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Abstract 

In clinical practice of chronic kidney disease (CKD), Cystatin C (CYS-C) is 

recommended as a superior serum biomarker for the estimated glomerular filtration rate 

(eGFR) compared to the traditional sole creatinine-based eGFR equation, owing to its 

minimal influence by non-filtration-specific factors such as muscle mass, age, and gender. 

However, the current CYS-C test is limited to specialized diagnostic labs and no point-of-

care (POC) tools are clinically available. To address this gap, we leveraged the enabling 

power of microfluidic devices for POC tests of CYS-C. Among the various types of 

microfluidic devices, paper-based dry chips have been widely used for disease biomarker 

measurements with their respective advantages and limitations. Therefore, in this study, 

we developed a paper-based microfluidic lateral flow immunoassay chip with a unique 

channel design and a novel electric field-assisted antibody loading protocol for quantitative 

CYS-C tests. We demonstrated that paper chips meet the clinical requirements of the serum 

CYS-C detection range and limit. Importantly, this microfluidic chip is packaged into a 

special housing cartridge integrated with a custom-developed portable reader. The reader 

is wirelessly controlled by a smartphone app as a POC test prototype. In validation studies 

using serum samples from CKD patients across different disease stages, the proposed chip 

tests showed a similar agreement level with the traditional well plate-based 

immunoturbidity assay test results. As an integrated POC test system, the microfluidic 

CYS-C paper chip test showed high accuracy to determine the eGFR range based on several 

clinically relevant grouping criteria. Collectively, this integrated microfluidic assay offers 

practical solutions for decentralized POC diagnostic tests of CKD with competitive 

advantages over existing methods. 
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1.1. Chronic kidney disease, pathology, and complications  

Chronic Kidney Disease (CKD) is a progressive condition characterized by 

irreversible damage to the kidney's structure and function. This damage primarily affects 

functions as a selective barrier [1], [2]. Common risk factors include diabetes mellitus, 

hypertension, and obesity [3]. CKD affects approximately 13% of the global population 

and is associated with systemic complications involving the cardiovascular and 

musculoskeletal systems, underscoring the critical need for early detection. The crosstalk 

between kidney dysfunction and other organ systems can progress to cardiorenal syndrome 

and CKD–mineral and bone disorder (CKD–MBD). These complications highlight the 

systemic nature of CKD and reinforce the importance of timely diagnosis in reducing 

disease burden and mortality [4]. 
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Figure 1.1. The impaired kidney filtration is illustrated through the urinary release 

of a common biomarker, the albumin protein (Adapted from NIDDK). 
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The pathophysiology of CKD is complex and continues to evolve, with several 

areas still under active investigation. These include metabolic and neuroendocrine 

alterations associated with disease progression [4], as well as the identification of 

biomarkers with stronger predictive value. Currently, most clinical biomarkers for CKD 

focus on glomerular function, particularly the glomerular filtration rate (GFR). Among 

these, serum creatinine remains the most widely used marker. Creatinine is a metabolic 

byproduct found in bodily fluids and is normally excreted by the kidneys. As CKD 

progresses, structural damage to the glomeruli impairs their filtration capacity, leading to 

elevated creatinine levels in the blood and altered concentrations in urine. These changes 

form the basis for calculating the estimated glomerular filtration rate (eGFR), a critical 

metric used in CKD staging and risk assessment.  

A key limitation of relying solely on serum creatinine for CKD staging is that 

changes in creatinine levels do not always reflect early glomerular damage. This is partly 

due to the redundancy and reserve capacity of the kidneys, individuals with a high number 

of functional nephrons may maintain normal filtration rates despite underlying injury. In 

such cases, subclinical kidney damage may go undetected if creatinine is used as the only 

marker. Moreover, the creatinine content is related to a number of non-renal factors that 

must be corrected when used for eGFR calculation. For instance, people with higher muscle 

mass have higher urine creatinine levels, the same as people suffering from muscle atrophy. 

Race, sex, and age are other factors that have been identified to contribute to creatinine 

levels of the body [2]. 

The unreliability of Creatinine (CRE) levels for eGFR has led to revisions for eGFR 

calculation formulas in order to improve the prediction levels. There are currently 3 
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different eGFR equations: CKD-EPI creatinine equation (2021), CKD-EPI creatinine-

cystatin equation (2021), and CKD-EPI Cystatin C equation (2012). These calculations use 

parameters like CKD serum biomarker contents, age, gender, and body surface area (height 

and weight), and based on the eGFR value, cases with filtration rates of less than 60 

mL/min/1.73m2 are considered as CKD patients [5]. 

1.2. Reliable screening tools for CKD 

For a more relevant and precise prediction of CKD progression in the body, it is 

necessary to consider additional biomarkers. CYS-C, albumin, and the urine albumin-to-

creatinine ratio (uACR) are important indicators used by medical professionals to stage 

CKD cases. Serum CYS-C is included in two of the most commonly used eGFR equations, 

and pairing uACR with eGFR improves CKD staging accuracy. 

Urine Albumin, a component of uACR, is known to be a vital tool for kidney 

damage assessments. A healthy kidney filters 3.3 grams of Albumin per day from the 

blood, and it is expected to recycle 3.2 grams [6]. This process is performed through the 

tubular reabsorption; damages to tubular bodies and saturation of reabsorption causes the 

uprise of albumin in CKD cases. This also suggests that glomerular filtration rate could be 

independent of excess albumin excretion in urine. In other words, a person with normal 

eGFR could still be in risk of kidney damage; hence the importance of including albumin 

in the diagnosis procedure. 

Urine albumin-to-creatinine ratio is classified into 3 levels of kidney damage; A1, 

<30 mg/g; A2, 30 to 300 mg/g; and A3, >300 mg/g. The first level, A1, is considered a low 

risk of developing kidney damage with the condition of normal eGFR, and higher risks 

depend on assessments of both uACR and eGFR using the chart below (Figure 1.2). 
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Figure 1.2. CKD risk assessment chart. Combining urinary albumin-to-creatinine ratio 

(uACR) and estimated glomerular filtration rate provides a risk assessment tool for 

clinicians [7]. 
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Urinary albumin excretion is commonly assessed using a 24-hour urine collection, 

which requires patients to collect all voided urine over a full day. However, this method is 

prone to several pre-analytical errors, including incomplete collection, sample 

contamination, and loss, particularly in elderly patients and pediatric settings. As an 

alternative, first-morning urine samples are often recommended due to their improved 

stability, reduced diurnal variation, and lower susceptibility to user error. Nevertheless, 

urine albumin remains a biomarker with significant variability, influenced by collection 

methods and the inherent limitations of protein quantification techniques [8]. 

1.3. Cystatin C, a reliable CKD screening biomarker 

In recent decades, CYS-C has emerged as a valuable biomarker for kidney function 

assessment, offering several advantages over traditional markers. CYS-C is a low-

molecular-weight cysteine protease inhibitor produced at a relatively constant rate by all 

nucleated cells. It is freely filtered by the glomeruli and subsequently reabsorbed and 

metabolized by proximal tubular cells, making it less susceptible to non-renal influences 

such as muscle mass, age, sex, and race. Due to its improved stability and predictive value, 

CYS-C has been incorporated into estimated glomerular filtration rate (eGFR) equations, 

including the CKD-EPI Cystatin C equation (2012) and the CKD-EPI Creatinine-Cystatin 

C equation (2021). These models offer improved accuracy and, in newer versions, exclude 

race-based adjustments, addressing concerns around bias and variability in kidney function 

estimation. As clinical guidelines increasingly recognize CYS-C as a preferred biomarker 

for CKD screening in adults, the demand for reliable, cost-effective, and accurate assays 

has grown, motivating the development of improved analytical platforms for serum-based 

testing [9]. 
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1.4. Common clinical practice in Cystatin C quantification 

Currently, the clinical practice for serum CYS-C quantification relies on 

immunoturbidimetric and immunonephelometric methods. These methods are based on the 

bonding between the analyte (CYS-C) and antibodies. Samples are added to antibody-

labeled polymers, creating insoluble complexes that scatter light beams. The more reacted 

analytes, the more scatter is recorded by the analyzer, the nephelometer. Although there 

are arguments about the accuracy of measurements by these methods, ease of automation 

has made them a preferred practice. Required reagents are developed and available by a 

number of companies and the assay procedure is fairly straightforward in terms of 

laboratory practice [9]. 

