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Abstract 

 
The same symptoms may come from various diseases. 

Therefore, many diagnoses are performed using biomarkers in 

blood, sputum, urine, and cerebrospinal fluid (CSF). Compared to 

single analysis methods such as enzyme-linked immunosorbent 

assay (ELISA), multiplex diagnosis can improve workflow and save 

patient samples, reagents, consumables, and test time. In particular, 

the advantage of reducing the amount of patient samples is that it 

can increase test accessibility by reducing the burden of sample 

collection in addition to financial benefits. Furthermore, the high 

accuracy obtained by combining multiple biomarkers can increase 

the possibility of early diagnosis through routine tests. 

In a multiplex assay platform using coded beads, different 

probes are attached according to the code assigned to the beads and 

hundreds or thousands of beads are mixed and reacted with patient 

samples. By checking the code of beads, i.e. the type of probe, 

various biomarker information can be obtained. Although the 

concept of the technology had been proven before my joining, it was 

insufficient for use in actual diagnostic markets due to a lack of 

production volume, variation in performance, and lack of programs 

to analyze codes of beads. This dissertation describes the 

development process of the encoded bead-based multiplex assay 

platform to a level that can be used for actual diagnosis. Also, the 

results applied to Alzheimer’s dementia (AD) using the developed 

platform are described. 

In order to easily handle beads and reduce variations, it is 

necessary to impart magnetism to beads. However, commercial 

magnetic particles have ferromagnetism that retains a magnetism 



 

 ii 

even in the absence of external magnetic fields. These magnetic 

particles form large lumps, and cannot make beads in uniform shape. 

To solve this problem, I developed a method for mass-synthesizing 

superparamagnetic nanoparticles. 

A system had been developed that can produce beads of a 

desired shape by illuminating ultraviolet rays reflected by a micro-

mirror array onto a UV-curable polymer. This system has the 

advantage of providing various shapes of beads in real-time, but for 

using beads in actual diagnostic sites, it is necessary to develop a 

system capable of producing millions of beads within a short time. 

To increase production volume, I introduced a large-area exposure 

system used in semiconductor processes and solved problems 

arising from differences between photoresists used in 

semiconductors and polymers. As a result, I can increase the 

production capacity to 3.5 million per hour. 

In order to couple biomarkers on beads, suitable functional 

groups must be created on the surface of beads. In this dissertation, 

encoded beads were made by patterned UV and then coated with 

silica to increase stability. After that, amine and carboxylic acid 

were sequentially made on the surface of the beads. When amine 

modification was performed using commonly used material, 

performance variations occurred due to randomness during the 

reaction process and hydrolysis during the storage stage. To solve 

this problem, I introduced alternative material and optimized 

protocols utilizing its characteristics, and the variation in 

performance was reduced to less than 5%. I also developed a 

strategy for effectively assigning codes to beads, an automatic 

imaging device, and a decoding algorithm. 

I performed a comparative evaluation between the developed 
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platform and the conventional method. The beads can be pre-

coupled with probes in large quantities and used for long periods 

while ELISA requires attaching probes every test. The probe 

material required for one test can be saved about 100 times. When 

assuming testing ten biomarkers, the amounts of sample, antibody, 

fluorescent, and buffers were reduced in the developed multiplex 

platform by 30, 3, 20, and 15 times, respectively. Also, reaction 

time was halved due to the beads acting as a 3D suspension array. 

The developed platform has been applied to various clinics 

such as human papillomavirus (HPV), sexually transmitted 

infections (STIs), tuberculosis, sepsis, and Alzheimer’s disease 

(AD). This dissertation describes the application to dementia. 

Related biomarkers are changed decades before the onset of 

dementia. If these changes in biomarkers are detected in advance, 

the onset of dementia can be significantly delayed through 

treatment. The methods for diagnosing dementia are 

neuropsychological test, CSF check, and positron emission 

tomography (PET) imaging. A neuropsychological test is not 

possible for early diagnosis, and a CSF check is not suitable for 

routine tests due to the difficulty in collecting samples. PET imaging 

also has low accessibility due to its high cost. In this dissertation, I 

showed that dementia diagnosis is possible with about 80% 

accuracy by measuring multiple blood biomarkers and algorithmizing 

them. 

 

Keyword: multiplex, encoded bead, surface functionalization, image 

processing, clinical application, Alzheimer’s disease 
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Chapter 1. Introduction 
 

1.1. Needs for multiplex assay technology 
 

Personalized medicine, also referred to as precision medicine, is 

a medical model that separates people into different groups based 

on their predicted response or risk of disease. It is difficult to 

accurately determine which disease an individual has based solely 

on the symptoms they experience. For example, symptoms such as 

fever, headache, lethargy, and muscle pain are common to many 

diseases, including respiratory diseases, gastrointestinal diseases, 

influenza, and meningitis. Medical decisions, practices, interventions, 

and/or products must be tailored to the individual patient. The goal 

of personalized medicine is to provide the most suitable medicine, at 

the right dose, for the right person, at the right time, at a 

reasonable cost[1]. Personalized medicine can be used in various 

ways to facilitate disease prevention, diagnosis, and treatment. 

Diagnostic testing is often employed for selecting appropriate and 

optimal therapies based on the context of a patient’s genetic 

content or other molecular or cellular analysis[2]. 

Even within the same disease, there can be various variations 

depending on the mutation. For example, human immunodeficiency 

viruses (HIV) has more than 60 variations, and sexually transmitted 

infections (STIs), human papillomavirus (HPV) infection, and 

influenza each have more than a dozen variations[3,4]. Recently, 

many mutations have also been occurred in coronavirus disease 

2019 (COVID-19), causing us great suffering. There are various 

variations even in one disease, so there are limitations in diagnosing 

them separately. Furthermore, in the case of sepsis and 

tuberculosis, there are dozens of causative pathogen, and to 

determine antibiotic resistance according to mutation, it is 

necessary to diagnose using a multiplex platform. 

Another advantage of diagnosis based on multiple biomarkers is 

that they show higher accuracy than diagnoses using a single 

biomarker. In the diagnosis of prostate cancer, using only a single 
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biomarker shows an accuracy of 70%, but combining 5 biomarkers 

can increase the accuracy to 99%[5]. In the case of celiac disease, 

using a single biomarker for diagnosis showed a sensitivity of about 

40%, but combining these three biomarkers increased the 

sensitivity to 80%[6]. 

 

Figure 1. A sandwich ELISA. (1) Plate is coated with a capture antibody; 

(2) sample is added, and any antigen present binds to capture antibody; 

(3) detecting antibody is added, and binds to antigen; (4) enzyme-linked 

secondary antibody is added, and binds to detecting antibody; (5) 

substrate is added, and is converted by enzyme into a detectable form[7]. 

Multiplex assays have gained popularity for their advantages of 

saving sample volume and time by improving workflows when 

compared to assays that measure a single analyte, such as 

enzyme-linked immunosorbent assay (ELISA). ELISA is a 

commonly used analytical biochemistry assay that uses antibodies 

and color change to detect the presence of a ligand (commonly a 

protein) in a liquid sample[8]. In ELISA, antigens from the sample 

to be tested are attached to a surface where a matching capture 

antibody is pre-coated. Then, a matching detection antibody is 

applied over the surface so it can bind to the antigen. Detection 

antibody is linked to an enzyme and then any unbound antibodies 

are removed. In the final step, a substance containing the 

enzyme’s substrate is added. If there was binding, the subsequent 

reaction produces a detectable signal, most commonly a color 

change (Figure 1). ELISA is typically performed on a 96-well plate. 

The tester knows which capture probe is coated in each well, so 

they can determine which type and how much of a biomarker the 

patient has based on the location of the well where the color 

changes and the degree of color change. Due to the nature of ELISA, 
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which checks for color change in the well’s internal solution, only 

one type of probe can be used in one well. If multiple biomarkers 

are to be checked, and if 96 types of biomarkers are to be checked 

in extreme cases, all 96 wells must be used to diagnose one patient. 

In other words, it requires intensive labor and typically shows 

intra- and inter-assay variability[9]. 

 

Figure 2. Comparison between ELISA and bead-based multiplex. 

In contrast, in the encoded bead-based multiplex assay, the 

subject of this dissertation, can diagnose much more efficiently. 

The encoded bead-based multiplex assay is a type of multiplex 

assay that uses beads to simultaneously measure multiple analytes 

in a single experiment. Each type of bead is uniquely encoded to 

distinguish one type from another. In an encoded bead-based 

multiplex assay, different probes are coated onto beads according 

to codes. Beads with various codes are then mixed and injected into 

a well, allowing for the simultaneous detection of multiple 

biomarkers in a single well. The beads can be injected into one well 

up to 5,000 beads. In other words, even if 50 beads are used per 

code, 100 types of biomarkers can be checked in one well. If all 96 

wells are used, 96 patients can be diagnosed, making it nearly 100 

times more efficient than ELISA (Figure 2). 
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Figure 3. Comparison of theoretical differences between ELISA and 

multiplex assay assuming a case where 100 biomarkers are tested for 40 

patients. 

Figure 3 is a comparison table between ELISA and multiplex 

assay assuming a case where 100 biomarkers are tested for 40 

patients. This assumption is to match the common ELISA protocol. 

In ELISA, an antigen with a known concentration is serially diluted 

to draw a standard curve for quantification, and typically 16-wells 

are used for duplication of 8 concentrations. The remaining 80-

wells are allocated for duplication of 40 samples to reduce assay 

error. The signal of the sample well and the signal of the standard 

curve are compared to calculate how much biomarker is present in 

the patient’s sample. In the previous paragraph, an example of 

testing multiple types of pathogens in one 96-well plate was given 

to explain the difference in principle with multiplex assay, but 

generally one type of pathogen is tested in one plate and the 

number of plates increases depending on the number of pathogens 

to be tested. In a situation where 100 biomarkers are tested, there 

is a 100-fold difference in the number of plates required. This 

100-fold includes not only the number of plates but also labor, 

pipette tips, reagents and other parts that differ by 100-fold. 

Multiplex assays have several advantages over traditional assays, 



 

 ５ 

including reduced sample volume requirements, faster analysis 

times, and improved workflow efficiency. 

Especially important is the difference in sample volume. 

