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Abstract 

We report the use of a laser-based fabrication process in the creation of paper-based flow-through filters that when combined 

with a traditional lateral flow immunoassay provide an alternative pathway for the detection of a pre-determined analyte over 

a wide concentration range. The laser-patterned approach was used to create polymeric structures that alter the porosity of the 

paper to produce porous flow-through filters, with controllable levels of porosity. When located on the top of the front end of 

a lateral flow immunoassay the flow-through filters were shown to block particles (of known sizes of 200 nm, 500 nm, 1000 

nm and 3000 nm) that exceed the effective pore size of the filter while allowing smaller particles to flow through onto a lateral 

flow immunoassay. The analyte detection is based on the use of a size-exclusive filter that retains a complex (~3 µm in size) 

formed by the binding of the target analyte with two antibodies each of which is tagged with different-sized labels (40 nm Au-

nanoparticles and 3 µm latex beads), and which is larger than the effective pore size of the filter. This method was tested for 

the detection of C-reactive protein in a broad concentration range from 10 ng/ml to 100,000 ng/ml with a limit-of-detection 

found at 13 ng/ml and unlike other reported methods used for analyte detection, with this technique we are able to counter the 

Hook effect which is a limiting factor in many lateral flow immunoassays.      

Keywords: Paper-based device; Pre-polymer; Laser patterning; Porous flow-through filter; CRP detection; Hook effect 

1. Introduction 

Point-of-care (POC) tests have been widely developed for more than a decade and are intended for 

near patient diagnostic testing for detection of various conditions and diseases [1]. These diagnostic tests, 

which can be of vital importance especially in resource-limited settings, are simple to use and can be 

easily performed by untrained personnel giving results within 30 minutes [2,3]. Any POC diagnostic 

sensor designed for use in resource-limited settings would need to comply with the criteria set by the 

World Health Organization (WHO) which address the need to be affordable, sensitive and specific for 

analyte detection, user friendly, robust and provide the results rapidly to the patients and be equipment-

free and deliverable to those who need it [4]. Paper has been shown to be an attractive platform for the 

development of POC sensors [5] that would comply with all these WHO-specified requirements. Due to 

its inherent characteristics (e.g. cost-effectiveness, biocompatibility, wicking of fluids through capillary 

action etc.), paper has been used extensively, for more than a decade, for the detection of pathogens and 

it has been established as a material for commercial products in the market [6,7]. 

 

Lateral flow immunoassays (LFIAs) are a specific category of POC sensors that have been used for 

the detection and quantification of analytes within biological fluids such as urine [8], blood [9] and saliva 

[10]. LFIAs are made up of four constituents: the sample pad, conjugate pad, detection pad and absorbent 

pad and the principle of operation of an LFIA is based on the interaction (binding) of the target analyte 

with antibodies. The sample, which contains the analyte, is introduced via the sample pad and after 

travelling laterally in the porous paper, it first encounters the conjugate pad where immobilized antibodies 

(detection antibodies) tagged with a coloured label such as Au-nanoparticles bind with the analyte. The 

sample then flows to the detection pad where antibodies (capture antibodies) specific to the analyte are 

immobilized at the test line and capture the target analyte thus producing a visual signal. The sample 

continues flowing past the control line where the detection antibodies are captured (by a different capture 

antibody specific to the detection antibody) regardless of the presence of the analyte thus producing a 

visual signal at the control line, showing that the test has performed properly. The excess liquid is finally 

absorbed in a pad at the end of the LFIA [11]. 

 

LFIAs have some unique advantages over other diagnostics, one of the most important being that 

these devices do not need to be stored in a refrigerator following manufacture, which makes them ideal 

for use in remote settings and developing countries [12]. Furthermore, the test procedure is relatively 

simple and produces results which can then be interpreted visually by the patients [13]. Despite their 

advantages, LFIAs have some drawbacks arising primarily from the detection methods (i.e. 

chemistries/immunoassays) that are used, and this can limit the range of concentrations in which the 

analytes can be detected. Secondly, for semi-quantitative analysis, visual evaluation may not be reliable 

or definitive and therefore readers, cameras or even use of multiple lines as capture sites in the detection 

pad are reported [14]. 

