
UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
Development of Methods for the Total Analysis and Serum Profiling of MicroRNA Biomarkers

Permalink
https://escholarship.org/uc/item/5vn183k5

Author
Flack, Kenneth

Publication Date
2015
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5vn183k5
https://escholarship.org
http://www.cdlib.org/


 

 

 

UNIVERSITY OF CALIFORNIA 

RIVERSIDE 

 

 

 

 

Development of Methods for the Total Analysis and Serum Profiling of MicroRNA 

Biomarkers 

 

 

 

  

 

 

 

A Dissertation submitted in partial satisfaction 

of the requirements for the degree of 

 

 

Doctor of Philosophy 

 

in 

 

Chemistry 

 

by 

 

Kenneth Patrick Flack 

 

 

December 2015 

 

 

 

 

 

 

 

Dissertation Committee: 

Dr. Wenwan Zhong, Chairperson 

Dr. Quan ‘Jason’ Cheng 

Dr. Ryan Julian 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Kenneth Patrick Flack 

2015 

 



 

The Dissertation of Kenneth Patrick Flack is approved: 

 

 

            

 

 

            

         

 

            

           Committee Chairperson 

 

 

 

 

University of California, Riverside 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

Acknowledgements 

 Firstly and most importantly, I would like to acknowledge my PhD advisor Dr. 

Wenwan Zhong for all of her guidance, inspiration, mentorship and support. I would also 

like to acknowledge and thank the other members of my dissertation committee, Dr. 

Jason Cheng and Dr. Ryan Julian, for their time, guidance, and the motivation I needed 

over the years and for all they have taught me. I would also like to acknowledge the 

chemistry department and faculty at UCR for their support.  

 The material in Chapter 2 was previously published, reprinted with permission 

from ‘Distribution Profiling of Circulating MicroRNAs in Serum’, Jonathan Ashby, 

Kenneth Flack, Luis A. Jimenez, Yaokai Duan, Abdel-Kareem Khatib, George Somlo, 

Shizhen Emily Wang, Xinping Cui, and Wenwan Zhong Analytical Chemistry 2014 86 

(18), 9343-9349, 2014 American Chemical Society. The material in Chapter 3 has been 

filed for patent, Patent Application No. 62/045,503 and was supported by a NIH grant 

#R01CA188991-01. A portion of material in Chapter 4 used previously published 

material, adapted from ‘Tagging the rolling circle products with nanocrystal clusters for 

cascade signal increase in the detection of miRNA’, J. Yao, K. Flack, L. Ding and W. 

Zhong, Analyst, 2013, 138, 3121 with permission from The Royal Society of Chemistry. 

Lastly, I would like to acknowledge the contribution of all coauthors in the above work 

and also acknowledge my colleagues Luis Jimenez and Marissa Gionet-Gonzales for 

their contributed work on the material in the latter part of Chapter 5. 

 

  



v 

Dedication 

 First I would like to dedicate this to my wonderful wife, Kelley, for her love and 

supporting me during these years of graduate school and for believing in me even when I 

had doubt. Without her love and support I would have been lost. Kelley, you are a true 

blessing, thank you for everything and for always being by my side. Also a dedication to 

my two beautiful children, and to my family and friends for their love and support. 

 Secondly, I want to make a special dedication to my parents, Michael and 

Ramona Flack. They were my first teachers and mentors in life, raising me to be the 

person I have become. It is their support and belief in my talents and abilities that 

encouraged me to always pursue higher education.  

Lastly, I want to make a special dedication of this dissertation and my research in 

the memory of my mother, Ramona Marie McConnell Flack (October 20, 1958 – July 9 

2015). Her strength and willpower has and will continue to be an inspiration in all that I 

do. It is my mother that drove me to strive for my best, and attempt new challenges in 

life. 

 

  



vi 

 

 

 

 

ABSTRACT OF THE DISSERTATION 

 
 

Development of Methods for the Total Analysis and Serum Profiling of MicroRNA 

Biomarkers 

 

by 
 

 

Kenneth Patrick Flack 

 

Doctor of Philosophy, Graduate Program in Chemistry 

University of California, Riverside, December 2015 

Dr. Wenwan Zhong, Chairperson 

 

 

 

 

MicroRNA (miRNA) are short 20 to 25 nucleotide, non-coding RNA strands that 

bind to messenger RNAs (mRNAs) to inhibit translation through post-transcriptional 

modifications and induced mRNA degradation. The dysregulation of the expression of 

various miRNA could be the result of abnormal states; such as cancers, coronary artery 

disease, diabetes, Alzheimer’s disease, etc. MiRNAs have been found to be more closely 

related to disease stages and more tissue specific than the widely used mRNA disease 

markers. As a result, being able to quantitate miRNA levels is essential to early-stage 

disease detection and prognosis. MiRNAs can be released into the circulatory system and 

present at stable levels detectable by sensitive techniques. However, the perceived ranges 

of healthy miRNA levels can span several orders of magnitude and the overall serum 

content may differ very little in diseased states, making early stage detection difficult. 
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Quantifying the levels of miRNA bound to a particular carrier can make it possible to 

identify miRNA biomarkers, and allow for earlier and more accurate diagnosis of disease. 

 Asymmetrical flow field-flow fractionation (AF4) is an open channel separation 

method which offers an alternative to conventional packed column techniques. AF4 is a 

size-based separation technique capable of separating the variety of serum components 

while maintaining native interactions. Correlation of miRNA content associated to 

different fractions of miRNA carriers reveals highly specific association and larger 

differences between diseased and healthy states than total serum content. 

 Microfluidic technology allows for increased rate of sample processing and 

analysis, and reduced sample consumption. A simple microfluidic technique was 

developed for the rapid and selective isolation of miRNA bound to three fractions of 

miRNA carriers; proteins, lipoprotein complexes, and exosomes. Application to the 

analysis of case and control sera shows differentiation between disease state and cancer 

stages. 

 The development of highly sensitive isothermal miRNA detection platforms 

offers an alternative to conventional RT-qPCR analysis techniques. These novel detection 

techniques are more clinically relevant and offer simpler detection which is competitive 

with the sensitivity of qPCR. Finally, solid-phase extraction techniques for isolation and 

enrichment of miRNA have been pursued and optimized to yield high recovery from 

complex media. 
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Chapter 1: Introduction 

1.1: General Introduction 

The keys to eradicating diseases such as cancer are in the development of better 

treatments and foremost the development of better detection techniques leading to earlier 

diagnosis of the disease. Detection of cancers at the earlier stages results in higher 

survival rates between 90 to 100 percent, owing to the fact that the disease is both easier 

to treat and the treatments are less harmful to the patient’s general health.
1–3

 Along with 

this, better long term prognosis for the patient with less chance for recurrence is expected. 

The discovery, detection, and analysis of better biomarkers are essential in improving our 

ability to diagnose cancers at an early stage.
4,5

 However there is a necessity for the 

technique to be both highly sensitive and selective to avoid the rate of false negative or 

false positive diagnosis at these early disease stages.
3
 The cost and simplicity of the 

technique also has to be considered for widespread use in discovery and diagnosis. 

Therefore, both the choice of analyte and the technique, and detection platform need to be 

carefully selected. 

1.2: Biomarkers 

 Biomarkers are simple molecules of biological origin which can be used to 

indicate or monitor a variety of biological processes, diseases, immune-response, drug 

metabolism or effectiveness, or any distress on bodily organs.
4–6

 Biomarkers can range in 

size from small molecular species such as ions or metabolites to large proteins or long 

DNA and RNA species. Currently the most commonly used biomarkers in the detection 

and monitoring of cancer are proteins such as prostate-specific antigen (prostate cancer),
7
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cancer antigens 15-3 and 27-29 (breast cancer),
8,9

 along with many others. Biomarkers 

are extremely valuable in the detection and monitoring of cancer, especially at early 

stages of cancer or during remission when tumors are either too small for conventional 

imaging techniques or not clearly distinguishable from healthy tissue even during 

invasive surgery. Using biomarkers with high sensitivity, cancers can possibly be 

discovered and monitored during the precancerous stage (carcinoma in situ) when tumors 

may not exist and instead consist of a relatively small group of abnormal cells. The 

existence of cancer specific biomarkers combined with selective and sensitive detection 

techniques are vital for the monitoring of the effectiveness of cancer treatments and 

during cancer remission to identify reduction or growth of the cancer and detect possible 

metastasis of cancers. DNA and RNA biomarkers have potential for detection of 

genetically associated cancers and detection of cancerous mutations within abnormal 

cells and tissue. BRCA 1 and 2 are examples of gene biomarkers which can be used to 

identify the genetic risk of developing breast cancer in some patients along with the 

correlated proteins that are expressed.
10,11

 Messenger RNAs (mRNAs) are potentially 

powerful biomarkers as they contain the genetic information for the expression of 

specific genes and the translation to the corresponding peptides and proteins.
12,13

 If the 

expressed peptides or proteins have correlation to tumor specific species then the 

detection of the parent mRNA can be used for sensitive detection of abnormalities or 

synthetic regulation of these mRNA can be employed for genetic therapy. However 

invasive biopsy or tissue excision are commonly needed for detection of these DNA and 

RNA species as they are either absent in bodily fluids or are in too low of concentrations 
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to be detected in reasonably small sample volumes. However, small RNA species have 

been found in a variety of bodily fluids at detectable levels. One of these small RNA 

species with high potential as a group of cancer biomarkers are single stranded 

microRNA (miRNA).
14–20

 

1.3: MicroRNA Structure, Biogenesis, and Function 

MicroRNA are small, non-coding, 20-25 nucleotide long single stranded RNA 

species responsible for regulating gene expression through the post-transcriptional 

modification of mRNA, RNA silencing, and inhibition of protein synthesis.
21–23

 

MicroRNAs are encoded in the DNA genome and the human genome is suspected to 

encode well over 1000 unique mature miRNA sequences.
24

 The biogenesis of miRNA is 

illustrated in Figure 1.01. The encoded miRNA within the DNA genome are transcribed 

by RNA polymerase II as a miRNA precursor that may be several hundred nucleotides in 

length with a polyadenylated 5’ end and stem loop structures known as primary miRNA 

(pri-miRNA). Pri-miRNA undergoes nuclear processing via RNA-binding DGCR8 

protein and the Drosha RNAse enzyme to produce a shortened stem-loop RNA molecule 

which is about 70-80 nucleotides in length, known as precursor miRNA (pre-miRNA), 

containing a single mature miRNA in its sequence. This pre-miRNA is then exported 

from the nucleus to the cytoplasm of the cell via Exportin-5 mediated transport.
25

 Within 

the cytoplasm the Dicer RNAse enzyme then cleaves the pre-miRNA to produce a 

miRNA duplex, of which one strand typically becomes the mature miRNA while the 

other strand undergoes degradation. In a few cases the second strand of the miRNA 

duplex can also have function as a mature miRNA, although this is less common. The  
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Figure 1.01. Illustration of mammalian microRNA biogenesis, intracellular transport, 

processing, and release from cells. 
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mature miRNA sequence in complementary to a portion of a specific mRNA sequence 

that is regulated. The RNA-induced silencing complex (RISC) incorporates mature 

miRNA and becomes active in mRNA binding, modification, inhibition of protein 

translation, and even cleavage of mRNA leading to degradation of the mRNA.
23,26,27

 

RISC is a multi-protein complex containing several proteins essential to incorporation of 

miRNA and the binding to mRNA along with its regulation of mRNA translation. Of 

these proteins, argonaute 2 (Ago2) may be the most important component for the 

incorporation and stabilization of miRNA as well as silencing and cleavage of mRNA.
28

 

In their involvement in cancer, miRNAs can be divided into two subclasses, 

oncogenic miRNA and tumor-suppressive miRNA which regulate mRNA corresponding 

to tumor-suppressive and oncogenic genes respectively.
15,16,29

 Therefore in cancerous 

cells oncogenic miRNA production will be increased, and these oncogenic miRNA will 

then down-regulate the expression of tumor-suppressive genes. Likewise tumor-

suppressive miRNA production will decline and oncogenic gene expression will be up-

regulated. It has also been observed that different miRNA will be under or over expressed 

at different stages of cancer progression including some miRNA which may be essential 

in tumor growth and metastasis of cancer. 

1.4: Circulating MicroRNA as a Biomarker in Disease 

 MicroRNA can be exported from cells in a variety of forms and become known as 

extracellular miRNA or circulating miRNA.
30,31

 Cells can expel small microvesicles 

known as exosomes which can contain a variety of cellular components found in the 

cytoplasm.
32,33

 Normal cells release these exosomes regularly, and it has been found that 
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diseased cancer cells can release an increased quantity of these vesicles or produce 

exosomes of abnormal size or shape.
33

 Exosomes are believed to be integral in cell-cell 

communication and play a major role in the spread of cancer through tumor growth and 

metastasis. MiRNA are one species found in exosomes which may be responsible for 

this, and the study of exosomal miRNA composition between healthy and cancerous cells 

is of great interest.
34–36

 Additionally other species capable of transporting and harboring 

miRNA outside of cells include a variety of cellular proteins, especially Ago2 and other 

RISC species,
37

 and both high and low density lipoprotein complexes.
38–40

 Once within 

the blood, miRNA can transiently exchange from one carrier to another, perhaps due to 

stronger miRNA interactions with these species. All of these extracellular miRNA 

carriers are found within the circulatory system after release, with the concentration of 

miRNA within the circulatory system being correlated with cellular concentrations and 

impacted by diseases such as cancer. There is uncertainty of the significance of different 

miRNA carriers in serum to the spread and growth of cancer. However the correlation of 

exosomal miRNA and cancer has been more heavily investigated recently especially 

concerned with metastasis. Investigation which is more inclusive of other significant 

miRNA carriers is not as heavily studied, with exception perhaps of HDL bound 

miRNAs. 

1.5: Amplification and Detection of Nucleic Acids 

 Nucleic acids such as deoxyribonucleic acids (DNA) and ribonucleic acids (RNA) 

are optimal biomarkers due to the plethora of techniques accessible to amplify the nucleic 

acids through a variety of enzymatic reactions available to replicate, elongate, fragment, 



7 

or otherwise modify the molecules for detection of minute quantities in minimal sample 

volume. Some of these techniques for amplification are well developed, while others are 

quite novel and on the forefront of developing better techniques for nucleic acid 

detection.  

The traditional technique which laid the foundation for nucleic acid research is 

polymerase chain reaction (PCR).
41

 PCR takes advantage of the natural process of DNA 

polymerization using either natural or modified polymerase enzymes. DNA polymerases 

have the ability to add nucleotides in the 5’-3’ direction onto a DNA fragment (referred 

to as a primer) hybridized with a nucleic acid template, reading the template in the 3’-5’ 

direction. The addition of nucleotides to the primer results from base pair matching to the 

template, yielding a strand complimentary to the original template. A primer specific to 

the 3’ end of the complimentary strand can be used to create its compliment which is 

identical to the original template sequence. In this manner PCR allows for amplification 

of both a single stranded template sequence and its complimentary sequence through the 

use of two primers (known as forward and reverse primers). PCR utilizes the artificial 

replication in cycles allowing for one replication per template in each cycle. As the 

polymerization is symmetrical, 2 strands will become 4 after 1 cycle, and then become 8 

after the next cycle, and then 16 in the following cycle, continuing in this fashion 

yielding exponential amplification of a few copies to thousands, millions, or billions of 

amplicons reliant on the number of cycles. 

 There are numerous variants of traditional PCR with the most notable for 

quantitative analysis being real-time or quantitative PCR (usually abbreviated as 
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qPCR).
42

 Through the monitoring of DNA amplicon concentration at the end of each 

cycle, the amplification can be detected as a function of cycle number. The amplification 

of DNA in qPCR is usually detected by the use of either double strand DNA intercalating 

dyes (such as SYBR fluorescent dyes) or fluorescent DNA probes (such as Taqman 

probes). Intercalating nucleic acid dyes such as SYBR green dye have a high sensitivity 

for double stranded DNA and can therefore generate fluorescence of the double stranded 

PCR products at the end of each cycle. As these dyes have poor sensitivity for single 

stranded nucleic acids, yet become highly fluorescent upon binding to double stranded 

DNA, there is little background due to excess primers. Intercalating dyes give no 

sequence specificity and therefore can only be used for a single template reaction. 

Taqman probes consist of a short oligonucleotide labeled with a fluorophore and 

quencher on opposite ends with a sequence complimentary to the template. The probe is 

non-fluorescent due to the close proximity of the fluorophore and quencher, after 

hybridization to the template and upon polymerization the Taq polymerase enzyme 

degrades the Taq probe releasing the fluorophore which can then reach a distance from 

the quencher molecule to avoid quenching and fluorescence can then be measured. These 

probes offer greater sensitivity and low detection limits due to the absence of background 

signal and high specificity for the target sequence. Multiplexed qPCR is possible as 

different fluorophores of varied excitation/ emission wavelengths can be employed 

depending on the capability of the qPCR instrument. As the amount of DNA increases 

exponentially with the number of cycles in qPCR, the theoretical detection limit of qPCR 
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is a single copy of the target. The best experimental limits of detection are realized with 

highly optimized specific primer sets and the use of specific probe based detection. 

 An additional variation of PCR with high significance is reverse transcription 

PCR (RT-PCR).
43

 Reverse transcription reaction allows for the application of PCR to 

RNA species through reverse transcription of RNA into complementary DNA (cDNA) 

which can then be amplified efficiently by DNA polymerases which typically have poor 

reverse transcription ability. In addition to the poor reverse transcription ability of many 

DNA polymerases, RNA itself is prone to hydrolysis and degradation which is more 

likely to occur at the temperatures utilized in PCR. Reverse transcriptase enzymes 

derived from retroviruses are employed, most commonly Moloney murine leukemia virus 

(M-MLV) and avian myeloblastosis virus (AMV). Reverse transcriptase enzymes are 

RNA-dependent DNA polymerases which read RNA templates in the 3’ to 5’ direction 

and synthesize complementary DNA in the 5’ to 3’ direction, building on the 3’ end of a 

DNA primer. Advantages of the reverse transcription applied to PCR include synthesis of 

stable cDNA to avoid degradation of RNA samples and the possibility to create elongated 

cDNA which is especially useful in the detection of short RNA targets and increase both 

specificity and sensitivity in the PCR. 

 Methods for isothermal amplification of nucleic acids have been developed 

towards the development of effective target amplification without the need for 

thermocycling.
44–48

 Development of these techniques have grown to yield isothermal 

amplification reactions which can be more rapid than traditional PCR for detection and 

have been developed to occur at lower temperatures rather than the more extreme 
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temperatures of PCR. DNA polymerases such as Phi29, Klenow Fragment, and T7 DNA 

polymerases have optimal activity between 30 to 37 degrees Celsius and can exhibit 

adequate amplification at room temperature. A variety of isothermal reactions employing 

other enzymes like helicase enzymes in helicase-dependent amplification (HDA) and 

those using endonuclease or exonuclease enzymes have been developed. Also some 

reactions not requiring enzymes have been developed, such as hybridization chain 

reaction (HCR)
49

 which only requires stem-loop hairpin nucleic acid primers and an 

initiator sequence which can be the target or another strand such as an extended primer or 

an aptamer. Aptamers are RNA, LNA, or most commonly DNA sequences with strong 

and specific binding to molecules or proteins of biological interest, which are designed 

and selected through specialized techniques. 

1.6: Biosensing and MicroRNA Detection 

 Biosensors are defined by the use of a biological component for the recognition of 

the analyte of interest and the use of electrochemical or optical sensors to determine 

concentration of the analyte.
50

 Biosensors are of great interest for microfluidic 

technologies and in routine medical diagnostics for the development of all-in-one device 

for the detection of analytes of biological significance. The bio-recognition element can 

be a variety of biological molecules including polypeptides, enzymes, antibodies, and 

nucleic acids giving capability to detect essentially any analyte with high selectivity and 

sensitivity in combination with a sensing element. Common sensing elements for 

biosensors are electrode based detection of electrochemically active species or optical 

detectors for measuring fluorescence, luminescence, or colorimetric changes. An example 
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of a common biosensor is blood glucose sensors which typically use glucose oxidase to 

produce electrochemically active species which can be oxidized via electrodes for 

determination of glucose concentration.
51

 For recognition and sensing of miRNA, 

biosensors can be developed using nucleic acids with complementary sequences to a 

portion or the entire sequence of the miRNA combined with amplification strategies for 

selective and sensitive detection.
52–54

 

1.7: Methods of Nucleic Acid Extraction 

 Traditionally organic solvent based techniques have been employed in the lysis or 

disruption of biological samples for precipitation based isolation of nucleic acids. The 

most common chemical separation is phenol-chloroform extraction of nucleic acids.
55

 

The phenol-chloroform extraction is traditionally used for DNA species, in an optimized 

form which uses a phenol solution containing guanidine isothiocyanate high quality RNA 

can be isolated.
56

 The method uses phenol-guanidine isothiocyanate solution for lysis and 

disruption of the sample with the addition of chloroform for isolation. After incubation 

and centrifugation the solution will form two distinct layers, upper aqueous phase and 

lower organic phase, with a possible interphase between them. The upper aqueous layer 

exclusively contains RNA which is precipitated with isopropanol and washed with 

ethanol to remove contaminants such as guanidine isothiocyanate. DNA is exclusively 

isolated in the bottom organic layer while proteins and lipids are in both the lower phase 

and interphase. DNA and proteins and be sequentially isolated via ethanol and 

isopropanol precipitation of each respectively. The main advantages of the guanidine 

isothiocyanate-phenol-chloroform extraction are the sequential purification of RNA, 
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DNA, and protein with practically no contamination of the three species with each other 

as well as rapid isolation in about an hour. However, the method suffers from selective 

isolation of larger RNA species and yields very poor extraction efficiencies when 

isolating small RNAs including miRNA, due to the difficulty of precipitation of these 

more soluble species. Efficiency of small RNA extraction can be improved through 

addition of glycogen as a co-precipitant, elongated precipitation times at -20 degrees 

Celsius, and increased centrifugation speeds. 

 Solid phase extraction techniques have also been developed and are commercially 

produced for the extraction of DNA, RNA, and miRNA from a variety of sample types. 