Samples such as urine or sputum can be easily obtained in large 

quantities, but blood or cerebrospinal fluid can be difficult to obtain 

in large quantities or painful to obtain. Being able to save such 

precious samples means more than just monetary gain. Also, if less 

sample is needed for testing, there is no need to sample a large 

amount, and by sampling only a small amount of blood from the 

fingertip like a diabetes test, practical and psychological hurdles can 

be greatly reduced. If testing is possible with a small sample and 

the cost of testing is low and combined with high accuracy of 

multiple diagnoses, early diagnosis through light and routine tests 

becomes possible. 

 

 

1.2. Other multiplex assay technologies 
 

 

Figure 4. Other multiplex technologies. (A) Microfluidics. (B) 

Microarray[10,11]. 

There are several representative technologies for implementing 

multiplex diagnosis, including microfluidics, microarray, and 

encoded-bead methods. Microfluidics refers to the manipulation of 

small volumes of fluids (usually in the range of microliters to pico-

liters) using channels with dimensions of tens to hundreds of 

micrometers. In a microfluidics-based multiplex assay, multiple 

microfluidic channels are created and each channel is coated with a 

different probe. The patient’s sample is then flowed through the 
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multiple channels simultaneously and the location of the probe-

reactive channels can be used to determine which biomarkers the 

patient has[12]. A microarray is a two-dimensional array on a solid 

substrate that assays large amounts of biological material using 

high-throughput screening miniaturized, multiplexed and parallel 

processing and detection methods[13-15]. In a microarray-based 

multiplex assay, probes are spotted onto the microarray substrate 

in a precise pattern[16]. The patient’s sample is then applied to 

the microarray and the location of probe-reactive spots can be 

used to determine which biomarkers the patient has. These 

multiplex assays also have similar advantages to bead-based 

multiplex assay compare to traditional assays: reduced sample 

volume requirements, faster analysis times, and improved workflow 

efficiency[17]. 

There are two reasons why I focused on bead-based multiplex 

technology among these three methods. First, multiplex platforms 

using microfluidics or microarray have limitations in implementing 

high plex due to manufacturing technology and spatial constraints. 

On the other hand, bead-based multiplex platforms can use up to 

5,000 beads at once in a space about the size of one well of a 96-

well plate because each bead is only a few micrometers in size. 

Second, even if products are manufactured with the same equipment 

and protocol, unavoidable variations will occur. Fortunately, in bead 

technology, millions of beads produced in one reaction chamber can 

guarantee completely identical performance between them. When a 

quality control (QC) test is performed by sampling some beads 

after bead production to check if the product has been manufactured 

normally, the performance between the QC-used beads and the 

remaining beads is guaranteed to be identical because they are 

identical. If it passes QC, you can trust and use it. On the other hand, 

microfluidics or microarray products are individually manufactured 

so it is impossible to guarantee that the performance between 

products used for QC by sampling and remaining products is 

identical and you can only hope that the frequency of defective 

products is low. 
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1.3. Previous research in the group 
 

 

Figure 5. Multiplexed HPV genotyping using encoded silica beads. (a) A 

conceptual overview of multiplexed HPV genotyping using encoded silica 

beads. (b) A bright-field and a fluorescence microscopy image after the 

hybridization assay. Only particles with probes complementary to the 

target HPV 33 sequences showed strong fluorescence[18]. 

When I joined the lab, proof on concept for encoded bead-

based multiplex technology was already in place. When UV light is 

shot onto a polymer that reacts with UV light to undergo photo-

polymerization using a micro mirror array for patterning UV light, 

the polymer polymerizes into a shape similar to that of UV pattern 

and beads are formed[19]. During photo-polymerization, the 

desired code can be encoded by adjusting UV pattern. Then coat 

with silica layer to improve physical and chemical durability of 
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polymer scaffold and chemically modify bead surface so that probes 

such as deoxyribonucleic acid (DNA) or protein can be coupled. 

After coupling different probes according to code, the beads were 

reacted with variously synthesized HPV sequences at once. As a 

result, only signal came out from bead with code matching injected 

DNA species (Figure 5)[18]. 

 

Figure 6. Problems in the bead during the mass production process. 

(A) Variation of shape. (B) variation of signal. 

However, while it was possible to publish papers through small 

scale production and selection as a proof of concept, there were 

many problems for real application of this technology in hospitals or 

diagnostic fields. First, absolute production volume was far too low. 

Most diagnostic kits have a shelf life of about one year. Assuming 

that 5,000 beads are used per well of 96-well plate to test one 

patient, and 100 patients are tested per day, about 180 million 

beads are needed per year. However, when I joined the lab, daily 

production capacity was under 100,000 beads. It means that three 

years were required to produce the beads to use for one year. 

Second, variation occurring during production process was very 

serious. The beads in figure 6A, it was intended to produce same 

beads but the result was terrible. It was due to try to mass 

fabrication in laboratory setup unsuitable for mass production. 

Figure 6B shows different signals even though they were produced 

in one reaction chamber. i.e., theoretically should show same signal. 

This means surface functionalize chemistry which allows biomarker 
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to bind on bead surface is unstable. Third, there was no software 

for decoding beads. In figure 5B, code of each bead were not 

recognized by software but determined by looking at it with naked 

eye. An automated analysis software is necessary for real 

application, and also development of effective code assignment 

method was required. 

In this dissertation, the process of developing encoded bead-

based multiplex assay technology from proof of concept to level 

that can be used in actual diagnosis is described. And then, clinical 

application in Alzheimer’s disease (AD) is described as an 

application among the various clinical application results. 
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Chapter 2. Platform development 
 

In this chapter, the entire process for developing multiplex 

assay platform is described.  These processes include magnetic 

nanoparticle synthesis, scaffold formation, Silica coating, surface 

functionalize, coupling, assay, and decoding program. The platform 

was developed under the supervision of Quantamatrix Inc. (Seoul, 

Republic of Korea), so it was named as quantamatrix multiplex 

assay platform (QMAP™). 
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2.1. Synthesis of superparamagnetic nanoparticle 
 

To handle beads comfortably and to enable automation, it is 

necessary to give magnetism to the beads. During the process of 

surface treatment of beads or during the assay process, it is 

repeated the process of reacting and washing with various reagents. 

In this process, it is much easier and more efficient to remove the 

supernatant by holding the beads with a magnet than by removing 

the supernatant using centrifuge or filtering. 

 

Figure 7. The result of mixing a typical magnetic nanoparticle in a polymer 

mixture. (A) Aggregation of magnetic nanoparticles in liquid polymer. (B) 

Incomplete polymerization of beads. 

When commercially available magnetic nanoparticles were 

applied to polymer mixture, there is severe problem in precise 

photo-polymerization patterning due to their ferromagnetic 

properties (Figure 7). Magnetic nanoparticles mainly synthesized 

with Fe3O4 are not transparent and block or reflect the light. 

Ferromagnetic magnetic nanoparticles form large lumps through 

attraction with each other in liquid polymer. That is, magnetic 

nanoparticles do not distribute evenly but irregularly distribute in 

large lumps so when patterned UV is illuminated at polymer 

irregular reflection occurs and takes on irregular shape. 
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Figure 8. Differences in domains according to the size of magnetic particles. 

(A) Magnetic particles over 130 nm. (B) Magnetic particles between 130 

nm and 20 nm. (C) Magnetic particles less than 20 nm[20].. 

To avoid this problem, superparamagnetic magnetic nano-

particles must be used. Superparamagnetism means that it has 

magnetism when an external magnetic field is applied but loses 

magnetism when the external magnetic field disappears. The main 

factor that affect to whether magnetic articles become 

ferromagnetic or superparamagnetic is the size of the domain which 

is the minimum unit when particles are formed (Figure 8)[20]. 

Large magnetic particles consist of multi-domain magnetism. When 

the size of a magnetic particle becomes smaller than 130nm, the 

magnetic particle becomes single-domain magnetism. However, its 

magnetism is stronger than thermal disturbance, so once magnetism 

is formed by external magnetic field, it maintains magnetism even if 

external magnetic field disappears. When size of magnetic particle 

is reduced below 20nm, thermal disturbance becomes stronger than 

magnetism and does not have magnetism in absence of external 

magnetic field. Such magnetic nanoparticles are called 

superparamagnetic nanoparticles. 

However superparamagnetic nanoparticle has disadvantage that 

its magnetism is too weak. If excess amount of magnetic particles 

were mixed in polymer mixture to overcome weak magnetism, UV 

light cannot reach to the polymer layer and normal polymerization 

does not occur. To overcome weak magnetism, I introduced 

superparamagnetic colloidal nanocrystal clusters (CNCs)[21]. By 

making clusters in specific sizes and shapes, sufficient space for UV 
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light to pass through while using same amount of magnetic particles 

can be secured. Also, it’s magnetism is increased due to distance 

between magnetic domains disappeared and act as multiple domain 

of large magnetic particles. By mixing such synthesized magnetic 

nanoparticles with polymer and performing UV patterning, the 

encoded beads which have sufficient magnetism can be made 

(Figure 9). 

 

Figure 9. The result of mixing superparamagnetic nanoparticles into a 

polymer mixture. (A) Even the distribution of magnetic nanoparticles in the 

liquid polymer. (B) Bead shape and code are clearly polymerized. 

 

2.2. Implementation of optical setup for mass production 
 

 

Figure 10. Schematic diagram of the proposed optofluidic maskless 

lithography system for dynamic control of the photopolymerization process 

in microfluidic devices[19]. 
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Optofluidic maskless lithography (OFML) system is basic 

technology in my lab[19]. Figure 10 schematically describes the 

experimental setup, which combines a high speed optical projection 

system for dynamic UV photo-patterning, a microfluidic channel for 

UV-curable polymer stream, and a microscopic imaging system for 

inspection and monitoring. One advantage of using UV-curable 

polymer is that they can be readily fabricated into a variety of 

shapes by photo-polymerization; this characteristic is both 

powerful and versatile as it allows for nearly limitless coding 

capacity[22-27]. A high intensity mercury xeon lamp with a fiber 

based light guide is used as a continuous wave light source for 

photo-polymerization. A 10x microscope objective lens projects 

the computer controlled image pattern on the micro mirror array to 

the final object plane. The optical projection system and imaging 

optics share the same objective lens and their light paths are 

separated by a beam splitter. The microfluidic channel is located on 

the common object plane of the projection system and microscope. 

To monitor the polymerization process and the fabricated 

microstructures at the object plane, a microscopic imaging system 

with a charge coupled device image sensor was introduced. In this 

lithography setup, a high speed optical projection system with a two 

dimensional array of micro mirrors dynamically controls the UV 

exposure pattern, and makes it easy to fabricate a variety of 

microstructures in real time without having to prepare for 

photomasks. 

