ADVANCES IN MOLECULAR-BASED DIAGNOSTICS AND
BIOMOLECULAR INTERACTION SCREENING USING
SILICON PHOTONIC MICRORING RESONATORS

BY

JARED TIMOTHY KINDT

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree dDoctor of Philosophy in Chemistry
in the Graduate College of the
University of lllinois at Urbang&Champaign, 2013

Urbana, lllinois

Doctoral Committee:

Professor Ryan C. Bailey, Chair
Professor Paul J. Hergenrother
Professor Catherine J. Murphy
Professor Jonathan V. Sweedler



Abstract

Personalized medicine promidgéat improved information leads to improved treatments,
thateach individual has unique genetic, clinical, and environmental factors which are ultimately
responsible for the distih molecular mutations which drive disease as well as variation in
treatment efficacy. The field of biomarkleased diagnostics attemptsctoaracterizehis
variability by both identifying which biomolecules are indicative of disease condition as well as
guantitate their abundance, thus enabling personalized and improved treatment. The challenge is
thusto accurately quantify thabundance afelevant biomarkerat a sufficiently large scale and
in a sufficiently inexpensiveormat While numerous biomagk quantitation methodologies
exist, they frequently are specialized, providing either high throughput analysis in a qualitative
fashion, or highly quantitative analysis of a single biomarker. These extremessarted|to
biomarkerbased diagnostics,hich require quantitative rigor to discern the often subtle
differences in biomarker abundance, as well as the multiparameter detection capabilities that

lend biomarker panels meaningful predictive power.

Silicon photonic microring resonators are a psing class of sensor well suited to
biomarker quantitation due to their sensitivity, scalability and flexibiétyabling quantitative
multiplexed analysisTheir sensing modality arises from interactions between light and thatter
light circumnavigating th microring structure interacts via the accompanying evanescent field
with the local environment of the ring, enabling binding events to be readily transduced as a
change in the resonant wavelength circulating in the caMity.resonating nature of the
structure results in mulpass interactions between surface bound analytes and the evanescent
field, enabling the high sensitivity found in much lardevices, but in a small footprint
amenable to high density sensor arrays. This architecture lendsoitsedflabilityy the current
chip contains 128 active sensors, with the potential for even higher plexity in the future.
Additionally, the nearly planar sensor geometry enables facile and reproducible fabrication
capitalizing on weHldeveloped commercial seconductor processes, resulting in very low costs

per assay.

Theintrinsic flexibility of this sensing modality has enabled the developmemtvaie
variety ofassaygjuantifyingDNA, RNA, and proteins, as well as the screening of more complex

and sub# biomolecular interactionklereinl describe assay developments using novel reagents



and methodologies to specifically address the quantitation challenges associated with various
analyte classes, with emphases on subsequent applications in comple)xematorments to
demonstrate clinical utility. Chaptercbntainsa more thorough introduction to multiparameter
biomolecular analysis using microring resonators, with particular emphasis on recent
developments in the field and an eye towards likely fuiinections. Chapter 2 gives a near
exhaustive review of current microRNAIRNA) analysis methodologies, emphasizing both
advancements in classical molecular biology techniques as well as more recent in vitro
diagnostic devicesMany of the techniques digssedwhile in the context of miRNAare used

in slightly modified forms for general RNA or even DNA analysis. Chapter 3 describes the use
of a novel antDNA:RNA antibody as a secondary label to improve the miRNA detection limit
400+fold relative to diect detectionenabling 4plexed miRNA quantitation in total RNA

extracts from mouse and soybean sam@éspter 4 demonstrates the detection of bacterial
transfermessenger RNA in a multiplexed assay, employing a uniqgue RNA fragmentation
protocol tooptimize signal response. Chapter 5 describes the quantitation of full length
messenger RNAsing a novel chaperorassisted detection strategy, coupled with nanoparticle
tertiary labels for signal enhancemeritese developments enabl@®NA expressiomprofiling

in total RNA extracts from a differentiating cell line. Chapter 6 describes the recapitulation of the
RNA Induced Silencing Complex (RISC) on the ring resonator surface, and demonstrates
modulation of Argonaut@ catalytic activity in response t@ased guide strand miRNAChapter

7 explores aenzymatic enhancement strategy to achieve the highest signal response recorded on
the ring resonator platform to date, achieving an ultrasensitivpguafi. detection limit.

Chapter 8 outlines future work, stzibing the importance of preconcentration,ghermous
potential of enzymatic signal enhancement, anad#pabilities obn-chip characterization of the
biomolecular interactions of RISC.
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1.1 Abstract

Silicon photonic microring resonators are a promising class of sensor whosevalue
bioanalytical applications has only begun to be explored. Utilized in the telecommunication
industry for signal processing applications, microring resonators have more recently-been re
tasked for biosensing due to their scalability, sensitivity, ansatiéity. Their sensing modality
arises from light/matter interactioddight propagating through the microring and the resultant
evanescent field extending beyond the structure is sensitive to the refractive index of the local
environment, which modulatéise resonant wavelength of light supported by the cavity. This
sensing capability has recently been utilized for the detection of numerous biological targets
including proteins, nucleic acids, viruses, and small molecules. Herein we highlight some of the
most exciting recent uses of this technology for biosensing applications, with an eye towards

future developments in the field.
1.2 Introduction

Biomolecular detection technologies are invaluable in modern chemical biology, helping
to advance fundamentablslies of biophysical interactions and recognition, drug discovery, and
the translation of new insights into clinical application. Not surprisingly, the literature is replete
with emerging technologies offering enabling new capabilities, and the developimen
biosensing technologies has been a particularly active area of both academic research and
industrial product development. Among the many different classes of transduction schemes,
optical biosensors have been highly successful dtfeetodiversity ad generality In this short
review we narrowly focus on one particular flavor of optical biosensor thaebestly emerged
as a promising technology both for fundamental interaction screening and in vitro diagnostic
applications. Microcavity resonators, and in particular-@hipgrated microring resonator
arrays, have generated interest due to their ameyabilscalable fabrication and demonstrated
performance metrics. To maintain focus, and to meet length constraints, we focus our discussion

entirely to microring resonatdrased assays and developments within the past 5 years.

Microring resonators belong tolarger class of sensors known as whispering gallery
resonators, a terminology that is fitting given the fact that these sensors are optical analogues of
the whispering galley acoustic phenomenon first explained by Sir Rayleigh following his

2



observatons n Londonds St. Paul 6s Cathedral. Optica
which light circumnavigates the structure and constructively interferes with the input source as

described by Equation1,?
B (Eq. 11)

where an integemng) multiple of the wavelerth equals the circumference times the effective
refractive indexres). A conceptual overview of resonator operation and implementation is

shown inFigure 1.1

Light from a laser source is coupled into the microstructure using diffractive grating
couplers or prism or buttend coupling via an adjacent linear waveguide structure or extruded
fiber optic cabl€.Under resonance conditions, light is coupled into the microstructure and
propagates around the cavity via total internal reflection. A resulting evanescent optical field
extends into the local environment, providing a mechanism for detecting binduwagd
changes in local refractive index, as sampled by the optical mode. Importantly, light circulates
the microcavities many times, giving effective path lengths much larger than the physical
dimensions of the sensor itsethis greatly enhances the intetian between an analyte and the
evanescent field, amplifying the sensitivity of the sensor. Microcavity resonators can vary greatly
both in their material composition and geometry; common examples include micfoslogs
waveguide microringd microdiscs® microsphere$ microtoroids? and liquid core capillarie®
Of these, microrings are particularly amenable to scalable fabrication on accdweit akar
planar geometry, which is compatible with widely used, batch microfabrication methods, or their
integration into capillary structures. In terms of materials systems, pofyffrsitica, and
silicon-based structures are the most common. In this review we focus on planarasiticon
liquid core silica microring resonators, as these are the most common configurations. For a
broader discussion of other optical microcalgsed sensors, the reader is referred to these

reviews:13

The growing interest in microringsenators for biosensing applications can be attributed
to their unique combination of high performance sensing capabilities in a platform conducive to
highly multiplexed, low cost measurements. The-tmaé data collection, labdtee detection
capabilites, and high sensitivity provide an alternative to assays requiring fluorescent or



enzymatic tags, or those that are incapable of providing kinetic binding information. The
potential for high level multiplexing using arrays of maess or hundreds of targspecific
sensor elements also makes them attractive for clinical diagnostic assays, as well as for a range

of bio(molecular) screening applications.
1.3 Diagnostic Assays

A compelling feature of microring resonators is their apilitt o ac-f rasofibahsbr
that do not require fluorescent or enzymatic tags for detection. Labels can reduce the reliability,
reproducibility, and accuracy of biomolecular assays by introducing signdf‘biasnsideration
that increasingly important as the siZ¢arget analytes is reduced. Microring sensors transduce
the presence of analytes on the basis of bingidgced changes in the local refractive index,
and since all biological molecules have refractive indices greater than water the sensors are
universdly responsive to all classes of biomolecular targets, given functionalization with

appropriate capture agents.