Silica can be used as a solid phase material for the binding of nucleic acids in high salt or 

low pH solutions through interactions through the silanol groups on silica surfaces and 

the phosphate groups on the nucleic acid backbone.
57

 In high salt solutions this will 

primarily occur as a result of salt cation bridging of negatively charged deprotonated 

silanol to the negatively charged phosphate group of DNA and RNA. In low pH solutions 

when the silanol groups of silica are protonated, hydrogen bonding between the silanol 

group and negatively charged phosphate group will cause binding of nucleic acids. The 

commercial methods use a centrifugal filter design utilizing a porous silica membrane 

and optimized lysis/binding and wash solutions to yield high quality and pure nucleic 

acid in a short period of time. However these methods can suffer from poor extraction 

efficiency of miRNA from complex sample matrices. Non-specific adsorption of other 

biological species and lower binding strength of miRNA to silica surfaces can cause 

reduction in extraction efficiency. Importance can be placed on available silica surface 
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area as well as effective suspension and incubation with the silica and sample for 

improvement of extraction efficiency. Improvements on solid phase extraction of nucleic 

acids have been focused on improving the solid phase material. In addition to porous 

silica membranes, monolithic silica surfaces, silica microparticles, silica nanomaterials, 

and silicon carbide materials have been investigated to yield better extraction results. 

Since the adsorption of nucleic acids on silica is based on binding to the phosphate 

groups on the nucleic acid backbone, other metal oxides with favorable binding can be 

investigate such as titanium dioxide and zirconium dioxide which have been shown to 

adsorb DNA and phosphorylated proteins.
58,59

 

1.8: Asymmetrical Flow Field-Flow Fractionation 

 Separation of miRNA carriers is important in better biomarker discovery. 

Asymmetrical Flow Field-Flow Fractionation, or AF4, is an open channel separation 

technique based on the theory of Field-Flow Fractionation, or FFF, introduced in 1987 by 

Wahlund and Giddings.
60

 AF4 and FFF are gentle separation techniques due to the open 

channel design and relatively low flow rates and therefore do stress or denature analytes 

and native binding of molecules or particles is retained. For these reasons AF4 can offer 

many advantages over other techniques such as high performance liquid chromatography 

(HPLC), size exclusion chromatography (SEC), and fast protein liquid chromatography 

(FPLC). These chromatography techniques are traditionally used in the separation of 

mixtures of biological analytes and proteins, however they are harsher separation 

techniques that used higher pressure and packed columns to achieve separation. These 

techniques may disrupt native structure and native binding such as that between proteins 
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and miRNA. Also the size ranges for separation in these chromatography techniques is 

typically more limited than FFF. Field-Flow Fractionation methods allow for separation 

of analytes over the size range of one nanometer to several microns.
61

 AF4 is 

differentiated from FFF by an asymmetrical cross flow induced through the pulling of 

carrier solvent through a porous bottom channel versus the symmetrical cross flow in 

FFF which results from the flow of solvent through two permeable walls of the channel. 

As a result of this difference, the set-up of the instrument is less complicated and the 

channel is simpler in design. Since in AF4 the carrier fluid exits the bottom permeable 

wall without being replenished, the channel in AF4 is tapered from the injection side to 

the detector exit side in order to reduce the effect of the fluid loss on the flow rate over 

the distance of the channel. The equation defining the separation in AF4 is shown below 

in equation 1.1 where; tr is the retention time, 𝜂 is the fluid viscosity, w is the channel 

thickness, d is the analyte hydrodynamic diameter, Vc is the cross flow velocity, k is the 

Boltzmann constant, T is channel temperature, and V° is the channel flow velocity.
62

 The 

retention time is directly proportional to the hydrodynamic diameter of the analyte. 

Keeping separation temperature and solvent viscosity constant the retention time for an 

analyte is affected by the ratio of the cross flow to the channel flow, which can be 

adjusted for resolution of analytes. 

    𝑡𝑟 =
𝜋𝜂𝑤2𝑑𝑉𝑐

2𝑘𝑇𝑉°
     Equation 1.1 

A porous membrane of a chosen molecular weight cutoff is used to select the 

minimal size of molecules or particles retained in the channel. Spacers are used to 

determine the channel thickness (typically 100-300 µm) between the membrane located 
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Figure 1.02. Illustration of AF4 channel and separation dynamics. 
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on the permeable wall and the top of the channel. Figure 1.02 illustrates the design of the 

AF4 channel and the focusing and elution conditions in the separation method. After 

injection of a sample into the channel, the sample is focused as a narrow band at the top 

of the channel and pulled against the porous membrane via a focus flow and the cross 

flow. After the sample is focused the sample is eluted from the channel via the axial 

channel flow. Separation of analytes results from the perpendicular cross flow rate and 

the diffusion of analytes towards the center of the channel. Smaller species diffuse further 

towards the center of the channel then larger species and therefore elute faster due to the 

parabolic flow profile in the channel. In order to achieve resolution of analytes with small 

size differences larger cross flow rates can be used. Also gradient elution over a large size 

range can be achieved through gradual decrease of the cross flow. AF4 has been used in 

the separation and analysis of nanoparticles, proteins, polymers, and nucleic acids and in 

studying the interactions between them. This separation ability can be used in the 

separation of serum components. Human serum is a complex mixture containing small 

molecules, proteins, lipoproteins, and microvesicles. These species can range in size from 

small ions to exosomes and very low density lipoproteins (30nm to over 100nm). AF4 

can eliminate small species under the size cutoff of the membrane and reduce the 

complexity of the serum to potential miRNA carriers and the separation conditions can be 

tailored to achieve isolation of all components. 

1.9: Microfluidic Technology 

 High-throughput analysis is a necessity for discovery of selective and accurate 

biomarkers. Microfluidic systems enable miniaturization of analytical laboratory 
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techniques on a single device small enough to fit in the palm of a hand. Integration of 

techniques for the processing and separation of samples reduces the issues with 

traditional bench top techniques such as large sample sizes, more reagent waste, samples 

loss, and contamination.
63,64

 In addition, microfluidic technology often time consumption 

and can produce a simpler technique which is less labor intensive and can be high-

throughput. These devices can be made by a variety of processes and out of a variety of 

materials, some devices being rather complex while others are very simple. 

Photolithography is the fabrication method of choice as it is relatively simple and can be 

done outside of a clean-room environment with more accessible equipment. Of the 

materials typically employed in microfluidic technology, glass/silica and 

polydimethylsiloxane (PDMS) are the choice materials due to their desirable 

properties.
65,66

 PDMS can be easily molded to conform to any shape or design and cured 

at relatively low temperatures, and can easily be cut or have holes punched post-cure. 

PDMS is flexible and durable, biocompatible, and optically transparent. In addition, 

PDMS can be chemically modified if necessary through oxidation of the PDMS along 

with silanization techniques. Separation and purification techniques such as 

electrophoresis, size-exclusion filtration/ chromatography (SEC), solid phase extraction 

(SPE), and affinity capture have been successfully employed on microfluidic devices.
67–69

 

Furthermore, it is possibly to integrate amplification and detection techniques on devices 

to develop a total analysis system; decreasing the time required for analysis, cost of 

analysis, and sample loss due to solution transfer.  
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Chapter 2: Asymmetrical Flow Field Flow Fractionation of Serum Components for 

Carrier Based Quantification of MicroRNA in Serum 

2.1: Introduction 

 Early detection of cancer can enhance the survival rate of patients, but the success 

relies on the availability of specific and sensitive biomarkers. One class of promising 

biomarkers for cancer diagnosis is microRNAs (miRNAs). They bind to target mRNAs 

and inhibit translation or induce degradation of target transcripts.
1,2

 Over-expression of 

miRNAs that inhibit the tumor suppressor genes can interfere with the anti-oncogenic 

pathway, whereas reduction of miRNAs that target oncogenes can increase oncogenic 

potency.
3–6

 It is also recognized that miRNA profiles more accurately reflect the 

developmental lineage and tissue origin of human cancers than the mRNA profiles.
7–9

 

Compared to proteins, miRNAs have a simpler structure and less complex post-synthesis 

processing, and can be detected by highly sensitive qPCR methods. More appealing, 

miRNAs can be released into the circulation system and are present at stable levels that 

are detectable by sensitive and selective techniques like RT-qPCR.
10–13

 Accumulating 

evidence shows that circulating miRNAs exhibit varied patterns between cancer patients 

and healthy controls, with the patterns of some secretory miRNAs altered in the early 

stage on cancer initiation.
14–16

 Because sampling from bodily fluids such as blood, urine, 

saliva, etcetera is considered to be convenient and noninvasive compared to other biopsy 

methods, more and more research efforts have been devoted to obtaining the 

comprehensive profiles of circulating miRNAs, and validate their utility ad biomarkers as 

compared to tissue biopsy miRNA profiles.
17,18
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 Still, it is a long route from proof-of-principle to creation of reliable and 

reproducible miRNA clinical tests. One obstacle is that not all circulating miRNAs are 

related to cancer development. The abundance of cancer-irrelevant miRNAs can be 

secreted by blood cells, secreted normally from healthy cells, or shed upon cell death. 

They could then contribute to large variances in miRNA abundances between individuals 

and add to signals from the cancer relevant miRNAs during quantification. It has been 

known that the cell-free miRNAs are protected from ribonucleases present in 

extracellular environments and bodily fluids by various types of carrier species. The 

carriers can be proteins like argonaute 2 (Ago2) or GW182
19,20

 that belong to the RNA-

induced silencing complex (RISC), high density lipoprotein (HDL) particles that could 

mediate cellular communication,
21,22

 or micro vesicles such as exosomes
23–25

 which could 

be one of the main exportation routes for miRNAs from malignant cells.
26

 The active 

miRNA secretion by malignant cells could be the consequence of dysregulation of 

cellular pathways. The purposeful exportation and uptake could be related to tumor 

progression and metastasis.
27–29

 Therefore, to better eliminate the cancer irrelevant 

miRNAs and reveal the more specific miRNA markers, isolation of miRNAs from 

carriers that are specifically secreted by cancer cells could be a solution. Thus, HDL and 

exosomes have recently been the focus in studies of circulating miRNAs. 

 Purified HDL and exosomes are often obtained by ultracentrifugation
20,21,26,30–32

 

and immunoaffinity capture.
33,34

 Ultracentrifugation can provide good size and density 

resolution, but it requires large sample volumes, is very tedious and time consuming, and 

typically yields low recovery. Immunoaffinity capture is easy to perform and provides 
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high specificity, targeting one specific type of carriers at a time.
35,36

 In the pioneering 

study of miRNA carriers by Arroyo et al,
19

 serum was fractionated with size exclusion 

chromatography (SEC) to reveal the existence of the exosomal and exosome-free 

circulating miRNAs. Vickers et al also applied SEC to further characterize the HDL 

isolated by ultracentrifugation.
21

 However, in SEC good separation resolution can only be 

achieved within a small size range, interaction of biomolecules with the column materials 

is problematic, and integrity of complexes or vesicles after passing through packed 

columns is of concern. 

 There exists no conclusive evidence about which miRNA carriers are more 

important in cancer diagnosis. The study of miRNA distribution across all types of 

carriers in serum is necessary to draw specific conclusions on the importance of specific 

carriers with different miRNA targets. Compared to SEC and ultracentrifugation, 

asymmetrical flow field flow fractionation (AF4) is a gentler separation technique for 

better preservation of native biomolecule and bioparticle structure and their binding to 

miRNAs.
37

 As AF4 is an open channel separation technique with no interactive stationary 

phase, AF4 can isolate intact macromolecular complexes such as nucleic acid-protein, 

antibody-antigen, and protein-drug interactions.
38–40

 In addition, AF4 has previously been 

used for separation and analysis of exosomes in serum.
41–43

 Therefore, AF4 is the method 

of choice for separation of different miRNA carriers based on their range of 

hydrodynamic sizes, enabling screening of miRNA distribution among all potential 

carriers. Comparing the distribution profiles obtained from cancer patients to healthy 

individuals may indicate which types of carriers are more relevant to cancer 
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development, enhancing the sensitivity and specificity when using carrier specific 

miRNA in cancer diagnosis. 

 Herein this chapter, we employed AF4 to fractionate whole serum, and six 

discrete elution fractions were collected. Carrier species in each fraction were identified 

through the extraction of proteins and mass spectrometry (MS) analysis as well as direct 

detection using enzyme-linked immunosorbent assay (ELISA). Total RNA was extracted 

from each of the fractions, and the amounts of eight selected miRNA targets were 

quantified via RT-qPCR. The aim of the analysis was to investigate the usefulness of 

miRNA quantities associated with particular carrier species in differentiating breast 

cancer patients from healthy individuals versus total serum concentrations of the 

miRNAs.  

2.2: Materials and Methods 

2.2.1: Chemicals and Biomaterials  

All chemicals used to prepare the AF4 running buffer of 1× PBS (10 mM 

phosphate at pH 7.4, 137 mM NaCl, 2.7 mM KCl, and 1.0mM MgCl2), ethylene glycol, 

dimethyl sulfoxide, guanidine hydrochloride, RNA-grade glycogen, 2-propanol, and 

chloroform were purchased from Thermo Fisher (Pittsburgh, PA). All single proteins 

used as AF4 standards were purchased from Sigma-Aldrich (St. Luis, MO). Taq 5× 

master mix was purchased from New England Biolabs. High- and low- density 

lipoproteins were purchased from CalBioChem (EMD Millipore, Billerica, MA). TRIzol 

LS, 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO), Total Exosome Isolation kit, and 

TaqMan MicroRNA Assays specific for each target were purchased from Life 
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Technologies (Carlsbad, CA). Synthesized MicroRNA standards and exogenous control 

were purchased from Integrated DNA Technologies (Coralville, IA). The serum sample 

used for exosome extraction and separation method optimization was pooled healthy 

male AB serum from Sigma Aldrich. The serum samples used in the distribution profile 

study were provided by our collaborators at the City of Hope Medical Center (Duarte, 

CA). The samples were obtained from voluntarily consenting female patients under 

institutional review board-approved protocols. The two breast cancer patients had 

infiltrating ductal carcinoma and were ER/PR/HER2 positive (ER-estrogen receptor; PR-

progesterone receptor; HER2-human epidermal growth factor receptor). 

2.2.2: Serum Fractionation by AF4  

An AF200 system manufactured by Postnova Analytics (Salt Lake City, UT) was 

used in this study. The trapezoidal separation channel was 0.350 mm thick (spacer 

thickness) and its tip-to-tip length was 275 mm, with an inlet triangle width of 20 mm 

and an outlet width of 5 mm. The injection loop volume was 20 µL. The surface area of 

the accumulation wall was 3160 mm
2
, which was composed of a regenerated cellulose 

ultrafiltration membrane (Postnova Analytics) with a molecular weight cutoff value of 10 

kDa. The eluate exiting AF4 passed through a SPD-20A absorbance detector (Shimadzu) 

followed by a fraction collector (Bio-Rad). The running buffer used in all separations was 

1× PBS (10 mM phosphate at pH 7.4, 137 mM NaCl, and 2.7 mM KCl). During serum 

fractionation, an initial focusing step of 8 min was used, with the cross-flow (the flow 

exiting the channel through the porous membrane wall) at 3.00 mL/min, tip flow (the 

channel inlet flow) at 0.30 mL/min, and the focus flow (a flow entering at a position 
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further down from the inlet to focus the analyte into a narrow sample zone) at 3.00 

mL/min. After the focusing period, there was a 1 minute transition period where the tip 

flow was increased to 3.30 mL/min and the focus flow was reduced to zero. Afterward, 

the tip flow was kept at 3.30 mL/min for 5 min and then reduced to 0.30 mL/min over the 

course of 15 min. In each case, the cross flow was reduced to keep the detector flow (the 

channel outlet flow) at 0.30 mL/min. A fraction collector was used to perform stepwise 

collections in 1 minute intervals. These 1 minute collections for each sample were 

combined into six fractions, with fraction 1 (F1) collected from 6 to 9 min, F2 from 9 to 

13 min, F3 from 13 to 16 min, F4 from 16 to 19 min, F5 from 19 to 23 min, and F6 from 

23 to 28 min. 

2.2.3: RNA and Protein Extraction from Collected Fractions  

Each fraction was spiked with 0.31 fmol of exogenous Caenorhabditis elegans 

miRNA, cel-miR-67, and subjected to guanidine isothiocyanate-phenol-chloroform 

extraction using TRIzol LS reagent. For extraction each fraction was split into several 

~450 µL aliquots. Each aliquot was homogenized with 1 mL of TRIzol LS reagent and 

incubated briefly, followed with the addition of 300 µL of chloroform and thorough 

mixing. After brief incubation and centrifugation, the aqueous phase exclusively 

containing RNA was isolated and RNA-grade glycogen was added. The RNAs were 

precipitated by the addition of 1 mL of 100% isopropanol. The RNA pellet was washed 

once by 80% ethanol, dried, and then all pellets for the same fraction were combined 

before going through an additional round of isopropanol precipitation and 100% ethanol 
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wash. The fractions were then dried and stored at -20 °C until RT-qPCR analysis. The 

protein-containing organic fraction was precipitated using the suggested protocol. 

2.2.4: MicroRNA Analysis  

To acquire sufficient miRNA input for accurate RT-qPCR analysis, two 

collections were carried out for each replicate of each serum sample. One collection was 

used to quantify hsa-miR-16, miR-17, miR-155, miR-191, Let-7a, and miR-375, for which 

the RNA pellets were reconstituted in 31 µL of RNase-free water. The other collection 

was used to quantify miR-21, miR-105 (dropped from analysis due to very low presence 

in serum), and miR-122 for which the RNA pellets were reconstituted in 16 µL. The 

exogenous cel-miR-67 spiked in each fraction prior to extraction of total RNA was used 

as an internal standard to account for miRNA loss during the extraction and for elution 

volume variability. Absolute quantification and normalization of miRNA quantity in each 

fraction of each sample was obtained using an external standard calibration curve 

prepared from synthetic miRNA standards for each target in addition to the exogenous 

control which was ran in addition to samples on every qPCR plate.  

An optimized RT-qPCR protocol was used for analysis employing the individual 

TaqMan MicroRNA Assay kits (Applied Biosystems). In each RT reaction, 5 μL of 

sample extract (1 µL for endogenous control) was mixed with 3 μL of a reverse 

transcription master mix and 2 μL of a corresponding stem-loop RT primer for each 

miRNA target strand. The RT master mix consisted of 1.1 μL nuclease-free water, 1 μL 

of a 10× RT buffer, 0.13 μL of RNAse inhibitor, 0.1 μL of a dNTP mix, and 0.67 μL 

reverse transcriptase (all components were provided in a TaqMan reverse transcription 
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kit). After mixing and brief centrifugation, 5 μL of silicone oil was layered on top of the 

RT mixture, and reverse transcription conducted on a Perkin-Elmer 2400 GeneAmp PCR 

Thermocycler. The RT reaction consisted of a 30-minute annealing step at 16°C, a 32-

minute reverse transcription step at 42°C, and a 5-minute denaturing step at 85°C. After 

RT, the samples underwent quantitative PCR (qPCR). On the qPCR plate, 1 μL of the RT 

product was mixed with 9 μL of qPCR master mix for a final volume of 10μL. As an 

overlay, 5 μL of silicone oil was added to the top of each sample to limit evaporation. 

The PCR master mix consisted of 4.9 μL of nuclease-free water, 1 μL of ethylene glycol, 

0.1 μL of DMSO, 0.5 μL of 25 mM magnesium chloride, 2 μL of Taq 5× master mix, and 

0.5 μL of 20× qPCR primer mix (specific forward and reverse PCR primers, and specific 

TaqMan fluorescent probe). Each sample RT product was plated in triplicate, and 

standards corresponding to the samples analyzed (high- versus low-abundance) were 

plated in singlet. The qPCR analysis was conducted on a Bio-Rad CFX real-time 

instrument, with an initial activation step at 95 °C for 90s followed by an initial annealing 

step at 59°C for 50s, followed by a 40-cycle PCR with 30s denaturation at 95 °C and 70s 

annealing/extension at 53 °C in each cycle.  

2.3: Results and Discussion 

2.3.1: AF4 Separation of miRNA Carriers  

Due to the large differences in the hydrodynamic diameters between proteins and 

exosomes, the AF4 separation conditions need to be optimized for elution of all miRNA 

carriers in a reasonable period of time while maintaining modest resolution between 

different species. In particular, elution of large particles like LDL and exosomes could 
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take a very long time because they diffuse more slowly. Under a constant channel/cross-

flow condition, the exosomes prepared by the Total Exosome Isolation kit were injected 

but not eluted within 30 min, unless the cross-flow was reduced gradually to zero. It 

turned out that better resolution between exosomes and smaller serum components, as 

well as quick elution of the exosomes could be achieved if the cross flow was gradually 

decreased to zero between 5 to 20 minutes in the separation period. Using this separation 

flow program, protein standards with various hydrodynamic diameters (dh) including; 

albumin (67 kDa, dh~4 nm), IgG (150 kDa, dh~8 nm), and thyroglobulin (660 kDa, dh~16 

nm) were eluted at different times with adequate resolution from polystyrene particle 

standard (dh=50 ±7 nm). In addition HDL (dh~7-10 nm), LDL (dh~21-28 nm), and 

exosomes (dh~30-120 nm) could be effectively separated, although there can be overlap 

between very-low-density lipoprotein (VLDL, dh~30-80 nm) and exosomes. The results 

support the major serum carriers could be eluted in the order of single protein ˂ HDL ˂ 

LDL ˂ exosomes (ranking by elution time). Determination of elution windows for 

collected fractions and identity of carriers in fractions was determined through the 

separation of standards, ELISA, and MS analysis. For the determination of HDL and 

LDL windows in serum fractionation, pure HDL and LDL were spiked into whole human 

serum purchased from Sigma Aldrich. The absorbance fractograms for serum compared 

with the HDL or LDL spiked sera indicate approximate elution windows for the majority 

of HDL within 10-15 min and LDL within 17-23 min (Figure 2.01a). The fluorescence 

fractograms, employing DiO lipophilic dye for HDL, LDL, and exosome fluorescence, 

were used to indicate exosome elution using the Total Exosome Isolation kit extract and  
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Figure 2.01. (a) Fractograms (UV absorption at 280 nm) for serum before and after 

spiking with HDL or LDL. (b) Comparison of fractograms (detected by fluorescence with 

480 nm excitation/510 nm emission) of serum and exosome extract after DiO staining. 
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illustrate moderate resolution of HDL, LDL, and exosome in DiO stained whole serum 

(Figure 2.01b). 

