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Abstract 

 

Cancer is the second leading cause of death in the United States. The most 

effective way to improve survival rate is to diagnose cancer at the early stage. Cancer 

screening has been developed for early stage cancer diagnosis. However, conventional 

imaging-based cancer screening methods still have many limitations to achieve early 

stage cancer diagnosis. For example, high doses of radiation may be delivered by some 

imaging methods. The size of the tumor must be big enough to be detectable. Moreover, 

many imaging-based methods fail to differentiate cancer tumor from benign tumor, due 

to the lack of detailed information. These limitations abate the capability of imaging-

based cancer screening methods for early stage cancer diagnosis. In addition, further tests 

such as tissue biopsy may be required as supplement. Nevertheless, the invasiveness, 

consumption of time, localized sampling, and failure in monitoring inhibit the 

applications of tissue biopsy. Therefore, cancer screening methods using liquid biopsy is 

appealing to early stage cancer diagnosis. Liquid biopsy analyzes biomarkers in body 

fluids, particularly blood, for cancer diagnosis. Compared with tissue biopsy, liquid 

biopsy is non-invasive, rapid, less painful and risky, and capable of longitudinal 

monitoring. These advantages make liquid biopsy ideal for early stage cancer diagnosis. 

Many types of cancer biomarkers have been investigated, including circulating tumor 

cells (CTCs), circulating tumor DNA (ctDNA), and extracellular vesicles (EVs). 

However, the rarity of CTCs in blood, and the incapability of providing proteomic 

information in ctDNA impede their applications for early stage cancer diagnosis. 
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Contrarily, EVs, particularly exosomes, benefit from its abundance and comprehensive 

molecular profile. In the first and second projects, we have developed a microfluidic 

continuous-flow platform (ExoSearch chip) for rapid exosome isolation streamlined with 

in situ, multiplexed detection of exosomes. Three tumor markers on exosome surface 

(CA-125, EpCAM, and CD24) were detected simultaneously by a mixture of three 

distinct fluorophores labeled respective antibodies. In the third project, we have 

developed a pneumatically gated microfluidic communicating vessel (μCOVE) chip for 

rapid and sensitive immunomagnetic enzyme-linked immunosorbent assay (ELISA). In 

the last project, we have further developed the μCOVE chip for on-chip exosome capture, 

lysis, and digital detection of exosomal proteins. We conclude that these microfluidic 

platforms will contribute to liquid biopsy toward early stage cancer diagnosis. 
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Chapter 1 Introduction 

 

1.1 Early Stage Cancer Diagnosis 

Cancer is a type of disease caused by uncontrolled abnormal cell division and 

growth. Twenty one percent of total deaths are caused by cancer, making it the second 

leading cause of death in the United States.1 In addition, the estimated new cases in 2019 

are about 1.8 million, and the estimated deaths are about 6 hundred thousand.2 

Considering that cancer remains a big threat to health, improving survival rate becomes 

an urgent goal for cancer treatment. If cancers can be diagnosed at the early stage, the 

five-year survival rate improves significantly (Figure 1-1, data from National Cancer 

Institute). These data suggest that the most effective way for decreasing cancer mortality 

is to achieve early stage cancer diagnosis. 

 

 

Figure 1-1. Five-year survival rate at different cancer stages. Survival rate is decreasing 

as cancer is spreading. 
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A variety of cancer screening methods have been developed for cancer diagnosis. 

Cancer imaging is one of the commonly used approaches, including computed 

tomography (CT),3,4 positron emission tomography (PET),5,6 ultrasounds,7,8 and magnetic 

resonance imaging (MRI).9,10 Although those imaging-based cancer screening methods 

play important roles in the early stage cancer diagnosis, they still have many limitations. 

For example, some cancers (e.g., colorectal,11 lung,12 and breast,13 etc.) can be detected 

by using the imaging-based methods while others cannot. Moreover, some of the methods 

deliver high doses of radiation, which may increase the risk of cancer. Furthermore, 

cancer imaging methods are limited by the size of tumor. Only tumors with certain sizes 

(no less than 1 mm in diameter) are detectable in cancer imaging tests, restraining 

imaging-based methods for the early stage cancer diagnosis.14 Cancer imaging methods 

also lack detailed information and may not differentiate cancerous tumors from benign 

tumors.15 Therefore, further tests (e.g., tissue biopsy) are required. 

Tissue biopsy is the method of retrieving a sample of tissue to examine the 

presence of a disease. The process is normally guided by cancer imaging to provide 

corroborative information and it has been widely used for cancer diagnosis.16 However, if 

a tumor has spread, it is not practical to collect the tissue. In addition, due to its 

invasiveness, tissue biopsy fails to be done frequently for treatment monitoring. It takes 

days to weeks to get results from tissue biopsy. Because of these disadvantages, the 

development of low-cost, less invasive and rapid new cancer screening methods is 

extremely appealing to early stage cancer diagnosis. 
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1.2 Liquid Biopsy and Extracellular Vesicles 

Recently, liquid biopsy has been developed for cancer screening. Unlike tissue 

biopsy that analyzes a sample of tissue, liquid biopsy analyzes biomarkers in body fluid, 

particularly blood, for cancer diagnosis (Figure 1-2). Compared with tissue biopsy, liquid 

biopsy has many advantages, such as non-invasiveness, less pain and risk, quick analysis, 

comprehensive tumor profile, and longitudinal monitoring.17 

 

 

Figure 1-2. Advantages of liquid biopsy over tissue biopsy. Unlike tissue biopsy, liquid 

biopsy analyzes biomarkers in blood for cancer diagnosis. 
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The circulating components derived from cancers, including circulating tumor 

cells (CTCs), circulating tumor DNA (ctDNA) and extracellular vesicles (EVs), can be 

used as cancer biomarkers in liquid biopsy. CTCs are tumor cells shed from the primary 

tumor into peripheral blood. They can provide both qualitative and quantitative 

information through proteomic, genomic, and transcriptomic profiling (Table 1-1). Such 

properties make CTCs applicable for cancer diagnosis,18,19 prognosis,20,21 monitoring,22,23 

and therapeutics.24,25  

In addition to CTCs, another widely used cancer biomarker is ctDNA. ctDNA is 

fragmented DNA (80 to 200 bp) originated from cancer cells in bloodstream. It can 

provide genetic information such as mutations, amplifications, methylations, deletions 

and translocations (Table 1-1). Many applications of ctDNA have been developed, 

including cancer diagnosis,26,27 monitoring,28,29 and genetic evolution in response to 

therapy.30,31 

 

Table 1-1. Applications of CTCs, ctDNA, and EVs (exosomes) 

 CTCs ctDNA EVs (exosomes) 

Applications 

Proteomics, Genomics, 

Cytogenetics, 

Transcriptomics, Drug 

Screening 

Mutations, 

Amplifications, 

Methylations, 

Deletions, 

Translocations  

Surface and 

intravesicular proteins, 

Genetic analysis, RNA 

profiling 

 

CTCs and ctDNA are most intensively studied cancer biomarkers for liquid 

biopsy. Currently the US Food and Drug Administration (FDA) has approved CellSearch 

platform as the only clinical application of CTCs,32 and cobas EGFR Mutation Test v2 as 

the only clinical application of ctDNA.33 However, many drawbacks of these two cancer 

biomarkers restrict their applications as tools of liquid biopsy for early stage cancer 
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diagnosis. For example, the rarity of CTCs requires isolation and enrichment prior to 

analysis. The concentration of CTCs in whole blood is ~1–10 CTCs per mL,34 much 

lower than the concentrations of white blood cells (4–10 million per mL)35 and red blood 

cells (4–6 billion per mL).36 This leads to the poor efficiency of CTCs isolation and 

enrichment from blood. In addition, the lack of proteomic information, low sensitivity of 

mutation detection, and low predictive value of single or small sets of mutations limit the 

clinical applications of ctDNA. Therefore, a high abundance cancer biomarker with 

comprehensive information is in demand in liquid biopsy for early stage cancer 

diagnosis. 

EVs are membranous particles, ranging from 30 nm to 10 μm in diameter, 

released by all types of cells.37 EVs carry biomolecules such as nucleic acids and 

proteins, and are present in most of body fluids, especially blood.37,38 Based on their 

biogenesis and secretory pathways, EVs can be classified into two major categories: 

microvesicles (MVs) and exosomes (Figure 1-3). 

 



6 

 

Figure 1-3. Biogenesis of microvesicles (MVs) and exosomes. Unlike MVs, which are 

shed directly from the plasma membrane, most exosomes are formed by invagination of 

endosomes and are stored within multivesicular bodies (MVBs) before release. Exosomes 

inside MVBs are also called intraluminal vesicles (ILVs). Upon fusion of MVBs with the 

plasma membrane exosomes are released into the extracellular environment. Both MVs 

and exosomes enclose greatly varying compositions of proteins, lipids, and nucleic acids 

and can be characterized by differing surface antigens (reprinted with permission).39 

 

Among many types of EVs, exosomes hold a great potential as cancer biomarkers 

for early stage cancer diagnosis. Exosomes are cell-derived nano-sized membranous 

vesicles (30–150 nm) secreted from multivesicular bodies into extracellular environments 

(Figure 1-4), including blood, urine, and saliva.38 
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Figure 1-4. Exosome basics (reprinted with permission).40 

 

Exosomes were initially considered as cellular waste products,41 but recent studies 

have revealed their participation in various physiological and pathological processes, 

such as intercellular communication42,43 as well as cancer progression and 

metastatization.44,45 Exosomes consist of proteins, mRNAs and micro RNAs (miRNAs) 

(Table 1-1), reflecting the cell of origin (Figure 1-5).38,46,47 Moreover, exosomes are over 

expressed by tumor cells compared with normal cells.48,49 
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Figure 1-5. Exosomes are small membrane bound vesicles sharing similar topology to 

the plasma membrane. They contain mRNA and miRNA, and a vast array of different 

proteins depending on their host cell (reprinted with permission).50 

 

Although a variety of methods have been developed, currently exosome isolation 

remains challenging and lacks standardized protocol.17,38,51,52 The most commonly used 

method, differential ultracentrifugation, is time-consuming, yields low recovery and 

purity,53 and may cause the damage and loss of exosomes.51 Size-based exosome 

isolation methods such as filtration and size-exclusion chromatography (SEC) can yield 

moderate purity but low recovery.51 Polymer-based precipitation can yield high recovery 

but low purity.17 Immunoaffinity capture methods can isolate exosomes with high purity 

and specificity, but is limited to certain subpopulations of exosomes.17,54 Even though the 

lack of standardized protocols and high variations between different isolation techniques 
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(e.g., ultracentrifugation, size-base,  precipitation, and immunoaffinity capture) challenge 

the clinical applications of exosomes, their biological properties still make exosomes 

ideal cancer biomarkers in liquid biopsy for early stage cancer diagnosis (Table 1-2). 

Recently, various commercial exosome isolation kits are being developed because of 

increasing interests in studying exosomes.55 

 

Table 1-2. Comparison between CTCs, ctDNA, and Exosomes. 

Applications CTCs ctDNA Exosomes 

Tumor Heterogeneity Yes No Yes 

Genetics (Mutations, 

Amplifications, 

Methylations, Deletions, 

Translocations) 

Yes Yes Yes 

Proteomics Yes No Yes 

RNA Profiling Yes No Yes 

Phenotypic Analysis of Cells Yes No No 

Biobanking Preservation No Yes Yes 

 

1.3 Immunoassays 

Expression levels of tumor-related exosomal proteins can indicate the presence of 

cancers,56 which requires quantitative protein analysis. Immunoassays utilize antibodies 

to specifically recognize and measure proteins. Because of the high sensitivity, 

specificity, precision, and throughput, immunoassays, particularly enzyme-linked 

immunosorbent assay (ELISA), are known as gold standard for protein quantification. In 

general, immunoassays can be categorized into three formats: direct, indirect, and 

sandwich platforms (Figure 1-6). In direct immunoassays, the dye-labeled (fluorescence 

or luminescence) primary antibody binds to the analyte coated on a solid surface. In 

indirect immunoassays, the primary antibody first binds to the analyte coated on a solid 
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surface, followed by the dye-labeled secondary antibody binding to the primary antibody. 

In sandwich immunoassays, the capture antibody is first immobilized on a solid surface, 

followed by binding of the analyte and dye-labeled detection antibody. The quantitative 

information relies on measuring the signals from the dye. 

 

 

Figure 1-6. Formats of immunoassays. (A) Direct immunoassays. The dye-labeled 

primary antibody binds to the target protein immobilized on a solid surface. (B) Indirect 

immunoassays. The primary antibody binds to the target protein immobilized on a solid 

surface, followed by the dye-labeled secondary antibody binding to the primary antibody. 

(C) Sandwich immunoassays. The target protein binds to the capture antibody 

immobilized on a solid surface, followed by the dye-labeled detection antibody binding 

to the target protein. 

 

In addition, ELISA has been developed and widely used in immunoassays. 

Instead of labeling the detection antibody with a dye, an enzyme is conjugated with the 

detection antibody. The signal is generated by enzymatic reactions between the enzyme 

and the enzymatic substrate (Figure 1-7). Compared with traditional immunoassays, 

ELISA significantly improves the sensitivity and reduces the limit of detection, as a result 

of signal amplification by enzymatic reactions. Over the past few decades, enormous new 

ELISA platforms have been innovated. Conventional ELISA is performed on a 96-well 

plate. Owing to the automated equipment (i.e., liquid handler and microtiter plate reader), 
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higher-throughput 384- and 1536-well formats have been developed.57,58 Moreover, the 

development of surface modification methods contributes to enhanced immobilization of 

antibody with improved bioanalytical performance,59,60 comparing to passive absorption 

in conventional ELISA. One of the current trends in ELISA moves toward microfluidic 

ELISA for ultra-sensitive protein quantification. To date, numerous commercial 

platforms of immunoassays such as ExoTEST, ExoELISA Complete Kit and ExoQuant 

ELISA Kit have been developed for exosomal protein detection. 

 

 

Figure 1-7. Sandwich ELISA. The capture antibody is firstly immobilized on a solid 

surface. The target protein is then captured, followed by the enzyme-labeled detection 

antibody binding to the target protein. Signals are generated by the enzymatic reaction of 

the substrate. 

 

1.4 Microfluidics and Digital Measurements 

The definition of microfluidics is broad and complex. In general, microfluidics is 

a growing technique that manipulates small scales of fluids (nanoliter to microliter) with 

precise control. A microfluidic device is also referred as “lab-on-a-chip” and “micro total 

analysis system (μTAS),” since a single device can integrate with many functional 
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components (e.g., isolation,61 purification,62 separation,63 detection,64 etc.). Due to its 

flexibility, microfluidics has been used in multiple disciplines, including physics, 

chemistry, engineering, and biotechnology.  