UV-curable polymer consists of trimethylolpropane ethoxylate 

triacrylate (ETPTA) as the main scaffold of bead, 3-(trimethoxy 

silyl) propyl acrylate (TMSPA) as the seed of silica coating, 

DAROCUR 1173 which initiates photo-polymerization, and super 

paramagnetic nanoparticles which described above. The microfluidic 

channel for UV-curable polymer stream is made of polydimethyl 

siloxane (PDMS). The oxygen contents near the PDMS surface 

prevent the photo-polymerization process, and thus allow the 

formation of free-flowing polymeric microstructures inside the 

channel. Oxygen layer that prevents photo-polymerization on 



 

 １５ 

PDMS surface is called oxygen inhibition layer[28]. 

Although OFML technology has advantage that shape of bead 

can be easily changed in real time, as described in introduction, 

there are limitations in producing enough volume to use for real 

diagnosis application. Although it takes only a few milliseconds to 

make one bead, interval time between pushing out produced bead 

through flow, waiting for polymer stream to be stabilized, and then 

illuminating UV again is long so number of beads that can be 

produced in one hour does not even reach to 1,000. Second, the 

amount of polymer is too much wasted when pushing bead with flow. 

TMSPA, one of the main component in UV-curable polymer 

mixture, has high unit price so waste of polymer causes severely 

increased the production cost. Third, when photo-polymerization is 

repeated at one location, oxygen layer on PDMS surface becomes 

depleted and bead sticks to PDMS channel. 

 

Figure 11. Intermediate systems developed for mass production. (A) 

Photo-polymerization occurs in the PDMS channel or (B) occurs between 

PDMS-coated glasses. 

Figure 11 lists the setups I tried to increase bead productivity. 

The first method was to link a motorized stage to solve the problem 

of depletion of the oxygen inhibition layer by change the location 

where photo-polymerization was repeated (Figure 11A). However, 

although it was less frequent than previous setup, eventually the 

oxygen inhibition layer disappeared and the bead sticking problem 

occurred when photo-polymerization was performed for a long time. 

Also, the problems of poor productivity and waste of polymer was 
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still remained. 

Even if photo-polymerization is performed at various locations 

in PDMS channel using motorized stage, channel area has limitations 

so it is inevitable to repeatedly polymerize at same location. To 

make polymerization is occurred only once at each location, a 

method using slide glasses which have larger area than microfluidic 

channel was devised (Figure 11B). Two slide glasses are coated 

with PDMS so that bead does not stick to slide glass, and UV-

curable polymer is filled between two slide glasses. The height of 

polymer layer is adjusted by placing tape or film that can select 

thickness between two slide glasses as spacer. As a result, it is 

possible to completely solve problem of depletion of oxygen 

inhibition layer and waste of polymer. Also, the interval time 

between UV illumination can be reduced. However, unlike PDMS 

channel which the height can be uniformly controlled, there is a lot 

of variation in height while attaching the spacer by hand. So shape 

of bead was not uniform as shown in figure 6A. Also there is still 

fundamental limitation of production volume, i.e., interval time 

between forming one bead at a time, moving the stage, and then 

forming another bead again. With this setup, the maximum amount 

that can be produced in one hour is 20,000 beads. Although it is a 

10 times improved result compared to the previous OFML setup, it 

was still far from enough to mass produce at the billion level. 

Although OFML based system has advantage that desired shape 

of bead can be easily made by controlling UV pattern in real time, 

the method of producing one particle at a time has limitations in 

mass production. So I tried photolithography method used in 

semiconductor process which performed in large area. A single 

iteration of photolithography combines several steps in sequence: 

1) spin coating photoresist (PR) on wafer, 2) prebaking to drive off 

excess photoresist solvent, 3) exposing patterned UV through 

photomask engraved with pattern, 4) post exposure baking (PEB) 

to reduce interference effect from other light after UV exposure, 5) 

developing to remove part exposed or not exposed to patterned UV, 

and 6) hard baking to completely harden shape. However, there was 
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critical problem in making polymer bead with conventional 

semiconductor process. In conventional semiconductor process, 

prebaking hardens liquid PR to solid so that PR does not stick to 

mask during next process UV exposure. However, UV-curable 

polymer lost its property of reacting with UV as soon as prebaking 

was done. If liquid polymer is used directly in semiconductor UV 

exposure without prebaking step, there is very high risk of 

equipment failure. For these reasons, it was necessary to develop 

UV exposure equipment customized for polymers other than PR. 

Many part of machine is similar to conventional UV exposure 

machine. The difference from the conventional machine is that the 

photomask is not attached to the equipment, but is assembled with 

photomask-polymer-slide glass and loaded onto the UV stage. An 

outlet is added to flow out the liquid polymer from the assembly of 

the photomask-polymer-slide glass to prevent the equipment 

failure. 

UV-curable polymer shrinks when photo-polymerized by UV. 

This causes micro flow around bead but since only one bead is 

produced at a time in OFML setup, such flow has little effect on 

polymerization. Also since UV light is condensed through objective 

lens and increased intensity per unit area greatly in OFML system, 

so polymerization completes within few milliseconds and influence 

by flow also decreases (Figure 12A). On the other way, UV is 

spread widely to expose over wide area at same time in the large 

area UV exposure system, UV intensity per unit area decreases 

greatly compared to OFML (Figure 12B). Therefore, it takes more 

than 2 to 4 seconds for polymerization. It means that even if only 

the flow at the same level as the flow in OFML, it is more affected 

by flow. In addition, in a large area system, a much stronger flow 

occurs as the polymer shrinks simultaneously over a large area. As 

a result, beads produced in large area setup were severely 

deformed and precise code assignment was impossible (Figure 

12C). 
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Figure 12. Cause and solution of deformation in large area UV exposure 

system. (A) Concept image of the OFML system. (B) Concept image of the 

large area system. (C) Deformed bead image. (D) Improved image of the 

large area system. (E) Deformation resolved result. 

Several attempts to solve this problem were tried, but the 

solution was surprisingly simple. In OFML, oxygen inhibition layer 

of PDMS was actively used to push out beads formed by 

polymerization in order to repeat photo-polymerization at the same 

place. However, beads attached to glass substrate while 

polymerizing were easily separated from glass substrate by lightly 

scratching. The cause of the deformation in large area UV exposure 

setups is the floating and moving of beads caused by flow. 

Deformation problem can be solved by anchoring on the glass 

substrate without PDMS coating (Figure 12D and E). 

The final production protocol is as follows: 1) coat PDMS on 

photomask where patterned shape of bead, 2) load UV-curable 

polymer onto photomask, 3) cover with slide glass with spacer 

attached so that UV-curable polymer spreads evenly between 

photomask and slide glass, 4) put the assembly of photomask-

polymer-slide glass on UV exposure stage, 5) UV illumination, 6) 

separate photomask and slide glass and wash off non polymerized 

polymer with ethanol, 7) scrape the beads attached to the glass 

substrate with a scraper and collect them in the tube. 
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 OFML Modified OFML Large area 

Glass/Channel 
PDMS coating (5min) 

Channel attach (5min) 
PDMS coating (5min) 

SAM coating 

(3min) 

Spacer/Polymer - 1 min 4 min 

UV exposure < 100 ms for 1 bead < 100 ms for 4 beads 
2~4 sec for 

880,000 beads 

Interval between 

exposure 

1~2 sec 

(flow stabilization) 

< 1 sec 

(stage moving) 
- 

Number of 

exposures 
< 1,000 times About 10,000 times 1 time 

Gathering Real time 1 min 2 min 

Cleaning One time use only 1 min 4 min 

Time required  

for one-round 
- 2 hr 15 min 

Production 

in one-round  
< 1,000 beads 40,000 beads 880,000 beads 

Production  

per hour 
< 1,500 beads/hr 20,000 beads/hr 3,520,000 beads/hr 

Table 1. Comparison of bead production in three setups. 

In original OFML setup, one bead is made at a time in PDMS 

channel then bead is pushed out through flow then waits for flow to 

stabilize then repeats process of making another bead. It takes 

several seconds to push out bead through flow and wait for 

stabilization so number of beads that can be produced in one hour 

does not exceed 1,500 beads. In setup using two slide glasses 

coated with PDMS, the stabilization time at channel based OFML is 

greatly reduced and hourly bead production increases to about 

20,000 beads. However, it is still far from enough to mass produce 

at billion level. In large area UV exposure setup about 880,000 

beads are produced in 4 seconds. Overall time for pre-illumination 

and post-illumination takes about 15 minutes. As a result, hourly 

production increased to 3,520,000 beads which is 2,300 times more 

than original OFML setup and 176 times more than method 

combining two slide glasses and OFML. 
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2.3. Solving cracks of silica layer 
 

Polymer beads have the advantage of being easily fabricated 

into any desired shape. However, bio-conjugation by photo-

polymerization of acrylate modified biomolecules can be sensitive to 

the chemical environment, and such polymer-based beads are 

easily damaged by chemical and mechanical stimuli[29]. 

Furthermore, small molecules can be absorbed into the polymer 

matrix, thereby amplifying the detection error[30,31]. In previous 

study, a strategy for fabricating shape encoded bio-conjugatable 

silica-coated beads was suggested[18]. This method uses the 

complicated geometrical structure of the polymeric bead for 

identification, but takes advantage of the stable chemical and 

physical properties of silica[32,33]. When fabricate polymeric 

beads, a pre-polymer resin composed of the 10 : 1 volumetric ratio 

of ETPTA and TMSPA was prepared as a photo-curable material 

containing acrylate groups for the polymer scaffold. TMSPA serves 

as the silane-grafting material that participates in silica formation. 

Then, the polymer beads were coated with silica by a modified 

version of the Stober method[34,35]. This process allows for the 

direct and rapid application of silica coatings onto silicon-grafted 

beads via a single step. 

 

Figure 13. Effect of silica layer coating. (A) Surface damage of bead in 
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dipping to 1M acetic acid without silica coating and (B) with silica coating. 

(C) Nonspecific absorption of bead without silica coating and (D) with 

silica coating[18]. 