2.3.2: Fractionation of Patient Serum and Confirmation of Eluted Carriers 

Once the approximate windows for elution of the miRNA carriers were known, 

we fractionated sera samples collected from two healthy females (Control #1 and #2) and 

two breast cancer (BC) patients (Case #1 and #2) (Figure 2.02). Six fractions were 

collected to increase the purity of miRNA carriers isolated in each fraction. The 

collection window for each fraction was determined by the relative elution times of HDL, 

LDL, and exosomes from the above study (inset table in Figure 2.02). Separation was 

highly reproducible: relative standard deviation (RSD) of the elution time of the peak 

within each fraction was ˂8% using all eight fractograms compared (four serum samples, 

each with two repeats). We also performed DiO staining for the four serum samples 

tested and confirmed the reproducible elution of the carriers with rich lipid structures, 

such as HDL, LDL, and exosomes. The highly reproducible separation profiles obtained 

by both UV absorption and DiO staining coupled with fluorescence detection helped to 

confirm the similarity in regular protein (represented by the peak intensity of serum 

albumin and IgG) and lipid (represented by the two major peaks detected by DiO 

staining) contents among these samples. This can ensure that the difference detected in 

miRNA distribution profiles was originated from the presence of BC but not from normal 

differences in carrier abundance. Moreover, the high reproducibility of elution greatly 

simplified the after-column collection: a fraction collector was programmed to collect the  
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Figure 2.02. Fractograms for serum samples from healthy individuals (controls) and 

breast cancer patients (cases) with indication of each fraction. The table shows the time 

range of each collected fraction, and the RSD values of the peak elution time for each 

fraction. N/A means that there is no distinct peak in the fraction for calculation. 
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eluent every 1 min, and the eluent fractions within the desired time windows were 

combined for subsequent miRNA and protein extraction. 

 To confirm the identities of carriers enriched in each fraction, proteins eluted in 

F1-F6 were collected, digested by trypsin, and analyzed by LC-MS/MS. The relative 

abundance of the eluted proteins was evaluated by spectral counting,
44–46

 which counts 

the number of mass spectra collected for a specific protein. The percentage of the spectra 

number for a particular protein among all spectra identified in one sample should be 

semi-quantitatively proportional to its relative abundance in the mixture.
47

 

Apolipoproteins belonging to various lipoprotein complexes, such as apolipoprotein A-I 

(ApoA1), A-II (ApoA2) and B-100 (ApoB), were found in multiple fractions (Figure 

2.03a). ApoA1, as a marker for HDL and LDL, was found in F2-F6 correlating with the 

possible elution of HDL in F2-F4 and LDL in F4-F6. ApoA2, as a specific marker for 

HDL, was present in F2-F4, and most enriched in F3. Considering the size range of HDL 

reported in literature, 7-10 nm,
48

 we concluded the heterogeneous high-density 

lipoprotein (HDL) particles were eluted in F2, F3, and F4. ApoB is the marker protein for 

LDL as well as VLDL,
49

 and was found to be present in F4, F5, and F6, with ApoB most 

enriched in F5, matching with the elution window of pure LDL as shown in Figure 1a. 

 LC-MS/MS did not identify any marker proteins for exosomes, probably due to 

the signal suppression resulted from the highly abundant serum proteins like 

immunoglobulin G (IgG) and serum albumin. Instead we tested the major marker protein 

for serum exosomes, CD-63, in each fraction by ELISA (Figure 2.03b). About 20 ng of 

the protein extracted from each fraction (determined through the bicinchoninic acid assay 
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Figure 2.03. (a) Spectral counting results for selected lipoproteins in the AF4 fractions. 

(b) ELISA detection of CD-63 protein in the collected fractions. 
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, BCA assay) was adsorbed to the bottom of the wells on a microtiter plate. CD-63 was 

targeted by anti-CD63 antibody and the HRP-labeled secondary antibody. A substantial 

amount of CD-63 (~6 ng/20 ng) was only detected in F6. As was concluded from the 

standards analysis, F6 was where exosomes are primarily located. 

 Overall, the above results point out that F1 contained mainly albumin and single 

proteins with MW ˂ 100 kDa. HDL and LDL should be enriched in F3 and F5 

respectively, and exosomes mainly eluted in F6, but could also be in F5 at low 

abundance. VLDL was co-eluted with exosomes in F6. Although co-elution of multiple 

carriers was seen using the current separation method, such as the overlap of HDL and 

LDL in F4, and the co-elution of exosomes and VLDL in F6, enriching specific carriers 

in particular fractions should already allow us to look at the general distribution of 

miRNAs among the carriers. Higher resolution will indeed enhance the accuracy in 

distribution profiling, and can be achieved by injecting lower amounts of serum in each 

round of the separation, but multiple collections will definitely be needed, increasing the 

overall labor in the analysis, which is not a favorable choice. Increasing the separation 

force by using a higher cross-flow may also be beneficial to separation resolution, but we 

take the risk of losing more miRNAs due to membrane adsorption of carriers. Thus, we 

used the current fractionation conditions for the present work. Our results, as would be 

seen in the following discussion, showed that the coarse distribution profiles were 

adequate in differentiating the cancer patients from healthy controls, as well as in 

revealing miRNA targets and particular carriers that were important to the differentiation. 
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Strand  Sequence (5’-3’)  Rational to be included in our study  

cel-miR-67  cgcucauucugccgguuguuaug  Exogenous control used as a standard 

for correction of extraction efficiency  

hsa-let-7a  ugagguaguagguuguauaguu  Reported as potential BC marker, 

upregulated in references (Arroyo, 

2011)  

hsa-miR-16  uagcagcacguaaauauuggcg  Reported in miRNAdola as circulating 

miRNA; reported as potential BC 

marker, protein-bound miRNA 

(Arroyo, 2011)  

hsa-miR-191  caacggaaucccaaaagcagcug  Reported in miRNAdola as a 

circulating, exosomal miRNA; 

potential BC marker (Elyakin, 2010)  

hsa-miR-17  caaagugcuuacagugcagguag  Reported in miRNAdola as circulating 

in BC; HDL-bound miRNA (Vickers, 

2011)  

hsa-miR-155  uuaaugcuaaucgugauaggggu  Reported in miRNAdola as an 

exosomal miRNA; potential BC 

marker  

hsa-miR-375  uuuguucguucggcucgcguga  Reported by our collaborator, Dr. 

Emily Wang, as a potential marker for 

prediction of clinical outcome of BC 

patients (Ref. 18); in miRNAdola as 

exosomal miRNA; HDL-bound 

miRNA (Vickers, 2011)  

hsa-miR-21  uagcuuaucagacugauguuga  Reportedas potential BC marker, 

upregulated in references; in 

miRNAdola as a circulating miRNA; 

protein-bound miRNA (Arroyo, 2011)  

hsa-miR-122  uggagugugacaaugguguuug  Discovered by our collaborator as a 

potential BC marker located mainly in 

exosomes  
Table 2.1. Targets included in our study. 
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Figure 2.04. Recovery of hsa-miR-16 from AF4 fractions compared to the total miR-16 

recovered from whole serum. 
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2.3.3: Distribution of miRNAs in Serum 

The total RNA chemically extracted using TRIzol LS reagent were precipitated, 

dried, and reconstituted in water for quantification by RT-PCR.  As stated above, sera 

from two groups of donors (all females) were tested. The sera from healthy individuals 

(Control #1 and #2) and those from breast cancer patients (Case #1 and #2) were 

analyzed, each with two repeated measurements. Eight miRNAs were quantified by RT-

qPCR. Their sequences are listed in Table 2.1, together with the rationale of their 

inclusion in our study.  

Recovery of miRNAs in our method was evaluated by quantification of miR-16 in 

the Sigma serum.  The total content of miR-16 directly extracted from the 20 μL of whole 

serum by the TRIzol LS reagent was compared with the sum miR-16 quantity recovered 

from all AF4 fractions obtained with the injection of the same serum volume. A recovery 

as high as 98% was achieved for miR-16 (Figure 2.04), indicating no significant loss of 

miRNAs due to membrane adsorption inside the AF4 channel.  The resulted copy number 

of each miRNA tested in 20 μL of whole serum normally ranged from 10
4
 to 10

10
. 

MiRNAs miR-375 and miR-122 were present at much lower abundances than other 

strands or even not detected in some of the fractions. 

The high reproducibility in the separation step and careful processing in miRNA 

extraction and quantification ensured high analytical reproducibility: the RSD for the Log 

value of the total miRNA content in the two repeated measurements was < 5% for most 

of the strands, except for miR-375, miR-21, and miR-122 which could vary by up to 15%. 

In agreement with previous reports large variations in the detected microRNA quantities 
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Figure 2.05. Distribution profiles of the eight tested miRNAs in the serum from one 

breast cancer patient (Case #1)(a) and one healthy donor (Control #1)(b). 
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were observed among individuals, even between the two samples within the same health 

group: the controls or the BC cases. Evaluation of the RSD of the total miRNA amount in 

all serum samples points out that miR-16 and miR-17 had relatively more stable 

expression among individuals than other miRNA species. Their RSD was below 15%. 

However, this RSD already corresponds to about 10-fold alteration in the miRNA copy 

numbers if the base value is around 10
6
. For miR-122, RSD values close to 120% were 

observed between the two samples within the same group. 

Because each fraction enriched a particular type of miRNA carrier, the copy 

number found in each fraction corresponded to the miRNA level bound with that 

particular carrier. Different miRNAs showed distinct distribution patterns among the 

carriers, as demonstrated by the distribution profile of Case #1 and Control #1 (Figure 

2.05). In this sample, higher amounts of miR-16, miR-17, and miR-122 were found in F4-

F6. There was even no detectible miR-122 in F1-F3. Thus, these three miRNAs should 

mainly locate in lipoprotein complexes and exosomes in this serum sample. On the 

contrary, Let-7a, miR-155, and miR-191 had quite flat distribution profiles among all 

fractions. The main type of carriers for each miRNA could be related to the major 

pathway it takes when exiting the cells, and be possibly linked to their biological 

functions. By fractionating the carriers prior to miRNA quantification, our method 

provides rich information about how the miRNAs are present in serum, which can be 

further explored to solve the fundamentals of miRNA secretion and transportation.   

We compared the miRNA copy number found in each fraction between the 

control and case (BC) samples. Figure 2.06a shows the Log ratio of the averaged miRNA  
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Figure 2.06. (a) Change in the averaged log value of miRNA copies (counting all four 

tests, two samples with two repeats in each group) between the controls and cases. An 

asterisk marks those showing significant difference between BC patients (cases) and 

healthy donors (controls) with p ˂ 0.05. (b) Score plot of principal component 1 versus 

principal component 2 obtained by PCA on the miRNA quantity of miR-16, -17, -375, -

122 in certain fractions as indicated. The arbitrary circles illustrate the separation 

between case and control groups. 
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copy number in the BC samples over that in the control samples; i.e. Log(Case/Control), 

for each miRNA. If the average miRNA level was lower in the BC cases than in the 

controls, a negative Log(ratio) value would be obtained, and vice versa. Larger absolute 

values of Log(Case/Control) would indicate a more obvious difference between these two 

groups. We also included the Log(Case/Control) obtained using the summed total 

miRNA quantity from all fractions (displayed as red bars). The sum was to represent the 

result attainable with the standard approaches in miRNA study, in which the overall 

expression level of each miRNA is quantified in serum quantity.  Figure 4b clearly 

showed that larger differences between the BC and control samples was observed in 

some particular fractions than in the sum value for all miRNAs tested, except for miR-

155 and miR-191. This result hints that the miRNA quantity change in some of the 

carriers could be more sensitive in differentiating the cancer patients from healthy 

controls than the overall quantity in the whole serum. This speculation was actually 

supported by the following statistical analysis of the distribution profiles. 

2.3.4: Statistical Analysis of the miRNA Distribution Profiles 

To see whether the distribution profile could tell the difference between healthy 

donors and breast cancer patients, and whether more reliable miRNA biomarkers can be 

found using these profiles, for the eight miRNAs listed in Table 2.1, we fitted their 

quantities in each fraction in the linear mixed effects model shown in Equation 2.1, using 

R 3.0.2. For a miRNA in a given fraction, Y is the log value of the observed miRNA 

copy number. For example, for miR-16 in F1, Y111 is the log value of the miRNA copy 

number from one of the two repeats of Control #1. This linear mixed effects model 



47 

allows us to account for sample to sample variation σ
2

b, as well as within sample 

variation σ
2
, when comparing healthy donors to breast cancer patients, i.e., testing the 

hypothesis H0: b1 = b2 = 0. We tested this hypothesis for each fraction of each one of the 

eight miRNAs using likelihood ratio test. To compare with standard approach, the same 

test was also performed on the sum of all fractions for each miRNA. More miRNA 

strands (miR-16, miR-17, miR-375, and miR-122) in particular fractions (miR-16 in F5 & 

F6, miR-17 in F4, miR-375 in F4, and miR-122 in F4) yielded significant difference 

between healthy donors and breast cancer patients at the level of 0.05, as marked by the 

asterisk sign in Figure 4b; whereas only miR-16 and miR-17 showed significant 

difference if the sum value was used in the analysis.  

Yijk = µ + bi + bj(i) + εijk ,      Equation 2.1 

i= 1,2(# of patient group), j=1,2(sample# in each group), k=1,2(replicate#)  

bi: effect on ith group (fixed, 1 for the control group, 2 for the case group) 

bj(i): effect of jth sample in group i(variable x(y);x=replicate#;y control=1,case=2)  

bj(i) ~ N(0,σb
2
), εijk ~ N(0,σ

2
), bj(i) and εijk are independent 

It is interesting to see that miRNA quantity in F4 or F6 seems to matter the most 

in differentiating cases from controls. Although F6 mainly contained exosomes, F4 

enriched HDL and LDL. Then it is possible that, while all four markers may be valuable 

in diagnosis of breast cancer, they may be released by cancer cells via different pathways. 

For instance, miR-16 could be secreted in exosomes; but miR-17, miR-375, and miR-122 

in the lipoprotein complexes could be more relevant to the development breast cancer 

than the exosomal fraction. This highlights the necessity of testing the miRNA quantities 

within multiple carriers, instead of those only associated to one specific carrier.  
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To visualize the effectiveness of the quantity of miR-16 in F5 and F6; miR-17 in 

F4; miR-375 in F4, and miR-122 in F4, in discriminating healthy donors and breast cancer 

patients, we performed principal component analysis (PCA) using XLSTAT 2014 

(Addinsoft). The contents of each miRNA in individual fractions were considered as the 

variables. For example, the miR-16 content in F6 is one variable and named as miR-16-

F6. A total of eight observations were made in our study (two repeats for each sample) 

were counted as two independent observations. PCA suggests that the first principal 

component with loadings -0.436, -0.598,-0.167,-0.258, and +0.599 on miR-16-F5, miR-

16-F6, miR-17-F4, miR-375-F4, and miR-122-F4, respectively, can potentially separate 

healthy donors from breast cancer patients, as shown in the scores plot in Figure 2.06b. In 

fact, the first principal component already accounts for 87.1% total variation. Certainly, a 

sample set containing a much larger number of both healthy controls and cancer patients 

should be analyzed to draw affirmative conclusion about the capability of these potential 

markers in cancer diagnosis. 

2.4: Conclusion 

In this research, AF4 was used to rapidly and reproducibly separate serum into 

fractions, thereby enriching various types of miRNA carriers. Accurate quantification of 

the miRNA in each fraction yielded the distribution profile. Applying our method to 

study the miRNA distribution profiles in number of clinical samples, we found that the 

quantity of some miRNAs in particular fractions exhibited more distinct differences 

between healthy individuals and breast cancer patients than either the overall quantity or 

the quantity associated with only one carrier. Our results indicate that such miRNAs, 
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when associated with some type of carriers, could be more specific and sensitive 

biomarkers for cancer diagnosis. The knowledge of the carrier then could help to improve 

our understanding on the fundamentals behind differential secretion of the miRNA 

markers by cancer cells and their transportation pathways in the circulation system. Such 

information can help to interpret their functions and help with discovery of more 

effective therapeutic approaches. 
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Chapter 3: Microfluidic Based Isolation and Extraction for Distribution Profiling of 

Circulating MicroRNAs in Serum for Potential in Cancer Diagnosis 

3.1: Introduction 

Accurate detection of cancer, at its earliest stages of development, can enhance 

the quality of life and survival rate of patients by enabling timely therapeutic intervention 

before the growth and spread of the disease. The success of the accuracy of early 

detection strongly relies on highly specific and sensitive biomarkers. Commonly used 

biomarkers in cancer detection are gene marker proteins and Messenger RNA (mRNA). 

As relatively non-invasive biomarkers are preferred both for screening and reoccurring 

testing, circulating biomarkers found in bodily fluid are optimal and can often negate the 

need for tissue biopsy. Messenger RNA are not typically present at high enough 

concentrations in serum samples to be used and gene marker proteins can have relatively 

high false positive and negative rates in diagnostics as they are downstream products of 

the complex situation within cells. One class of very promising potential biomarkers are 

microRNAs (miRNAs) for diagnosis and monitoring of not only cancer but many other 

diseases including diabetes, drug resistant epilepsy, liver disease, coronary artery disease, 

and Alzheimer disease among others. MicroRNAs are short 20-25 nucleotide non-coding 

RNAs which regulate gene expression. MicroRNAs are responsible for post-

transcriptional regulation of mRNA translation through action of the RNA-induced 

silencing complex (RISC) in inhibiting mRNA translation or induce mRNA cleavage and 

degradation.
1,2

 Compared to more widely used nucleic acid-based disease markers 

(mRNAs), miRNAs have been found to be more closely related to disease stages and sub-
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type and are tissue specific.
3–6

 In addition, they have simpler structure and less complex 

post-synthesis processing than other biomarkers such as proteins. Moreover, miRNAs can 

be released into the circulation system and are stably present at levels detectible by 

sensitive techniques like RT-qPCR.
7–10

 Sampling blood for analysis of circulating 

miRNAs is also simpler and much less invasive for the patient compared to conventional 

tissue biopsies used in cancer diagnosis. Owing to their appealing features, circulating 

miRNAs have attracted great research efforts to study their expression profiles, as well as 

discovery and validation of their relationship with diseases.
11–13

  

The application of miRNAs in cancer diagnosis is exciting and of high importance 

due to the disruption of normal levels of miRNA early on in cancer development. Over-

expression of oncogenic miRNAs that inhibit the tumor suppressor genes can interfere 

with the anti-oncogenic pathway, while deletion or epigenetic silencing of tumor-

suppressive miRNAs that can target oncogenes can increase oncogenic potency.
14–17

 

Therefore the levels of oncogenic and tumor-suppressive miRNAs are found to be 

increased and decreased respectively in cancerous tissues versus healthy tissues. 

Accumulating evidence shows that circulating miRNAs exhibit varied patterns between 

cancer patients and healthy controls, caused by the corresponding changes in the miRNA 

levels in the cancerous versus healthy tissues.
18–20

 Most previous studies on the 

relationship between circulating miRNAs and cancer development rely solely on the 

extraction and quantification of the total quantities of miRNAs from plasma or serum. 

Potential markers are identified via comparing the total miRNA quantities obtained from 

cancer patients to those from healthy controls. However not all circulating miRNAs are 
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relevant to the development of cancer, such as the miRNAs that are normally secreted by 

tissue and blood cells or release upon death or rupture of cells. These add significantly to 

the concentration of miRNAs in blood, plasma, and serum increasing the variances in 

miRNA abundance between individuals within the same health group. This background 

diminishes the relevance of total miRNA levels in plasma and serum and yield 

inconsistency in identification of relevant miRNA markers. Another difficulty in the 

discovery and application of circulating miRNA cancer biomarkers is the presence of 

several pre-analytical variables; these include changes induced by sample collection 

methods, storage, and handling prior to and during miRNA extractions. Among studies 

that found potential miRNA markers for breast cancer, there was large variability and few 

miRNAs were repeatedly identified and some were found with opposing trends.
21–35

 The 

variable data highlight the complexity in the study of the expression of circulating 

miRNAs.
36

 Even highly similar datasets with identical sample size, substrate, and 

profiling platform could have substantial discrepancy.
37

 To overcome these barriers, more 

effective methods for screening and of the circulating miRNAs than the current 

approaches is necessary for the application on miRNA as more specific cancer 

biomarkers. 

Cell-free miRNAs found in the extracellular environment of circulatory fluids are 

protected from the abundant ribonucleases in that environment by various types of 

carriers.
38,39

 These carriers can be the vehicle, by which the miRNA is secreted from cells 

which can indicate their origin, how they are secreted and transported to other cells for 

cell-cell communication.
40

 Many extracellular miRNAs can be found bound to RISC 
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associated proteins such as Argonaute 2 (AGO2) or GW182.
41–45

 Additionally, miRNAs 

have been found associated with high-density lipoprotein (HDL) as a significant 

carrier
46,47

 and may mediate intracellular communication.
44,46

 HDL-associated miRNA 

are of additional interest as they have been recently found to traverse the blood-brain 

barrier.
48

 MiRNA may also associate with low-density lipoproteins (LDL)
49

 and free apo-

lipoproteins (ApoA-I, ApoA-II, ApoB) which are major components of HDL and LDL 

and as such may have RNA binding ability. Alternatively, miRNAs can be secreted by 

small cellular vesicles known as exosomes
44,45,50–52

 which have been studied as one of the 

exportation routes of malignant cells.
53

 Exosomes also may be involved in metastasis of 

cancer as they can be transfer from malignant cells to normal cells, function as silencers 

of target mRNA after their uptake,
54–57

 and therefore are potential markers for both early 

and latter stages of cancer. While miRNA secretion by malignant cells could be the 

consequence of dysregulation of cellular pathways related to the development of the 

cancer, intentional exportation and resulting uptake could be related to metastasis and the 

progression of the cancer.
42,52,54,56,58

 Therefore, it is more informative to present the 

relative levels of miRNAs with correlation to their extracellular carriers providing 

linkage to their secretion pathways in comparison to simply quantifying their overall 

quantities in the extracellular fluid as a whole. 

We hypothesize that changes in miRNA quantity within particular types of 

carriers and the relative miRNA abundance among different carriers, are more relevant to 

cancer initiation and development than the overall expression. To study this hypothesis 

we aim to obtain distribution profiles of circulating miRNAs in serum that describe their 
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presence in three dimensions; carrier species, absolute quantity, and target miRNA 

sequence. This simultaneous profiling of miRNAs associated within all carriers can help 

to obtain a more comprehensive view of the relationship between cancer and miRNA 

distribution amongst various carriers. Through the comparison of the distribution profiles 

of miRNAs in sera samples collected from breast cancer patients and healthy controls, we 

hope to reveal more specific and sensitive miRNA biomarkers identified by their 

particular serum carriers. The information gained from the distribution profiling both aid 

in biomarker discovery while also simplifying the design on miRNA-based point-of-care 

clinical tests for cancer diagnosis. 

