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Abstract 

On-site medical diagnosis is of great importance as it can provide cost-effective, user-

friendly, and time-saving diagnosis, especially for individuals who live in resource-limited 

environments. The microflow cytometry-based agglutination immunoassay (MCAIA) for 

on-site antigen or antibody-based medical diagnosis was proposed. A method that is based 

on the average transit time of assay mixtures for quantitative detection of antigens of 

antibodies was proposed and verified by experimental results.  

C-reactive protein (CRP) detection was used to illustrate the principle of antigen detection 

by the MCAIA. A linear relationship between the proportion of monomers and the 

concentration of CRP was established when data was analyzed using amplitude. A linear 

relationship between the average transit time and the concentration of CRP was established. 

A limit of detection (LOD) of 0.09 mg/L and an assay range up to 1 mg/L were achieved 

when data was analyzed using transit time. The total assay time was approximately 10 min 

and only a 10 µL sample was needed for each detection. 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibody detection was 

chosen as a model to demonstrate the principle of antibody detection by the MCAIA. A 

relationship between the average transit time and the concentration of SARS-CoV-2 

immunoglobulin M (IgM) was established. A LOD of 0.06 mg/L and an assay range up to 

1 mg/L were achieved. A relationship between the average transit time and the 

concentration of SARS-CoV-2 immunoglobulin G (IgG) was established. A LOD of 0.1 
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mg/L and an assay range up to 1 mg/L was achieved. The assay time of the SARS-CoV-2 

antibody detection was approximately 30 min and only a 10 µL sample was needed for 

each test.  

The proposed MCAIA can be broadly applied to other kinds of antigens or antibodies for 

on-site detection by replacing the corresponding antibodies or secondary antibodies 

specific to the targeted analyte. The compacted setup is competitive with other technologies 

for the medical diagnosis of antigens and antibodies.  
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Chapter 1  Introduction 

This research discussed in this thesis aims to provide an accurate and rapid MCAIA for on-

site antigen or antibody-based medical diagnoses. CRP, and SARS-CoV-2 IgM and IgG 

are used as two model analytes to verify this method for the quantitative detection of 

antigens and antibodies, respectively. 

1.1 Motivation 

1.1.1  The significance of on-site medical diagnosis 

A testing location situated approximately 5 to 8 kilometers from a field office or laboratory 

is described as on-site [1]. On-site medical diagnosis provides medical diagnoses to 

individuals at locations other than specialized hospitals or institutions but with the same 

diagnostic capability. On-site medical diagnosis helps patients reduce the time they spend 

obtaining routine diagnoses, especially patients who live in resource-limited areas. 

Additionally, rapid on-site medical diagnosis is vital for the survival of individuals with 

not only acute diseases but also some chronic diseases; deterioration of health conditions 

can occur due to acute diseases and some chronic diseases can result in sudden death as 

well [2][3]. On-site medical diagnosis has been applied for various diseases, especially for 

those that require needle aspiration. Needle aspiration can provide preliminary diagnostic 

results, informing later clinical decisions [4]. For example, rapid on-site diagnosis of lung 

cancer by transbronchial needle aspirations is capable of improving the yield of diagnosis, 

thereby providing prompt treatment plans [5]. For infectious diseases, Y.C. et al. have 
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developed a rapid antigen detection immunoassay for on-site diagnosis of Middle East 

respiratory syndrome (MERS), which enabled fast screening for MERS coronavirus 

(MERS-CoV) infections. The MERS assay was developed based on the lateral flow 

immunoassay (LFIA), and the visual discernible positive or negative results can be read 

within 30 min. Moreover, no expensive equipment or professional technicians are required 

for this test [6]. H.X. et al. have designed an on-site diagnosis system for rapid aerosol 

SARS-CoV-2 nucleic acid that provides results within 15 min. The detection platform was 

also equipped with an on-site sampling system which can be used to monitor the spread of 

airborne SARS-CoV-2 [7]. On-site medical diagnosis is of great importance as it is cost-

effective, time-efficient, user-friendly, and simple.    

1.1.2  The requirement of on-site medical diagnosis 

During the past several decades, many improvements and scientific advancements on the 

technology relating to medical diagnosis have been made. The realization of automation 

for laboratory-based testing has made testing results more reliable and time-efficient. 

However, the accessibility to high-level laboratory diagnosis is limited because most of the 

testing sites are centralized. In addition, the requirement of expensive equipment, 

experienced technicians, and regular maintenance of facilities make laboratory testing 

unfeasible for patients from some developing countries and resource-limited settings [8]. 

On-site medical diagnosis can provide a solution to these issues. With on-site medical 

diagnosis, patients can obtain testing results within one hour or less and swift measurements 

can be taken immediately. In general, on-site medical diagnosis should aim to be completed 
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within one hour, and the reliability of testing results should be comparable to other accepted 

methods. Moreover, the system for the diagnosis should be user-friendly and operable by 

workers with nonspecialized trainings.  

1.2 On-site CRP detection 

CRP is a well-known biomarker of inflammation or tissue damage. CRP plays a significant 

role in the diagnosis of some diseases. In this research, on-site CRP detection was used to 

verify the proposed MCAIA for on-site antigen detection.   

1.2.1  The clinical significance of CRP detection 

1.2.1.1 The discovery of CRP 

The discovery of human CRP started with the research reported by William S. Tillet and 

Thomas Francis in 1930. When conducting serological reactions at the hospital of the 

Rockefeller Institute, they noticed that the sera obtained from patients severely diseased 

with lobar pneumonia were capable of precipitating with a third fraction of pneumococci. 

However, the precipitation phenomenon was no longer evident when the patients recovered 

from pneumonia. Sera of patients suffering from staphylococcus infection, streptococcus 

infection, and rheumatic fever precipitated the non-protein material extracted from 

pneumococci as well [9]. The soluble non-protein constituent of pneumococci, later named 

as Fraction C, was demonstrated to be a carbohydrate of Pneumococcus [10]. Further 

studies done by Theodore J. Abernethy and Oswald T. in 1940 showed that the reactive 

component in the sera, which played a role in precipitating with the C polysaccharide, was 

a protein and calcium ions were an indispensable part of the interaction. Additionally, they 
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found that the precipitation reaction, caused by bacterial infections, was a nonspecific 

immune reaction rather than a particular antibody-antigen interaction [5]. 

1.2.1.2 The structure of CRP 

CRP is defined as an acute-phase protein since the serous level of CRP can increase to as 

high as 1000-fold within 24 to 48 hours after an individual is introduced to an infectious 

disease. CRP levels drop exponentially after the cessation of acute stimuli with a half-life 

of approximately 5 to 7 hours. The acute phase change is an expression of the host’s 

immune response to an inflammation. Infection is not the only initiator of an acute phase 

response of CRP. Other conditions, such as trauma, tissue infarction, and advanced cancer 

can cause the changes as well [11]. Not only can CRP be categorized as an acute-phase 

reactant based on its well-known biological properties, but it is also a member of the 

pentraxin family due to its special conserved physiological structure and specific Ca2+-

dependent binding sites. CRP consists of five identical protomers or subunits which are 

non-covalently connected to each other by forming a doughnut-shaped symmetric 

pentameric appearance. Each subunit is made up of 206 amino acid residues and has a 

molecular weight of 23070 Da. The residues 36 and 78 are responsible for disulfide 

coupling. During the precipitation reaction, two Ca2+ will bind to each subunit and allow 

CRP to bind to ligands. If Ca2+ is not present, binding will not occur as this process is Ca2+-

dependent.  

Three different forms of human CRP are shown in Figure 1-1. The rhomboid crystals of 

CRP, illustrated in Figure 1-1 (a), demonstrate that CRP can be effectively isolated and 
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crystallized from the phosphocholine-CRP complex by a designed experiment [12]. Figure 

1-1 (b) shows the phosphocholine-CRP complex in the context of fully calcified CRP. 

Phosphocholine molecules (black and orange) are bound to a shallow site of each subunit 

[13]. Figure 1-1 (c) exhibits the relationship among subunits, calcium ions, and 

phosphocholine molecules. The phosphocholine-CRP complex is formed between human 

CRP and phosphocholine molecules in the presence of Ca2+. Together, five identical 

subunits constitute a pentameric structure of CRP. Each protomer has a binding site and 

thus can bind a phosphocholine (grey chain-shaped molecules) in the company of calcium 

ions (grey spheres). The structure in Figure 1-1 (c) is reproduced from Protein Data Bank 

in Europe file with ID: 1B09 with permission.  

 (a)  (b)  (c)  

Figure 1-1: Three different forms of human CRP. (a) the crystals of CRP isolated and 

crystallized from human serum (× 100 magnification) [14]; (b) the 

binding of phosphocholine molecules (black and orange) to entirely 

calcified human CRP [13] (reproduce with permission); (c) the 

physiological structure of the human CRP complex viewed from the 

five-fold symmetry axis.  

In different species, the following three criteria are used to evaluate whether a protein can 

be defined as CRP: first, it must consist of some nearly identical protomers (molecular 

weight of 20000 to 30000 kDa) to form a symmetrical oligomer; second, it must be capable 
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of binding phosphocholine in the presence of calcium ions; and thirdly, it should cross-

react with human CRP. 

1.2.1.3 The circulation of CRP in human  

CRP is the main acute phase reactant in humans. It is primarily synthesized by the liver in 

response to inflammatory stimuli. Other sites, such as the kidneys, arteries, and heart, can 

produce CRP as well. CRP expression in human hepatic cells is mainly modulated by the 

inflammatory cytokine interleukin-6 (IL-6), but the inducing role of IL-6 is significantly 

enhanced by the cooperation of interleukin-1β. These two factors are known for their role 

in triggering protein production in hepatocytes [15].  

In healthy normal individuals, CRP is a serum trace-element. Compared with other 

biomarkers, CRP levels sparsely vary over long periods of time and are unaffected by 

diurnal or seasonal changes. Primary research done in 1981 showed that 99% of a total of  

468 normal British individuals aged between eighteen to sixty-three had serum CRP levels 

lower than 10 mg/L and 90% of them had the levels no greater than 3 mg/L. 0.8 mg/L CRP 

was the median value of the tested volunteers [16]. In 2005, a study about the distributions 

of CRP levels in America indicated that nearly 90% of Americans had CRP levels less than 

10 mg/L. The median value of CRP in Americans was 2.1 mg/L and there were no 

significant racial differences. Older individuals had slightly higher CRP levels. Men had 

lower CRP levels than women with the median value being 1.6 mg/L and 2.7 mg/L, 

respectively [17]. A study about the distribution of CRP levels in 6107 Japanese adults aged 

older than 30 showed that a quarter of the tested subjects had CRP levels less than 0.03 
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mg/L. 75% of the individuals had CRP levels less than 0.3 mg/L. According to research 

aiming to determine the variation of CRP serum concentrations among different ethnic 

groups, Japanese and Chinese individuals had relatively lower CRP levels than other 

ethnicities. Body mass index (BMI) was determined as the main factor responsible for the 

ethnic variations [18].    

1.2.1.4 Biologic role of CRP 

CRP has various biological functions which can be categorized according to the ligands 

that bind to CRP, as summarized in Table 1-1. The most common function of CRP is the 

activation of complementary pathways. It has been reported that CRP can mediate the 

action of opsonin related to Streptococcus pneumoniae. Patients suffering serious diseases 

depleted more factors of complementary pathways. The increased depletion was also found 

to be related to higher concentrations of CRP in the patients [19]. 

Table 1-1: Biologic roles of CRP and the corresponding binding ligands 

Functions Binding ligands Ref. 

Initiate the nonimmune host to 

defend the microorganism 

Phosphocholine moieties in the 

presence of Ca2+ 
[20] 

A target for polymorphonuclear 

leukocytes (PMN) 
The Fc receptor of PMN [21] 

Modulate the process of 

inflammation 

Ethylenediaminetetraacetate (EDTA) 

dependent binding of polycations 
[22] 

Activate the process of 

phagocytosis by macrophages 

Stearylamine dependent binding of 

membranes of liposomes 
[23] 

CRP is known to be a nonspecific biomarker of inflammation or tissue damage. Compared 

with other clinical markers that reveal the acute phase response, CRP provides more 
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accurate sensitivity for the on-going tissue damage or inflammation. CRP is synthesized in 

response to various clinical situations such as inflammation, infectious diseases, trauma, 

malignant tumors, necroses, and even pregnancy [24]. CRP levels can be used in the 

following clinical circumstances: to test of the effectiveness of antibiotic therapy on 

patients with inflammatory or infectious diseases; to recognize the early signs of 

complications for patients post-operation; to observe the therapeutic effect of drugs for 

rheumatoid arthritis; to differentiate between some active diseases and infectious diseases; 

and to distinguish patients ill with graft versus host diseases from infections [25].  

It has been reported that CRP levels can also be utilized to differentiate between diseases 

of viral origin and bacterial infections to avoid the misuse of antibiotics. Patients ill with 

acute bacterial infections tend to have relatively higher CRP levels than those with viral 

infections [26]. However, some patients acutely infected by viruses have shown to exhibit 

a similarly dramatic rise of CRP [27]. The amount of increased CRP presumably relies on 

the severity of tissue damage resulting from the attacking viruses or the defence ability of 

the host immune system against the viruses. Additionally, the concentration of CRP 

affected by acute bacterial infections does not increase significantly at the first day of 

infectious illness. Consequently, the tests of CRP levels should occur in concert with other 

medical diagnostics to improve the diagnostic accuracy [28].  

1.2.1.5 The prognosis of CRP for some diseases 

CRP levels play a great role in the prognosis of some diseases. Table 1-2 lists some 

applications of CRP measurements in clinical settings. 
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Table 1-2: Significance of CRP levels in various diseases 

Type of diseases Role of CRP Ref. 

Rheumatoid arthritis 
Predict the risk of persistent joint deterioration; 

monitor the curative effect of drug treatment 
[29] 

Systemic lupus 

erythematosus (SLE) 

Differentiate between intercurrent infection and 

mere deterioration of potential diseases 
[30] 

Chronic obstructive 

pulmonary disease 

(COPD) 

May indicate malnutrition of patients with 

COPD 
[31] 

Acute myocardial 

infarction 

Predict severe coronary events or test whether 

coronary lesions are vulnerable 
[32] 

Abdominal surgery 
Help to exclude the occurrence of complications 

caused by postoperative infection 
[33] 

Malignancies 
The ratio between CRP and albumin could be a 

biomarker 
[34] 

Acute pancreatitis (AP) Predict the severity of AP [35] 

Sepsis 
Diagnose sepsis and monitor the effect of 

treatment 
[36] 

Appendicitis 
Evaluate the possibility of complicated 

appendicitis 
[37] 

Crohn’s diseases (CD) Predict mild CD or evaluate the severity of CD [38] 

Hypertension Assist in the prognosis of hypertension [39] 

SARS-CoV-2 Predict the severity and outcome of the disease [40] 

Among all the reported diseases associated with CRP, cardiovascular disease (CVD) 

attracts the most attention of researchers. CVD is a group of diseases that are related to the 

blood vessels or the heart. CVD consists of diseases including ischemic heart disease, 
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stroke, rheumatic heart disease, and so on. As described by the Globe Burden of Diseases 

in 2016, CVD is responsible for 44% of the burden of diseases in human [41]. According 

to the World Health Organization (WHO) report in 2019, the leading cause of death is 

ischaemic heart disease which accounted for approximately 16% (8.9 million) of all 

recorded deaths (55.6 million) globally. However, nearly 90% of the CVD-related deaths 

were preventable [42].  

Previous, or ongoing CVD, is the most efficient predictor of future CVD [43]. A great 

diversity of variables such as blood pressure, cholesterol level, diabetes, age, and smoking 

status can be used to screen for CVD [44]. Although these traditional predictors can be used 

to assess the risk of CVD, they cannot be used individually in the assessment of CVD. 