Microfluidic devices can be fabricated from diverse materials, including silicon, 

glass, paper, and polymers. Silicon and glass were the first materials used to fabricate 

microfluidic devices,65,66 owing to the microfabrication technology originated from 

semiconductor industry. Nonetheless, the microfabrication process of silicon and glass is 

cumbersome, high-cost and complicated. Therefore, researchers started to use alternative 

materials. Microfluidic paper-based analytical devices (μPAD) were firstly developed 

twelve years ago.67 The fabrication relying on printing hydrophobic patterns is simple 

and inexpensive, yet the evaporation of reagents and the difficulty in precise control of 

flow challenge the utilization of μPAD. Polymeric materials can be divided into two 

types: thermoplastics such as poly(methyl methacrylate) (PMMA), and elastomers such 

as poly(dimethylsiloxane) (PDMS). Since the first introduction of PDMS to microfluidics 

in 1988,68 it has become the dominant materials to fabricate microfluidic devices.69 

Benefiting from its elastomeric properties, PDMS facilitates the fabrication of multi-layer 

microfluidic devices with pneumatic valves and pumps to precisely control fluids.70 

Based on the structures, the pneumatically actuated microvalves are categorized into two 

types: normally-open70-72 and normally-closed valves,73-75 as shown in Figure 1-8. 

Additionally, if multiple microvalves are arrayed (three or more) and actuated in a proper 

manner, they can be transformed as micropumps.76 Figure 1-9 shows an example of a 

two-layer PDMS microfluidic chip with pneumatic micropumps and microvalves 

fabricated in our lab. 
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Figure 1-8. Pneumatically actuated microvalves. (A) A normally-open microvalve is 

closed by pressure. (B) A normally-closed microvalve is opened by vacuum. 

 

PDMS microfluidic devices are easy to fabricate as a single mold can produce 

dozens of microfluidic chips. Moreover, a microfluidic device is low-cost and highly 

affordable. Furthermore, microfluidic devices can yield high throughput, as an array of 

reactors can be replicated on a single chip and the operation can be fully automated. Most 

importantly, due to the ability to control small amounts of fluids, microfluidics can 

significantly reduce sample consumptions, increase the sensitivity, and achieve rapid 

analysis. Such advantages expand the utilization of microfluidics in numerous 

applications, including immunoassays,77-79 polymerase chain reaction (PCR),80-82 cell 
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counting and sorting,83-85 DNA sequencing,86,87 drug discovery,88,89 single-cell analysis,90-

93 as well as liquid biopsy.94-99 

 

 

Figure 1-9. Photograph of a two-layer PDMS microfluidic chip with multiple flow 

channels, micropumps, and microvalves. The flow channels on the bottom layer are in 

red, and the pneumatic micropumps and microvalves on the top layer are in green. 

 

Unlike analog measurements that rely on detecting signal intensity in a bulk 

solution, digital measurements rely on counting on/off signal readouts (Figure 1-10). As a 

consequence, digital measures are characterized by extremely low background and limit 

of detection, as well as high sensitivity. The inherent ability of microfluidic devices to 

manipulate tiny amount of fluids makes them a perfect fit in digital measurements. The 

limit of detection of some assays is down to single-molecule level.100,101 
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Figure 1-10. Top: Analog measurements give increasing intensity as the concentration 

increases. Bottom: In contrast, digital measurements are independent of intensity and 

simply rely on a signal/no signal readout (reprinted with permission from American 

Chemical Society).102 

 

A variety of microfluidic digital detection platforms have been developed for 

highly sensitive molecular profiling, including droplet,103-105 microwell,106,107 

microchannel with chamber,80,93,108 and printing.109 However, most of them require multi-

phase (oil/water) based sample dispersion and geometry of the microfluidic devices. For 

example, droplet-based methods need immersible phase to encapsulate aqueous droplets 

(Figure 1-11A), and microwell-based methods need oil to sweep out excess reagents for 

isolating individual microwells (Figure 1-11B), introducing extra complexity in 

experimental operations. We tried to address this issue in Chapter 5 by developing a 

novel microfluidic platform for single-phase signal digitization. 
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Figure 1-11. (A) Aqueous phase is dispersed into continuous oil phase to generate 

droplets (reproduced with permission from the Royal Society of Chemistry).110 (B) Oil 

phase flows into the channel to displace the aqueous phase and to seal the microwells. 

(reproduced with permission from American Chemical Society).111 

 

1.5 Chapter Overview 

Tumor-derived circulating exosomes, enriched with a group of tumor antigens, 

have been recognized as a promising biomarker source for cancer diagnosis via a less 

invasive procedure. Quantitatively pinpointing exosome tumor markers is appealing yet 

challenging. In the first and second projects (Chapter 2 and Chapter 3), we developed a 

simple microfluidic approach (ExoSearch chip) which provides enriched preparation of 

blood plasma exosomes for in situ, multiplexed detection using immunomagnetic beads.99 

The ExoSearch chip offers a robust, continuous-flow design for quantitative isolation and 

release of blood plasma exosomes in a wide range of preparation volumes (10 μL to 10 

mL). We employed the ExoSearch chip for blood-based diagnosis of ovarian cancer by 

multiplexed measurement of three exosomal tumor markers (CA-125, EpCAM, CD24) 

using a training set of ovarian cancer patient plasma, which showed significant diagnostic 

power and was comparable with the standard Bradford assay. This work provides an 
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essentially needed platform for the utilization of exosomes in clinical cancer diagnosis, as 

well as fundamental exosome research. 

Rapid, sensitive analysis of protein biomarkers is of tremendous biological and 

clinical significance. Immunoassay is a workhorse tool for protein analysis and has been 

under continuous investigations to develop new methods and to improve the analytical 

performance. In the third project (Chapter 4), we have developed a pneumatically gated 

microfluidic communicating vessel (μCOVE) chip for rapid and sensitive 

immunomagnetic ELISA.79 A distinct feature of our device is that it employs the 

communicating vessel principle as a simple means to generate fast transient 

hydrodynamic flow to enable effective flow washing without the need of excessive 

incubation, which, compared to conventional microfluidic flow-based immunoassays, 

greatly simplifies and expedites the assay workflow. The stationary multi-phase 

microfluidic techniques have been developed for fast bead washing. However, they have 

some limitations, such as the need of careful control of interfacial properties, large bead 

quantity required for reliable interphase bead transport, and relatively high bead loss 

during surface tension-gated traverse. Our signal-phase μCOVE chip can overcome such 

limitations and facilitate the manipulation of magnetic beads to streamline the assay 

workflow. 

We showed that the μCOVE device afforded highly sensitive quantification of 

carcinoembryonic antigen (CEA) and epidermal growth factor receptor (EGFR) proteins 

with the limit of detection (LOD) down to the sub-picogram per mL level. Direct 

detection of EGFR in the crude A431 cell lysate was also demonstrated to further validate 

the ability of our device for rapid and quantitative analysis of complex biological 
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samples. Overall, the μCOVE chip presents a unique platform that combines the merits of 

the stationary multi-phase systems and the flow-based microfluidics. This novel 

immunoassay microsystem holds promising potential for a broad range of biological and 

clinical applications, owing to its simplicity and high performance. 

In the last project (Chapter 5), we have integrated the design of the μCOVE chip 

with downstream lysis and detection chambers to achieve on-chip exosome capture, lysis, 

and digital detection of exosomal proteins. We intentionally chose a special enzymatic 

substrate, enzyme-labeled fluorescence 97 phosphatase substrate (ELF 97) for single-

phase signal digitization, because of the insolubility of its dephosphorylated product 

(ELF 97 alcohol). Furthermore, a special detection chamber was fabricated to enhance 

the localization of ELF 97 alcohol precipitates. We validated the feasibility of this chip 

by microfluidic digital sandwich ELISA to quantify the human epidermal growth factor 

receptor 2 (HER2) standard proteins and its expression level in exosomes secreted from 

MDA-MB-453 cells. This prototype of microfluidic platform is very promising for a 

broad range of clinical applications. 
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Chapter 2 Development of A Microfluidic ExoSearch Chip for Exosome 

Isolation* 

 

2.1 Introduction 

Extracellular vesicles, particularly exosomes, have become essential for 

intercellular communications involved in many pathophysiological conditions, such as 

cancer progression and metastasis.46,112-116 Exosomes are a distinct population of small 

microvesicles (30–150 nm) that are released from multivesicular bodies (MVBs) through 

an endolysosomal pathway, as opposed to other subcellular membrane derived 

vesicles.38,46 Studies have shown that exosomes are abundant in cancer patient 

blood.49,117,118 Probing of tumor-derived circulating exosomes has been emerging to 

better aid in non-invasive cancer diagnosis and monitoring of treatment response.119 

However, exosome biogenesis at the molecular level is still not well understood, as well 

as clinical utilization of exosomes lags, due to current technical challenges in rapid 

isolation and molecular identification of exosomes.38,120 

The most common procedure for purifying exosomes involves a series of high-

speed ultracentrifugation steps in order to remove cell debris and pellet exosomes. 

However, this procedure does not discriminate exosomes from other vesicular structures 

or large protein aggregates.121-123 Moreover, the isolation protocols are extremely tedious, 

time-consuming (> 10 h), and inefficient, especially for blood samples, making clinical 

application difficult.124-127 Although physical size is employed to define exosomes, this 

property has not completely distinguished exosomes as a specific population apart from 

 
* Published on Lab Chip 2016, 16, 489-496. 
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other vesicles that originate from different cellular locations, such as apoptotic vesicles, 

exosome-like vesicles, membrane particles, and ectosomes.115 Exosomes carry specific 

proteins, RNAs, and mitochondrial DNA, that represent their cells of origin.128,129 The 

molecular signature of exosomes is essential for defining exosome populations and 

origins.130,131 However, conventional flow cytometry for molecular marker identification 

is limited by detectable size (> 200 nm), thereby excluding the majority of exosomes.132 

Standard benchtop ultracentrifugation, western blotting and enzyme-linked 

immunosorbent assay (ELISA) require lengthy processes and large amounts of purified, 

concentrated exosomes from blood (~2 mL) or cell culture media (~300 mL).122,133 

Herein, we developed a simple and robust microfluidic continuous-flow platform 

(ExoSearch chip) for rapid exosome isolation. Several microfluidic approaches have been 

previously developed for exosome studies,134,135 such as isolation,136,137 

quantification,138,139 and molecular profiling.140-142 However, these platforms require 

either complicated fabrication or sophisticated sensing methods. We previously 

developed a microfluidic system for integrated exosome lysis and detection of 

intravesicular protein markers that exosomes carry.135 Nevertheless, the previous 

approach involves off-chip exosome capture using a small amount of magnetic beads and 

thus lacks the ability to prepare large-scale enriched exosomes for variable downstream 

molecular characterizations. Therefore, we developed the ExoSearch chip which enabled 

on-chip continuous-flow mixing and immunomagnetic isolation. Compared to other 

existing microfluidic methods, the ExoSearch chip possesses distinct features: first, the 

continuous-flow operation affords dynamic scalability in processing sample volumes 

from microliter for on-chip analysis to milliliter preparation for variable downstream 
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measurements; second, because of its simplicity, cost-effectiveness, and robustness, the 

ExoSearch chip holds the potential to be developed into a viable technology in point-of-

care and clinical settings.  

 

2.2 Experimental 

2.2.1 ExoSearch Chip Fabrication and Operation 

The microfluidic chip was fabricated using a 10:1 mixture of PDMS base and 

curing agent over a master wafer, and then bounded with a microscope glass slide. The 

master was the pattern of SU-8 photoresist on a 4-inch silicon wafer and was silanized to 

facilitate the generation of many replicas as needed. A 2 mm magnet disk was molded 

into a PDMS layer during the curing process at the desired location; the magnet is 

removable for switching off magnetic force. A surface treatment for the PDMS chip was 

applied to avoid non-specific adsorption and generation of bubbles in the microchannel, 

using a blocking buffer (2.5% BSA and 0.01% Tween-20 in 1× PBS) with 30 min 

flushing at a flow rate of 1 μL min−1. A programmable syringe pump (picoliter precision) 

with two 20 μL microsyringes was used to provide the optimized flow rate for 

continuous, on-line mixing of the plasma sample and immunomagnetic beads. The 

magnetic beads (2.8 μm, 0.1 mg mL−1) were conjugated with capture antibodies for 

isolating intact plasma exosomes. A washing buffer (1% BSA in 1× PBS) was applied for 

5 min after exosome capturing.  

The size distribution and concentration of nanoparticles can be measured by 

nanoparticle tracking analysis (NTA) based on analyzing Brownian motion. NTA was 

performed using NanoSight V2.3 following the standard protocols. By monitoring the 
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trajectory of microvesicle movement, the particle numbers within the size range of 0–500 

nm were estimated in serial dilutions. The concentrations were calibrated back to the 

human plasma concentration. For consistent reading, the measurement settings were 

optimized, and five replicas were performed to obtain the average measurements. 

Transmission electron microscopy (TEM) and image analysis were performed for 

characterizing the morphology and size of the exosomes captured on the bead surface. 

The agar and resin embedding protocols were employed to ensure that the exosome 

morphology was maximally maintained under TEM imaging. Ultra-thin sections (80 nm) 

were cut on a Leica Ultracut-S Ultramicrotome and viewed after counterstaining in a 

JEOL JEM-1400 Transmission Electron Microscope operating at 80 kV. Micrographs 

were prepared to a known scale, and exosome sizes were measured and calculated using 

TEM imaging software with a ruler function at 20 K magnification and normalized to the 

scale bar. 

 

2.2.2 Reagents, Data Collection and Analysis 

The capture antibodies used in this study are CD9 biotin (C3-3A2, Ancell), CD81 

biotin (1.3.3.22, Ancell), and CD63 biotin (H5C6, BioLegend). Exosome capture beads 

(Dynabeads M-270 Streptavidin, 2.8 μm in diameter) were obtained from Invitrogen and 

coupled with capture antibody through biotin-streptavidin linkage per the instruction, 

generating typical binding capacity of ~10 μg biotinylated antibody per 1 mg of beads. 

Antibody-coated beads (0.1 mg mL−1) were introduced into microfluidic device for 

mixing with human blood plasma at variable flow rates precisely controlled by a 

programmable syringe pump. The human blood plasma was obtained from University of 
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Kansas Cancer Center’s Biospecimen Repository following consents and standard 

protocols. 

Fluorescence images were collected by an inverted epifluorescence microscope 

with a 20× (N.A. = 0.35) Zeiss objective lens and a scientific CMOS camera (OptiMOS, 

QImaging). The camera exposure time was set to 2000 ms with a 10 MHz frequency 

controlled by the open source software Micro-Manager 1.4. 