In our previous work, we employed asymmetrical flow-field flow (AF4) 

fractionation of serum components for distribution profiling of miRNAs associated to 

differently sized carriers in serum.
59

 We optimized the separation profile to effectively 

isolate 4 major carriers within 6 fractions; these include small protein (˂100 kDa), HDL, 

LDL, and exosomes. As proof of principle we investigated the distribution profiles of 8 

miRNA targets (selected based on their reported relevance to breast cancer) amongst two 

breast cancer patients (cases) and two healthy controls for comparison. Larger differences 

between cases and controls were observed in miRNA recovered in our individual 

fractions using our distribution profiling method then by analyzing total miRNA 

quantities. Using our method four out of the eight targets showed significant differences 

for cases versus controls whereas the total quantities only showed two miRNAs with 

significant differences. Although our AF4-based method provides comprehensive 

distribution profiling by separating carriers into six fractions, the method still has some  
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Figure 3.01. Scheme illustrating the experimental design. From 25 µL of serum on the 

device, the technique is able to isolate miRNA from 3 distinct fractions for downstream 

analysis.  
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inadequacies. The recovery of miRNAs from the large elution volumes of the AF4 is 

difficult and irreproducible, labor intensive, and time consuming. Additionally, due to 

AF4 separating species solely on size and the resolution limits of separating species over 

such a large size range from an adequate serum volume, the resolution of different 

carriers may not be satisfactory. Large proteins (˃100 kDa), such as IgG, co-elute with 

HDL while massive proteins and multi-protein complexes co-elute with LDL. Also co-

elution between VLDL and exosomes was obvious. To further improve upon our 

previous work in terms of carrier isolation, miRNA recovery, and work/time efficiency, 

we continued to develop a microfluidic based distribution profiling technique (Figure 

3.01) which could be more clinically relevant and provide a more efficient method of 

biomarker discovery. 

Microfluidic technology is a currently investigated field for improving sample 

work-flow, increasing the rate of sample processing and analysis, and reducing sample 

consumption. Microfluidics allows for greater sample manipulation without possible 

contamination or sample loss associated with bench top techniques. Microfluidic 

technology towards distribution profiling of serum miRNA carriers also provides the 

foundation of point-of-care devices with integrated detection. The currently developed 

technique allows for the isolation of 3 discrete sub-fractions of miRNA carriers with 

minimal cross-contamination between carriers; these carrier fractions are proteins, 

lipoprotein complexes (HDL/LDL), and exosomes. 
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3.2: Materials and Methods 

3.2.1: Chemicals and Biomaterials 

All chemicals used to prepare 1× PBS (10 mM phosphate at pH 7.4, 137 mM 

NaCl, 2.7 mM KCl, and 1.0mM MgCl2), ethylene glycol, dimethyl sulfoxide, guanidine 

hydrochloride, guanidine isothiocyanate, potassium chloride, ethanol, silicone oil, sulfo-

N-hydroxysuccinimide (sulfo-NHS), Pierce ECL Substrate, and NeutrAvidin were 

purchased from Thermo Fisher (Pittsburgh, PA). Carboxyl magnetic polystyrene particles 

(2.5% w/v) with a nominal diameter of 350 nm were acquired from Spherotech Inc. 

(Lake Forest, IL). Superparamagnetic silica particles with a nominal diameter of 1.0 µm 

were purchased from Bioclone Inc. (San Diego, CA).  1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC), and 1,7-dichloro-octamethyltetrasiloxane were 

purchased from Acros Organics (Pittsburgh, PA). Bovine serum albumin (BSA), and 

Tween-20 were obtained from Sigma Aldrich (St. Louis, MO).  Goat anti-Mouse IgG and 

biotinylated chicken anti-Human HDL and LDL antibodies were purchased from Abcam 

(Cambridge, UK). Mouse anti-human CD63 antibodies were purchased from Novus 

Biologicals (San Diego, CA). Polydimethyl siloxane (PDMS) was purchased from Dow 

Corning (Midland, MI). Taq 5× master mix was purchased from New England Biolabs. 

TaqMan MicroRNA Assays specific for each target were purchased from Life 

Technologies (Carlsbad, CA). Synthesized MicroRNA standards and exogenous control 

were purchased from Integrated DNA Technologies (Coralville, IA) according to the 

mature 5’ sequences from miRBase. 
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Case Sera Samples 

Sample Stage Diagnosed disease type Age Race/ethnicity 

COH-01 IV Infiltrating ductal carcinoma 48 
Blk-African American/not 
Hispanic 

COH-02 IV Infiltrating ductal carcinoma 52 UNK/ Hispanic 

COH-03 III Infiltrating ductal carcinoma 50 WHT/Not Hispanic 

COH-04 III Infiltrating ductal carcinoma 53 Asian/Not hispanic 

COH-05 III  Infiltrating ductal carcinoma 51 WHT/not Hispanic 

COH-06 IV  Infiltrating ductal carcinoma 33 WHT/not Hispanic 

COH-07 IV Infiltrating ductal carcinoma 48 Race not reported/Hispanic 

COH-08 III Infiltrating ductal carcinoma 57 WHT/Not Hispanic 

COH-09 III Infiltrating ductal carcinoma 47 UNK/ Hispanic 

COH-10 II Infiltrating ductal carcinoma 49 WHT/Hispanic 

COH-11 III Infiltrating ductal carcinoma 41 WHT/Hispanic 

COH-12 IV 
Inflammmatory ductal 
carcinoma 32 WHT/Hispanic 

Table 3.1. Sera samples from breast cancer patients used in this study. 

 

 

 

 

Control Sera Samples 
 Sample Age Race 

HFS-01 32 White 

HFS-02 47 White 

HFS-03 49 White 

HFS-04 51 Hispanic 

HFS-05 53 Hispanic 

HFS-06 48 White 

HFS-07 33 White 
Table 3.2. Healthy sera samples used in study. 
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The twelve breast cancer patient serum samples (cases) used in the microfluidic 

distribution profile study were obtained from our collaborators at the City of Hope 

Medical Center (Duarte, CA). The samples were obtained from voluntarily consenting 

female patients under institutional review board-approved protocols. The donor’s age and 

race, along with the cancer stage and types are shown in Table 3.1. Eleven of the patients 

have infiltrating ductal carcinoma while one patient has the rarer inflammatory ductal 

carcinoma with their stages ranging from II to IV. A total of seven single donor healthy 

female serum samples were purchased from Innovative Research Incorporated (Novi, 

MI), considering the age and race of the donors to roughly match that of the breast cancer 

patients for use as controls (Table 3.2). 

3.2.2: Microfluidic Chip Fabrication 

 The chip fabrication method is similar to that published in our previous work.
60

 

The final microfluidic device was made by bonding a 75 mm × 25 mm glass microscope 

slide (0.5 mm thick) as a substrate and a cured PDMS layer containing the features of the 

channels and wells. In order to mold and cure the PDMS with the desired features 

(channels and wells), a total of three chip masters were prepared (ChipMs-1, ChipMs-2, 

and ChipMs-3). PDMS was prepared with the Sylgard 184 Silicone Elastomer kit (Dow 

Corning, MI) using a 10:1 mass ratio of the monomer base to the reactive curing agent. 

Firstly ChipMs-1, which contained only the channel features, was fabricated from the 

thiolene-based UV curable optical adhesive, NOA81 (Norland Products, NJ), by an open 

faced method. NOA81 exhibits rapid curing and strong glass-bonding upon UV 

irradiation and is able to sufficiently produce cured structures with dimensions from 
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about one hundred microns to several millimeters. However, NOA81 demonstrates poor 

adhesion to PDMS due to both the hydrophobicity of the methylated surface and oxygen 

dissolved in the PDMS interfering with adhesive curing in the monolayer in contact with 

the PDMS, thus allowing for removal of the master from the stage. In this method, 

NOA81 was pre-cured onto a glass slide (air plasma treated) and a PDMS coated working 

stage by 5-second irradiation using a collimated UV light source (365 nm, ~8.3 mW/ 

cm
2
) to produce the channel features with dimensions defined by a printed photomask. 

The stage consists of a glass substrate with a thin PDMS coating to prevent adhesion of 

NOA81 to the platform. The thickness of ChipMs-1 was determined by the use of spacers 

(~400 µm) placed between the stage and the glass slide. After the short UV exposure, the 

glass slide was slowly removed from the PDMS stage, with the pre-cured NOA81 

attached to the glass surface. The excess uncured adhesive was removed and the slide 

was rinsed by syringe with ethanol, then 1:1 ethanol:acetone, then again with ethanol and 

air dried. The ChipMs-1 was then exposed to UV light for 345 seconds, a post-cure step 

to fully cure NOA81 and unsure adhesion to the glass. A subsequent ~12 hour thermal 

cure at 50 °C was carried out to extend the structure’s lifetime. Thereafter, ChipMs-1 was 

treated by 1,7-dichloro-octamethyltetrasiloxane (vapor deposition) to produce a non-stick 

surface on the master and utilized to mold the PDMS substrate for making ChipMs-2. 

The PDMS substrate was degassed and was cured at 60 °C for 4 hours and then peeled 

off the ChipMs-1. Appropriately sized holes were punched in the location of the open 

wells to form ChipMs-2. After temporarily attaching ChipMs-2 to a plasma-treated glass 

slide, NOA81 was injected into the channels and wells without trapping air bubbles, 
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cured under UV for 1300 seconds, and thermally aged at 50 °C for ~12 hours. By 

carefully removing the PDMS-ChipMs-2, ChipMs-3 was accomplished containing both 

the low channel features and the tall pillar/well structures on the surface. After treatment 

with 1,7-dichloro-octamethyltetrasiloxane (vapor deposition), ChipMs-3 could then be 

used for replication of the PDMS substrate for the manufacture of microchips used for 

miRNA extractions. The microchips were finally manufactured by covalent bonding of 

the final formed PDMS substrate on a glass microscope slide through plasma oxidation of 

both surfaces followed by immediate attachment. The channels of the device are then 

methylated by washing and incubating with 1M sodium hydroxide for 10 minutes, 

washing with water, ethanol, then drying with air, followed by incubation of the 1,7-

dichloro-octamethyltetrasiloxane reagent (10% v/v in ethanol). The chip is then rinsed 

with ethanol and thoroughly dried, then either immediately used or stored in a desiccator 

until use. 

3.2.3: Preparation of Microparticles 

 Magnetic silica microbeads were washed three times with nuclease-free ultrapure 

water and concentrated up to 100 µg/µL before use in extractions. For the immuno-based 

isolation of lipoproteins, 350 nm carboxyl magnetic polystyrene particles were 

conjugated to NeutrAvidin using traditional carbodiimide cross-linking followed by 

incubation with either anti-HDL or anti-LDL chicken IgG. For the preparation of anti-

CD63 microbeads, 350 nm carboxyl magnetic polystyrene particles were conjugated to 

goat anti-Mouse IgG using carbodiimide cross-linking. The carbodiimide cross-linking 

protocol is as follows; A mixture of 10 mg 1-Ethyl-3-(3-dimethylaminopropyl)-
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carbodiimide (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS) was added to 1 mg (20 

mg/mL) microparticles suspended in 50 mM MES activation buffer (pH~5.5). After 30 

min incubation, the activation buffer was removed and the particles were washed two 

times with the coupling buffer (1× PBS, pH~7.2). Then the appropriate amount of protein 

(NeutrAvidin or anti-mouse IgG), saturate the particle surface, was added to the particles 

which are resuspended in the coupling buffer at a final concentration of 10 mg/ml. The 

mixture was then incubated with mixing overnight at 4 °C. The beads were then washed 

twice with the coupling buffer and then resuspended in 25 mM glycine quenching buffer 

(pH~7.2), and incubated for 30 minutes at RT to block any residual reactive sites. After 

two washes with 1× PBS containing 1% BSA, the beads were dispersed in storage buffer 

(1× PBS with 0.01% BSA) to the desired particle concentration of 25 mg/mL. Before 

usage, the microparticles would be mixed with the respective antibody (either 

biotinylated anti-human HDL/LDL or mouse anti-human CD63) at a final bead 

concentration of 10 mg/mL in 1×PBS, followed with overnight incubation with mixing at 

4 °C. After protein binding, the beads were then washed three times with 1× PBS and 

stored in the storage buffer. 

3.2.4: Pooled RT-qPCR 

An optimized pooled RT-qPCR protocol was used for analysis of 9 human 

miRNA targets and two exogenous controls from Caenorhabditis elegans (C. elegans) 

employing the individual TaqMan MicroRNA Assay kits (Applied Biosystems) diluted 

and pooled together for simultaneous reverse transcription of all targeted miRNAs in the 

serum extracts, followed by simultaneous pre-amplification those targets prior to splitting 
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Figure 3.02. Reaction mixtures and thermocycling conditions for (a) reverse 

transcription, (b) pre-amplification, and (c) quantitative PCR.  
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into separate qPCR reactions on the PCR plate. For absolute quantification of the miRNA 

targets, synthetic miRNA standards were prepared and amplified via the same pooled 

RT-qPCR method. Reverse transcription conducted on a Perkin-Elmer 2400 GeneAmp 

PCR Thermocycler. The qPCR analysis was conducted on a Bio-Rad CFX real-time 

instrument with all targets for each fraction of the sample plated in technical duplicates 

for qPCR analysis and standards plated in singlet at three different RT-qPCR input 

amounts. For statistically significant analysis, triplicate microfluidic extractions were 

conducted for triplicate RT-qPCR results. The details for the pooled reverse transcription, 

pooled pre-amplification, and quantitative polymerase chain reactions can be seen in 

Figure 3.02. 

3.2.5: Serum Fractionation by AF4 

Fractionation of serum by AF4 was performed as we previously published.
59

 An 

AF200 system manufactured by Postnova Analytics (Salt Lake City, UT) was used, with 

separation channel thickness of 0.350 mm and injection loop volume of 20 µL, and 

membrane cutoff of 10 kDa (regenerated cellulose, Postnova Analytics). The running 

buffer used in all separations was 1× PBS (10 mM phosphate at pH 7.4, 137 mM NaCl, 

and 2.7 mM KCl). During serum fractionation, an initial focusing step of 8 min was used, 

with the cross-flow at 3.00 mL/min, tip flow at 0.30 mL/min, and the focus flow at 3.00 

mL/min. After the focusing period, there was a 1 minute transition period where the tip 

flow was increased to 3.30 mL/min and the focus flow was reduced to zero. Afterward, 

the tip flow was kept at 3.30 mL/min for 5 min and then reduced to 0.30 mL/min over 15 

min along with equal reduction of crossflow (maintaining outlet flow of 0.30 mL/min). 
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Fractions were collected in 1 minute intervals by automatic fraction collector (Bio-rad) 

and combined to provide 8 fractions containing all significant serum components. 

Fraction 1 (F1) collected from 6 to 9 min, F2 from 9 to 13 min, F3 from 13 to 16 min, F4 

from 16 to 19 min, F5 from 19 to 23 min, F6 from 23 to 28 min, F7 from 28 to 32 min, 

and F8 from 32-36 min. 

3.2.6: ELISA; CD-63 Plate Assays for Exosome Determination 

 For each of the eight fractions collected from the AF4, 50 µL of the fractions 

were added to the wells of a 96-well high binding fluorescence/ luminescence microtiter 

plate (Thermo Fisher) for the adsorption of the isolated serum components. The ELISA 

plate was incubated overnight at 4 °C to let all the proteins/ carrier species be adsorbed 

onto the bottom of each well. Then, the supernatant solution was discarded, and the plate 

was washed two times with 200 μL 1×PBS (all washing buffers used in our assay were 

1×PBS), before 200 μL of the blocking buffer containing 5% non-fat milk in 1×PBS was 

added for each well. The plate was then incubated overnight at 4 °C with gentle shaking 

to efficiently block the exposed surface of each well. Then the blocking buffer was 

discarded and the wells were washed twice with washing buffer. Next, 100 μL of the 

primary antibody (mouse anti-human CD63, Catalog #ab8219, Abcam, Cambridge, MA) 

in 1 : 5000 dilution with 1× PBS was added to the wells, followed with a 2-hr incubation 

at room temperature. After removal of the supernatant and the following four washes, 

100 μL of the secondary antibody, horseradish peroxidase (HRP) conjugated rabbit anti-

mouse IgG (Catalog # ab97046, Abcam) in a 1 : 25000 dilution in 1× PBS was added and 

incubated for 1 hour at room temperature with gentle shaking. The supernatant was again  
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Figure 3.03. Illustration of microfluidic device design. The device has open wells and 

closed channels, with all channel and well feature in the PDMS layer. The glass bottom is 

functionalized with methyl groups to reduce adsorption of particles or biomolecules. All 

wells for washing, exosome disruption, and elution are prefilled with the appropriate 

reagents and separated by the silicone oil which fills the channels, bead reservoir, and 

initially the sample reservoir. The scale bars 3 × 5 mm.  
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discarded and the plate was washed four times with wash buffer. Next 50 μL of the Pierce 

enhanced chemiluminescence (ECL) substrate (Thermo Fisher) was added, and incubated 

for 5 minutes. The resulting chemiluminescence was immediately detected. Three 

replicates were measured on the same plate for each of the eight AF4 fractions and 

samples. For the standard curve, two replicates of pure human CD63 (Sino Biology) with 

serial-diluted concentrations in the relevant concentration range were added in the same 

plate. The blank contained only 1×PBS in the adsorption step but was treated equally in 

all other steps. 

3.2.7: Microfluidic Extraction of MiRNAs 

 The layout of the microfluidic chip is illustrated in Figure 3.03. The device has 

three channels for the extraction of miRNAs in one particular serum carrier type per 

channel. Each channel is connected to the main sample reservoir and contains silicone 

oil, linking several wells and reservoirs while maintaining isolation of those wells. The 

device channels are filled with silicone oil and the wells and reservoirs other than the 

main sample reservoir are pre-loaded with the appropriate reagents or aqueous solutions, 

forming condense droplets in those wells. Channels 1 and 2 contain wash, elution, and 

bead collection reservoirs for the extraction and isolation of protein- and lipoprotein-

bound miRNAs. Channel 3 is designed specifically for the isolation of exosomes and 

extraction of exosomal miRNA. Channel 3 contains the regular was, elution, and bead 

collection reservoirs seen in channels 1 and 2, but in addition contains additional wells 

before those regular ones. These wells are for the washing of beads in exosome 

purification followed by a well for the disruption of exosomes and sequential extraction 
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of the miRNA, along with an additional bead reservoir for containment of the used 

polystyrene beads after exosome disruption. 

 The microfluidic extraction begins by the addition of 25 µ of serum and 100 µg of 

immuno-beads conjugated with the anti-CD63 IgG to the sample reservoir forming one 

confined droplet. The serum sample with the immuno-beads was mixed thoroughly by 

pipette mixing. After mixing the sample was incubated for 30 minutes at room 

temperature. The immuno-beads with captured exosomes were then moved towards 

channel 3, through a wash reservoir (1x PBS) and continuing into an exosome disruption 

reservoir using a permanent magnet underneath the microfluidic chip. The disruption 

reservoir holds 30 µL of solution consisting of ~70% EtOH,  ~2M guanidine thiocyanate 

and ~1% Tween-20 surfactant. After pipette mixing, the beads are incubated for 15 

minutes at room temperature in the reservoir, after which the beads are removed to the 

bead collection reservoir through the attached channel. Next 20 µL of 9M GuHCL and 4 

µL of 6M KCl were added to the well, then 2 fmol of the exogenous control, cel-miR-54, 

was added and mixed with the sample, followed by the addition of 200 µg of the 1µm 

magnetic silica beads. After mixing there is another 15 minute incubation to adsorb the 

RNA. Then the silica beads are removed and travel through a wash reservoir (wash buffer 

containing 80% ethanol and 1 M guanidine thiocyanate) and into an elution reservoir that 

contains RNase free ultrapure water. The beads are again thoroughly pipette mixed and 

again incubated for 15 minutes to release the adsorbed RNA into solution, after which the 

silica beads are removed into the corresponding bead collection reservoir. Simultaneous 

extraction of the protein and lipoprotein bound miRNAs was started while the exosomes 
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were being disrupted and exosomal miRNAs being isolated. After the removal of the 

exosomes from the serum sample, 30 µL of 9 M GuHCl, 6 µL of 6 M KCl, and 1 µL of 

0.1% Tween-20 were added and well mixed with the serum. Then 2 fmol of the 

exogenous control, cel-miR-67, was added and mixed with the sample. Next 200 µg of 

the magnetic silica beads in 2 µL of water were added, mixed well, and incubated for 15 

minutes. Subsequently, the silica beads were magnetically dragged into channel 1. The 

silica beads then traveled through the channel, passing through the wash well (containing 

the same wash buffer as above) and continuing to the elution reservoir and incubated for 

15 minutes to elute the bound RNA, and finally the beads were removed and collected in 

the connected bead reservoir. Once the silica beads carrying the protein-bound miRNAs 

left the sample reservoir, 70 µL of 6 M guanidine thiocyanate, 1 µL of 10% Tween-20, 

and 15 µL of 100% ethanol were added to the sample and mixed well via pipette. Again 2 

fmol of the exogenous control, cel-miR-54 this time, was added and mixed with the 

sample. Then again 200 µg of the magnetic silica beads in 2 µL of water were added, 

mixed well, and incubated for 15 minutes. The beads were then removed into channel 2 

and treated as in channel 1 (wash well, elution well, incubation, and removal of beads). 

Lastly the three eluents corresponding to the exosome, protein, and lipoprotein associated 

miRNA fractions were removed from the chip, and then quantified via the optimized 

pooled RT-qPCR protocol using the commercial Taqman miRNA primer assay kits 

(Applied Biosystems) specific to each target miRNA. 
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Figure 3.04. (a) AF4 separation traces 9fractograms) collected by fluorescence detector 

for analysis of exosomes isolated by the immuno-beads as done in our microchip 

profiling technique (dotted line), and by the Invitrogen kit (solid line). (b) Comparison of 

the CD63 concentration in exosomes prepared by our immuno-bead isolation method and 

the Invitrogen kit. (c) Fractogram showing fractions collected during serum separation by 

AF4 (absorbance detection at 260 nm). (d) Quantification of CD63 using ELISA for all 

eight collected fractions. The quantities are the average of results from the triplicate 

testing of each fraction and the error bars represent the standard deviation of those 

measurements.  
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3.3: Results and Discussion 

3.3.1: Confirmation of Exosome Isolation and Disruption to Release the Exosomal 

MiRNAs 

 Isolation of exosomes from serum and extraction of the miRNA using our 

immuno-bead strategy was confirmed through analyzing the extracted samples with our 

previously developed asymmetrical flow field-flow fractionation (AF4) technique for 

separation of serum components and through the comparison of the exosomes prepared 

by the Invitrogen Exosome Isolation Kit. AF4 separates analytes solely based on their 

hydration sizes. Previously, we proved the ability of AF4 for the efficient separation of 

exosomes from proteins and lipoproteins in whole serum with the exception of co-eluted 

very low-density lipoprotein (VLDL). Thus, we compared the elution profiles of whole 

serum, exosomes isolated by our immuno-beads on the microfluidic chip, and those 

prepared by the Invitrogen exosome isolation kit. All the samples were examined by UV-

Vis absorbance at 260 nm, and also stained with DiO lipophilic dye and detected by 

fluorescence for illustration of just the lipid-enriched portions of the separation. As seen 

in Figure 3.04a, both samples prepared by our on-chip immuno-isolation and by the 

Invitrogen kit showed significant exosome enrichment shown in the peaks at elution 

times later than 20 minutes, ELISA results also support this as CD63 was detected at 

significant amounts in these elution times (Figure 3.04c/ d). The sample prepared by the 

Invitrogen kit also had a relatively small peak which eluted between 10-17 minutes, 

which correlates with the lipoprotein complexes which are co-precipitated during the 

centrifugation. The exosome peak in the sample isolated by our immuno-beads show a 
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slight shift to a later elution time then the one by the kit which could be the result of 

lower loading onto the AF4 channel and specific extraction of exosomes. The CD63 

concentration found in our method was 7.04 ng/µL (Figure 3.04b), which matches well 

with the sum of the CD63 concentrations found in fractions 6-8 of whole serum; and the 

CD63 concentration found with the Invitrogen kit was 5.28 ng/µL, agreeing with the sum 

CD63 in fractions 5-6. Our method yielded a higher recovery for exosomes from serum 

as compared to the Invitrogen kit, and we obtained relatively large exosomes which 

eluted in fraction 7, which was not collected in our previously reported AF4 carrier 

distribution study. 