 

For the case where the tested sample contains high analyte concentrations, and of direct relevance to 

our work here, the detection is limited as a consequence of the Hook effect [15]. This is a result of the 

increased number of unlabelled analytes which bind to the test line of the LFIA preventing the capture of 

labelled analytes on the same line. Above a certain concentration, as a result of the Hook effect the colour 

intensity of the test line decreases with increasing concentration of the analyte, consequently leading to a 
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false interpretation of the results. In order to overcome this problem and increase the dynamic range across 

which the analyte can be detected, methods have been reported that either use an additional line formed 

of the antigen and positioned between the test line and the control line [16] or use of multiple test lines in 

the detection pad [17]. These methods can successfully increase the dynamic range in which the analyte 

can be detected, however they require the use of a conjugate pad and subsequently the incubation and 

drying of the detection antibodies for several minutes, a step that increases the time for the device 

fabrication.   

 

Unlike our previously reported method that applied laser-patterned constrictions within the channel 

of an LFIA [18] for improving the limit-of-detection of a common inflammation marker namely C-

reactive protein (CRP) [19], in this paper we report a novel filter-based method used for the detection of 

the same marker over a broad concentration range. The detection of CRP is clinically significant  [20], 

and it is important for it to be measured over a wide concentration range. Although CRP is present in our 

body, elevated levels are associated with diseases such as chronic inflammation as well as type 2 diabetes 

mellitus [21]. Common methods used for the detection of CRP [22] include the use of ELISA tests [23] 

and LFIAs [24]. However, due to the limiting factor of the Hook effect, there is a limitation in the 

concentration range across which this analyte can be detected. This limitation can be detrimental in the 

case of CRP detection as it is reported [25] that the levels of this protein are associated with different risk 

levels for cardiovascular disease ranging widely from <1000 ng/ml for low risk to >3000 ng/ml for high 

risk.  

 

To address the aforementioned challenge, it is important to have a device capable of detecting CRP 

over a broad range spanning from a few ng/ml to values greater than 3000 ng/ml. Here we employ a 

combination of a laser-patterned flow-through filter, and an LFIA to demonstrate such a detection 

strategy. The flow-through filter was designed to block particles larger than a specific size while allowing 

smaller particles to flow through the filter and get captured in the test line of a standard LFIA. Both the 

filters and the LFIAs are made using the principle of light-induced polymerisation of an acrylate-based 

negative pre-polymer which is locally deposited across an LFIA to create user-defined flow paths. We 

have previously reported the use of such laser-patterned LFIAs for the detection of a single analyte such 

as the Leishmaniasis antigen [26] but also in multiplexed detection of analytes [27] as well as bacterial 

infection testing [28]. In this method, the pre-polymer is deposited on a cellulose paper and after 

penetration throughout the paper thickness it is polymerised using laser light to form solid polymeric 

structures of controllable porosity.  

 

The detection strategy is based on the interaction and binding of the target analyte with two 

antibodies, each tagged with a differently sized label namely 40 nm Au-nanoparticles and 3 µm latex 

beads. The presence of the analyte in the sample leads to the formation of a complex formed of the analyte 

and the two antibodies tagged with the small and large particles. This complex is blocked by the flow-

through filter, as its total size is larger than the effective pore size of the filter. In the case of a (i) positive 

sample with a high analyte concentration, the Au-nanoparticles bind to form the complex which cannot 

flow through the filter and hence the Au-nanoparticles cannot be captured by the test line on the LFIA, 

therefore no signal is produced at the test line (similar to a competitive immunoassay). When the analyte 

is (ii) not present in the sample, i.e. the sample is negative, the complex is not formed and therefore the 

Au-nanoparticles are free to flow through the filter onto the LFIA and get captured at the test line. So, in 

the case of a negative sample, a strong coloured red line will appear at the test line (again similar to a 

competitive immunoassay). For samples of (iii) different analyte concentrations, some of the Au-

nanoparticles will be captured to form the complex and only the unbound ones will flow through the filter 

and get captured at the test line. In that case a coloured signal of variable intensity will be produced in the 

test line, indicating the presence of the analyte in the sample.  

 

Our proposed method is simple and uses the same materials that are used in standard LFIAs. However, 

unlike the case for standard LFIA operation and other methods reported for improving the dynamic range, 

we do not make use of the sample pad and the conjugate pad thereby simplifying further the device design 

and fabrication protocol. Instead, we are using a porous filter which is able to retain particles of a specific 

size while allowing smaller particles to flow through. We tested this method and were able to measure 

the presence of CRP over a broad concentration range from 10 ng/ml to 50,000 ng/ml with a limit-of-

detection found at 13 ng/ml.  

 

Several studies in the literature [16, 29–31] report observing the Hook effect in LFIAs for CRP at 

concentrations higher than a threshold value of 500 ng/ml. We do not present herein a measurement of 
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this threshold for a direct comparison of our flow-through filter-based detection immunoassay with a 

traditional LFIA, because we cannot use the same detection and capture antibodies for a direct 

comparison. However, since the three repeats (for each of the different analyte concentration) produce 

the same answer, our proposed method is able to operate accurately and detect CRP over a broad 

concentration range from 10 ng/ml to 50,000 ng/ml which is beyond the previously mentioned threshold 

value for the Hook effect.   