Numerous labefree, microringbased assays have been developed for nucleic acids,
including DNA ™ miRNA,?° mRNA ?* and tmRNA?? Highlights of these studies include low
detection limits (10 pM), single nucleotide polymorphism (SNP) discriminatiand analysis
of DNA methylation pattern§’ An impressive application of the technology paired methylation
specific polymerase chain reaction (NWE€R), bisulfite modifications, and microring resonators
to quantitée methylation frequency in genomic DNA from cancer cell lifles

An even larger body of work has focused on Igbe# protein analysis, leading to
numerous labefree aptamér?* and antibodsbased assays on microrirgsonator detection
platforms*®?>33 |nitial proof-of-principle reports utilized simplified biological systems such as
biotin-streptavidin or IgG:antigG;>'®* however, more recent work has focused on more
relevant clinical biomarkers, frequently in multiplexed formats and in complex matrices. The
first study in this vein demonstrated the detection of a colorectal cancer biomarker,
carcinoenbryonic antigen, in undiluted fetal bovine serum with a cliniceghgvant detection
limit (2 ng/mL) and very short assay time (10 mif)in another notable study, Zhu et al.

demonstrated the detection of CA35a breast cancer biomarker human serum samples with



a total assay time of 30 minutes. Importantly, this work featured -st®yoblocking

methodology that helped reduce nonspecific sensor fotfling

Given the powerful fabrication methods by which microring resosatan be created,
multiplexed analysis is a key analytical advantage of the technology, particularly given the
importance of multmolecular signatures in the diagnosis and monitoring of many human
diseases and disordéfsTo date, multiplexed analyses of proteins and nucleic acids have only
been realized in simplified assay formats; however, a number of clinreddyant
demonstrations of multiplexed analyses should be expecthd mmear futurerigure 1.2

illustrates several such examples.

Despite the attractiveness of latbede analysis, the challenges associated with the
complex matrices of clinical samples such as nonspecific fouling,-zassvity, and low
abundance biomarkers often nesitates the use of lablehsed, secondary detection schemes.
Fortunately, the refractive indéased transduction of microring resonators is amenable to a
plethora of taghased signal enhancement modalities. To date, secondary antibodies-and sub
micron beds have been used to enhance assay sensitivity and spetificifySpecifically, a
sequence indegmdent antibody that recognizes DNA:RNA heteroduplexes was used in the
simultaneous detection of four miRNAs with a detection limit of 10°p#htibody labels were
also used to monitor the secretion of four cytokines from mitogenisathulated, primary
humanT cells® Importantly, secondary antibodyased immunoassaysquire two target
specific recognition events, which greatly increases the selectivity of measurements made in
complex, clinicallyrelevant sample matrices. Sabcron beads have also been employed as
tertiary labels in a variety of biomolecular assays TEnge size of these particles, relative to
biomolecules, large surface area, and flexibility in surface chemistry render them highly
amenable for refractive index signal enhancement strategies in microring rediassdmprotein
and nucleic acid assa$s’’ Beadbased methods were employed recently for the analysis of C
reactive protein, a cardiac biomarker known to increase abundance by a factor of up to 10
during acute cardiac events. In recognition of tkteeene challenge associated with this broad
dynamic range, a threstep assay was developed that allowed quantitation across six orders of
magnitude with a limit of detection in the 10s of pg/mL.

1.4Virus and Whole Cell Detection
5



While the major thrusii microring resonatebased analyses $itocused on assays for
protein and nucleic acids, the versatility of the technology has also been extended to larger
analytes such as virus particles and even whole cells. The binding of these analytes induces
correpondingly large shifts in resonance frequencies, enabling rapid analysis with minimal

sample processing.

Two recent reports describe relatively rapid (<1 hr) viral detection assays using different
microring resonator configurations, representing a kssrlintensive and less tirsensuming
alternative to laboratory procedures such as#R or ELISA. These developments are
noteworthy because of the sometimes lengthy period between exposure and measurable immune
response or infected phenotype, placimyemium on analysis time. It is anticipated that rapid
viral analysis could have applications in agricultural monitoring, healthcare, and bioterrorism
surveillance. Zhu et al. developed a sandvstile immunoassay on an LCORR sensor to detect
M13 bactemphage over an impressive dynamic range of 7 orders of magfituding siicon
photonic microrings, a 10 ng/mL detection limit was achieved for the detection of bean pod

mottle virus from whole soybean leaf extratt.

Cell-based assays are of interest not only to further our undersgaofdiellular
processes, but alsepresenain indirectmethodof sensing other analytes conditions that
affect cellular functiorand/or behaviorWang and colleagueseativelyexploited this capability
using siliconbased microring sensaois monitorcell adhesion and growth events as well as
motility perturbations resulting from the introduction of toxic compouh@ohring and
colleagues detected CD4+ and CD8+ lymphocytes in white blood cell samples isolates from
whole blood by coating a LCOR$ensor with CD4+ and CD8+ specific antibodidis
platformoffered the benefit of neaingle cell analysis, but also resulted in high ring to ring
variability; however, acurate quantitation of cellular perturbations and cell countig)
achieved withappropriate negateszcontrols and da@veraging The authors envision this device

as a companion diagnostic for argiroviral treatments of HIV+ patients.
1.5Interaction Screening

The refractive indesbased transduction methodology and multiplexing capability of

microring resonators also make them highly promising to biomolecular screening and affinity



characterization applicatioi$****** In contrast to endpoirtiased methods, which only provide
the thermodynamic binding constant, reale monitoring technologies provide directass to
the kinetic rate constants that govern biomolecular interactions. Importantly, kinetic binding
information can be used to unravel mugitep binding mechanisms, select for optimal capture
agents, determine drttgrget stability, and characterizéeractions between competitive

binders, among others.

Carbohydrate binding studies are well suited to ring resohatsed interrogation based
on both the diversity of binding partners and wide range of binding affinities. Several exciting
studies haveaupled high density inkjet functionalization and novel linker chemistries to create
robust carbohydrate arrays for glycomics applications. In one such study a silicon photonic
sensor array was functionalized with various sugars via a piezoelectric inkjet for
subsequent kinetic profiling of two carbohydrate binding proteins (lecfidssimilar study
immobilized glycans to organophosphonatedified sensors via a divinyl sulfone moiety,
enabling multiple surface regenerations and extended storage stability, and offering additional
advantages over the more commonly used siloxane conjugagamstty. This improved
surface chemistry enabled the subsequent kinetic profiling of four lectins, as well as norovirus
particles with a carbohydratiependent pathogenic mechanfSithe authors anticipate
immediate applications in glycan based drug discovery, vaccine design, and carlgehydrat

mediated hostirus interactions.