 To confirm the disruption of exosomes using our method, we compared the 

isolated exosomes before and after disruption using the AF4 separation method. Once 

isolated using the immuno-beads, they were treated with a solution containing ~75% 

ethanol and 1 M guanidine isothiocyanate. The high organic content of the solution 

combined with the guanidine isothiocyanate destroy the membrane structure and 

solubilize the membrane proteins of the exosomes, releasing the enclosed miRNAs. We 

can see in figure 3.05 that, after the chemical treatment, the exosome peak disappeared in 

the AF4 fractogram. In the absorbance fractogram disruption of all proteins is seen, 

diminishing the trace typically seen before treatment and shifting to lower retention times 

or small species (Figure 3.05a). Since the DiO lipophilic dye emits strong fluorescence 

only in a hydrophobic environment and lacks fluorescence in hydrophilic environment, 

the dramatic decrease in the fluorescence signal indicates the lack of intact hydrophobic 

structure and the success of the exosome disruption (Figure 3.05b). 
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Figure 3.05. Absorbance (a) and fluorescence (b) fractograms for exosomes isolated by 

the immuno-beads before and after treatment with the disruption solution. Absorbance 

measured at 260 nmand fluorescence with DiO dye is measured with 480/510 ex/em.  
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Figure 3.06. Fractograms of exosome-depleted serum before treatment, after treatment 

with the protein disruption reagents, and after treatment with the lipoprotein disruption 

reagents.The dashed green box highlights the position where HDL would be eluted (IgG 

coeluted), and the dotted purple box indicates the elution window for the LDL. 

Absorbance is measured at 260 nm and the DiO stained fluorescence is measuredad an 

ex/em of 480/510.  

HDL/ IgG 

LDL 
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3.3.2: Confirmation of the Disruption of the MiRNA –Protein and -Lipoprotein 

Complexes 

 Once the exosomes are extracted, the exosome-depleted serum contains miRNAs 

mainly bound to lipoprotein complexes or to the proteins like AGO2, GW182, and serum 

proteins capable of binding miRNA. Protein-RNA interaction relies on H-bonding and 

electrostatic interactions between the negatively charged phosphate groups on RNA and 

the positively charged or electropositive primary amines in binding areas of proteins. The 

presence of chaotropic species work to denature both RNAs and proteins, which would 

definitely affect the stability of the protein-RNA complexes, leading to dissociation and 

release of miRNAs. Lipoprotein complexes such as HDL and LDL have compact lipid-

protein structure which both aids in protection of the proteins and provide a hydrophobic 

environment which may aid in binding RNA via the hydrophobic regions of the nucleic 

acids. In order to disrupt these more compact lipoprotein structures, higher concentrations 

or stronger denaturants should be employed. For the denaturants used in our study we 

chose the combination of two chaotropic salts, guanidine hydrochloride (GuHCl) and 

guanidine isothiocyanate (GuITC), the organic solvent ethanol, and the use of polymeric 

surfactant Tween-20 which is able to interact with hydrophobic molecules and aid in the 

disruption of more lipophilic species, such as lipoprotein complexes. To realize 

consecutive extraction of the protein- and lipoprotein-bound miRNAs from the same 

serum sample, we treated the exosome depleted serum using a mild solution that 

contained approximately 0.5 M KCl, 0.0015% Tween-20, and 4 M Guanidine HCl to for 

relatively gentle disruption and release of the miRNAs bound to proteins. Once these 
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miRNAs were removed by silica beads, additional Tween-20 and the stronger 

denaturants, guanidine isothiocyanate and ethanol, were supplied to break-up the compact 

structures of the lipoprotein complexes and free the associated miRNAs. The final 

mixture contained approximately 0.5 M KCl, 1.8 M GuHCl. 3 M GuITC, 10% Ethanol, 

and 1% Tween-20. Again we used our AF4 serum profiling method to investigate the 

disruption of these species in each case. The absorbance fractogram reveals a loss of the 

original serum profile as proteins are being denatured with the protein fraction extraction 

reagents, the fractogram trace is even further decreased upon the addition of the 

lipoprotein disruption reagents (3.06a). Fluorescence detection of lipoprotein complexes 

under each denaturing condition offers a more illustrative view of the selective disruption 

of the lipoprotein complexes. As the DiO lipophilic dye significantly stains HDL and 

LDL, we can use the dye for fluorescence detection in addition to absorbance detection. 

Before treatment, exosome depleted serum gives two large peaks stained with DiO 

(figure 3.06b). Once treated with the mild protein disruption reagents, we see a decrease 

in the first peak and no significant change in the second peak. According to our previous 

study and the analysis of human IgG standard, surprisingly IgG can be significantly 

stained by DiO as well. Therefore the dramatic decrease in the first peak correlates with 

the protein disruption interfering with DiO staining of denatured IgG, agreeing with our 

successful protein disruption. The peak corresponding to HDL is still seen after the loss 

of IgG fluorescence indicating that the structure of HDL remains native in the mild 

denaturant. After additional treatment of the serum sample with the stronger denaturing 

solution which contained the GuITC and ethanol, all fluorescence for the HDL and LDL 
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complexes was lost resulting in a relatively flat fluorescence signal in the fractogram with 

no distinct peaks (figure 3.06b), indicating that the harsh denaturing environment we 

provided significantly breaks up and denatures the lipoprotein complexes. 

3.3.3: Solid Phase Extraction of the Carrier miRNAs by Magnetic Silica Beads 

 The disruption and denaturation of the exosomes, lipoprotein-RNA complexes, 

and protein-RNA complexes release the miRNAs bound to these carriers. These freed 

miRNAs can then be extracted by binding them to magnetic silica beads. Silica-based 

solid phase extraction of DNA and RNA has been heavily investigated and widely 

employed. Chaotropic salts such as guanidine hydrochloride can denature nucleic acids 

and weaken the hydration effects of nucleic acids in aqueous solutions, promoting 

interactions with the silica surface, allowing for precipitation of nucleic acids from the 

solution onto the solid silica support. These interactions include hydrogen-bonding 

between protonated silanol groups and the negatively charged phosphate backbone of 

DNA and RNA or salt bridging of deprotonated, negatively charged, silanol groups and 

the negatively charged phosphate backbone. The dominate interaction in the binding of 

the nucleic acids to the silica surface depends on the pH and salt concentration of the 

solutions (either low pH or high salt). Elution can be achieved by depriving favorable 

conditions for the silica binding and enhancing the solubility and hydration of the nucleic 

acids (either ultrapure water or a basic, low salt, buffer such as Tris-buffers). In our 

method the binding is promoted through the chaotropic reagents and high concentration 

of KCl providing potassium cations for salt bridging provided in the protein or 

lipoprotein disruption or added during or after the disruption of exosomes. The elution is 
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therefore achieved by using salt-free ultrapure water to interrupt the silica interactions 

with the miRNA. However, there is a lot of potential for low recovery of miRNA. Any 

extraction procedure could experience sample loss due to binding equilibrium and 

diffusion. Furthermore, miRNA are relatively short nucleic acids and have fewer 

interactions between each strand and the silica. Also protein and lipid fouling of the silica 

surface can cause issues with binding, loss in washes, and inefficiency of elution. To 

evaluate the recovery of our method compared to other methods, we carried out total 

miRNA extractions using chemical extraction with the TRIzol reagent (Life 

Technologies) and two different silica-based commercial kits; the GeneJet RNA kit 

(ThermoScientific) and the PureLink RNA kit (Ambion). These three methods represent 

those commonly employed to extract RNAs from biological samples. Following the 

manufacturer’s protocols for the kits and optimized TRIzol protocol, only a very small 

fraction of the cel-miR-67 spiked in the serum was recovered (Figure 3.07). For the 

commercial kits this could be due to the short length of the miRNAs compared to longer 

species and mRNA, which does not provide a large interaction surface. Therefore there 

are binding solution considerations and longer incubations that may be required for 

miRNAs. The chemical based TRIzol extraction does not work well for miRNAs as they 

are more difficult to precipitate in alcohol based solutions, requiring long incubation 

times at low temperatures to achieve significant recovery as seen in Figure 3.07. Our on-

chip extraction method led to the highest average recovery of 13.5%, which could be 

attributed to both the optimization of our extraction conditions, and to the minimal 

sampling handling and liquid transfer compared to the other methods. Of the methods the  
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Figure 3.07. Comparison of the percent recovery of spiked exogenous control (cel-mir-

67 or cel-miR-54) in serum using our bead-based extraction method and the commercial 

kits, including the TRIzol LS reagent (the normal protocol with glycogen and a elongated 

protocol with long incubations at -20 °C, longer and higher speed centrifugations, and 

glycogen), the GeneJet RNA purification kit, and the PureLink RNA mini kit, all 

distributed by Thermo Fisher Scientific.  
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commercial silica-based kits are the least time consuming yet yield the lowest recoveries, 

whereas our method is not significantly more time consuming and offers higher 

extraction. 

 The damage or degradation of nucleic acids during extractions is of concern when 

optimizing and developing new methods. RNA in particular has a higher possibility of 

damage and degradation during sample handling and extraction. This can be due to 

ribonucleases cleaving or completely degrading miRNA and possibly to simple 

hydrolysis of RNA in aqueous solutions. Therefore we investigated the quality of the 

total miRNA isolated via our method and comparison to the quality seen in the different 

commercial methods. We investigated the quality through agarose gel electrophoresis 

analysis of the pooled RT-qPCR products (figure 3.08a) and gel analysis the total miRNA 

in each sample using a universal reverse transcription reaction (SuperScript VILO cDNA 

Synthesis Kit, Thermo Fisher) (Figure 3.08b). According to the TaqMan miRNA Assay 

from Life Technologies, the RT primers are highly specific such that they only work with 

mature miRNAs, and have been tested with isomiRs (microRNA with 1-3 base addition 

or reduction on the 3’ end of miRNA), and have ˂5% cross reactivity with single base 

mismatched miRNA. When tested with isomiRs, reverse transcription and amplification 

is only seen with the addition of bases on the 3’ end, Loss of bases on the 3’ end would 

result in no product. Therefore fragmentation on the 3’ end would fail to produce product, 

fragmentation on the 5’ end would fail to produce full length cDNA. Therefore, 

fragmentation of the 3’ end should result in the lack of cDNA production in the TaqMan 

miRNA assay, a fragmentation of the 5’ end should result in shorter cDNA which would  
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Figure 3.08. (a) Imaged agarose gel containing the following in each well; 1: 25 bp 

dsDNA ladder, 2: standard (150 amol each of 11 miRNA) after RT-qPCR, 3: standard 

(1.5 amol each) after RT-qPCR, 4: standard (15 zmol each) after RT-qPCR, 5,6,7: Chip 

Protein, Lipoprotein, Exosome respectively (after RT and pre-amp), 8: standard miRNA 

(after RT and pre-amp). (b) Imaged agarose gel containing the following in each well; 1: 

25 bp dsDNA ladder, 2: miRNA standard (no RT), 3,4,5: Chip Protein, Lipoprotein, 

Exosome respectively (Superscript Vilo RT universal cDNA synthesis kit), 6,7,8: TRIzol 

extract, Purelink kit, Standard miRNA respectively (Superscript Vilo RT universal cDNA 

synthesis kit). 3 % native agarose gels ran at 110V in 1×TE buffer, imaged with 

transilluminator and camera with appropriate filter.  
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not amplify efficiently in the qPCR. Massive degradation should yield no bands in the gel 

for either the miRNA or the cDNA. As seen in Figure 3.08a a band of the amplified 

miRNA is visible after pre-amplification, however the cDNA concentration is too low to 

be visualized on the gel. As seen in figure 3.08b, the SuperScript VILO reverse 

transcription results however provide visualization of full length products (20-25 

nucleotide double stranded miRNA-cDNA). The quality of the miRNA in our method 

appears sufficient and agrees with the quality of the total miRNA in the commercial 

methods. Therefore it is sufficient to say that there is no major degradation or damage of 

the miRNAs to be concerned with in our method. 

3.3.4: Evaluation of the Carrier-Bound miRNA Fractionation by Differential Extraction  

 As seen in the above extraction results, our method results in higher recovery on 

average while requiring similar or less time for extraction than the commercial methods. 

The quality of our method is also sufficient and identical to the quality seen in the 

commercial extraction methods. Furthermore, our method can separately analyze the 

quantity of miRNA associated with different carrier types; proteins, lipoproteins, and 

exosomes. In order to further investigate the fractionation effect, we compared the 

amounts of miRNA isolated from the three carrier fractions recovered from the on-chip 

extraction to those obtained by the AF4 method we previously reported, the Invitrogen 

Total Exosome Isolation kit, and immuno-bead isolation of HDL/LDL. TRIzol 

extractions were used for miRNA recovery in the methods other than our microfluidic 

method. For these comparisons we analyzed the quantities of four miRNAs; hsa-miR-17, 

miR-21, miR-155, and miR-191. The exogenous controls were used to correct for 
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differences in recoveries in all the extractions. Fraction 1 obtained by the AF4 method 

contains proteins and used to represent a majority of the protein-bound miRNA (black 

bar in Figure 3.09a) and was compared the amount of miRNA in the protein fraction 

isolated on the microchip (white bar in Figure 3.09a). For exosomal miRNAs, AF4 

fraction 6 which mainly contains exosomes (black bar in Figure 3.09b) and the miRNA 

isolated using the Total Exosome Isolation kit (gray bar in Figure 3.09b) were compared 

with the exosomal miRNA recovered on-chip (white bar in Figure 3.09b). Fractions 2-5 

in the AF4 fractionation were considered as the total lipoprotein-bound miRNAs (black 

bar) and compared to the on-chip lipoprotein fraction (white bar) in Figure 3.09c). For a 

more accurate comparison, HDL/LDL complexes were isolated using beads conjugated 

with anti-HDL and anti-LDL IgGs and the HDL-  and LDL- bound miRNAs were 

extracted for comparison (gray bar in Figure 3.09c). 

 As seen in Figure 3.09, in general the on-chip isolation of carrier-bound miRNAs 

agrees with the other methods of isolation and AF4 fractionation. In most cases the on-

chip recovered amounts were comparable or greater than the AF4 amounts, likely due to 

the incomplete collection of all species (elution after fraction 6 or before fraction 1), co-

elution of carriers in some fractions, and lower recovery in the large elution volumes 

during TRIzol extraction. AF4 fractionation followed by TRIzol extraction is less 

efficient as the recovery is lower than on-chip extraction and requires ˃2 days for the 

separation and TRIzol extraction versus 1.5 hours for the on-chip method both from 

comparable starting volumes of serum. Very small proteins may not be collected as they 

would come out before fraction 1 affecting the AF4 protein fraction, exosomes are clearly  
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Figure 3.09. Comparison of the miRNA copies obtained from our on-chip technique and 

the AF4-based distribution profiling method we previously developed, as well as that 

obtained from immuno-capture of lipoproteins using HDL and LDL antibodies 

conjugated to magnetic beads, and the Invitrogen Total Exosome Isolation kit. (a) The 

protein-bound miRNAs recovered from the microchip and Fraction 1 from AF4 

separation of pooled healthy serum (Sigma-Aldrich). (b) The exosomal miRNAs 

recovered from the microchip, Total Exosome Isolation kit, and Fraction 6 from AF4 

separation. (c) The lipoprotein-associated miRNAs recovered from the microchip, 

immuno-capture with antibody conjugated beads, and sum of Fractions 2-5 from AF4 

separation.  
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eluted after fraction 6 according to Figure 3.04d (Fraction 7). Differences in the 

lipoprotein amounts in AF4 and on-chip may be the main result of co-elution of proteins 

in earlier fractions and LDL in fraction 6. The amount of exosomal miRNAs from the on-

chip fractionation more closely match with that of the Total Exosome Isolation Kit, 

however differences likely arise again from the miRNA loss during extraction and the 

poor recovery in the TRIzol extraction. Lastly, very comparable amounts of miRNA were 

obtained using our on-chip method and the immuno-isolation of HDL/LDL. This re-

confirms the successful isolation of lipoprotein-bound miRNA through our differential 

extraction of protein- and lipoprotein- bound miRNAs on-chip. However, our method is 

highly advantageous over the immuno-isolation of the lipoprotein complexes as it is less 

time consuming (15 minutes for extraction and 15 minutes for elution versus 30 minutes 

for immuno-isolation plus additional time for processing and extraction), and our method 

does not require the use of the costly HDL and LDL antibodies with more complicated 

affinity capture. In fact, from this data, our relatively simplistic method can efficiently 

isolate all three fractions with higher extraction efficiency and comparable or higher 

recoveries obtained for all three carrier fractions. 

3.3.5: Analysis of Serum Samples 

 We obtained twelve sera samples from our collaborators at the City of Hope 

Medical Center. These samples, considered as cases in our study, were collected from 

breast cancer patients prior to treatment. Eleven of the patients have infiltrating ductal 

carcinoma while one patient has the rarer inflammatory ductal carcinoma, with the cancer 

stages for the twelve patients ranging from II to IV. We obtained 7 healthy female donor  
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Figure 3.10. Distribution profiles of the sera collected from one breast cancer patient (a) 

and one healthy donor (b). The case and control shown above are age and race matched. 
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Figure 3.11. Fold changes between miRNA content in breast cancer patient cases and the 

healthy controls. The log ratio of the average miRNA content in 7 cases over the average 

from 3 controls  
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sera samples from Innovative Research Inc. as controls in our study, roughly matching 

age and race to the cases. The details for the case and control sera samples are shown in 

Tables 3.1 and 3.2 respectively. We processed these 19 sera samples using our method 

for the isolation and extraction of miRNAs in the protein, lipoprotein, and exosome 

fractions. All samples were extracted in triplicate, using a fresh microfluidic chip for each 

extraction, using 25 µL of sera for each extraction. The results of the pooled RT-qPCR 

are shown in the miRNA distribution profiles for one case in Figure 3.10a and one 

control in Figure 3.10b. From this we can see that each miRNA shows distinct patterns in 

its distribution among the three main carriers, which should be correlated to the process 

by which they are secreted, transported, and potentially elucidate the normality of the 

serum sample. Through the comparison of the average miRNA content in each fraction 

from all of the cases (n=12) with that from all of the controls (n=7), we can reveal larger 

changes among the individual fractions than could be seen using the changes in the total 

serum content of each miRNA. Figure 3.11 represents this in the log (case/control) for 

each miRNA target in each fraction and the total in whole serum for the grouping of 7 

cases with 3 controls. As we can see in Figure 3.11, the log (case/control) for most of the 

total miRNA contents in serum typically fall within the range of ±0.5 and a couple targets 

giving a total change close to zero. This indicates a fold change less than 1 half order of 

magnitude, and typically changes this small are considered statistically irrelevant. On the 

contrary, many of the log (ratio) values for the fractionation of miRNA using our method 

show changes greater than ±1, indicating large differences between the cases and 

controls. For instance, it can be seen that the protein associated levels of hsa-miR-16 and  
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Figure 3.12. Principal component analysis (PCA) score plots of PC1 vs. PC2 for all 

samples. (a) Score plot using the carrier fraction data from the microfluidic method. (b) 

Score plot using total summed serum miRNA levels.  
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miR-155 in the cases are over 100 fold lower than controls, and lipoprotein associated 

miR-105 is more than 1000 fold lower in breast cancer patients. The exosome associated 

let-7a and miR-375 are shown to be 2 orders of magnitude greater in the cases over 

controls. Of even greater interest are the results yielded by subjecting the data to 

Principle Component Analysis (PCA) which shows clear grouping of cases and of 

controls with significant grouping of disease stages on a scatter plot (Figure 3.12a). On 

the contrary, using the total miRNA contents or simply the exosomal miRNA fraction, 

we lose a good amount of the separation between cases and controls, and no separation of 

the disease stages is seen in the PCA (Figure 3.12b). These results clearly indicate that 

the distribution profiling by our method can reveal much larger changes between breast 

cancer patients and healthy individuals compared to conventional methods. Also our 

results can clearly provide further distinction between earlier and latter stages of breast 

cancer, which is not possibly with analysis of total miRNA content. 

3.3.6: Discussion 

 Since the discovery of the fact that circulating miRNAs in blood are bound to 

various carriers with high affinity, few reports are found to heavily study the distribution 

among carriers and how it could be related to different diseases. This has been mainly 

due to the challenges and high technical difficulty in isolating multiple carriers in 

parallel. The typically employed techniques that have been used for such a process are 

ultracentrifugation, differential or density-gradients centrifugation, and size-exclusion 

chromatography (SEC). The ultracentrifugation and centrifugation techniques and 

exceedingly tedious and time consuming, require large sample volumes, and often suffer 
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from either poor recovery or impurity. SEC can separate potential carriers by their sizes 

and the eluted fractions can be collected for the extraction of miRNAs bound by the 

various carriers. However, the column could damage the binding between proteins and 

miRNAs, the collection process can also be time consuming with low recovery, and SEC 

lacks the speed and throughput if a large number of samples are to be analyzed. Our 

previously developed asymmetrical flow field-flow fractionation (AF4) method uses an 

open channel for separation, providing gentler conditions that would keep the protein 

complexes and exosomes intact, but still suffers from many of the same problems as SEC 

in terms of post-separation collection and processing, speed of separation, and sample 

throughput. The new microfluidic-based miRNA distribution profiling technique reported 

in the present work has the ability to rapidly and semi-automatically fractionate miRNAs 

bound to three distinct types of carriers; proteins, lipoprotein complexes, and exosomes. 