Figure 13 shows chemical stability and molecular absorption 

characteristics of polymer bead with- and without- silica. When 

beads are dipped in 1M acetic acid solution, bare polymer bead is 

damaged by chemical (Figure 13A) while silica coated bead remains 

stably preserved (Figure 13B). Chemical stability is important 

because high reactivity solvents such as dimethyl formamide (DMF) 

are used in the process of modifying the surface with amine and 

carboxylic acid. If silica coating is not done, polymeric beads 

dissolve completely in DMF and the beads disappear. Only when 

silica coating is done completely, the shape of the bead remains as 

it was initially designed. When using bead for bioassay fluorescent 

dye should only bind to probe in cascade form. However, since 

polymer beads have porosity, they absorb fluorescent dyes non-

specifically (Figure 13C). In this case, even if a cascade reaction 

does not occur, non-specific absorption causes the bead to 

generate a signal, making it impossible to use in bioassays. Polymer 

beads can be used for bioassay only when a silica layer is coated to 

prevent non-specific absorption (Figure 13D). 

 

Figure 14. The cracks occurred with large area UV exposure system. 
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After producing beads with large area UV exposure system, 

frequency of crack occurrence after silica coating increased 

dramatically (Figure 14). I tested various factors such as type of 

polymer, molecular weight of polymer, ratio of polymers, 

concentration of magnetic nanoparticles, and silica coating recipe. 

The cause finally found was the use of bare slide glass without 

PDMS coating. 

 

Figure 15. (A) Polymerization with PDMS coating on both sides. (B) 

Polymerization in the state where only one side is coated with PDMS. 

Oxygen density is high near PDMS surface and decreases as it 

gets further away from PDMS surface. Oxygen interferes with 

photo-polymerization, and polymerization density also changes 

depending on oxygen concentration. In OFML system, beads were 

fabricated in PDMS channel or between PDMS coated slide glass, so 

polymerization densities between front and back side of bead were 

same (Figure 15A). In large area UV exposure system, only one 

side was coated with PDMS while opposite side slide glass was not 

coated with PDMS, so polymerization densities between front and 

back side of bead were differed (Figure 15B). As a result, bending 

occurs due to difference in density between two sides of bead 

resulting in crack in silica layer. To verify the hypothesis, I 

fabricated beads under conditions where both sides were coated 

with PDMS or only one side was coated with PDMS, respectively, in 

OFML system and large area UV exposure system, and were able 

to prove hypothesis (Figure 16). 
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Figure 16. Differences in bead shapes and silica cracks generated under 

various conditions. (A) Bead is polymerized between PDMS-PDMS in 

OFML system. (B) Bead is polymerized between PDMS-PDMS in large 

area system. (C) Bead is polymerized between PDMS-Glass in OFML 

system. (D) Bead is polymerized between PDMS-Glass in large area 

system. 

To resolve density difference between two sides of bead, either 

both sides must be coated with PDMS or neither side must be 

coated with PDMS. If both sides are coated with PDMS, problem of 

deformation of bead occurs again. So I devised method not using 

PDMS. Since polymer is close to hydrophilic, I coated photomask 

surface with self-assembled monolayer (SAM) having hydrophobic 

properties instead of using oxygen’s interference effect on 

polymerization to prevent bead from sticking to photomask. 

However, probability that bead sticks to photomask increases 

compared to physically not touching photomask with PDMS coating. 

Of course, such attached beads can be detached without exerting 

great force but damage to photomask which is expensive and must 

be used repeatedly had to be avoided at all costs. To reduce 

probability that bead sticks to photomask, plasma treatment was 

applied on opposite side slide glass to make it more hydrophilic. 

However, if plasma treatment is excessive and hydrophilicity 
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becomes too strong, damage may occur on bead during process of 

detaching it, so it was necessary to establish appropriate plasma 

treatment protocol. 

 

Figure 17. The difference in crack and resolution before and after 

improvement. (A) SEM, (B) fluorescence absorption, and (C) bright field 

images of the beads produced in PDMS-bare Glass. (D) SEM, (E) 

fluorescence absorption, and (F) bright field images of the beads produced 

in SEM-plasma Glass. 

Through the modified protocol, cracks in the silica layer were 

completely resolved (Figure 17). Secondarily, as the physical 

thickness of the PDMS layer of about 50um disappeared, the 

distance between the photo-mask and the UV-curable polymer 

was reduced, resulting in improved resolution (Figure 17C and F). 

 

 

2.4. Functionalize the surface of the bead 
 

 

Figure 18. Overall process of surface functionalization. 
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Figure 18 shows the process of chemical modification of bead 

surface. UV-curable polymer consists of ETPTA which is main 

material of scaffold and TMSPA which becomes seed when silica 

coating. After scaffold formation, silane seed of the bead reacts 

with tetraethylorthosilicate (TEOS) to form silica layer on bead 

surface. (3-Aminopropyl) triethoxysilane (APTES) is bonded on 

top to change bead surface from silica to amine, and then reacts 

with succinic anhydride to make carboxylic acid on the bead. Later, 

when using bead for bioassay, carboxylic acid on bead surface 

couples with amine of amine modified DNA or protein[18]. 

 

Figure 19. (A) Variation within a reaction chamber. (B) Variation between 

codes. (C) Variation between lots. 

However, beads produced by above protocol were quite 

unstable. Even between beads produced in one reaction chamber, 

the signals were different. Also, signals were different between 

codes that should have same signal by coupling same probe and lot 

variation was also very serious (Figure 19). 

 

 

Figure 20. Schematic representation of aminosilane self-polymerization 

occurring on the diatomaceous earth silica surface[36]. 
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The first cause of this variation problem is that APTES is 

coated on bead through silanization process through complex 

reactions such as covalent bonding, hydrogen bonding, electrostatic 

attraction, horizontal polymerization, vertical polymerization, and 

interaction with functionalities present at interface. As a result, 

APTES layer form multilayer randomly rather than single layer 

(Figure 20)[36]. Especially this process is greatly influenced by 

moisture absorbed by reagent and moisture in workspace, and it is 

very difficult to control precisely[37,38]. 

 

Figure 21. Hydrolysis reaction in (A) APTES and (B) AHAMTES[39]. 

The second cause of variation is that amine of APTES itself 

acts as nucleophilic catalysts in hydrolysis[40-42]. The final 

process of bead production and bioassay process takes place in 

solvent based on water. APTES layer on bead is easily hydrolyzed 

due to nucleophilic catalytic reaction of amine. Even, the last 

remaining APTES on bare silica layer disappears through intra-

molecular hydrolysis by forming 5-ring itself or inter-molecular 

hydrolysis by decomposing surrounding APTES (Figure 21A)[39]. 

I found a material called N-(6-aminohexyl) aminomethyl 

triethoxysilane (AHAMTES) as a substitute[39,42]. AHAMTES 

also forms multilayer through various and random reactions like 
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APTES. In this case, direction in which amine binds can be 

sideways or upside down, and amine acts as nucleophilic catalysts 

to hydrolyze silane like APTES. However, difference between 

AHAMTES and APTES reveals when last single layer remains. 

AHAMTES has long carbon chain so it does not undergo intra-

molecular hydrolysis by making ring by itself. For same reason, 

amine cannot touch silane at center of surrounding AHAMTES so 

inter-molecular hydrolysis also does not occur (Figure 21B). Table 

2 shows change in thickness due to hydrolysis in both APTES and 

AHAMTES. Known size of single APTES molecule is 10 Å. In case 

of APTES almost all APTES layers disappear after being exposed 

to water for 24 hours. In contrast, silane layer of AHAMTES is 

remained as single layer. 
(A)  (B) 

Silanization 

time (hr) 

Initial 

(Å) 

After 24h 

(Å) 

After 48h 

(Å) 
 

Silanization 

time (hr) 

Initial 

(Å) 

After 24h 

(Å) 

After 48h 

(Å) 

1 4 < 1 < 1  1 11 9 10 

1.5 4 < 1 < 1  2 14 10 10 

3 10 1 1  4 22 9 10 

19 57 2 1  8 27 9 13 

     16 30 11 12 

Table 2. Thickness of silane layer as a function of silanization time and after 

exposure to water. (A) APTES-derived silane layer. (B) AHAMTES-

derived silane layer[42]. 

I changed main reagent based on this paper, and revise overall 

reaction conditions such as buffer, catalyst, temperature, time, etc. 

The silanization reaction is very sensitive to the environment 

condition, especially humidity, and this was also the case for 

AHAMTES. To control the process environment, the process was 

performed in a clean room where temperature and humidity were 

controlled. However, even in the clean room, the humidity was not 

0%, so it was impossible to perfectly control the silanization 

reaction. Instead, a strategy was devised to remove the silane layer 

by intentional hydrolysis after reacting AHAMTES in multi-layers 

by excessive silanization. What made this possible is the use of the 

characteristic that the last silane layer derived from AHAMTES is 

not decomposed by hydrolysis, while the silane layer derived from 
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APTES completely disappears by hydrolysis. Through this method, 

it is possible to maintain a constant amine content on the bead 

surface and reduce variation in functional groups by applying 

carboxylic acid on top of the controlled amine. Carboxylic acid 

making condition is also revised greatly due to large change in 

amine content compared to previous protocol. 

 

Figure 22. (A) Lot variation before improve of surface functionalization 

(CV 36.2%). (B) Lot variation after before improve of surface 

functionalization (CV 3.9%). (C) Correlation between the beads produced 

in June '19 and December '21 (correlation coefficient 0.964). 

Beads produced with changed protocol show quite stable signal. 

Previously, lot variation was very serious with coefficient of 

variation (CV) 36%. In contrast, lot variation over four months 

showed stable result with 3.9% in improved protocol (Figure 22A 

and B). After stabilizing functionalization of bead surface, 

Alzheimer’s disease diagnosis project started in June 2019 and 

clinical samples were stored in deep freezer. When the same 

sample was measured with beads produced in December 2021, the 

correlation coefficient with the previous result shows a very high 

result of 0.962 (Figure 22C). That is, even though there was an 

interval of 2.5 years, stability of production protocol was very 

excellent. 
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2.5. Development of coding scheme and decoding program 
 

 

Figure 23. Coding schemes developed in BiNEL. 

Polymer beads have advantage of being easily fabricated into 

any desired shape. Figure 23 includes coding methods devised in 

my lab and there are no limits to various ways codes can be 

assigned besides this. The circle shape was selected for physical 

stability because it is needed to use large amount of beads without 

damage for several years or more. The code based on shape can be 

misrecognized by poor scaffold making process, physical damage in 

storage, and incomplete focus during imaging. So, it is necessary to 

devise the way to prevent such misrecognition. 

 

Figure 24. Encoding scheme developed for QMAP™. 

Figure 24 shows the coding method currently used in QMAP™. 

This coding scheme has several advantages over existing methods. 