Microring resonator arrays have also been used to interrogate the binding affinity of
protein capture agents. Notably, a panel of 12 antibodies against two protein targets was screened
using a DNAencoded surface conjugan methodology that enabled rapid surface regeneration
and robust storage properties. In a kinetic titration assay format, the association and dissociation
rate constants {land k;, respectively) and equilibrium dissociation constan) (Kere
determine, and compatible antibody sandwich pairs were also rev&atgrtamerbased
capture agents have alseen used on a microring resonator detection platform, allowing direct

comparison in the performance of a DNA aptamer and monoclonal antibody against tiffombin

Another recent study probed the interactions of soluble proteins with cell membrane
components by integrating the microring resonator arrays with phosphulgyér nanodiscs, a
synthetic membrane constrifétThe authors demonstratéte multiplexing capability of this

7



detection approach by simultaneously quantitating four different prlybédn protein
carbohydrate, or proteimembrane protein interactions. This synergistic combination of
technologies should allow facile screenofgrotein interactions with membraiassociated
glycans, lipids, and membrane proteifgure 1.3illustrates several of the above mentioned

interaction screening applications.
1.6 Future Advances: Device & Fluidic Integration

Enormous advances withinetlpast 5 years have firmly established microring resonator
technology as a promising tool for many bioanalytical applications, and continued developments
will further improve the translational capabilities of this measurement technology. Initiad proof
of-principle studies using wettharacterized model systems have given way to multiplexed

assays of clinicallyelevant targets in increasingly complex sample matrices. Continued

advances will likely be propell edindtrynerdd,ab on

fluidic, and assay developments. Fields such as drug discovery and epitope mapping are
particularly weltpositioned to benefit from the scalable, multiplexable, andtireal, kinetic
screening capabilities offered by microring resonatageeially as advances in accompanying

microfluidic fluid handling further decreases the amount of sample required for analysis.

Here we highlight two significant trends in microring resonator technology development:
continued exploration of advanced geonestand the owhip integration of optical components.

A particularly promising geometry for increas

mi crorings®o. Cl aes, Bogaert s, and Bienst man
microringsare optically coupled so that a filter microring provides a spectsailictured input

for a sensor microring. When the two microrings are of slightly different sizes, the periodicities

in resonances supported by each ring are slightly different, resuita Vernier scale effect in

which their transmission dips periodically overlap. This creates a manifold of resonance peaks
that can be collectively tracked and fitted, offering sensitivity advantages over monitoring single
resonances, while retaininiget fabrication benefits of a neplanar device geometfy The

authors subsequently coupled cascaded microring sensors with an arrayed waveguide grat
spectral filter to enable the use of a low cost, broadband light sBaaggnificant development

given the substantial cost associated with high resolution tunable laser sources often utilized in

microring resonatebased measurements. In a sim@#ort to remove the high cost of typical
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optical scanning instrumentation, Palit and colleagues integrated all optical components onto a
single chip including the laser source, waveguides, microring sensors, and défBei®is an
impressive achievement in terms of device integration; however, future work will show whether
the increased complexity in terms of-omip architecture can match the peni@ance capabilities
achieved by passive sensor chipgiure 1.4showcases several examples of optical and fluidic

integration with resonator sensors.

Perhaps the most major avenue in terms of advancing microring resonator bioanalysis
will be efforts towads clinical translation, since the cost effective nature of many device
geometries is welkbuited to relatively low cost and high volume analytical applications. As
highlighted above, there are numerous classes of targets that can be detected using this
technology and significant efforts have already been invested in assay developments including
improved sample preatment, signal enhancement strategies, and robugbaliig surface
chemistrie$****° Technology advances will also be highly coupled with complementary
technologies such as microfluidic liquid handling to reduce sample consurrffai®mwell as
automated printing of multiplexed sensor arfagsich that the multiplexing of biological

functionalization matches the sensor fabrication multiplexing.
1.7 Conclusions

The recent emergence of microring resonators as a surface sensitivéelaloetection
technique has led to a proliferation ofeasch in the application of the technology to a range of
biomolecular analysis applications. The combination of high sensitivity, application versatility,
and robust and scalable fabrication approaches make this particular resonator geometry an
attractivecandidate for high performance bioanalytics. The past five years have seen rapid
developments within the field, as literature reports have quickly progressed beyond overly
simplified, proofof-principle demonstrations to, for example, multiplexed biomadkeézction
from within complex, clinicallyrelevant sample matrices. This progression has been permitted
by significant advances in signal enhancement strategies, improved surface chemistries, and the
innovative utilization of novel reagents and method@eg We anticipate that microring
resonator technology will continue along this steep development trajectory as academic

researchers and commercial efforts further demonstrate in vitro diagnostic applications, as well



as exciting emerging applications lmding drug screening, biophysical interaction

characterization, and epitope mapping.
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1.8Figures
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Figure 1.1. a) Analyte binding to surfacenmobilized capture agents results in a-shift in the
resonant wavelength circulating in the microring structure. This signal can be monitored in time
for quantitative analysis of binding or determination of interaction kisefdapted with
permissiorr copyright (2009) American Chemical Sociey.Schematic of the optofluidic ring
resonator geometry illustrating the seamless integration of fluidic sample delivery and optical
interrogation Adapted with permisen:?® copyright(2010) Elsevierc) Scanning electron
micrograph image of a ggbrn-on-insulator microring resonator and adjacent linear waveguide,
both visible through an annular opening in a fluoropolymer cladding layer, which coats the rest
of the substrate to reduce nspecific biomolecular interactiong) A cartridge assembly
incorporating an array of silicon photonic microring resonators with a microfluidic delivery
system. An individual resonator in a fluidic channel is shown in the inset. Adapted with

permissior® copyright (2010) Royal Society of Chemistry.
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Figure 1.2. Multiplexed biomarker analysis demonstrations for both nucleic acid and protein
diagnostic applicationst) Multiplexed microRNA analysis, in which a resonance shift is only
observed when target miRNA sequences (columns) hybridize onto specific misramay
elements functionalized with complementary DNA capture agents (rows). Adapted with
permissiort® copyright (2011) American Chemical Sociely.Quantitative analysis of five
different protein biomarkers using an array of uniquely antibody functionalizzdnmg
resonators using only a 5 minute, lafree binding immunoassay format. Adapted with

permissiort* copyright (2010) American Chemical Society.
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Figure 1.3. a) An artistic rendering of an array of microring resonators utilized for the
biomolecular analysis of kinetic parameters of antibody and aptantereagentsh) Binding

of a protein biomarker toneaptametfunctionalized microring resonatoesults in a shift in the
resulting resonance wavelength. Adapted with permisSioopyright (2011) Royal Society of
Chemistry.c) Proteinlipid and proteirprotein interactions were quantitatively interrogated in a
labelfree binding format by combining microring resonators arrays with phospholipid bilayer
nanodiscs, a cell membrane mindg.The phospholipid composition can be tailored to control
physisorption efficiency and modulate protein interactions. Adapted withigsom** copyright
(2013) American Chemical Societg) Multiplexed kinetictitrations of DNAencoded antibody
libraries enabled the rapid screening of antibody capture agents to determine kinetic rate and
equilibrium binding constants. Adapted with permisstoecopyright (2011) American Chemical
Society.
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Figure 1.4. a) A schematic illustrating the generation of highly multiplexed silicon photonic

microring arrays generated ezoelectric spotting. Here, protejtycan conjugates were

printed with high spatial fidelity for use in subsequent lectin binding assays. Adapted with
permissior copyright (2011) Royal Society of Chemistb). An illustration of a cascaded

microring architecture, in which the filter microring output, which is occluded from the solution
above, is optically coupled to the sensor mic
resonances) that can be intergated using lowcost, broadband optical sources. Adapted with
permissior™ copyright (2011) Optical Society of Ameriod) & €) Microring resonators

integrated within a digital microfluidic device wherein an array of actuation electrodes enables
manipulation of individual droplets and improved spatgghporal control of sample delivery.

Adapted with permissigrf copyright (2012) SpringeYerlag.
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2.1 Abstract

In less than 20 yas, our appreciation for midRNA molecules (miRNAS) has grown
from an original, curious observation in worms to their current status as incredibly important
global regulators of gene expression that play key roles in marsfdrarative biological
processes. As our understanding of these smallcadimg transcripts continues to evolve, new
approaches for their analysis are emerging. In this critical review we describe recent
improvements to classical methods of detectionelag innovative new technologies that are
poised to help shape the future landscape of miRNA analysis.

