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Abstract: Fluorescence-linked immunosorbent assay (FLISA) is a commonly used, quantitative 

technique for detecting biochemical based on antigen–antibody binding reactions using a well-plate 

platform. With the developments in the manufacturing technology of microfluidic systems, FLISA 

can be implemented onto microfluidic disk platforms, which allows the detection of trace 

biochemical with high resolutions. Apart from requiring a lower proportion of reagent (1/10), this 

method also reduces the time required for the entire process to less than an hour. The incubation 

process involves antigen–antibody binding reactions as well as the binding of fluorogenic substrates 

to target proteins. The protocol for FLISA on a microfluidic platform necessitates the appropriate 

execution of liquid reagent movements during each step in order to ensure sufficient binding 

reactions. Herein, we propose a novel microfluidic disk comprising a 3D incubation chamber. 

Vascular endothelial growth factor as concentration with ng mL-1 is detected sequentially using a 

benchtop process employing this 3D microfluidic disk. The 3D microfluidic disk is implemented 

without requiring manual intervention or additional procedures for liquid control. During the 

incubation process, microbead movement is controlled through centrifugal force, generated due to 

disk rotation, and gravitational force via bead sedimentation on the sloped floor of the chamber. 
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1. Introduction 

Owing to recent technological and medical developments, the average life expectancy of 

humans has increased; this, in turn, has significantly increased the incidence of age-related ocular 

diseases. A recent study reported that the increase in the prevalence rate of ocular diseases is strongly 

correlated with higher concentrations of vascular endothelial growth factor (VEGF). [1-6] Several 

ocular diseases associated with the concentration of VEGF, such as proliferative diabetic retinopathy 

[7], ocular ischemic syndrome [8], and retinal vein occlusions [9], can cause retinal ischemia, which 

can result in devastating changes on the function and anatomy of ocular structures. Increased VEGF 

in the vitreous and aqueous humor is the pathognomonic finding in most ischemic eye disease and 

thus the monitoring of the change of VEGF can be indispensable for predicting the treatment 

effectiveness and prognoses of such diseases. [10-13] However, the low concentration of VEGF and 

limited collecting of aqueous humor make it difficult to measure the change of VEGF in clinical 

practice. 

Fluorescence-linked immunosorbent assay (FLISA) is a plate-based technique for quantifying 

trace-level proteins, even in concentrations of picograms per milliliter. [14-17] The FLISA protocol for 

using a micro-well plate platform requires more than 100 μL of the sample in order to detect protein 

with pg mL-1 levels. Considering the change in intraocular pressure, the amount of aqueous humor 

that can be extracted for VEGF measurements is limited to 50–100 μL. [18,19] Moreover, in general, 
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two or more incubation steps in the FLISA protocol require 1–2 hr each for the binding reaction 

between proteins. [20-23] Furthermore, repeated washing between these incubation steps is necessary 

to remove the remaining reagents. Therefore, the FLISA protocol is a time-consuming and 

complicated assay procedure. Consequently, innovations in microliter-scaled sample diagnostics are 

necessary for fast and high-accuracy measurements requiring small samples. 

In several studies focusing on FLISA-based biochemical detection in lab-on-a-disk platforms, the 

total protocol execution time could be significantly reduced to under 1 hr by using microbeads. [24-

30] Lee et al. presented a fully automated immunoassay using whole blood on a disk platform; this 

entire process was completed within 0.5 hr through a fully automated disk-based bioassay for 

infectious disease (antibody of Hepatitis B) detection. [29] Walsh et al. reported that fluorescence 

intensity results with a resolution of 1 ng mL-1 could be obtained even if all reagents are 

simultaneously loaded into the chamber, using an incubation process requiring 10 min. A 

simplification of the FLISA protocol helps improve the efficiency of quantitative analyses. [18] These 

results indicate that bead-based FLISA can reduce the protocol time due to the high specific volume 

of binding reagents. This is an advantage of microfluidic platforms, because they only require one-

tenth of the reagent volume used in conventional plate-based FLISA. Moreover, the washing and 

detection processes are sequentially controlled through bead sedimentation using the density 

difference under the centrifugal force acting on the disk, without requiring manual intervention. 