Clinical laboratory methods provide the accuracy and precision necessary for 

diagnostic decision-making; however, they are often associated with high costs, complex 

instrumentation, and the need for trained personnel. Such tests are typically conducted in 

certified laboratories, limiting accessibility for frequent monitoring. Individuals with type 

1 and type 2 diabetes mellitus, who are at elevated risk for developing CKD, require regular 

monitoring of kidney biomarkers. For these patients, especially the elderly or those with 

comorbid conditions, frequent travel to clinical facilities can be troublesome, both 

physically and financially. To address these challenges, the concept of point-of-care testing 

(POCT) has emerged as a practical alternative. POCT platforms are typically compact, 

user-friendly, and designed for deployment in decentralized settings such as homes, clinics, 

and mobile units. Recognizing this growing need, various international standards and 

guidelines have been developed to assist researchers and manufacturers in designing 

effective POCT tools for disease screening and biomarker detection. 
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1.5. Point-of-care testing, a solution for the growing need 

The increasing global prevalence of CKD and the financial burden associated with 

conventional laboratory-based diagnostics underscore the need for developing POCT 

solutions. POCT, also referred to as bedside testing, enables rapid, on-site analysis of 

clinical samples, reducing the dependency on centralized laboratories and facilitating 

timely clinical decision-making [10]. To guide the development of effective and accessible 

POCT tools, the World Health Organization (WHO) introduced the REASSURED criteria. 

This framework emphasizes key attributes that such platforms should meet: Real-time 

connectivity, Ease of specimen collection, Affordable, Sensitive, Specific, User-friendly, 

Rapid and robust, Equipment-free, and Deliverable to end users. By adhering to these 

principles, researchers and developers can align diagnostic innovations with global public 

health needs, particularly in resource-limited settings [11].  

1.6. Great examples of POCT 

Widely used REASSURED-compliant diagnostic tools include dipsticks and lateral 

flow immunoassays (LFIAs), such as pregnancy tests and certain COVID-19 kits. Among 

them, urinary albumin-to-creatinine ratio (uACR) dipsticks are commercially available for 

semi-quantitative screening of CKD biomarkers. Although these assays offer ease of use 

and rapid results, they lack the analytical precision required for detailed risk assessment 

and clinical decision-making. The LFIA format has played a significant role in point-of-

care diagnostics, offering advantages such as low cost, portability, and minimal user 

training. There are two primary LFIA formats: noncompetitive (sandwich) and competitive 

assays. The noncompetitive format is well-suited for detecting high-molecular-weight 

analytes such as proteins and antigens, making it the preferred approach in this study. In 
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contrast, the competitive format is typically used for low-molecular-weight compounds 

like hormones or small drugs. Traditionally, LFIAs have been employed for qualitative 

measurements, as seen in pregnancy and COVID-19 tests, where a colorimetric signal 

indicates a positive result. However, recent advancements have focused on quantitative 

adaptations of this format, expanding its utility in clinical diagnostics [12].  

1.7. Traditional lateral flow immunoassays; a rapid qualitative testing 

A typical lateral flow immunoassay (LFIA) device (Figure 1.3) consists of a strip 

of nitrocellulose (NC) membrane with pore sizes up to 12 μm, mounted on a plastic backing 

for support. At one end of the strip, a sample pad is positioned, which contains antibody-

conjugated detection particles, commonly gold nanoparticles or latex beads. When the 

sample is applied, target analytes bind to the antibodies on the surface of these particles, 

forming an analyte-antibody complex. The mixture migrates along the strip via capillary 

action, passing through the test and control zones. In the test zone, immobilized capture 

antibodies specific to the analyte bind the analyte-particle complex, resulting in a visible 

signal (usually a colored line). The control zone contains secondary antibodies that 

recognize and bind to the detection antibody, confirming proper fluid migration and reagent 

integrity [12]. At the distal end, an absorbent pad is placed to maintain the capillary flow 

by drawing the liquid across the membrane. To reduce non-specific binding, the membrane 

is treated with blocking buffers such as bovine serum albumin (BSA) or casein. 

Additionally, surfactants like Tween 20 are applied to improve flow dynamics and ensure 

consistent sample migration. 
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Figure 1.3. The traditional concept of lateral flow immunoassay is presented. The 

sample containing the analyte is added to the conjugate pad, the place where it reacts with 

the antibody-labeled AuNPs. The sample mixture is led through wicking to antibody lines. 
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1.8. Paper-based microfluidic LFIA 

Paper-based microfluidics is an analytical platform that enables the controlled 

manipulation of microliter-scale liquid volumes within porous substrates, most commonly 

cellulose or nitrocellulose membranes. These substrates support capillary-driven flow, 

eliminating the need for external pumps and power sources, an essential advantage for 

point-of-care diagnostics, particularly in resource-limited settings [13]. Paper offers several 

favorable properties: it is low-cost, lightweight, biodegradable, disposable, and readily 

modifiable, making it an ideal material for scalable diagnostic device fabrication. Fluid 

flow is confined and directed through hydrophilic pathways bounded by hydrophobic 

barriers, which can be created using various patterning techniques. Common fabrication 

methods include wax printing, screen printing, lamination, plasma treatment, and layer-by-

layer assembly. These techniques allow for rapid prototyping of customized channel 

geometries to control flow rates, reaction times, and reagent distribution [14]. A key 

advantage of paper-based microfluidic devices is the ease of design iteration and low 

production cost, particularly when compared to polymer-based microfluidic systems such 

as PDMS, which often require cleanroom-based lithographic techniques and specialized 

equipment. As a result, paper-based platforms provide a versatile and accessible alternative 

for diagnostic assay development. 

In this work, we adapt the principles of lateral flow immunoassay (mentioned in 

the previous section) to a paper-based microfluidic format for the quantitative detection of 

CYS-C in serum samples (Figure 1.4). The test (T) and control (C) zones are positioned 

along these channels, where immobilized antibodies capture functionalized gold 

nanoparticles, producing a colorimetric signal that correlates with analyte concentration. 
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The assay fabrication process begins with pattern printing optimized to focus fluid flow 

toward the test zone, followed by standard treatment procedures to prepare the device for 

testing. This integration of LFIA principles with paper microfluidics offers significant 

advantages, including improved signal control, scalability, and cost-efficiency, aligning 

well with the requirements of POC diagnostic applications. 
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Figure 1.4. The design of the LFIA paper chip is presented in side view(top) and 

perspective view (bottom). This design is adapted from the lateral flow immunoassay 

concept and consists of miniaturized essential elements of this engineering. 
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In this series of studies, we have conducted a comprehensive analysis of paper 

microfluidic LFIA for CYS-C. Serum CYS-C is among the frequently tested CKD 

biomarkers, involving a high financial burden on governments and healthcare authorities. 