2.2 Introduction

MicroRNAs (miRNAS) constitute a critically important class of fimanslated, small
RNAs which postranscriptionally regulate geneessiorvia one of multiple mechanisms
First reported in 1993 as a curious anomal@aenorhabditis elegarfsthousands of miRNAs
have now been identified and shown to play key roles in many transformative biological
processes, including developmental timiigstem cell differentiatiofi® and disease
development:*® Although the complete functional role that miRNAs play still remains to be
fully elucidated, their conservation throughout Arch¥gzacerial? plants'® and animaf¥
indicate their importance as key regulatory control elements during both normal and
transformative biological processes. In contrast to smalfanieg RNAs (siRNAs);> miRNAs
are endogenously encoded into the genome and are initially transcribed as long primary
transcr i ptmRNAs), Which arelthien emayrnatically processed in the nucleus by
Drosha into ~70 nt stem loop structures {pri®@NAs). PremiRNAs are exported into the

cytoplasm and processed by the enzyme Dicer into the mati#4 d9duplexes.

As opposed to siRNAs, which operate almost exclusively via mRNA cleavage at regions
having perfect sequence complementarity, miRNAsmtadulate gene expression via one of
three distinct mechanisms and do not necessarily require perfect base pairing to act upon a
target® In the cytoplasm, themsgle strands form the mature miRNA duplexes are incorporated
into the RNAinduced silencing complex (RISC). Guided by the miRNA, the RISC complex can
then act on mRNAs through one of three distinct mechanisms: 1) cleavage of the targeted
MRNA, a mechanismommonly observed in plants that often requires perfect complementarity
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bet ween mi RNA and mRNA, 2) transl ational repr
untranslated regions of MRNAs preventing translation by the ribosome, and 3) the recently

discoveree nhancement of transl ati os#fermnaln whi ch a mi
ol i gopyr i miT@R) anérelaxesaeat! e(neNjt i n the 5N UTR that

There are over 1600 mature miRNA sequences listed in the recently released miRBase
15.0 database, with ~1000 identified as human miRNA&roud one or more of the
aforementioned mechanisms, each miRNA can potentially regulate the expression of multiple
MRNAs, meaning that downstream production of many gene products, ultimately proteins, can
be tremendously influenced by alterations in the exjimasof a single miRNA® In fact, it is
known tha a majority of human mRNAs are regulated by one (or more) miRRIAs.
Furthermore, it has recently been experimentally demeatest that multiple miRNAs, many of
which are expressed as clusters that are encoded in close genomic proximity to one another, can
target the same mRNZ,adding further complexjtto the mechanisms through which miRNAs

regulate gene expression.

Given the prominent role that mi RNAs pl ay
function, it is not surprising that the aberrant expression of miRNAs can lead to a wide range of
humandiseases and disorders, including: calt&mneurodegenerative disea$d¥’ diabete<>
heart diseasés kidney diseaseS;”® liver disease$’ and altered immune system functi§i:
amongst othersnladdition to contributing to the underlying cause of a particular disease,
miRNAs can also represent potential therapeutic ta¥gétand diagnostic biomarkers.

Particularly exciting are the discovery of circulating miRNAs, which are promising biomarker
candidates since ¢ly can be detected from readily attainable blood sampteRemarkably, a
recent report indicates a panel of 12 mi RNA w

patients and controls with 93% accuracy, 95% specificity, and 92% sensitivity.

The analysis of miRNAs is considerably more difficult than it is for much longer
MRNASs due @most entirely to their short sizdn particular, the small size of miIRNAs greatly
complicates the use of standardleonilar biology methods based upon the polymerase chain
reaction (PCR), as detailed below. Furthermore, the short size also makes hybrithas¢ion
assays difficult as the melting temperature and binding dynamics of complementary probes
toward their targt miRNAs vary significantly with the identity of the target miRNA.
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Furthermore, experimental parameters, such as the buffer composition, the hybridization

temperature, and incubation time all can contribute to significant-&ssepay variatioi>**

So, what are desirable attributes for existing and emerging miRNA analysis methods?
Clearly the most appropriate technique for a given measuremelengeal/aries tremendously
based upon the application and setting. For example, in an academic laboratory setting well
established techniques that rely upon the tools of traditional molecular biology might find favor,
whereas emerging micror nanotechnolgy-based methods might eventually be most-well
suited for pointof-care diagnostic applications. Two other important considerations when
selecting an existing or designing a new method for miRNA analysis include dynamic range and
multiplexing capability. Tie expression level of miRNASs, as determined via intracellular copy
number, can vary from sequence to sequence by up to a factonaitHifl a single sample.
Furthermore, the recent discoveries of multiple miRNAs targeting a single mRNA and regulated
expression amongst entire families of miRNAs provide motivation for global miRNA analyses,

which wil |l require methods wherein rmunetoi,plies m

simultaneously detected in parallel in order to fully elucidate the impatahtomplex function

of these tiny regulators.

On account of the critical biological role that miRNAs play in biological function and the
diverse range of applications in which miRNA analysis is of value, significant effort has been
invested over the padecade to develop new detection methods. In this critical review we
highlight a selection of existing and emerging tools for miRNA analysis, with a particular
emphasis on the current statiethe-art and important developments in this fast moving fiedd, a

reported in the primary literature in the past four years.
2.3 Computational approaches for miRNA target prediction

While the major focus of the review article lies in existing and emerging miRNA
detection methods, it is worthwhile to briefly mention garational methods for predicting
miRNA targets® Giventhe number of potential mMRNA targets and abdity of miRNAs to
regulate mRNAs that are not perfectly complementary in sequence, the experimental

identification and validation of miRNA regulatory sites is a vast challenge. For this reason,
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extensive effort has been invested in developing computational methods fotipgettie
MRNA targets of miRNAs.

One general class of computational methods for the prediction of miRNA targets utilizes
perfect or imperfect complementarity via Watgonck basepairing betweethe miRNA and
possible target candidat&s Most of these approaches focus on the complimentary at seed
sequences,Bmer s at the 56 end olycoaserved/iRitTar, t hat ar e
utilizes the sequence complementarity to target sites with emphasis on perfemibagdan the

seed regioff®°%>*

while TargetScan, one of morstablished computational tools, accounts for
both complementarity as well as evolutionary conservation to provide a relatively likelihood that

a given sequence is a miRNA target

Another general framework for prediction of miRNA targets involves energetic
calculations.DIANA -microT, developed by Kiriakidou et al., is an algorithm that identifies
miRNA targets based on the binding energies between two imperfectly paired®®NAsd
RNAHybrid predicts miRNA targets by finding the most energetically favorable hybridization
sites of a small RNA in a larger RNA sequeRt¥. The miRanda prediction algorithm includes
contributions from the interaction binding energy, sequence complementarity between a set of
mature miRNAs and a given mRNA, and also weights the conservation of thestirgetross
various specie¥™° |n contrast to other energetic calculations, STarMIR, models the secondary
structureof an mRNA to determine the likelihood of miRNA bindiffg.

The past few years has seen incredible growth in the area of computational prediction of
mMiRNA targets. However, canued progress remains to be achieved as many of the
aforementioned tools offer too many false positive target sites. Furthermore, many of the
approaches have been developed using experimentally validated miRNA:mRNA systems,
therefore introducing bias agat miRNAs having anunusual or uncommon sequence.
Nonetheless, the continued evolution of miRNA target prediction methodologies will, along with
emerging detection methods, play a key role in fully elucidating the mechanisms by which
MiRNAs regulate nonal and potentiate abnormal organismal functigmoviding a link

between diagnostic insight and potential therapeutic opportunities.
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2.4Molecular biology-based analysis methods

Early reports featuring miRNA measurements were fueled by what was adresithple
in the laboratories of researchers at the forefront of thefigladitional molecular biology
techniques such as cloning and enzymatic ligation assays. As timing would have it, miRNA
research began to gather momentum directly on the heels géttome technology explosion,
and thus technologies such as-RTR and cDNA microarrays were rapidly adapted to
accommodate the needs of the miRNA researcher. This section details the currenfitistdet
for miRNA detection. Based upon wastablislked methodologies, but with the recent
incorporation of several very important innovations, these techniques represent the most

commonly utilized methods for miRNA analysis in the research biology laboratory setting.
2.4.1Cloning

Cloning was one of thert techniques utilized to detect and discover miRR{AS.
Although slow and laborious, cloning is still at times used for miRNA detection. A more recent
development that has been developed for the discovery of miRNAs is miRAGENA serial
analysis of gene expressi6hSimilar to cloning, small RNAs are extracted and amplified via the
reversetranscriptase polymerase chain téat (RT-PCR) into complementary DNAs (cDNAS).
In this application, biotinylated primers are utilized in the PCR step allowing the cDNA products
to be purified via affinity chromatography with streptavidwated beads. The cDNAs are
enzymatically cleavettom the beads and the eluted products can be cloned and sequenced.
MIiRAGE is advantageous in that it can identify up to 35 tags in a single iteration, versus about
five using conventional clonint. However, this technique is extremely labor intensive, requires
hundreds of pg of total RNA, and only provides information as to the presence or absence of a
particular miRNA from within a sapie ®®> While cloning still remains a powerful technique for
the validation and discovery of novel miRNAs, the associated shortcomings of the technique

make it impractical for higithroughput miRNA detection and exssion profiling®’
2.4.2Northern Blotting

Currently thestandard method for the detection of miRNAs is Northern bloffiffy.
Northern blotting offers a number of advantages for miRNA analydisdimg well established

protocols and amenability to equipment readily available in most molecular biology laboratories.
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Additionally, since Northern blotting involves a sizased separation step, it can be used to
detect both mature and precursor forrha miRNA, which is appealing for studies which focus

on the mechanisms of miRNA processing.