First, each hole must exist in at least one of 5 directions, and if for 

any reason a hole does not exist in one direction due to incomplete 

exposure, physical damage, imaging problems, etc., it is excluded 
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from recognition. That is, it acts as a first step misrecognition filter. 

Second, in previous coding methods, additional fiducial marks were 

placed to distinguish front and back of bead. On the other side, in 

developed coding scheme, angles between holes were differently 

assigned to distinguish front and back of bead. That is, by saving 

area sacrificed for fiducial mark, number of codes that can be 

assigned per unit area could be increased. Third, by adopting 

ternary system where hole exists only inside only outside or both in 

each direction, coding efficiency could be increased. Since there is 

no need to increase multiplicity than now, only 2 holes are placed in 

each direction. If higher multiplicity is required, 7-digit code can be 

implemented by placing 3 holes in each direction. Finally, by 

assigning one hole as parity spot like parity bit used to reduce error 

in electrical signal processing, possibility of misrecognition could be 

further reduced. With this implemented coding scheme, 122plex 

was implemented, and analysis program to be described next 

showed performance of 95% recognition rate and 0.5% 

misrecognition rate. 

 

Figure 25. Image processing flow for decoding bead. 

Figure 25 shows decoding process implemented using MatLab: 

1) find beads through Canny edge detection, and cut out image[43], 

2) enhance image contrast through sharpness enhance filter, 3) 
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search for local maxima and 4) create black and white (BW) image 

in parallel, 5) allocate the points overlapping between local maxima 

and BW image as hole (if multiple local maxima exist within one BW 

island, calculate average position of each local maxima and allocate 

as a hole), 6) calculate all angles between holes, 7) find reference 

hole commonly included in both 93˚ and 78˚, 8) match with angle 

filter assuming both front- and back- side of bead is imaged to 

determine front and back of bead, 9) recognize position and number 

of holes in each direction and report final code number. 

 

Figure 26. Image processing result of blurred image. 

Figure 26 shows decoding process when focus is incorrect and 

hole is not clearly photographed. Even though local maxima and BW 

image are quite messy, decoding process reports the code number 

perfectly. Through this, it can be seen that developed encoding 

scheme and decoding software are quite robust. 
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2.6. Overall procedure to use QMAP™ 
 

 

Figure 27. Coupling procedure between carboxylated bead and amine 

possess probe[44]. 

Carboxylated bead can be coupled with 5’-amine modified 

DNA or protein. Carboxylic acid on bead surface reacts with (1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) 

(EDC) and N-hydroxysuccinimide (NHS) in turn to become 

activated state that easily reacts with amine. When coupling protein 

probe, carboxylated bead is activated with EDC/NHS, washed out 

EDC/NHS, and then reacted with protein probe. Protein has both 

amine and carboxylic acid itself. If protein is injected while 

EDC/NHS exists, EDC/NHS activates not only carboxylic acid on 

bead but also carboxylic acid on protein. In this case, amine on 

protein not only attaches to carboxylic acid on bead but also 

attaches to carboxylic acid on protein, i.e., reaction between 

proteins also occurs and reducing coupling efficiency. On the other 

hand, DNA does not have carboxylic acid. When coupling DNA 

probe, carboxylated bead, EDC/NHS, and amine-modified DNA are 

reacted together. 
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Figure 28. Overall procedure to use QMAP™. 

The protocol for using QMAP™ is as follows. Mix probe 

coupled beads into one tube, and dispense into each well of 96-well 

plate. Inject different samples into each well. If biomarker exists in 

sample, the biomarker reacts with bead which matching probe is 

coupled. Wash out sample and inject detection fluorescent dye, 

usually streptavidin R-phycoerythrin (SAPE), then fluorescence 

appears from bead that reacted with biomarker earlier. Load 96-

well plate into dedicated analyzer. The analyzer is combination of 

fluorescent microscope and motorized stage. Motorized stage 

searches location where beads exist and takes image with auto-

focusing. After completing search for beads and focusing bright 

field image and fluorescence image are taken respectively from 

each field of view (FOV). Since size of bead is 50um and size of 

hole used for code assignment is 5um, imaging is performed with 

10x objective lens. In this case, FOV becomes 1.80 x 1.35mm. 12 

shots per well is taken for general 96-well plate and 6 shots per 

well is taken for QMAP™ dedicated 96-well plate. 

In analysis software, code number of bead, i.e., type of 

biomarker is determined by decoding algorithm from bright field 

image. The amount of biomarker is measured with the brightness of 

each bead from the fluorescence image. During fluorescence 

imaging process, if some bead emitting very high signal, the signal 

of adjacent bead can be measured higher than original signal. To 
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reduce error from adjacent bead, only signal within 40% of radius is 

considered. If wash is incomplete during assay process, background 

noise may occur from well plate bottom. To compensate for this, 

histogram is drawn by collecting signals of all pixels in one image 

and values below signal with highest frequency are removed as 

background compensation. Type of biomarker recognized from 

bright field image and the amount of biomarker calculated from 

fluorescence field image are matched. To ensure reliability of 

results, 20~100 beads are used for each code. The beads that show 

upper- and lower- 10% signal are excluded as outliers. Through 

above process, final concentration of each biomarker in each sample 

is reported. 

 

2.7. Efficiency comparison between ELISA and QMAP™ 
 

In the introduction chapter, the theoretical efficiency difference 

between ELISA and multiplex assay platforms is described. In this 

chapter, the real efficiency difference by comparing the specific 

protocols of ELISA and QMAP™ is described. The ELISA protocol 

was performed based on Bio-Rad’s sandwich ELISA with direct 

detection[45]. 

 

 ELISA QMAP™ 

Coupling point A day before the assay 
Massive coupling 

and use for 1 year 

Preparation - 

2 times wash 

EDC/NHS activation 

1 time wash 

Coupling 

100 uL of capture antibody 

Concentration: 1~10 ug/mL 

(↔ 100~1000 ng/test) 

Overnight at 4℃ 

15~50 ug of capture antibody  

for 400,000 beads 

(↔ 3.8~12.5 ng/test) 

Overnight at 4℃ 

Washing 3 times wash 2 times wash 

Blocking 
150 uL of blocking solution 

60 minutes at 37℃ 

500 uL of blocking solution 

60 minutes at 37℃ 

Washing 4 times wash 1 times wash 

Number of pipetting 9 times per 1 test 9 times per 4,000 tests 

Table 3. Comparison of coupling protocol between ELISA and QMAP™[45]. 
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In ELISA, it is required the capture antibody to be coupled to a 

96-well plate one day prior to assay. In contrast, the capture 

antibodies can be pre-coupled to beads corresponding to at least 

4,000 tests and used for up to one year in QMAP™. Of course, in 

ELISA, capture antibodies can also be pre-coupled to a 96-well 

plate and used for a long period of time. However, in order to use 

pre-coupled antibodies for a long period of time, they must be 

stored in a refrigerator or freezer. Storing large volumes of 96-

well plates in a refrigerator requires a large expenditure. In 

contrast, it is much easier to store beads for 4,000 tests in a 1.5ml 

tube in QMAP™. 

There is also a significant efficiency difference in the amount of 

capture antibody required per test. In ELISA, 100~1000 ng of 

capture antibody is required per test, while in QMAP™ only 

3.8~12.5 ng of capture antibody is required per test. In ELISA, 

coupling should be done individually for each well, so 9 times 

pipetting are required per test. In contrast, the same 9 times 

pipetting can be used to couple beads for 4,000 tests in QMAP™. 

 

 ELISA QMAP™ 

Sample reaction 
100 uL of sample 

90 minutes at 37℃ 35 uL of sample 

35 uL of detection antibody 

30~90 minutes at 25℃ 

Washing 3 times wash 

Detection antibody 

reaction 

100 uL of detection antibody 

60 minutes at 37℃ 

Washing 3 times wash 2 times wash 

Fluorescence 
100 uL of substrate solution 

5~30 minutes at 25℃ 

50 uL of SAPE 

10 minutes at 25℃ 

Washing (Optional: add 50 uL of stop solution) 2 times wash 

Number of pipetting 9 times per 1 sample 7 times per 1 sample 

TAT (coupling time) + 190 minutes 110 minutes 

Table 4. Comparison of assay protocols of ELISA and QMAP™ when 

measuring one biomarker[45]. 

Even when using QMAP™ as a single plex assay, it shows 

higher efficiency than ELISA. 100 ul of sample is required per test 

in ELISA, while only 35 ul is required in QMAP™, a difference of 



 

 ３６ 

about 3 times. Similarly, detection antibody also requires 100 ul in 

ELISA but only 35 ul in QMAP™. In ELISA, the capture antibody is 

fixed to the bottom and the reactivity between probe and analyte is 

limited. In contrast, the QMAP™ beads coupled with capture 

antibody are suspended and the reactivity with analyte is much 

higher allowing for step simplification. The number of pipetting 

required is 9 and 7 respectively for ELISA and QMAP™ which does 

not seem like a big difference. However, this comparison is when 

using QMAP™ as a single plex. 

 

 ELISA QMAP™ 

Sample reaction 
1,000 uL of sample 

90 minutes at 37℃ 
35 uL of sample 

35 uL of detection antibody 

(10x concentration antibody) 

30~90 minutes at 25℃ 

Washing 30 times wash 

Detection antibody 

reaction 

1,000 uL of detection antibody 

60 minutes at 37℃ 

Washing 30 times wash 2 times wash 

Fluorescence 
1,000 uL of substrate solution 

5~30 minutes at 25℃ 

50 uL of SAPE 

10 minutes at 25℃ 

Washing (Optional: add 500 uL of stop solution) 2 times wash 

Number of pipetting 90 times per 1 sample 7 times per 1 sample 

TAT (coupling time) + 230 minutes 110 minutes 

Table 5. Comparison of assay protocols of ELISA and QMAP™ when 

measuring ten biomarkers[45]. 

In the case of multiplex assays, the efficiency difference 

between ELISA and QMAP™ widens. For example, when analyzing 

10 biomarkers, ELISA requires 90 times pipetting to analyze one 

sample, but QMAP™ can still perform the assay with only 7 times 

pipetting. Another advantage of QMAP™ is that it greatly reduces 

the amount of sample used. For example, when analyzing 10 

biomarkers, ELISA requires 1,000 uL of sample, but QMAP™ still 

only requires 35 uL. This is possible because multiple biomarkers 

in a sample react only with specific probes coated on beads. 