In addition, individuals experience a variety of difficulties and restrictions when they are 

referred to clinical labs for urine and blood tests. Ranging from sample collection, 

proprietary services and availability in remote areas to technical problems with the testing 

protocols, we aimed to design biomarker testing with elevated precision and accuracy, 

along with ease of use for all types of users. 

1.9. Thesis layout and chapter summary 

Investigating paper microfluidics and its adaptability for LFIA, studying the CKD 

biomarker testing, and developing POC screening device are the main objectives of the 

study. As a result, this thesis is structured to present an introduction to CKD biomarker 

testing, a scientific paper on CYS-C testing using paper-based microfluidics, and a 

conclusion of the study. The physiology, pathology and testing methods in chronic kidney 

disease were presented in Chapter 1. In the following chapter (Chapter 2), the main study 

is presented in the form of a scientific paper, based on the submission criteria of the ACS 

Sensors journal. Finally, it is transitioned into a conclusion chapter (Chapter 3) outlining 

the conclusion and expected future directions of the project. The overall layout aims to 

provide a comprehensive report regarding CKD biomarker testing, focusing on paper 

microfluidics and the point-of-care aspect of this project. 
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This chapter is based on the following publication which is under review: 

 

• D. Tomsa*, Y. Liu*, A. H. Abolfathi*, X. Ren, A. Stefanson, N. Palmerley, A. A. 

H. Sokoro, P. Komenda, N. Tangri, R. P. Zahedi, C. Rigatto, and F. Lin, “Integrated 

microfluidic immunoassays for point‐of‐care diagnostic measurement of human serum 

Cystatin C in chronic kidney disease,” manuscript submitted for publication, Apr. 26, 2025. 
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Contribution statement 

 

In this project, two low-cost microfluidic platforms were developed for the 

quantitative detection of CYS-C, a clinically preferred biomarker for chronic kidney 

disease (CKD). These platforms include an immunoturbidimetric PDMS-based 

microfluidic chip and a paper-based lateral flow immunoassay (LFIA). 

 

My contributions focused on the development and validation of the paper-based 

LFIA platform. I adapted LFIA principles into a microfluidic paper-based format and 

incorporated an electric-field-assisted antibody alignment strategy to enhance detection 

sensitivity and precision. In addition, I conducted a comprehensive literature review on 

paper-based microfluidic diagnostic methods, carried out standard and real-sample testing, 

and performed data collection and preliminary analysis. I was also responsible for 

interpreting the experimental results and drafting and revising the thesis sections related to 

this platform.  
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2.1. Introduction 

 

Chronic kidney disease (CKD) is defined as the gradual loss of kidney function, 

including the ability to filter waste, regulate fluid and electrolyte balance, and manage key 

metabolic processes. Early diagnosis is essential due to the critical role the kidneys play in 

maintaining health [15]. Globally, kidney disease affects an estimated 860.8 million 

people. Of these, 843.6 million have CKD (Stages 1–5), while 3.9 million require renal 

replacement therapy [16], [17]. CKD is not only a global health crisis but also a significant 

risk factor for kidney failure, cardiovascular disease, and mortality. Although effective 

treatments exist to slow disease progression, treatment success depends on early detection 

of CKD, before symptoms or signs of kidney disease appear [18]. 

Common risk factors for CKD include diabetes, hypertension, heart disease, 

obesity, and a history of acute kidney injury (AKI) or familial kidney disease [19]. CKD 

fulfills all the World Health Organization’s criteria for a screenable disease: it is common, 

detectable, and treatable. Despite this, it remains severely underdiagnosed [15], [20], [21]. 

The high global burden of CKD underscores the lack of widely accessible, reliable tools 

for early diagnosis. Point-of-care (POC) testing presents a valuable opportunity to support 

early diagnosis and management, especially in underserved or resource-limited settings 

[22], [23], [24]. 

CKD diagnosis typically involves estimating glomerular filtration rate (eGFR), 

often calculated from serum creatinine. While serum creatinine is widely used, it is 

influenced by factors such as age, sex, race, muscle mass, and nutrition, limiting its 

accuracy [25], [26]. In contrast, serum Cystatin C (CYS-C) offers a more reliable 

biomarker for eGFR estimation. Produced by all nucleated cells, CYS-C levels are stable 
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and less affected by non-renal factors [27], [28], [29], [30]. Notably, CYS-C has been 

shown to predict long-term mortality better than creatinine in critically ill patients [31]. 

Beyond nephrology, CYS-C has been implicated in cardiovascular disease progression and 

neurodegenerative disorders such as Alzheimer's disease [32], [33], [34], [35], [36]. 

Despite its clinical value, CYS-C testing remains largely restricted to laboratory 

settings due to the complexity, cost, and infrastructure required for current methods. 

Techniques such as ELISA, radioimmunoassays, immunoturbidimetry, fluorescence-based 

assays, and mass spectrometry are accurate but demand skilled personnel, expensive 

reagents, and time-intensive workflows [37], [38], [39]. These limitations hinder the 

widespread adoption of CYS-C testing, especially in primary care or low-resource 

environments. 

To address this gap, a true POC test for CYS-C must balance simplicity, cost-

effectiveness, speed, and analytical accuracy. Microfluidic technologies offer a promising 

foundation for such solutions. By miniaturizing lab processes onto portable chips, 

microfluidic POC devices can deliver rapid, user-friendly, and reliable diagnostics [23], 

[40], [41]. Most existing CYS-C microfluidic devices rely on electrochemical sensing, 

using complex electrode materials—such as ZIF-8-Cu1−xNix(OH)2@Cu [42], graphene 

composites [43], and MOF-based nanomaterials [44] to enhance performance. While 

sensitive, these designs are often prohibitively difficult to mass-produce. Turbidimetric and 

nephelometric detection strategies are more suited to scalable and low-cost implementation 

but remain underexplored in this context. A continuous-flow microfluidic turbidity sensor 

was previously developed for non-diagnostic use [45], and a latex immunoagglutination 

assay for vasculitis marker detection inspired our current direction [46]. 
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In this study, we present a microfluidic paper-based approach for POC 

quantification of serum CYS-C. This approach involves a paper-based microfluidic lateral 

flow sandwich immunoassay, a format widely used in diagnostics for infectious diseases 

and tumor markers [40], [47], [48], [49]. Our device is built on this foundation, introducing 

innovations to enable quantitative CYS-C detection in a cost-effective, accessible format. 

2.2. Materials and Methods 

The CYSTATIN-C: ITA Reagent Kit was ordered from Toronto BioScience. 

Adobe Illustrator was used for designing the paper chip, and the design was printed on Hi-

Flow™ Plus Membrane 90 from MilliporeSigma (Burlington, MA, USA) with the 

ColorQube 8570 solid ink printer. Glass fiber (MilliporeSigma, Cat. # GFDX203000, St. 

Louis, MO, USA) and cotton absorbent pads (MilliporeSigma, Cat. # CFSP223000, St. 

Louis, MO, USA) were used for performing the test. Cystatin C detection antibody 

(HyTest, Cat. No. Cyst28) was conjugated with gold nanoparticles according to the 

manufacturer’s protocol of the Gold Conjugation Kit (Abcam, Cat. No. ab188215).  The 

Cystatin C capture antibody (HyTest, Cat. No. Cyst24cc) was diluted to a working 

concentration of 1 mg/mL with PBS before loading onto the chip. The human Cystatin C 

standards were provided by CYSTATIN-C: ITA Reagent Kit. Goat anti-mouse IgG (H+L) 

antibody was purchased from ThermoFisher Scientific (Cat. No. 31160, 2.32 mg/mL). The 

USB Microscope AD4113T Premier Series used for paper chip signal acquisition was 

purchased from Dino-Lite.  