However, implementing the FLISA protocol on microfluidic disk-based platforms requires precise 

control as well as a reduction in the reagent volumes. Furthermore, the microfluidic system is 

subdivided for precise fluid control at each step of FLISA, thereby increasing the complexity and 

manufacturing costs. Poly(methyl methacrylate) (PMMA) sheets are frequently used for the low-cost 

manufacturing of microfluidic chips, because they enable the fabrication of thin and transparent 

chips. [31-34] However, PMMA sheet processing is inadequate for fabricating the complex 

microfluidic channel geometries required to apply the one-step incubation process to the FLISA 

protocol.  

Recent studies on bead-based immunosorbent assays for protein detection have employed wax 

valve components for the sequential control of fluids and the bi-directional rotation control required 

to ensure sufficient mixing. [29, 35] During the incubation process, such wax valve components in 

the disk would surely isolate the chamber in order to block the inflow of other micro-liquids between 

the antigens and antibodies. To build a fully automated detection system, the microfluidic disks 

require a more complicated manufacturing process, which increases the unit cost.  

In this regard, this study proposes a one-step process for the bead-based FLISA protocol for 

VEGF detection; this proposed method only employs the centrifugal force acting on a multi-material 

3D microfluidic disk platform. This multi-material 3D microfluidic disk features a hybrid structure 

comprising laser-cut PMMA layers and a 3D-printed chamber layer. The 3D-printed block includes 

an incubation chamber with a sloped floor for controlling the mixing of reagents through the cyclic 

movement of beads. Moreover, the bead washing and fluorescence detection processes are performed 

without requiring any manual intervention or additional processes. Moreover, in this proposed 

design, only the incubation chamber, which requires precise microfluidic control in the microfluidic 

disk structure, was manufactured via 3D printing. Therefore, the proposed method is expected to 

reduce the overall cost of manufacturing microfluidic disks. 

2. Results 

2.1 Assembly of the 3D microfluidic disk 

The 3D microfluidic disk is assembled in a layer-by-layer manner; laser-cut PMMA disk layers 

are sequentially stacked along with the 3D-printed block, as shown in figure. 1(a). The microchannel 

and washing chamber are fabricated by adopting pressure-sensitive adhesive (PSA) films between 

the seven laser-cut PMMA sheets. Laser cutting (Nova24 Laser Engraver; Thunder Laser) was used 

to process the PSA film-attached PMMA sheets into the shape of a disk. The PSA film-attached 

PMMA disk layers are then stacked sequentially, starting from the bottom cover layer up to the top 

cover layer. These layers are combined using pillars passing through the 5-mm holes on the disk 
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layers to ensure appropriate alignment. After assembling the 3D microfluidic disk, a press machine 

is used to apply a pressure of 4 MPa on the PSA films between the PMMA disk layers and the 3D-

printed block for 10 min at room temperature. 

 

Figure 1. (a) Expanded view of the 3D microfluidic disk. (b) Image of the 3D microfluidic disk 

containing dyed water in the incubation (blue dye) and washing chambers (yellow dye). (c) Detailed 

view of the microfluidic module. 