Massive efforts are being made to discover novel risk predictors to improve the accuracy 

of the CVD risk evaluation. In recent years, CRP has been constantly mentioned as a 

biomarker of CVD [45]. It is recommended by the American Heart Association for CRP 

levels to be used to evaluate the risk of CVD. CRP levels of < 1mg/L, 1 to 3 mg/L. and >3 

mg/L are defined as low, medium, and high risk for CVD, respectively [46]. CRP is a 

promising biomarker and its predictive role of CVD can be effective when combined with 

other conventional CVD risk factors such as lipids in serum [47].  

1.2.2  Methods for the determination of CRP levels  

Since CRP levels can play a great role in medical diagnostics, various methods have been 

developed to precisely detect CRP. In this section, conventional methods and magnetic 

immunoassays based on microfluidic chips will be discussed.  
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1.2.2.1 Conventional methods for the determination of CRP 

CRP detection methods have progressed from qualitative methods to quantitative methods 

since CRP was discovered in 1930. Traditional methods of CRP detection include the 

Quellung reaction, capillary tube precipitation method, immunodiffusion method, latex 

agglutination method, complement fixation test, radioimmunoassay, turbidimetry method, 

nephelometry method, and enzyme-linked immunosorbent assay (ELISA) [48].  

Initial CRP detection methods required a significant amount of time to complete and most 

of them were qualitative tests. CRP was first measured by the Quellung reaction, also 

known as the Neufeld reaction. CRP in tested samples binds to capsules of bacteria and 

results in swollen capsules which can be observed by a microscope [49]. It is a qualitative 

method and was later replaced by agglutination-based methods. The capillary tube 

precipitation method is a semi-quantitative method and is based on the estimation of the 

presence and length of visual precipitation. First, one-third of the capillary tube is filled 

with CRP antiserum, and then the equal volume of a serum sample is inserted into the 

capillary tube by the capillary effect. The precipitation reaction will occur if the serum 

sample is CRP-positive and the appearance of white flocculation in the tube can be 

recognized by the naked eye. The semi-quantitative result can be obtained by measuring 

the length of the precipitate after a certain incubation time. The capillary tube is a 

convenient method but the assay time for the qualitative result is more than two hours and 

a longer time (six to eight hours) is required for the semi-quantitative result. Moreover, the 

sampling process needs to be precisely controlled so experienced operators are required 
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[50]. Radioimmunoassay is a competitive immunoassay that can be used to quantify CRP 

levels in a serum sample. CRP in the serum sample will partake in a competitive reaction 

and displace radiolabelled CRP from binding sites on antibodies. The released radiolabelled 

CRP will be separated from the complex. A gamma counter is used to count the 

radioactivity of unbound radiolabelled CRP in the supernatant. Greater amounts of CRP in 

a sample results in increased radioactivity due to unbound radiolabelled CRP. Although the 

radioimmunoassay is sensitive and can provide quantitative results with a relatively simple 

procedure, the radioactive material used in this assay limits its widespread application due 

to health concerns [51]. Immunodiffusion methods show higher sensitivity and accuracy 

than the rough capillary tube precipitation assay for the determination of CRP [52] [53]. 

Radial immunodiffusion (halo method) is a common immunodiffusion technique. To detect 

CRP by radial immunodiffusion, serum samples are applied to wells that are punched into 

the immunodiffusion plates. The plates are made of agarose which contains 1% anti-CRP 

antibodies. After two days incubation, precipitation rings will form due to the reaction 

between anti-CRP antibodies and the diffused CRP from the well. Serum CRP levels are 

positively associated with the diameter of the rings [53]. Although radial immunodiffusion 

is a relatively simple method, the time-consuming incubation and its inherent semi-

quantitative characteristics limit its application. In 1986, latex agglutination was introduced 

as a new method to improve the efficiency of CRP detection. Latex particles are employed 

and modified with anti-CRP antibodies. The CRP in the tested samples cause aggregations 

of the coated latex particles. The degree of agglutination indicates the level of CRP in the 

samples. Compared with radial immunodiffusion, the incubation time of the latex 
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agglutination method is much shorter at less than one hour, but with inadequate sensitivity 

[54]. The limitations of conventional latex agglutination have been overcome by an 

improved latex agglutination method called the piezoelectric immunoassay. In this method, 

a crystal surface is covered with a thin latex film which is coated with anti-CRP antibodies. 

The binding of CRP to the coated antibodies causes a decrease in the oscillation frequency 

of the crystal due to the mass of the film [55]. The sensitivity of the latex piezoelectric 

assay is further improved by a modified latex piezoelectric method. A piezoelectric crystal 

is used to evaluate the density or viscosity difference of a solution before and after 

aggregates are formed by the latex particles [56]. With developments in technology, the 

turbidimetric immunoassay and laser nephelometry method have replaced the latex 

agglutination method and have become routine immunoassays for quantifying serum CRP. 

The turbidimetric immunoassay is a simple technique that measures the decrease in incident 

light resulting from scattered light produced by suspended particles in the reaction solution. 

Based on this assay, a linear relationship can be established between the target protein 

concentration and the turbidity, however, the protein must be mixed with a protein-related 

precipitant [57]. The principle of nephelometry is similar to turbidimetry expect that 

scattered light is detected instead of incident light [58]. Turbidimetry has been 

demonstrated to have higher precision and shorter turn-around cycles than laser 

nephelometry assays, and latex agglutination, therefore, is more suitable for clinical 

applications [59]. However, the performance of the turbidimetric assay still suffers from its 

inherent drawbacks, such as the matrix effect [60]. Some noise factors such as dust or large-

sized agglomerates will affect the assay’s the sensitivity as well. To improve the sensitivity 
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of CRP detection and circumvent the disadvantages above, enzyme-based immunoassays 

were developed. ELISA and the immunoenzymometric assay (IEMA) are two common 

enzyme-based immunoassays used for CRP detection. The commercial ELISA kit for CRP 

measurement is popular when the concentration of CRP in the sample is quite low. In this 

method, capturing antibodies are pre-coated on the walls of the wells in a microplate. The 

added CRP will bind to the immobilized antibodies. A sandwich structure of “capture 

antibody-CRP-detection antibody” is formed when the enzyme-coated detection antibodies 

are added. After the formation of the complex, a specific substrate solution is used to trigger 

a colorimetric reaction with the complex. The concentration of CRP is estimated by 

measuring the optical density of the reaction mixture, which is proportional to the level of 

CRP. ELISA is a competitive method for CRP detection in terms of its sensitivity, but its 

long detection time and complicated operations limit its on-site applications. The IEMA is 

another enzyme-based immunoassay for CRP detection. It is the first international standard 

method for human CRP measurements, approved by the WHO in 1986 [61]. The IEMA 

consists of two main steps. The first step is the formation of an immune complex between 

CRP, peroxidase-labelled antibodies, and other antibodies immobilized on the internal 

surface of a test tube. The second step is to cause a colorimetric reaction. The colorimetric 

response of a peroxidase substrate can be used to determine the concentration of the 

complex produced in step one [62]. The assay time of IEMA is about 30 min, which is 

shorter than ELISA, but limitations such as the shelf-life and degradation of the reagents 

diminish its use as a routine test. Table 1-3 summarizes various methods for CRP detection. 
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Table 1-3: Detection limit and assay range of different conventional methods for 

the quantification of serum CRP 

Method 
LOD 

(mg/L) 

Assay 

range 

(mg/L) 

Assay time Features Limitations Ref. 

Quellung reaction     
Qualitative 

method 
[49] 

Capillary tube 

precipitation method 
  

6 to 8 h for 

semi-

quantitative 

detection 

Visualized 

result 

Semi-

quantitative 

method 

[50] 

Radial 

immunodiffusion 

assay 

1.25  1.25-150  
About two 

days 

Simple to 

operate 

Long incubation 

time 
[53] 

Latex agglutination 

assay 
0.01  0.01-3  

Less than 

one day 

Relative high 

sensitivity 

Relative long 

assay time 
[63] 

Radioimmunoassay 0.05  0.05 – 10  
More than 

12 h 

Sensitive and 

simple 

Radiation 

hazard 
[64] 

Turbidimetric 

immunoassay 
0.3  0.1-160  About 1 h 

Requirement for 

clarity of the 

sample is not 

critical 

Matrix effects [65] 

Laser nephelometry 0.17  
0.175-

1100  
About 1 h Simple and easy 

Endpoint tests 

needed 
[66] 

Microplate ELISA 0.16  0.16 - 40  
More than 

1.5 h 

Accurate and 

sensitive 

Complicated 

procedure 
[67] 

IEMA 0.04  0.04-5 
Less than 30 

min 

Accurate and 

sensitive 

Degradation of 

the reagent 
[62] 

1.2.2.2 Magnetic microfluidic chip-based immunoassays for CRP measurement   

To avoid the drawbacks of traditional methods for the detection of CRP, various techniques 

were developed to fulfill the demand of CRP measurement in different scenarios. The 

application of magnetic beads (MBs), microfluidic technology, and their integration has 

made the CRP measurement faster, more sensitive, and suitable for on-site detection [68]. 
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The superparamagnetic feature of MBs can not only be used to couple or separate some 

ligands, but also used to quantify biomolecules by the application of a magnetic field or an 

electromagnetic effect [69].  

As shown in Figure 1-2 (a), the integration of a microfluidic device and a magnetic field 

enables the detection of CRP. The magnetic particles are coated with anti-CRP antibodies 

in advance. With the application of an off-chip magnet, the introduced conjugated particles 

are attracted and deflected through different laminar streams consisting of the CRP sample, 

buffer solution, and fluorescent labelled anti-CRP antibodies. The sandwich-like immune 

complexes are formed during deflection, and the intensity of fluorescence derived from the 

complex is proportional to the concentration of CRP in the sample. The assay time for this 

method is less than 1 min, which greatly improved the detection efficiency. However, an 

external fluorescence microscope is needed for the detection, which makes this method 

complicated [70]. Another research team developed a magnetic particle-based on-chip 

immunoassay through the manipulation of MBs by using a magnetic actuation setup which 

is shown in Figure 1-2 (b). In this method, the introduced functionalized MBs in the 

microchannel are captured and accumulated on the sidewall of a microchannel. Then, the 

immobilized beads are perfused with the analyte to form aggregates. After the formation of 

the aggregates, the complexes are released by inactivating the magnetic field. The 

concentration of the analyte can be determined by measuring the area of the released plug 

in a photograph, which is associated with the extent of the agglutination. Although this 

method has high sensitivity, the assay time is relatively long due to the requirement of a 



 

 

                          M.A.Sc.- Thesis Jianxi Qu; McMaster University- Biomedical Engineering 

17 

 

sufficient amount aggregates forming on the side wall. The time interval between each steps 

also needs to be controlled precisely to make confirm the repeatability of the result [71]. 

(a)  (b)  

(c)  (d)  

Figure 1-2: Principle of some magnetic microfluidic chip-based immunoassays. (a) 

trajectories of magnetic beads in continuous laminar flow by the 

application of an external magnet [70] (reproduce with permission); (b) 

schematic illustration of an on-chip immune agglutination assay with 

the dynamically actuated MBs [71] (reproduce with permission); (c) the 

design of the integrated microfluidic platform for CRP measurement [72] 

(reproduce with permission); (d) centrifugal microfluidic system with 

labdisk displayed [73] (reproduce with permission). 

Figure 1-2 (c) presents a microfluidic system comprising sophisticated micromixers, 

micropumps and microvalves for the detection of CRP. The procedures, including coupling 
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deoxyribonucleic acid (DNA) aptamers of CRP to MBs, the reaction between CRP and 

aptamers, and the reaction between conjugated CRP and chemiluminescence-labelled anti-

CRP antibodies, are all accomplished inside the chip. The CRP levels are determined by 

the measurement of chemiluminescence with a luminometer. Although the core component 

is highly compacted, the design and manufacture of the device is quite complicated [72]. 

Figure 1-2 (d) shows a fully automated setup with a disk-like microfluidic chip for CRP 

measurement. The immune reaction, including the mixing of reagents, antibody coupling 

to MBs, and the formation of sandwich-like complexes, is performed by employing a 

centrifugal and magnetic force with programmed protocols in separate chambers. Finally, 

chemiluminescence is detected in the detection chamber by an embedded detector to 

quantify CRP levels. This system is ideal for CRP measurement due to the high integrated 

components of the assay device [73].  

Some other immunoassays for the detection of CRP are based on developed microfluidic 

chips or the character of MBs. One study employed a power-free microfluidic chip to 

realize an immunoassay for CRP measurement. The microfluidic chip is degassed in 

advance and reagents are introduced into the microchannel automatically because of the air 

pressure difference. The capillary force is used to retain solutions [74]. F.I. et al developed 

a method for the detection of CRP based on the measurement of magnetic permeability. 

The density of the immune complexes containing magnetic nanoparticles is measured in 

the form of magnetic permeability, which correlates linearly to the concentration of CRP 

in the sample [75].  
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Table 1-4: Summary of microfluidic platform-based immunoassays empolying 

MBs 

Methods 

Assay 

time 

(min) 

Sample 

volume 

(µL) 

LOD Advantages Disadvantages Ref. 

On-chip CRP assay < 1 < 10 
0.87 

mg/L 
Short assay time 

External facilities 

needed 
[70] 

On-chip immune 

agglutination assay 

(BSA) 

~ 30 < 10 
0.2 

µg/L 
High sensitivity 

Long incubation 

time to from 

detectable 

aggregates 

[71] 

CRP detection by an 

integrated 

microfluidic chip 

~ 25 5 
0.0125 

mg/L 

Integrated 

microfluidic 

platform 

Relatively 

complicated device 
[72] 

Automated 

chemiluminescent 

immunoassay 

~ 30 40 
1.5 

µg/L 

Fully automated 

system 
Long assay time [73] 

Power-free 

microfluidic chip-

based immunoassay 

~ 20 1 
0.42 

nM 

Power-free 

injection 

system, low 

consumption of 

reagents 

Pre-treatment of 

degassing needed 
[74] 

Magnetic 

permeability 

immunoassay 

~ 5.5 4 3 mg/L 
Whole blood 

test 

Relatively low 

sensitivity 
[75] 

Giant 

magnetoimpedance-

based CRP detection 

Hours 5 
0.001m

g/L 
High sensitivity 

Complicated 

protocols 
[76] 

Micro-fluxgate-based 

CRP measurement 
< 30 5 

0.002 

mg/L 

High sensitivity, 

miniaturization 

External equipment 

needed 
[77] 

Microflow 

cytometry-based 

immunoassay 

~ 60 50 
0.1 

mg/L 

Simple 

protocols 

High deviations of 

the side-scattered 

(SSC) light 

[78] 

Sheathless microflow 

cytometry-based 

immunoassay (BSA) 

~ 30 160 1.5 pM 
No sheath fluid 

needed 

Large volume of 

sample needed 
[79] 

Magnetoimpedance was also employed for the determination of CRP. The increased 
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amount of sandwich-shaped magnetic immune complexes enlarges the giant 

magnetoimpedance effect. A linear relationship between CRP concentration and giant 

magnetoimpedance was established [76]. An innovative fluxgate sensor-based method for 

CRP measurement was developed in 2018. CRP are determined by detecting the stray field 

of MBs from the CRP immune complexes with the designed fluxgate sensor [77]. 

Microfluidic platform-based immunoassays that utilize MBs for the determination of CRP 

are summarized in Table 1-4. Some immunoassays in Table 1-4 are used for bovine serum 

albumin (BSA) detection, however, the principle of the BSA detection is suitable for CRP 

as well. 

The particle counting immunoassay is also a useful technique to measure CRP or antibodies. 