 

2.3 Results and Discussion 

2.3.1 Working Principles of the ExoSearch Chip 

Exosomes contain a variety of surface markers originating from their host 

cells.143,144 Selective isolation and specific analysis of disease-responsive exosome 

subpopulations are essential to evaluate the clinical relevance of circulating 

exosomes.132,145-147 To this end, the ExoSearch chip is designed to specifically isolate 

exosome subpopulations and simultaneously measure a panel of tumor markers for better 

defining disease, compared to single-marker detection. As shown in Figure 2-1A, the 

ExoSearch chip consists of a Y-shaped injector, a serpentine fluidic mixer for bead-based 

exosome capture (~25.5 cm in length), and a microchamber (4 mm in diameter) with a 

replaceable magnet for collection and detection of exosomes. The microchannel is 300 

μm wide and 50 μm deep. Such microfluidic geometry was adapted from our previous 

studies on on-chip mixing and magnetic bead capture.135 The operation was simply 

driven by a programmable microsyringe pump with picoliter resolution. In brief, a plasma 

sample and immunomagnetic beads were introduced at the same flow rate from the 

injection channels (Figure 2-1B) through the long serpentine channel where they were 



24 

uniformly mixed to facilitate exosome binding with the beads (Figure 2-1C). No 

significant aggregation of beads by interactions with exosomes or other plasma 

components was observed during flow mixing at the bead concentrations and flow rates 

used here (Figure 2-1B and C). Magnetic beads with bound exosomes can be retained as 

a tight aggregate in the downstream microchamber by magnetic force (Figure 2-1D). The 

amount of beads retained in the chamber was found to be proportional to the injection 

volume, allowing for quantitative isolation and detection of exosomes.135 Total analysis 

was completed with as low as 20 μL plasma samples in ~40 min. The beads were then 

released by removing the magnet and collected off the chip to yield purified and enriched 

exosome samples for variable benchtop measurements, such as morphological studies by 

transmission electron microscopy (Figure 2-1E and Figure 2-2). 

 

 

Figure 2-1. (A) Workflow of the ExoSearch chip for continuous mixing and isolation. 

(B)–(C) Bright-field microscope images of immunomagnetic beads manipulated in the 

microfluidic channel for mixing and isolation of exosomes. (D) Exosome-bound 

immunomagnetic beads aggregated in the microchamber with an on/off switchable 

magnet for continuous collection and release of exosomes. (E) TEM image of an 

exosome-bound immunomagnetic bead in a cross-sectional view. 
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While a 20 μL sample volume was used throughout this study, the smallest 

sample volume that can be reliably handled was estimated to be 10 μL, given the dead 

volume of the system (i.e., syringes, tubing and the chip). Our previous results showed 

that the magnetic bead aggregate formed in the chamber increased linearly in size by a 

factor of 8 with a 50-fold increase in the total injected bead number.135 Note that ~106 

beads formed an aggregate of ~1 mm size. Based on the chamber size (4 mm in diameter) 

and the bead concentration used (~106 per mL), it is reasonable to estimate that this 

device can readily process 10 mL of plasma in a single continuous run. The processing 

capacity can be increased by operating in a repetitive capture-and-release manner (Figure 

2-2). The single-channel device is readily scaled up to multi-channel systems for high-

throughput exosome immuno-isolation and analysis. 

 

 

Figure 2-2. The sequential snapshots showing the release process of bead aggreagates 

after switching off the magnetic field during continuous flow in ExoSearch chip. 
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2.3.2 Characterization of Microfluidic Continuous-flow Mixing for Exosome 

Isolation 

We systematically characterized the on-chip mixing behavior of particles in 

various sizes for efficient exosome isolation. First, fluorescently labeled nanoparticles (50 

nm) and micro-sized magnetic beads (2.8 μm) were flowed through the ExoSearch chip, 

respectively, in order to mimic the mixing process for exosome isolation (Figure 2-3A). 

In both cases, two streams were well mixed passively by the serpentine channel, showing 

uniform distribution of particles across the channel width. Mixing of fluorescently 

labeled exosomes with antibody-conjugated microbeads was then studied. We observed 

uniform distributions of both exosome stream and microbeads that emitted bright 

fluorescence due to the binding of exosomes on the bead surface (Figure 2-3A). The 

microbeads were dominant for effective mixing which leads to much faster mixing. The 

minimum flow travel distance required for complete mixing in the microchannel was 

measured for each case, which exhibited a linear semi-log response to the flow rates 

applied (50 to 104 nL min−1) (Figure 2-3B). Higher mixing efficiency was observed at 

relatively low flow rates for all three cases. Low-Reynolds-number conditions allow the 

exosomes and magnetic-bead suspension to flow side by side. Thus, complete mixing is 

critical and determines the effective residence time (incubation time), which in turn 

determines the effective capture. In the serpentine microchannel, mixing is promoted by 

the Dean flow and inertial lift.148 For larger particles, the lift force increases rapidly and 

positions the particles across the channel.149 Therefore, compared to the smaller 

exosomes and nanoparticles, the micro-sized magnetic beads showed faster mixing 

(Figure 2-3). In addition, in such a mixing system, the shear stress is low and particularly 
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suitable for isolating and collecting intact exosomes.148,149 For all flow rates we studied 

(50 to 104 nL min−1), effective mixing was completely achieved, which can significantly 

reduce the incubation time for efficient immunomagnetic capture of exosomes.150 We 

also investigated the exosome capture efficiency by comparing the fluorescence intensity 

of flows at the inlet and outlet of the capture chamber. 

 

 

Figure 2-3. Microfluidic continuous-flow mixing for efficient exosome isolation. (A) 

Two-stream particle mixing in the microchannel. Left: Fluorescence charge-coupled 

device (CCD) images of the mixing process for a stream of Texas Red labeled 

nanoparticles (50 nm) co-flowed with a bead solution. Middle: Immunomagnetic beads 

(2.8 μm) tracked under bright field for mixing with human blood plasma. Right: Mixing 

of fluorescently labeled exosomes with antibody beads. Exosomes were purified from 

ovarian cancer patient plasma by ultracentrifugation. Scale bars: 300 μm. (B) Plots of the 

minimum travel length required for uniform mixing over a flow rate range. The grey 

dashed line indicates the mixing channel length in the ExoSearch chip. 

 

The capture efficiency of 42–97.3% was achieved at flow rates from 50 to 104 nL 

min−1 (Figure 2-4). Subsequent studies were performed at the flow rate of 1 μL min−1, 

which resulted in a fairly good capture efficiency of 72%. This flow speed allows 

exosome isolation from a 20 μL plasma sample in 20 min. For preparing enriched 
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exosomes from large-volume samples, the throughput can be increased by using a 

relatively faster flow rate or expanding the single-channel device to a multi-channel 

system. For instance, a 2 mL blood plasma can be processed within 3 h (10 μL min−1) 

without the need of manual intervention, which is at least 3 times faster than standard 

ultracentrifugation for processing the same amount of plasma with only 25% exosome 

recovery rate.151 

 

 

Figure 2-4. Exosome capture efficiency as a function of the mixing flow rate measured 

using purified, fluorescently labeled exosomes and capture beads. RSD is ~5% from 

replicate measurements. 
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2.3.3 Specificity for Isolating Tumor-derived Exosomes 

Recent studies have suggested that both tumor cells and normal cells secrete 

exosomes, although significantly higher amounts of exosomes have been observed from 

tumor cells.152 Therefore, specific isolation, purification, and characterization of tumor 

cell derived exosomes are essential.153 We characterized the specificity for on-chip 

immunomagnetic isolation of exosomes from ovarian cancer patient blood plasma. On-

chip isolation of variable exosome subpopulations was conducted by targeting both 

ovarian tumor-associated markers (EpCAM and CA-125) and common exosomal 

markers (CD9, CD81, and CD63). EpCAM is a cargo protein in exosomes and is highly 

overexpressed in multiple types of carcinomas, including ovarian tumors. CA-125 

antigen is the most commonly measured biomarker for epithelial ovarian tumors, which 

accounts for 85–90% of ovarian cancer. 

The exosome-bound beads were washed on the chip and then released and 

concentrated for morphology evaluation and counting of intact exosomes using TEM, as 

presented in Figure 2-5A. Significantly higher amounts of round membrane vesicles 

(smaller than 150 nm) were observed for EpCAM+, CA-125+, and CD9+ subpopulations 

from ovarian cancer plasma, compared to healthy controls. Negative control beads with 

IgG conjugation showed no capture of vesicles, demonstrating a good specificity of 

immunomagnetic isolation. The relative expression levels of the five surface markers 

were measured by counting the number of intact exosomes bound to the beads (n = 25). 

The results showed a ~3–5 fold increase in expression levels of the five markers from the 

ovarian cancer patient, compared to the healthy control (Figure 2-5B, p = 0.001). 
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Figure 2-5. Microfluidic ExoSearch chip for specific isolation of ovarian cancer plasma 

derived exosomes. (A) TEM images of on-chip immunomagnetically isolated exosomes 

from ovarian cancer plasma, compared to healthy control. Scale bar is 100 nm. IgG-

conjugated immunomagnetic beads were negative control beads. (B) Exosome counts 

analyzed from surfaces of variable capture beads (EpCAM+, CA-125+, CD9+, CD81+, 

CD63+) using TEM particle analysis (n = 25, CV = 2.8–10%). Single bead diameter was 

2.8 μm and sliced bead layer was 80 nm thick. 

 

To verify the results of on-chip isolation, we conducted nanoparticle tracking 

analysis (NTA) of ultracentrifugation-isolated exosomes to measure their size 

distributions and concentrations. As shown in Figure 2-6, on-chip isolated exosomes 

(CD9+) exhibited a notably narrower range with the log-normal fitted size distribution 

(R2 > 0.98). The size smaller than 150 nm is a commonly used criterion to differentiate 

exosomes from larger microvesicles.115 Compared to ultracentrifugation approaches, 

microfluidic immunoaffinity isolation yields a higher percentage of vesicles smaller than 

150 nm (~79.7% vs. 60.7%), suggesting that the developed ExoSearch chip offers high 

specificity in the isolation of circulating exosomes. 
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Figure 2-6. Size distribution of on-chip isolated exosomes (CD9+) using TEM particle 

analysis, compared to standard NTA analysis of ultracentrifugation-purified exosomes. 

Dashed lines were log-normal fit (R2 > 0.98). 

 

2.4 Conclusions 

We demonstrated the feasibility of ExoSearch chip for rapid isolation of 

exosomes. To date, as a difficult surgery, conventional tissue biopsy for pathological 

diagnosis of ovarian cancer is extremely invasive. General imaging screenings, including 

tomography (CT) scans and magnetic resonance imaging (MRI) scans, are costly and 

unavailable in a majority of clinics. Therefore, blood-based assay for pre-screening is 

highly valuable and can dramatically decrease healthcare costs. This work, as a proof-of-

concept, is an essential step and could serve as a basic platform for developing clinical 

tests, as well as fundamental laboratory research. 
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Chapter 3 Clinical Applications of Microfluidic ExoSearch Chip for 

Multiplexed Exosome Detection towards Blood-based Ovarian Cancer 

Diagnosis* 

 

3.1 Introduction 

Previously we developed a simple and robust microfluidic continuous-flow 

platform (ExoSearch chip) for rapid exosome isolation.99 Here, we further combined on-

chip continuous-flow mixing and immunomagnetic isolation streamlined with in situ, 

multiplexed detection of exosomes. We previously developed a microfluidic system for 

integrated exosome lysis and detection of intravesicular protein markers that exosomes 

carry.135 However, on-chip isolation and enrichment of exosomes streamlined with 

multiplexed detection of marker combinations have not been established yet. In addition, 

the previous approach involves off-chip exosome capture using a small amount of 

magnetic beads and thus lacks the ability to prepare large-scale enriched exosomes for 

variable downstream molecular characterizations. The ExoSearch chip exceeds other 

existing microfluidic methods in several aspects, especially expediting multiplexed 

quantification of marker combinations in one sample significantly (~40 min). The one-

step exosome assay enabled by the ExoSearch chip has been applied for ovarian cancer 

diagnosis via quantifying a panel of tumor markers from exosomes in a small volume of 

blood plasma (20 μL), which showed significant diagnostic accuracy and was comparable 

with the standard Bradford assay. 

 

 
* Published on Lab Chip 2016, 16, 489-496. 
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3.2 Experimental 

3.2.1 ExoSearch Chip Fabrication and Operation 

The fabrication and preparation of the ExoSearch chip and magnetic beads is 

explained in Chapter 2. Afterwards, a mixture of three probing antibodies (anti CA-

125/A488, anti EpCAM/A550, anti CD24/A633) labeled with distinct fluorescent dyes 

was introduced for 10 min incubation at a slow flow rate of 100 nL min−1, followed by 5 

min washing. The non-specific adsorption, specificity of probing antibodies, and 

incubation were well characterized. 

For comparison with standard benchtop approaches, differential centrifugations 

were carried out on the collected fresh frozen blood plasma (2 mL) to obtain exosomes. 

The amount of protein recovered from pellets was measured by the Bradford assay 

(BioRad). The exosome vesicles were conserved at −80 °C until use. Nanoparticle 

tracking analysis (NTA) was performed as described in Chapter 2. 

 

3.2.2 Reagents, Antibodies and Human Blood Plasma Samples. 

The detection antibodies used in this study are CA-125 (B2626M, Meridian Life 

Science) conjugated with Alexfluor-488, EpCAM (323/A3, Thermo Scientific Pierce) 

conjugated with Alexfluor-550, CD24 (eBioSN3, eBioscience) conjugated with 

Alexfluor-633, HE4 (EPR4743, abcam) conjugated with Cyanine 5. The capture 

antibodies used in this study are CD9 biotin (C3-3A2, Ancell), CD81 biotin (1.3.3.22, 

Ancell), and CD63 biotin (H5C6, BioLegend). Exosome capture beads (Dynabeads M-

270 Streptavidin, 2.8 μm in diameter) were prepared as describe in Chapter 2. Antibody-

coated beads (0.1 mg mL−1) were mixed with human blood plasma in the microfluidic 
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device by programmable syringe pumps. The human blood plasma was obtained from 

University of Kansas Cancer Center’s Biospecimen Repository following consents and 

standard protocols. 

 

3.2.3 Western Blotting 

Tris-glycine pH 8.3, 4–12% precast polyacrylamide slab mini-gels with Blot 

Module (BioRad) was used for performing western blotting following the standard 

protocol. Ultracentrifugation-purified exosomes were lysed and prepared by adding 

protease inhibitors and running buffer (0.1% SDS), and heating at 65 °C for 5 min. After 

electrophoresis at 125 V for 2 h, gels were electro transferred to cellulose membranes 

(0.2 μm) at 25 V for 2.5 h in an ice bucket. After washing twice(1× PBS, 0.5% Tween-

20, pH 7.4), the membranes were blocked with 5% dry milk overnight at 4 °C with 

shaking. The solution of primary biotinylated antibody (1:1500) was added into blocking 

buffer for 2 h incubation with shaking at room temperature. After incubation, the 

membrane was washed 3 times for 10 min each. The secondary antibody streptavidin-

HRP (Invitrogen, ELISA grade, 1.2 mg mL−1) diluted 1:2500 in the blocking solution 

was added for 1 h incubation at room temperature with agitation. After that, the washing 

step was repeated three times. The membrane was subsequently developed with 

chromogenic substrate reagent (BioRad) until the desired band intensity was achieved. 

Imaging was performed by using ChemiDoc imager (BioRad). 
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Table 3-1. Human Blood Plasma Samples Used in this Study 

 No. Age Cancer Stage Treatment 

OvCa Patients 

1 72 III N 

2 67 II N 

3 70 III N 

4 80 III N 

5 65 III N 

6 61 III N 

7 76 III N 

8 74 II N 

9 64 III N 

10 78 III N 

11 66 III N 

12 75 II N 

13 67 III N 

14 55 III N 

15 53 III N 

Healthy 

1 51 

N/A N/A 

2 53 

3 50 

4 52 

5 53 

De-identified samples and matching information were obtained from University of 

Kansas Cancer Center’s Biospecimen Repository following consents and standard 

protocols. 