The PSA film prevents the leakage of liquid from the clearance between the PMMA layers and the 

3D-printed block. The assembled 3D microfluidic disk, shown in figure. 1(b), features an incubation 

chamber (indicated by the blue-dyed water) and a washing chamber (indicated by the yellow-dyed 

water) that are connected through microchannels. Details of the microfluidic components in this 3D 

microfluidic disk are presented in figure. 1(c). The microfluidic circuit comprises the following 

components: (1) incubation chamber, (2) washing chamber, (3) fluorescence detection area, (4) vent 

of the incubation chamber, (5) inlet port of the incubation chamber, and (6) inlet port of the washing 

chamber. The incubation and washing chambers are connected through microchannels featuring 

rectangular cross-sections with widths of 300 ± 20 μm and 800 ± 20 μm, respectively. The height of 

the microchannel is 500 μm, which is also the thickness of the PMMA disk. The detection area at the 

end of the washing chamber has a sharp edge geometry. This detection area is covered with a 

transparent 500-μm PMMA disk in order to minimize excitation loss and emission light signal.  

2.2. Simplified FLISA protocol 

Immunological assays are commonly used techniques for the quantification of protein levels 

based on antibody–antigen interactions, using absorbent or fluorescent materials. Enzyme-linked 

immunosorbent assay (ELISA) is based on well-plate platforms; it employs enzymes that trigger a 

change in the color of the substrate. In this technique, the light absorption ratio is varied using the 

concentration of these enzymes. However, there are limitations when adopting this light absorption 

mechanism for the ELISA protocol in microfluidic systems. According to the Lambert–Beer law, the 

length of the path of light passing through the chamber with the reagent solutions directly affects the 

detection resolution. In particular, it is difficult to reduce the thickness of the disk in a microfluidic 

platform. Alternatively, FLISA can detect the superimposition of fluorescence intensities, even when 

using small sample volumes. The bead-based FLISA protocol for microfluidic disk platforms is 

particularly advantageous for the detection of fluorescence signals from aggregated fluorescence-
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linked beads. This “simplified” FLISA protocol facilitates the incubation process and reduces the time 

required for antibody–antigen interactions. Moreover, the reagents are simultaneously loaded in to 

the incubation chamber, where they undergo mixing and are bound together. In this study, the 

reagents are prepared as depicted in figure. 2. 

 

 

Figure 2. Schematic of the simplified bead-based FLISA protocol for VEGF detection. Bioassay 

between reagents is performed during incubation. The unbound dAb-fluorescent dye is removed via 

washing, along with bead sedimentation. The fluorescence signal is measured for VEGF detection. 

Prior to applying the simplified bead-based FLISA to the microfluidic disk platform, this 

protocol is first implemented using a 96-well plate in order to ensure that the fluorescence signal 

intensities are linearly proportional to the reagent volumes and incubation times. The cAb-bound 

beads, human VEGF antigens, and dAb-bound fluorescent dye are simultaneously loaded into the 

micro-well with a volume ratio of 1:1:1. The well-plate is placed on a shaking incubator at 36℃ and 

120 rpm for 2 hr, during the incubation process. The beads are held at the bottom of the well-plate 

using a magnet. The unbound reagents are removed via washing with three times pipetting in the 

washing process. For the detection, a fluorescence microscope is used to confirm the amount of 

fluorescent dye-coupled beads that affect the fluorescence signal intensity with respect to VEGF 

concentration. 
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Figure 3. (a) Schematic of fluorescent dye-coupled VEGF on the beads. (b–d) Red, green, and merged 

fluorescence images for the fluorescent dye-coupled VEGF on the beads in the well-plate. 

2.3. Characteristics of simplified bead-based FLISA protocol 

The schematic in figure. 3(a) depicts the fluorescent dye-coupled bead surface formed via VEGF 

antigen–antibody affinity during the incubation process in FLISA. Figures. 3(b) and (c) present 

fluorescence microscopic images, where the red and green colors represent the beads and the 

fluorescent dye, respectively. The colocalized red and green fluorescence image, shown in figure. 