It is based on the theory that an agglutination decreases free particles in a reaction mixture. 

The extent of the immune reaction is evaluated by counting the unbound particles in the 

solution, therefore revealing the level of antigen or antibody in a sample [71]. The particle 

counting immunoassay is easily automated due to it being a homogeneous assay [80], [81]. 

Flow cytometry is a great method to use for the automation of the particle counting 

immunoassay. However, microflow cytometry provides more advantages than bulky, 

commercial flow cytometry. The low volume of reagents needed for each test, simple 

operations, short operation time, and compact size of the test apparatus make microflow 

cytometry a serious competitor to improve the detection of CRP [82]. The first microfluidic 

chip-based particle immunoassay for CRP detection was introduced in 2003, which is 

shown in Figure 1-3 (a). Aggregates produced by immune reaction between CRP and anti-
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CRP antibody coated particles were counted by microfluidic device and SSC light of was 

collected. The SSC light produced by the aggregates had higher intensity than single beads, 

allowing monomers to be differentiated from aggregates. An approximate relationship 

between the intensity of side SSC light and CRP concentration was established. Although 

a lower bound of 0.1 mg/L CRP can be measured by this method, many of its aspects, such 

as bead size, experiment conditions, and the ratio between CRP and antibodies, need to be 

optimized. Moreover, the deviations of the intensity of SSC light need to be decreased to 

improve the detection accuracy [78].  

(a)  (b)   

Figure 1-3: Microflow cytometry-based immunoassay for antigen measurements. (a) 

system setup of the microflow cytometry for aggregate counting, CRP 

was measured by this setup according to the principle of the particle 

counting immunoassay. A relationship was established between the 

average intensity of the 45°SSC signals and the concentration of CRP 

[78] (reproduce with permission); (b) a schematic of the microchip of a 

sheathless flow cytometry. FSC light was used to differentiate between 

monomers and aggregates [79] (reproduce with permission).  

Another microfluidic chip-based particle counting immunoassay shown in Figure 1-3 (b) 

was developed in 2015. Forward scattered (FSC) light was used to distinguish immune 
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complexes from single beads. The concentration of analyte was determined by the 

proportion of single beads in the reaction mixture. The principle of this method was verified 

by the detection of BSA and a detection limit of 1.5 pM BSA was accomplished with the 

designed microfluidic device. No sheath fluid was needed in this method which made it 

quite simple and easy to operate [79]. 

1.3 On-site SARS-CoV-2 antibody detection 

SARS-CoV-2 antibody detection is a useful tool for screening SARS-CoV-2 infections. 

The on-site SARS-CoV-2 antibody detection was used as a model to explain the on-site 

antibody detection by the MCAIA.   

1.3.1  SARS-CoV-2 pandemic 

The outbreak of coronavirus disease-19 (COVID-19) in late December 2019 has spread 

globally in a short time. In March 2020, the WHO declared that the outbreak of the SAR-

CoV-2 virus met the epidemiological criteria for a global pandemic [83]. As of 8 March 

2021, 117 million confirmed SARS-CoV-2 infections were reported, and the number of 

deaths caused by COVID 19 approached 2.59 million. The COVID 19 pandemic has not 

only affected the human health all over the world but has also left the world partially 

paralyzed.  

Figure 1-4 shows the structure of the SAS-CoV-2 virus [84]. SARS-CoV-2 is about 100 

nm in diameter, 106 nm3 in volume, and 103 MDa in mass. The genome of SARS-CoV-2 is 

composed of a 29811 nucleotide-long ribonucleic acid (RNA) [85]. SARS-CoV-2 consists 
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of four main structural proteins which are the spike protein (S protein), matrix protein (M 

protein), envelope protein (E protein), and nucleocapsid protein (N protein) [86]. The 150 

kDa transmembrane S protein, which is anchored in the viral surface, assists the virus in 

binding with the receptor of host cells, namely angiotensin-converting enzyme 2 (ACE2). 

The protease from the host cell cleaves the S protein into two fragments, which are the S1 

and S2 domains. The receptor binding domain (RBD) from S1 participates in binding to 

ACE2. The function of S2 is to facilitate the transmission process between the virus and 

host cells [87]. The M protein is another key component of SARS-CoV-2, and it plays an 

important role in virus assembly and viral morphology. The M protein can combine with 

other structural glycoproteins and helps to keep N proteins stable [88]. The E protein is a 

relatively small structural protein, but it is of great importance to viral production and 

maturation [89]. The N protein is quite different from the other structural proteins because 

it is the only protein that binds to the viral RNA. The N protein participates in RNA 

replication and the diffusion of viral particles during viral infection [90].        

 

Figure 1-4: The structure of the SARS-CoV-2 virus [84] (reproduce with permission). 
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SARS-CoV-2 is a beta-coronavirus, which is one of four genera of large single-stranded 

RNA (ssRNA) viruses known as coronaviruses (the others are alpha-, gamma-, and delta- 

coronavirus). The main characteristic of this family of RNA virus is its high mutation rate 

[91]. The high-frequency of recombination and remarkable genetic variability of RNA 

viruses make them easier to be transmitted among animals and humans [92]. Alpha- and 

beta- coronaviruses are capable of infecting mammals. The animal-to-human and human-

to-human transmission modes of coronaviruses have been verified by outbreaks of SARS-

CoV and MERS-CoV. The infection of coronavirus can cause respiratory, hepatic, 

neurological, and gastrointestinal diseases to a wide variety of animals [93]. Compared to 

four other human coronaviruses which typically result in mild diseases such as the common 

cold, SARS-CoV and MERS-CoV can cause fatal respiratory diseases [94]. The WHO 

reports that the SARS-CoV caused 774 deaths, and 8098 reported cases among 29 countries 

during its 114 day epidemic starting in November 2002 [95]. MERS-CoV, which was first 

identified in 2012, has a very high infection fatality rate of approximately 35%. As of 31 

May 2019, more than 2442 individuals have been infected by MERS-CoV and 842 deaths 

have been reported [91]. In late December 2019, the outbreak of SARS-CoV-2 attracted 

international attention and, at the time of writing, has affected nearly the entire global 

population. Although SARS-CoV-2 owns genetic and structural similarities to SARS-CoV, 

it has its own distinct characteristics. Compared with SARS-CoV, SARS-CoV-2 is more 

efficient at entering target cells. The RBD of SARS-CoV-2 has a stronger binding affinity 

to host cell receptor, ACE2, than SARS-CoV does. SARS-COV-2 is also less dependent 

on the protease of host cells for cell entry. Moreover, the RBD of SARS-CoV-2 has lower 



 

 

                          M.A.Sc.- Thesis Jianxi Qu; McMaster University- Biomedical Engineering 

25 

 

exposure probability than SARS-CoV. Not only does this help SARS-CoV-2 remain potent 

when invading host cells but it also helps the virus ‘hide’ from the immune system of the 

host. This may explain why SARS-CoV-2 is transmitted so easily [96].  

1.3.2  Methods for SARS-CoV-2 diagnosis 

In response to the outbreak of SARS-CoV-2, various techniques based on either laboratory 

tests or rapid testing kits have been developed to quickly meet the large demand for testing. 

To date, RT-PCR and serological testing are two common formats for the diagnosis of 

SARS-CoV-2.  

1.3.2.1 RT-PCR for the diagnosis of SARS-CoV-2 

Polymerase chain reaction (PCR) was discovered by Kary Mullis in 1986. It is a technology 

that can be used to synthesize specific DNA with DNA polymerase when a template DNA 

molecule is provided [97]. RT-PCR is a technology that combines the conversion of sample 

RNA into complementary DNA and the synthesis of target DNA with PCR. The conversion 

process in RT-PCR is called reverse transcription. RT-PCR is a laboratory-based method 

that can be used for the quantification of message RNA (mRNA) [98]. Sample types 

including pharyngeal swab samples, nasal swab samples, sputum are usually collected for 

the diagnosis of SARS-CoV-2 by RT-PCR. However, some studies report that some 

individuals infected with SARS-CoV-2 show positive RT-PCR results with anal swab 

specimens but negative RT-PCR results with throat samples [99]. Anal swab specimens are 

required for diagnosis in some situations to improve the diagnostic accuracy. Furthermore, 

it is reported that some patients who are eventually confirmed to be infected by SARS-
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COV-2 may show two or more consecutive negative RT-PCR results from throat swabs at 

the beginning of diagnosis [100]. In addition to increasing the test frequency of RT-PCR, 

computed tomography (CT) can be used to help improve the diagnostic sensitivity of RT-

PCR. Patients infected by SARS-CoV-2 usually show pulmonary opacities in the bilateral 

lung field when diagnosed with CT. It is reported that the sensitivity of RT-PCR combined 

with chest CT is 91.86%, while RT-PCR alone has a sensitivity of 78.16%. As a genomic 

test, RT-PCR suffers from a relatively high false-negative rate which may be as high as 40 % 

for swab and sputum samples [101]. Moreover, it is difficult for genomic tests to diagnose 

individuals who are mildly infected with SARS-CoV-2 and analyze samples that are 

collected much later than the onset of the infections. Additionally, it is difficult for RT-

PCR to provide the exposure history and immunity of individuals who have recovered from 

SARS-CoV-2 as viral RNA level are not typically be detectable after recovery. 

1.3.2.2 Serological assays for the detection of SARS-CoV-2 antibodies 

Serological testing is another potent tool for the screening of SARS-CoV-2 infections. The 

exposure history and immune status of individuals to SARS-CoV-2 can be assessed by this 

technique. In addition, it can be used as a complementary technique to RT-PCR. Different 

from genomic tests, such as RT-PCR which detects the existence of SARS-CoV-2 viral 

RNA, SARS-CoV-2 antibodies are detected by serological assays after seroconversion 

occurs. Normally, SARS-CoV-2 IgM and IgG are used as the indicators of infection when 

antibody tests are performed. SARS-CoV-2 IgM is typically produced by the host prior to 

the other antibody isotypes as it acts as a first line of host defense against the virus. 
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Compared with the short-lived IgM response, SARS-CoV-2 IgG response is relatively 

durable [102]. In general, the medium seroconversion time for SARS-CoV-2 IgM and IgG 

occurs four to six and five to ten days after the onset of symptoms, respectively [103]. 

Figure 1-5 shows the estimated dynamics of SARS-CoV-2 RNA, IgG, and IgM levels since 

the onset of infection. Viral RNA is detectable in the initial phase of the infection and will 

reach its peak value in less than seven days. IgM is initially produced around the fifth day, 

followed by a persistent IgG response one to two days later. However, it should be noted 

that there is a delayed antibody response against the SARS-CoV-2 virus compared the 

innate immune system. This delay is called the window period, during which antibodies 

are not detectable. False-negative results from serological assays are likely to occur during 

this time [104].  

 

Figure 1-5: The dynamics of SARS-CoV-2 RNA, IgM, and IgG since the onset of 

infection [104] (reproduce with permission). 

At present, the neutralization assay, ELISA, LFIA, and chemiluminescence immunoassay 

(CLIA) are four main formats of serological assays used for the detection of SARS-CoV-2 
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infections [105].  

The neutralization assay for SARS-CoV-2 detection is a laboratory-based in vitro test that 

is used to detect the presence and level of SARS-CoV-2 antibodies that are capable of 

blocking virus replication or inhibiting viral infection. However, the neutralization assay 

must be conducted in a designated biosafety level laboratory because live SARS-CoV-2 

virus is highly pathogenic and infectious. Additionally, the assay time is approximately 

three to five days, which limits its application [106].    

ELISA is a highly sensitive method that can be used for the quantitative detection of SARS-

CoV-2 antigens or antibodies. According to the formation of the immune complex, ELISA 

can be divided into four different types: direct, indirect, sandwich, and competitive. ELISA 

is a colorimetric method which is usually performed with a multi-well plate. The 

concentration of the analyte is proportional to the color change the results from an 

enzymatic reaction. The color change is detected by a spectrophotometric method. As 

shown in Figure 1-6, direct ELISA is designed for antigen detection. Targeted SARS-CoV-

2 antigens are pre-coated on the surface of a well and are detected by the addition of 

enzyme-conjugated antibodies specific for the antigens. Indirect ELISA can be used for 

either antigen or antibody detection. Antigen detection by indirect ELISA is similar to 

direct ELISA, except that the conjugated primary antibodies are replaced by a two steps 

antibody conjugation process. The indirect ELISA can be altered for the detection of 

SARS-CoV-2 antibodies by replacing the primary antibodies with the sample containing 

the targeted antibodies. The following protocol will use SARS-CoV-2 spike IgM as an 
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example analyte to illustrate the indirect ELISA’s basic principle. The first step is the spike 

antigen coating. The spike antigens are immobilized to the surface of a well during a certain 

incubation time. The next step is antibody binding. A sample containing the IgM is added 

into the well and the IgM is captured by the immobilized antigen. After the antibody 

incubation, detection antibodies, which are conjugated with an enzyme such as alkaline 

phosphatase (AP) or horseradish peroxidase (HRP), are then added into the well and are 

bound to the captured IgM to enable their detection. After incubating detection antibodies, 

a colorimetric substrate is added to the well and is catalyzed by the enzyme to change the 

color of the solution. The target IgM can be identified and quantified by the optical density 

of the colored solution when a stop solution is added. Compared with direct ELISA, with 

indirect ELISA more than one secondary antibody can be bound to the primary antibody, 

so the signal can be amplified. Sandwich ELISA is the most frequently used method for the 

detection of antigens or antibodies. Compared with direct or indirect ELISA, the 

introduction of matched antibodies that target different epitopes of the antigen can improve 

specificity. Competitive ELISA is designed for the detection of small antigens. In 

competitive ELISA, target antigens compete with the immobilized reference antigens for 

the enzyme-labeled antibodies. The concentration of the target antigen is negatively 

correlated with the signal intensity as the immune complexes consist of the reference 

antigen and the labeled antibody. Although ELISA is famous for its high sensitivity, it has 

disadvantages such as labour-intensive procedures, time-consuming incubations, the 

requirement for skilled operators, and potential cross-reactivity of the detection antibody. 

Moreover, it is a laboratory-based immunoassay which means it cannot satisfy the massive 
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need for an effective testing for SARS-CoV-2 infections [105].   

 

Figure 1-6: Four different types of ELISAs. 

LFIA is another format of serological assay for the detection of SARS-CoV-2 antibodies. 

It is qualitative or semi-qualitative method. The LFIA is an immunoassay that is performed 

on a strip. Typically, the strip consists of four units: a sample pad, conjugate pad, 

nitrocellulose membrane, and absorbent pad (Figure 1-7). The conjugate pad is loaded with 

dehydrated coating antibodies which are tagged with colorimetric labels such as colloidal 

gold. Generally, there is a test line and control line within the nitrocellulose membrane. The 

test line is composed of capture antibodies and the control line is coated with secondary 

antibodies. The absorbent pad is responsible for causing the sample to flow through the 

strip. The principle of LFIA is quite simple. For example, when SARS-CoV-2 IgG is to be 

detected by a LFIA, a sample possibly containing human SARS-CoV-2 IgG is loaded to 

the sample pad and flows towards the absorbent pad due to capillary action. The conjugate 

pad is coated with lanthanide-doped nanoparticle-labeled anti-human IgG and lanthanide-

doped nanoparticle-labeled rabbit IgG. The human SARS-CoV-2 IgG in the sample will 

interact with the labeled anti-human IgG and form immune complexes. The labeled rabbit 



 

 

                          M.A.Sc.- Thesis Jianxi Qu; McMaster University- Biomedical Engineering 

31 

 

IgG, along with complexes, will migrate towards the absorbent pad. When the sample 

passes through the nitrocellulose membrane, the immune complexes will be captured by 

the human SARS-CoV-2 specific antigens within the test line. The accumulation of the 

immune complex in the test line will result in a color change of the line and thus provide a 

positive result. The anti-rabbit IgG immobilized on the control line will capture the labeled 

rabbit IgG antibodies released from the conjugate pad. A colored control line demonstrates 

that the LFIA strip adequately functioned [107]. The LFIA is a useful format for individuals 

who live in resource-limited environments or where RT-PCR is not readily accessible. It is 

simple, inexpensive, rapid, and suitable for point-of-care detection. However, the LFIA is 

limited by its relatively low sensitivity and its inability to provide quantitative results.   