2.2.1. Microfluidic Cystatin C paper chip design 

The CYS-C paper chip pattern was designed with Adobe Illustrator CC 2017 

(Figure 2.1A) by including a conjugation pad in the shape of a 7 mm diameter circle; an 
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absorbance pad in the shape of a 7 mm diameter circle; the absorbent pad serves as the 

waste reservoir, as well as an additional driving force for capillary flow. The flow channel 

printed on a nitrocellulose membrane using solid ink connects the conjugation pad and the 

absorbance pad. It has a channel length of 18.3 mm and includes one detection (T) point 

and one control (C) point (Figure 2.1A). The T and C points are 1.5 mm diameter circles 

for the immunoassay reaction on the chip. The geometry of the flow channel connecting 

the conjugation pad to the T point, the T point to the C point, and the C point to the 

absorbance pad were differently designed to optimize the immunoassay reaction at the T 

point and C point. Specifically, the channel between the conjugation pad and the T point 

starts with a broader opening and gradually narrows toward the T point so that the flow 

reduces at the T point, allowing for increased time of immuno-binding and reaction. Once 

passing the T point, the channel width gradually increases toward to the C point, 

accelerating the flow to speed up the assay and reduce the background. Finally, the channel 

connecting the C point and the absorbance pad was designed with high channel width and 

short length to more efficiently release the flow to the absorbance pad for waste collection 

(Figure 2.1A). 
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Figure 2.1. Illustration of the paper-based microfluidic CYS-C immunoassay chip 

and its technical performance. A. The CYS-C immunoassay paper chip design (top)  and 

schematic of the paper chip immunoassay’s working mechanism (bottom); B. 

Representative images of the CYS-C paper chip showing the increased color signal 

intensity at the T point (left) with the increasing CYS-C standard concentrations ranging 

from 0-0.06 mg/L, and the consistent color signal intensity at the C point (right); The flow 

direction is from left to right and dotted line circles indicate the conjugation and absorbance 
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pads; C. The color signal from the CYS-C paper chip was imaged by a USB microscope 

platform with the backlight illumination, and analyzed using an external PC; D. The 

calibration curve of the CYS-C paper chip test based on the inverted (R+G+B)/3 of the 

color signal at the T point against the CYS-C standard concentrations is shown. 
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2.2.2. Microfluidic Cystatin C paper chip preparation 

The CYS-C paper chips are prepared by printing wax on Hi-Flow™ Plus 90 2 mil 

backed membrane having a capillary flow rate of 90 seconds / 4 cm to form the flow 

channels. The wax defines hydrophobic barriers or a hydrophobic boundary region, 

resulting in microfluidic channels on the hydrophilic paper when the wax is melted at 

125°C for 30 seconds by bringing the reverse side of the membrane (the side of the plastic 

backing) into contact with the heated surface of a hotplate. After the chip pattern has been 

heated, it cools down to room temperature, resulting in a paper chip that includes a pattern 

having hydrophobic boundaries (Figure 2.1A). CYS-C capture antibody and goat anti-

mouse IgG (H+L) control antibody are loaded on the test point and control point (T and C) 

individually under the effect of an electric field to orient and align antibodies for improved 

test consistency as detailed in Figure 2.5. Using this method, 0.05 µL of each antibody is 

loaded on the test point and control point and is dried at room temperature for 1 hour. Non-

specific binding by the nitrocellulose in the channels is reduced by treating the membrane 

with a blocking agent, which is typically 0.4 wt% BSA in PBS, and dried at room 

temperature for around 1 hour before the next step. After the blocking step, the chip is 

rinsed with 0.1 wt% Tween 20 in PBS and dried at room temperature for approximately 30 

minutes. Treatment with surfactant modulates membrane properties upon BSA blocking 

and thus helps achieve the desirable flow rate. The conjugation pad and absorbance pad 

were cut into circular shapes with a diameter of 7 mm. The conjugate pad was first treated 

with 0.4 wt% BSA in PBS and allowed to dry at room temperature. It was then treated with 

20 μL of a 0.1 wt% Tween 20 solution followed by 2 μL of AuNP solution, and 

subsequently dried at room temperature prior to use. 
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2.2.3. Electric field setup for protein loading alignment 

For the electric field assisted antibody loading step, we 3D-printed a platform for 

the copper parallel-plate-based circuit assembly and multi-layered (up to 8 parallel shelves) 

high-content chip housing (Figure 2.5A). In this platform, a relatively uniform electric 

field intensity of about 43 V/cm is generated in the chip region by applying a DC voltage 

gradient of 310 V across the parallel plates. COMSOL Multiphysics simulation shows the 

color map of the electric field between electrode plates in the ZX plane and the plot of the 

electric field measured along lines stacked in parallel to the X-axis from the bottom shelf 

to the top shelf (Figure 2.5B), and the color map of the electric field between electrode 

plates in the ZY plane and the plot of the electric field along the Z-axis through the middle 

section from the bottom shelf to the top shelf (Figure 2.5C). The parallel plate electric field 

platform is powered by an external DC power supply. 

 

2.2.4. Portable reader for the microfluidic Cystatin C paper chip  

After the proof-of-concept findings with USB microscope detection, we designed 

and built a standalone reader (Figure 2.2A-B; Figure 2.3A). The main features and 

components of the reader are a 12 MP camera, a miniature LED backlight, a battery, and a 

control unit with built-in Wi-Fi and Bluetooth for wireless operation. The control and 

communication with the reader is performed via a custom Android application. The reader 

design aims to be as minimalistic as possible for simple and intuitive operation. The reader 

door with a chip cartridge carrier ensures the correct placement of the cartridge between 

the camera and RGB backlight. 
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Figure 2.2. portable reader and cartridge for the CYS-C paper chip. A. Illustration of 

the portable reader design with the open view; B. Closed view of the portable reader; C. 

Illustration of the 3D printed paper chip cartridge for interfacing with the portable reader 

(closed view on the left; open view on the right).  

 



 

27 

 

2.2.5. Cartridge design and fabrication for the microfluidic Cystatin C paper chip 

The paper chip cartridge is designed to hold thin paper chips for ease of use, 

handling, and proper positioning inside the portable reader (Figure 2.2C). The cartridge is 

assembled from two pieces that are held together by two pairs of magnets. The top part of 

the cartridge is printed with white PLA, mainly for aesthetic purposes. It has a wide circular 

port for sample loading and four circular openings used for imaging and cartridge position 

referencing. The bottom part of the cartridge is printed using black PLA filament to block 

and absorb the stray light from the backlight. 

2.2.6. Smartphone APP for the microfluidic Cystatin C paper chip and the portable 

reader  

A custom Android application was developed capable of transferring the relevant 

CYC-C data from the portable reader to a smartphone via Bluetooth low-energy (BLE) 

along with functionality for reading clinically relevant patient data such as sex and age (Fig 

2.3A). The Flutter framework (Version 3.24.4) was used for development in combination 

with Android Studio (Iguana 2023.2.1) to achieve seamless BLE integration and graphical 

user interface support. The application has three main sections accessible via the bottom 

navigation bar, which are ‘Home”, “Results”, and “Settings”. The Home tab welcomes the 

user and initiates whether the portable reader is connected, the settings tab allows the user 

to connect to the portable reader via BLE, along with the QR code scanning functionality 

of clinical patient data such as their age and sex, which will automatically calculate eGFR 

using the data that is sent from the reader. Lastly, the Results tab will show the date of the 

test, the users age and gender, along with both the measured value of CYS-C and calculated 

eGFR (Fig. 2.3A). 
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Figure 2.3. The integrated CYS-C paper chip test, the portable reader and 

smartphone interface application. A. Illustration of the integrated test setup (middle); 

example test results display on the smartphone app (left); and example color signal from 

the paper imaged by the portable reader (right); B. Comparison of the color signal 

measurements by the USB microscope and the portable reader. 
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2.2.7. Microfluidic paper chip test with the Cystatin C standard 

For each test, 15 µL CYS-C standard samples for a range of concentrations (i.e. 