2. Experimental Section 

 

2.1 Experimental setup and materials 

 

The porous paper used for the fabrication of the flow-through filters is Whatman™ grade 1 qualitative 

filter paper (cellulose) with a thickness of 180 µm and pore size of 11 µm from GE Healthcare. The part 

of the sample that flows through the filter ends up in an LFIA and the material of choice for that is a 

UniSart CN 95 (nitrocellulose) membrane from Sartorius Stedim Biotech GmbH, Germany with thickness 

of 140-170 µm and pore size of 15 µm. The sample that flows over the test line accumulates in an 

absorbent pad (Whatman™ CF4) which is acquired from GE Healthcare and has thickness of 482 µm. In 

order to change the porosity of the paper and make the flow-through filters, we used an acrylate-based 

negative pre-polymer (DeSolite® 3471-3-14) from DSM Desotech, Inc., USA which is deposited using 

a PICO® Pµlse™ dispenser platform from Nordson EFD, UK. The dispensing system, which delivers 

the pre-polymer, deposits micro-droplets with a volume of 0.5 nL through an orifice with diameter 100 

µm at a frequency of 100 Hz. The light source that is used to cure the pre-polymer is a fibre-coupled 

continuous wave (c.w.) diode laser (Cobolt MLD, Cobolt AB Sweden) operating at a wavelength of 405 

nm and output power of 60 mW.     

  

In order to create flow-through filters with different levels of porosity, we deposited a solution of the 

pre-polymer that was diluted with isopropyl alcohol (IPA) (Sigma-Aldrich) in different concentrations. 

For the characterization of the different porosity filters we used solutions of black dyed polystyrene 

microspheres (Polysciences, Inc.) of different sizes: 200 nm (5.68×1012 particles/ml, product number 

24290-15), 500 nm (3.64×1011 particles/ml, product number 24291-15), 1000 nm (4.55×1010 particles/ml, 

product number 24287-15) and 3000 nm (1.68×109 particles/ml, product number 24292-15) suspended in 

deionized water with a concentration of 25 mg/ml. In order to demonstrate the detection mechanism of 

this filtration method, we used an immunoassay with mouse biotinylated IgG (R&D systems with stock 

concentration of 500 µg/ml, product number IC002B) as the analyte, anti-mouse antibody (R&D systems 

with stock concentration of 500 µg/ml, product number G-202-C) labelled with 40 nm Au-nanoparticles 

(acquired from Abcam with an optical density 20, product number ab269932) as the detection antibody 

and 3 μm latex beads (white dyed) labelled with streptavidin as the filtration antibody (acquired from 

Spherotech Inc. with stock concentration of 500 µg/ml, product number SVP-30-5). The mouse IgG 

(R&D systems with stock concentration of 500 µg/ml, product number AF007) was dispensed and 

immobilized as a capture antibody for the test line on the LFIA. We tested the performance of the flow-

through filters with an immunoassay for the detection of CRP. For this we used (as the analyte) human 

CRP (Sigma-Aldrich with stock concentration of 1 mg/ml, product number C1617), mouse anti-human 

CRP (acquired from R&D systems with stock concentration of 500 µg/ml, product number MAB17071) 

labelled with 40 nm Au-nanoparticles (as the detection antibody) and mouse anti-human CRP biotinylated 

IgG antibody (R&D systems with stock concentration of 50 µg/ml, product number BAM17072) tagged 

with 3 μm latex beads (white dyed) labelled with streptavidin as the filtration antibody. Goat anti-mouse 

IgG (R&D systems with stock concentration of 500 µg/ml, product number G-202-C) was used at the test 

line to capture the detection antibody. At the end of the testing process the LFIAs were washed with 10 

µL of phosphate-buffered saline to ensure that all the sample had reached the position of the test line. The 

antibodies were immobilized on the test line of the LFIA using a XYZ3210 platform with a Biojet HR 

solenoid dispenser from Biodot.  