Therefore, even if the concentration of any biomarker changes due 

to its reaction with beads, it does not affect the reaction of other 

biomarkers with other beads. However, in QMAP™, additional tests 
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are required to check for cross-reactions between antibodies 

during kit development. This requires additional resources but 

considering the overwhelming efficiency of QMAP™, the benefits 

are much greater. 

 

The turn-around time is also nearly twice as different when 

considering only the assay time: ELISA takes about 180 minutes 

and QMAP™ takes about 100 minutes. In ELISA, there is a limit to 

reaction efficiency because only the bottom of the well plate is 

coated with capture antibody. In contrast, in QMAP™, beads coated 

with capture antibody move actively while suspended and have 

higher reaction efficiency than in ELISA. Considering that capture 

antibodies must be pre-coated in ELISA a day before, the turn-

around time difference more widens. 
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Chapter 3. Clinical applications in Alzheimer’s disease (AD) 
 

Through the development of the bead mass production system, 

stabilization of surface functionalization, and development of the 

encoding scheme and decoding program, the platform, which had 

been a proof of concept, became available for real clinical 

applications. QMAP™ was applied to various clinical applications 

such as HPV[46], tuberculosis[47,48], sepsis[49], and AD[50-52] 

and showed excellent clinical performance. In this chapter, the 

results used for the clinical diagnosis of AD are described. 
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3.1. Advantages of blood-based diagnosis in AD 
 

 

Figure 29. Chronological relationships among pathology, clinical symptoms 

and biomarkers[53]. 

AD is a neurological disease accompanied by the pathological 

features of beta-amyloid (Aβ) plaques and neurofibrillary tangles. 

AD is the most prevalent dementia and has a much earlier 

pathological progress than the onset of clinical symptoms (Figure 

29)[53]; thus, many research efforts have sought to discover bio-

fluidic biomarkers in the blood or CSF that can be used for early 

detection of the disease. Dementia cannot be cured or improved, but 

the progression of dementia can be significantly slowed. 

Although direct brain-imaging methods using Aβ-specific 

positron emission tomography (PET) ligands have been 

developed[54], PET is not an easily accessible method because of 

its high cost and radiation exposure. Especially in the early stages 
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of the disease, when pathological hallmarks exist in the brain but no 

clinical symptom is seen, patients would be unlikely to undergo a 

brain PET scan[55]. This a major obstacle when early diagnosis 

relies on PET. Many researchers and clinicians have noted that the 

use of efficient, early, and easily accessible diagnostic methods 

could prevent or delay the progress of AD pathology. 

The other method to diagnose AD is neuropsychological 

assessment of dementia[56]. Cognitive abilities such as memory, 

frontal lobe and executive function, language and related functions, 

spatial and temporal composition function, and attention are 

measured over 2-3 hours. However, elderly people have a problem 

with such a long time-consuming questionnaire and intentionally 

give incorrect answers in order to receive treatment. Another 

method is to measure biomarkers in CSF. This method is clearly 

effective but extracting CSF causes considerable pain and burden to 

patients, so it is difficult to consider sampling CSF for routine health 

checkup and it is not suitable for early diagnosis. 

Blood-based AD diagnosis has many advantages over the three 

diagnostic methods described above. It does not take long time for 

neuropsychological test and can exclude intentional bias during 

survey process. Compared to CSF, blood sampling is significantly 

less painful for patients. Since the multiplex platform can be 

diagnosed with a small volume sample, there is no need to collect 

additional blood for the test if it is introduced for health checkup. 

Although accuracy is lower than brain PET scans, the value as a 

screening tool is sufficient due to the cost is 10 times lower than 

PET imaging. Blood-based biomarkers for AD theoretically should 

enable early-stage disease detection or screening while also 

offering increased accessibility greater convenience and reduced 

cost[57]. 

However, there is a reason why blood-based AD diagnosis has 

not yet taken hold in the market. One reason for this is that only a 

small proportion of brain proteins are found in the blood, making it 

difficult to detect AD biomarkers. Additionally, the presence of high 

levels of plasma proteins, such as albumin and immunoglobulin G (Ig 
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G), in blood samples can cause analytical interference when 

measuring AD biomarkers[58]. The release of brain proteins into 

the blood stream may also cause degradation by proteases, leading 

to metabolization by the liver or elimination by the kidneys, and 

dilution thereof. This introduces variability that is not linked to 

changes in the brain and is difficult to regulate, thereby limiting the 

potential for discovering blood biomarkers of AD[59]. 

 

 

3.2. Development of QPLEX™ Alz plus assay kit 
 

In a previous study, Park et al revealed a novel blood-based 

biomarker panel for cerebral amyloid deposition consisting of 

galectin-3 binding protein (LGALS3BP), Aβ40, angiotensin-

converting enzyme (ACE), and periostin (POSTN)[60,61]. When 

assessed by logistic regression analysis and receiver operating 

characteristic (ROC) curve analysis, these biomarkers combination 

exhibited a high area under the curve (AUC) and good sensitivity 

and specificity when blood levels were quantified through 

commercialized ELISA kits. For clinical practice and large 

population screening, they want a readily accessible diagnostic kit 

capable of measuring these biomarkers at once could critically 

enable the quick prediction of cerebral amyloid deposition. 

The diagnostic efficacy and accuracy of the kit were evaluated 

for 300 cognitively diverse individuals who underwent Pittsburgh 

compound B (PiB) PET scans[51]. They consisted of 149 

cognitively normal individuals (CN), 87 patients with amnestic mild 

cognitive impairment (MCI), and 64 patients with clinically 

diagnosed AD group. These individuals were recruited as part of 

the Korean Brain Aging Study for the Early diagnosis and prediction 

of Alzheimer’s disease (KBASE). For QMAP™ assay, whole-

blood samples were gathered in K2 EDTA tubes (BD Vacutainer 

Systems, Plymouth, UK) and centrifuged at 700 g for 5 min at room 

temperature. The supernatants were collected, and the tubes were 

stored at -80 ℃. QMAP™ assay is performed as described in 



 

 ４２ 

chapter 2.6. Four beads encoded with different codes are fabricated 

and Aβ40, LGALS3BP, ACE, and POSTN are pre-coupled 

respectively. QMAP™ assay is performed three times for 300 

samples. All statistical analyses were performed using the Medcalc 

17.2 software (Ostend, Belgium). To calculate the discriminatory 

power, sensitivity, and specificity for the biomarker panels, logistic 

regression, followed by ROC curve analysis was performed. The 

formulas, coefficients, and constants of algorithm were optimized by 

setting the appropriate outliers and various logistic regression 

models. This developed algorithm, beads pre-coupled with four 

biomarkers, and various buffers for assay were bundled into 

QPLEX™ Alz plus assay kit. 

 

Figure 30. Receiver operating characteristic (ROC) curve analysis for PiB 

positivity. (A) ROC curve analyses for PiB positivity. Age and sex were 

used as covariates. (B) Interactive dot diagram and plot versus criterion 

values showing sensitivity, specificity, and Youden index cutoff criteria. 

(C) Comparison of ROC curve analyses. Age sex were used as covariates. 

Model III had the highest area under curve (AUC) value (0.891)[51]. 

Figure 30 shows performance of QPLEX™ kit. Three 

regression models (apolipoprotein E (ApoE) variable only, model I; 

QPLEX™ markers only, model II; ApoE + QPLEX™ markers, model 

III) were compared. Model II showed a higher AUC (0.834 with 

76.6% sensitivity and 73.5% specificity) than model I (0.783 with 

76.7% sensitivity and 68.0% specificity), and model III showed a 

significantly higher AUC (0.891 with 80.0% sensitivity and 83.0% 

specificity). The ApoE genotype currently stands as the strongest 

known risk factor for late-onset AD[62], but this genetic risk 
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factor does not reflect the risk an aging individual acquires related 

to the accumulation of life pattern- and environment-related 

factors. In contrast, the biomarkers assessed in the QPLEX™ Alz 

plus assay kit represent a real-time risk assessment for the 

initiation and progression of AD pathology. The results of ROC 

curve analysis revealed that the AUC value of the QPLEX™ Alz 

plus assay kit was higher than that of ApoE alone. Also, the 

combined screening of ApoE and blood biomarkers can be used to 

improve disease diagnosis. This result is comparable or superior to 

those from other tests using well-known plasma AD biomarkers 

such as plasma Aβ42/40 ratio, Aβ40/42 ratio, or plasma 

phosphorylated-tau (p-tau) [61,63-70]. 

 

Figure 31. QPLEX™ Alz plus assay kit is approved by MFDS. 

Based on above results[51], the QPLEX™ Alz plus assay kit 

was able to obtain the Ministry of Food and Drug Safety (MFDS) 

certification. Also, QuantaMatrix Immunoassay Automation 

(QMIA™) system was developed so that even non-expert 

experimenters could diagnose with this kit, and MFDS certification 

was also obtained. During this process, I can aware that there was 

another advantage of multiplex assay platform. For an algorithm 

that uses multiple biomarker results to qualify as an in vitro 

diagnostic device (IVD), the used biomarker results must also be 

from IVD-certified platforms and kits. If algorithm was developed 

using results from singlex platform such as ELISA, IVD certification 

must be obtained individually for each platform and kit. On the other 

hand, in algorithm using multiplex platform results, it can easily 
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prove that platform, kit, and algorithm each exist only one and are 

connected each other, so could obtain IVD certification at once. 

 

 

3.3. Apply to the other independent cohort 
 

The QPLEX™ Alz plus assay kit was verified in the other 

independent cohort named of Precision medicine platform for mild 

cognitive impairment based on Multi-omics Imaging Evidence-

based R&BD (PREMIER, n=1,395). In previous study, amyloid beta 

deposition based on PET imaging and algorithm value of the kit 

were compared. Here, I checked relationship between QPLEX™ 

algorithm values and four clinically separated groups: CN, 

subjective cognitive decline (SCD), MCI, and AD. Also, the 

relationship between the algorithm values and groups divided by the 

scores of Mini-Mental State Examination (MMSE) and Clinical 

Dementia Rating (CDR) were explored. The MMSE is a screening 

tool that gives information about global cognition, and the CDR is a 

composite evaluation used mainly to determine the 

presence/absence of functional impairment. Finally, the relationship 

between the algorithm values and the subgroups fractionalized by 

demographic factors such as sex, age, or ApoE genotype were 

analyzed. 

 

Figure 32. Difference of the QPLEX™ algorithm values among clinically 

separated groups, MMSE-separated or CDR-separated groups. The values 

of the QPLEX™ algorithm showed statistically significant differences 

among (A) four clinically separated groups, (B) MMSE-separated groups, 

and (C) CDR-separated groups. 

