sample is positive for the target disease, the primary antibody from the sample 

should be bound to the antigen on the sensing area.  

After all of the fluid has wicked through step 1, the strip is moved to the second position 

and 150 µL of 1x PBS with 0.05% Tween 20 is added to the second inlet. This step encounters 
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the first storage zone and the PBS causes the stored secondary antibodies to flow through the 

device. At the end of this step, the secondary antibody should be bound to the primary antibody, 

and therefore bound to the sensing area.  

After all of the fluid has wicked through step 2, the strip is moved to the third position, 

where 150 µL of Tris buffer of pH 9.5 is added to the third inlet. The Tris buffer dissolves the 

stored solid substrate and wicks it through the device. The Tris/substrate solution comes into 

contact with the enzyme attached to the secondary antibody, and the reaction between the ALP 

and NBT/BCIP occurs, leaving a blue-purple precipitate on the sensing area.  

If the initial sample was not positive for the target analyte, then a precipitate will not 

form and no signal will appear on the sensing area. To act as a negative control, antigen is not 

spotted on the right side of the sensing area. 1x PBS is used instead of the antigen to simulate a 

similar environment of hydration and drying that the left side experiences. As the negative 

control, the area should remain colorless even if a positive sample flows through the device. 
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Figure 6: The three steps of the device and what occurs at the sensing area during each step. Each step is correlated 

with the location of the strip. 
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Results 

Figure 7 shows the flow of a colored dye through the various layers of the device. The dye 

spreads through the entire hydrophilic channel and is effectively blocked by the hydrophobic 

wax. The dyes do not interact with each other, showing that each step is isolated. Due to this, the 

reagents stored in the device are isolated from each other as well. Buffers that are used to run the 

device only interact with the partitions that they are designed to interact with. It takes ~2 minutes 

for the dye to flow through the device. 

 

Figure 7: Red, yellow, and blue dye showing that each step is isolated from the other steps. 
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Each location the strip moves to is a different step in the ELISA, as shown in Figure 8. 

 

Figure 8: The device and the various positions of the strip 
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The result presented in Figure 9 shows the contrast between the positive signal and the negative 

signal within a device, in the left hole and right hole, respectively, and the comparison between 

devices run using VIROTROL® and VIROCLEAR®, on the left strip and the right strip, 

respectively.  

 

 
 

Figure 9: Positive result using VIROTROL® diluted by 100 times on the left strip. Negative result using 

VIROCLEAR® diluted by 100 times on the right strip. 

Challenges 

The main difficulties that were encountered during this process came from non-specific 

binding and undesired signal in the results. We would often find varying tints of purple on the 

sensing area even when we had used VIROCLEAR® as our sample. In order for the device to be 

viable, it must be simple and able to be used by a non-skilled person. The results must be very 

discernibly positive or negative. Even the slightest bit of undesired signal in the negative samples 

and the negative control of the strip can lead to confusion and potentially false diagnoses. The 
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purpose of rapid test devices is to save lives by making the process of diagnosing patients 

simpler, and therefore, they need to have high sensitivity and specificity.  

Another challenge of the device was the longevity of the reagents in storage. Although 

we used StabilCoat® Immunoassay Stabilizer to try and maintain the life of the secondary 

antibodies and the enzymes, good results—where the positive and negative signals were clearly 

differentiated—were more likely if the devices were run on the same day that they were 

assembled. Devices that were left overnight after assembly and run the following day had a 

higher incidence of unsatisfactory results where the difference between the positive and negative 

signals were not as apparent. This may have been a result of protein degradation of the enzyme 

and antibodies from uncontrolled temperature and exposure to the environment. As well, the 

NBT/BCIP may not have been viable after being stored overnight; we saw that if left in the open 

for a couple of hours, the NBT/BCIP would become a darker shade of yellow and would begin to 

clump. While we stored all of the unused devices in a desiccator and found that leftover substrate 

stored in a desiccator remained light yellow and powdery, the results, nonetheless showed a 

higher rate of failure. 

Future Work 

Since the antigen spotted onto the nitrocellulose is the only disease-specific part of the 

assay, by exchanging the syphilis antigen for the antigen of another disease, in theory, the sliding 

strip device would be able to detect other diseases as well. Changing the antigen would most 

likely require an adjustment to the protocol for running the device, and different amounts of 

reagents would be necessary as well in order to account for a change in the properties of the 

device. While a change in protocol and amounts of reagents stored would be necessary, the 

potential for what the device can detect is large.  

The partitioning function of the sliding strip allows for the possibility of simplifying the 

procedure for the worker using the device. Buffers are able to be stored in the channels of the 

device, meaning that water can be used to run the device but the pH within the device will still be 

controlled. Due to the partitions, the environments of the channels can still vary from each other; 

depending on what buffer is stored, the environment of the channel will change. Therefore, since 

pH is already controlled within the device, the worker will only need two solutions to run the 
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device: water and the sample. Having a device that can be run using water would greatly 

simplify the procedure and would be more user-friendly, especially in resource-poor locations. 

While the implication of being able to detect syphilis in a paper-based diagnostic device 

using an enzyme immunoassay may not be significant in terms of revolutionizing the way that 

syphilis is diagnosed, the incorporation of a multistep assay into a portable device is significant. 

Being able to perform multistep assays involving enzymes within a portable device opens the 

doors for the detection of various analytes without the use of lab equipment. Theoretically, if the 

reagents and their amounts are altered, any disease that can be detected by an antibody can be 

detected using this device. 

Conclusion 

The sliding strip device combines the high sensitivity and functionality of the ELISA 

with the portability and user-friendliness of a rapid-test device. This combination holds the 

potential to be useful in low-resource settings where syphilis and other infectious diseases are 

public health issues. With the versatility of the ELISA, variations on this singular device could 

potentially address the problems with diagnosis associated with a number of diseases including 

syphilis, HIV, and hepatitis B. 
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