 

2.2 Methods and procedure 

 

The method for the fabrication of solid polymeric walls in both cellulose paper-based flow-through 

filter and nitrocellulose membrane of the LFIA, involves the use of an acrylate-based negative pre-

polymer, which is locally deposited on top of these porous substrates before the exposure to a laser light 

source. The schematic in figure 1 illustrates the setup used to pattern the porous substrates and create the 

paper-based devices i.e. the flow-through filter and the LFIA. First, the pre-polymer is locally deposited 
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by a dispenser on top of a porous substrate at locations pre-defined by a computer design to demarcate 

the boundaries of the device. The pre-polymer is then allowed to soak for a sufficient time (typically 

between 1 and 3 minutes depending on the substrate of choice) throughout the entire thickness of the 

substrate before exposure to the laser light source to induce photo-polymerisation. The laser traces exactly 

the same pre-polymer pattern previously deposited and the photo-polymerization creates a solid 

polymeric structure able to contain the flow of liquids. The precise time delay, defined as the difference 

in time between the pre-polymer deposition and the laser scanning (exposure) depends on the properties 

of the porous substrate on which the pre-polymer is deposited. 

 

 

 

 

Figure 1 Schematic representation of the local pre-polymer deposition setup. In this image, the pre-

polymer is locally deposited onto a porous substrate (nitrocellulose membrane) followed by the 

subsequent exposure to a fiber-coupled c.w. laser source to create solid polymeric structures/walls that 

define the fluid-flow path of a lateral flow device.  

 

Figure 2 illustrates (A) a schematic showing the different stages of the fabrication of a porous flow-

through filter as well as (B) a three-dimensional schematic of the same filter positioned on the top of the 

front end of an LFIA. For the fabrication of a square-shaped frame that forms the impregnable polymeric 

wall of our filter, the pre-polymer is first deposited as a square-frame (stage 1) on the cellulose paper with 

a speed of 20 mm/s. After a time delay of 180 s, which was sufficient for the pre-polymer to penetrate 

throughout the entire thickness of the paper, the pre-polymer along with the square frame was exposed to 

the laser irradiation with the same scanning speed of 20 mm/s (laser spot size of 2 mm with a laser fluence 

of 0.15 J/cm2). During this time delay, the pre-polymer spreads laterally to create an impregnable square 

frame with a width of ~1 mm and this therefore defines the minimum width of the solid polymer wall 

created in the cellulose paper. It is important to note here that the laser follows the same pattern as the 

pre-polymer that was previously deposited and that is because the set values of the laser spot size and the 

laser fluence are sufficient to fully polymerize the pre-polymer. Any increase in the laser spot size or 

change in the laser scanning pattern will result in a decrease of the laser fluence and consequently it would 

take longer to polymerize any given area or structure which would be detrimental to the overall 

manufacturing process as it would introduce a potential uncertainty to the post-deposition polymerization 

step. 

 

 

 

Figure 2 (A) Schematic showing the various steps involved in the fabrication and use of the porous filter 

with an LFIA: the creation of a solid polymeric structure on a porous substrate (stage 1), pipetting of 10 

µL of the diluted pre-polymer inside the solid polymeric structure (stage 2), laser light exposure of the 

diluted pre-polymer to create the flow-through filter (stage 3) and finally the position of this filter on the 

top of the front end of an LFIA (stage 4). (B) Three-dimensional schematic showing both the porous flow-

through filter and the LFIA. 

 

In order to make the porous flow-through filters with controllable levels of porosity, we used the 

same pre-polymer but this time diluted in IPA in different concentrations. The porosity of the flow-

through filters is defined by the volume concentration of the deposited pre-polymer solution in IPA and 

by changing the v/v% concentration, we were able to create filters with different porosities. The 

fabrication process involves pipetting 10 μL of the diluted pre-polymer inside the solid polymeric 

structure (stage 2) and exposing the filter after a time delay of 60 s to laser light (stage 3) with the same 

fluence as before (with a laser spot size of 7 mm) to induce photo-polymerization and create the porous 

flow-through filter. The time delay of 60 s is sufficient for the diluted pre-polymer to extend throughout 

its whole thickness. As can be seen, the time delay of 60 s is smaller than the time delay of 180 s that we 

used to make the solid square polymeric structure on the same substrate. This difference stems from the 

fact that the pre-polymer that we used to make the porous filter is diluted in IPA and as a result it has 

lower viscosity and penetrates faster throughout the paper. Pipetting the pre-polymer in different 

concentrations on cellulose paper and exposing to laser light will result in the creation of porous filters 

with correspondingly different levels of permeability for subsequent liquid sample flow. Flow-through 

filters made with higher pre-polymer concentrations will be less porous compared with flow-through 

Figure 1  

Figure 2  
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filters made with lower pre-polymer concentrations as the concentration of the pre-polymer in each case 

dictates the resultant porosity of the filters.  