I demonstrated that the QPLEX™ Alz plus assay kit could be a 
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useful tool for an early clinical diagnosis of AD. The QPLEX™ 

algorithm was developed for the purpose of determining the 

presence of cerebral amyloid deposition. Furthermore, I 

hypothesized that it can also be used to differentiate between CN 

and AD, based on the fact that statistically, CN has less amyloid 

deposition compared to AD. The results suggest that the kit can 

indeed distinguish the groups according to the clinical progression 

continuum of AD: CN, SCD, MCI, and AD (Figure 32A). Also, there 

was a significant difference in algorithm values between groups 

correlating with the score ranges of the MMSE or CDR (Figure 32B 

and C). These mean that the kit can distinguish among groups 

divided by the severity of dementia. 

 

Figure 33. Difference of the QPLEX™ algorithm values within subdivided 

groups by various factors. (A) Comparison between groups under 65 and 

over 65. (B, C) Comparison among clinically separated subgroups by age. 

(D) Comparison between the male and female groups. (E, F) Comparison 

among clinically separated subgroups by sex. (G) Comparison between 
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ApoE ε4 negative (ε4 (-)) and ApoE ε4 positive (ε4 (+)) group. (H, 

I) Comparison among clinically separated subgroups by ApoE genotype. 

For early diagnosis to be meaningful, it must also be valid for 

people under the age of 65. The correlation between algorithm 

values and clinical progress was present in patients above 65 years 

and below 65 years (Figure 33B and C). There were also significant 

algorithmic value differences between clinical progression in both 

males and females without bias (Figure 33E and F). This means 

that the kit can be used regardless of the age and sex of the patient. 

On the other hand, the presence or absence of the ApoE gene 

shows a significant difference in the QPLEX™ algorithm value 

(Figure 33G), because people with the ApoE gene are more likely 

to develop MCI or AD. As a result, the kit's accuracy is different 

depending on whether the patient has the ApoE gene (Figure 33H 

and I). 

The QPLEX™ Alz plus assay kit, a multiplex system to analyze 

four blood biomarkers consisting of LGALS3BP, Aβ40, ACE, and 

POSTN simultaneously, could be a useful tool for screening AD. In 

particular, the kit could be a useful detection tool for an early 

clinical diagnosis of AD, i.e., for SCD or MCI. The results also 

indicated a possibility that the kit could be a helpful diagnostic tool 

for cognitive impairments at health checkups because the kit can 

measure multiple blood biomarkers using only tens of microliters of 

blood. 

 

 

3.4. Improvement of the kit using additional biomarker 
 

In Figure 32A, although statistically there is significant 

difference between each group, there is considerable overlap in 

algorithm value even between CN and AD. It seems that due to 

application of different cohort from cohort used to develop 

algorithm and increase in number of participants by more than 4 

times, insufficient performance of kit was revealed. 
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Figure 34. Various statistical analysis results for each biomarker 

combination. (A) Comparative ROC curves. (B) AUC, sensitivity, 

specificity, and kappa value. (C) to (G) Data comparison graphs for each 

biomarker combination. 

I am developing the other kit introducing additional biomarker to 

improve insufficient performance of kit, and Figure 34 summarizes 

intermediate result of AUC, sensitivity, specificity, and kappa 

values according to the inclusion of additional biomarkers, galectin-

3, in 546 samples of CN or AD among the PREMIER cohort. Overall 

accuracy has significantly increased. Especially, while there was 

considerable overlap between CN and AD in original QPLEX™ 

algorithm value (Figure 34D), overlap between CN and AD 

decreases considerably when galectin-3 is added (Figure 34F). 

One advantage of multiplex platform is that it is easy to add 

biomarkers. So performance can be easily improved by introducing 

explored biomarkers. 
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Chapter 4. Conclusion and Discussion 
 

In this chapter, the proposed platform will be summarized. Then, 

the platform will be compared with the other commercialized 

platforms in the aspect of multiplex capacity, throughput, assay time, 

and applicable target. Also, the limit of this platform will be 

described. Finally, future works that can improve the platform will 

be presented. 
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4.1. Summary of dissertation 
 

In this dissertation, I described the importance and need for 

multiplex assay platform. ELISA has long been used for biomarker 

detection in diverse body fluids, including blood and CSF, however, 

it requires intensive labor and typically shows intra- and inter-

assay variability[9]. The bead-based multiplex assay platform uses 

a proprietary bead technology to perform 5,000 reactions in a single 

well. The bead is formed of a polymer that comprises a large 

amount of beads applied by a semiconductor process, and can easily 

be formed into various shapes[19]. The bead is further coated with 

silica to improve its physical and chemical stability, and to facilitate 

various chemical surface treatments[18]. 

However, although proof of concept was well established, it was 

not possible to apply to real diagnosis due to problems such as 

production capacity, instability of bead functionalization, lack of 

analysis equipment and decoding program, and lack of magnetism 

required for automation. To solve these problems, I developed a 

protocol to mass produce superparamagnetic nanoparticles, set up 

to photo-polymerize large quantities of beads, stabilized 

functionalization of bead surface, developed decoding program, and 

developed statistical analysis algorithm that represents probability 

of disease possession by combining multiple biomarkers. This 

platform was developed under the supervision of Quantamatrix Inc., 

so it was named as Quantamatrix multiplex assay platform 

(QMAP™). 

Next QMAP™ was applied to various applications, and I 

described application to AD diagnosis as one of applications. Four 

biomarkers (Aβ40, LGALS3BP, ACE, and POSTN) excavated by 

Park et al[60,61] were quantified using QMAP™ and algorithm 

QPLEX™ Alz plus assay kit was developed using quantification 

results[51]. The kit showed higher performance than ApoE 

genotype currently stands as the strongest known risk factor for 

late-onset AD[62] and comparable or superior to those from other 
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tests using well-known plasma AD biomarkers such as plasma 

Aβ42/40 ratio Aβ40/42 ratio or plasma phosphorylated-tau (p-

tau)[61,63-70]. Based on these results, the QPLEX™ Alz plus 

assay kit was received MFDS certification. Although somewhat 

insufficient performance was shown in process of evaluating kit in 

independent cohort, performance of kit is being improved by adding 

galectin-3 as an additional biomarker proven effective for AD 

diagnosis. 

 

 

4.2. Comparison with the other commercialized technology 
 

 ELLA VERIGENE FILMARRAY LUMINEX QMAP 

Technique Microfluidics Microarray Microarray Bead Bead 

Target Protein Gene Gene 
Gene  

& protein 

Gene  

& protein 

Multiplex 1, 4 
9 

(extendable) 

14 ~ 27 

(extendable) 

100 

(extendable) 

122 

(extendable) 

Instrument $90,000 $40,000 $60,000 $40,000 $40,000 

Price of kit $150 ~ $250 $80 ~ $160 $155 $80 $80 

Throughput 16, 32 1 1 96 96 

Assay time 
Hands on: 15m 

TAT: 2~3h 

Hands on: 5m 

TAT: 2h 

Hands on: 2m 

TAT: 1.5h 

Hands on: 20m 

TAT: 3~5h 

Hands on: 20m 

TAT: 1~3h 

Table 6. Comparison of spec for with the other commercialized platform[71]. 

Table 8 summarizes specifications of commercialized multiplex 

assay platforms[71]. Although various platforms have been 

developed for multiplex diagnosis, the advantages of an encoded 

bead-based platform are clear in terms of implementable plex 

number, throughput, and ability to apply in both DNA and protein. 

Although there is a disadvantage that hands-on time is long, it was 

compensated by developing automation system. 
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 Luminex QMAP 

Bead image 

  

Coding method Combination of fluorescence dye Shape 

Stability  

of code 

Code can be changed  

by light or heat 

Code can be changed  

by physical damage 

Reporter 

fluorescence 

Wavelengths used for encoding  

are not available 
Unlimited 

Instrument 

image 

 

 
Analysis 

mechanism 
Flow cytometry Microscope with automated stage 

Maintenance 
Continuous and thorough 

maintenance is necessary 
No special maintenance is required 

Table 7. Comparison in principle between Luminex and QMAP™[72]. 

The biggest competitor in bead-based multiplex platform is 

Luminex. In Luminex platform, microspheres of designated colors 

are coated with antibodies of defined binding specificities. Results 

can be read by flow cytometry because beads are distinguishable by 

fluorescent signature. Number of analytes measured is determined 

by number of different bead colors[72]. However, code of Luminex 

beads are affected by light and heat, and code may be altered. Also 

since fluorescence dye is already used during encoding process, 

there is limitation on type of fluorescence that can be used as 

reporter material. The biggest problem with Luminex platform is 

difficulty in maintaining analysis equipment. Since it uses flow 

cytometry, it is very important to keep flow channel clean. However, 

assay buffer contains a lot of salt and debris, so even if cleaning and 

maintenance are performed according to provided protocol, 

equipment failure rate is still high. 

QMAP™ is free from these disadvantages of Luminex platform. 
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Graphical code is more stable than fluorescence code which can be 

affected by light and heat. Even if bead is damaged due to physical 

impact, almost all are filtered out by decoding algorithm. As a result, 

misrecognition rate is only 0.5% which can be completely removed 

by outlier removal algorithm. Maintenance of QMAP™ analysis 

equipment is also very convenient. Since it is simply a combination 

of fluorescent microscope and motorized stage, special management 

procedure is not required after initial calibration. 

 

Figure 35. Comparison in assay performance between QM and Luminex with 

same antibody and antigen set. 

In terms of assay performance, QMAP™ and Luminex showed 

the similar performance. When testing the same antigen-antibody 

pair in both QMAP™ and Luminex, they showed similar results in 

standard curve, detection range, sensitivity, CV in repeated 

experiments, and correlation for the same sample (Figure 35). 

 

 

4.3. Limit of the platform 
 

50um size bead sinks quickly in solution. This requires user’s 

skill. This is not a problem if QMIA™ is used, but QMIA™ consists 

of multiple modules so it is an expensive equipment that almost 

reaches $100,000. To facilitate handling of QMAP™ bead, its size 
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needs to be reduced further. Especially, since there are no 

applications over 100-plex due to MRD problem, coding capacity 

does not need to be increased any further, there are no hurdles to 

reduce the size of bead. 