0.06, 0.055, 0.045, 0.035, 0.03, 0.025, 0.02, 0.015, and 0.01 mg/L spiked in PBS, plus PBS 

as the blank control) were loaded on the conjugation pad of a new fully prepared chip 

(Figure 2.1B). A few minutes are allowed to pass the test sample fluid from the inlet 

(conjugation pad) to the outlet (absorbance pad) via capillary action. 15 µL of PBS is then 

added to the conjugate pad for post-washing. The membrane is allowed to dry at room 

temperature before image acquisition to detect and quantify the detectable signal. To 

acquire the images, the paper-based microfluidic device was placed on a stage under a 

Dino-lite USB Microscope equipped with backlighting, and the magnification is adjusted 

to isolate the signal points for each test. The USB microscope is connected to an external 

PC for software control, image acquisition, and analysis. 

2.2.8. Microfluidic Cystatin C chip test with clinical serum samples from CKD 

patients 

Serum samples from CKD patients were obtained under an approved ethics 

protocol by the University of Manitoba. We measured the CYS-C levels in 24 CKD serum 

samples using the paper chip test. The results from the chip-based tests were further 

compared with the results obtained from the turbidity assay using the standard well plate 

format and a conventional plate reader as the reference. Detailed clinical information of the 

CKD patients, including age, gender, serum creatinine levels, CKD stages based on eGFR, 

and uACR values, is provided in Table 2.1. 

The CYS-C paper-based immunoassay chip test was performed on serum from the 

same 24 CKD patients. Prior to the test, the serum was diluted in PBS at the 1:50 ratio and 
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then loaded onto the prepared paper chip. After the reaction was completed, the chip 

channel was allowed to dry at room temperature before imaging to detect and quantify the 

color signal. Color images captured using a USB microscope were analyzed using ImageJ 

software for quantitative assessment.  

2.3. Data analysis 

Image acquisition and colorimetric signal measurement for the paper chip testing 

was done by capturing a color image with 1280 × 1024 pixels that covers the detection 

areas by a USB microscope setup equipped with a white background light. One region of 

interest (ROI) was selected using the “Oval Selections” function from ImageJ software for 

each detection point of the device. The color signal of each ROI was measured using the 

“RGB Measure” function from ImageJ and then split into multiple RGB channels, from 

which the “(R+G+B)/3” channel was used to calculate the signal intensity. The value of 

“(R+G+B)/3” channel was recorded and deducted by 255 for the color intensity value of 

each ROI (i.e. Inverted (R+B+G)/3).  

Statistical analysis was performed using GraphPad Prism 6.0. Each individual test 

was repeated at least 3 times. The detection signal data and the CYS-C standard 

concentrations were interpolated to produce the calibration curves, and the regression was 

evaluated by the coefficient of determination R2. For linear regression, the LOD (limit of 

detection) was calculated as.  

𝐿𝑂𝐷 = 3 ⋅ (
𝜎

𝑠
) 

where σ is the standard deviation of the regression intercept and s is the regression slope. 
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To compare the CYS-C level in the clinical samples measured by the chip test and 

the reference method, we applied the standard linear regression to evaluate the correlation, 

and furthermore Bland-Altman analysis, which is a more powerful method to evaluate the 

variation between the chip test and the reference method [50].  

Based on the clinical information of the 24 CKD patients, including age, gender, 

and serum creatinine levels, we calculated the estimated glomerular filtration rate (eGFR) 

using the CKD-EPI Creatinine Equation (2021) as follows: 

𝑒𝐺𝐹𝑅𝑐𝑟 = 142 × min (
𝑆𝑐𝑟

𝜅
, 1)

𝛼

× max (
𝑆𝑐𝑟

𝜅
, 1)

−1.209

× 0.9938𝐴𝑔𝑒  [×

1.012[𝑖𝑓 𝑓𝑒𝑚𝑎𝑙𝑒]] 

where: Scr = standardized serum creatinine in mg/dL; κ = 0.7 (females) or 0.9 (males); α 

= -0.241 (female) or -0.302 (male); min (Scr/κ, 1) is the minimum of Scr/κ or 1.0; max 

(Scr/κ, 1) is the maximum of Scr/κ or 1.0; Age (years). 

For eGFR calculations based on Cystatin C (CYS-C) measurements, we used the CKD-

EPI Cystatin C Equation (2012) as follows [25], [51], [52], [53]: 

𝑒𝐺𝐹𝑅 = 133 × min (
𝑆𝑐𝑦𝑠

0.8
, 1)

−0.499

× max (
𝑆𝑐𝑦𝑠

0.8
, 1)

−1.328

× 0.996𝐴𝑔𝑒  [

× 0.932[𝑖𝑓 𝑓𝑒𝑚𝑎𝑙𝑒]] 

where: Scys = standardized serum Cystatin C in mg/L; min is the minimum of Scys/0.8 or 

1; max is the maximum of Scys/0.8 or 1; Age (years). 

Using the eGFRcr cutoffs for CKD classification (≥60, 30–59, and 

<30 mL/min/1.73 m²), we categorized the 24 CKD patients into mild, moderate, and severe 
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kidney damage groups (Table 2.1). We then compared the classification accuracy of eGFR 

predictions derived from paper-based chip tests with the clinical eGFRcr formula-based 

predictions. The prediction accuracy metrics, including sensitivity, specificity, positive 

predictive value (PPV), negative predictive value (NPV), and overall accuracy, were 

calculated using a cross-tabulation table method [54]. 

Additional materials and methods are provided in the Materials and Methods 

sections. No unexpected or unusually high safety hazards were encountered in this study. 

 

2.3.1. Paper-based microfluidic immunoassay chip for Cystatin C measurement 

We explored a paper-based microfluidic lateral flow immunoassay (LFIA) to 

enable more POC-ready quantitative CYS-C test.  The initial CYS-C paper chip design 

included two microfluidic channels linking a common sample inlet to two separate outlets 

as two parallel repeating test units, each configured with a CYS-C test point and a control 

point along the respective channel path (Figure 2.4A). Averaging the results from the two 

parallel test units helps balance unit-to-unit test variations while offering a criterion to 

disqualify the result in case the variation is too high. Using this initial design, our test 

results achieved a linear range up to 8 mg/L with a LOD of 0.64 mg/L of CYS-C standard 

spiked in PBS (Figure 2.4B), which sufficiently covers the full clinically-relevant serum 

CYS-C concentration range. However, the LOD of this design requires directly testing the 

sample without dilution or only allows very limited dilution factors in order to fit the signal 

into the detection range, especially at the lower end, thus could not effectively address the 

known high interfering matrix effect in the serum sample.  
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Figure 2.4. Initial design and the preliminary test results of the paper-based 

microfluidic CYS-C immunoassay chip. A. Illustration of the parallel channel 2-unit 

design of the CYS-C paper chip is shown; B. The calibration curve of the two-unit design 

CYS-C paper chip is graphed. 
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To address this challenge, we hypothesized that optimizing the microfluidic 

channel design will modulate immunoreaction time and efficiency to achieve a lower LOD, 

thereby allowing adequate sample dilution. Guided by this hypothesis, we modified the 

microfluidic paper chip design as follows (Figure 2.1A): The microfluidic test channel was 

designed to have a tapered shape with a narrowing entrance to the T point and broadening 

exit from the T point toward the C point, and finally a wide and short channel between the 

C point and the outlet. This tapered channel design would allow for reduced entrance flow 

to the T point for more efficient antigen capture. As expected, this design achieved 

significantly enhanced signal intensity in the lower CYS-C concentration range as 

measured by a USB microscope-based imaging platform (Figure 2.1C), which led to a 

linear range up to at least 0.06 mg/L and a LOD of 0.0033 mg/L (Figure 2.1B & D), 

allowing significant sample dilution (e.g. up to 300X) required to address the matrix effect.  