  

Finally, using the same acrylate-based pre-polymer we patterned the LFIA on the nitrocellulose 

membrane. The patterning conditions remained unaltered during the device fabrication work (pre-

polymer deposition speed 20 mm/s and laser scanning speed 20 mm/s). However, due to the different 

porosity, thickness and internal structure of the nitrocellulose membrane, which has a porous sponge-like 

internal structure compared with the fibrous internal structure of the cellulose paper the time delay is 

different and after extended studies [32] was set to be 30 s for the nitrocellulose membrane.   

 

After the fabrication, the flow-through filter is cut around its solid boundary walls and then positioned 

on the top of the front end of an LFIA (stage 4) before a sample is deposited onto the flow-through filter. 

The key point to note is that the porosity of the flow-through filter is controllable and can be designed to 

retain particles larger than a user-defined size and allow smaller particles to flow through and into the 

LFIA.   

3 Results and discussion 

3.1. Characteristic study of the filtration properties of the porous flow-through filters 

 

       Images of the fabricated devices are depicted in Figure 3. The porous flow-through filters are 

designed to have an area of ~25 mm2 whereas the front end of the LFIA was designed to have a square 

shape as well but with an area of 49 mm2 and a channel with length of 20 mm and width of 3 mm. As can 

be clearly seen, the square front end of the LFIA was deliberately designed to have an area bigger than 

that of the flow-through filter so that the porous filter will totally fit inside enabling intimate contact 

between the two substrates.          

 

 

 

 

Figure 3 Images of (A) a flow-through porous filter and (B) an LFIA with their respective dimensions. 

A porous filter is able to retain particles larger than a specific size while allowing smaller particles to 

flow through and into the LFIA. 

 

      To study the filtration properties of the porous flow-through filters, we fabricated identical LFIAs and filters 

with different porosities. Figure 4 shows an example of porous flow-through filters tested with 10 μL of black 

dyed polystyrene microspheres with a size of 1000 nm. Each of the filters has a different level of porosity 

starting from a very porous (5.8% of pre-polymer in IPA) to a less porous filter (11.1% of pre-polymer in IPA) 

and each one was replicated and tested three times. As a reference, we provide the results of a blank filter (no 

pre-polymer added) which proved incapable of retaining the 1000 nm polystyrene microspheres and 

consequently allowed them to flow through the filter and into the LFIA. All the flow-through filters were 

positioned on the top of the front end of the LFIA during the testing process as shown in figure 2B and only 

removed after the end of the experiment to capture photos as presented in figure 4A.  

 

 

 

 

 

Figure 4 Images showing flow-through filters tested with 10 μL of black dyed polystyrene microspheres 

of size 1000 nm. The LFIAs are all identical, but the flow-through filters are made with different pre-

polymer concentrations ranging from 0% to 11.1% of pre-polymer in IPA. Images show (A) the flow-

through filters and the LFIAs immediately after the testing process and (B) the same LFIAs after the 

evaporation of the deionized water.   

 

      In figure 4A, we observe that a low porosity filter made with pre-polymer concentration at 11.1% is 

able to fully retain the polystyrene microspheres. However, using a higher porosity filter made with pre-

polymer concentration between 9.1% and 7.7%, we are able to retain the microspheres in the porous filter 

Figure 3  

Figure 4  
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and at the same time allow the deionized water, in which the microspheres are dispersed, to flow through 

the filter and end up in the LFIA. An even higher porosity filter made with pre-polymer concentration 

below 7.7%, is porous to 1000 nm polystyrene microspheres thus enabling the flow of this particle size 

through the filter. As we can see in figure 4A, we have the formation of a dark region on top of the filters 

after the completion of the filtration process. This is a result of the porous filters which delay the f low of 

the samples and due to interaction forces between the polystyrene particles, the microspheres aggregate 

to form a complex bigger than the porosity of the filter and are therefore unable to flow through. Since 

for the filters with pre-polymer concentration at 9.1% and below the deionized water flows through (figure 

4A), it is difficult to visualize whether the polystyrene microspheres are retained by the filter or flowed 

into the LFIA. For that reason, photos of the same LFIAs were taken after the evaporation of the deionized 

water (figure 4B) in order to visually assess the ability of the porous flow-through filters to block particles 

larger than a specific size. Apart from testing with polystyrene microspheres with 1000 nm size, we also 

tested the flow-through filters with polystyrene microspheres of different sizes namely 200 nm, 500 nm 

and 3000 nm, all dispersed in deionized water. For each of the different particle sizes and filter porosities, 

we fabricated and tested three identical devices and the results after testing each one of the devices with 

10 μL of the solution are all depicted in table 1. Based on the ability of the porous flow-through filters to 

block particles of different sizes, we defined a transitional range for the   concentration (indicated with a 

red box in table 1) for which the porous filters transition from being completely impermeable to being 

permeable to polystyrene particles of a specific size. Looking at this transitional range we observe that 

there is an increasing trend in terms of the v/v% concentration of the pre-polymer and the ability of the 

filters to block particles decreasing in size.    