3(d), represents the fluorescent dyes located in the same area as the beads. The simplified bead-based 

FLISA for VEGF detection, employing the 3D microfluidic disk platform, reduces the reagent 

volumes required and also decreases the incubation time. The fluorescence intensities for varying 

VEGF concentrations are compared. Moreover, to assess the performance of the simplified bead-

based FLISA under variations in reagent volume and incubation time, the green fluorescence 

intensities are analyzed for VEGF concentrations of 1 μg mL-1 and 1 ng mL-1 as well as the pure PBS 

solution. In the simplified bead-based FLISA protocol, 100 μL of reagent (required for the 

conventional technique) is reduced to 10 and 5 μL, while the incubation time of 2 hr is reduced to 1 

hr.  

 

 

Figure 4. (a–c) Fluorescence intensity of the fluorescent dye-coupled VEGF on the beads after the 2 hr 

incubation, with reagent volumes of 100, 10, and 5 μL, respectively. (d) Fluorescence intensity of the 

fluorescent dye-coupled VEGF on the beads after the 1 hr incubation, with a reagent volume of 10 μL. 

As shown in figure. 4, the fluorescence intensities are analyzed according to different VEGF 

concentrations, while maintaining the reagent volumes and incubation times. For the VEGF antigen 

solution with a concentration of 1 μg mL-1, when using reagent volumes of 100, 10, and 5 μL, the 

fluorescence intensities are 48.08, 35.03, and 36.19, respectively. Moreover, for the same VEGF antigen 

solution with a concentration of 1 μg mL-1, when using a reagent volume of 10 μL, the fluorescence 

intensity is reduced from 35.03 to 28.0 on decreasing the incubation time from 2 hr to 1 hr. Decreasing 

the reagent volume (from 100 to 10 µL) and the incubation time (from 2 hr to 1 hr) causes fluorescent 

intensity reductions of 34.8% and 20.5%, respectively. It can be concluded that the linearity of the 

detected fluorescence intensity is retained, even when using small reagent volumes and shorter 

incubation periods. Despite this reduction in reagent volume and incubation period, the results can 

be analyzed using image processing by increasing the resolution through background noise 

elimination and fluorescence signal amplification. Thus, the simplified bead-based FLISA employing 

a reagent volume of 10 µL and an incubation time of 1 hr is performed on the 3D microfluidic disk. 
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Figure 5. A flow chart to comparison of antigen detection techniques between bead-based FLISA and 

sandwich ELISA protocols. 

The bead-based FLISA protocol shows the possibility of detecting VEGF level in the range of 0.1 ng 

mL-1, which can be criteria in diagnosis for clinical signs. As shown in figure. 5, when compared with 

conventional antigen detection technology using a sandwich ELISA method, the bead-based FLISA 

protocol is possible to save as much as the required time for the incubation process and the volume 

of antigen solution to 1/5 and 1/10, respectively. 

 

2.4. One-step simplified bead-based FLISA using 3D microfluidic disk 

The simplified bead-based FLISA protocol using the 3D microfluidic disk is performed 

sequentially using a one-step process, involving reagent loading, incubation, washing, and detection. 

 

Figure 6. Schematic sectional view of the microfluidic module highlighting the sequential protocol of 

the simplified bead-based FLISA; the processes indicated are (a) loading the wash buffer solution and 

reagents, (b) incubation, and (c) fluorescence detection, respectively. 

Figure. 6 present schematics of the cross-section of the microfluidic circuit along the radial direction 

of the disk in order to highlight the proposed sequential process. First, 30 μL of the wash buffer 
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solution is loaded into the washing chamber through the inlet port. The reagents cAb-bound bead 

solution, VEGF antigen solution, and dAb-bound fluorescent dye solution are sequentially loaded 

into the incubation chamber using pipettes; 10 μL of each reagent is used. After loading these reagents 

and the wash buffer in the 3D microfluidic disk, the disk is placed on a spindle motor located inside 

a darkroom to avoid the photobleaching of the fluorescent dye during the incubation process. The 

inlet ports are blocked using commercial transparent tape to prevent the evaporation of the reagents 

during the protocol. For the incubation process, disk rotation is regulated to ensure that the reagents 

are mixed sufficiently. In the incubation chamber with the sloped floor, beads move along the radial 

direction of the chamber, while accelerating at 260 rpm for 10 s. Subsequently, when disk rotation is 

stopped for 10 s, the beads on the slope move back to the center of the bottom of the chamber due to 

the slope and gravitational force. This movement of the beads is controlled by adjusting the 

centrifugal force in order to improve the mixing between reagents during incubation. The angular 

velocity of the disk affects the bead movement during sedimentation according to Stokes’ law, which 

can be expressed as Eq. 1: 