 

Retrospectively, it is worth mentioning a key issue encountered during our initial 

design and testing of this new chip before reaching the much-improved results as shown in 

Figure 2.1. Specifically, the new tapered channel design introduced higher unit-to-unit 

variation, especially when configuring multiple repeating units on a single chip, likely due 

to the inconsistency of antibody capturing of a smaller amount of antigen molecules and 

the unevenly divided antigen distribution to different test units from a common sample 

inlet. To further address this drawback, we first decided to use a single test unit chip in the 

protocol, thus avoiding the inconsistent antigen dividing issue. Second and more 

importantly, we focused on improving the capture antibody loading consistency. At a very 

low loading volume (i.e. a few tens of nL), it is difficult to precisely control the loading 
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accuracy even with high-precision dispensing equipment. Therefore, we instead invested 

efforts to improve antibody alignment on the chip, thus aiming to better control antigen 

capture at the T point and C point with improved consistency or/and efficiency. In this 

direction, we chose to apply an electric field-based technique to align antibody orientation 

during the loading process [55], enabled by a 3D printed custom platform for chip housing 

and electric field application (Figure 2.5C). As expected, our results showed the improved 

linear calibration curve and LOD with the electric field-assisted antibody loading protocol 

compared to it without the electric field treatment step (i.e. weaker linear regression of the 

calibration curve, R² = 0.7; and a lower LOD of 0.027 mg/L) (Fig. 2.5D). 
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Figure 2.5. Electric field-assisted antibody loading for improved CYS-C paper chip 

test consistency. A. Illustration of the 3D printed multi-shelf device for electrical 
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alignment of antibody orientation on the CYS-C paper chips during antibody loading is 

presented; B. Simulated electric field 2D color map between the parallel electrode plates 

in the ZX plane (left) and the electric field profile measured along the X-axis at different Z 

position from the bottom shelf to the top shelf (right) was graphed by COMSOL; C. 

Simulated electric field 2D color map between the parallel electrode plates in the ZY plane 

(left) and the electric field profile measured along the Z-axis through the middle section 

from the bottom shelf to the top shelf (right) are presented; D. Comparison of the 

calibration curves of the CYS-C paper chip without (left) or with (right) the electric field 

treatment for antibody loading is highlighted. The inserted diagram illustrates the random 

antibody orientation (without electric field treatment) vs the aligned antibody orientation 

(with electric field treatment). 
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2.3.2. Integrated Cystatin C test with the microfluidic paper chip cartridge and a 

smartphone-controlled portable colorimetric reader  

CYS-C paper chip requires a portable reader to enable POC test applications. In 

this direction, we developed a compact and low-cost optical reader with dual options of 

standalone test or wireless-controlled test (Figure 2.2; 2.3). The key elements of the reader 

include a mini RGB backlight, a Raspberry Pi camera module, a wide view lens (120°), 

and a Raspberry Pi Zero 2W. These components replicate the features of the USB 

microscope-based imaging platform (Figure 2.1C) but in a more compact and integrated 

format. In addition, we added a number of components and features that are essential for 

POC test including 1) a battery and a charging module for truly wireless operation; 2) a 

screen for displaying results if the reader is operated as a standalone device; 3) Bluetooth, 

Run, and On/Off buttons for essential commands; 4) additional white LEDs for 

illuminating the cartridge from the top for QR code scanning and chip orientation checking; 

5) a push-to-open latch door mechanism for an intuitive user interface; and 6) 3D printed 

exterior frame and cover of the reader using white filament for esthetic considerations and 

the interior frame using black filament to reduce light reflections and improve image 

quality. 

To facilitate practical handling of the paper chip by the user and chip interface with 

the portable reader, we designed and 3D printed a two-piece chip cartridge (Figure 2.2C). 

It features a sample loading port and a rectangular OW that lets the backlight pass through 

the detection area for further detection and analysis. In addition, the cartridge was 

configured with several blank holes as the reference background signal reading window 

and labeling area for QR codes that can store information such as the cartridge type and 
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expiration date to mimic the real product-like test cartridge appearance and design concept. 

Similar to the portable reader frame fabrication, the top piece of the cartridge was 3D 

printed with white PLA filament for esthetic considerations, and the bottom piece was 

made of black PLA filament to block any stray light that might get through the body of the 

cartridge. Finally, the two cartridge pieces were aligned with the paper chip in a sandwich 

fashion and the assembled cartridge was held together tightly by two pairs of magnets. 

Using the developed portable reader and the chip cartridge, we performed a series of CYS-

C paper chip testing that successfully confirmed the identical signal measurement 

compared with the USB microscope-based platform (Fig. 2.3B). 

2.3.3. Clinical sample validation of the microfluidic Cystatin C immunoassays for 

diagnostic test of chronic kidney disease 

Based on satisfactory technical calibration of the developed CYS-C paper chip test 

methods, we performed further validation studies using serum samples from patients who 

have been diagnosed with CKD. The collected patient data included age, gender, serum 

CRE (µmol/L), eGFRcr value (eGFR based on the clinically measured serum creatinine 

level, mL/min/1.73 m²), uACR (mg/mmol), and CKD stage (Table 2.1). The CKD stages 

were classified based on the eGFRcr values according to the National Collaborating Centre 

for Chronic Conditions (2008). CKD stages were further grouped into three categories: 

mild, moderate, and serious kidney function loss. Specifically, the mild kidney damage 

corresponds to eGFRcr value above 60 mL/min/1.73 m² (G1 and G2); the moderate kidney 

damage includes stages G3a and G3b, with eGFRcr values between 30 and 59 mL/min/1.73 

m²; and the severe kidney damage (stages G4 and G5) is defined by eGFRcr values below 
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30 mL/min/1.73 m². A total of 24 CKD samples covering these three CKD groups with the 

eGFRcr range spanned from 18 to 146 mL/min/1.73 m² were tested for chip validation. 
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Table 2.1. CKD patients’ clinical information summary. 