Common protocols for Northern blotting involve miRNA isolation, polyacrylamide gel
electrophoresis, transfer of the separated sample to the blotting membravisyalizhtion via
hybridization with a radioactively labeled DNA strand complementary to the miRNA of interest.
Despite its widespread use, traditional Northern blotting is, in general, plagued by a lack of
sensitivity (up to 20 pg of total RNA require@ipblot) and a laborious and time consuming
protocols (often taking several days for complete analysis), which limits its utility in a clinical
setting®® Furthernore, the technique often displays a limited dynamic ranged@lers of
magnitude depending on the visualization method) and the reliance on a radioactive tag
(typically *P) can be disadvantageous in some setfihiysrthern blots d allow for multiple
samples to be analyzed in a slaeside format, but only one miRNA can be assayed for at a
given time, a drawback which is of increasing importance as researchers strive towards global

analyses for a systems level understanding ofNARunction.

A number of improvements have been made to traditional Northern blotting protocols
that help assuage several of the aforementioned problems. Of particular significance is the
incorporation of locked nucleic acid (LNA) hybridization prob&§ LNAs are based upon
DNA bases but feature the addi toxygemofthéribase met hy
t o tchrleon, £ffdctively rigidifying the strand by indng organization of the phosphate
backbon€® As a result, oligonucleotide strands thatdrporate LNAs have been shown to bind
complementary RNA strands with considerably higher affinity and target specificity compared to
their DNA-only analogues. Furthermore, RNA:LNA duplexes are unique from RNA:DNA or
RNA:RNA duplexes in that they have akd interactions with several nucleic acid recognizing
proteins, including some enzymes. In order to avoid the necessity for a radioactive tag,
Ramkissoon et al. demonstrated that digoxigenin (DIG), a steroid hapten, could be incorporated
into complementar RNA strands used to visualize Northern blots for three different miRRIAs.
Their incorporation of DIG and the accompanying chemiluminescent readout reduced the time
to-result from days to hours, and increased the difelbf the probesgcompared to radioactively

labeled strands.
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2.4.3ReverseTranscriptase Polymerase Chain Reaction

Similarly to its use in conventional studies of RNA expressiorPRR can also be
applied to the analysis of mMiIRNAs. Reverse transcription is first utitzednvert the target
RNA into its cDNA, which is then subsequently amplified and quantified via one of several
conventional PCR methods. However, the simple translation of these methods to miRNAs is
complicated by the short size of the target, as thdHesfghe primers normally used in the PCR
step are as long as mature miRNAs themselves. Shorter primers are typically not useful as their
low duplex melting temperature with the miRNA can introduce signal bias. To avoid these
challenges, researchers haeyeloped an array of creative approaches based upon enzymatic

modification of conventional primers or altogether new primers for mature miRNA.

One of the first applications of RFCR for the detection of mMiRNA was reported by
Schmittgen et. al, who exaned premiRNA expressiod® Because the study did not examine
mature miRNAs, shortened primers were not necessary and the researcheldentere a
successfully detect amplicons using a fluorescent readout. However, the assumption that the
amount of premiRNA is strictly representative of mature miRNA expression does not rigorously

hold and thus the most straiglorward application of RIPCR & of limited utility.

As a method to analyze mature miRNAs without modifying the target strand itself,

Raymond and coworkers utilized miRNgpecific reverse transcription primers that featured an

overhanging 5N tail so t hrelangthfronethat of theuoliginalng ¢ DN
target’’ Following reverse transcription (RT), a LN#ontaining PCR primer was added which,
together with a universal p r ingsitve quantdation afi ned wi
MiRNAs.

There has also been significant effort in applying enzymatic methods to the elongation of
the miRNA itself by ligation of oligo sequences. The addition of these flanking sequences allows
for longer primer sequences to bdiméd, increasing the efficiency of RFFCR. Separate reports
by Miska et. al. and Barad et. al. wutilized t
miRNAs via T4 ligase prior to reverse transcript/6ff. A limitation of many of the ligation
based RTPCR techniques, however, is that the sensitivity and specificity of the method is

ultimately dependent on the efficiency of ligation. In particular, the kinetics bgdde has
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been shown to vary with substrate sequence, and the incorporation of the ligation step can

potentially introduce a signal bias into the measurenf&fits.

An alternative method for RIPCR analysis was developed by Shi and Chiang, who used
pol y(A) polymerase to add poly(A) %Thei | s to th
corresponding RT primers included poly(&ils to increase theylof the heteroduplex and
promote reverse transcription. This method was further adapted by Andet¢asext Exigon to
include two microRNAspecific, LNA primers during the PCR amplification, drastically
increasing the specifiyi and sensitivity of the ass&yAn advantage of poly(A) polymerase is
thatthe enzyme shows no sequence preference in its activity and thus it should be a useful tool
for high throughput miRNA analysis applications. Similar technologies are available

commercially from Agilent and Invitrogen.

A recently developed approach for fFCRbased miRNA expression profiling that
eliminates the need for enzymatic extension is based upon the hybridization-td&peiRT
primers. Thesteth oops are designed so that they are coc
while at the sametimehamvn g a 5 Nj end t ha-miRNAseqlenceithated f r om t
composes the antisense half of a hairpin loop, as shokigune 2.1 These primers offer
heightened specificity and sensitivity for miRNAs as compared to linear RT primers, largely on
accounf the increased base stacking and steric limitations imposed by the stem loop structure.
By incorporating sterfoop primers into their assays, Chen andwvaskers were able to
quantitatively monitor the expression profile of mature miRRfAEhis procedure was further
adapted by Varkony@asic et. al., who incorporated an additiondl Bucleotide extension of
the primer to furthemicrease the melting temperatf*épplied Biosystems offers a commercial
mMiRNA analysis method based upon stewop primer RFPCR with TagMan quantitation.

Li and colleagues delagped a clever alternative to this general steap procedure by
using T4 ligase to attach two DNA stdaop probes to one another, using the target miRNA as a
template, as shown FFigure 2.2.2° The two separate stem loop probes were designed to each
contain one half of the miRNA complementary sequence masked within the hairpin structure of
the sterdoop. Only in the presence of the target miRNA are the-$temps extended and
accessible to the ligase. The resulting long DNA strand can then be detected via standard PCR
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techniques. A major advantage of this approach is that increased specificitigvedch

compared to methods that only wutilize the 3N;

A significant limitation of the previously mentioned FPICR based methods is a
restricted ability to simultaneously quantitate multiple miRNAs from a single sample. While
multiple RT-PCR analyses can be run in parallel, the increased sample required for such assays
is a motivation for the development of multiplexed miRNA analysis methods. However, there
are two factors that generally complicate the application 6PRR for monitomg multiple
mMiRNAs within a single volume: 1) multiple, sequence specific primers (or primer sets) will be
necessary, placing an impetus on detection specificity, and 2) the presence of each strand must
be uniquely encoded by a sequespecific reaebut mechanism, such as an independent

fluorophore signal in a gPCR experiment.