One reason why it is difficult to find applications over 100-plex 

is the difference in MRD. Blood contains various substances, so 

some component existing in large amount in blood may inhibit 

antigen-antibody reaction desired by tester. If blood is diluted, 

concentration of target biomarker also decreases but concentration 

of inhibitor also decreases. Since affinity with probe is 

overwhelmingly on biomarker side, only antigen-antibody reaction 

occurs. Minimum dilution concentration required for this state is 

called MRD. Since various biomarkers have various concentrations 

and affinities in blood, each biomarker’s MRD varies greatly. The 

MRD difference can be partially resolved through adjustment of 

assay buffer and comparison of multiple antibodies. However, if this 

MRD difference cannot be overcome, the advantage that QMAP™ 

can implement over 100-plex will be greatly reduced. 

In molecular assay based on polymerase chain reaction (PCR) 

rather than immunoassay, high multiplicity of QMAP™ becomes 

great advantage. When QMAP™ was used for HPV, tuberculosis, 

and sepsis, 32-, 23-, and 36-plex were used for identification or 

drug resistance, respectively[46-49]. However, compared to real 

time (RT)-qPCR which completes handling just by putting sample 

and PCR mixture into PCR equipment, QMAP™ requires additional 

hybridization process after PCR. Especially, considering that 

multiplicity of RT-qPCR has been steadily improving, improvement 

in convenience of QMAP™ is needed. As one strategy, I am trying 

to perform PCR with primer-coupled beads. If PCR becomes 

possible in this way, each gene can be identified even without probe 

design as in RT-qPCR, and the difficulty of developing a PCR kit 

can be much lowered. In addition, although multiplicity is improving 

as technology advances, multiplexing in hundreds of units is 

impossible in RT-qPCR. If direct PCR is applied to the bead, it is 

anticipated to have a significant effect since QMAP™ already 
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possesses numerous codes. At present, the feasibility test has 

shown potential, and efforts are being made to enhance PCR 

efficiency. 

 

 

4.4. Future works 
 

As mentioned in limitation, bead size needs to be reduced 

further to improve handling. Especially, since there are no 

requirements over 100-plex, coding capacity does not need to be 

increased any further, so bead size can be reduced even more. To 

improve convenience of QMAP™ and follow trend in diagnosis field, 

sample-to-answer cartridge is being developed. If high plex 

encoded bead combines with cartridge platform, it can greatly 

outperform competing technologies. Currently, development of a 

cartridge platform for sepsis diagnosis is underway as an 

application. 

As applications, the QMAP™ system was applied to HPV[46], 

tuberculosis[47,48], sepsis[49], and AD[50-52], and demonstrated 

excellent performance in all applications. Other application 

candidates that are expected to benefit by utilizing the multiplex 

characteristics of QMAP™ include prostate cancer, celiac disease, 

ovarian cancer, primary cancer detection, liver fibrosis, and sepsis. 

As introduced in the introduction, there are reports that accuracy 

has been increased by more than 30% by combining multiple 

biomarkers rather than using a single biomarker in prostate cancer 

and celiac disease[5,6]. Bast RC Jr. et al. reported that sensitivity 

was only 48% when using a single biomarker but sensitivity was 

increased to 75% by combining four biomarkers for early diagnosis 

of ovarian cancer[73]. Kobayashi T. et al. showed a diagnostic 

accuracy of about 85% by measuring about 20 biomarkers with 

ELISA while conducting research on primary cancer detection and 

recurrence prevention[74]. The sepsis kits base on molecular 

assay diagnose sepsis through the process of microbial culture, 

lysis, PCR, and QMAP™ assay. In contrast, Harbarth S et al. group 
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reported that sepsis can be diagnosed using blood biomarkers[75]. 

Sepsis is an inflammatory response due to microbial infection and is 

difficult to distinguish from inflammation due to other causes. 

Harbarth S et al. group showed that they could distinguish between 

other systemic inflammatory response syndrome and sepsis with 

94% accuracy by combining three blood biomarkers. Most of the 

reports listed here measured each biomarker using ELISA method. 

If QMAP™ is applied to these applications, it is expected that the 

advantages of QMAP™ can be actively utilized. 
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Abstract 
  

 

드러난 증상이 같더라도 원인이 되는 질병은 다를 수 있다. 때문

에 발현된 증상에 더하여 혈액, 객담, 소변과 같은 생체도래물질에 존재

하는 바이오마커를 통한 진단이 많이 시행되고 있다. 기존 검사 방법인 

효소 결합 면역 흡착 분석법(ELISA)과 같은 단일 분석 방법과 비교했

을 때, 다중진단은 작업 흐름을 개선하고, 환자 샘플, 시약, 소모품, 검사 

시간 등을 전반적으로 절약할 수 있다. 특히 환자 샘플의 사용량이 줄어

든다는 점은 금전적 이익에 더하여 샘플 수집에 대한 부담을 줄임으로써 

검사 접근성을 높일 수 있다는 장점이 있다. 또한 다수의 바이오마커를 

조합함으로써 얻어지는 높은 정확도는 일상적인 검사를 통한 조기진단의 

가능성을 높일 수 있다. 

코드화된 미세입자를 활용한 다중진단 플랫폼에서는 미세입자에 

부여된 코드에 따라 서로 다른 프로브를 붙이고, 수백 수천 개의 미세입

자를 섞어서 환자 샘플과 반응시킨다. 환자 샘플과 반응이 이루어진 미

세입자의 코드, 즉 프로브의 종류를 확인하면 환자의 바이오마커 정보를 

알 수 있다. 해당 기술에 대한 개념에 대한 증명은 되어있었지만, 생산

량의 부족, 생산 공정의 편차, 미세입자의 코드를 분석해줄 프로그램의 

부재 등으로 인해 실제 진단시장에서 사용하기에는 부족한 상태였다. 본 

논문에서는 코드화된 미세입자를 활용한 다중진단 플랫폼 기술을 실제 

진단에 사용할 수 있는 수준으로 끌어올리는 개발과정을 기술하고, 개발

한 플랫폼을 활용한 임상 결과 중 알츠하이머 치매에 적용한 결과를 서

술한다. 

생산 및 검사 과정에서 미세입자를 용이하게 다루고 반응의 편

차를 줄이기 위해서는 미세입자에 자성을 부여해야 할 필요가 있다. 하

지만, 상용 자성 입자는 외부 자력이 부재한 환경에서도 미세한 자력이 

남아 있는 강자성 (ferromagnetic)을 띄고 있어 이를 활용할 경우 자성 

입자들이 큰 덩어리를 형성함으로 인해 미세입자의 형태를 균일하게 만
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들 수 없었다. 이러한 문제를 해결하기 위해 외부 자력이 인가되었을 때

만 자성을 띄고 외부 자력이 부재할 때는 자성이 사라지는 초상자성 

(superparamagnetic) 나노 입자를 대량으로 합성하는 방법을 개발하였

다. 

원하는 형태로 패턴을 변경할 수 있는 micro-mirror-array에 

반사된 자외선을 자외선에 의해 경화 (polymerization)가 되는 폴리머

에 쏘아 줌으로써 원하는 형태로 미세입자를 생산할 수 있는 시스템이 

개발이 되어 있었다. 미세입자의 형태를 실시간으로 다양하게 부여할 수 

있다는 장점이 있는 시스템이었지만, 실재 진단 현장에서 미세입자를 활

용하기 위해서는 수천만 개의 미세입자를 단 시간 내에 생산할 수 있는 

시스템 개발이 필요하였다. 생산량을 끌어올리기 위해 반도체 공정에서 

사용되는 대면적 노광 시스템을 도입하였고, 반도체에서 사용하는 

photoresist와 폴리머의 차이로 인해 발생하는 문제들을 해결하여 시간 

당 생산량을 350만 개 이상으로 끌어올렸다. 

미세입자에 바이오마커를 올리기 위해서는 적합한 작용기를 미

세입자 표면에 만들어줘야 한다. 본 논문에서는 패턴 된 자외선으로 폴

리머 입자의 형태를 만든 후, 실리카로 코팅하여 안정성을 높이고, 표면

에 amine과 carboxylic acid를 순차적으로 올리는 방법을 고안하였다. 

보편적으로 사용되는 APTES를 활용하여 amine처리를 하였을 때는 반

응 과정의 무작위성 및 보관 과정에서의 가수분해로 인한 손실 문제로 

인해 미세입자의 성능에 편차가 발생하였다. 이러한 문제를 해결하기 위

해 대체 물질을 도입하고, 해당 물질의 특성을 활용하는 프로토콜을 개

발하여 미세입자의 성능 편차를 5% 이하로 낮췄다. 

수 um 크기의 미세입자에 효과적으로 코드를 부여할 수 있는 

방법을 개발하였고, 이를 분석할 수 있는 자동 촬영 장비 및 코드 해석 

알고리즘을 개발함으로써 코드화된 미세입자를 활용한 다중진단 플랫폼

을 완성하였다. 

개발한 플랫폼에 대하여 기존 검사 방법인 ELISA와의 비교평가

를 수행하였다. ELISA에서는 매 검사 마다 프로브를 붙이는 작업이 필
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요한 반면, 미세입자는 대량으로 프로브를 미리 붙여두고 장기간 사용할 

수 있어 검사 준비 과정을 생략할 수 있었다. 한번의 검사에 필요한 프

로브 물질의 양은 약 100배를 절약할 수 있었다. 10가지 바이오마커를 

검사하는 것을 가정했을 때, 샘플의 양은 30배, 항체는 3배, 형광물질은 

20배, 용매류는 15배 절약할 수 있었으며, 반응 시간도 절반으로 줄어

들었다. 

개발한 플랫폼은 자궁경부암, 성병, 결핵, 패혈증, 심혈관질환, 

치매 등 다양한 임상에 활용되었으며, 본 논문에서는 해당 기술을 치매

에 적용한 결과를 서술하였다. 치매는 임상적 증상이 발현하기 수십년 

전부터 바이오마커에 변화가 일어난다. 이 바이오마커의 변화를 사전에 

발견할 수 있다면 치료를 통해 치매의 발병을 유의미하게 늦출 수 있다. 

기존에는 신경심리검사, 뇌척수액검사, PET 검사 등을 통해 치매를 진

단하였는데, 신경심리검사는 조기진단이 불가능하고, 뇌척수액검사는 샘

플 수집이 어려워 일상적인 검사에는 적합하지 않다. PET 검사 또한 비

싼 검사비용으로 인해 접근성이 떨어진다. 본 논문에서는 혈액 내 여러 

바이오마커를 측정하고 알고리즘화함으로써 약 80% 정확도로 치매 진

단이 가능함을 보여주었다. 
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