 

Figure 1-7: The principle of the LFIA for SARS-CoV-2 IgG detection [107] (open 

access).  

CLIA is an assay format which combines chemiluminescence with immune reactions. The 

CLIA is similar in principle to ELISA, however, the antibody in a CLIA is labeled with 

chemical probes which can emit light upon a chemical reaction. Compared with 

absorbance-based techniques, such as ELISA, luminescence-based CLIA detection is more 
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competitive as it measures absolute value instead of relative value of the light signal [108]. 

Table 1-5 presents a summary of serological assays for SARS-CoV-2 detection. 

Table 1-5: Summary of independent evaluations of some leading SARS-CoV-2 

serological assays 

Manufacturer 
Target 

antibody 
Principle 

Sensitivity 

(%) 

Specificity 

(%) 
Antigen 

Infective 

stage 
Ref. 

Epitope 

Diagnostics 
IgG ELISA 73 99.6 Spike protein Entire [109] 

Wantai 
Total 

Antibody 
ELISA 90 100 Spike protein Entire [110] 

Euroimmun IgG ELISA 87.8 68.3 Spike protein 
11 to 13 

days 
[111] 

MGH/Ragon 

IgG 

IgM 

ELISA 

89 

89 

100 

92 

Spike protein 7 days [112] 

Acro Biotech 

IgG 

IgM 

LFIA 

56.1 

46.3 

74.4 

69.5 

N/A 
11 to 13 

days 
[111] 

Xiamen 

Biotime 

Biotechnology 

IgG 

IgM 

LFIA 

71.9 

81.3 

97.5 

88.8 

Spike protein 
11 to 13 

days 
[111] 

Biolidics Ltd. 

IgG 

IgM 

LFIA 

88 

54 

100 

92 

N/A 7 days [112] 

Abbott 

Laboratories 
IgG CLIA 100 99.9 

Nucleocapsid 

protein 

> 17 

days 
[113] 

Shenzhen 

YHLO 

Biotech 

IgG 

IgM 

CLIA 

76.7 

73.3 

100 

100 

Nucleocapsid 

protein and 

spike protein 

8 to 17 

days 
[114] 

DiaSorin IgG CLIA 97 99 Spike protein 
> 14 

days 
[115] 

Ortho-Clinical 

Diagnostics 
IgG CLIA 97.3 99.6 Spike protein Entire [109] 

The two major proteins used as antigens in the serological assay for SARS-CoV-2 
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antibodies are the spike and nucleocapsid protein [116]. L.W. et al evaluated the diagnostic 

feasibility of these two proteins. The spike protein-based ELISA for the SARS-CoV-2 

antibody (IgG and/or IgM) detection has a positive rate of 82.2%, which is 1.8% higher 

than that of nucleocapsid protein. Furthermore, the spike protein-based ELISA has much 

higher sensitivity than that of the nucleocapsid protein regarding IgM detection [106].    

1.3.3  The importance of on-site SARS-CoV-2 antibody detection 

Globally, SARS-CoV-2 has caused severe mortality. Methods with high sensitivity and 

specificity for the diagnosis of SARS-CoV-2 are urgently needed. Although various 

molecular testing formats are available and RT-PCR remains the most common method for 

the diagnosis of SARS-CoV-2 infections, the significance of on-site serological assays for 

the detection of SARS-CoV-2 antibodies cannot be ignored. Compared with RT-PCR 

which requires different kinds of swabs, the sampling procedure for on-site SARS-CoV-2 

antibody testing is quite simple. On-site SARS-CoV-2 antibody detection can also 

promptly provide valuable information regarding the exposure history and immunity of 

individuals, and can be a potent and supplementary technique for the diagnosis of SARS-

CoV-2 infections [117].    

1.4 Proposed method 

A MCAIA for the on-site determination of antigen or antibody was proposed. It is based 

on the principle that the immune reaction will decrease the number of free particles in the 

assay mixture, which can be used to evaluate the extent of the reaction and thus determine 

the concentration of the analyte. The microflow cytometry was used to count the aggregates 
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in the assay mixture. The transit time was used to differentiate between monomers and 

aggregates. The proposed MCAIA provides a rapid, sensitive, and accurate technique for 

the on-site detection of antigen or antibody. The compacted system and the simple 

protocols make the MCAIA become a strong competitive tool for the detection of antigen 

or antibody, which will maximize clinical significance and diagnostic value of its on-site 

medical diagnosis. 
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Chapter 2  The MCAIA 

In this section, the principle of the MCAIA for the detection of antigens and antibodies will 

be described separately. The system setup of the MCAIA will be introduced as well. 

2.1 The principle of the MCAIA  

2.1.1  Particle counting immunoassay 

Microflow cytometry is a potent tool for particle counting. The MCAIA is the combination 

of microflow cytometry and the particle counting immunoassay. It is based on the particle 

counting immunoassay that the concentration of the targeted analyte can be quantified by 

the extent of the reaction. The decrease of monomers caused by agglutination is indicative 

of the extent of the reaction. A correlation can be found between the concentration of the 

analyte and the number of monomers in the assay. Monomers refer to unconjugated free 

particles in the assay [118].  

 

Figure 2-1: Schematic illustration of the particle counting immunoassay. The anti-

analyte antibody conjugated MBs can form aggregates in the presence 

of the analyte. 
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Figure 2-1 shows the principle of the particle counting immunoassay. The addition of target 

analyte will cause agglutination and thus decrease the number of monomers in the assay. 

The conjugated antibody is specific for the targeted analyte.  

2.1.2  System setup of the MCAIA 

Figure 2-2 shows the system setup of the MCAIA. The setup consists of a syringe pump 

system, a microfluidic chip, a light source, an external optical system, and a data collection 

and process system. After the preparation of the assay mixture, the mixture was introduced 

to the microfluidic chip by the sample syringe (Model 22, Harvard Apparatus, Holliston, 

MA, USA). The sample flow was confined into the center of the microchannel by two 

sheath flows with two-dimensional hydrodynamic focusing. The flow rate of the sample 

and sheath flows could be set separately. The MBs in the sample flow were forced to flow 

through the interrogation region and detected by a 532 nm green laser. The light emitted 

from the laser was coupled into the chip with the embedded input waveguide. The guided 

light was then focused to the interrogation area by the integrated lens system in the chip. 

The intersection between the light beam and the sample flow is defined as the interrogation 

area. The interrogated aggregates in the sample stream interacted with the coupled laser 

beam, producing the SSC light. An objective (25 × magnification) mounted perpendicular 

to both the laser beam and the channel was used to collect the SSC. The SSC was further 

deflected by a mirror and then amplified by a photomultiplier tube (PMT) (Newport Corp, 

Irvine, CA, USA). An optical bandpass filter (522 nm - 542 nm) was used to filter the SSC. 

The amplified current signals from the PMT were further converted to amplified voltage 
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signals by a current-to-voltage amplifier (428, Keithley, Cleveland, OH, USA). A data 

acquisition board (DAQ) (USB-6211, National Instruments, Austin, TX, USA) was used 

to digitize the amplified voltage signals. Finally, the data was processed by a custom 

LabVIEW (National Instruments, Austin, TX, USA) program. 

(a)  (b)  

Figure 2-2: (a) a schematic diagram of the MCAIA setup [119] (open access); (b) a 

picture showing the MCAIA setup with the essential devices (open 

access).  

2.1.3  The microfluidic chip 

Figure 2-3 (a) shows a photo of the microfluidic chip, which is the core device of the 

MCAIA. The chip was made with photolithography technology. The chip is comprised of 

five layers; from bottom to top which are Pyrex glass, SU-8 3035 photoresist, SU-8 2035 

functional photoresist, polydimethylsiloxane (PDMS), and glass. The Pyrex glass was used 

as the substrate for the chip. The approximately 600 nm thick SU-8 3035 layer was 

responsible for facilitating the adhesion between the SU-8 2035 layer and the Pyrex glass. 

The 50 µm thick SU-8 2035 layer was patterned with the structure of the microchannel by 

negative photolithography. PDMS was used to seal the SU-8 2035 layer to form the 

microchannel structures. The holes in the PDMS, which are reserved for the inlets and 
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outlet, were fabricated by pouring the liquid PDMS into a mold containing the negative of 

the inlets and outlet. The glass on the top of the chip, which was drilled with holes aligned 

to the inlets and outlet, was used to facilitate the fixing of the metal pins. The metal pins 

inserted into the PDMS were used as the inlets and outlet of the chip. The dimension of the 

chip is approximately 2.5 cm × 2 cm × 0.4 cm (length × width × height). The microchannel 

has a cross-sectional area of 50 µm × 100 µm (height × width). Details of the fabrication 

of the device were presented in a previous publication [120]. To visualize the 

hydrodynamic focusing of the chip, a sample containing blue ink was introduced into the 

microfluidic chip and confined into the centre of the channel. The flow rate of sample and 

sheath flows were set as 200 µL/h and 800 µL/h, respectively.  

(a)  (b)  (c)  

Figure 2-3: (a) a picture of the microfluidic chip; (b) a picture of the two-dimensional 

hydrodynamic focusing of the Y-shaped junction in the channel. The 

sample was saturated with blue ink to visualize the focusing; (c) a 

picture taken in front of the PMT when the blue colored sample passed 

through the interrogation region.  

As shown in Figure 2-3 (b), the blue sample flow in the centre of the channel was confined 

by the sheath flows. Figure 2-3 (c) shows the projection of the blue sample flow in the 

microchannel and the embedded lens system of the microfluidic chip. The SSC light signals 
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will pass through the pinhole and then be amplified by the PMT.  

2.2 The antibody coupling procedure 

The first step for both antigen and antibody detection by the MCAIA is antibody coupling. 

Dynabeads M-270 Epoxy MBs (14302D, Thermo Fisher Scientific, Burlington, ON, 

Canada) with a diameter of 2.8 µm were used as the solid support for the antibody coupling. 

The surface of the uniform and superparamagnetic particles is modified with epoxy groups, 

which can enable the immobilization of antibodies to the surface of MBs through covalent 

binding. The coupling procedure is performed according to the user manual provided by 

the MBs manufacturer, which is shown in Figure 2-4. The following procedure was used 

to prepare 5 mg of conjugated MBs. First, 5 mg of MBs were weighed and transferred to a 

1.5 mL centrifuge vial. Afterwards, 1 mL of 0.1 M sodium phosphate buffer (PB) (P5244, 

Millipore Sigma, Oakville, ON, Canada) was added into the vial to resuspend and wash the 

MBs. After a 30 s vortex and 10 min incubation for the MBs, a magnet was applied to the 

outside wall of the vial for 1 min and consequently, the MBs were attracted to the wall of 

the vial. Then, the supernatant was removed by a pipette. The 5 mg of MBs were used to 

couple 100 µg of antibody. The volume of antibody needed was calculated based on the 

concentration of the antibody. The MBs were then resuspended in PB to a volume equal to 

that of the antibody to be added. Based on the calculation, a certain volume of antibody 

was added into the vial with complete mixing, followed by the addition of an equal volume 

of 1 M ammonium sulfate buffer (A4418, Sigma-Aldrich, Oakville, ON, Canada). The 

solution was mixed and then incubated at 37 ℃ for 24 h. After the incubation, the 
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supernatant was removed by magnetic separation. The conjugated MBs were then washed 

by 1 mL of buffer 3 four times. Finally, the washed conjugated MBs were resuspended in 

a desired volume of phosphate buffered saline (PBS) (PBS405.1, Bioshop, Burlington, ON, 

Canada) with 0.1% BSA (15561020, Invitrogen, Thermo Fisher Scientific, Ottawa, ON, 

Canada) and 2 mM sodium citrate solution (W302600, Sigma-Aldrich, Oakville, ON 

Canada). The concentration of the lyophilized MBs was approximately 6.7 × 107 beads/mg. 

330 µL of the conjugated MBs solution provided a concentration of approximately 1 × 107 

beads/mL. The conjugated MBs were then ready for the MCAIA. The conjugated MBs 

need to be stored between 2 to 8 ℃. An addition of 0.02% (w/v) sodium azide (S2002, 

Sigma-Aldrich, Oakville, ON, Canada) will lengthen the shelf-life of the conjugated MBs, 

but the MBs will need to be washed with PBS before being used in the MCAIA.     

 

Figure 2-4: Schematic illustration of the antibody coupling procedure for 2.8 µm 

MBs.  

2.3 The procedure for antigen detection by the MCAIA 

Figure 2-5 shows the procedure for antigen detection by the MCAIA. After coupling to 



 

 

                          M.A.Sc.- Thesis Jianxi Qu; McMaster University- Biomedical Engineering 

41 

 

antibodies specific to the targeted antigen, a certain volume of the conjugated MBs was 

transferred to a microcentrifuge vial. The following step involves the MB washing and 

dilution process. Because the MBs were stored in a buffer containing sodium azide, the 

washing of the conjugated MBs with PBS was conducted to reduce the effect of sodium 

azide in the subsequent agglutination process. After washing, the MBs were diluted with 

PBS to an optimal concentration. The concentration may vary for different kinds of targeted 

antigens. The diluted MBs were then vortexed for 10 s and sonicated for 10 s to suspend 

the MBs more uniformly in the PBS. A sample containing the targeted antigen was added 

into the vial with thorough vortex mixing for 10 s and then the vial was left to incubate for 

a certain amount of time. During the incubation, aggregates were formed among the MBs. 

After the incubation, the assay mixture in the vial was transferred to a pipeline which was 

connected to the sample syringe of the MCAIA. PBS was used as the sheath flow for the  

 

Figure 2-5: Schematic illustration of the MCAIA for antigen detection 

MCAIA. The flow rate of sample and sheath flows were set to 200 µL/h and 800 µL/h, 
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respectively. Data was collected by the DAQ over a two-minute period and analyzed by the 

custom LabVIEW program. The procedure described above is adaptable to the detection of 

other antigens only by changing the type of the antibody to be conjugated. 

2.4 The procedure for antibody detection by the MCAIA 

Figure 2-6 shows the procedure of antibody detection by the MCAIA.  

 

Figure 2-6: Schematic illustration of the MCAIA for antibody detection 

The first step is the secondary antibody coupling, which is a procedure that was described 

in section 2.2. After the secondary antibody coupling, the conjugated MBs were washed by 

PBS once and then diluted by PBS to an optimal concentration. There may be some 

nonspecific agglutination or self-coagulation due to long-term storage. Then, 10 s of vortex 

mixing, and 10 s of sonication were applied to the diluted MBs solution, which generated 

a more uniform MB suspension in the PBS. After the preparation of the conjugated MBs, 

a sample containing targeted antibodies was added into the same vial, which was then 

subject to vortex mixing for 10 s. The mixture was then incubated for a certain amount of 
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time. The target antibodies were captured by the specific conjugated secondary antibodies 

which were immobilized on the surface of the MBs. After the antibody incubation, a certain 

volume of antigen specific to the target antibody was added into the vial and incubated for 

a certain amount of time. MBs aggregates were formed during this step. After the antigen 

incubation, the assay mixture was transferred to the pipeline which was connected to the 

sample syringe. The PBS sheath flow was used to confine the sample flow into a narrow 

stream in the microchannel using two dimensional hydrodynamic focusing. The flow rate 

of sample and sheath flows were set to 200 µL/h and 800 µL/h, respectively. The assay 

mixture was counted by microflow cytometry. Data was collected by the DAQ over a two-

minute period and then analyzed by the custom LabVIEW program.  
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Chapter 3  The MCAIA for CRP Detection 

CRP is a significant biomarker of tissue damages and infections. It plays an important role 

in diagnosis of some diseases. In this chapter, CRP detection is used as a model to verify 

the proposed MCAIA for antigen detection. 