 

 

 

 

 

Table 1 A range of flow-through filters with different porosities for which polystyrene microspheres of 

different sizes will pass through. For each polystyrene particle size, we have defined a transitional range 

of pre-polymer concentration (marked in red) in which the filters transition from being completely 

impermeable to being porous.  

 

      In figure 5, we have plotted the particle filtration efficiency of flow-through filters with different 

porosities after testing with polystyrene microspheres of varying sizes. The particle filtration efficiency 

is a measure of the performance of a porous flow-through filter when filtering out particles of a specific 

size. In order to calculate the values for the particle filtration efficiency, we performed colour analysis 

using Adobe Photoshop. Specifically, we used the RGB channel in the histogram function and measured 

the mean intensity value of the pixels in both the filters (figure 4A) and the LFIAs (figure 4B). 

 

 

 

 

 

 

Figure 5 Particle filtration efficiency of flow-through filters made with different pre-polymer 

concentrations and tested with polystyrene microspheres of varying sizes. 

 

     We then used equation 1 to calculate the particle filtration efficiency (%) for the different filter 

porosities. A value of 255 corresponds to the pixel intensity for white, which is the background of both 

the flow-through filter and the LFIA before testing. We subtracted the mean colour intensities (for the 

total of three devices) of both the flow-through filters and the lateral flow-devices from this value in order 

to obtain the actual signal intensities. 

 

 

 

 

     Using this methodology, we can use such flow-through filters and the principle of size exclusive 

filtration as an immunoassay for the detection of an analyte, and this is described in the subsequent 

sections.      

 

 

Figure 5  

Table 1  

(1 - [(255- colour intensity on device) / (255 - colour intensity on filter)]) × 100  (1) 
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3.2 Flow-through filtration for analyte detection 

 

These porous flow-through filters were then used with standard LFIAs for the detection of an analyte using 

an immunoassay which is based on particle size selection. For this we made the flow-through filter and the lateral 

flow devices with materials commonly used in LFIAs such as cellulose paper (sample pad), nitrocellulose 

membrane (detection pad) and absorption pad. Unlike a standard LFIA configuration, in this case we do not make 

use of the sample or conjugate pads. Instead, we use a porous flow-through filter, which is located on the top of 

the front end of an LFIA and by altering its porosity, we can design it to retain particles above a certain size. The 

analyte detection is based on the filtration of different-sized Au-nanoparticles (40 nm) and latex beads (3 µm) that 

both bind to the same target analyte via antibodies. In this immunoassay, the filters were designed to have a defined 

pore size bigger than the size of the Au-nanoparticles and thus the particles are able to flow through and reach the 

test line, whereas the latex beads which have size bigger than the effective pore size of the filters are blocked or 

retained in the filters. Both Au and latex particles are captured by the analyte and therefore if the analyte is present 

in the sample (positive sample) it will bind to both and form a complex (~3 μm in size), which is bigger than the 

pore size of the filter and as a result is unable to flow through and reach the test line. Only the unbound detection 

antibodies left in the sample will be able to flow through the filter and get captured at the test line of the LFIA 

producing a red-coloured line indicating the presence of the analyte in the sample. Similar to the principle of a 

competitive immunoassay, a test line displaying a clear signal means that the analyte is not present in the sample. 

For our filter-based immunoassay, an increase in the concentration of the analyte will result in a decrease of the 

number of unbound detection antibodies consequently captured at the test line, and this therefore will result in a 

decreased signal at the test line. In the schematic of figure 6 we describe the principle of operation of the filter-

based immunoassay in the cases of no analyte, low and high analyte concentrations.   

 

 

 

 

Figure 6 Schematic representation of the method used for the detection of an analyte. For the case where 

the analyte in not present in the sample all the detection antibodies are captured at the test line producing 

a strong signal. However, as we increase the concentration of the analyte, the number of the unbound 

detection antibodies left in the sample decreases and this will result in a decrease of the signal at the test 

line. 