To tackle the first issue, Lao et al. proposed a pseudtplexed RFPCR method for
the highthroughput detection of miRNAs in which carefully designed dtsop primers
allowed tte simultaneous RT and PCR amplification of all of the target miRNA&ke
sequencespecific cDNAs were then split into six aliquots and quantitation was performed in
parallel using separate singex TagMan PCR reactions for each target miRNAs.
Unfortunately, the many PCR cycles ded between the separate amplification and quantitation

steps compromises the quantitative utility of the approach.

In the previous example, multiplexed quantitative PCR (gPCR) cannot be performed
because there are a limited number of spectrally unicpleeprthat can encode for cDNAs
derived from each of the target miRNAs. Furthermore, spectral overlap is in general a significant
challenge in the translation of many singlex biomolecular techniques/assays multiplexed
formats. For these reasons, amomgisers, there has been a significant effort invested in
demonstrating spatial rather than spectral multiplexing schemes, and several of these approaches

will be described in more detail below as they apply to miRNA analysis.
2.4.4 Microarrays

Helping to tiel the enormous growth of genomics, and to some extent proteomics,
microarray analysis technologies are walited to massively multiplexed biomolecular
detection on account of spatial, rather than spectral, multiplexing. Not surprisingly, microarrays
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have been extensively applied to the hifihoughput detection of miRNAs as they are capable of
simultaneously screening hundreds of target sequences within a single sample volume.
Moreover, with proper design of capture probes, microarrays can be usedtity idoth

precursor and mature miRNAs. In general, microarrays are not particuladguitetll for
guantitative detection or copy number determination, but rather are very good tools to examine

the relative expression of miRNAs between two differealdgical samples.

As with all miRNA analysis methods, specificity is of utmost importance for microarray
methods as cross hybridization can lead to false positive signals. Similarly to Northern blotting,
the incorporation of LNA capture probes signifidgnmcreases the specificity of a microarray
towards target miRNAE However, even more importantly, is the ability to normalize the
melting temperature across all of the capture ptabget duplexes through selective inegm
of LNAs, an approach that has been led commercially by Exiqon in their miRCURY line of
miRNA analysis products. This adjustment allows for uniform stringency rinses to be used with
the microarray, and helps accounts for differences in binding kénsdiecnally observed for

cDNA-only capture probes.

In addition to prudent design of capture probes, conventional microarray analysis
methods require the target miRNAs be labeled, most commonly with a fluorescent tag. This
labeling is often performed pri¢o hybridization and can be accomplished via a number of
methods including the attachment of a-faeeled oligo via T4 ligas®&,*? poly(A) extenson
from the 3N end Vanacopatentmnddificatiorpvtt nyormeactie sinel |

fluorescently tagged cisplatin derivatives that can complex with guanine nucléétfties.

Another popular method for labeling a miRMANtaining sample, prior to microarray
analysis, involves the incorporation of fluorescent tageofty3 and Cy5) during the process
of RT-PCR®>"8"° This approach, which borrovimom conventional mRNA transcript profiling,
provides a convenient method of labeling the total cDNA derived from the miRNA targets in a
sample, but also increases the amount of available target via the PCR amplification. However,
many of the same challges faced by stand alone ffCR analysis such as sequence bias and
run-to-run reproducibility are still encountered when analyzing on a microarray platform.

Furthermore, additional complications can be encountered since the presence of a fluorescent tag
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can significantly perturb duplex stability, an effect that is particularly significant when

considering the short lengths of the strands analyzed in miRNA hybridization assays.

As an alternative to labeling miRNAs prior to hybridization, there have beemlenwf
recently developed techniques that focus on introducing labels to the target miRNA after it has
been bound to the microarray surface. This approach may, in some cases, help to avoid label
induced perturbations to the duplex hybridization. Liangl.edeveloped an interesting hybrid
scheme by which the vicinal di ol at the 3N of
groups via oxidation with sodium periodate and subsequently conjugated to biotin in S8lution.
The biotinylated miRNAs were then hybridized to the microarrayd®tected with streptavidin
coated quantum dots, giving a 0.4 fmol limit of detection. While this method does involve pre
labeling of the miRNA, it is thought that biotin represents a very small and thedisraptive

tag, compared with larger labelschuas the conventional Cy3 and Cy5 dyes.

A notable purely postybridization strand modification scheme that actually allows read
out without any covalent modification of the bound miRNA is the RABSistedKlenow-
Enzyme (RAKE) assay, developed by Nelsad acworkers and illustrated iRigure 2.3.%" In
thismethodolgy, DNA capture probes, which are Ilinke
carefully designed to have a spacer sequence presenting three thymidine bases directly adjacent
to the region complementary to specific miRNA targets. Following hybridizatior e
microarray is exposed to DNA exonuclease |, which enzymatically degrades the capture probes
that are not duplexed with miRNA. The Klenow fragment of DNA polymerase |, an enzyme that
can act as an RN-Arimed DNA polymerase, is then added with biol@tgd dATP, which is
incorporated complementary to the three thymidines in the capture probe template. The amount
of bound target miRNA can then be determined after incubation with fluorescently labeled
streptavidin. Because both polymerase | and the Kiesteyme fragment are sequence
independent, the assay is not susceptible to any intrinsic signal bias and a detection limit of 10 pg
was reported. However, one limitation of the technique is that the Klenow enzyme is specific
only towar ds bdulmdeniRBANanctimud cemain isdfannes may elicit unwanted
crosshybridization. Nevertheless, similar approaches have been successfully adapted by a
number of other researchéfg®

2.5 Emerging methods of miRNA analysis
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While the previously described techniques were based upon more conventional tools and
methods in molecular biology, there is increasing interest in developing completely new
analytical approaches to analyzing miRNAoesssion. Many of these emerging methods take
advantage of micro or nanotechnologies and aim to address one or more of the shortcomings
associated with the previously mentioned techniques including a minimization of sample size,
increases in measuremenhsiivity, precision, and dynamic range, and reduction in sequence
dependent bias, cost, and thtweresult. Furthermore, a goal of many of these new technologies
is to allow very high levels of multiplexing, ideally without sacrificing other key perfocaan
metrics, with cost and assay simplicity being a major driver for clinical diagnostic applications.
Among the many miRNA analysis methods currently under investigation for miRNA biomarker
based diagnostics, some of the most promising advances havesthwelw detection schemes
based on electronic and optical signal transduction, and many already excel in key performance
benchmarks. Given their current rapid rate of development, these techniques appear to be

promising candidates to provide solutions foreeging miRNA analysis applications.
2.5.1 Electrical Detection

Electrical detection methods are based on changes in circuit properties that occur upon
target miRNA hybridization. Signal amplification, often made possible through redox reporters
and chengal ligation, can confer ultraigh sensitivity to these devices. However, sometimes
this increase in sensitivity is accompanied by a loss of dynamic range. Here we discuss a
selection of recently described methodologies, categorized broadly as eitbeodinglirect
based according to their reliance on chemical modification of the target miRNA. Indirect
methods usually involve a chemical ligation step which provides an amplified electrical signal
following specific target mMiRNADNA hybridization. Thouglsuccessful, these approaches are
being challenged by label free technologies which offer equivalent or superior performance with
a simpler assay, amongst other advantde first glance, direct methods appear to be the
most attractive owing to a reduced number of eimtyoducing sample preparation steps and
thus the potential for faster analysis times, providing that they are able to provide adequate

sensitivities forlhe given bioanalytical challenge.

A good example of a direct miRNA detection method is the use of nanoscale field effect

transistors to monitor binding in a completely label free assay motif. Peptide nucleic acid (PNA)
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functionalized silicon nanowires cée incubated with complementary miRNA targets and
changes in the resistivity of the nanowires is monitored before and after the binding events.
PNAs are DNA analogues in which the deoxyribose and phosphate backbone is replaced by a
peptide bonding motif. Aie resulting oligomer is devoid of charge and displays increased
specificity and sensitivity for hybridization assays, similarly to LN&2% Using an array of
PNA-functionalized silicon nanowires, Zhang et. al. demonstrated a 1 fM detection limit and
single base pair mismatch discrimination capability in the detection-8bf&f In this scheme,

the negative charges brought to the surface upon miRNA hybridization (phosphate groups in the
backbone) act as a gate and locally deplete charge carriers in the semiconducting nanowire,
resultirg in a decrease in conductivity. One of the most promising aspects of this technology is
the ability to fabricate sensor arrays, as showfigare 2.4, via conventional semiconductor
processing techniques, which might enable multiplexed miRNA detectaweVér, this

technology still requires further refinement as field effect transistor based biosensor are
notoriously prone to variations in sample ionic strength, and cost and fabrication challenges
might complicate the use of PNAs and silicon nanowiespectively, for high throughput

MiRNA detection applications.