3.1 Microscopic agglutination immunoassay (MAIA) 

The MCAIA for CRP detection was verified by the particle counting immunoassay first.  

Immune aggregates were formed by the immune reaction between CRP and the anti-CRP 

antibody conjugated MBs. The aggregates formed during the immune reaction were 

observed by the microscope (Eclipse E200, Nikon, Mississauga, ON, Canada) and counted 

by a hemocytometer (Z359629, Millipore Sigma, Oakville, ON, Canada).  

3.1.1  Anti-CRP antibodies coupling  

The first step of the agglutination immunoassay is the antibody coupling. Section 2.2 

describes the antibody coupling procedure of 2.8 µm MBs for the MCAIA. In fact, three 

different sizes of MBs including 1 µm, 2.8 µm, and 4.5 µm have been tested to find the 

optimal size of the MBs. For the particle counting immunoassay, 4.5 µm MBs were tested 

first as it can provide a better visualization of the aggregates. The procedure of antibody 

coupling to 4.5 µm MBs is different from the lyophilized 2.8 µm MBs as the purchased 4.5 

µm MBs were provided in a liquid solution. Therefore, it is necessary to describe the 

coupling procedure of 4.5 µm MBs. Figure 3-1 shows the anti-CRP antibody coupling 

procedure of 4.5 µm MBs. Dynabeads M-450 Epoxy beads (14011, Thermo Fisher 
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Scientific, Burlington, ON, Canada) were used as the physical support for the coupling of 

anti-CRP antibodies (PA1-29087, Thermo Fisher Scientific, Burlington, ON, Canada). The 

surface of the MB was modified with epoxy groups so some biomolecules can be 

immobilized to the surface. According to the protocol, 200 µL of the 4.5 µm MBs was 

transferred from the storage vial to a 1.5 mL microcentrifuge tube, and 30 s vortex was 

applied to suspend beads uniformly in the solution. Then the MBs were separated from the 

storage solution by the magnet separation. After applying the magnet to the side of the tube 

to for 1 min, the supernatant was discarded from the tube. 1 mL of PB was added into the 

tube to wash the beads. After the washing step, the MBs were suspended in 200 µL PB and 

ready for the antibody coupling. The ratio between the antibody and 4.5 µm MBs was set 

to 50 µg antibody for 200 µL MBs solution according to the recommendation of the user 

manual. The concentration of the purchased anti-CRP antibody is 11.3 mg/mL, so the 

volume of the antibody needed for 200 µL of MBs is approximately 5 µL. The prepared 

200 µL MBs was washed by PB again and suspended in 195 µL PB (200 µL minus 5 µL 

antibody). Then 5 µL antibody was added into the tube and incubated for 15 min with a 

sample mixer (15920D, HulaMixer, Invitrogen, Thermo Fisher Scientific, Burlington, ON, 

Canada) at room temperature. After the incubation, 4 µL BSA (50 mg/mL) was added into 

the tube to reach a concentration of 0.1% w/v BSA in the tube. The role of the BSA is to 

block the unbound sites on the surface of the MBs. After the addition of BSA, the mixture 

was incubated for 24 hours with the mixer. After the incubation, the MBs were washed by 

200 µL PBS with 0.1% BSA and 2 mM sodium citrate solution twice and incubated for 5 

min for each washing step. The MBs were then resuspended in 200 µL PBS with 0.1% 
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BSA and 2 mM sodium citrate solution and ready for the immunoprecipitation test. The 

conjugated MBs were stored between 2 to 8°C with the addition of 0.02% preservative 

sodium azide to extend the storage time. The concentration of the conjugated MBs was 

approximately 4 × 108 beads/mL.  

 

Figure 3-1: Anti-CRP antibody coupling procedure of the 4.5 µm MBs 

3.1.2  Aggregates formation 

Before the conduction of the immune reaction, the stored antibody conjugated MBs were 

washed with PBS once. Then the MBs were diluted by PBS to a certain concentration. To 

deagglomerate the MBs clusters caused by the storage, 10 s sonication was applied to 

suspend the MBs uniformly in the PBS. Different concentrations of CRP samples were 

prepared by the dilution of CRP (082, Sekisui Diagnostic, Burlington, MA, USA) with 

PBS. 10 µL of desired concentration of MBs and 10 µL CRP samples were added into a 

0.6 mL microcentrifuge tube with 10 s vortex mixing. Then, the mixed samples were 

incubated for 5 min with a mixer at room temperature to form aggregates. After the short 
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time incubation, 10 µL of incubated mixture was used for each counting by the 

hemocytometer. The number of different sizes of aggregates including dimers, trimers, 

larger aggregates, and monomers were recorded. As shown in Figure 3-2 (b), a sample 

containing 30 mg/L CRP presented obvious agglutination compared to the negative sample 

in Figure 3-2 (a). 

(a)  (b)  

Figure 3-2: Microscopic pictures of 4.5 µm MBs assay mixture counted by the 

hemocytometer (10 × 40). (a) A negative sample (PBS); (b) 30 mg/L CRP 

sample.    

3.1.3  Image J counting 

To improve the counting efficiency, an image processing program named Image J (Wayne 

Rasband) was used to distinguish monomers from aggregates. The parameter of circularity 

ranging from 0.00 to 1.00 in Image J is used to filter particles based on their roundness. 

0.00 denotes a straight line and 1.00 denotes a perfect circle. An example of a microscopic 

picture of 4.5 µm MBs was processed with Image J by adjusting the circularity to realize 

the counting of aggregates and monomers. As shown in Figure 3-3 (a), by setting the 
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circularity ranging from 0.8 to 1.00, the number of the monomers was counted, larger MBs 

aggregates (manually marked with red circle) were excluded. In contrast, the total number 

of monomers and aggregates were counted when the circularity is set from 0 to 1.00, which 

was shown in Figure 3-3 (b). The results turned out the Image J can be used to count 

monomers and aggregates in the assay mixture.  

(a)  (b)  

 Figure 3-3: The screenshots of counting results by Image J with different range of 

circularity. Particles are marked with counted number. (a) 4.5 µm MBs 

microscopic picture was processed by Image J with a circularity ranging 

from 0.80 to 1.00 and aggregates are marked with red circle manually 

for a better comparison; (b) The same 4.5 µm MBs microscopic picture 

was processed by Image J with a circularity ranging from 0.00 to 1.00.  

3.1.4  The optimization of the MBs size 

To optimize the size of MBs for the agglutination immunoassay, 1 µm Dynabeads MyOne 

Tosylactivated (65502, Invitrogen, Thermo Fisher Scientific, Burlington, ON, Canada) and 

2.8 µm Dynabeads M-270 Epoxy were also used for the agglutination immunoassay. The 

assay protocols for 1 µm and 2.8 µm MBs were identical to the procedures of 4.5 µm MBs 



 

 

                          M.A.Sc.- Thesis Jianxi Qu; McMaster University- Biomedical Engineering 

49 

 

described above. The antibody coupling procedure for 1 µm MBs was performed according 

to the user manual provided by the manufacturer.  

3.1.4.1 CRP detection by MAIA with 4.5 µm MBs 

A series of different concentration of CRP samples ranging from 0 to 70 mg/L were 

prepared for the CRP detection by the microscopic agglutination immunoassay to find the 

detection range of this method. Figure 3-4 shows the preliminary result of this detection. 

The y-axis is the proportion of monomers in the assay mixture and the x-axis is the 

concentration of CRP. The proportion of monomers decreased due to the agglutination 

caused by the immune reaction. However, the number of monomers will not decrease 

endlessly. At the switch point of 30 mg/L in Figure 3-4, the proportion of monomers 

increased even though the CRP concentration was high. This phenomenon can be explained 

by the Hook effect. It is a common immunological phenomenon. The excessive CRP will 

impede the formation of aggregates.  

 

Figure 3-4: The measured relationship between the proportion of monomers and 

the concentration of CRP (4.5 µm MBs). 
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As shown in Figure 3-5, the excessive antigens will result in no immunoprecipitation in the 

solution, and this phenomenon is known as the postzone effect. If the absence of 

immunoprecipitation is caused by the excess of antibody, it is called the prozone effect. 

The appearance of immunoprecipitation occurs in the solution containing optimal ratio 

between antibody and antigen. Hence, the agglutination test should locate in the 

equivalence zone to avoid false-negative results.  

 

Figure 3-5: Precipitation curve of the immunoreaction. A series of different levels of 

antigen ranging from low concentration to high concentration were 

added into a fixed antibody solution respectively [121] (reproduce with 

permission).     

Figure 3-6 shows the CRP detection result by the microscopic agglutination immunoassay 

with 4.5 µm MBs. The y-axis is the proportion of monomers in the assay mixture. The x-

axis is the concentration of CRP. The proportion of monomers decreased with the increase 

of CRP concentration in the sample. A linear correlation was found for CRP detection by 

the microscopic agglutination immunoassay with 4.5 µm MBs. The detection range was up 

to 30 mg/L. 
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Figure 3-6: The measured relationship between the proportion of monomers and 

the CRP concentration (4.5 µm MBs). Each symbol is the mean value 

obtained from four duplicated samples. Error bars are the standard 

deviation (SD) of the four duplicated measurements. 

3.1.4.2 CRP detection by the MAIA with 2.8 µm MBs 

(a)  (b)  

Figure 3-7: Microscopic pictures of 2.8 µm MBs assay mixture counted by the 

hemocytometer (10 × 40) , (a) A negative sample (PBS), (b) 15 mg/L CRP 

sample. 

A series of different concentration of CRP samples were prepared for the agglutination 

immunoassay. The procedure for the immunoassay is identical to the 4.5 µm MBs which 
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has been described in section 3.1.2 except the dilution index for the conjugated MBs. As 

shown in Figure 3-7 (b), an obvious agglutination phenomenon appeared when a 15 mg/L 

CRP sample was added to the conjugated MBs. However, the number of aggregates in the 

negative sample of PBS in Figure 3-7 (a) was quite small. 

Figure 3-8 shows the detection results of CRP by the microscopic agglutination 

immunoassay with 2.8 µm MBs.  

 

Figure 3-8: The measured relationship between the proportion of monomers and 

the concentration of CRP (2.8 µm MBs). 

The y-axis is the proportion of monomers in the assay mixture. The x-axis is the 

concentration of CRP. The proportion of monomers decreased as the concentration of CRP 

went up. The switch point for CRP detection by 2.8 µm MBs appeared around 15 mg/L. 

Compared with switch point of CRP detection by 4.5 µm MBs which was 30 mg/L in Figure 

3-4, the switch point for 2.8 µm MBs was smaller. Although the 2.8 µm MBs have 

relatively larger specific surface area, the 4.5 µm MBs have higher possibility of aggregate 
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formation. By increasing the concentration of the conjugated MBs, the switch point will 

shift to higher CRP levels. However, the CRP levels in most health people are less than 10 

mg/L, the assay range for CRP detected by the MAIA meets the requirement of routine 

CRP detection. Furthermore, increasing the concentration of conjugated MBs will increase 

testing cost.  

Figure 3-9 shows the detection results of CRP by the MAIA with 2.8 µm MBs. Like the 

results of 4.5 µm MBs in Figure 3-6, the higher concentration of CRP resulted in lower 

proportion of monomers in the assay mixture.  

 

Figure 3-9: The measured relationship between the proportion of monomers and 

the CRP concentration (2.8 µm MBs). Each symbol is the mean value 

obtained from four duplicated samples. Error bars are the SD of the 

three duplicated measurements. 

3.1.4.3 CRP detection by the MAIA with 1 µm MBs 

1 µm Dynabeads MyOne Tosylactivated MBs were also used to verify the CRP detection. 

However, the self-agglutination of the MBs after the antibody coupling procedure was 
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obvious (Figure 3-10). In addition, the size of 1 µm MBs may not be big enough for the 

microflow cytometry to differentiate between monomers and aggregates. In conclusion, the 

1 µm MBs were not suitable for this study.  

 

Figure 3-10: Microscopic picture of 1 µm conjugated MBs (10 × 40).  

3.1.5  The optimization of the ratio between anti-CRP antibodies and 

MBs 

To optimize the ratio between anti-CRP antibodies and the MBs, three different volume of 

anti-CRP antibodies, 5 µL, 10 µL and 15 µL were added to 200 µL 4.5 µm MBs. Other 

incubation conditions remained unchanged.  

Figure 3-11 shows microscopic pictures of negative samples of PBS counted by the 

hemocytometer with different volume of anti-CRP antibodies added to 4.5 µm MBs. When 

15 µL anti-CRP antibodies was added, the effect of nonspecific agglutination caused by the 

conjugated MBs themselves was obvious (Figure 3-11 (c)), which will decrease the 

sensitivity for CRP detection by reducing the possibility of aggregate formation caused by 
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CRP. The addition of 10 µL anti-CRP antibodies shows the comparable no-specific 

agglutination to the result of the addition of 5 µL anti-CRP antibodies (Figure 3-11 (a) and 

(b)). Therefore, 10 µL anti-CRP antibodies was used for antibody coupling to 200 µL of 

4.5 µm MBs. Similar experiments were performed to find the optimal ratio between the 

anti-CRP antibodies and 2.8 µm MBs. The result turned out that 10 µL anti-CRP antibodies  

was suitable for antibody coupling to 5 mg 2.8 µm MBs. 

(a)  (b)  (c)  

 Figure 3-11: Microscopic photos of negative samples (PBS) with different volume 

of anti-CRP antibodies used for antibody coupling to 200 µL 4.5 µm MBs 

(10 × 40), (a) the addition of 5 µL anti-CRP antibodies; (b) solution the 

addition of 10 µL anti-CRP antibodies; (c) the addition of 15 µL anti-

CRP antibodies.  

3.2 Flow cytometry-based agglutination immunoassay 

(FCAIA) 

The commercial flow cytometry (BD LSRFortessa, Bergen County, NJ, USA) was used to 

verify the FCAIA format. 2.8 µm and 4.5 µm anti-CRP antibody conjugated MBs were 

used for the immunoassay. The protocols for the immune reaction were the same to the 

assay described in the section of 3.1.2. After the preparation of the assay mixture, the 

mixture was diluted 25-fold by adding 230 µL PBS before the measurement by flow 

cytometry. The sample flow rate for the flow cytometry was set to 10 µL/min for all 
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measurements. 10000 events were collected for each detection.  

3.2.1  CRP detection by the FCAIA with 4.5 µm MBs 

Figure 3-12 shows the aggregates distribution of a negative sample of PBS and a sample 

containing 2 mg/L CRP measured by the flow cytometry.  

(a)   (b)  

Figure 3-12: Aggregates distribution of the 4.5 µm MBs assay mixture. (a) A 

negative sample; (b) 2 mg/L CRP sample. 

The y-axis is the side-scattered area (SSC-A), and the x-axis is the forward scattered area 

(FSC-A). The population with relatively lower intensity of SSC-A and FSC-A was 

considered as the distribution of monomers. The other population with relatively higher 

intensity of SSC-A and FSC-A was considered as the distribution of dimers. The proportion 

of monomers in assay mixture for other samples containing 4 mg/L, 6 mg/L, 8 mg/L CRP 

were 97.2%, 97.8%, and 98.2%, respectively. The proportion of monomers in CRP samples 

was close to that of the negative sample. Almost no immune aggregates were detected by 

the flow cytometry. One possible reason for this phenomenon was that the aggregates were 
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separated by the flow in the channel of the flow cytometry due to relatively higher mass of 

4.5 µm MB. The binding between the MBs caused by the immune reaction was not strong 

enough to keep the state of agglutination even though the sample flow rate was set to the 

minimum value, which was 10 µL/min.        