 

      In our first demonstration of this filtration-based immunoassay, we tested a sample that contained a 

1:1:1 ratio of anti-mouse antibody labelled with 40 nm Au-nanoparticles (diluted in phosphate-buffered 

saline to have a concentration at 100 µg/ml  used as a detection antibody), 3 μm latex beads (labelled with 

streptavidin (stock concentration) used as a filtration antibody) and finally a mouse biotinylated IgG 

antibody as the target analyte (tested in different concentration from 0 µg/ml-500 µg/ml). In the channel 

of the LFIAs, we dispensed and immobilized mouse IgG antibody (stock concentration) as the test line 

(figure 6, 7). There is no a-priori rationale for the choice of the use of the detection antibody, the filtration 

antibody, and the analyte on the tested sample in an equal ratio. However, we are well aware that any 

alteration of this ratio would change the interaction and binding of the target analyte with the detection 

and the filtration antibodies and therefore result in a change in the number of the complexes that are being 

formed. In that case, the number of the unbound detection antibodies left in the sample would change, 

and this would not only affect the colour intensity of the test line of the LFIA but also the concentration 

range in which the analyte can be detected.   

 

      For this immunoassay we fabricated and tested with a 20 µL sample a flow-through filter made with 

7.7% pre-polymer concentration (figure 7). For this case we replicated and tested the devices three times. 

From the results in figure 7 we observe that on using a filter with 7.7% pre-polymer concentration that is 

capable of completely retaining particles with a size of 3 μm, we were able to detect the target analyte in 

a concentration ranging between 0.5 µg/ml and 500 µg/ml. In this case, we observe that an increase in the 

analyte concentration results in a decrease of the signal at the test line and figure 8 plots the colour 

intensity of the test line versus the analyte concentration. Each data point is the mean value from the total 

of three devices. As previously stated, the presence of the analyte in the sample will lead to the formation 

of the following complex: detection antibody, filtration antibody and mouse biotinylated IgG antibody 

and the increase in the concentration of the analyte will lead to an increase in the number of such 

complexes that are being formed. Testing the sample with a porous filter (7.7% pre-polymer 

concentration) the complex thus formed is completely retained in the filter and only the unbound detection 

antibodies flow through and get captured at the test line indicating the presence of the analyte on the tested 

sample. The results presented in figure 4, figure 7 and figure 9 suggest that there is no associated non-

Figure 6  
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specific binding of either the detection antibody or the filtration antibody with the porous filter. If that 

were the case, then the latex beads would not be able to flow through the porous filters unlike the case 

presented in figure 4. Additionally, in the cases illustrated in figure 7 and figure 9, some of the unbound 

detection antibodies would non-specifically bind to the porous filter and thus would not be able to flow 

through it and get captured by the capture antibodies at the test line of the LFIA. As a result, we would 

not be able to distinguish between a low and a high analyte concentration which has enabled us to detect 

the analyte over a broad concentration range. Lastly, we cannot be sure if the analytes can non-specifically 

bind to the polymeric structure of the flow-through filters, however this will have no effect to the 

immunoassay as the appearance of the test line depends only on the number of the unbound detection 

antibodies left in the sample.   

  

 

 

  

 

Figure 7 Flow-through filter with pre-polymer concentration of 7.7% tested with 20 μL of a sample that 

contains anti-mouse antibody labelled with 40 nm Au-nanoparticles, 3 μm latex beads labelled with 

streptavidin and mouse biotinylated IgG antibody (analyte) at concentrations between 0 µg/ml and 500 

µg/ml.    

 

 

 

 

 

Figure 8 Colour intensity on the test line of LFIAs for different mouse biotinylated IgG (analyte) 

concentrations in the range between 0.5 µg/ml and 500 µg/ml. The analyte was detected using a flow-

through filter with 7.7% pre-polymer concentration.  

 

 

3.3 Filter-based immunoassay for CRP detection 

 

The performance of the flow-through filters was tested using an immunoassay for the detection of the 

common inflammation marker C-reactive protein (CRP). Similar to the previous immunoassay, we used 

a sample which contains the following constituents mixed in a 1:1:1 ratio: human CRP (analyte) in 

concentrations ranging from 10 ng/ml to 100,000 ng/ml, mouse anti-human CRP antibody labelled with 

40 nm Au-nanoparticles (stock concentration) used as a detection antibody and mouse anti-human CRP 

biotinylated IgG antibody tagged with 3 μm latex beads labelled with streptavidin (stock concentration) 

used as a filtration antibody. The principle of operation of this immunoassay is the same as the one 

previously described. If the analyte, CRP, is present in the sample, it binds with both the detection 

antibody and the filtration antibody forming a complex with size bigger than the effective pore size of the 

filter. Hence this complex is unable to flow through and only the unbound detection antibodies left in the 

sample are able to flow through the filter and enter the LFIA where they are captured at the test-line (by 

the goat anti-mouse IgG antibodies) producing a red coloured line. The remaining part of the sample, 

which is not captured flows over the test line and accumulates in an absorbent pad located at the end of 

the LFIA (figure 9). The sample, which contains the analyte in different concentrations, was tested on a 

filter with 7.7% pre-polymer concentration. Our choice to use a flow-through filter with the given porosity 

stems from the fact that such a filter is capable of completely retaining particles with size bigger than 3 

μm (see table 1), and therefore is able to detect an analyte in a broad dynamic concentration range (figure 

7). 