 

3.2.4 Data Collection and Analysis 

Fluorescence images were collected by an inverted epifluorescence microscope 

with a 20× (N.A. = 0.35) Zeiss objective lens and a scientific CMOS camera (OptiMOS, 

QImaging). The camera exposure time was set to 2000 ms with a 10 MHz frequency 

controlled by the open source software Micro-Manager 1.4. The filter sets of FITC, 

Rhodamine and Cy-5 were used for multiplexed three-color fluorescence detection with a 

LED light source for excitation. Fluorescence image analysis was performed using 

ImageJ (NIH, https://imagej.nih.gov/ij/) with an in-house written Macro to determine 

1000 points randomly across consistent regions of bead aggregates for obtaining 
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averaged fluorescence intensity. Two fluorescence images were collected right before 

and after antibody detection in three fluorescence channels, respectively, for calculating 

the difference of fluorescence signals. The measured fluorescence signal was then 

normalized to the background. 

 

3.3 Results and Discussion 

3.3.1 Working Principle of the ExoSearch Chip 

The assay workflow is described almost the same as in Chapter 2, except for the 

addition of the detection antibody mixture for multiplexed detection. As shown in Figure 

3-1A, a plasma sample and immunomagnetic beads were introduced at the same flow rate 

from the injection channels (Figure 3-1B) through the long serpentine channel (Figure 

3-1C) where they are uniformly mixed to facilitate exosome binding with the beads. Then 

the beads were retained as a tight aggregate in the downstream microchamber by 

magnetic force (Figure 3-1D). A mixture of antibodies labeled with unique fluorescent 

dyes was injected into the chamber to stain the exosomes for multi-color fluorescence 

imaging. Total analysis is completed with as low as 20 μL plasma samples in ~40 min. 
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Figure 3-1. (A) Workflow of the ExoSearch chip for continuous mixing, isolation and in 

situ, multiplexed detection of circulating exosomes. (B)–(C) Bright-field microscope 

images of immunomagnetic beads manipulated in the microfluidic channel for mixing 

and isolation of plasma exosomes. (D) Exosome-bound immunomagnetic beads 

aggregated in the microchamber with a magnet and were stained by a mixture of three 

probing antibodies labeled with distinct fluorescent dyes for in situ, multiplexed detection 

of exosomes. 

 

3.3.2 Quantitative and Multiplexed Exosomal Marker Detection 

We first characterized the ExoSearch chip for quantitative isolation and detection 

of exosomes. Figure 3-2A shows the fluorescence images of exosomes isolated from 

serial dilutions of purified, fluorescently labeled plasma exosomes. The concentrations of 

purified plasma exosomes were determined by NTA measurements. Employing the same 

mixing and isolating conditions, increased fluorescence signals (ΔFL) were observed and 

found to be proportional to exosome concentrations. Using fluorescently labeled anti-

EpCAM as the detection antibody, exosome titration curves were obtained for a healthy 

plasma sample and ovarian cancer plasma, which exhibited good linear response as seen 

in Figure 3-2B (R2 > 0.98, CV = ~5%). The small variation of measurements indicates the 
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good robustness of the method. Moreover, a much higher ΔFL signal (~30-fold increase) 

was observed for the ovarian cancer sample, compared to the healthy control under the 

same concentration. These results demonstrated the ability of the ExoSearch chip to 

quantitatively measure exosome surface markers for differentiating changes associated 

with disease. The results were consistent with other recent reports that EpCAM is highly 

overexpressed in ovarian tumor exosomes.154 The quantitative detection of intact 

exosomes was achieved with a limit of detection of 7.5 × 105 particles per mL (LOD, S/N 

= 3), which is 1000-fold sensitive than western blotting.141 While such sensitivity is 

comparable with that of the previously reported microfluidic method,141 our method 

features simple fabrication, easy operation, and low cost. 

 

 

Figure 3-2. (A) CCD images of bead aggregates in the ExoSearch chip captured with 

fluorescence-labeled plasma exosomes in serial dilutions (from left to right: 5 × 105, 1 × 
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106, 5 × 106, 1 × 107 particles per mL). Scale bar was 100 μm. (B) Calibration curves for 

quantitative detection of intact exosomes (R2 > 0.98, CV = ~5%). Exosomes were 

purified from one healthy control plasma and one ovarian cancer patient plasma using 

ultracentrifugation. Concentrations were measured by NTA. 

 

In situ, multiplexed biomarker detection was then developed for rapid and 

quantitative microfluidic analysis of ovarian tumor derived plasma exosomes. We chose 

the common exosome marker CD9 as the capture antibody for selective isolation of 

exosomes because of the consistently high expression of CD9 we observed from human 

plasma derived exosomes (Figure 3-3). 

 

 

Figure 3-3. Western blotting analysis of expression levels of exosomal surface marker 

CD9, CA-125, and EpCAM. The plasma exosome samples were prepared from ovarian 

cancer patients and healthy controls using standard ultracentrifugation. 

 

In addition to the established ovarian cancer biomarker CA-125, human 

epididymis protein 4 (HE4) has been recognized for improving the diagnostic specificity 

of CA-125 in pathological tests. We did not observe substantial expression of HE4 from 

the exosome samples (Figure 3-4), which could be due to the different secretion pathway 
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of HE4.129 This observation was consistent with other recent reports.141,155 Previous 

observations have indicated that CD24 could be a significant marker in ovarian tumor 

prognosis and diagnosis.156 Therefore, we developed a multiplexed sandwich 

immunofluorescence assay to quantify isolated exosomes by targeting three markers, CA-

125, EpCAM, and CD24 from the same population of exosomes, as exemplified in Figure 

3-5A. Quantitative tests of raw human plasma collected from 20 subjects (nOvCa = 15, 

nhealthy = 5) were conducted for three-marker classification of ovarian tumor derived 

exosomes, and a distinctive three-marker expression pattern was observed for ovarian 

cancer patients (Figure 3-5B). The average expression levels of individual exosomal 

markers from ovarian cancer patients were statistically higher as compared to healthy 

controls (CD24: 3-fold increase, p = 0.003; EpCAM: 6.5-fold increase, p = 0.0009; CA-

125: 12.4-fold increase, p < 0.0001). 

 

 

Figure 3-4. CCD captured microscopic images of bead aggregates under negative and 

positive control experimental conditions. Image size is 200 μm × 200 μm. 



41 

 

Figure 3-5. (A) CCD images of multiplexed three-color fluorescence detection of tumor 

markers (CA-125, EpCAM, CD24) from captured exosome subpopulation (CD9+). Scale 

bar was 50 μm, indicating the bead aggregate size. (B) Average expression levels of three 

ovarian tumor markers measured by the ExoSearch chip from 20 human subjects (nOvCa = 

15, nhealthy = 5). Error bars indicate standard deviations. 

 

In order to characterize the non-specific adsorption and cross-reactivity of 

antibodies, the negative and positive control experiments were designed and conducted in 

parallel for testing the four antibodies we used in this study (CA-125, EpCAM, CD24, 

and HE4). The fluorescence background of magnetic beads themselves was measured and 

compared with fluorescence intensity after detection antibody probing and washing, 
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without introducing plasma exosome samples. The slight auto-fluorescence of capture 

beads and negligible non-specific adsorption fluorescence were observed. There is no 

cross-reaction between antibodies we used in this study. The positive control (ovarian 

cancer patient plasma exosomes) showed strong fluorescence signals after probing with 

antibodies for CA-125, EpCAM, and CD24. However, we did not observe acceptable 

positive response from HE4 antibody probing, as HE4 was not expressed on the exosome 

surface which demonstrates the negligible non-specific adsorption onto captured 

exosomes (Figure 3-4). 

In addition, Figure 3-5B shows low signal intensities for these three markers 

when their expression levels are low in healthy exosomes. This result also indicates 

negligible non-specific interference from non-specific antibody adsorption or cross-

reactivity. In order to achieve an accurate fluorescence readout, we set the same image 

threshold (0–255 grey scale). Meanwhile, for each sample analysis, we collected one 

image of the PDMS microchamber as the background, one image of bead aggregates 

right before the antibody probing step, and one image of bead aggregates after the 

antibody probing and washing step. The difference of fluorescence signals before and 

after antibody probing was calculated, and then normalized to background. We designed 

a macro function of ImageJ for randomly picking up 1000 points in the consistent area of 

sample signals and measuring the average of mean gray value of fluorescence intensity. 

 

3.3.3 ExoSearch Chip for Blood-based Ovarian Cancer Diagnosis 

Currently, there is no single marker that can detect early-stage ovarian cancer 

with desired sensitivity and specificity (> 98%).157 A large number of combinations of 
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biomarkers have been investigated to improve diagnostic sensitivity and specificity.158 

Circulating exosomes, enriched with a group of tumor antigens, provide a unique 

opportunity for cancer diagnosis using multi-marker combination. To this end, we 

employed the ExoSearch chip for blood-based diagnosis of ovarian cancer by 

simultaneously detecting three tumor antigens present in the same exosome 

subpopulation. Standard Bradford assay of total protein levels in ultracentrifugation-

purified exosomes from matched human subjects was performed for parallel comparison. 

Estimating the required sample size to adequately train developed diagnostic 

assay is of great practical importance.159 We calculated the required sample size for 

evaluating diagnostic accuracy by comparing the area under a receiver operator 

characteristic (ROC) curve with a null hypothesis value of 0.5. ROC curve is a plot of 

false positive rate (1 − specificity) of a test on the x-axis against its true positive rate 

(sensitivity) on the y-axis for all possible cut-off points. The sample size takes into 

account the required significance level of 0.05 and 80% power of the test. The statistical 

power 0.8 and sample ratio of 3 were chosen for statistical judgment with 0.2 probability 

of type I error (false positive) and 0.2 probability of type II error (false negative). Thus, 

the sample size computational table was listed below in Table 3-2. The sample size of 

total 20 (15 ovarian cancer patients and 5 healthy controls) is adequate to evaluate 

diagnostic accuracy with acceptable diagnostic power. 

 

Table 3-2. Sample Size Justification with Desired Errors 

 
Type I error 

0.20 0.05 

Type II error 
0.20 15 + 5 27 + 9 

0.05 27 + 9 42 + 14 
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Both ExoSearch and Bradford assay showed significantly increased level of 

exosome proteins from ovarian cancer patients, compared to healthy controls (Figure 3-6, 

Bradford assay p = 0.001; ExoSearch chip p < 0.001). Particularly, the ExoSearch chip 

gave individual exosomal protein expression levels and the levels of CA- 125 and 

EpCAM showed extremely significant differences between ovarian cancer patients and 

healthy controls (EpCAM, p = 0.0009; CA-125, p < 10−4). 

 

 

Figure 3-6. Scattering plots of expression levels of three tumor markers (CA-125, p < 

10−4; EpCAM, p = 0.0009; CD24, p = 0.003) from blood plasma derived exosomes (nOvCa 

= 15, nhealthy = 5), compared to the standard Bradford assay of total proteins (p = 0.0013) 

in ultracentrifugation-purified exosomes from matched human subjects. Black lines 

indicate the average expression levels of each group. Ovarian cancer patients were 

represented by red dots, and healthy controls were represented by blue dots. 
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Sensitivity and specificity are terms used to evaluate a clinical test. The area 

under the ROC curve (a.u.c.) represents the overall accuracy of a test, with a value 

approaching 1.0 indicating a high sensitivity and specificity. The a.u.c. is a global 

measure of diagnostic accuracy.160,161 By comparison of areas under ROC curves, we can 

estimate which one of the tests is more suitable for distinguishing health from disease. 

The accuracy classification for a diagnostic test is listed in Table 3-3. 

 

Table 3-3. Accuracy Classification by a.u.c. for a Diagnostic Test. 

a.u.c Range Classification 

0.9 < a.u.c. < 1.0 Excellent 

0.8 < a.u.c. < 0.9 Good 

0.7 < a.u.c. < 0.8 Fair 

0.6 < a.u.c. < 0.7 Poor 

 

To determine the diagnostic accuracy of the ExoSearch chip assay, we analyzed 

the true positive rate (sensitivity) and false positive rate (1 − specificity) using ROC 

curves. The areas under the curves obtained for CA-125, EpCAM, and CD24 were 1.0, 

1.0 and 0.91, respectively, which were comparable with the standard Bradford assay 

(a.u.c. = 1.0, 95% CI) (Figure 3-7). However, the diagnostic accuracy of using exosomal 

particle concentrations measured by NTA was relatively poor with an a.u.c. of only 0.67 

(Figure 3-7B and Figure 3-8, 95% CI). It could be attributed to the variation of NTA 

measurement which gives a relatively large uncertainty in size and concentration.158,162 
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Figure 3-7. (A) ROC analysis of the ExoSearch chip assay for in situ, multiplexed 

detection of three ovarian tumor exosomal markers (CA-125 a.u.c. = 1.0, p = 0.001; 

EpCAM a.u.c. = 1.0, p = 0.001; CD24 a.u.c. = 0.91, p = 0.008). Confidence interval (CI) 

is 95%. (B) ROC analysis of standard benchtop measurements (Bradford assay of total 

exosome protein, and NTA of exosome concentration) of blood plasma exosomes from 

matched patients in Figure 3-7A. 

 

In addition, the results were consistent with recent reports showing that counting 

exosomes alone was insufficient for cancer diagnosis and targeting specific exosome 

phenotypes could markedly improve the diagnostic accuracy.48 By ROC analysis (Table 

3-4), the ExoSearch chip assay was highly accurate in discriminating plasma exosomes 

from ovarian cancer patients vs. healthy individuals. The above results suggested that the 

ExoSearch chip enables sensitive multiplexed exosomal marker detection for blood-based 

diagnosis of ovarian cancer with significant predictive power. The combination of plasma 

exosomal markers CA-125, EpCAM, and CD24 provided desirable diagnostic accuracy 

for non-invasive, early detection of ovarian cancer (Table 3-4). 
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Figure 3-8. The plasma exosome particle concentrations from 20 human subjects 

measured by NTA (nOvCa = 15, nhealthy = 5). Slightly higher average amount of plasma 

exosomes (1.5-fold) was observed from ovarian cancer patients, compared to healthy 

controls (p = 0.25). The difference was not significant. 

 

Table 3-4. Diagnostic Accuracy Analysis by Receiver Operating Characteristic Curve 

Test 

Variables 

ExoSearch Chip 
Bradford 

Assay 
NTA 

CA-125 EpCAM CD24 

Total 

Exosomal 

Protein 

Particle 

Concentration 

ROC 

Curve Area 
1.000 1.000 0.9067 1.000 0.6750 

Standard 

Error 
0.000 0.000 0.0903 0.000 0.1322 

95% CI 
1.000 to 

1.000 

1.000 to 

1.000 

0.729 to 

1.084 

1.000 to 

1.000 

0.413 to 

0.936 

P Value 0.0010 0.0010 0.0078 0.0009 0.2477 
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3.4 Conclusions 

Because exosomes differ 5-fold in size and 104-fold in concentration in biological 

samples, and can contain other membrane derived subcellular structures,38 accurate 

measurement of exosome concentration in biofluids is challenging. For conventional 

approaches, such as NTA and flow cytometry, exosome quantitation is limited primarily 

by minimum detectable vesicle sizes, resulting in relatively large variation (CV = 

~20%).162,163 The ExoSearch chip enables simultaneous, quantitative evaluation of 

multiple markers from the same exosome subpopulation with much improved 

measurement reproducibility (CV < 10%), indicating the good robustness of this method. 