𝑈𝑠 =
2

9

(𝜌𝑏𝑒𝑎𝑑 − 𝜌𝑓)

𝜇
𝑎𝑅2 (1) 

Where Us is the sedimentation velocity; ρbead and ρf are the bead and fluid densities, respectively; μ is 

the fluid viscosity; R is the radius of the beads; and a is the acceleration. Here, for the bead in the 

incubation chamber with a sloped floor, the acceleration is changed to a∙cosθ - g∙sinθ, where θ and g 

are the slope of the incubation chamber and gravitational acceleration, respectively. For the mixing 

cycle during incubation and the bead washing process, the angular velocity of the disk with respect 

to time is shown in figure. S1. In the incubation chamber, when the disk rotates at 260 rpm for one 

cycle and then stops for 10 s, the beads move by 5.50 ± 2.86 μm along the radial direction and then 

move back by 3.22 μm, according to Stokes’ law (Eq. 1). When the disk is rotating, the distance 

traversed by the bead depends on its radial position relative to the central axis of the disk. For a 

stationary disk, the beads on the slope of the incubation chamber are only influenced by gravitational 

force and move toward the central axis, regardless of their position. The incubation between reagents 

is performed by means of gentle mixing for 1 hr. After this incubation process, the disk is accelerated 

to 5,000 rpm for 10 s and then washed for 1 min. The unbound dAb-fluorescent dye is separated due 

to the difference in density when the beads pass through the wash buffer solution. During this 

process, the fluorescent dye-coupled beads as well as the unlabeled beads settle together at the end 

of the washing chamber. 

 

Figure 7. (a) Bright-field and fluorescence images for fluorescent dye-coupled beads, with VEGF 

concentrations of 0 g mL-1, 1 ng mL-1, and 1 μg mL-1. (scale bar = 100 μm) (b) Fluorescence intensity 

with varying VEGF concentrations. 

Figure. 7(a) presents the bright and fluorescent images indicating fluorescent dye-coupled beads with 

VEGF concentrations of 1 ng mL-1 and 1 μg mL-1 and the unlabeled beads at the end of the washing 

chamber. The yellow dotted line in this figure denotes the end of the washing chamber. The results 

of the fluorescence area ratio, Af/Ab, are shown in figure. 7(b); this parameter is calculated using the 
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fluorescence area (Af) and the bead-aggregated area (Ab). The value of Af/Ab increases with the VEGF 

concentration between 1 μg mL-1 and 0 g mL-1. 

3. Discussion 

To summarize, in this study, a simplified bead-based FLISA protocol is performed using a multi-

material 3D microfluidic disk for VEGF detection. The proposed hybrid microfluidic disk structure 

comprises a 3D-printed block and laser-cut PMMA layers containing an incubation chamber and a 

washing chamber with microchannels, respectively. The activated PSA films between the 3D printed 

block and the PMMA layers maintain the disk structure, while preventing reagent leakage during 

the simplified bead-based FLISA protocol. In the proposed simplified FLISA protocol, the 

fluorescence signal intensity is linearly related to the VEGF concentration, regardless of reagent 

volume and variations in incubation time. In the 3D microfluidic disk, the entire simplified bead-

based protocol can be completed within an hour without requiring additional manual intervention. 