 

In figure 9, we present the results when 20 μL of sample containing the CRP analyte in different 

concentrations (0-100,000 ng/ml) was tested on a porous flow-through filter and figure 10 depicts the 

respective colour intensity on the test line where the intensity of the control device (0 ng/ml) corresponds 

to a mean value (from the total of three devices) at 46.18 a.u. In this graph, each data point represents the 

mean value of three devices that were tested. As can be clearly seen, the colour of both the filter and the 

test line change according to the concentration of the analyte. Similar to our previous experiment, an 

increase in the CRP concentration will lead to an increase in the number of the complexes (CRP-detection 

antibody-filtration antibody) that are being formed thus leaving a smaller amount of unbound detection 

antibodies in the sample which flow through the filter and get captured on the test line of the LFIA. As a 

result, an increase in the concentration of the analyte will result in a decrease in the signal on the test line 

Figure 7  

Figure 8  



10 
 

and using this filter-based method we are able to detect the CRP with a limit-of-detection found at 13 

ng/ml.  

 

 

 

  

 

Figure 9 Images of flow-through filters made with 7.7% pre-polymer concentration and tested with 20 

μL of a sample containing varying CRP concentrations from 0 ng/ml to 100,000 ng/ml. Particles that flow 

through the filter end up in an LFIA where anti-mouse IgG antibodies have been dispensed and used as a 

test line.        

 

 

 

 

 

Figure 10 Colour intensity on the test line of the LFIA for various CRP concentrations in the range 

between 10 ng/ml and 100,000 ng/ml.    

 

In order to measure the colour intensity in the test line of the LFIAs (figure 7, figure 9) we used again 

the RGB channel in the histogram function of Adobe Photoshop and we measured the mean intensity 

value (from the total of three devices) of the pixels of the test line. This value was subtracted from the 

value of 255 which is the intensity value (from the total of three devices) of the pixels corresponding to 

the background of the LFIAs (white) in order to obtain the actual signal intensities. For the calculation of 

the limit-of-detection we used equation 2 [33]: 

 

 

 

 

 

where LOD refers to the limit-of-detection, σ refers to the standard deviation of the regression line and s 

refers to the slope of the calibration curve. The values of σ and s were both measured from the graph 

depicted in figure 10 and calculated at 4.3 and 1.1 respectively.  

4 Conclusion 

We have reported a laser-based technique for the fabrication of porous flow-through filters, on a paper 

substrate, with different levels of porosity that are able to retain particles of a specific size while allowing 

smaller particles to flow through. The filtration properties and the particle retention efficiency of the flow-

through filters were studied by testing polystyrene microspheres of different sizes and we have 

successfully found the parameters to make filters able to completely block or allow the flow of the 

different particle sizes. This filtration technique was later used as an analyte detection mechanism based 

on the binding of the target analyte with two antibodies, each one tagged with a differently-sized label 

namely 40 nm Au-nanoparticles and 3 µm latex beads. The antibody-antigen interaction leads to the 

formation of a complex, which is unable to flow through the filter of a certain porosity when the analyte 

is present in the sample. Only the unbound detection antibodies with a size smaller than the porosity of 

the filter can flow through and get captured at the test line of the LFIA indicating the presence or absence 

of the analyte in the sample. The flow-through filtration method provides an alternative pathway 

compared to standard LFIAs for the detection of analytes. Unlike other methods reported for the 

fabrication of standard LFIAs, our proposed technique uses a porous flow-through filter located on the 

top of the front end of an LFIA which is able to remove particles of a specific size. Using this method, 

we are able to detect analytes in a concentration range which is beyond the Hook effect threshold, thus 

avoiding this limiting factor that many analyte detection methods encounter. This method was tested for 

the detection of a CRP marker covering a broad concentration range between 10 ng/ml and 100,000 ng/ml, 

with a limit-of-detection of 13 ng/ml. We believe that this size-exclusive filtration method can be further 

studied for different applications. Apart from the detection of analytes the porous flow-through filters can 

also be used as a tool to remove particles which otherwise can be captured in the test line producing false 

negative results. This application has the potential to improve the performance as well as the limit-of-

detection of the LFIAs and this will be part of our future work. 

Figure 9  

Figure 10 

(2) LOD = 3.3 × (σ/s) 
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