Such robustness is essential for precision medicine and diagnostics involving exosomes. 

In addition, the continuous-flow design affords capability for obtaining distinct 

populations of exosomes from a wide range of preparation volumes (10 μL to 10 mL), 

which is useful for downstream comparative molecular profiling or therapeutic use. 

As surrogates of tumor cells, exosomes hold great promise for precise and 

personalized cancer diagnosis. Combinations of exosomal protein markers may constitute 

a “cancer signature” and provide improved detection as the first step in multimodal 

screening.163 Nevertheless, to the best of our knowledge, multiplexed assay of exosomes 

is not yet well established. We demonstrated the feasibility of ExoSearch chip for non-

invasive diagnosis of ovarian cancer using a combination of three exosomal tumor 

markers (CA-125, EpCAM, CD24), which showed comparable accuracy and diagnostic 

power (a.u.c. = 1.0, p = 0.001) with the standard Bradford assay (a.u.c. = 1.0, p = 

0.0009). However, the ExoSearch chip requires only 20 μL of human plasma for 
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multiplexed detection of the three tumor proteins within 40 min, as compared to ~1 mL 

of plasma and ~12 h required by the Bradford assay. 

To date, conventional tissue biopsy for pathological diagnosis of ovarian cancer is 

extremely invasive as a difficult surgery. General imaging screenings, including 

tomography (CT) scans and magnetic resonance imaging (MRI) scans, are costly and 

unavailable in a majority of clinics. Therefore, blood-based assay for pre-screening is 

highly valuable and can dramatically decrease healthcare costs. The ExoSearch chip 

provides a cost-effective, accessible approach for specific, rapid isolation of blood 

diagnostic exosomes, paving the way for clinical utilization of exosomes. We will further 

validate the diagnostic effectiveness of the ExoSearch chip in various sample cohorts and 

enhance the disease discrimination power, including the use of large-scale sample size 

and benign tumor group as a positive control. This microfluidic platform could be used 

for developing clinical tests in other diseases, as well as fundamental laboratory research. 
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Chapter 4 Microfluidic Communicating Vessel Chip for Expedited and 

Automated Immunomagnetic Assays* 

 

4.1 Introduction 

Immunoassay based on specific antibody-antigen interactions has been one of the 

most versatile and widely used bioassays in chemistry, life sciences, and medicine.164 An 

immunoassay enables sensitive and specific measurements of a broad spectrum of targets, 

ranging from small molecule compounds (e.g., drugs and toxins)165 to macromolecules 

like peptides and proteins, to bioparticles such as extracellular vesicles and virus,99,166,167 

and to bacterial and mammalian cells.168,169 Microfluidics is well poised to develop new-

generation immunological technologies because of its unique advantages in combining 

precise flow control, promoted biochemical reactions in small volumes, circuit-level 

integration, and system automation.170,171 Numerous microfluidics-based immunoassays 

have been developed to improve analysis sensitivity, speed, and multiplicity;171,172 and 

the technologies are continuously evolving, driven by the pressing needs for better 

analytical tools for emerging applications ranging from single-cell analysis173-176 to point-

of-care diagnosis177,178 and to precision medicine.179,180 

A typical protocol of a conventional immunoassay, such as enzyme-linked 

immunosorbent assay (ELISA), encompasses a series of washing, mixing, and incubation 

steps, which are labor intensive as well as time consuming (several hours or even up to 2 

days), and consume large volumes of reagents. Standard immunoassay protocols can be 

substantially simplified and expedited by leveraging microfluidic technology to 

 
* Published on Lab Chip 2018, 18, 3830-3839. 
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accelerate and minimize the processing steps. For instance, hydrodynamic flow washing 

in microchannels obviates the need for repetitive washing steps with large volumes of 

buffers required by microplate ELISA to effectively reduce non-specific background.181 

Moreover, several wash-free immunoassays have been developed with different 

microfluidic techniques, including a microfluidic droplet splitting system coupled with 

surface-enhanced Raman scattering (SERS) detection,182 an integrated microfluidic 

homogeneous AlphaLISA chip,183 and a microfluidic giant magnetoresistive (GMR) 

biosensor platform.184 Eliminating excessive washing in the immunoassay protocol 

affords significant advantages in improving the analytical performance as it 1) simplifies 

and expedites the assay by removing multiple time-consuming steps; 2) avoids potential 

variation in analysis, and 3) enhances detection sensitivity by minimizing dissociation of 

analytes, especially weakly bound protein complexes. Despite these benefits, the 

aforementioned wash-free microfluidic methods require sophisticated chip design, 

fabrication, and operation expertise, which limit their broad applications. 

Magnetic separation of analyte binding beads is a versatile method for sample 

preparation and bioassays because of its simplicity and ease of automation.185 Combining 

magnetic bead manipulation and unique microscale surface effects, a multi-phase 

microfluidic strategy has been recently developed to largely simplify and expedite the 

workflow of bioassays. In this strategy, the aqueous assay reagents are dispensed into an 

array of stationary droplets,186-190 open reservoirs,191-194 or microchambers195 isolated by 

an immiscible phase, e.g., oil or air, and external magnetic field is used to pull the affinity 

magnetic beads across these compartments sequentially to complete the sample 

preparation and/or detection workflow. This stationary multi-phase strategy exploits the 
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surface tension-caused volume pinning effect to separate analyte-bound beads from the 

bulk media with small-volume carryover, which enables rapid and automated bioassays 

without tedious washing. Despite their advantages, the stationary multi-phase 

microfluidics requires tight control of the properties of interfaces between the phases and 

demands a large amount of beads to generate sufficient magnetic forces to overcome 

surface tension. Bead loss may occur during such surface tension-gated traverse. 

Moreover, small carryover of unbound materials by unwashed bead clusters can result in 

non-specific signals that can limit the analytical sensitivity or cause false positives in 

clinical applications, especially for extremely sensitive amplification-based assays. 

Distinct from the previous microfluidic immunoassays implemented with either 

flow-based or stationary multi-phase microsystems, herein we report a single-phase, 

pneumatically gated microfluidic communicating vessel chip (μCOVE) for simplified and 

expedited immunoassays (Figure 4-1). First, while our device adapts the similar format of 

reagent loading and immunomagnetic assay workflow for the stationary multi-phase 

microsystems, an array of pneumatically actuated gates instead of an immiscible phase is 

used for the compartmentalization of aqueous reagents. Thus, our single-phase platform 

takes advantage of stationary microfluidics to simplify and streamline the assay 

workflow, while avoiding the aforementioned limitations associated with the multi-phase 

operation. Furthermore, in contrast to the stationary assay systems, μCOVE employs a 

hydrostatic pressure-driven flow, the simplest approach for fluid control in a microfluidic 

system, to afford rapid yet effective washing of immunomagnetic beads. Overall, our 

device based on the communicating vessel principle presents a novel immunoassay 

platform that combines the advantages of the stationary multi-phase microfluidics in 
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simplicity and streamlined operation and the benefits of effective washing provided by 

the flow-based microfluidics. As of a proof-of-concept, we validated our platform by 

detecting two protein biomarkers commonly targeted for cancer diagnosis, the 

carcinoembryonic antigen (CEA) and epidermal growth factor receptor (EGFR). Our 

results demonstrated highly sensitive detection of these biomarkers down to the level of 

sub-picogram per mL. Direct measurement of the biomarker expression in the crude 

A431 cell lysate using different washing methods further verified the ability of the 

μCOVE device for rapid immunoassay without excessive washing steps. Owing to its 

simplicity and high performance, our system would provide a useful platform for clinical 

analysis of protein biomarkers to facilitate disease diagnosis and other applications such 

as point-of-care (POC) testing. 

 

4.2 Materials and Methods 

4.2.1 Chip Fabrication 

Two-layer poly(dimethylsiloxane) (PDMS) microchips (Figure 4-1A) were 

fabricated using standard multilayer soft lithography. In brief, silicon wafers were 

cleaned with piranha solution (75% sulfuric acid and 25% hydrogen peroxide) and coated 

with an SU-8 photoresist (MicroChem) by spin-coating. The SU-8 microstructures were 

fabricated onto the wafers from the photomasks designed with AutoCAD, following the 

protocols recommended by the manufacturer for fabricating a 50 μm thick bottom flow 

layer (SU-8 2025) and a 100 μm thick top pneumatic layer (SU-8 100), respectively. The 

SU-8 molds were treated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-

Aldrich) by gas-phase silanization under vacuum for at least 4 h. To make the pneumatic 
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layer, PDMS base and a curing agent (Dow Corning) were mixed at a 10:1 ratio (35 g in 

total), poured onto the mold and cured in an oven at 70 °C for at least 2 h. The PDMS 

pieces were peeled off from the mold, cut, and punched to make pneumatic connection 

holes. A thin PDMS flow layer was made by spin coating the mold with 6 g of the 

prepolymer mixture (15:1) followed by curing at 70 °C for 30 min in an oven. The two 

layers were treated by UV/ozone briefly, manually aligned under a stereomicroscope, and 

permanently bonded by baking in a 70 °C oven. The two-layer PDMS slabs were then 

peeled off from the mold and reservoirs were punched. Lastly, an integrated microchip 

was fabricated by permanent bonding of the PDMS slab and glass slide using UV/ozone 

treatment (Figure 4-1B). The assembled chip was blocked by 5% bovine serum albumin 

(BSA, Fisher Scientific) overnight at 4 °C to reduce non-specific binding. 

 

4.2.2 Magnetic Beads Preparation 

100 μL of approximately 30 mg mL−1 carboxylic acid coated magnetic beads 

(Dynabeads M-270 Carboxylic Acid, Invitrogen) were transferred to a 1.5 mL 

microcentrifuge tube and washed twice with 100 μL of 25 mM 2-(N-

morpholino)ethanesulfonic acid (MES, pH 5, Sigma-Aldrich) for 10 min. The beads were 

then activated with 50 μL of freshly prepared 50 mg mL−1 N-ethyl-N′-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC, Sigma-Aldrich) and 50 μL of 

50 mg mL−1 N-hydroxysuccinimide (NHS, Sigma-Aldrich) with rotation at room 

temperature for 30 min. The activated beads were washed twice with 100 μL of 25 mM 

MES buffer (pH 5) and then mixed with 60 μg of the anti-CEA capture antibody (10-

C10F, Fitzgerald) or the anti-EGFR capture antibody (DYC1854-2, R&D systems), 
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respectively. After overnight incubation with rotation at 4 °C, the beads were 

magnetically collected to remove the supernatant and blocked by 100 μL of 50 mM 

ethanolamine (Sigma-Aldrich) in phosphate-buffered saline (PBS, Corning Cellgro) for 

60 min at room temperature with rotation. Finally, the capture antibody labeled magnetic 

beads were washed four times with 100 μL of washing buffer (0.1% BSA and 0.1% 

Tween-20 in PBS), resuspended in 200 μL PBS, and stored at 4 °C. 

 

4.2.3 Microchip Immunomagnetic Assay 

Protein standards and detection antibodies were prepared in PBS working solution 

(PBSW, pH 7.4) containing 1% bovine serum albumin (BSA) (Sigma-Aldrich). A series 

of protein standards was prepared by 10-fold dilution of the stock protein solution. 0.5 μg 

mL−1 streptavidin conjugated β-galactosidase (SβG, Life Technologies) and 0.2–0.5 mM 

resorufin β-D-galactopyranoside (RGP, Life Technologies) were prepared in PBSW with 

2 mM MgCl2 (Fluka Analytical) added. For CEA quantification, 3.2 pg mL−1 to 32 ng 

mL−1 CEA protein standards (30-1819, Fitzgerald), 43 μg mL−1 biotinylated anti-CEA 

detection antibody (61-C10GB, Fitzgerald) and 0.2 mM RGP were used in the microchip 

immunomagnetic assays. For EGFR quantification, 0.2 pg mL−1 to 2 ng mL−1 EGFR 

protein standards (DYC1854-2, R&D systems), 3.6 μg mL−1 biotinylated anti-EGFR 

detection antibody (DYC1854-2, R&D systems) and 0.5 mM RGP were used. For 

biological sample analysis, the non-denatured A431 whole cell lysate (L015V2, Abnova) 

was diluted by 1000 and 10000-fold in PBSW and used for the measurement of the 

EGFR expression level. 
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The on-chip assay was performed following the procedure illustrated in Figure 

4-1C. The monolithic diaphragm gates were actuated at 90 kPa pressure and −87 kPa 

vacuum controlled by a homemade solenoid controller via a LabVIEW program. A 5% 

BSA blocked chip was washed with PBS and loaded with 10 μL assay reagents and 20 

μL buffers in the individual vessels as specified as follows. A 20 μL protein sample was 

mixed with 1 μL of 15 mg mL−1 capture antibody labeled magnetic beads in the first 

reaction vessel and incubated for 2 h with rotation, during which the vessels were 

covered by PDMS slabs in order to minimize evaporation. After incubation, the magnetic 

beads were concentrated into the connecting channel by a magnet and the sample solution 

was removed by aspiration. With the pneumatic gate opened, the protein/bead complexes 

were magnetically drawn into the second vessel loaded with 20 μL of washing buffer 

within ~20 seconds. The second gate was then opened, and the bead complexes were 

magnetically pulled into the third vessel containing 10 μL of the biotinylated detection 

antibody and incubated for 1 h with the gates closed. Following the same operation, the 

immunocomplex-bound beads were pulled through the next buffer vessel for rapid 

washing and into the fifth vessel containing 10 μL of 0.5 μg mL−1 SβG for enzyme 

tagging. After 30 min incubation, the bead complexes were pulled through two buffer 

vessels into the detection microchamber and mixed with the RGP substrate loaded from 

the last vessel by diffusion. Fluorescence detection was performed after 30 min of 

enzymatic reaction. Fluorescence images were acquired using an inverted epifluorescence 

microscope equipped with a 10× objective and a scientific CCD camera (Carl Zeiss) and 

analyzed with ImageJ (NIH, https://imagej.nih.gov/ij/) to measure the fluorescence 

intensity. 
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4.3 Results and Discussion 

4.3.1 Chip Design and Assay Principle 

The μCOVE chip is designed to streamline and expedite the multi-step workflow 

of conventional magnetic bead-based immunoassays. Figure 4-1A and B display the 

prototype μCOVE chip that we have devised. To demonstrate the scalability of our 

design, the three-layer PDMS/glass chip integrates four parallel μCOVE units, each 

consisting of seven vessels of ~20 μL volume connected by the flow channels (~50 μm 

high) fabricated on the bottom PDMS membrane (~200 μm thick). The adjacent vessels 

are disconnected by the normally-closed gates that can be lifted by the pneumatic 

channels fabricated on the top PDMS layer. The vessel array is coupled with an enclosed 

detection microchamber at the end which is connected to a reservoir for loading the 

enzymatic substrate, RGP (Figure 4-1B). The immunoassay workflow based on the 

μCOVE chip is schematically illustrated in Figure 4-1C. Briefly, with all gates closed 

under pressure, the first vessel is loaded with the 20 μL sample mixed with antibody-

coated magnetic beads and others are loaded with either 10 μL reaction reagents (i.e., 

detection antibody, SβG, and RGP) or 20 μL washing buffers. After capturing the target 

proteins, the beads were pulled down by a magnet and 10 μL supernatant was removed 

from the sample vessel. The beads are pulled across a washing vessel with the two 

controlling gates opened one at a time. Similarly, the beads are then sequentially drawn 

across the downstream vessels containing the biotinylated detection antibody, washing 

buffer, and SβG to form the sandwiched immunocomplexes. Finally, the beads are pulled 

across two washing vessels into the detection chamber and mixed with the RGP substrate 

loaded from the last vessel by diffusion. The tagged enzyme converts RGP to fluorescent 
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resorufin molecules for quantitative measurement of the bead-captured proteins. Thus, 

the μCOVE chip combines magnetic bead manipulation and pneumatic microvalve 

actuation, both of which are amenable to microfluidic integration and automation to 

effectively streamline the workflows for sample preparation and bioassays. 