The technique isolates these carrier-bound miRNAs from small sample volumes through 

immuno-isolation of exosomes combined with differential extraction of miRNA 

associated with protein and lipoprotein complexes, eluting them into clean solutions at 

low volumes for ease of amplification with relatively high recovery and simple operation. 

These acquired advantages are suitable for analysis of a large number of clinical samples 

and for the exploration of relationships between carrier distribution profiles and disease 

development. 

 The distribution profiles of circulating miRNAs can better the understanding 

about how they are secreted and how they are stabilized during transportation and within 

the circulatory system. Also how the miRNAs are carried could be closely related to 
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whether they can be up-taken by other cells and perhaps what types of cells they could 

enter. The presented technique provides an unprecedented and simple manner to 

simultaneously obtain exosomal, protein-bound, and lipoprotein-bound miRNAs. 

Lipoprotein-bound miRNAs are of interest due to a variety of factors such as their 

potential to cross the blood-brain barrier; also they may be more significant for patients 

with distinct levels of HDL or LDL in their blood. Exosomal miRNAs have been studied 

more often as their secretion is affected in cancer cells and may be related to tumor 

growth and metastasis. Protein-bound miRNAs have not been widely studied, although 

they may have potential in disease diagnostics due to abundant export of protein 

complexes in all cell types. Understanding of their carrier association could then help to 

understand more about the functions of specific miRNAs in cancer development and 

enhance the use of miRNAs as reliable biomarkers. For example our preliminary results 

revealed a higher content of the exosomal miR-122 in cancer patients than in controls. 

This agrees with the high circulating miR-122 levels found in breast cancer patients as 

reported in literature
61

, and was found to originate from cancer cell secretion associated 

with metastasis. The cancer-derived miR-122 in exosomes could be transported to 

recipient cells to reprogram systemic energy metabolism and facilitate disease 

progression.
62

 However, if we look at the overall level of circulating miR-122, its content 

dropped in patients due to the significant decrease of this miRNA in the lipoprotein and 

protein fractions. This is even more interesting as most cancer lines show reduced 

intracellular miR-122 with non-detectable levels in the protein portion, as reported in the 

same paper. Let-7a also exhibited a similar phenomenon as miR-122, with a much higher 
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content detected in cancer patients but lower detected in the lipoprotein-bound fraction. 

Therefore its relation with cancer metastasis may be worthy of further investigation. 

 Another clear trend revealed in our study, is that the patient samples generally 

contained significantly lower levels of protein-bound miRNAs in the circulatory system. 

This difference may be caused by cancer condition or by sample handling before the 

analysis. As there is no significant difference in the collection and storage procedures 

from the two serum sources, it is more likely related to cancer condition. Therefore, the 

further investigation of the protein-associated levels of miRNA may be worthwhile in 

cancer diagnostics. Future investigation can include investigating the key proteins with 

their relative abundance in the protein fractions between patients and healthy controls and 

the relation to protein-bound miRNA levels. 

3.4: Conclusion 

 The microfluidic-based miRNA distribution profiling technique provides a quick 

and rather simplistic method of isolating miRNAs associated to different carriers, unseen 

in previously explored methods and in out previously investigated AF4 technique. The 

information provided is certainly valuable to further understand the functions of 

circulating miRNAs and reveal their relationships with disease development and 

progression. The technique can also help identify more effectively miRNA biomarkers 

and enable more proper usage of these markers in disease diagnosis and prognosis. Our 

platform is small and the whole process can be completely automated through the use of 

computer programming and robotics. Through the combination of automatic microfluidic 
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processing with mature miRNA quantification techniques, a promising disease diagnostic 

device with high sensitivity can be realized. 
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Chapter 4: Development and Optimization of Isothermal Techniques for Sensitive and 

Selective Analysis of MicroRNA 

4.1: Introduction 

 Serum concentrations of miRNA can vary from relatively high to minute 

amounts.
1
 For determination of miRNA levels in smaller serum volumes equal to only a 

couple drops of blood, the determination of many miRNAs becomes difficult.
2
 Sensitive 

detection of these miRNA biomarkers requires amplification strategies to increase the 

total number of detectable species correlating to each target miRNA.
3,4

 These 

amplification strategies can either amplify the measurable signal through means of 

generating many fluorescent or luminescent species for each target or through means of 

replicating the target to increase the number of species that can be tagged with reporter 

probes or molecules. Specificity is also an important aspect of amplification strategies 

used in miRNA determination as many miRNAs exist which have sequences that may 

differ by only one or two base mismatches. 

 Conventional analytical methods, such as reverse transcription quantitative PCR 

(RT-qPCR) for analysis of miRNA requires advance lab facilities and can be expensive 

and time consuming.
5
 Moving from conventional lab bench techniques to point of care 

settings requires simpler, cost effective, and rapid assays for miRNA determination. 

Development of simple yet efficient target and signal amplification techniques that can 

detect very few miRNA copies (˂1 zmol) in a single sample is essential for miRNA 

determination in serum. This is critical in the development of a microfluidic total analysis 

system (µ-TAS) for the detection of miRNA. Traditional miRNA amplification strategies 
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require complex configuration for microfluidic applications. Achieving optimal thermal 

transfer is essential to traditional PCR based amplification. Also a detection method 

applicable to qPCR amplification (such as a fluorescence detector) require complex set-

up and can suffer from light scattering and transmittance of light through the device if the 

device is made of transparent materials. Creating multiplexed detection of several 

different targets simultaneously also adds complexity to the device. The cost of 

performing qPCR on microfluidic devices is another important consideration in keeping 

the overall cost of the device and analysis low. The use of droplet based PCR or digital 

PCR techniques miniaturized on a microfluidic device have also been explored, however 

still can add complexity and cost to the system. 

 Isothermal target amplification strategies have been developed that do not require 

thermocycling and can be done at lower temperatures, and therefore can be more easily 

applied to a simple point of care set-ups.
6–10

 Many isothermal amplification strategies are 

highly applicable to a microarray for multiplexed and high throughput analysis of 

miRNA. Isothermal amplification techniques have been developed at elevated 

temperatures as well as relatively low temperatures below 37 degrees Celsius, some even 

at room temperature reducing the need for heating elements in the design of the 

microfluidic system. Common isothermal amplification strategies include strand 

displacement amplification (SDA), rolling circle amplification (RCA), helicase-

dependent amplification (HDA), loop-mediated amplification (LAMP), and hybridization 

chain reaction (HCR). For miRNA determination, RCA allows for efficient synthesis of 

long single stranded DNA with high simplicity,
11

 SDA is efficient at linear production of 
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single stranded cDNA,
12,13

 and HCR efficiently builds long double stranded DNA 

scaffolds without the need for enzymes.
14

 

4.2: Rolling Circle Amplification with Cation Exchange Amplification (CXAmp) for 

MicroRNA Detection 

4.2.1: RCA combined with CXAmp 

 In RCA, a circular probe formed from the target strand serves as the template for 

generation of ssDNA with repeated sequences of the circular probe
15

 at an ultrafast rate 

up to 1 kilobase per min.
16,17

 The longer the ssDNA product the more repeated sequences 

that can be used for detection. Recognition of the rolling circle product (RCP) with 

oligonucleotides complimentary to tandem regions allows for labeling with dye or 

nanoparticles for optical or electrochemical detection.
18

 In addition, different sequences, 

such as digestion sites for target endonuclease
19,20

 and DNAzyme,
21–23

 can be inserted to 

the circular probe to facilitate RCP detection without lowering the RCP synthesis rate, 

owing to the high strand displacement capability of the phi29 polymerase enzyme. 

Alternatively, hapten-modified dNTPs can be used in RCA to label the RCP.
24

 However, 

the operation of attaching or triggering the signaling units is not very straightforward, 

difficult to control and reproduce, and may yield unsatisfactory results. This is because 

the long single-stranded RCP is highly likely to become super-coiled with complex 

secondary structure, leaving limited places for attachment of reporters or preventing 

proper functioning of the related enzymes. The use of RCA for detection of small RNA 

and siRNA in a mixture was previously investigated by Ni Li et al,
20

 which used RCA to 

produce long RCPs which were digested by endonucleases, followed by separation and  
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Figure 4.01. Schematic illustration for the RCA process combined with labeling the long 

RCPs with ZnS NCCs and detection by CXAmp.  
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detection of RCP fragments using capillary electrophoresis. Previously in our group we 

have developed and optimized methods of signal amplification which we termed cation 

exchange amplification (CXAmp) based on the exchange of metal cations in nanocrystals 

with cations in solution which has been utilized for sensitive detection of proteins and 

nucleic acids in bioassays.
25–28

 In the past we have employed single small crystals (˂10 

nm) as well as large nanocrystal clusters (˃40 nm), including CdSe, ZnSe, and ZnS 

nanocrystals. Incubation of the nanocrystals in a solution containing a relatively high 

concentration of competing cations, the cadmium or zinc will exchange with the 

competitor and become free cations in solution which can then be detected via metal 

sensitive colorimetric or fluorescent dye molecules. 

Here we used RCA combined with a novel method of labeling and detecting 

RCPs with the achievement of cascade signal amplification using cation exchange of zinc 

containing nanocrystal clusters (NCCs) as seen in Figure 4.01. First the circular probe is 

generated through the hybridization of a padlock DNA probe with the target miRNA 

which is complementary to portions of the 3’ and 5’ ends of the padlock probe. The 3’ 

and 5’ ends of the padlock probe can then be linked together by T4 DNA ligase creating a 

circular DNA strand (Step 1). The circular probe can then be captured through 

hybridization with primers conjugated to the surface magnetic particles (MPs) (Step 2). 

Then through the use of phi29 enzyme and a mixture of dNTPs containing biotinylated 

dATP, long RCPs containing biotin are synthesized (Step 3). Subsequently, streptavidin-

conjugated ZnS NCCs could be captured by the RCP-MPs through the strong biotin-

streptavidin binding (Step 4). After washing the MPs to remove excess NCCs, signal 
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amplification can be achieved through the cation exchange reaction between Ag(I) ions in 

the solution and Zn(II) encapsulated in the NCCs. The individual NCCs, which there may 

be numerous NCCs per RCP, can then release millions of Zn(II) ions each and trigger the 

intense fluorescence from FluoZin-3, a sensitive Zn(II)-responsive dye (Step 5). Through 

the use of RCA, for each target miRNA, if m long RCPs can be produced with each RCP 

capturing n NCCS, an improvement factor equal to m × n in addition to the million-fold 

signal enhancement of the CXAmp. 

4.2.2: Materials and Methods 

All oligonucleotides and standard miRNAs were purchased from Integrated DNA 

Technologies (Coralville, IA) with desired modifications. The 5’ end of the padlock 

probe was phosphorylated for the ligation reaction to occur and the primer was modified 

with an amine group on the 5’ end for conjugation to the polystyrene beads. Phi29 DNA 

polymerase and T4 DNA ligase was from New England Biolabs Inc. (Ipswich, MA). 

Carboxyl polystyrene magnetic particles (25 mg/mL) with a diameter of 4.35 μm were 

acquired from Spherotech Inc. (Lake Forest, IL). 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC), and silver nitrate were purchased from Acros 

Organics (Pittsburgh, PA). Streptavidin, sulfo-N-hydroxysuccinimide (sulfo-NHS), 

dithiothreitol (DTT), and the salts used to prepare buffer solutions were supplied by 

Fisher Scientific (Pittsburg, PA). Bovine serum albumin (BSA) and Tween-20 were 

obtained from Sigma Aldrich (St. Louis, MO). Biotin-14-dATP, Human Brain Total 

RNA, deoxyribonucleotides (dNTPs), and FluoZin-3 were from Invitrogen (Carlsbad, 

CA). 
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Conjugation of polystyrene microspheres with RCA primers was performed using 

conventional carbodiimide coupling. First, 2 nmol of the primer was added to 1 mL of 2.5 

mg/mL 4.35 um polystyrene particles suspended in the linking buffer (0.02 M phosphate 

buffer, pH~7.2). The carboxyl groups were activated with the addition of 0.1 mg EDC 

and 0.1 mg sulfo-NHS. The reaction was incubated at RT for 3 hours on a tube rotator to 

keep beads well suspended. The microbeads were then pulled down with a permanent 

magnet and the supernatant was removed. The microspheres were then dispersed in 100 

μL (25 mg/mL bead concentration) of the linking buffer and stored at 4 °C until use.  

The ZnS NCCs containing carboxyl groups on their surface were conjugated with 

streptavidinthrough conventional carbodiimide chemistry. Forty microliters of the stock 

ZnS NCCs (~ 4 x 10
11

 particles) were activated with 5 mg EDC and 5 mg sulfo-NHS, 

then centrifuged at 16.1 rcf for 12 minutes, washed, and resuspended in 100 µL of linking 

buffer. Then 40 µg of streptavidin was added and incubated on a rotator for 3 hours at 

room temperature. Excess reactive sites were quenched with 2-mercaptoethanol. The ZnS 

NCC-streptavidin conjugate was pelleted by centrifugation at 16.1k X g for 12 min and 

dispersed in 100 μL of linking buffer containing 5% BSA and stored at 4°C until further 

use.  

In a typical experiment, solutions of synthetic hsa-let-7a at different 

concentrations were hybridized to the complementary sequences at the 5’ and 3’ ends of 

the padlock probe. The reaction conditions are described below. Let-7a solution was 

mixed with 100 nM of the padlock probe in 20 μL of ligation buffer (50 mM Tris-HCl, 

pH 7.5, 10 mM MgCl2, 10 mM DTT, and 1 mM ATP) and denatured at 85 °C for 3 min 
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to ensure the availability of linear sequences for hybridization, slowly cooled to room 

temperature, and then incubated at RT for 1 hr. After the incubation 2 mM ATP and 0.1 

U T4 DNA ligase were added, mixed, and incubated for 1 hour at RT for ligation of the 

probe. After ligation, 1 μL of primer conjugated magnetic beads was added, the mixture 

was then denatured at 85 °C for 3 min and incubated at RT for 1 hr. Using a magnet, the 

beads were pulled down along with the captured probes and dispersed in 40 μL of 

reaction buffer (40 mM Tris-HCl, pH 7.5, 50 mM KCl, 10 mM MgCl2, 5 mM (NH4)2SO4, 

4mM DTT) containing 5% BSA and incubated for 30 min at RT to prevent non-specific 

interactions. With the addition of phi29 polymerase and dNTPs, including biotin-dATP, 

elongation of the bead-bound primers with the captured probes was carried out at 37 °C 

for 50 min forming long biotinylated ssDNA. The RCA products were tagged by 

dispersing the pelleted beads in 100 µL of 1× PBS with 5% BSA containing ZnS NCCs 

for 1 hour at RT on a tube rotator. The beads were once again pulled down and washed 

with 1× PBS containing 0.01% Tween-20 to remove unbound NCCs. Cation exchange 

with fluorescence detection was then performed by dispersion of RCA product beads in a 

100 µL solution consisting of 500 µM silver nitrate and 3µM FluoZin-3, and then placing 

in a 700W microwave for 2 minutes at full power. The beads are pulled down and the 

supernatant is transferred to a 96-well microtiter plate and the fluorescence is measured 

in a Victor II Microplate reader (Perkin-Elmer, Waltham, MA) equipped with an 

excitation and emission filter wavelength of 485 nm and 530/30 nm respectively.  
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4.2.3: Detection of MiRNA by RCA-CXAmp 

 For the detection of miRNA via RCA-CXAmp the target miRNA is used as a 

template to form the circular probe through ligation of the linear padlock strand 

hybridized to the miRNA. This formed circular probe is then used to perform RCA 

elongating the primer strands on the MPs. This technique circumvents issues with 

miRNA degradation during the RCA process as the circular probe is already formed in 

the first step of the method. After the RCA reaction, ZnS NCCs with an average diameter 

of 40 nm and streptavidin conjugated on the surface bind to the RCPs and microwave-

assisted cation exchange in carried out producing fluorescent FluoZin-3 dye molecules 

for detection. For proof-of-principle, the reaction was carried out using hsa-let-7a as the 

miRNA target. Hsa-let-7a is a relevant miRNA for many cancers, being a heavily 

expressed miRNA in all tissues normally regulating gene expression and a tumor-

suppressive miRNA, which would block the expression of oncogenes and is therefore 

under-expressed in cancer cells. Many miRNAs, especially those in the same family, 

such as the let-7 family of miRNAs, can share high similarity in their sequences. This 

allows us to choose other let-7 family members as naturally occurring miRNAs with one 

or two base mismatches to test the specificity of our assay. The specificity in our assay 

arises from the ligation step as the circular probe is only formed if the linear probe can 

fold properly through perfect hybridization of the fully complementary miRNA target to 

allow the ligase to link the 3’ and 5’ end of the probe. Imperfect hybridization would 

destabilize the linear padlock probe folding and depending on the location of the 

mismatch base(s), either a very low number or no circular probes would be formed 
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leading to, at most, a weak signal after CXAmp. To examine our specificity, we 

compared the signal produced from 1 fmol of let-7a, let-7e, let-7i, and the blank using the 

assay designed for let-7a. The sequences of let-7e and let-7i differ from that of let-7a by 

one and four bases respectively. Figure 4.02a shows the relative increase in the 

fluorescence signal intensity over the blank (I/I0). The I/I0 for let-7a was over twice that 

of let-7e which was comparable to the blank, and over three times greater than that of let-

7i which was actually lower than the blank on average. The multiple base mismatch of 

the let-7i likely hybridizes to one end of the linear padlock probe which prevents any 

incidental interactions of padlock probes with each other and blocks the padlock probe 

from interacting with the primers on the MPs. The fluorescent signals of the mismatched 

strand were still not distinguishable from the blank/background at 10 fmol (Figure 4.02b) 

demonstrating the high specificity of our assay for discrimination of single-base 

mismatches.  

 Using prepared let-7a standard solutions, we obtained a linear calibration curve 

for our RCA-CXAmp assay which showed high linearity (R
2 

= 0.998) over triplicate 

assay results (Figure 4.02b). From the standard data we calculated a detection limit of 91 

amol (using the definition of blank + 3SD). To test the applicability of the assay to real 

sample analysis, we applied the assay to the determination of the amount of hsa-let-7a in 

Human Brain Total RNA (Ambion) (Figure 4.02c). The amount of let-7a determined 

through the direct RCA-CXAmp assay was 217±16 amol in 50 ng of the total RNA. We 

then employed a standard addition method to confirm quantification accuracy. For this 

assay we spiked 500 amol of synthetic hsa-let-7a into the 50 ng sample of total RNA and 
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Figure 4.02. (a) The relative fluorescence intensities acquired for the target hsa-let-7a 

and mismatched strands let-7e and let-7i at an amount of 1 fmol each for measure of 

assay specificity. (b) Calibration curve of the fluorescence intensity vs. the amount of let-

7a miRNA for the RCA-CXAmp. Error bars represent the standard deviation of triplicate 

measurements. (c) Determination of let-7a in the Human Brain Total RNA sample using 

standard addition.  
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performed the assay normally. The spiked total RNA yielded a fluorescence intensity 

value very similar to the sum of the intensities of the 500 amol standard and total brain 

RNA. Therefore the quantification accuracy of our assay is sufficient to detect attomole 

levels of miRNA in 50 ng of total RNA sample. This presents the ability of the assay in 

determination of low abundance targets such as miRNAs from relatively small sample 

sizes (~2.5×10
3
 cells for 50 ng of total RNA or around ~30-35 ug of tissue sample). 

4.2.4: Conclusions on RCA-CXAmp for MiRNA Detection 

 In summary, we demonstrated ability for tagging the RCPs with ZnS NCCs, and 

combining the RCA with CXAmp can lead to achievement of cascade signal 

amplification yielding superior detection performance compared to RCA or CXAmp 

alone. This combination, RCA-CXAmp holds promise for detection of trace biomarkers 

such as miRNA. Through the use of RCA in increasing specificity and target 

amplification and CXAmp to further assist through signal enhancement, low detection 

limits are achievable. Through further optimization and exploration of more isothermal 

techniques, an assay may be developed and optimized to push the sensitivity further to 

achieve even lower detection limits for the detection of trace biomarkers in disease 

diagnosis. 

4.3: Hybridization Chain Reaction (HCR) of Strand Displacement Amplification (SDA) 

Products for Sensitive Detection of MicroRNA 

4.3.1: Introduction to SDA and HCR 

 Strand displacement amplification is an isothermal nucleic acid amplification 

technique which relies on target or primer strand recycling for linear amplification.
12,29
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SDA has been employed in both protein and small molecule and biomolecule analysis 

using aptamers
30–32

 and for nucleic acid amplification using capture strands or 

primers.
29,33

 The technique simply requires a template and primers for the polymerase 

enzyme to extend. The template can be the target nucleic acid or a capture probe which 

can bind the target. The polymerase enzyme used is one which displays strand 

displacement capability, meaning the enzyme is able to displace DNA or RNA strands 

hybridized with the template being replicated during the extension of the primer strand. 

The amplification is the result of the displaced nucleic acid initiating further rounds of 

polymerization and displacement. 

 Hybridization chain reaction is a non-enzymatic method of amplification through 

the growth of a double stranded oligonucleotide scaffold for increasing detectable signal, 

which can be performed at room temperature.
14,34

 HCR was originally developed by 

Dirks and Pierce
14

 at the California Institute of Technology and introduced in 2004. The 

technique only requires two DNA hairpin strands in addition to the HCR initiator strand 

which could be the target nucleic acid, aptamer, or other target sensing oligonucleotide. 

The key to the technique is the careful design of the two hairpin species in terms of their 

energies, stable stem-loop structure, and minimal cross reactivity with each other. The 

design in the size of their loop, stem, and overhung tail are critical in efficient HCR. The 

method is simple; the two hairpins are stable and non-reactive with each other, in the 

presence of an initiator one of the hairpin species is opened, causing cascade reaction of 

the first strand hybridizing to the second hairpin through the complementary sequence 

which will then hybridize with and open the first hairpin. The reaction would continue 
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until the hairpin species are consumed or removed, producing a DNA duplex thousands 

to tens of thousands of nucleotides in length. Dirks and Pierce
14

 illustrated colorimetric 

detection using gold nanoparticles.
35

 Other simple methods of detection can be employ 

DNA binding or intercalating molecules for fluorescent or electrochemical detection.
36–40

 

Over the years since its inception, HCR has grown and has been optimized for favorable 

stability and hybridization rate, as well as modified for a variety of detection methods.
41

 

These include modifications on the DNA hairpin with reporter molecules and moieties 

for attachment of biological species and enzymes.
33,38

 

4.3.2: Experimental Design of SDA-HCR 

 Utilized separately, SDA and HCR typically yield linear amplification of target 

species which can have limitations on detection limits and linear range of detection. 