Fan and coworkers reported a method for detecting miRNA based upon changes in
conductance accompanying hybridization to PiActionalized gaps between a CM®&sed
array of microelectrode’$® After hybridization, a solution containing aniline, horseradish
peroxidase (HRP), and hydrogen peroxide were added, which led to polymerization of the
aniline that had associated with the phosphate backbone of the miRNAs via electrostatic
interactionsThe amount of conductive polyaniline deposited was proportional to the amount of
hybridized target and thus the conduction across the microelectrode gap, which drops
significantly as the target concentration is increased, could be used for quantitatian ov

dynamic range of 20 pM to 10 fM, as showrFigure 2.5.

Another schematilizes a fourcomponent hybridization for sensitive and specific
miRNA detection-° A capture probe is designed with a gap complementary to the miRNA
target of interest. Only upon target binding can a reporter enzyme linked to a further DNA
complement then hybridize to the end of the probe. This is due to the additional stabilization

conferred by continuous base pair stacking. A hydrolysable substrate is then added and the
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resulting current monitored. This method benefits from the amplification inherent to enzyme
substrate turnover, as well as electrochemical recycling of the sulpstrdtect,p-aminophenol.
This system was shown capable of a 2 attomole detection limit and diagnostic capabilities in
total RNA extracts from human breast adenocarcinoma-vICé&lls. Like other direct
electrochemical approaches this method does not rezheraical modification of the target
MIRNA.

Ultrasensitive detection down to 10 aM concentration of miRNA was recently
demonstrated by Yang et. al. who utilized aRteredox pair as a reporter and amplification
scheme on a novel nanostructured electrdaifgom, as shown ifFigure 2.6.'%" Ru**
accumulates and is reduced at the nanoelectrode surface after miRN#&gybhondomplementary
PNA capture probes and a ferricyanide solution phase redox couple chemically regenéfates Ru
from RUf* leading to incredible signal amplificatidrhundreds of electrons can be generated
from a single binding evenrt® In addition to high sensitivity, the sensor shows specificity for
mature miRNA over preniRNA, and is capable of single base pair mismatch detection. Even
more significantthe sensor was used to detect the upregulation of2hi&d miR205 in total
RNA samples from three human head and neck cancer cell lines. The high surface area of the
nanoelectrode is extremely important in this approach as it increases target hindiateation,
which is essential to reaching the attomolar regime where there may be only hundreds or

thousands of molecules in a sample.

A direct approach to miRNA quantitation based on guanine oxidation was demonstrated
by Lusi and ceworkers based updhe oxidation of guanine bases in the hybridized target
strands-° While this technique does not require any additional reagents and utilizes less
expensive DNA capturprobes, as opposed to PNAs, it does require that all of the guanine bases
in the capture probe be replaced with inosines. Furthermore, the amount of oxidation current
observed is proportional to the number of guanines in the target sequence, compfieating

application of this technique for highly multiplexed analyses.

A common type of indirect electrical detection method for miRNAs involves the ligation
of an electrocatalytic tag or other nanoparticle to the target, which upon hybridization provides a
sequence specific signal®*** The strength of this amplified chemical ligation strategy is its

generality, as an extensive number of catalytic or enzymatic moieties can be exploited for
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improvel sensor performance. Several examples of this approach have been reported by Gao and
coworkers, who have used inorganic nanoparticle catdf{/dt8] n one such exampl e
ends of target miRNAs were first oxidized with sodium periodate and then hybridized to DNA

capture probes on an electrode surface. Amine modified @@m@@particles were then attached

t o t he 3 Nthairhnbbilized hi®NA aadfthe current measured from the catalytic

degradation of hydrazine, which had been added to the solution. This approach allowed detection

of miRNA over a 0.3 pM to 200 pM dynamic range. Notably, a-fold difference in signal was

observed between sequences that had only a single base pair mismatch.

2.5.2 Optical Detection

In addition to electrical signals, optical transduction methods have recently been
successfully applied for miRNA detection. Several different classes of dpibsgnsors have
been used to detect miRNAs and here we highlight several innovative examples of fluorescence,
bioluminescence, spectroscopic, and refractive index based detection pla@ptioal
fluorescence from labeled oligomers (MiRNA or cDNA) isltlasis for most of the microarray
measurements mentioned earlier. However, novel approaches and materials have recently been
developed that hold promise to significantly improve fluorescence based miRNA analysis

methods.

For example, Li et. al. demonstrdta very sensitive method for miRNA analysis using
hairpin probes, T4 ligase, and the fluorescent detection fi@ts* Target miRNAs bind to
carefully designed stem hairpin probes which are then subsequently hybridized with
complementary CdSe nanopartitddeled DNA. T4 ligase is then added to stabilize the
extended duplex structure before*Agadded in order to cati@xchange the Gdions out of
the nanocrystals and into solution. The authors state that thousandd minSdan be liberated
from each nanocrystal; a mechanism that provides signal amplification when using a fluorescent
assay for Ct, allowing miRNAdetection down to 35 fM. Sequence specificity is achieved by
the use of T4 ligase in two ways: 1) the ligation has a much lower yield if the two strands are not
bound with perfect complementarity, and 2) the resulting long duplex has a higtvenich
allows aggressive stringency washes to be utilized. However, several potential limitations still
exist, including the use of CdSe nanoparticles that present an unknown toxicity risk, significant
cross reactivity of the Gé+sensitive fluorescent dye with €ameaning that the sample must be
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rigorously purified prior to analysis, and assay complexity, since multiple reagents and

incubation steps are required.

Neely et. al. employed a single molecule fluorescence detection method and dual tagged
miRNA-DNA duplexes to detect down to 500 fM miRNA Importantly, this work established
the robust nature of this technique as the authors impressively demonstrated the expression
profiling of 45 different miRNA targets in 1different human tissues, including detection of the
key cancer biomarkers mi6, mir22, mir145, and mi191 from as little as 50 ng of total
RNA.

Cissell and coworkers developed a hybridization assay for miRNA detection based on the
displacement of theioluminescent enzym®&enilla luciferasgRluc)*® The Rluc enzyme was
conjugated to a synthetic oligonucleotide with a f2iRsequence was hybridized to an
appropriate capture probe and used in a competitive assay2IniRthe sample displacdiae
Rluc-conjugated strand resulting in a decrease in fluorescence that was used to achieve a
detection limit of 40 pM with a greater tharoBder of magnitude dynamic range. An assay time
of just 90 minutes and potential for integration into a 96 on@&#plate format makes this an

attractive technology for high throughput miRNA analyses.

Surface enhanced Raman spectroscopy (SERS) has been extensively used in the detection
of biomolecules!™* but has not generally not achieved widespread use due to poor substrate
reproducibility. Using the method of oblique &gapor deposition to generate sufficiently
reproducible substrates, Driskell et. al. were able to detect and differentiate between miRNAs of
unrelated sequence based upon the different spectral fingerprints with an incredibly short
acquisition time of oly 10 second$f° However, due to the subtle differences in peak intensity
as a function of distinct, but related, sequence composition, identification of specific sequences
requires extensiveultivariate analysis. Furthermore, the chemical specificity of SERS may
complicate detection in complex samples due to high background signals. Nevertheless, this

methodology is intriguing for applications in multiplexed miRNA detection.