A standard immunoassay protocol requires multiple washing steps that can be 

tedious. In addition to streamlining the workflow, a distinct feature of our design is that it 

exploits the hydrodynamic flow generated by the communicating vessels to expedite the 

washing steps and thus the entire assay. Rapid bead washing by the hydrodynamic flow 

in a μCOVE chip, herein referred as to hydrodynamic washing, is conceptually depicted 

in Figure 4-1D. It is well known that in communication vessels, the fluid flows to reach 

the same level in all of the vessels driven by the hydrostatic pressure ΔP = ρgΔh, where ρ 

is the density of the fluid, g is the gravitational acceleration, and Δh is the difference in 

elevation. We load the washing buffer vessels to a higher level than the reagent vessels, 

which creates a hydrostatic pressure between two adjacent vessels. Magnetic beads in a 

reagent vessel can be concentrated at the closed gate using a magnet. When the gate is 

lifted up, the beads will be pulled through the connecting channel and washed by a 

counter flow of washing buffer generated by the hydrostatic pressure between the 

connected vessels. As discussed in detail in the following sections, our results showed 

that hydrodynamic washing in our μCOVE chip is able to effectively suppress non-

specific background without the need to re-disperse and wash the beads in the buffer 

vessels for an extended period, which largely reduces the overall analysis time (Table 

4-1). 
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Figure 4-1. Microfluidic communicating vessel (μCOVE) chip for rapid magnetic bead-

based ELISA. (A) Schematic illustration of the chip design. The three-layer PDMS/glass 

chip integrates four parallel units of gated communicating vessels, each consisting of 

seven vessels (~20 μL each) connected by the flow channels (red) in the bottom PDMS 

layer. The vessels are gated with an array of normally-closed microvalves actuated by the 

pneumatic channels (green) in the top layer. The vessel array ends with an enclosed 

detection microchamber connected to a reservoir for loading RGP. (B) Photograph of an 

assembled chip filled with red food dye in the communicating vessels and green dye in 

the pneumatic control channels. (C) Assay workflow. Immunomagnetic microbeads are 

added into the sample vessel for target capture. After incubation, the first two gates are 

pneumatically opened one at a time to pull the beads across the next washing buffer 

vessel with a magnet. The beads are sequentially moved through the vessels containing a 

biotinylated detection antibody, washing buffer, and streptavidin–β-galactosidase to form 

immunocomplexes. Finally, the beads are pulled across two washing vessels into the 

detection microchamber loaded with RGP from the end reservoir. The tagged enzyme 

converts RGP to fluorescent resorufin molecules for quantitative measurement of the 

bead-captured proteins. (D) Schematic illustration of rapid hydrodynamic washing in a 

μCOVE chip. The hydrostatic pressure caused by the different liquid levels between two 
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communicating vessels generates a counter flow to wash the beads during traverse. The 

washed beads are moved across the washing vessels without incubation to expedite the 

immunoassay. The drawing is not to scale. 

 

4.3.2 μCOVE Operation 

We first characterized the hydrodynamic flow induced by hydrostatic pressure for 

bead washing and pneumatically gated magnetic manipulation of beads as they are the 

key processes of the μCOVE operation. In our device, the vessels of ~20 μL volume were 

punched through ~5 mm thick PDMS chips with a 2.5 mm biopsy punch. A pair of gated 

communicating vessels was filled with 10 μL resorufin solution and 20 μL water, 

respectively, which are the typical liquid volumes used for the actual immunoassay. The 

normally-closed pneumatic gates were found to completely block the flow between two 

adjacent vessels, indicated by no observed transport of dye molecules across the gate 

(Figure 4-2A, images). As expected, when the gate was lifted up, the fluorescent solution 

was pushed away from the gate, indicating a stream flowing from the water vessel to the 

dye vessel. The fluorescence intensity measurement verified that this flow is effective to 

flush the dye solution away rapidly (Figure 4-2A, bar graph). This hydrostatic pressure-

driven flow was further studied in a μCOVE chip filled with 20 μL aqueous suspension 

of fluorescent microparticles and 10 μL water. Using a high-speed sCMOS camera, we 

observed that the fluorescent microparticles traveled from the gate into the water vessel 

within ~120 ms after opening the gate (Figure 4-2B). The averaged velocity of the initial 

flow caused by the hydrostatic pressure was estimated to be 7.8 ± 1.7 mm s−1 by tracking 

the microparticles (n > 50) within a timeframe of ~120 ms. The flow rate declined over 

time, as the solution flowed from the particle vessel into the water vessel, diminishing the 

difference in the liquid levels in the two vessels. The solutions in the two communicating 
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vessels in our device were seen to approach approximately equal levels in one minute. 

Such a rapid hydrodynamic counter flow is essential to reduce the carryover and non-

specific binding on the microbeads without extended incubation for bead washing. 

 

 

Figure 4-2. Characterization of μCOVE for rapid flow washing of magnetic beads. (A) 

Bright-field and fluorescence (left) microscopy images of the flow caused by the 

hydrostatic pressure in a μCOVE chip. The white lines indicate the microchannels and 

the gate that disconnects the left vessel filled with 10 μL of resorufin solution from the 

right vessel with 20 μL of water. When the gate was opened, the fluorescent solution was 

seen to be pushed away from the gate, indicating a stream flowing from the water vessel 

to the dye vessel. The fluorescence intensity at the indicated locations (a–c) was 

measured and plotted as the bar graph on the right. (B) Representative time-lapse images 

showing the flow of fluorescent microparticles (2 μm) after the gate was opened. The 

vessels were filled with 10 μL of water (left) and 20 μL of aqueous solution of 

microparticles (right), respectively. The averaged flow velocity was measured to be 7.8 ± 

1.7 mm s−1 by tracking the trajectories of particles (n > 50). (C) Bright-field microscopy 

images showing magnetic beads being concentrated at the closed gate (top) and pulled 

through the opened gate (bottom) by a magnet against the water stream flowing into the 

dye solution vessel (white arrow). (D) Recovery rates of the magnetic beads pulled across 

all the vessels at different initial bead numbers. 
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We then demonstrated magnetic bead transfer under the hydrodynamic counter 

flow between a vessel loaded with 1 × 106 magnetic beads in 10 μL red food dye and the 

adjacent vessel filled with 20 μL water. As seen in Figure 4-2C, using a magnet, 

microbeads were concentrated at the closed gate and then pulled into the water vessel 

against the stream flowing into the dye-filled vessel after the valve was opened. No 

discernable loss of magnetic beads was observed after pulling through the gate under the 

counter flow and hydrodynamic washing effectively removed the dye solution. The 

magnetic bead concentration and transfer process can be completed within one minute, 

which is compatible with other multi-phase based methods.191,194,196 The bead recovery 

rate of the μCOVE chip was further determined by pulling different amounts of magnetic 

beads conjugated with FITC-labeled BSA through all seven vessels in the chip. By 

measuring the fluorescence before and after the assay sequence, a total bead loss of ≤ 2% 

was consistently observed for the range of bead quantity that we typically used with the 

current chip design, i.e., from 5 × 105 to 1 × 106 beads (Figure 4-2D). In contrast, multi-

phase separation/washing requires a critical bead mass to overcome the surface tension, 

which determines the bead loss and is directly affected by the sample matrices and buffer 

composition.194,197 A recently developed AirJump method based on the air/aqueous 

interface requires many more beads to achieve a total bead loss of less than 15%194 

(Table 4-1). 
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Table 4-1. Comparison of Different Immunoassay Platforms 

 

96-well 

Plate 

ELISA 

IFAST192 AirJump194 SlipChip195 
μCOVE (this 

work) 

Multi-

phase 

System 

No Oil/Aqueous Oil/Aqueous Oil/Aqueous No 

Separation/ 

Washing 

Approach 

Mechanical 

agitation 

Volume 

pinning by 

surface 

tension 

Volume 

pinning by 

surface 

tension 

Serial 

dilution 

Hydrodynamic 

counter flow 

Wash Time 

per Step 

~10 min 

(3×) 

< 1 min bead 

aggregating 

& pulling 

1-2 min bead 

aggregating 

& pulling 

Slow (4 

cycles of 

diffusion & 

bead mixing) 

< 1 min bead 

aggregating & 

pulling 

Minimal 

Bead 

Amount 

Tested 

N/A ~3 × 106 ~9 × 106 N/A ~5 × 105 

Bead Loss N/A 

Bead loss 

during 

traverse 

≤ 15% ≤ 3% ≤ 2% 

Lowest 

concentrati

on detected 

20 pg mL−1 

EGFR 

20 pg mL−1 

PSA 

N/A (only 

for sample 

prep.) 

400 pg mL−1 

insulin 

(LOD: 76 pg 

mL−1) 

0.2 pg mL−1 EGFR 

(LOD: 0.082 pg 

mL−1); 3.2 pg mL−1 

CEA (LOD: 1 pg 

mL−1) 

 

4.3.3 μCOVE-based Immunoassays 

We sought to develop the μCOVE chip for biomarker detection by targeting the 

human CEA and EGFR as the model targets. Overexpression of CEA and EGFR proteins 

has been widely used for clinical diagnosis and treatment of cancer, such as colorectal 

and lung cancer.198,199 We first developed the μCOVE-based CEA ELISA in which the 

hydrodynamic washing method was used without extended incubation of magnetic beads 

in the washing buffer vessels (Figure 4-1D). Representative fluorescence images of the 

microreactor acquired after 30 min of enzymatic signal amplification reaction are 

displayed in Figure 4-3A, which shows a very low background level for the PBS blank 
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and increasing the fluorescence signal along with the CEA concentration. A logarithmic 

calibration curve was constructed by plotting the averaged fluorescence intensity in the 

microreactor as a function of the CEA concentration (Figure 4-3B). We demonstrated 

quantitative detection of the CEA over an extensive dynamic range of five orders of 

magnitude (3.2 pg mL−1 to 32 ng mL−1). A low theoretical LOD of 1.0 pg mL−1 was 

determined by calculating the value of the blank signal plus three standard deviations 

(S.D.), which is comparable with the recently reported microfluidic methods200,201 and 

biosensors,202-205 for sensitive detection of CEA protein. It is noted that for this pilot 

assay development stage, the fluorogenic signal amplification was performed with 0.2 

mM RGP and 30 min incubation, which were selected from the reaction conditions 

commonly used in the literature206,207 and can be further optimized to improve the assay 

sensitivity (see Figure 4-3). An average of 7.1% relative standard deviation (RSD, n = 3) 

was obtained with multiple devices across the test concentration range, which is 

comparable with that reported for the commercial human CEA ELISA assays (e.g., < 

12% for the Invitrogen Kit; 4.4% for the Abcam SimpleStep Kit; and < 12% for the 

BioVision Kit). To characterize the specificity of our assay, we detected the CEA (3.2 ng 

mL−1) in comparison with the PBS blank containing 1% BSA, IgG (1 ng mL−1), and the 

EGFR (2 ng mL−1) with anti-CEA mAb labeled magnetic beads, respectively. μCOVE-

based ELISA detection of the CEA with a low background measured from the blank, IgG 

and EGFR was demonstrated, as shown in Figure 4-3C, which suggests the good 

specificity of the assay for the CEA. 
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Figure 4-3. Detection of CEA using μCOVE chips. (A) Representative fluorescence 

images (false color) and (B) log–log calibration curve of detecting a serial dilution of 

CEA protein. Error bars represent one standard deviation (S.D., n ≥ 3) obtained from 

different chips. The linear plot was obtained by least-squares fitting. Dashed line 

indicates the background plus three times the S.D. measured with the PBS blank. (C) 

Specificity evaluation of the CEA assay by measuring the PBS blank, IgG (1 ng mL−1), 

EGFR (2 ng mL−1), and CEA (3.2 ng mL−1), respectively. Error bars indicate one S.D. (n 

= 3). Enzymatic detection conditions for (A–C): [RGP] = 0.2 mM; incubation time = 30 

min. FL: fluorescence; A.U.: arbitrary unit. 

 

To further assess the μCOVE chip for different analyte targets, we attempted to 

establish an immunoassay for the EGFR. The assay performance was optimized by fine 

tuning the assay protocol for the CEA, especially the enzymatic reaction for fluorescence 

readout. It was observed that increasing the RGP concentration from 0.2 mM to 0.5 mM 

led to only a slightly higher non-specific background but significant enhancement in 

signals (Figure 4-4A). Higher RGP concentrations were seen to result in much higher 

background levels, which may in part attributed to the faster hydrolysis rate. To 

determine the optimal reaction time with 0.5 mM RGP, we studied the real-time 

enzymatic depletion of the RGP substrate for measuring the EGFR at various 
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concentrations. As displayed in Figure 4-4B, a constant reaction rate over 60 min 

incubation was observed at the EGFR concentration of 20 pg mL−1, while at 200 pg mL−1 

a ~2.8-fold increased reaction rate was obtained within ~30 min and reduced afterwards, 

implying significant substrate depletion. Therefore, we chose to use the reaction time of 

30 min in this work to afford a high sensitivity for quantitative detection of the EGFR. A 

shorter reaction time permits EGFR quantification at higher levels but will result in a 

lower readout signal and thus decreased detection sensitivity. Titration experiments using 

the optimized assay conditions showed quantitative detection of the EGFR with a 

calculated LOD of 0.082 pg mL−1 (Figure 4-4C). Such a LOD at the fg mL−1 level is 

comparable with that of some sensitive biosensors and microdevices, such as 

nanoparticle-based bio-bar codes assisted by PCR amplification,208 whispering-gallery 

microcavity,209 and microfluidic digital ELISA.210 The detection signal was found to 

level off rapidly when the concentration was increased above 2 ng mL−1, indicating a 

dynamic range of 4 orders of magnitude for EGFR detection. Specific detection of the 

EGFR was also validated by comparing with the measurements of the PBS blank, IgG, 

and CEA with the anti-EGFR immunomagnetic beads (Figure 4-4D). Collectively, these 

results for both CEA and EGFR assays demonstrate the effectiveness of the rapid 

hydrodynamic washing method implemented in our μCOVE device to remove the 

unbound agents and non-specific background to enhance the signal-to-noise ratio. 
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Figure 4-4. Development of μCOVE-based EGFR ELISA. (A) Effects of the RGP 

substrate concentration on enzymatic detection of the EGFR. Error bars represent one 

S.D. (n = 3). (B) Time-lapse measurements of β-gal catalyzed fluorogenic reaction for 

detection of EGFR at 20 and 200 pg mL−1, respectively. 0.5 mM RGP was used in this 

case. (C) Calibration curve of detecting a serial dilution of the EGFR standard. Error bars 

represent one S.D. (n ≥ 3) from different chips. The linear plot was obtained by least-

squares fitting. The dashed line indicates the background plus three times the S.D. 

measured with the PBS blank. (D) Specificity evaluation of the EGFR assay by 

measuring the PBS blank, IgG (1 ng mL−1), CEA (3.2 ng mL−1), and EGFR (2 ng mL−1), 

respectively. Error bars indicate one S.D. (n = 3). 