Through the combination of these two techniques and the optimization of the method we 

can realize an isothermal detection method with quadratic amplification enabling low 

detection limits with larger ranges of detection.
42,43

 Furthermore, the method of signal 

production and detection can be optimized to amplify target detection further to yield 

extremely low detection limits over a large linear range similar to quantitative PCR 

methods.
25–27,44–46

 Through the careful design of initial steps of the method, high 

selectivity can be achieved. In our method, we utilize stem-loop capture probes for the 

selection of the target miRNA of interest. Stem-loop probes have highly stable structure 

which requires oligonucleotide sequences which are able to hybridize with a significant 

portion of the stem and loop in order to destabilize its structure.
5
 This enables high 

selectivity with possibility of single-base mismatch differentiation.  
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Figure 4.03. Schematic illustration of the SDA-HCR process in the detection of hsa-let-

7a miRNA. (a) Target capture and strand displacement amplification. (b) Hybridization 

chain reaction using the SDA product as the initiator. H1 and H2 are biotin modified.  
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 As illustrated in Figure 4.03, we utilize stem-loop probes for the selective capture 

of the target miRNA, hsa-let-7a, along with dual stage amplification; using SDA in the 

first stage to recycle the target miRNA and produce initiator sequences allowing for the 

employment of HCR in the second stage of amplification. The capture probes are 

designed to have high affinity with the target in a portion of its sequence which causes 

destabilization of the stem-loop nature of this probe. This capture probe has an amine 

modification on its 5’ end allowing for covalent surface attachment (Step 1) for easy 

removal of solutions during different steps in the method. The 3’ end of the capture probe 

was blocked by a phosphate modification to inhibit extension of the capture probe during 

the SDA process. A SDA primer sequence was designed to be complementary to a short 

sequence at the 3’ end of the capture probe and a significant overhang off the 3’ end of 

the probe. However, care was taken in its design to prevent destabilization of the capture 

probe stem-loop structure through the high energy loss require for the process, therefore 

only allowing for sufficient hybridization of the primer to capture probes opened by let-

7a (Step 2). During the SDA process, the primer is elongated in the 5’ to 3’ direction 

toward the attachment surface through the activity causing the displacement of the 

internally hybridized let-7a (Step 3). The displaced let-7a is then capable of hybridizing 

with and opening another nearby capture probe on the surface (Step 4), and the SDA 

process continues with primer hybridization and let-7a release. Through this process we 

realize recycling of our target, resulting in multiple SDA products for each target strand. 

The 5’ end of the SDA primer, which overhangs from the capture probe, acts as an 

initiator for HCR. This initiator sequence is complementary to the 5’ overhang of the 
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stem-loop sequence of hairpin 1 (H1) (Step 5). Once opened, the previously hybridized 

portion of H1 is exposed, which is complementary to the 3’ overhang on hairpin 2 (H2) 

(Step 6). The newly exposed portion at the 5’ end of H2 is complementary to the 

overhang of H1, resulting in the cascade hybridization of H1 and H2 elongating the 

formed double stranded DNA complex. H1 and H2 contain biotinylated modifications on 

their 5’ ends, allowing for attachment of reporter molecules, enzymes, or nanoparticles. 

4.3.3: Materials and Methods 

 All oligonucleotides were purchased with desired modifications from Integrated 

DNA Technologies (Coralville, IA). Sequence information and other relevant 

information for all oligonucleotides used are provided in Table 4.1. Klenow fragment 

(3’→5’ exo-) and phi29 DNA polymerase were purchased from New England Biolabs 

(Ipswich, MA). P-phenylene diisothiocyanate (PDITC) and pyridine were obtained from 

Sigma Aldrich (St. Louis, MO). Horseradish peroxidase (HRP)-streptavidin conjugate, 

SYBR Gold nucleic acid gel stain, and deoxynucleotides (dNTPs) were from Invitrogen 

(Carlsbad, CA). Phosphate salts, sodium chloride, potassium chloride, magnesium 

chloride, sodium hydroxide, 3-aminopropyl-triethoxysilane (APTES), 2-propanol, 

ethanol, tris base, boric acid, EDTA, and Pierce enhanced ehemiluminescence substrate 

were purchased from ThermoFisher (Pittsburgh, PA). Polydimethylsiloxane (PDMS) was 

purchased as Sylgard 184 from Dow Corning (Midland, MI). 

 All experiments were either performed on an amino-modified PDMS-Glass multi-

well chip. Cured PDMS substrate was cut to the size of a standard microscope slide (25 

mm × 75 mm). Holes were then punched in the PDMS in the spacing of a 96-well plate 
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using a 5mm stainless steel cylinder for a total of 16 wells per chip. The PDMS substrate 

was then covalently attached to a standard glass microscope slide; The PDMS and glass 

slide were placed in a plasma oxidation chamber (Harrick Plasma Cleaner) for 1 minute 

and immediately joined together forming permanent Si-O-Si bonds between the PDMS 

and the glass. The multi-well chip then contained PDMS wells with glass bottoms. The 

bottom of the wells were then modified; wells were washed with 1 M NaOH, water, 

100% ethanol and air dried, then 10% (v/v) APTES in ethanol was incubated in the wells 

for 10 minutes and removed, then washed several times with ethanol and dried. Capture 

probes were attached through amine-amine coupling using PDITC. An isopropanol (IPA) 

solution containing 10% pyridine and 0.5% PDITC was added to the wells and incubated 

for 2 hours at room temperature. The wells were then washed with IPA, ethanol, and then 

dried. The DNA capture probe is then incubated in 50 mM borate buffer (pH~9) in the 

wells overnight at room temperature. The wells are then washed with borate and then 

ultrapure water. 

For klenow fragment the SDA conditions are as follows; 1x Tris-HCl buffer, 400 

uM dNTPs, 500 nM SDA primer and 5U klenow fragment exo- for 1 hour at 37 °C. For 

phi29 the SDA conditions are as follows; 1x phi29 buffer (NEB), 200 ug/mL BSA, 400 

uM dNTPs, 250 nM SDA primer, and 5U phi29 for 1 hour @ 37 degrees C. For each 

experiment, the let-7a standard or blank was loaded into the well (50 µL total volume in 

1× PBS with 5mM MgCl2) and incubated for 90 minutes at 37 °C. Wells were then 

washed twice with PBS buffer and the SDA reagents were added. After SDA, the wells 

were washed twice with PBS and the HCR solution consisting of 500 nM each hairpin 1  
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Identity Sequence (5’-3’) 

Target: hsa-let-7a rUrGrA rGrGrU rArGrU rArGrG rUrUrG rUrArU rArGrU rU 

Capture Probe 
NH2-AAA AAA AAA ACC GTC CTA TAC AAC CTA CTA 

CCT CAA ATT AGG ACG G-PO4 

Capture Probe Blocker 
CCG TCC TAA TTT GAG GTA GTA GGT TGT ATA GGA 

CGG T 

SDA Primer 
AGT CTA GGA TTC GGC GTG GGT TAA TTT TTC CGT 

CCT A 

Hairpin 1 
Biotin-TTA ACC CAC GCC GAA TCC TAG ACT CAA AGT 

AGT CTA GGA TTC GGC GTG 

Hairpin 2 
Biotin-AGT CTA GGA TTC GGC GTG GGT TAA CAC GCC 

GAA TCC TAG ACT ACT TTG 

 

Table 4.1. Sequence information for all synthesized oligonucleotides used in this 

study.Matching colors indicate complementary sequences. Bolded regions in sequences 

represent the loop regions and underlined portions represent the self complementary stem 

regions. The capture probe blocker is complementary to the entire capture probe 

sequence minus the poly A tail on the 5’ end.  



126 

and hairpin 2 in 5x PBS buffer was loaded in the well and incubated for 2 hours at room 

temperature. Detection with SYBR Gold was achieved by a 10 minute incubation in pH~ 

8.0 TBE buffer (1.5× dye concentration) and detected using a Victor2 plate reader 

(Perkin Elmer). Detection using luminescence was performed as follows; horseradish 

peroxidase (HRP) conjugated streptavidin in a 1:5000 dilution in 1× PBS was added and 

incubated for 1 hour at room temperature with gentle shaking. The supernatant was 

discarded and the plate was washed 3 times with 1× PBS. Next 50 μL of the Pierce 

enhanced chemiluminescence (ECL) substrate (Thermo Fisher) was added, and incubated 

for 5 minutes. The resulting chemiluminescence was immediately detected on the Victor2 

plate reader. Analysis by gel electrophoresis was completed on an 8% polyacrylamide gel 

(native-PAGE). The gel electrophoresis was run in 1× TBE at 200 V. The gel was then 

stained with SYBR Gold gel stain for detection using an UV transilluminator and camera 

with appropriate filter. 

4.3.4: Results and Discussion 

 Optimization of the SDA involved the choice of enzyme, as the enzymatic 

activity and strand displacement capability are essential for successful SDA. We chose to 

test two commonly employed isothermal enzymes with strand displacement capability, 

Klenow fragment and phi29 polymerase. As can be seen in Figure 4.04(a, b), both 

enzymes exhibited amplification yet Klenow fragment gave more inconsistent results and 

had much higher background as compared to phi29 (Figure 4.04a). Therefore phi29 was 

chosen in all following experiments (Figure 4.04b). We performed gel electrophoresis to 

investigate if the hybridization chain reaction was indeed growing double stranded chains 
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Figure 4.04. Standard calibration curves for the SDA-HCR method using Sybr Gold for 

detection with Klenow exo- fragment (a) and phi29 polymerase (b) chosen as SDA 

enzymes.  
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Figure 4.05. Image of native polyacrylamide gel (10%). The contents of each well/lane is 

as follows; 1: Hairpin 1, 2: Hairpin 2, 3: SDA primer, 4: Hairpin 1 and Hairpin 2 mixed, 

5: Hairpin 1 and Hairpin 2 with SDA primer mixed. All samples were made respectively 

in 1× PBS buffer and incubated for 1 hour at room temperature prior to loading gel for 

electrophoresis. Gel was dyed using Sybr Gold staining and imaged using a 

transilluminator and camera with an appropriate filter.  
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of significant length and to test stability of the stem-loop secondary structure of the 

hairpins to prevent reaction in the absence of initiator. The same method for HCR portion 

of the experiment was used in tube as on chip. We found that minimal cross reactivity 

between the two hairpins was seen in the absence of the SDA primer, however in the 

presence of the SDA primer the HCR was initiated yielding product of much higher 

molecular weight (Figure 4.05). 

 Testing for successful SDA with minimal nonspecific amplification due to 

binding of the SDA primer to unopened capture probes was investigated through the use 

of a capture probe blocker strand for comparison to the blank (no let-7a). The capture 

probe blocker is fully complementary to the entire capture probe sequence and therefore 

blocks any species (let-7a, SDA primer) from hybridizing with the capture probe. The 

SDA-HCR method, with SYBR Gold detection, was used with two standard solutions 

towards the higher and lower detection limits, one blank, and then a well incubated with a 

saturating amount of capture probe blocker during the sample incubation period (Figure 

4.06). We see that the blank signal is slightly lower than the blocked signal, both of 

which are well below the signal for 1 amol let-7a. This illustrates that there is essentially 

no HCR reaction produced by reaction of the SDA primer with unopened capture probes 

as this would cause the signal to be higher for the blank. The elevated signal of the 

blocked capture probe is due to the increased DNA material on the surface due to the 

double stranded DNA formed versus the shorter stem-loop capture probes present in the 

blank. 
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Figure 4.06. SDA-HCR for quantization of standard hsa-let-7a using SYBR Gold for 

fluorescent detection. The calculated LOD is 1.31 fmol (S/N=5).  
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 In order to push the detection limits lower, we investigated the use of streptavidin-

HRP to tag the HCR products. As both HCR primers contain a 5’ biotin group, an HCR 

product can bind several streptavidin-HRP yielding greater signal. Figure 4.07 shows the 

result of HRP luminescence coupled with SDA-HCR. We see a significant amplification 

of the signal in this case. Using SYBR Gold based detection the signal of 1 attomole of 

let-7a standard is less than twice that of the blank, and even closer when taking the 

standard deviation into account. This experimental data correlates with a calculated limit 

of detection (LOD), with signal-to-noise ratio (S/N) of 5, of 1.31 fmol. When HRP-based 

luminescence in used, the signal of the 1 attomole of let-7a standard is over three times 

the blank with smaller error bars. Again, the calculated LOD (S/N=5) gives a value of 

2.02 amol, which is nearly 3 orders of magnitude lower than using direct nucleic 

detection with SYBR dye. 

 As we can see in the above results, the current method is capable of detecting 1 

attomole in a 10 µL volume, equal to 100 femtomolar, with satisfactory signal to 

background ratio using conventional HRP-based detection. This can be further improved 

through the optimization of background signal through controlling the binding of SDA 

primer in absence of let-7a. This can be achieved through the modification of the SDA 

primer, by reducing the portion complementary to the capture probe by one base. Also 

the target incubation conditions such as the buffer composition and temperature can be 

optimized to increase the stability of the capture probe stem-loop structure and reduce 

SDA primer binding. Further optimization of the SDA reaction conditions could further   
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Figure 4.07. SDA-HCR for quantization of standard hsa-let-7a using streptavidin-HRP 

for tagging of the HCR product and amplified luminescent signal. The LOD is calculated 

at 234 zmol (S/N=3.3).  
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reduce the background and increase the signal through more specific and highly efficient 

amplification. 

4.3.5: Conclusions 

 In this research, we successfully combined two isothermal amplification 

techniques, SDA and HCR, to detect the miRNA hsa-let-7a. The developed method has 

the potential for high specificity, provided by a stem-loop capture probe, and only relies 

on miRNA stability through the first stage of amplification. Used alone, the SDA reaction 

yields poor detection limits in our technique. The combination of SDA with HCR 

decreases the limit of detection significantly. Using SYBR Gold for detection the LOD 

(S/N=5) of 1.31 femtomole is achieved. Adding signal amplification through the 

utilization of HRP-based luminescence by tagging the HCR products yields LODs at 2.02 

attomole and 234 zeptomole, with S/N of 5 and 3.3 respectively. Therefore the developed 

method provides much desirable detection limits with great potential for use as an 

isothermal miRNA quantification method competitive with real-time quantitative PCR 

after additional optimization. 

4.4: Isothermal Amplification Conclusions 

 In this chapter, two isothermal amplification methods for the quantification of 

miRNA, hsa-let-7a, have been introduced; RCA-CXAmp and SDA-HCR. The RCA-

CXAmp offers a relatively quick method with high selectivity of the target miRNA, 

while yielding an LOD (S/N =3) of 91 attomole. The SDA-HCR method was developed 

in hopes of improving the detection limits further by achieving quadratic amplification, 

with products of the SDA-HCR having biotin moieties for tagging of the products similar 
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to RCA tagged for CXAmp. In SDA-HCR, a LOD (greater S/N=5) of 1.31 femtomole 

and 2.02 attomole is achieved for direct SYBR-based detection and HRP tagged detection 

respectively. In the RCA-CXAmp work, we found that the CXAmp offers greater 

sensitivity than HRP in the detection of the RCA product. The improvement by utilizing 

CXAmp was about 2 orders of magnitude over HRP-luminescence. Although a different 

luminescence substrate reagent is employed in the SDA-HCR work, we could expect 

similar results. Therefore, utilizing CXAmp by tagging the SDA-HCR products could 

improve the detection limits even further, possibly achieving detection of just a few 

hundred copies of miRNA. 
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Chapter 5: Development and Optimization of Techniques for Solid Phase Extraction of 

miRNA 

5.1: Introduction 

 Reliable methods for isolation and purification of miRNA from complex liquid 

samples are essential for detection and analysis of miRNA as biomarkers.
1–5

 MiRNA is 

poorly extracted using traditional chemical separation techniques due to its small size and 

moderate solubility in ethanol-water solutions. Furthermore, many commercial kits for 

solid phase extraction of miRNA employ the same silicon dioxide (silica) membranes and 

similar binding solutions used to extract longer RNA species. Since miRNA is only 20-25 

nucleotides in length, the number of interactions between the silica surface and each 

miRNA strand are limited and lead to weaker binding of the miRNA on the silica, 

yielding poor recovery of miRNA. Non-specific adsorption of other biological molecules 

and proteins in complex matrices can cause fouling of these silica membranes and reduce 

miRNA binding further. The binding solutions are initially designed and optimized for 

general RNA extraction on silica and could be optimized further. Therefore the choice of 

a solid-phase material along with development and optimization on the binding 

conditions is needed to improve recovery. 

 Silica or glass beads were originally employed in nucleic acid extractions
6,7

, 

although the use of porous silica gels and monolithic silica became more heavily used 

due to the greater surface areas of these species
8–10

, becoming the basis of commercial 

silica membrane spin columns.
11

 Silica exhibits a high density of silanol groups on its 

surface giving it the ability to create salt bridges or hydrogen bonds with negatively 
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charged, and electronegative, phosphate groups on DNA and RNA bases. Silanol groups 

on silica surfaces are fairly acidic with a pKa of about 4.8 and therefore deprotonated in 

aqueous environments unless the solution is acidic enough to protonate them.
12,13

 For this 

reason the main mode of nucleic acid binding above the pKa will be salt bridging, or 

hydrogen bonding when below the pKa. Silica is not the only material that display 

pervasive hydroxyl like groups on the surface which exhibit binding to phosphate groups. 

Silicon carbide has been recently used in nucleic acid binding (NorgenBiotek). Also 

titanium dioxide (titania) and zirconium dioxide (zirconia) have been investigated and 

utilized for their favorable interactions with phosphate groups on modified peptides and 

proteins for enrichment, as well as with DNA for drug delivery.
14–22

 

 Nucleic acids are known to adsorb silica through the use of high salt 

concentration, low pH, chaotropic reagents, or a combination of these.
6,23–25

 Most silica-

based extraction techniques use a solution that is neutral or slightly basic and therefore 

utilize high concentrations of sodium or potassium chloride, guanidine hydrochloride 

(GuHCl) or guanidine isothiocyanate (GuITC) for DNA or RNA respectively, ethanol, 

and surfactants such as Triton X-100 for lysis and binding of nucleic acids while 

minimizing protein contamination. Specific optimization of the binding solution 

components is necessary for extracting DNA, RNA, and small RNAs. The binding 

solution also requires some modification based on sample type and choice of solid-phase 

material to achieve high recovery. Wash steps are typically necessary to remove 

contaminants and usually utilize ethanol or isopropanol with other chaotropic reagents to 

maintain adsorption of nucleic acid while solubilizing and removing proteins and lipids. 
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5.2: Silica Microbeads for Extraction of MicroRNA 

5.2.1: Introduction 

 Silica-based extraction is the conventional method for solid-phase extraction of 

nucleic acids.
6
 Commercial nucleic acid binding beads and columns provided in DNA or 

RNA extraction kits are most typically pure silica; either a solid silica coating or porous 

silica is utilized. The binding of nucleic acids to these materials relies on the reagents 

supplied in a binding buffer solution. However the nature of the nucleic acid also has a 

significant impact on binding and therefore recovery in the extraction. DNA and RNA 

require different conditions for adequate binding and the conditions need to be optimized 

for the length of the DNA or RNA being extracted.
26

 Further, the amount of silica 

material used in the extraction will affect the upper extraction limit (loading limit) and 

the elution volume will impact the efficiency of the elution. Extraction of miRNA on 

silica coated magnetic beads offers a simple method for recovery of miRNA from a 

solution.
8
 Such a method can be efficiently utilized on a microfluidic device to bind 

miRNA and transport the miRNA across channels to other isolated areas on the 

device.
9,27,28

 However, binding of miRNA to silica is weaker by nature of its small size 

and high solubility in solution, and requires specifically optimized protocol for successful 

extraction with high efficiency. 

5.2.2: Materials and Methods 

 Taq 5× master mix was purchased from New England Biolabs. TaqMan 

MicroRNA Assays specific for each target, RNase-free ultrapure water, and TRIzol LS 

reagent were purchased from Life Technologies (Carlsbad, CA). Synthesized MicroRNA 
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standards and exogenous control were purchased from Integrated DNA Technologies 

(Coralville, IA). Sodium chloride, potassium chloride, magnesium chloride, sodium 

hydroxide, ethylene glycol, dimethylsulfoxide (DMSO), 2-propanol, ethanol, urea, 

guanidine hydrochloride, and guanidine isothiocyanate were purchased from 

ThermoFisher (Pittsburgh, PA). Polydimethylsiloxane (PDMS) was purchased as Sylgard 

184 from Dow Corning (Midland, MI). Superparamagnetic silica particles with a nominal 

diameter of 1.0 µm were purchased from Bioclone Inc. (San Diego, CA).   

 Recipes varied as they were being optimized for the extractions. The Final 

optimized extraction conditions of standard miRNA from water were 4.5 M GuHCl and 

1.0 M KCl and 0.1% Tween 20. For serum miRNA extractions we used the Total 

Exosome Isolation kit (Invitrogen) to separate the exosome fraction from the other serum 

components. Then a variety of recipes were used for optimization of miRNA extraction 

from the exosome fraction and exosome depleted serum fraction. To 50µL of sample 400 

µg of silica beads were added along with appropriate amounts of binding reagents. After 

a 15 minute incubation for binding, the beads were pulled down and washed 2 times with 

ethanol, isolated and dried, then the beads were incubated for 15 minutes in ultrapure 

water for elution of miRNA. 

An optimized RT-qPCR protocol was used for analysis employing the individual 

TaqMan MicroRNA Assay kits (Applied Biosystems). In each RT reaction, 5 μL of 

sample extract (1 µL for endogenous control) was mixed with 3 μL of a reverse 

transcription master mix and 2 μL of a corresponding stem-loop RT primer for each 

miRNA target strand. The RT master mix consisted of 1.1 μL nuclease-free water, 1 μL 
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of a 10× RT buffer, 0.13 μL of RNAse inhibitor, 0.1 μL of a dNTP mix, and 0.67 μL 

reverse transcriptase (all components were provided in a TaqMan reverse transcription 

kit). After mixing and brief centrifugation, 5 μL of silicone oil was layered on top of the 

RT mixture, and reverse transcription conducted on a Perkin-Elmer 2400 GeneAmp PCR 

Thermocycler. The RT reaction consisted of a 30-minute annealing step at 16°C, a 32-

minute reverse transcription step at 42°C, and a 5-minute denaturing step at 85°C. After 

RT, the samples underwent quantitative PCR (qPCR). On the qPCR plate, 1 μL of the RT 

product was mixed with 9 μL of qPCR master mix for a final volume of 10μL. As an 

overlay, 5 μL of silicone oil was added to the top of each sample to limit evaporation. 