ID Age Gender 
serum CRE  eGFR  

CDK stage 
uACR 

(µmol/L) (mL/min/1.73m2) (mg/mmol) 

1 37 F 43.3 124 1 or 2 1.3 

2 73 F 49.8 96 1 or 2 2.2 

3 56 M 51.3 114 1 or 2 7 

4 21 F 33.7 146 1 or 2 3.4 

5 71 F 58.9 94 1 or 2 4 

6 52 M 85.2 95 1 or 2 0.7 

7 52 M 75.2 105 1 or 2 3.6 

8 59 F 78.3 75 1 or 2 7.5 

9 49 M 70.8 108 1 or 2 26 

10 60 M 83 93 1 or 2 22.4 

11 67 M 106.5 66 1 or 2 0.9 

12 71 F 117.2 43 3a 8.3 

13 74 M 124 53 3a 4.2 

14 78 F 105 47 3b 22.9 

15 74 F 100.7 51 3a 36.2 

16 76 M 162.4 38 3b 0.4 

17 59 M 188.4 35 3b 7 

18 72 M 207.1 29 4 3.2 

19 72 M 160.4 39 3b 28.9 

20 35 M 180.4 43 3b 30.1 

21 88 M 253.3 20 4 10.7 

22 56 M 247.2 26 4 16.6 

23 72 M 291.2 19 4 31 

24 73 F 237 18 4 128.9 

 

Level of Kidney Disease CKD Stage eGFR Value 
Mild G1 ≥90 

 G2 60-89 

Moderate G3a 45-59 

 G3b 30-44 

Severe G4 15-29 

 G5 ≤15 
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The general trend of the inverse proportionality between the filtration markers (i.e. 

clinically determined serum creatinine or chip-measured serum CYS-C) and their 

respective eGFR based on the filtration marker specific estimation formula was first 

verified in these clinical CKD samples (Figure 2.6). Next, as a primary technical validation 

measure, we quantitatively compared the chip test results of CYS-C for these 24 CKD 

serum samples to a reference test method (turbidimetric well test). Instead of the 

conventional linear regression-based correlation analysis, we applied the well-established 

and considerably more effective Bland-Altman (B-A) analysis [56] to assess the system 

bias between the chip measurements and the reference immunoturbidity assay in the 

standard well-plate format. In the B-A analysis, the difference between the two methods 

was plotted against the average of the two measurements. Our results showed that for the 

paper chip test, the mean difference is slightly more than 1 mg/L (1.274 mg/L for the paper 

chip) and most of the test data falls within the limit-of-agreement (LoA), which is 

calculated as the 95% confidence intervals (i.e. +/- 1.96 times the standard deviation of the 

mean difference) (Figure 2.7). In the context of CKD, serum CYS-C levels above 0.95 

mg/L typically indicate impaired kidney function, while levels below 0.95 mg/L are 

generally considered within the normal range [57]. A survey of 141 laboratories reported 

mean CYS-C values for CKD samples ranging from 2.052-2.909, highlighting significant 

variability and high biases across different lab tests [58], [59]. Therefore, given the mean 

bias and the data spread around the mean bias according to the B-A analysis, we next 

designed our secondary analysis to evaluate the CKD stage prediction accuracy based on 

the chip test and the CKD-EPI Cystatin C Equation for eGFR against the clinical eGFRcr 

values as the comparison reference.  
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Figure 2.6. Declining trend of eGFR against the respective serum filtration marker 

based on the filtration marker specific estimation formula using the 24 clinical CKD 

samples. Left. eGFR vs clinically measured serum creatinine; Right. eGFR vs paper chip 

method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Creatinine CYS-C paper chip assay 

eG
F

R
 (

m
L

/m
in

/1
.7

3
m

2
) 

eG
F

R
 (

m
L

/m
in

/1
.7

3
m

2
) 

CYS-C (mg/L) Creatinine (µmol/L) 



 

44 

 

 

 

 

 

Figure 2.7. Bland-Altman analysis of the proposed test setups vs well testing. 
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Proceeding with the CKD stage prediction accuracy analysis, we first applied a 

simple binary approach to evaluate the eGFR prediction accuracy based on our CYS-C 

chip tests (eGFRcys-c) against the clinically-determined eGFRcr values as the hypothetical 

ground truth. Clinically, an eGFRcr of 90 mL/min/1.73 m² or higher is considered normal; 

an eGFRcr below 60 mL/min/1.73 m² indicates kidney disease; and an eGFRcr below 15 

mL/min/1.73 m² signifies kidney failure. Thus, we analyzed the diagnostic accuracy of our 

CYS-C chip test to distinguish between normal and CKD using the cutoff eGFRcr 60 

mL/min/1.73 m². Table 2.2 summarizes the binary-based prediction accuracy evaluators, 

including sensitivity, specificity, positive predictive value (PPV), negative predictive value 

(NPV), and overall accuracy. Among the 24 clinical samples, 22 samples were correctly 

predicted using the CYS-C paper chip (accuracy: 92%). These results motivated us to 

further evaluate the prediction accuracy at higher resolution. Specifically, we analyzed the 

prediction accuracy of the chip test based on the three CKD stage categories as defined in 

Table 2.1. Our results showed that the paper chip test achieved relatively high accuracy (> 

80%) in classifying patients with eGFRcr > 60 or < 30 mL/min/1.73 m² for the mild or 

server stage respectively, whereas the prediction accuracy for the moderate CKD stage 

(eGFRcr 30–59 mL/min/1.73 m²) is lower (<80%) as expected (Table 2.3).  
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Table 2.2. Serum CYS-C eGFR diagnosis accuracy with the cross-tabulation table 

comparison with an eGFR from serum CRE. 

  

Clinical eGFR (serum CRE) 

  Positive Negative Total 

CYS-C Paper chip 

  

Positive 12 1 13 

Negative 1 10 11 

Total 13 11 24 

 

 

  

CYS-C Paper chip 

Sensitivity Specificity PPV NPV Accuracy 

92% 91% 92% 91% 92% 
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The cross-tabulation table for pairs of serum CYS-C eGFR level >60, 30-59, 

<30ml/min/1.73m2 and the reference standard of an eGFR from serum CRE 

 

 

 

clinical eGFR (serum CRE) 

Positive Negative Total 

CYS-C 

Paper chip 

tests 

eGFR > 60 Positive 10 1 11 

 Negative 1 12 13 

 Total 11 13 24 

eGFR 30-59 Positive 5 3 8 

 Negative 3 13 16 

 Total 8 16 24 

eGFR <30 Positive 3 2 5 

 Negative 2 17 19 

 Total 5 19 24 

 
Diagnostic accuracy of the paper chip results detections of eGFR >60, 30-59, 

<30ml/min/1.73m2 

  
Sensitivity Specificity PPV NPV Accuracy 

CYS-C Paper 

chip tests 

eGFR > 60 

ml/min/1.73m2 

91% 92% 91% 92% 92% 

eGFR is 30-59 

ml/min/1.73m2 

63% 81% 63% 81% 75% 

eGFR < 30 

ml/min/1.73m2 

60% 89% 60% 89% 83% 

 
 

Top. Cross-tabulation table comparing the CYS-C chip predicted eGFRcys-C against the 

clinical creatinine predicted eGFRcr is shown; Bottom. The accuracy evaluators based on 

data in the Top table, including the sensitivity, specificity, PPV, NPV, and overall accuracy, 

are shown. 

Table 2.3.Three-stage (mild, moderate and severe) eGFR diagnosis accuracy based on the 

CYS-C chip test using the 24 clinical CKD samples.  
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2.4. Discussion 

In this study, we developed a microfluidic solution for POC measurement of serum 

CYS-C as an important diagnostic biomarker for CKD.  Among the few reported paper-

based non-microfluidic lateral flow immunoassay (LFIA) for CYS-C measurement, an 

earlier study used fluorescence-tagged detection antibody to achieve an impressive wide 

detection range and the LOD of 0.023 mg/L of CYS-C standard spiked in urine samples, 

although urine CYS-C is not an established diagnostic biomarker for CKD, and fluorescent 

signal detection is considerably more complicated [60]. A more recent work described a 

similar paper-based LFIA but used the standard gold-nanoparticle conjugated detection 

antibody and applied the assay for straightforward colorimetric quantification of CYS-C in 

human blood samples. This assay achieved the full clinically-relevant detection range of 

0.5-7.5 mg/L and the LOD of 0.18 mg/L without requiring sample dilution [61]. Although 

the assay directly addressed the matrix interference effect, it inevitably came with the 

drawback of establishing the calibration curve using CYS-C standard spiked in endogenous 

CYS-C depleted blood samples, which would intrinsically introduce calibration sample 

variations. Compared to these previous developments, our CYS-C paper chip integrated its 

useful features in effective LFIA chemistry and optical signal measurement while 

balancing its limitations by incorporating microfluidic controls to realize the clinically 

practical blood CYS-C test in POC settings with minimized matrix interference and the 

desired quantitative accuracy.  