Moreover, the fluorescence signals can be detected immediately after completing the rotation of the 

disk. The green fluorescent images thus obtained are analyzed using image processing software. As 

a result, VEGF detection can be achieved to ng mL-1 resolution using the Af/Ab fluorescence area ratio 

analysis via a one-step simplified bead-based FLISA employing a 3D microfluidic disk. Furthermore, 

in order to improve detection resolution for target antigens as well as VEGF, cAb–bound bead 

movement can be precisely controlled by manipulating disk acceleration and cycles with bi-direction 

rotation. 

4. Materials and Methods  

4.1. Fabrication of 3D microfluidic disk and post treatment 

The incubation chamber layer, which comprises eight independent incubation chambers, is first 

designed using a CATIA V5 software, which is a design and modeling program. The designed model 

is converted to the STL file format required for the 3D printing software. The incubation chamber 

layer is fabricated via stereolithography apparatus (SLA); 3D printing employing SLA enables the 

fabrication of micro structures with a roughness of ± 15 μm, as shown in figure. S2. The incubation 

chamber has a volume of 25 μL with a sloped floor. One side of the chamber is connected to a 

ventilation hole in the top layer of the block, and the other side of the chamber is connected to the 

side wall of the block for liquid transport; this configuration is presented in figure. S3. After 3D 

printing the block, post treatment is performed to remove the wax supports in the incubation 

chamber and to clean the surfaces. First, the supporting wax layers are roughly removed under a 

steam environment for 0.5 hr. Subsequently, the 3D-printed block is immersed in hot oil for 2 hr in 

order to completely remove the remaining wax in the chambers and the chamber walls. After cooling 

the block at room temperature for 10 min, ultrasonic cleaning with detergents and washing with 

deionized water were performed to remove the residual oil and clean the surfaces; each of these 

processes lasted for 10 min. Finally, this washed block is dried in a convection oven for 24 hr to 

eliminate the moisture in its microstructure. Also, microfluidic components in assembled 3D 

microfluidic disk are flushed to the remaining debris by pipetting 100 μL of phosphate buffer saline 

(PBS) solution (pH 7.4, Sigma-Aldrich) containing 0.5 wt% bovine serum albumin (BSA, Sigma-

Aldrich) and once with 100 μL of distilled water. Thereafter, the 3D microfluidic disk is dried in a 

convection oven at room temperature for 24 hr. 

4.2 Preparation of VEGF reagents 

For reagent preparation, VEGF capture antibody (cAb) and VEGF detection antibody (dAb) are 

bound to bead surfaces and fluorescent dye, respectively. An antibody coupling kit (Dynabeads 

antibody coupling kit, Thermo Fisher) is used for binding the cAb (Human/Primate VEGF Antibody, 

R&D Systems) onto the surfaces of epoxy magnetic beads with a diameter of 2.8 μm (Dynabeads M-

270 Epoxy, Thermo Fisher). This procedure requires 24 hr, according to the coupling protocol. The 

concentration of cAbs on the bead surfaces is 20 μg mg-1 in 1 mL of PBS solution containing 1 wt% 
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BSA. Furthermore, a fluorescence conjugation kit (DyLight 488 Conjugation kit, Abcam) is used for 

binding the fluorescent dye (DyLight 488) conjugation of dAb (Human VEGF 165 Antibody, R&D 

Systems) with a volume ratio of 1:1; these are then left overnight in the dark at room temperature. 

Subsequently, the dAb-bound fluorescent dye is diluted in PBS solution to a concentration of 1 μg 

mL-1. Standard VEGF (Recombinant Human VEGF 165, R&D Systems) antigen solution is diluted 

using PBS with 10-fold serial dilution to 1 μg mL-1, 100 ng mL-1, 10 ng mL-1 and 1 ng mL-1, and pure 

PBS without VEGF as the control solution. The wash buffer solution is prepared by adding 20 wt% 

dextran (Mr 15,000~25,000, Sigma-Aldrich) in PBST (PBS containing 0.05 % v/v Triton-X (Triton-X100, 

Sigma-Aldrich)) solution for 24 hr on a hot plate magnetic stirrer at 60℃. 