The PCR master mix consisted of 4.9 μL of nuclease-free water, 1 μL of ethylene glycol, 

0.1 μL of DMSO, 0.5 μL of 25 mM magnesium chloride, 2 μL of Taq 5× master mix, and 

0.5 μL of 20× qPCR primer mix (specific forward and reverse PCR primers, and specific 

TaqMan fluorescent probe). Each sample RT product was plated in triplicate, and 

standards corresponding to the samples analyzed (high- versus low-abundance) were 

plated in singlet. The qPCR analysis was conducted on a Bio-Rad CFX real-time 

instrument, with an initial activation step at 95 °C for 90s followed by an initial annealing 

step at 59°C for 50s, followed by a 40-cycle PCR with 30s denaturation at 95 °C and 70s 

annealing/extension at 53 °C in each cycle. 

5.2.3: Results and Discussion 

 Figure 5.01 shows the recoveries of hsa-miR-16 and cel-miR-67 standards from a 

water sample using the optimized protocol employing 4.5 M GuHCl with 1 M KCl. From 

this data we see that high recoveries the concentration range over 4 orders of magnitude  
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Figure 5.01. RT-qPCR results for the extraction of standards hsa-miR-16 and cel-miR-67 

from water on a simple microfluidic device using silica-magnetic beads. Percentages 

indicate the recovery of the target at that concentration using the standards to calculate 

the recovery.  
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from 100 ymol to 1 amol in 5 microliters. Extraction of miRNA from serum is more 

difficult due to the complex nature of serum; containing many salts and ions which could 

interfere with extraction, containing proteins and lipids which might cause fouling of the 

surface, and the necessary denaturation of miRNA binding with proteins and lipoproteins 

as well as disruption of exosomes. As seen in Figure 5.02 from the optimization of miR-

16 extraction from exosome and exosome depleted serum fractions, the GuHCl based 

recipe used in water extractions fails to extract all of the serum miRNA in each fraction 

as compared to the conventional TRIzol extractions. This is due to the poor ability of 

GuHCl to disrupt lipoprotein complexes and exosomes. With the addition of GuITC and 

Tween-20 we see higher recovery in the exosome depleted serum, which correlates to the 

harsher conditions in those situations enabling denaturation of all protein-miRNA and 

most of lipoprotein-miRNA complexes. With the exosome fraction we also see an 

increase with the GuITC, and a further increase with the use of higher concentration 

surfactants. However, the silica bead-based method of extraction was not able to extract 

all of the miR-16 found by TRIzol extraction, indicating that the addition of organic 

solvents or harsher conditions may be necessary for disruption of those vesicles lipid 

bilayer structure. The extraction efficiency as calculated by the recovery of the 

exogenous control cel-miR-67 dropped well below 1 percent for the original GuHCl 

recipe and was as high as 20% for the more optimized extractions. 

 

 

 



147 

 

Figure 5.02. Optimization results for recovering hsa-miR-16 from serum using silica 

magnetic bead based extraction. Serum was split into two fractions using the Invitrogen 

Total Exosome Isolation kit; exosomes and exosome depleted serum (supernatant in the 

exosome isolation. The miR-16 recovered from each fraction using the TRIzol chemical 

extraction was used to identify the absolute levels. In all cases, cel-miR-67 was used as 

an exogenous spiked standard for correction of extraction efficiency.  
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5.3: MicroRNA Extraction Using Titania Fibers 

5.3.1: Introduction 

 Similar to silicon dioxide (silica), titanium dioxide (titania), has the potential 

ability to bind to phosphate through hydrogen bonding or salt bridging of the surface 

hydroxyl or oxide groups respectively.
15,18

 Titanium dioxide nanomaterials have been 

investigated recently for binding of DNA for targeted delivery into cells.
18

 However, 

there has been little to no investigation on the use and optimization of titania materials for 

the extraction of nucleic acids. This may be the result of the assumption that it would 

yield similar results to silica. Yet titania does show favorable properties for the extraction 

of nucleic acids, and further investigation into the use of titania for nucleic acid 

extraction can potentially yield better recoveries. Titanium nanofibers are easily 

fabricated via electro-spinning based on literature protocols
18,29,30

, with controllable 

diameters less than 500 nm. Titania is also less acidic then silica with a pKa of 6.6 for the 

surface Ti-OH groups
31

 compared to 4.8 for silanol groups. 

5.3.2: Materials and Methods 

 Titanium isopropoxide and polyvinylpyrrolidone (PVP) were purchased from 

Sigma-Aldrich (St. Louis, MO). Isopropanol, glacial acetic acid, ethanol, guanidine 

hydrochloride, guanidine isothiocyanate, potassium acetate, potassium chloride, 

dimethylsulfoxide, ethylene glycol, and PureLink RNA mini kit were acquired from 

Thermo Fisher (Waltham, MA). Taq 5× master mix was purchased from New England 

Biolabs (Ipswich, MA). TaqMan MicroRNA Assay for cel-miR-54 was purchased from  
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Figure 5.03. SEM images of titania nanofibers using our fabrication method. (a)(b) The 

titania nanofibers after calcination. (c)(d) The titania fibers prior to calcination. Shrinkage 

of fibers is seen after calcination indicating the loss of organic material.  
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Life Technologies (Carlsbad, CA). Synthesized cel-miR-54 microRNA was purchased 

from Integrated DNA Technologies (Coralville, IA). 

 Titania nanofibers were fabricated using electro-spinning based on previously 

published methods.
29,30

 Two solutions were made; a 12% PVP polymer solution in 

ethanol (7.5 mL total volume), and a titania precursor solution consisting of 1.5 g of 

titanium isopropoxide in 6 mL of 1:1 mixture of ethanol:acetic acid. The titania precursor 

solution was stirred at room temperature for 20 minutes and then added to the dissolved 

PVP solution. The mixture was then stirred for 30 minutes at room temperature before 

loading into a syringe for electro-spinning. The syringe was placed on a syringe pump set 

up to deliver a flow rate of 3.6 mL/hour during electro-spinning. The fibers were spun at 

an electric field strength of 3.0 kV/cm (positive at needle and grounded to collection 

surface) onto a rotating cylinder collector at a distance of 5 cm between the syringe tip 

and collector. After electro-spinning, the fibers were removed from the collector and 

placed in a glass dish and calcinated by heating in a furnace at 600 °C for 2 hours and 

then slowly cooled. The calcination process removes the polymer and produces pure 

titania nanofibers which are suspended in water (100 mg/mL) when ready for use. The 

fibers were characterized using scanning electron microscopy (SEM) (Figure 5.03) 

indicating the shrinkage of fibers after calcination correlating to the removal of organic 

material within the fibers. The final diameter of the calcinated fibers was approximated to 

be around 100-150 nm versus ˃200 nm for the non-calcinated fibers. 

 For the quantification of extracted miRNA, the same optimized RT-qPCR 

protocol given in section 5.2.2 of this chapter was used. For extraction, the miRNA 
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sample was incubated for 15 minutes with the appropriate extraction reagents followed 

by isolation of the fiber using a 0.22 µm Costar centrifugal filter (Corning). The fibers 

were then washed with 500 µL of ethanol and incubated for 15 minutes in 20 mM 

phosphate buffer for elution of bound miRNA. The eluent was then isolated through 

centrifugal filtration into a fresh tube and used for RT-qPCR analysis. 

5.3.3: Results and Discussion 

 For the investigation of the extraction ability of the titania nanofibers, we 

compared our recoveries to the recovery in a commercial silica-based kit (Purelink RNA 

mini kit, Thermo Fisher). We investigated the titania-based extraction using four buffer 

solutions; binding buffer 1-3 (BB1, BB2, BB3) and the buffer included in the Purelink 

kit. All three binding buffers contained 0.4 M potassium acetate buffer (pH~9), 1 M KCl, 

0.2% Tween-20, and in addition; BB1 contained 6 M GuHCl, BB2 contained 4.5 M 

GuITC, and BB3 contained 3.5 M GuITC and 1.5 M GuHCl. Previously we investigated 

the use of buffer conditions on the elution of DNA from titania and found that inorganic 

phosphate buffer is more efficient then Tris-buffer or water typically used in elution from 

titania. We suspected this from previous literature reports of phosphate destabilizing 

DNA interactions with titania nanoparticles in biological systems. We optimized the 

concentration of the phosphate buffer used to maximize the elution without inhibiting 

PCR amplification (Figure 5.04). From this we found that the increase of phosphate 

concentration up to 20 mM increased dissociation of nucleic acids from titania, while 

higher concentration had effect on PCR inhibition. For this study we used a 24 base 

miRNA from Caenorhabditis elagan, cel-miR-54 our exogenous standard, to demonstrate  
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Figure 5.04. Optimization of the concentration of phosphate buffer used in the elution of 

an 80 base DNA from titania nanofibers from 10 mM-89 mM phosphate (pH~8.0). 

Maximum DNA release is seen at 20 mM while higher concentration causes PCR 

inhibition. Relative recoveries are calculated with SYBR-based qPCR quantification of 

recovered quantity in comparison to the expected quantity.  
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Figure 5.05. Optimization of binding buffer recipe for extraction of microRNA with 

titania nanofibers. Three custom recipes (BB1-BB3) were tested in addition to the use of 

a buffer included in the Purelink mini RNA kit (Thermo Fisher) with titania (CB) in 

comparison to the recovery using the silica-based column in the Purelink kit according to 

the manufacturer’s protocol. All extraction samples were 500 amol cel-miR-54 in 100 µL 

of ultrapure water.  
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the extraction of miRNA and other small RNA. 500 amol of miR-54 was diluted in 100 

µL of ultrapure water and mixed with 200 µL of buffer and 50 µL of ethanol, after 

extraction the bound miRNA was eluted in 100 µL of 20 mM phosphate. As shown in 

Figure 5.05, the investigation of our binding buffer recipes and the effect of the guanidine 

species used reveal that GuITC outperforms GuHCl or the mixture of the two, 

demonstrating that GuITC is ideal for extraction of RNA on titania at basic pH values 

which is similar to that demonstrated for silica in literature. Further, the BB2 recipe 

outperformed the buffer included in the commercial column extraction kit when used 

with our titania fibers and also has higher recovery than that achieved by using the 

commercial kit as directed by the manufacturer’s protocol. This indicates that our recipe 

thus far is optimized for titania binding, and with further optimization has the potential to 

well surpass the ability of commercial silica columns in the extraction of miRNA. 

5.4: Conclusion 

 In this study we investigated titania as an alternative nucleic acid binding material 

for SPE of miRNA. Our work demonstrates the ability of titania to bind and elute miRNA 

under similar conditions to silica for extraction purposes. Comparing to a commercial 

silica-based column extraction kit for RNA, our technique is superior in its currently 

optimized state showing a relative recovery of 34.2% versus 30.4% for the commercial 

kit with our method showing greater reproducibility. Further optimization of our 

extraction reagent composition may improve this extraction efficiency further. Also the 

investigation of titania’s ability to extract miRNA via hydrogen bonding at lower pH (˂6) 

in low salt conditions needs to be studied and the optimization of the incubation periods 
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for binding and elution is necessary to achieve higher recovery of miRNA. Then we hope 

to further optimize these conditions to complex sample matrices such as serum. Lastly we 

hope to integrate the titania fibers on a simple microfluidic device for efficient extraction 

of miRNAs for more commercial and clinical applications. 
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Chapter 6: Conclusion and Future Outlook 

 The focus of my research presented in this dissertation has been the development 

and optimization of methods for total extraction, processing, and analysis of microRNA. 

This includes the development of novel strategies for the separation of potential miRNA 

carriers in serum, development of optimization of miRNA from serum, and novel 

detection strategies. 

 In Chapter 2, a method for serum miRNA carrier separation based on the open 

channel separation method, asymmetrical flow field-flow fractionation (AF4), is 

presented. We optimized the separation of all potential carriers in serum such as proteins, 

high- and low-density lipoprotein complexes, and exosomes. High reproducibility of peak 

elution windows allowed for automated collection of carrier fractions with high 

confidence in recovery of each carrier species. Based on the RT-qPCR results of serum 

flow through, minimal loss of miRNA was seen in the AF4 channel. After its 

development, we applied the method to the fractionation of sera from breast cancer 

patients and individuals in order to investigate the prospective advantages of carrier-

based serum miRNA profiling over total miRNA content in serum. For the proof-of-

concept in the potential of serum miRNA profiling, we analyzed two case sera (BC 

patients) and two control sera (healthy donors) and performed statistical analysis on the 

acquired absolute quantification data. From the fold changes between cases and controls 

we clearly see that there are times which the profiling method provides clear indication of 

altered miRNA content whereas the total content seems statistically unchanged. 
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Furthermore, principal component analysis (PCA) using our profiling method shows 

differentiation of case and control. 

 In Chapter 3, a novel microfluidic technique for simultaneous profiling of 

microRNA into three fractions from a whole serum sample is presented. These three 

fractions which are sequentially extracted are exosomal-associated, protein-bound, and 

lipoprotein-bound miRNA. The presented technique is much more rapid, less tedious, and 

relatively simplistic as compared to conventional methods for isolation of serum 

components. In addition, the newly developed microfluidic technique has advantages 

over our previously developed asymmetrical flow field-flow fractionation (AF4) 

technique while providing clearer distinction of the fractions and offering a potentially 

high-throughput operation. We successfully optimized the microfluidic fractionation 

employing immuno-isolation of exosome combined with our differential extraction of 

protein and lipoprotein complexes. The successful selective disruption of protein and 

lipoprotein complexes and disruption of exosomes for miRNA release was shown 

through DiO staining and AF4 fractionation. The exosomes and associated miRNA 

isolated by our method agrees with or outperforms those isolated by other techniques. 

The miRNA content isolated for the protein and lipoprotein fractions agree with those 

obtained in the AF4 method or those from immuno-isolation of HDL and LDL. We 

evaluated the ability of our microfluidic profiling technique through the triplicate 

fractionation of 12 breast cancer patient sera samples (cases) and 7 healthy donor sera 

(controls). From the qPCR quantification and the following statistical analysis we showed 

that our technique indicates much greater changes for miRNA associated with different 
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carriers than the total miRNA content. Also the fold changes seen in this technique were 

greater than our previous AF4 method. Through PCA analysis of the data, we illustrated 

the ability of the microfluidic profiling technique in distinct differentiation of case and 

control sera. In addition, we were able to visualize clear separation of the stage of the 

breast cancer patients through PCA scatter plots. The future directions of this work 

include further optimization and automation of the device and potential integration of 

microarray assay for direct detection within the microfluidic device. Through the 

integration of robotics and computer programs the chip has potential for automation.
1–3

 

Further the use of efficient extraction columns could be employed for a pressure or pump 

driven microfluidic format which could be desirable for high-throughput analysis of 

larger sample volumes. Additionally the integration of microarrays for amplification of 

miRNA within the device could lead to total analysis on-chip, simplifying the total 

process further and limiting any need for transferring eluted miRNAs off-chip for 

quantification. 

 In Chapter 4, two techniques for isothermal amplification of miRNA were 

discussed. The first is rolling circle amplification (RCA) combined with tagging of the 

product for signal amplification. The presented RCA method utilizes a linear padlock 

probe with 3’ and 5’ end sequences complimentary to has-miR-7a, causing the linear 

probe to fold into a circular sequence, yielding the specificity in the method. After 

ligation of the 3’ and 5’ ends, a circular probe for RCA is formed which is utilized in the 

amplification of primer sequences conjugated to magnetic polystyrene beads. Through 

the use of biotin-ATP, biotin moieties are integrated into the sequence of the product 
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allowing for tagging through biotin-avidin interactions. Through the use of a cation-

exchange amplification (CXAmp) technique developed in our lab, we are able to tag the 

RCA product with streptavidin conjugated ZnS nanocrystal clusters (NCCs) which will 

produce thousands of Zn(II) ions to be released upon exchange with Ag(I). Using a zinc 

sensitive fluorophore, FluoZin-3, we are able to turn on thousands of fluorophores for 

each NCC tagged on the product. Although the technique was efficient, the limit of 

detection was relatively high for miRNA detection at 91 amol (S/N=3). In order to push 

the detection limit lower and detect more relevant quantities of miRNA, we explored an 

additional method for isothermal amplification in detection of has-let-7a.  

This led to the second technique presented, which combines strand-displacement 

amplification (SDA) combined with hybridization chain reaction (HCR) for quadratic 

amplification. The SDA-HCR method utilizes a stem-loop capture probe for target 

specificity. After the target opens the capture probe, a SDA primer is then able to bind 

and is elongated during the SDA process which causes the release of let-7a. The released 

target is then able to open an additional capture probe resulting in the target recycling 

producing several SDA products for each target molecule yielding linear amplification. 

To enhance the amplification, the SDA primer acts as an initiator for HCR, this causes 

the opening and hybridization of one hairpin primer and in turn opens and hybridizes 

with a second hairpin primer. The second hairpin is then able to open and hybridize the 

first hairpin primer. This efficient technique produces long double stranded DNA 

scaffolds from only the initiator and two supplied DNA hairpins. Direct detection after 

SDA-HCR using SYBR Gold DNA dye yields a detection limit of 1.31 fmol (S/N=5). 
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Tagging of the HCR product is possible through 5’ biotin modifications of the DNA 

hairpin primers. In this study we employed a streptavidin conjugated horseradish 

peroxidase (HRP) for the tagging of the product and the production of an amplified 

luminescent signal. This SDA-HCR method coupled with the HRP signal amplification 

gave a detection limit of 2.02 amol (S/N=5) and 264 zmol (S/N=3.3) which is which is 2-

3 orders of magnitude lower then that achieved in our RCA-CXAmp method. 

 Still future work is necessary for further optimization of the method and 

integration into a microarray format. Despite the low detection limits, the process gives 

relatively high background which should be reduced. Additionally the specificity for the 

let-7a target against single, double, or triple base mismatches needs to be investigated. 

Current optimization and testing is being conducted to improve and investigate these 

points. Also the use of CXAmp
4–6

 may provide an additional 1-2 order of magnitude 

improvement in the limit of detection which would produce a detection method 

competitive with quantitative PCR. Once the method is optimized, the last steps are; 

production of additional capture probes for analysis of another target, integration onto a 

microarray format within a simple PDMS-glass device, and analysis of miRNA extracted 

from real samples such as serum for illustration of clinical applications. 

 Lastly in Chapter 5, I present the work completed in the optimization of methods 

for solid-phase extraction of miRNA. First the optimization of silica-based miRNA 

extraction is discussed, and the parameters affecting the extraction efficiency and 

difficulties in miRNA extraction from complex media with miRNA bound to carrier 

species is explored. High recoveries were obtained from simple sample matrices, water 
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use as an example, yielding recoveries between 70-80% with the optimized protocol. The 

efficiency using this protocol dropped drastically when extracting native miRNA 

quantities in whole human serum. This is due to the complex nature of sera and the 

miRNA association with various carriers such as proteins, lipoprotein complexes, and 

encapsulation in exosome vesicles. The effect of various chaotropic reagents, salts, 

surfactants, and alcohols as well as the addition of heat were investigated in the 

denaturation and release of the miRNAs as seen in the RT-qPCR quantification of the 

extracted miRNAs. In the same chapter, we also investigated the use of an additional 

material in novel methods for extraction of DNA and miRNA. The material utilized in 

titanium dioxide (titania) which contains many characteristics in common with silica and 

the potential for strong nucleic acid binding through similar routes. In this work we 

produced titania nanofibers under 150 nm in diameter using simple electro-spinning 

methods. In the optimization of miRNA extraction using titania, we compared our 

extraction of standard miRNA from water to the recovery using commercial silica based 

columns and a variety of extraction reagent compositions. From our results we found that 

our extraction is able to slightly outperform the commercial columns in the recovery with 

our method yielding a relative recovery of 34.2% versus 30.4% for the commercial 

column in our incompletely optimized technique. Further optimization is necessary to 

improve our miRNA extraction efficiency further to produce higher recoveries then that 

previously optimized with silica materials. Current work is being completed by my 

coworkers and promising results for DNA extractions have already been completed and 

the optimization of RNA extractions seems to be following a similar course.  
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Figure 6.01. Microfluidic devices for titania nanofibers based extraction. (a) A 3D 

printed microchannel with a carefully designed frit composed of dense packing of micro 

pillars. (b) A separate device with a PDMS microchannel with immobilized titania 

nanofibers. Titanium dioxide can be immobilized on PDMS, similar to silica, via 

condensation of Si-OH and Ti-OH groups.  
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 Future work on the titania extractions and the integration on a microfluidic 

device
7
 are being investigated in our group using 3D printing for the fabrication of 

prototype extraction devices.
8
 Two methods for the integration of the titania fibers within 

a microfluidic channel should be explored; physical barriers for production of a packed 

fiber column on-chip
9
 and the covalent immobilization of titania fibers to PDMS surfaces 

within a PDMS molded channel.
10

 In the former the extraction would be more efficient 

due to the increased surfaces for the miRNA to bind to, yet the device would be limited to 

the back-pressure experienced in such packed channels. In the latter the incubation times 

required for extraction would be longer to achieve adequate recovery of miRNA, 

however the conditions in the open channel are gentler and do not create the back-

pressure situations found in a packed channel. With proper design, the packed channel 

may be more applicable to total miRNA extractions and potential direct coupling with the 

AF4 separation method, discussed in Chapter 2. A potential 3D prototype design is 

illustrated in Figure 6.01a. In Figure 6.01b, an illustration of the device channel for the 

open channel extraction of miRNA is shown. The open-channel microfluidic device with 

fibers immobilized on the PDMS surface creates a forest of fibers which contains a 

relatively high surface area for the miRNA to bind with. Through careful design of the 

extraction column dimensions with a relatively thin height, we can reduce the problem of 

diffusion within the center of the open channel to the fibers on the walls. The potential 

application of this open-channel extraction device could be in the production of a flow-

driven miRNA extraction device utilizing the same optimized method as that presented in 

Chapter 3 for serum miRNA profiling. With the addition of a selective and sensitive 
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isothermal miRNA detection microarray, the device would be capable of simple analysis 

of a large number of miRNA targets.
11,12

 Such a microfluidic technique can be employed 

for high-throughput biomarker analysis of many samples in a simultaneous multi-channel 

format for novel biomarker discovery or in a single sample format for diagnostic value in 

analysis of clinical samples. 
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