3.2.2  CRP detection by the FCAIA with 2.8 µm MBs 

Since no correlation between the proportion of monomers and the concentration of CRP 

was found for CRP detected by FCAIA with 4.5 µm MBs, smaller MBs with a diameter of 

2.8 µm were used to test the feasibility of the FCAIA for CRP detection. The procedure for 

the 2.8 µm MBs was identical to the procedure of 4.5µm MBs. Figure 3-13 shows the 

aggregates distribution of a negative sample of PBS and a sample containing 2 mg/L CRP.  

(a)  (b)  

Figure 3-13: Aggregates distribution of the 2.8 µm MBs assay mixture. (a) a negative 

sample; (b) a sample containing 2 mg/L CRP 

Figure 3-13 (a) shows the aggregates distribution of a negative sample and more than 90% 

of aggregates are monomers. Figure 3-13 (b) shows the aggregates distribution of a sample 
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containing 2 mg/L CRP. The proportion of monomers in Figure 3-13 (b) was 85.6%. It 

turned out that more aggregates were produced in the presence of CRP and the flow 

cytometry can differentiate between monomers and aggregates.  

A relationship between the proportion of monomers and the concentration of CRP was 

found for 2.8 µm MBs. The y-axis is the proportion of monomers and the x-axis is the 

concentration of CRP in the sample. A linear curve with a correlation coefficient of 0.9954 

was established. It turned out that the proposed format was feasible for CRP detected by 

flow cytometry and an on-site CRP detection by the MCAIA could be possible.  

 

Figure 3-14: The correlation between the proportion of monomers and the 

concentration of CRP, samples were measured by the FCAIA with 2.8 

µm MBs. 

3.3 The verification of the MCAIA  

After the format verification by the FCAIA, the designed microflow cytometry was used 

to test the MCAIA format. The preparation of assay mixture for CRP detection by the 
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MCAIA was the same as the MAIA. After the incubation of CRP, the assay mixture was 

introduced to the pipeline which was connected to the sample syringe. The sample and 

sheath flow rate of the MCAIA were set to 200 µL/h and 800 µL/h, respectively. The PMT 

voltage was tuned to -500 V and the gain of the I-V amplifier was set to 1 × 104. The 

sampling rate of the DAQ was set to 250 kHz. 2 min data was logged by the custom 

program for further analysis. Figure 3-15 presents a summary of the protocols for the MAIA, 

the FCAIA, and the MCAIA. The protocols for the preparation of the assay mixture for 

these three assays are the same except that the assay mixture for the flow cytometry 

immunoassay need to be diluted 25-fold by PBS to provide enough volume for one analytic 

run.   

 

Figure 3-15: Protocols for the MAIA, the FCAIA, and the MCAIA.  

3.3.1  Data analysis by LabVIEW 

Figure 3-16 shows the plot of one second SSC signals obtained from a negative sample of 
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PBS detected by the MCAIA using 2.8 µm MBs. The y-axis is the amplitude of the signal 

in the unit of mV, and the x-axis is a segment of one second out of two min recorded data. 

SSC light was produced when the particle passed through interrogation region. The SSC 

light was detected and amplified by the PMT. The current signal from the PMT was further 

transferred and amplified by the I-V amplifier, which was finally shown in Figure 3-16.  

 

Figure 3-16: One second SSC signals obtained from a negative sample of 2.8 µm 

MBs.  

The red dashed line was the value of four times SD of the background noise, which was 

used to distinguish SSC signals from the background noise. However, the intensities of the 

SSC signals from the negative sample varied a lot even though nearly 90% of particles in 

the negative sample were monomers. One possible reason for the high SD of the signal 

intensities could be the uneven distribution of the incident laser beam. The aggregates 

passing through the center of the beam tended to have relatively stronger SSC light than 

those passing through near the edge of the beam. Internal reflections coming from adjacent 

particles and the liquid/PDMS interface could also contribute to the high SD of the signal 
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intensities. Moreover, the uneven surface and the irregular shape of the MBs may also affect 

the intensities of the SSC light.   

3.3.2  Data analyzed using the amplitude 

Figure 3-17 shows the histogram of the amplitude distribution of 1×104 SSC signals 

obtained from measurements of a negative sample of PBS and a sample contain 1 mg/L 

CRP. The y-axis is the number of signals and the x-axis is the intensity of the signal. The 

black curve describes the amplitude distribution of the recorded signals and the red curve 

is the Gaussian fit to the black curve. The green curve is the difference between the black 

curve and the red curve. The number of signals in Figure 3-17 (a) equals to the number of 

signals in Figure 3-17 (b), so the areas under the black curves of these two samples are the 

same. In Figure 3-17 (a), which is the distribution of signals obtained from a negative 

sample, the red curve fitted well to the black curve of the real signals. The coefficient of 

determination (R2) of the Gaussian fit was 0.9507. The signal intensities of monomers were 

lower, so the narrow and sharp curve of the Gaussian fit was assumed to be the distributions 

of monomers. As shown in Figure 3-17 (a), there is a small portion of signals distributed at 

higher value of amplitude. The portion could be the distribution of nonspecific aggregates 

in the negative sample. This phenomenon is a common issue for the particle counting 

immunoassay, where electrostatic repulsion is not strong enough to separate the aggregates 

even though a short time sonication had been applied. The area under the red curve is 

approximately 92.47% of the area under the black curve, implying that nearly 92.47% of 

particles in the assay mixture of the negative sample were monomers. This result agreed 
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with the proportion of monomers of the negative sample counted by the commercial flow 

cytometry, which had 91.7% monomers. The y-coordinate value of the vertex for the 

negative sample was 920, and the x-coordinate value of the vertex is 12.16 mV. Figure 3-

17 (b) shows the distribution of SSC signals obtaining from a sample containing 1 mg/L 

CRP. The coefficient of determination (R2) of the Gaussian fit was 0.9507.  

(a)  (b)  

Figure 3-17: Histogram of the amplitude distribution of recorded 1×104 SSC signals 

with Gaussian fit. (a) a negative sample; (b) a sample containing 1 mg/L 

CRP. 

Compared to the intensity distribution of the negative sample, the peak value of the black 

curve in Figure 3-17 (b) decreased to 787, and the number of the signals with higher 

intensities increased. The green curve had a peak value around 200, which was much higher 

than that in Figure 3-17 (a) (around 150). The width of the green curve above the x-axis in 

Figure 3-17 (b) was wider than that in Figure 3-17 (a), which was the result of the negative 

sample. This is due to the formation of MBs aggregates caused by the addition of CRP. The 

area under the red curve was about 83.74% of the area under the black curve, suggesting 
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that 83.74% of particles were monomers in the assay mixture. The assay mixture resulting 

from 1 mg/L CRP sample counted by the commercial flow cytometry shows 88.6% of 

monomers, suggesting that the MCAIA has a higher sensitivity for CRP detection than the 

FCAIA.  

A series of CRP samples including negative sample, 0.5 mg/L, 1 mg/L, 1.5 mg/L, 2 mg/L, 

and 2.5 mg/L were tested by the MCAIA and data were analyzed using the amplitude with 

Gaussian fit. Figure 3-18 shows the preliminary result of the testing.  

 

Figure 3-18: The relationship between the proportion of monomers and the 

concentration of CRP measured by the MCAIA with 2.8 µm MBs. 

The y-axis is the percentage of the area under the red curve to the area under the black 

curve, which can be regard as the proportion of the monomers in the assay mixtures. The 

x-axis is the concentration of CRP. The switch off point caused by Hook effect appeared 

around 2 mg/L, which was close to the value in the FCAIA. The proportion of monomers 

decreased by the concentration of CRP until the concentration of CRP reached its switch 
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off value. 

3.3.3  Data analyzed using the transit time  

Although the data for the MCAIA can be analyzed using amplitude, the stability of the 

profile of the incident laser beam in the microchannel is a challenge for obtaining repeatable 

results. For example, if the optical axis of the laser beam was slightly off the centre of the 

microchannel due to the installation of the sample syringe, the amplitude distribution of the 

recorded SSC light signals were different when duplicated samples were measured. 

Compared to the intensities of the signals from monomers, no obvious regular increase was 

observed for aggregates. The transit time information was extracted from the recorded 

signals to solve this issue.  

 

Figure 3-19: One second data of SSC signals obtained from a 0.75 mg/L CRP sample 

with 2.8 µm MBs. 

Figure 3-19 shows one second raw data obtained from a 0.75 mg/L CRP sample. The y-

axis is the amplitude of signals, and the x-axis is the time. The pulses colored with red line 
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are the recorded SSC signals when the assay mixture passed through the interrogation 

region. The green dashed line is the SD of the background noise which is used to 

differentiate SSC light signals from background noise.   

Figure 3-20 shows the definition of the transit time. The y-axis is the amplitude of the signal, 

and x-axis is the time in milliseconds. The red line is a SSC light signal which was produced  

when a particle passed through the interrogation region. The green dashed line is the SD of 

the background noise, which is used to differentiate signals from the background noise. The 

interval between the intercepts of the signal and the green dashed line is defined as the 

transit time. It is the time that a particles takes to flow through the interrogation region 

[122]. Theoretically, the larger aggregates tend to have longer transit time. Therefore, the 

transit time could be used to differentiate between monomers and aggregates. 

 

Figure 3-20: Detail view of the a SSC light signal with the definition of the transit 

time [122]. 

3.3.3.1 Calculation of the transit time 

The time it takes for a particle to flow through the interrogation region is defined as the 

Transit time 
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transit time. The transit time of a monomer could be calculated by the Eq.3.1. In the Eq.3.1, 

τ is the transit time, L is the length of the interrogation region, d is the diameter of the MB, 

ν is the velocity of particles in the sample stream, n is the number of the MBs comprising 

one aggregate, Q is the total flow rate of the stream in the microchannel, and S is the cross 

sectional area of the microchannel. 

𝜏 =
𝐿 + 𝑛𝑑

𝑣
 =

𝐿 + 𝑛𝑑

𝑄 𝑆⁄
3.1 

For the MCAIA, sample flow rate and sheath flow rate are 200 µL/h and 800 µL/h, 

respectively, so the total flow rate is 1000 µL/h. The cross-sectional area S is 50 µm ×100 

µm (height × width). The length of the interrogation region L is 10 µm. The stream in the 

microchannel is laminar flow. Particles in the centre of the microchannel have highest 

velocity of 111.1 mm/s, which is about double of the average flow velocity. For the 

monomer, the τmin, which is the minimum time for it passing through the centre of the 

interrogation, is calculated to be 115.20 µs. For the dimer, n is 2, so the τmin is calculated to 

be 140.40 µs. Based on the calculation, the dimers have about 25.2 µs longer transit time 

than the monomers. 

3.3.3.2 Gaussian fit to the distribution of the transit time  

Figure 3-21 shows transit time distribution of a negative sample of PBS and a sample 

containing 0.5 mg/L CRP. Equal number of 5 ×104 SSC light signals were collected from 

these two samples. The y-axis is the number of the signals located to the corresponding 

range of the transit time. The x-axis is the transit time in microsecond. In Figure 3-21 (a), 
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which is the transit time distribution of the negative sample, most recorded SSC light 

signals have the transit time about 100 µs. The distribution was a narrow and sharp peak. 

Figure 3-21 (b) shows the transit time distribution of a 0.5 mg/L CRP sample. Compared 

with the transit time distribution of the negative sample in Figure 3-21 (a), the count peak 

of the 0.5 mg/L CRP decreased from 1219 to 1005, and an obvious increase of signals with 

longer transit time appeared. This is attributed to the agglutination caused by the immune 

reaction between CRP and the conjugated MBs. The increase of the aggregates in the 

measured assay mixture will decrease the number of monomers and thus the peak of the 

distribution is shorter.  

(a)  (b)  

Figure 3-21: The distribution of transit time. (a) a negative sample; (b) a sample 

containing 0.5 mg/L CRP. Each square symbol is the count of the 

corresponding transit time.  

Figure 3-22 shows the transit time distribution of a 0.5 mg/L CRP sample with two-order 

Gaussian fit. The y-axis is the number of the SSC light signals, and x-axis is the transit time. 

Two-order Gaussian fit was used because according to the microscopic observation of the 

assay mixture obtained from the 0.5 mg/L CRP, the particles were mainly monomers and 

dimers. The peak 1 colored with green line is assumed as the distribution of monomers. 
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The peak value of the monomers is 95.77 µs. The peak 2 colored with blue line is 

considered as the distribution of dimers, which has a peak value of 122.30 µs. The 

difference between these two peaks value is 26.53 µs. Three duplicated 0.5 mg/L CRP 

samples were measured and analyzed by the two-order Gaussian fit. The difference 

between peak 1 and peak 2 is 25.00 ± 0.11 µs (mean ± SD).  

 

Figure 3-22: The transit time distribution of a 0.5 mg/L CRP with two-order 

Gaussian fit. 

The theoretical calculation difference of the transit time between monomers and dimers is 

25.02 µs, which is close to the mean value of the experimental results. It can be concluded 

that the MCAIA can discriminate monomers from aggregates. However, the theoretical 

transit time of the monomers and dimers are 115.20 µs and 140.40 µs, respectively. The 

transit time of the monomers and dimers calculated by the experiments are 95.77 µs and 

122.30 µs, respectively. The experimental transit time is smaller than the theoretical one. 

Two possible reasons may contribute to the smaller experimental transit time. First, if the 
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cross-section area of the microchannel is smaller than the designed one (50 µm × 100 µm), 

the total flow rate will be higher than the calculated flow rate. Thus, the particles will travel 

faster with a shorter transit time. Second, if the length of the interrogation region is less 

than 10 µm, the transit time will be shorter too. For example, if the length of the 

interrogation region is 9 µm, the calculated transit time for the monomers which flow in 

the centre of the microchannel will be 106.20 µs. A deviation of one µm of the length of 

the interrogation region will cause 9 µs decrease of the transit time.  

The microflow cytometry used in the MCAIA is based on a two-dimensional hydrodynamic 

focusing. The sample flow is confined by two sheath flows from its both sides and forced 

to flow in the centre of the microchannel. However, there are still some MBs in the sample 

stream that travel close to the edge of the microchannel. The transit time of those aggregates 

are relatively longer due to their lower velocity. It is hard to find a transit time to 

differentiate between the monomers and the aggregates because the monomers which flow 

through the interrogation region near the edge tend to have longer transit time. The 

monomer transit time distribution will extend towards the aggregates transit time 

distribution, making the Gaussian fit less accurate. To solve this issue, the average transit 

time is used to analyze the data. The average transit time is calculated by dividing the sum 

of all transit time signals with the number of the signals. Figure 3-23 shows the relationship 

between the average transit time and the concentration of CRP. The y-axis is the average 

transit time, and the x-axis is the concentration of CRP. The red line is a linear fit to the 

mean of three duplicated samples measured by the MCAIA. The average transit time 
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correlates well with the concentration of CRP and the R2 is close to 1.  

 

Figure 3-23: The correlation between the average transit time and the concentration 

of CRP. Error bar is the SD of three duplicated measurements. The 

square is the mean of the measurements.   

The clinical requirement for detectable CRP is 0.5 mg/L. The LOD of CRP detection by 

the MCAIA is calculated by the following equation. S is the slope of the regression curve. 

σ is the residual SD of the regression curve.  