 

To demonstrate the direct applicability of the μCOVE-based ELISA to the 

analysis of complex biological samples, we employed it to quantify the expression level 

of the EGFR in the crude A431 whole cell lysate. Human epidermoid carcinoma A431 

cells overexpress the EGFR and thus are often used as a positive control cell line for 
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EGFR expression. BSA-coated magnetic beads were used as a negative control to assess 

the non-specific background. For comparison, two washing methods were used: the rapid 

hydrodynamic washing and the 10 min washing method in which the beads were pulled 

into a washing vessel and incubated for 10 min with rotation. As seen in Figure 4-5, 

measurements of the EGFR in the A431 crude lysate samples diluted to 0.376 and 3.76 

μg mL−1 yielded the fairly consistent levels of the non-specific background and detection 

signals between the two washing methods. Additional 10 min washing reduced the 

background but also led to a lower detection signal. This is mainly owing to enhanced 

dissociation of antibody-captured targets and the loss of beads during washing. Two 

washing methods resulted in the comparable signal levels after background correction. 

The signal-to-background ratios for the hydrodynamic washing vs. the 10 min washing 

were calculated to be 6.41 ± 1.17 vs. 6.77 ± 1.21 (0.376 μg mL−1 lysate) and 7.08 ± 1.32 

vs. 6.86 ± 0.85 (3.76 μg mL−1 lysate), respectively, which are not significantly different 

between the two methods as assessed by Student's t test. Applying the standard curve 

established immediately prior to the lysate measurements (Figure 4-4C), the average 

EGFR level in the original A431 cell lysate measured with the 0.376 and 3.76 μg mL−1 

dilutions was calculated to be 326 ng mL−1 and 377 ng mL−1, respectively, which closely 

matched with each other. These results further validate the effectiveness of rapid 

hydrodynamic washing for the μCOVE-based immunoassay, enabling rapid and 

quantitative analysis of proteins in complex biological matrices. The whole assay was 

completed in 4 h, including an excess of 2 h incubation for protein capture to ensure high 

sensitivity. The assay time can be further shortened to ~2 h for detection of relative 

abundant targets. This turnaround time is much shorter than conventional ELISA, which 
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normally takes 6 h to overnight,181 and comparable to some point-of-care ELISA chips 

reported.211 

 

 

Figure 4-5. Detection of EGFR in the A431 cell lysate. The lysate (3.76 mg mL−1) was 

prepared from human epidermoid carcinoma A431 cells overexpressing the EGFR and 

diluted in PBSW solution by 1000 and 10000 times. The diluted cell lysate samples were 

assayed using magnetic beads coated with the BSA and anti-EGFR antibody, 

respectively. The detection performance with the hydrodynamic washing was compared 

to that obtained by the 10 min washing method where beads were washed for additional 

10 min in each washing vessel. Error bars represent one S.D. (n ≥ 3). 
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4.4 Conclusion 

In summary, we have developed a pneumatically gated μCOVE chip which 

employs the communicating vessel principle as a simple means to generate a fast 

transient hydrodynamic flow for effective washing without the need for excessive 

incubation. Compared to traditional microfluidic immunoassays, our method greatly 

shortens and simplifies the washing steps to expedite the assay workflow. In contrast to 

the stationary multi-phase microfluidics developed for fast immuno-bead washing (Table 

4-1), the single-phase, pneumatically gated μCOVE chip not only facilitates the transfer 

of magnetic beads to streamline the assay workflow, but also overcomes the limitations 

associated with the multi-phase operation. Our proof-of-concept studies demonstrated 

that the μCOVE device can afford highly sensitive and quantitative detection of two 

protein biomarkers, the CEA and EGFR with a LOD as low as the sub-picogram per mL 

level. Direct detection of the expression of the EGFR in the crude A431 cell lysate was 

also investigated to further validate the device for fast washing to expedite the multi-step 

immunomagnetic assay, enabling rapid and quantitative protein analysis in complex 

biological matrices. Overall, our work should present a novel microfluidic platform that 

combines the merits of the stationary multi-phase microfluidics and the flow-based 

microfluidics. The simplicity and high analytical performance of this system would make 

it a useful platform for a broad range of applications in biological research and clinical 

diagnosis. 
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Chapter 5 Feasibility Study of An Integrated Microfluidic Chip for on-

chip Exosome Isolation, Lysis, and Digital Detection of Exosomal 

Proteins 

 

5.1 Introduction 

Exosomes are nano-sized membranous vesicles (30–150 nm) released from 

multivesicular bodies into extracellular environments.38 Exosomes carry many 

biomolecules, including proteins, mRNAs and micro RNAs (miRNAs), reflecting their 

cellular origin.38,47 Studies have shown that exosomes get involved in many physiological 

and pathological processes such as cancer progression and metastasis,44,45,116 and tumor-

derived exosomes are highly expressed in cancer patient blood.48,49 Therefore, exosomes 

are very promising cancer biomarkers for non-invasive cancer diagnosis. 

The most common technique for exosome purification is multi-step 

ultracentrifugation. However, this technique is labor-intensive, time-consuming, and 

incapable of differentiating exosomes from other vesicles with similar size.212 Loss, 

contamination, and damage of exosomes may occur during ultracentrifugation.123 On the 

contrary, immunoaffinity capture based exosome purification can yield high purity, 

specificity, and recovery.213  

We previously reported a microfluidic continuous-flow platform (ExoSearch 

chip) for exosome isolation by immunomagnetic beads streamlined with multiplexed 

detection of exosomes.99 Although exosomes were rapidly and effectively isolated by 

immunomagnetic beads, removing unbound residue by washing was tedious due to the 

length of microchannels (~25.5 cm). Thus, we further developed a pneumatically gated 

microfluidic communicating vessel chip (μCOVE) for simplified and expedited 
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immunoassays.79 Benefiting from the chip design, the beads were washed and isolated 

near-instantaneously with minimal residue and bead loss. 

Here we developed a prototype of microfluidic chip integrating μCOVE units 

with a lysis chamber and a detection chamber with micropillars for on-chip exosome 

isolation, lysis, and digital detection of exosomal proteins (Figure 5-1). Different from 

analog detection that measures signal intensity in a bulk solution, digital detection 

directly measures signal counts. Taking advantage of its low limit of detection (LOD) and 

highly sensitivity, digital detection can even achieve single-molecule analysis.100,101 

Many digital detection methods have been developed, but the digitization of signals is 

highly dependent on multi-phase (oil/water) based sample dispersion and geometry of the 

microfluidic devices, including droplet,103-105 microwell,106,107 microchannel with 

chamber,80,93,108 and printing.109 In our work, we used enzyme-labeled fluorescence 97 

phosphatase substrate (ELF 97) for digital signal generation. ELF 97 is normally used for 

cell staining and biomolecule labeling.214,215 The dephosphorylated product, ELF-97 

alcohol, is a fluorescent precipitate insoluble in water (Figure 5-3A). However, to our 

knowledge, ELF 97 has not been used in digital enzyme-linked immunosorbent assay 

(ELISA). The detection chamber fabricated with micropillars (Figure 5-1C) enhanced the 

localization of ELF 97 alcohol precipitates for digital signal readout. We validated our 

platform by detecting standard human epidermal growth factor receptor 2 (HER2) protein 

and its expression level in exosomes collected from MDA-MB-453 cell culture media. 
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5.2 Materials and Methods 

5.2.1 Chip Fabrication 

The microstructures on silicon wafers were fabricated by photolithography. The 

photomasks were designed with AutoCAD and printed on transparent plastic sheets. The 

silicon wafers were cleaned with piranha solution (75% sulfuric acid and 25% hydrogen 

peroxide) for 30 min. SU-8 photoresist (MicroChem) were spin coated onto the wafers 

with the parameters recommended by the manufacturer’s protocol. For the flow layer, 

two-step exposure method was used to fabricate micropillars and the rest parts of 

channels. In brief, detection chambers with micropillars were firstly fabricated on SU-8 

2010 (15 μm in thickness), followed by fabricating the rest parts of flow layer on 

additional 30 μm thick SU-8 2025 (45 μm in total). Pneumatic layer and surface 

patterning chip were fabricated on 50 μm and 30 μm thick SU-8 2025, respectively. The 

SU-8 molds were treated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-

Aldrich) by gas-phase silanization under vacuum for at least 4 h. The two-layer 

poly(dimethylsiloxane) (PDMS) microchips (Figure 5-1B) were fabricated using standard 

multilayer soft lithography. PDMS base and curing agent (Dow Corning) were mixed at a 

10:1 ratio and degassed under vacuum for surface patterning chip, flow layer, and 

pneumatic layer. To make the surface patterning chip and the pneumatic layer, PDMS 

mixture was poured onto the mold and cured in an oven at 70 °C for at least 2 h. The 

PDMS pieces were peeled off from the mold, cut, and punched to make the inlet and 

outlet of the surface patterning chip as well as the pneumatic connection holes of the 

pneumatic layer. To make the flow layer, a thin PDMS membrane was spin coated onto 

the mold and cured at 70 °C for 30 min in an oven. The two layers were treated by 
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UV/ozone for 5 min, manually aligned under a stereomicroscope, and permanently 

bonded by baking at 70 °C overnight. The two-layer PDMS slabs were then peeled off 

from the mold and reservoirs were punched. To immobilize anti-HER2 capture antibody 

(DYC1129-2, R&D systems) on a glass slide, a piranha pre-cleaned glass slide was 

treated with 2% 3-aminopropyltriethoxysilane (APTES, Acros Organics) in anhydrous 

toluene (Acros Organics) for 4 h and heated for 2 h at 110 °C. Then the glass slide was 

treated with 2.5% glutaraldehyde (Fisher Scientific) in deionized water for 2 h at room 

temperature, attached with a surface patterning chip (Figure 5-1A), and incubated with 4 

μL of 180 μg mL−1 anti-HER2 capture antibody in phosphate-buffered saline (PBS, 

Corning Cellgro) overnight at room temperature. The excess anti-HER2 capture antibody 

was washed with 0.1% bovine serum albumin (BSA, Thermo Fisher Scientific) in PBS, 

the surface patterning chip was peeled off, and the glass slide was aligned with the two-

layer PDMS assay chip. 
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Figure 5-1. Integrated microfluidic chip for on-chip exosome isolation, lysis, and digital 

detection of exosomal proteins. (A) Schematic illustration of the surface patterning chip 

design. The surface patterning chip consists of four incubation chambers corresponding 

to the detection chambers on the two-layer microfluidic assay chip. (B) Schematic 

illustration of the two-layer microfluidic assay chip design. The microfluidic assay chip 

integrates four parallel channels (45 μm high, red), each consisting of two vessels (~10 

μL), a lysis chamber with two on-chip pumps, a detection chamber with micropillars (15 

μm high, yellow), and a waste reservoir. The on-chip valves and pumps are actuated by 

the pneumatic channels (purple) in the top layer. (C) A photograph of the chip filled with 

different food dyes in different functional units with gates closed, and a microscopic 

photograph of the detection chambers with micropillars. 
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5.2.2 Magnetic Beads Preparation 

Briefly, 100 μL of 30 mg mL−1 carboxylic acid coated magnetic beads 

(Dynabeads M-270 Carboxylic Acid, Invitrogen) were transferred to a 1.5 mL 

microcentrifuge tube and washed twice with 100 μL of 25 mM 2-(N-

morpholino)ethanesulfonic acid (MES, pH 5, Sigma-Aldrich) for 10 min. The beads were 

then activated with 50 μL of freshly prepared 50 mg mL−1 N-ethyl-N′-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC, Sigma-Aldrich) and 50 μL of 

50 mg mL−1 N-hydroxysuccinimide (NHS, Sigma-Aldrich) with rotation at room 

temperature for 30 min. The activated beads were washed twice with 100 μL of 25 mM 

MES buffer (pH 5) and then mixed with 60 μL of 1 mg mL−1 anti-CD81 (302-820, 

Ancell) in 40 μL of 25 mM MES (pH 5) overnight at 4 °C with rotation. After incubation, 

the supernatant was removed and the beads were blocked by 100 μL of 50 mM 

ethanolamine (Sigma-Aldrich) in phosphate-buffered saline (PBS, Corning Cellgro) for 

60 min at room temperature with rotation. Finally, the anti-CD81 labeled magnetic beads 

were washed four times with 100 μL of washing buffer (0.1% BSA and 0.1% Tween-20 

in PBS), resuspended in 100 μL PBS, and stored at 4 °C. 

 

5.2.3 Exosome Purification by Ultracentrifugation 

Exosomes were purified by multi-step ultracentrifugation from MDA-MB-453 

cell culture media, a generous gift from Prof. Liang Xu’s group. First, 15 mL MDA-MB-

453 cell culture media were centrifuged at 3000 RPM (30 min at 4 °C). The supernatants 

were then transferred to a new tube and centrifuged at 15000 g (45 min at 4 °C). The 

supernatants were again transferred to another new tube and centrifuged at 100000 g (2 h 
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at 4 °C). After ultracentrifugation, the supernatants were discarded, and the exosome 

pellets were suspended in 150 μL PBS, aliquoted, and stored at −80 °C. The 

concentration of exosomes was 3.57 × 1012 particles mL−1, analyzed by nanoparticle 

tracking analysis (NTA, NanoSight). 

 

5.2.4 Microfluidic Immunoassay and Exosomal Protein Analysis 

The on-chip assay was performed following the procedure illustrated in Figure 

5-2A. The on-chip pneumatic gates and valves were actuated at 40 kPa pressure and −70 

kPa vacuum controlled by a homemade solenoid controller via a LabVIEW program. 

Standard HER2 protein (DYC1129-2, R&D systems) and exosomes were prepared in 

PBS working solution (PBSW, pH 7.4) containing 0.1% BSA. Biotinylated anti-HER2 

detection antibody (DYC1129-2, R&D systems) was prepared in PBSW containing 

0.05% Tween-20. Streptavidin conjugated alkaline phosphatase (ALP, R&D systems) 

and ELF 97 (Life Technologies) were prepared in 25 mM Tris (Fisher Scientific) 

containing 1% BSA, 0.05% Tween-20, 100 mM NaCl (Fisher Scientific), and 10 mM 

MgCl2 (Thermo Fisher Scientific). 