Previous studies have demonstrated the superior performance of CYS-C-based 

eGFR determination in specific patient populations [62].  For instance, in renal transplant 

recipients, eGFRCYS-C was found to be more accurate than traditional creatinine-based 
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equations [63]. Similar findings were reported in patients with rheumatoid arthritis and 

secondary amyloidosis [64] and cirrhotic patients [65]. Additionally, studies have 

suggested that eGFR determination can be further improved by incorporating both 

creatinine and CYS-C values [66]. Indeed, the CKD-EPI Creatinine-Cystatin C Equation 

(2021), which integrates serum CYS-C levels, serum creatinine levels, age, gender and race 

led to more accurate eGFR [67]. In this context, our developed CYS-C chip tests provide 

the POC diagnostic tool required for improved eGFR determination in CKD and 

furthermore have the potential to enable integrated tests of the dual eGFR markers based 

on CYS-C and creatinine on a single microfluidic chip. 

Most commonly used CYS-C assays include ELISA and immunoturbidity assay, 

with the latter to be also being the current standard clinical lab test [68]. Both methods 

require specialized lab facilities and skills. The ELISA test kit is typically over several 

hundred dollars in cost, while the immunoturbidity assay-based clinical test costs over $30 

per test and often needs long-distance sample transport. According to a 2019 survey by the 

College of American Pathologists, only 7% of US clinical laboratories offered CYS-C tests 

[68], [69] and clinical POC CYS-C test is currently not available. In this context, our 

developed CYS-C chip tests present clear technical and practical advantages over the 

existing test methods (Table 2.4). For the ideal sample-to-result POC CYS-C test, on-chip 

serum or plasma isolation from whole blood is required, which we have demonstrated such 

practical feasibility in our previously developed C-reactive protein test chip (CRP-Chip) 

with the integrated plasma isolation membrane [70]. Collectively, our CYS-C chip tests 

represent a transformative POC solution to realize the advantageous use of CYS-C for 

CKD diagnosis, risk monitoring and therapeutic management.  
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Table 2.4. Comparison of the paper chip with selected commercial CYS-C test 

  ELISA Turbidity assay CYS-C paper 

chip  

Detection  colorimetric turbidity colorimetric 

Reaction  sandwich immunoassay immunoturbidimetry sandwich 

immunoassay 

Sample volume 100 µL 1.5 µL 1 µL 

LOD 10 pg/mL 0.3 mg/L 0.003 mg/L 

Detection range 0.312~20 ng/mL 0.5~8.0 mg/L 0.01~0.06 mg/L 

Assay duration 4.5 hrs ~20 mins ~20 mins 

Cost (CAD) ~$20 / sample ~$20 / sample < $0.7 / test 

User skills level high high low 

Portable reader  no no yes 

Suitable for POC no no yes 
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Chapter 3: Conclusion and outlook 
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3.1. Summary of key findings and significance of the work 

In this comprehensive study, the adaptability of paper-based microfluidics to lateral 

flow immunoassay methods has been explored. As discussed, lateral flow immunoassays 

are mainly utilized in qualitative measurements, however, quantitative LFIAs are proposed 

in research setups. In the context of CKD biomarkers and CYS-C specifically, a number of 

assays have been developed, but they either require fluorescent spectroscopy [71] or the 

limit of detection is noticeably high in the way that dilution is not possible. Testing real 

clinical samples presents challenges due to matrix complexity, which can cause 

background interference and increase the likelihood of false positives or negatives. One 

effective solution would be high dilution factor that mitigates this chance of interference. 

Our developed paper-based microfluidic platform not only allows for up to 300X dilution 

but also has the fraction of the cost for fabrication and data recording. This high level of 

precision and accuracy is derived from a precisely engineered microfluidic layout and an 

integrated electric field-enhancement strategy.  

3.2. Comparison to existing technologies 

In the past decade, several point-of-care technologies have been developed to 

satisfy the need for rapid and accurate CKD biomarker testing. While there are several 

examples of urine POC platforms that analyze different components of urine samples for 

CKD, affordable and accurate options for blood biomarkers are in need. Abbott i-STAT 1 

System a point-of-care system that promises clinical-lab-level quality for blood 

biomarkers, has a price point of just below 5000 USD. The main component of this 

platform is the portable analyzer capable of performing signal analysis on specialized 

cartridges. The CKD target biomarker options are limited to blood creatinine, which does 
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not satisfy the need for clinicians in diagnosis and disease progression analysis [72]. Abaxis 

company offers kidney-focused cartridges for its Piccolo Xpress platform, featuring CKD 

urine and blood biomarkers such as albumin and creatinine. This platform, however, suffers 

from the same problems: high price point and not covering CYS-C as a preferred 

biomarker. The mentioned platforms are made to be used in clinical settings, and personal 

use will lead to a number of complications, such as required training, personal errors and 

financial burden for individuals. 

Many commercial POCT platforms with quantitative capabilities restrict direct 

reporting of numerical results due to regulatory constraints. Consumer-oriented devices 

like U-Scan lack clinical precision and underscore the need for diagnostic-grade POC tools 

[73]. The result of the analysis is mainly focused on providing general recommendations. 

DCA Vantage [74], a platform able to analyze customized test cartridges, is an example of 

a clinically approved POCT device with the possibility of used by individuals. Being 

designed for urgent care rooms, this platform measures uACR biomarker and provides 3 

measurements for urine samples, urine creatinine, urine albumin, and their ratio. 

Considering these features, this option can be reliably used for CKD screening. The 

convenience of current POCT platforms comes with caveats. DCA Vantage has a price 

point of over 5000 USD, training is required, urine biomarkers do not provide a clear view 

for CKD, and cartridges are far more expensive than our designed test chips. 

3.3. Future directions 

In this study, we discovered the potential of one testing method, LFIA, to analyze 

a CKD biomarker. Considering the available anti-HSA antibodies, this method could be 
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expanded to HSA (Human Serum Albumin) analysis to contribute to risk factor analysis. 

Another possibility is the idea of multiplexed chips, meaning that a microfluidic chip with 

multiple channels and a test point for total analysis of real samples. 

The standard diagnostics and screening process relies on an analysis of different 

biomarkers and consideration of different factors. An ideal diagnostic tool for clinicians is 

the one capable of quantifying several analytes, showcasing proper classification. 

Multiplexed point-of-care testing (xPOCT) is the potential solution, and microfluidics has 

shown great adaptability to this application. Paper-based microfluidic devices have 

presented ideal flexibility for multiple-biomarker diagnostic tests. One design would be 

placing multiple channels between the inlet and outlet of a lateral flow immunoassay, each 

containing CKD biomarker antibodies, performing simultaneous analysis from one sample. 

More basic designs have been reported, for example, defining circular reaction zones on a 

single paper chip [75]. Employing this principle, multiplexed systems are designed to 

satisfy affordable screening methods for underprivileged communities [76]. In the case of 

chronic kidney disease, there are a number of reference biomarkers, such as urine 

creatinine, urine albumin, CYS-C, and inflammation-involved proteins. The future possible 

work is to include a sufficient number of biomarkers in the form of paper-based LFIA. 

Although this approach has complications in terms of fabrication, it is an ideal direction 

for diagnostic lab-on-a-chip research. Future work will aim to integrate these biomarkers 

into a unified, low-cost diagnostic chip suitable for both clinical and decentralized settings. 
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