𝐿𝑂𝐷 =
3.3 × 𝜎

𝑆
3.2 

The calculated LOD for CRP detection by the MCAIA is 0.09 mg/L, which has met the 

requirement of the clinical CRP detection. The assay range of the MCAIA for CRP 

detection ranges is up to 1 mg/L. The concentration of CRP in health individuals is less 

than 10 mg/L. For the routine CRP detection by the MCAIA, a 10-fold dilution of the serum 

sample is needed to make sure the CRP concentration of the detected sample is within the 

detection range.  
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3.3.4  The Accuracy of the MCAIA  

To evaluate the accuracy of CRP detection by the MCAIA. Two series of identical CRP 

samples were measured by both the turbidimetric immunoassay and the MCAIA, 

respectively. The procedure for the turbidimetric immunoassay was shown in Figure 3-24.  

 

Figure 3-24: Procedure for the turbidimetric immunoassay for CRP detection. The 

difference of absorbance caused by 5 min incubation was measured. 

After washing and dilution of the conjugated MBs, 10 µL MBs solution was transferred 

into the cuvette, and then 10 µL CRP sample was pipetted into the cuvette. Absorbance 1 

was measured immediately after mixing the CRP sample with the conjugated MBs. After 

5 min incubation, absorbance 2 was measured. A spectrophotometer (Beckman DU 800 

Ultraviolet/Visible Spectrophotometer, Beckman Coulter Inc., Fullerton, CA, USA) was 

used to measure the absorbance. The working wavelength was determined by selecting the 

wavelength corresponding to the maximum absorption when the negative sample was 

measured with the spectrophotometer. 570 nm was determined as the working wavelength 

for CRP detection. The difference between absorbance 2 and absorbance 1 shows the extent 

of the agglutination.  
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Figure 3-25 shows the comparative performance testing of CRP detection using the 

turbidimetric assay and the MCAIA. 13 CRP samples with concentration ranging from 0.2 

mg/L to 1 mg/L were measured by these two assays. The concentration of CRP correlates 

linearly to the absorbance difference. There was a significant correlation between the 

MCAIA and the turbidimetric assay and the correlation coefficient was 0.9792, implying 

that the MCAIA is accurate enough for the CRP measurement.  

 

Figure 3-25: Scatter plot showing the correlation between the MCAIA and 

turbidimetric assay for CRP detection. Each circle represents a sample 

of CRP with certain concentration (n=13). 

Compared to the traditional turbidimetric assay, the CRP detected by the MCAIA provided 

more information about the aggregates in the assay mixture. The amplitude and the transit 

time of signals obtaining from the aggregates were extracted by the MCAIA. The inherent 

drawback of turbidimetric assay is the matrix effect. By counting the aggregates one by one 

with the MCAIA, the matrix effect will not affect the performance of the MCAIA. 
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3.3.5  The interference of hemoglobin to CRP measurement by the 

MCAIA 

The hemolyzed samples are the most common source of the interference for the clinical 

testing. Inaccurate measurements result from hemolytic samples are the main issues for the 

clinical analysis. The released hemoglobin from the hemolysis in the sample can produce 

unreliable results [123]. Figure 3-26 shows the interference of hemoglobin to the CRP 

detection using the MCAIA. Different concentration of CRP samples without and with 20 

mg/L hemoglobin (H7379, Millipore-Sigma, Oakville, ON, Canada) were measured. As 

shown in Figure 3-26, the y-axis is average transit time, and the x-axis is the concentration 

of CRP.  

 

Figure 3-26: Scatter plot showing the relationship between average transit time and 

the concentration of CRP obtained from measurements of CRP samples 

with and without hemoglobin. 

Each colored symbol is the mean value of the detection results obtained from three parallel 

measurements. Blue line and red line are the linear fit curves of the measurements from 
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pure CRP samples and CRP samples with 20 mg/L hemoglobin, respectively. To compare 

the slope and intercept of these two curves, SPSS software (IBM, Armonk, NY, USA) was 

used to analyze the data. The p-value for the intercepts and the slopes were 0.07 and 0.908, 

respectively, both of which are larger than 0.05. It is concluded that there is no remarkable 

difference between these two linear curves. Hemoglobin has little impact on the CRP 

detection when using the MCAIA.   

 

 



 

 

                          M.A.Sc.- Thesis Jianxi Qu; McMaster University- Biomedical Engineering 

75 

 

Chapter 4  The MCAIA for SARS-CoV-2 Antibody Detection 

The outbreak of SARS-CoV-2 has created a huge demand for the screen testing of the 

infections. Various serological assays for SARS-CoV-2 antibody detection have emerged 

to meet the urgent need. In this chapter, SARS-CoV-2 IgM and IgG detection will be used 

as models to illustrate the principle of the MCAIA for antibody detection. 

4.1 The procedure for the SARS-CoV-2 antibody detection 

The first step for the SARS-CoV-2 antibody detection by the MCAIA is the secondary 

antibody coupling. The secondary antibody conjugated MBs were prepared in a similar 

way to the anti-CRP antibody conjugated MBs. 2.8 µm MBs were used as the solid support 

for the secondary antibody. Figure 4-1 shows the procedure for secondary antibody 

coupling procedure for SARS-CoV-2 antibody detection. For SARS-CoV-2 IgM detection, 

goat anti-human IgM secondary antibodies (31136, Life Technologies, Thermo Fisher 

Scientific, Burlington, ON, Canada) were used for the coupling procedure. The 

concentration of the goat anti-human IgM secondary antibodies used in this research was 

2.32 mg/L. According to the user manual provided by the manufacturer, 100 µg secondary 

antibodies are needed for 5 mg lyophilized MBs, so the volume of IgM secondary antibody 

needed for the antibody coupling procedure is 43 µL. The volume of PB needed to 

resuspend the MBs and the volume of 1 M ammonium sulfate equal to the volume of IgM 

secondary antibody. Except the volume and antibody used are different from the anti-CRP 

coupling procedure, other steps for the procedure are the same. For SARS-CoV-2 IgG 

detection, the secondary antibody used for the coupling were goat anti-rabbit IgG (H+L) 
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antibodies (31210, Life Technologies, Thermo Fisher Scientific, Burlington, ON, Canada), 

which had a concentration of 2.38 mg/L. Hence, the volume of the secondary IgG needed 

for the coupling procedure is 42 µL. The volume needed to resuspend the MBs using PB 

and the 1M ammonium sulfate are 42 µL. The secondary antibody conjugated MBs are 

stored between 4 to 8 ℃ and ready for future use. Sodium azide with a concentration of 

0.02% (w/v) can be added to lengthen the shelf-life of the conjugated MBs. 

 

 Figure 4-1: Schematic illustration of the procedure for secondary antibody 

detection.  

Figure 4-2 shows the schematic illustration of the procedure for SARS-CoV-2 IgM and IgG 

detection by the MCAIA. The procedure for SARS-CoV-2 IgM and IgG detections are the 

same except that the secondary antibody used is different. The following procedure will 

describe how the SARS-CoV-2 IgM is measured by the MCAIA. The first step is washing 

the secondary IgM conjugated MBs. A certain volume of conjugated MBs was pipetted 

into a proper microcentrifuge tube and washed once with PBS and then diluted to a desired 

concentration. 10 µL of diluted conjugated MBs was transferred to a 0.6 mL 
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microcentrifuge tube and resuspended with thoroughly mixing. 10 µL of a sample 

containing SARS-CoV-2 RBD IgM humanized coronavirus monoclonal antibodies 

(MBS355900, MyBioSource, Inc., San Diego, CA, USA) was pipetted into the same vial 

and mixed with the MBs for 30 s. Then the vial was left to set for 25 min incubation. During 

this process, the immobilized secondary IgM will capture the IgM in the solution. After the 

primary antibody incubation, the solution was sonicated for 10 s to reduce the nonspecific 

agglutination and then 10 µL of 25 mg/L SARS-CoV-2 spike S1-His recombinant protein 

(40591-V08B1, Sino Biological, Beijing, China) was added into the vial with 30 s 

thoroughly mixing. The vial was left for 3 min incubation and the MBs were agglutinated 

through the immune reaction to form aggregates. The assay mixture was then introduced 

into the pipeline which was connected to the sample syringe. The flow rate of the sample 

and sheath for the MCAIA were set to 200 µL/h and 800 µL/h, respectively. The MBs 

aggregates were counted by the microflow cytometry and 2 min of raw data was recorded 

for analysis.  

 

Figure 4-2: Schematic illustration of the SARS-CoV-2 IgM and IgG detection using 

the MCAIA 
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For SARS-CoV-2 IgG detection, goat anti-rabbit IgG (H+L) antibody and SARS-CoV-2 

spike S1 antibody (40150-R007, Sino Biological, Inc., Beijing, China) were used as the 

secondary antibody and primary antibody, respectively. Other parameters were kept the 

same to SARS-CoV-2 IgM detection.  

4.2 Data analysis by LabVIEW for SARS-CoV-2 IgM 

Figure 4-3 shows one second data obtained from a sample containing 0.6 mg/L SARS-

CoV-2 IgM. The y-axis is the amplitude of the signal, and x-axis is the time. Each pulse is 

related to one SSC light signal produced when a particle passed through the interrogation 

region. The green dashed line near the background noise is the threshold of the transit time, 

which is the SD of the background noise. The threshold is used to distinguish signals from 

background noise. The definition of the transit time has been described in section 3.3.3.  

 

Figure 4-3: One second data recorded by the LabVIEW obtained from the detecion 

of a sample containing 0.6 mg/L SARS-CoV-2 IgM.  
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Figure 4-4 shows the transit time distribution of a negative sample of PBS and a sample 

containing 0.6 mg/L SARS-CoV-2 IgM. 2 × 104 signals were recorded for each 

measurement. The y-axis is the count of signals with the corresponding transit time, and 

the x-axis is the transit time. The transit time distribution of the negative sample shown in 

Figure 4-4 (a) has a peak count of 500, and the distribution is sharp and symmetrical. In 

Figure 4-4 (b), which is the transit time distribution of a 0.6 mg/L SARS-CoV-2 IgM, the 

distribution has a peak count of 340, and an obvious increase of the data points at longer 

transit time make the distribution shift towards higher transit time. This is attributed to the 

increase of aggregates in the presence of SARS-CoV-2 IgM in the sample.     

(a)  (b)  

Figure 4-4: Transit time distribution. (a) a negative sample; (b) a sample containing 

0.6 mg/L SARS-CoV-2 IgM. 

Figure 4-5 shows the relationship between the average transit time and the concentration 

of SARS-CoV-2 IgM. The y-axis is the average transit time, and x-axis is the concentration 

of SARS-CoV-2 IgM. A series of different concentration of SARS-CoV IgM samples were 

detected by the MCAIA and the average transit time were calculated for each measurement.  

Black squares, red triangles, and blue circles in the Figure 4-5 represent the mean value of 
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the detection results obtained by using one day stored, eight days stored, and fifteen days 

stored goat anti-human secondary antibody conjugated MBs, respectively. The error bar is 

the SD of triplicate sample measurements. The solid line is the liner fit curve to the mean 

value of the detection results. As shown in Figure 4-5, there is a strong correlation between 

the average transit time of all SSC light signals and the concentration of SARS-CoV-2 IgM, 

and the correlation coefficient for day one detection, day eight detection, and day fifteen 

detection were all close to 0.99. The linear curve of day one detection was the steepest, and 

the slope decreased by the storage time of the conjugated MBs. This phenomenon 

suggested that the capturing capacity of the anti-human secondary conjugated MBs 

decreased as the storage time increased.  

 

Figure 4-5: Scatter plot showing the correlation between the average transit time 

and the concentration of SARS-CoV-2 IgM. 

The LOD of SARC-CoV-2 IgM measured by the MCAIA was calculated according the 

Eq.3.2 and it was 0.06 mg/L. A study using the in-house ELISA technique for quantitative 
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detection of SARS-CoV-2 IgM claimed a LOD of 0.28 mg/L [124], which is higher than 

that of the MCAIA for SARS-CoV-2 IgM detection. However, the assay range of the 

SARS-CoV-2 IgM detection using the MCAIA is still restricted by the Hook effect and is 

no higher than 1 mg/L. To avoid the false-negative, the samples to be detected should be 

kept in solution with concentration of SARS-CoV-2 IgM lower than 1 mg/L. This may be 

solved by dilution.  

4.3 Data analysis by LabVIEW for SARS-CoV-2 IgG 

Figure 4-6 shows one second raw data obtained from a measurement of 0.6 mg/L SARS-

CoV-2 IgG using the MCAIA. The y-axis is the amplitude of the signal, and the x-axis is 

the concentration of SARS-CoV-2 IgG.  

  

Figure 4-6: One second data recorded by the LabVIEW obtained from the detection 

of a sample containing 0.6 mg/L SARS-CoV-2 IgG. 

Each peak colored with red represents one SSC light signal which was produced when a 
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particle passed through the interrogation region. The green dashed line near the background 

noise is the threshold of the transit time which is used to differentiate signals from 

background noise. The threshold is determined to be the SD of the background noise.  

Figure 4-7 shows the distribution of transit time obtained from a negative sample of PBS 

and a sample containing 0.6 mg/L SARS-CoV-2 IgG. The y-axis is the count of signals 

with the corresponding transit time, and the x-axis is the transit time. Each circle represents 

the number of SSC light signals with corresponding transit time interval. 2 × 104 SSC light 

signals were recorded for each sample. Figure 4-7 (a) shows the distribution of transit time 

of the negative sample. The peak count of the distribution was 540 and the distribution had 

sharp peak and tended to be symmetrical. The distribution of transit time of 0.6 mg/L 

SARS-CoV-2 IgG sample was shown in Figure 4-7 (b). The peak count of the distribution 

was 441, which was about 100 less than the negative sample. The could be explained by 

the decrease of the monomers which was caused by the formation of MBs aggregates in 

the presence of SARS-CoV-2 IgG.  

(a)  (b)  

Figure 4-7: The distribution of transit time. (a) a negative sample of SARS-CoV-2 

IgG; (b) A SARS-CoV-2 IgG sample containing 0.6 mg/L.  
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Compared with the transit time distribution of the negative sample, the transit time 

distribution of 0.6 mg/L SARS-CoV-2 IgG tended to locate at a higher transit time range.        

Figure 4-8 shows the correlation between the average transit time and the concentration of 

SARS-CoV-2 IgG. The y-axis is the average transit time, and x-axis is the concentration of 

SARS-CoV-2 IgG, Each black square, red triangle, and the blue circle represents the 

average results of triplicated measurements obtained from the anti-SARS-CoV-2 IgG 

conjugated MBs with storage time of one day, eight days, and fifteen days, respectively. 

Different colored lines are the linear fit of the average of the testing. Although the 

performance of the anti-SARS-CoV-2 IgG conjugated MBs decreased by the storage time 

which was shown in the decrease of the slope as the increase of the storage time, the 

correlation between the average transit time and the concentration of SARS-CoV-2 IgG 

remained strong. The correlation coefficient for all curves were larger than 0.99.  

 

Figure 4-8: Scatter plot showing the correlation between the average transit time 

and the concentration of SARS-CoV-2 IgG. 
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The LOD of the MCAIA for SARS-CoV-2 IgG detection was calculated according to the 

Eq.3.2 and it was 0.1 mg/L. A study reported a in-house ELSIA method for SARS-CoV-2 

IgG detection with a LOD of 0.04 mg/L, which was comparable to that of the MCAIA 

[124]. However, the assay range was restricted by the Hook effect and the upper limit was 

1 mg/L. Therefore, proper dilution of the samples is needed to avoid false-negative results.   

Compared the detection results of SARS-CoV-2 IgM in Figure 4-5 and the SARS-CoV-2 

IgG in Figure 4-8, the linear fit curves of SARS-CoV-2 IgM is steeper than the SARS-

CoV-2 IgG, implying that the MCAIA for the detection of SARS-CoV-2 IgM is more 

sensitive than the detection of SARS-CoV-2 IgG. This is attributed to the pentameric 

structure of IgM, which enlarges the possibility of the aggregates formation.  