For standard HER2 quantification, 20 μL of a series of HER2 dilution (0.5 pg 

mL−1 to 100 pg mL−1) was pumped from the second vessel through detection chamber by 

5-step on-chip pumping (Figure 5-2B) for 2 h. For HER2 quantification in MDA-MB-

453 exosomes, 5 μL of 10-fold dilution of purified exosomes was mixed with 2 μL of 30 

mg mL−1 anti-CD81 labeled magnetic beads in the first vessel and incubated for 2 h with 

rotation. After incubation, the sample solution was removed by aspiration, and the 

magnetic beads were transferred into the second vessel by a magnet and washed with 10 
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μL washing buffer (0.05% Tween 20 in PBS) by hydrodynamic counter flow when the 

gate was opened. Then the magnetic beads were magnetically drawn into the lysis 

chamber preloaded with RIPA lysis buffer (Thermo Fisher Scientific) and reacted for 5 

min. The gate was then opened to connect lysis chamber with detection chamber, and the 

exosome lysate was incubated for 2 h at room temperature. After the capture of standard 

HER2 or exosomal HER2, 10 μL washing buffer was pumped within 2 min. Then 10 μL 

of 180 ng mL−1 anti-HER2 detection antibody was pumped from the second vessel 

through detection chamber for 1 h, followed by 10 μL washing buffer within 2 min. 

Afterwards, 10 μL of 1000-fold ALP dilution was pumped from the second vessel 

through detection chamber for 30 min, followed by 10 μL washing buffer within 2 min. 

Finally, 7.5 μL of 0.5 mM ELF 97 was quickly pumped from the second vessel through 

detection chamber within 2 min and incubated for 30 min at 35 °C with the valves on 

both sides of the detection chamber closed. Fluorescence images were acquired using an 

inverted epifluorescence microscope (Nikon) equipped with a 20× objective, an 

automatic stage, and a scientific CMOS camera (Prime 95B, Teledyne Photometrics), and 

analyzed with ImageJ (NIH, https://imagej.nih.gov/ij/) to measure the signal counts. 

 

5.3 Results and Discussion 

5.3.1 Chip Design and Operation 

The surface patterning chip consists of four incubation chambers corresponding to 

the detection chambers on the two-layer microfluidic assay chip (Figure 5-1A). An 

APTES treated glass slide was activated with glutaraldehyde and coated with anti-HER2 

capture antibody in surface patterning chip. Then the surface patterning chip was peeled 
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off and the glass slide was aligned with the two-layer PDMS chip to assemble the whole 

assay chip. The microfluidic assay chip integrates four parallel channels (45 μm high), 

each consisting of two vessels (~10 μL) from μCOVE design,79 a lysis chamber with two 

on-chip pumps, a detection chamber with micropillars (15 μm high, 15 μm in diameter 

and 15 μm interval), and a waste reservoir in the bottom flow layer (Figure 5-1B). The 

adjacent functional units are disconnected by the normally-closed gates that can be lifted 

by the pneumatic channels in the top layer. The microfluidic immunoassay workflow is 

schematically illustrated in Figure 5-2A. The performance of the hydrodynamic flow 

induced by hydrostatic pressure for bead washing and pneumatically gated magnetic 

manipulation of beads were characterized in our previous work.79 The second gate (input) 

and the two on-chip pumps (diaphragm and output) compose the pneumatically actuated 

on-chip pumping system (Figure 5-2A). The five-step pumping mode is automatically 

controlled by a LabVIEW program. Initially all the three valves are closed. Then the 

three valves are subsequently on (vacuum) or off (pressure) in a proper order (Figure 

5-2B). The flow rate can be controlled by adjusting the time of each pumping step. For 

example, when the first step is 36 s and the rest of steps are 500 ms, the flow rate is 

approximately 10 μL h−1. 

 



80 

 

Figure 5-2. (A) Schematic illustration of the assay workflow. Magnetic beads are mixed 

with exosomes in the first vessel. After incubation, lysis buffer is pre-loaded into lysis 

chamber and the second chamber is refilled with more washing buffer. The first two gates 
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are pneumatically opened one at a time to pull the beads across the second vessel with a 

magnet. The beads are moved into the lysis chamber and all gates are closed. The second 

and third gates as well as the detection chamber are then opened after exosome lysis to 

drive lysate into detection chamber, and the second gate is immediately closed. After 

exosomal proteins are captured, the second, third and fourth gates are opened to flow the 

washing buffer and reaction reagents (biotinylated detection antibody, ALP, and ELF 97) 

sequentially into detection chamber. During the last enzymatic reaction, micropillars are 

pushed back and the third and fourth gates are closed to prevent flow. The fluorescent 

precipitates, ELF 97 alcohol, are produced by the enzymatic reaction and measured by an 

inverted epifluorescence microscope. (B) Schematic illustration of the 5-step pumping 

system that consists of the second gate (input), and the two on-chip pumps (diaphragm 

and output). The three pumps are pneumatically actuated in a proper order by software. 

Flow rate is controlled by adjusting frequency of each step. 

 

5.3.2 Signal Digitization 

We selected ELF 97 on purpose. ELF 97 is normally used for cell staining and 

biomolecule labeling.214,215 Due to the distinct fluorescence spectra with large Stokes 

shift (excitation: 345 nm, emission: 530 nm) of its dephosphorylated product, ELF-97 

alcohol, fluorescence signals can be easily distinguished from sample autofluorescence 

with lower background and more sensitivity. More importantly, ELF 97 alcohol is a 

water-insoluble precipitate that can well localize to the enzymatic activity site (Figure 

5-3A). This unique property makes ELF 97 promising for digital detection of biomarkers. 

However, to our knowledge, ELF 97 has not been used in digital ELISA. Digital 

detection measures signal counts rather than analog detection measures signal intensity in 

a bulk solution. Compared with analog detection, digital detection has much lower LOD 

that can even achieve single molecule measurement.100,101 The digitization of signals in 

previously developed methods is highly dependent on multi-phase (oil/water) based 

sample dispersion and geometry of the microfluidic devices. We used ELF 97 for 

digitization of signals without assistance of multi-phase. Even the signals were digitized, 

the tiny precipitates might vibrate due to Brownian motion, resulting in a blurry 
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background in an open chamber (Figure 5-3B). We addressed this problem by fabricating 

the detection chamber with micropillars. The micropillars can enhance the localization of 

ELF 97 precipitates to improve the accuracy of signal readout (Figure 5-3C). 

 

 

Figure 5-3. (A) Dephosphorylation of ELF 97. The production ELF 97 alcohol is 

insoluble in water. Digitization of signals in (B) open detection chamber and (C) 

detection chamber with micropillars. Signals generated in detection chamber with 

micropillars are better localized. 
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Quantification of HER2 

For standard HER2 quantification, reaction reagents (i.e., standard HER2, 

detection antibody, ALP, and ELF 97) were successively pumped from the second vessel 

through detection chamber. Washing buffers are quickly pumped in between each 

incubation step. We demonstrated quantitative detection of the HER2 from 0.5 pg mL−1 

to 100 pg mL−1. Figure 5-4A shows the representative fluorescence images of the 

detection chamber acquired after 30 min of enzymatic signal amplification reaction. A 

logarithmic calibration curve was constructed by plotting the signal counts as a function 

of the HER2 concentration (Figure 5-4B). The theoretical LOD was 32 fg mL−1, 

calculated by blank signal plus three standard deviations (S.D.). Such a low LOD is 

comparable with that of other microfluidic digital ELISA.210 

For quantification of HER2 expression level in MDA-MB-453 exosomes, 

exosomes were mixed with anti-CD81 labeled magnetic beads in the first vessel with all 

gates closed. After incubation, the beads were transferred into the second vessel and 

washed by hydrodynamic counter flow. Benefiting from the μCOVE design, the isolation 

and washing of beads were near-instantaneous with minimal residue and bead loss. The 

beads were then transferred into the lysis chamber preloaded with RIPA lysis buffer and 

the exosomes were lysed for 5 min with all gates closed. The gate between the lysis 

chamber and the detection chamber was opened, and vacuum was applied on the 

detection chamber to suck exosome lysate. The exosome lysate was incubated in the 

detection chamber, followed by addition of anti-HER2 detection antibody, ALP, ELF 97 

and washing buffer as described above. The expression level of HER2 in MDA-MB-453 

exosomes was 8.36 × 10−10 pg per exosome, calculated based on the calibration curve. 
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Figure 5-4. Detection of standard HER2 proteins. (A) Representative fluorescence 

images (false color). The white lines indicate the detection chamber. (B) Log–log 

calibration curve of detecting a serial dilution of HER2 proteins. Error bars represent one 

standard deviation (S.D., n = 3) obtained from different chips. The linear plot was 

obtained by least-squares fitting. Dashed line indicates the background plus three times 

the S.D. measured with the PBSW blank. 

 

5.4 Conclusion 

To summarize, we have developed a prototype of integrated microfluidic chip for 

on-chip exosome isolation, lysis, and digital detection of exosomal proteins. The near-
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instantaneous bead washing and isolation with minimal residue and bead loss is 

benefiting from μCOVE units. The signal digitization takes advantage of precipitation of 

dephosphorylated ELF97 product without multi-phase assisted sample dispersion, which 

simplifies the chip design and operation. The specifically designed detection chambers 

with micropillars facilitate signal localization with more accuracy. This microfluidic chip 

successfully quantified standard HER2 and HER2 expression level in MDA-MB-453 

exosomes. The LOD of HER2 is 32 fg mL−1 that comparable with that of other 

microfluidic digital ELISA.210 Overall, our work should present a novel microfluidic 

platform for on-chip exosome isolation, lysis, and digital detection of exosomal proteins. 

This platform holds a potential for detections of other biomolecules in clinical 

applications. 
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Chapter 6 Conclusions and Future Directions 

 

Cancer has become a severe health concern as the second leading cause of death 

in the US. Statistical data indicate that increased survival rate can be achieved if cancer is 

diagnosed at the early stage. However, early stage cancer diagnosis remains challenging. 

Conventional imaging-based cancer screening methods, including CT, PET, ultrasounds 

and MRI, have been developed for cancer diagnosis, but these methods are insufficient to 

diagnose cancer at early stage. Recently more and more studies put efforts on liquid 

biopsy. Many cancer biomarkers, such as CTCs, ctDNA, and EVs, have been applied in 

liquid biopsy for early stage cancer diagnosis. Due to the high abundance and 

comprehensive molecular profile, EVs, particularly exosomes, are very promising as 

cancer biomarkers in liquid biopsy.  

In our first and second projects, we developed a microfluidic ExoSearch chip for 

multiplexed exosome detection. The ExoSearch chip enables simultaneous, quantitative 

evaluation of three exosomal tumor markers (CA-125, EpCAM, CD24) from the same 

exosome subpopulation with much improved measurement reproducibility (CV < 10%) 

and good robustness for non-invasive diagnosis of ovarian cancer. The results show 

comparable accuracy and diagnostic power (a.u.c. = 1.0, p = 0.001) with the standard 

Bradford assay (a.u.c. = 1.0, p = 0.0009). In addition, the ExoSearch chip significantly 

reduces consumption of sample volume (20 μL) and time (40 min), compared with 

Bradford assay (1 mL, 12 h). As a proof-of-concept, this work could serve as a basic 

platform for developing clinical tests in other diseases. 



87 

In our third project, we developed a μCOVE chip for expedited and automated 

immunomagnetic assays. The μCOVE chip enables near-instantaneous isolation of 

magnetic beads with rapid and effective washing by generating a fast transient 

hydrodynamic flow based on the communicating vessel principle. This single-phase 

μCOVE chip overcomes the limitations of residue removal and bead loss associated with 

the multi-phase operation. The μCOVE device can achieve highly sensitive and 

quantitative detection of two protein biomarkers with a LOD as low as the sub-picogram 

per mL level. Direct detection of EGFR expression level in A431 whole cell lysate was 

also investigated to further validate the capability of the μCOVE device for rapid and 

quantitative protein analysis in complex biological matrices. 

In our fourth project, we further integrated the μCOVE units with other functional 

compartments for on-chip exosome isolation, lysis, and digital detection of exosomal 

proteins. The μCOVE units contribute to near-instantaneous bead washing and isolation 

with minimal residue and bead loss. ELF 97 was intentionally selected to for generating 

digitized signals, due to the production of ELF 97 alcohol precipitates. The detection 

chamber was distinctively fabricated with micropillars to reduce Brownian motion of the 

precipitates and enhance the localization of signals for better accuracy of signal readout. 

Compared to other signal digitization methods, our microfluidic chip does not require 

multi-phase for sample dispersion, which dramatically simplifies the chip design and 

operation. The LOD of HER2 is 32 fg mL−1, indicating our microfluidic platform is 

comparable with other microfluidic ELISA. We demonstrated the feasibility of this 

microfluidic platform in clinical applications by quantifying the HER2 expression level 

in MDA-MB-453 exosomes. 
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Although we successfully validated that ELF 97 was potential for digital ELISA, 

we did not further characterize and optimize the performance of this novel microfluidic 

platform. For instance, we did not change the geometry of the chip including the height 

of the detection chamber and the size and density of the micropillars. Denser micropillars 

may improve the localization of digital signals, though occupy more detection areas and 

impede enzymatic reaction. Such variables are essential to the performance of this 

microfluidic platform. We can fabricate the detection chamber with different dimensions 

and number of micropillars to further understand how the geometry of the chip 

potentially change the assay performance.  

Additionally, we also intend to characterize the capture efficiency of the 

immunomagnetic beads. In the ExoSearch chip, the mixing is driven by the continuous 

flow. However, in the μCOVE chip, the mixing relies on the diffusion driven by rotation. 

Therefore, the mixing efficiency in the μCOVE chip may not be as good as that in the 

ExoSearch chip. We can estimate the capture efficiency by labeling the exosomes with 

fluorescent dyes and detecting the fluorescence intensities before and after mixing. This 

can help us determine the optimal number of beads to avoid less capture efficiency (too 

few beads) or less lysis efficiency (too many beads in lysis chamber). 

Furthermore, we are willing to advance the ELF 97 based microfluidic platform 

for multiplexed detection of exosomal proteins and nucleic acids. Normally the profile of 

a single type of molecule is not sufficient for cancer diagnosis. A panel of multiple 

molecular profiles is essential for clinical tests. We can modify the design of the surface 

patterning chip with multiple channels for immobilizing multiple capture probes. In 

addition, we can detect different sorts of biomarkers such as proteins and nucleic acids 
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simultaneously on a single microfluidic device. We can integrate the device with multiple 

detection units for different types of target molecules. For example, immunoassay 

chambers are used for protein quantification and PCR chambers are used for nucleic acid 

quantification. If this microfluidic device enables multiplexed detection of 3–5 or more 

targets, it will be very appealing to clinical applications. 

The ultimate goal of our research is to achieve single-exosome profiling. Due to 

the tumor heterogeneity, the expression of cancer biomarkers from the same cellular 

origin may differ notably at single-cell level.216 Although some works have been reported 

as a proof-of-concept,217,218 single-exosome profiling still remains difficult. The high 

abundance makes exosomes more applicable to studying tumor heterogeneity rather than 

CTCs. Compared to currently developed single-cell analysis,91-93 this microfluidic 

platform would be a big step forward to precision medicine if we could achieve single-

exosome profiling. 
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