4.3 Analysis and detection of fluorescence 

A customized microscope is used for the measurement of fluorescence at the detection area in 

the 3D microfluidic disk; this microscope is located on the spindle motor, and fluorescence is 

measured immediately after completing the rotation. Fluorescence signals are measured in a 

darkroom to avoid light noise from the surroundings. The microscope employed a 150-W halogen 

fiber illuminator with optic filters. Optical filtration was used to selectively filter out fluorescence 

wavelengths using an excitation filter (473–491 nm at average light transmission (Tavg) > 93%), a 

dichroic filter (502–950 nm at Tavg > 93% and 350–488 nm at Tavg < 7%), and an emission filter (506–534 

nm at Tavg > 93%). The microscopic images thus obtained are analyzed using ImageJ, an image 

processing software. Thus, within the border of the aggregated beads at the edge of the detection 

area, the fluorescence intensity is amplified, while the background noise is eliminated via high-pass 

filtration.  

5. Conclusions 

A simplified bead-based FLISA protocol using a 3D microfluidic disk composed of different 

materials is successfully conducted for the detection of VEGF. The 3D microfluidic disk comprises a 

3D-printed block and PSA film-attached laser-cut PMMA layers. In the proposed protocol, only 

components requiring precise control are fabricated using 3D printing, whereas the remaining 

components are composed of PMMA disks in order to reduce the overall production cost. Moreover, 

microbeads are used as the substrate to apply the FLISA protocol using the microfluidic disk. The 

increased specific surface afforded by these microbeads facilitates antigen–antibody reactions, even 

for a reagent volume of 30 μL. Furthermore, in the simplified FLISA protocol, reagents are 

simultaneously loaded into the incubation chamber, and the reagent volumes can be reduced to 1/10, 

while maintaining the linearity of green fluorescence signals with respect to VEGF concentrations. 

The excited fluorescence signals observed during the detection process are superimposed from the 

aggregated beads at the edge of the detection area. High-resolution characteristics of the fluorescence 

area ratio, Af/Ab, with respect to the VEGF concentration could be confirmed. Therefore, the 3D 

microfluidic disk platform can be used to detect VEGF on the sequential benchtop process using only 

passive mixing in simple clockwise rotation cycle within one hour. Regardless of the target antigen 

including VEGF, manipulating conditions of disk acceleration and cycles with bi-directional rotation 

enhances the physical contact opportunity to antigen-antibody interaction by microbead movement 

control. In the future, it can be applied in developing countries as a low-cost, ultra-high-speed 

diagnostic system for virus detection like COVID-19. This is possible to provide a platform for 

detecting biochemical targets within an hour by utilizing a 3D microfluidic disk and a simple rotor.  

Supplementary Materials: Figure. S1. Angular velocity of disk with respect to time for the mixing cycle during 

incubation and the bead washing process. Figure. S2. SEM images of micropillars (designed diameter (D) =500, 

250, 200, and 100 μm) on 3D printed surface fabricated in the (a–d) vertical and (e–h) lateral directions. Figure. 

S3. (a) Top view of 3D-printed block. (b) Isometric view and (c) sectional view of the 3D-printed block. 
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Abbreviations 

BSA 

cAb 

dAb 

ELISA 

Bovine Serum Albumin 

Capture Antibody 

Detection Antibody 

Enzyme-Linked Immunosorbent Assay 

FLISA Fluorescence-Linked Immunosorbent Assay 

PMMA 

PBS 

PBST 

PSA 

SLA 

VEGF  

Poly(methyl methacrylate) 

Phosphate Buffer Saline 

Phosphate Buffer Saline with Tween detergent 

Pressure-Sensitive Adhesive 

Stereo-Lithography Apparatus 

Vascular Endothelial Growth Factor 
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