4.4 The spike-and-recovery experiments 

All the SARS-CoV-2 antibody samples were prepared with the diluent of PBS. To 

determine whether the difference between the PBS diluent and the real biological samples 

will affect the performance of SARS-CoV-2 antibody detection using the MCAIA, spike-

and-recovery experiments were performed to evaluate the impact of the sample matrix.  

For SARS-CoV-2 IgM detection, the spike-and-recovery experiments were performed as 

followed. Two identical 8 µL SARS-CoV-2 IgM samples were prepared using the diluent 

of PBS. 2 µL of concentrated standard of SARS-CoV-2 IgM which was prepared by human 

serum (H4522, Human serum, Sigma-Aldrich, Oakville, ON Canada) was spiked into one 

sample. 2 µL of deionized water was added into the other sample. Both samples were 
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detected by the MCAIA in the same way and the concentration of SARS-CoV-2 IgM was 

determined by the calibration curve of day 1 detection results of SARS-CoV-2 in Figure 4-

5. Each detection was repeated once, and the average of the detection results was used to 

calculate the recovery index. The recovery index was calculated using the following Eq.4.1. 

In this equation, Cspiked sample is the concentration of sample which was added with 

concentrated standard of SARS-CoV-2 IgM. Cunspiked sample represents the concentration of 

sample which was added with 2 µL of deionized water. Cadded is the concentration of the 

concentrated standard diluted to 10 µL. Cunspiked sample was prepared at a concentration of 0.4 

mg/L and Cadded was prepared at a concentration of 0.4 mg/L. If the recovery index was 

100%, the measured Cspiked sample should be 0.8 mg/L. The spike-and-recovery experiments 

for SARS-CoV-2 IgG were performed in a similar way to SARS-CoV-2 IgM. 

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑖𝑛𝑑𝑒𝑥 =
𝐶𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐶𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝑎𝑑𝑑𝑒𝑑
× 100% 4.1 

4.5 The recovery index  

The calibration curve for SARS-CoV-2 IgM day 1 detection shown in Figure 4-5 was y =

24.964 × x + 105.73, and the calibration curve for SARS-CoV-2 IgG day 1 detection 

shown in Figure 4-8 was y = 13.442 × x + 107.99. The recovery index for SARS-CoV-

2 IgM and SARS-CoV-2 IgG were 96.85% and 98.98%, respectively. Both recovery 

indexes were acceptable in the viewpoint of practical application.  

4.6 The conjugation efficiency of secondary antibodies to MBs 

To evaluate the conjugation efficiency of secondary antibodies to MBs, the goat anti-human 
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IgM secondary antibody modified with horseradish peroxidase (HRP) (31415, Thermo 

Fisher Scientific, Rockford, IL, USA) was used for antibody coupling to MBs. Amplex 

ultrared reagent (AUR) (A36006, Life Technologies, Burlington, ON, Canada) was used 

as a fluorogenic substrate for HRP that can catalyze the oxidation of the substrate with 

hydrogen peroxide (H2O2). Amplex red/ultrared stop reagent was used to terminate the 

fluorescence generation reaction. A signal of color change was detected by the microplate 

reader (BioTek NEO2 Malphab, BioTek Instruments Inc., Winooski, VT, USA). The 

experiments were performed according to the user manual provided by the AUR. Figure 4-

9 (a) shows the principle of the fluorescence generation reaction using AUR. The substrate 

was oxidized by H2O2 with the catalyst of HRP and a colored product of resorufin was 

generated. Figure 4-9 (b) shows the pictures microplate containing colored product of 

fluorescence generation reaction using the AUR.  

 (a)    (b)     

Figure 4-9: The fluorescence generation reaction with AUR. (a) The principle of the 

fluorescence generation reaction; (b) the picture of multi-well 

micropleate shown the colored product of the reaction. 

The wells from row H to B were added with 7 point 1:5 dilution series of HRP-labelled 

goat anti-human IgM secondary antibody conjugated MBs. Each sample was prepared in 



 

 

                          M.A.Sc.- Thesis Jianxi Qu; McMaster University- Biomedical Engineering 

87 

 

triplicate from column 1 to 3. The color became darker as the concentration of the 

conjugated MBs increased.   

Figure 4-10 (a) shows the relationship between the measured fluorescent intensity and the 

normalized concentration of MBs. The y-axis is the intensity of the fluorescence in relative 

fluorescence unites (RFU) at 585 nm, and the x-axis is the normalized concentration of 

MBs, which were coated with HRP-labelled goat anti-human IgM secondary antibodies. 

The concentration of MBs was linearly correlation with the concentration of HRP. Figure 

4-10 (b) shows the relationship between the normalized enhancement of the signal and the 

concentration of HRP obtained from the user manual using different substrate including 

AUR in solid line and tetramethylbenzidine (TMB) in dashed line. The y-axis is the 

normalized enhance fluorescence signals, and the x-axis is the concentration of HRP.  

(a)  (b)  

Figure 4-10: (a) The relationship between the RFU and the concentration of HRP-

labelled goat anti-human IgM secondary antibody conjugated MBs; (b) 

The relationship between the normalized enhancement of fluoresence 

signals and the concentration of HRP with AUR and TMB substrate 

used (provdied by the user manual).   

Compared the relationship between the fluorescence intensity and the concentration of HRP 
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in Figure 4-10 (a) and (b), the trend of the increase was similar to each other. Both the 

increase rates decreased by the concentration of HRP. It can be concluded that HRP-

labelled goat anti-human IgM secondary antibody has been coupled to the surface of MBs 

successfully.  

4.7 The cross-reaction between the SARS-CoV-2 and SARS-

CoV 

To evaluate the accuracy of the MCAIA for SARS-CoV-2 antibody detection, SARS-CoV 

IgG was used to test the cross-reaction between SARS-CoV-2 and SARS-CoV. The 

procedure for SARS-CoV IgG detection using the MCAIA was identical to SARS-CoV-2 

antibody detection. The SARS-CoV-2 IgG and SARS-CoV IgG were measured in parallel.  

Figure 4-11 shows the detection results of the cross-reaction between SARS-CoV-2 IgG 

and SARS-CoV IgG (PA1-41141, Life Technologies, Burlington, ON, Canada). The y-axis 

is the average transit time, and the x-axis is the concentration of antibodies. There is a linear 

relationship between the concentration of SARS-CoV-2 IgG and the average transit time, 

which was shown in red square with red linear fit. However, a certain concentration of 

SARS-CoV IgG can cause the increase of the average transition time, which was shown in 

blue circle. This phenomenon could be explained by the high similarity (75%) between the 

genomes of SARS-CoV-2 and SARS-CoV [125]. Furthermore, it was mentioned by the 

product information of SARS-CoV IgG that the immunogen of SARS-CoV IgG is 69% 

homologous to SARS-CoV-2 spike antibody. From the viewpoint of practical application, 

the cross-reaction result from the SARS-CoV will not affect the SARS-CoV-2 screening 

dramatically due to the number of confirmed cases of SARS-CoV being 8098, which is 
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quite small compared to the over a hundred million cases of SARS-CoV-2.  

 

Figure 4-11: The cross-reaction between SARS-CoV-2 and SARS-CoV. 

4.8 The nonspecific background noise 

For practical application of SARS-CoV-2 antibody detection by the MCAIA, the 

background IgM and IgG in healthy individuals need to be considered as a possible 

nonspecific background noise. Normally, the concentration of IgM and IgG in healthy 

individuals are 400-3450 mg/L and 6000-16000 mg/L, respectively. The IgM secondary 

antibodies and IgG secondary antibodies on the surface of the MBs will capture the 

background IgM and IgG if they exist in the sample. SARS-CoV-2 IgG was chosen to 

evaluate the effect of the background antibody in the sample. Rabbit IgG isotype control 

was used as a negative control to evaluate the nonspecific background noise from healthy 

individuals. Figure 4-12 shows the comparative detection results between SARS-CoV-2 

IgG and IgG isotype control. The y-axis is the average transit time, and the x-axis is the 
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concentration of antibody. The bule circle and red square represent the detection results of 

IgG isotype control and SARS-CoV-2 IgG, respectively. The linear relationship between 

the average transit time and the concentration of SARS-CoV-2 IgG was obvious. However, 

the average transit time did not show significant change as the concentration of IgG isotype 

control increased. It can conclude that the existence of IgG in healthy individuals will not 

affect the detection of SARS-CoV-2 IgG. 

 

Figure 4-12: Comparative results between the SARS-CoV-2 IgG and IgG isotype 

control. 
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Chapter 5  Conclusion and Recommendations  

5.1 Conclusion 

This study has proposed a MCAIA for on-site antigen and antibody medical diagnosis. The 

MCAIA is based on the principles of the particle counting immunoassay, where the 

concentration of the analyte is correlated to the decrease in free particles caused by the 

immune reaction in the assay mixture. Superparamagnetic beads with modified surfaces 

were used as the solid support for the immunoassay. Microflow cytometry was employed 

to count the assay mixture and SSC light signals were collected. The data was analyzed by 

the custom LabVIEW program. The concentration of the antigen or antibody was 

determined by analyzing the data in terms of amplitude or transit time of the signals. The 

decrease of monomers is proportional to the increase in the number of aggregates in the 

assay mixture, which will cause the distribution of the amplitude or average transit time to 

shift towards a higher range. For data analyzed using the amplitude, a Gaussian fit was used 

to distinguish monomers from aggregates and the correlation between the proportion of 

monomers in the assay mixture and the concentration of analyte was established. For data 

analyzed using the transit time, the increase in aggregates lengthened the average transit 

time. A relationship between the average transit time and the concentration of analyte was 

established. The combination of microflow cytometry and the particle counting 

immunoassay make the MCAIA a competitive tool for on-site detection of antigen and 

antibody. 

For antigen detection, CRP was chosen to illustrate the principle and procedure of the 
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MCAIA. CRP is a well-known biomarker of tissue damage and inflammation. As described 

in the introduction, an elevated concentration of CRP in the blood is associated with various 

diseases. Routine detection of CRP by the MCAIA can help individuals monitor 

fluctuations in the concentration of CRP and treatments can be quickly provided if the 

concentration of CRP is outside the normal range. The principle of the MCAIA for CRP 

detection was first verified by the microscopic agglutination immunoassay and then the 

formulation was verified by commercial flow cytometry. The MCAIA was proven to be a 

sensitive and accurate technology for CRP detection. A linear relationship was established 

between the proportion of monomers and the concentration of CRP by analysing the data 

using amplitude. However, the amplitude was easily affected by the shaping and alignment 

of the laser beam, so the average transit time was employed to analyze the data as well. A 

linear relationship was established between the average transit time and the concentration 

of CRP. A LOD of 0.09 mg/L and assay range up to 1 mg/L CRP were achieved. The 

normal range of CRP in healthy individuals is lower than 10 mg/L, so a 10-fold dilution of 

the serum sample is needed when CRP is detected by the MCAIA. The assay time was 

approximately 10 min and only 10 µL of serum sample was needed for each testing. To test 

the accuracy of CRP detection by the MCAIA, traditional turbidimetric immunoassays 

were performed in parallel. A correlation coefficient of 0.9792 was found between the 

MCAIA and the turbidimetric immunoassay, implying that the MCAIA is accurate enough 

for CRP measurement. The interference of hemoglobin in CRP detection using the MCAIA 

was evaluated, and no remarkable impact was found.  
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For antibody detection, SARS-CoV-2 antibodies were chosen as models to demonstrate the 

principle of the MCAIA. Since the outbreak of the SARS-CoV-2 pandemic, human health 

and the economy has been globally compromised. Serological assays can play an important 

role in the mass screening of SARS-CoV-2 infections and, thus, can be utilized to help 

control the spread of the virus. The procedures for SARS-CoV-2 IgM and IgG detection by 

the MCAIA were described. A linear relationship between the average transit time and the 

concentration of SARS-CoV-2 IgM was established. A LOD of 0.06 mg/L and an assay 

range up to 1 mg/L SARS-CoV-2 IgM was found. Similar results for SARS-CoV-2 IgG 

was obtained, and a LOD of 0.1 mg/L and an assay range up to 1 mg/L SARS-CoV-2 IgG 

was found. The assay time was approximately 30 min and only 10 µL of serum sample was 

needed for each testing. A decreased performance of the conjugated MBs with increased 

storge time was found when the assays were performed with conjugated MBs stored for 

different durations of time. To mimic real serum samples containing SARS-CoV-2 

antibodies, a known amount of SARS-CoV-2 IgM and IgG were spiked into human serum 

to calculate the recovery index. The recovery index for SARS-CoV-2 IgM and SARS-CoV-

2 IgG were 96.85% and 98.98%, respectively, indicating that the MCAIA is competent for 

SARS-CoV-2 antibody detection in a practical application. The conjugation efficiency of 

the secondary antibodies to the MBs was estimated by using the HRP labelled secondary 

antibodies and it turned out that the secondary antibodies were successfully immobilized 

by the functional groups on the surface of the MBs. A cross-reaction between the SARS-

CoV-2 virus and SARS-CoV antibodies in the MCAIA was found. However, due to the 

relatively low amount of reported 8098 cases of the SARS-CoV over approximately 140 
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million of SARS-CoV-2 (as of April 21, 2021), the false positives caused by SARS-CoV 

antibodies were negligible. Furthermore, an IgG isotype control was used as negative 

control to test the possible background noise resulting from the inherent concentration of 

IgG in healthy individuals. The existence of IgG in healthy individuals will not affect the 

detection of SARS-CoV-2 IgG by the MCAIA as the IgG isotype control did not produce 

a positive result in the MCAIA. 

In brief, the proposed MCAIA is a sensitive and accurate technology for CRP and SARS-

CoV-2 antibody quantitative detection. By replacing the corresponding antibodies or 

secondary antibodies specific for the targeted analyte, the MCAIA can be used for on-site 

detection of other kinds of antigens or antibodies.    

The preliminary results of CRP detection by the MCAIA were presented on Photonics 

North 2020. The details of the MCAIA for CRP detection has been published on 

Micromachines in January 2021. The results of the MCAIA for SARS-CoV-2 antibody 

detection has been published on Micromachines in April 2021.  

5.2 Recommendations 

Although some satisfying preliminary results were obtained from the CRP and SARS-CoV-

2 antibody detection using the MCAIA, due to the time constrains, there are still some 

aspects of this work that need to be improved in the future. 

First, the assay mixture for the current MCAIA needs to be prepared manually. The assay 

mixture should also be introduced to the syringe system manually. These manual steps will 
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introduce uncertainties and affect the consistency of the testing results. Hence, the whole 

system needs be designed to be fully automatic to improve the practical performance of the 

MCAIA. 

Second, the MBs used as the solid support for antibodies can be altered to improve the 

performance of the MCAIA. Although the issue of MB sedimentation was solved by storing 

the assay mixture perpendicularly close to the inlet of the microfluidic chip and thus the 

aggregates in the assay mixture were interrogated by the laser beam in a shorter time, other 

solid spheres, such as gel-made spheres, may not from sediments and thus can be used to 

improve the detection sensitivity of the MCAIA. 

Third, the antigen used for the detection of SARS-CoV-2 antibodies in this work was the 

spike S1-His recombinant protein; the nucleocapsid protein should also be used to improve 

the performance of the MCAIA. Furthermore, more experiments of the cross-reaction 

between SARS-CoV and SARS-CoV-2 are needed to support the impact of SARS-CoV 

antibody to the screening of SARS-CoV-2 infections.  

Fourth, the assay range of the MCAIA is limited by the Hook effect, which is a normal 

immunological phenomenon. Although a proper dilution process can be used to avoid false-

negative results, efforts should be made to mitigate the Hook effect in future work.  
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