Surface plasmoresonance imaging (SPRI) has been shown to be an incredibly versatile
and effective platform for biomolecule sensfift** The technique is based on coupling light to

the interface of a thin metallic film (typically gold) to excite surface plasmons, which are highly
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sensitive to changes in the refractivearaf the local environment. Properly functionalized

with an appropriate capture agent, desired biomolecules can be selectively detected by
monitoring changes in reflectivity. While standard SPRI methods would be highly amenable to
direct miRNA analysis, mimpressive amplification technique incorporating enzymatic strand
extension and nanoparticle labeling was developed by Fang and coworkers to achieve an
incredible 5 attomole detection lims illustrated ifFigure 2.7.%° LNA capture probes
immobilized on a gold SHRubstrate were designed so that they were complementary to a
targeted miRNA, but left a 6 nucleotide extension of the miRNA beyond the LNA after
hybridization. This 3N overhang can be recogn
enzymatically grows a pg{A) tail at locations where miRNA is localized. Further amplification
is achieved by subsequent hybridization of pofy(€oated Au nanoparticles, which bind to the
appended poly(A) tails. The presence of the nanopatrticle labels greatly enhancesglenchan
the SPRI reflectivity image, facilitating extremely low limits of detection and a dynamic range
from 10500 fM. Importantly, the dynamic range can be extended to higher concentrations by
eliminating the nanoparticle amplification step, if requiredtfi@ application. Given these
developments, and the existing widespread use of this technology for biomolecular
measurements, SPRI seem®é a very promising techniqfa miRNA expression profiling

based on its sensitivity, scalability, dynamic raragej potential for quantitative detection.

Recently, our group has developed a label free and modularly multiplexable biomolecular
detection technology based upon arrays of silicon photonic microring resouigoicted in
Figure 2.8'2%128 These optical structures, which are fabricatedcgdnventional semiconductor
processing methods, are incredibly sensitive to binding induced changes in refractive index
accompanying the binding of a target analyte to the microring surface, observed as a shift in the
resonance wavelength supported byrtherocavity. As a demonstration of the applicability of
this platform to multiplexed miRNA detection, we recently covalently immobilized DNA capture
probes onto the surface of an array of microrings and used it to detect four different disease
relevant mMRNAs from a cell line model of brain cancer via a direct hybridization dé3bling
this approach we demonstrated a detection limit of 150 fmol after only a 10 minute detection
period and a linear dynamic range of over 2 orders of magnitude. We also reported an isothermal
method for the discrimination of single base polymorphisynsitduding stringencynducing

chemical agents directly into the hybridization buffer.
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We are currently developing mechanisms for further extending detection limits for the
microring resonator technology, and it is worthwhile to point out that many ehthgnatic
strand extension or ligation techniques described earlier (poly(A) polymerase, T4 ligase, RAKE,
etc.) could be integrated onto the platform in a straightforward fashion. While this technology is
still relatively immature in comparison to weléveloped methodologies such as-RTR and
SPRI, the prospects for extremely high level multiplexing and the intrinsic manufacturability of
the platform make this an promising technique for many emerging miRNA analysis applications,
particularly those relateto clinical diagnostics where metrics such as sample size, time to result,

and assay cost are of considerable importance.
2.6 Conclusions andOutlook

Over the past 17 years, our understanding of miRNAs has exploded. As the incredible
importance of thesemall, noncoding transcripts has become increasingly elucidated, the
number of tools for their analysis has grown. Still in place today are the original miRNA
measurement approaches, many of which are based upmmteatools of molecular biology.
More recent adaptations of enabling enzymatic processes have greatly improved many aspects of
these classical techniques and allowed higher throughput measurements to be made using RT
PCR or microarray techniques. The introduction of alternative capturespinberporating
DNA analogues such as LNA and PNA, has been transformative for many of these methods as it

in increases the melting temperature for short duplexes.

In the past five years, physical scientists and engineers have become increasingly
intereséd in mMIRNAs and have intensified efforts to apply emerging detection tools to this
important bioanalytical challenge. Some of these approaches incorporate novel materials and
reagents, such as metallic nanoparticles, semiconductor quantum dots, anthbsdant
proteins while others utilize the interesting electrical or optical properties of-raitto
nanostructures. These emerging approaches all strive to offer one or more advantages over
traditional methods, such as of high sensitivity, assay sirtypéaid reproducibility,

multiplexing capability, and device manufacturability.

In the next decade the appetite for enabling miRNA analysis technologies will certainly

continue to grow. Recent biological discoveries of correlated expression and actemeon g
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translation have placed impetus on performing global or systems level analyses of miRNAs to
uncover the full detail of their regulatory function, and therefore methods that offer high levels of
multiplexing will be of great value to these efforts. Rertnore, recent reports describing the

value of miRNAs as diagnostic biomarkers for a range of human diseases make the development
of pointof-care analysis methods incredibly important. In these applications, metrics such as
time-to-result, sample consurtipn, and assay cost will be key drivers for technology

development. As has historically been the demonstrated, transformative biological discoveries
are often tied to the development of new technological capabilities. The small size of miRNAs
(and other mall RNA molecules) challenges conventional biomolecular analysis methodologies
and new innovations in MiRNA detection will likely play a unique role in enabling future

biological breakthroughs.
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2.7 Figures

miRNA RT primer
LLLT L
Step 1:
Stem-loop RT
LERRERL R Ern e il '
cDNA
Step 2:
Real-time PCR
\ Forward primer
e
H h
Reverse

primer
TagMan probe

Figure 2.1. Schematic description of a RACRassay for aarget miRNA. Stemoop primers
are first hybridized to the miRNA followed by reverse transcription. The resulting transcript is

then quantitated using conventional réale PCRvia a TagMan prob&*
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Figure 2.2. Schematic diagram of the enzymatic ligattmased realime PCR assay for
measurement of mature miRNAs. In the presence of the target miRNA, twdosiemrobes,

each of which is partially complementary to the targetpbrought into close proximity gi
hybridization with the miRNA. T4 ligase is then used to attach the probes together, forming an

extended primer than is amenable to-teme PCRbased quantitatioff.
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RNA-primed, array-based Klenow enzyme (RAKE) assay
Sample probe oligonucleotide, referent to miBNA let-7a

Thymidines
Spacer let-7a-antisense

5-GTCGTGACTGGGAATAGCCTGTTTAACTATACAACCTACTACCTCA-Z'

Thymidine residues follow Hybridize miBMA(s) g
miRMA antisense sequence . |t T to microarray LI I
T —_—
&' terminal of DNA oligo is
covalently attached to ——
lass microarray slide
g y Spot X Spot ¥
Enzyme treatment
{ds DNARNA) t

; klenow uses
miRNA as primer
h

+BA

Apply fluorophore-

conjugated streptavidin
; = miRNA X' (3' end 'down’)
T = Thymidine

BA = Biotin-conjugated dATP

F & = Fluorophore-conjugated streptavidin

Spot X' (not Y) fluoresces

Figure 2.3. Schematic of the RNArimed, arraybased Klenow enzyme (RAKE) assay.
Hybridized miRNA bound to specially designed capture probes both shields the capture probe

from enzynatic degradation, but also serves as a primer for strand extension, during which a

biotinylated nucleotide is introduced. Following extension, the microarray is stained with

fluorescent streptavidin and imaged to determine the relative amount of miRB&xpie the

original samplée”

40



Insulator Insulator Insulator

Silicon nanowire _— Silicon nanowire
Complementary .
nucleic acid

Figure 2.4. a) Optical and scanning electron micrograph (inset) showing an array of ten silicon
nanowire field effect transistot&®b) Schematic showing the interaction between a charged
nucleic acid and a nanowire field effect transistor. When functionalized with peptide nucleic
acids (PNAs) the nanowires can be used to sensitively detect miRNAs as the charge
accompanying miRNA hybridizatn modulates the current flowing through the nanowire due to

a gating effect°
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Figure 2.5. Fan and cavorkers developed a miRNA detection scheme based upon

polymerization of a conductive polymer across aragcale electrode gap. Aniline selectively
interacts with the negatively charged backbone of the miRNA hybridized to PNA capture probes,
which have uncharged backbones. The addition of oxidative reagents then leads to the formation
of conductive polyanilia and the resistance drop across the electrode gap is proportional to the

amount of hybridized miRNA®
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Deposition of sensing elements
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Figure 2.6. Schematic diagram illustrating the fabrication and oparadf arrays of novel
nanostructured electrodes useful for ultraseresithiRNA detection. The high surface area of the
electrode structure allows sensitive detection of miRNAs via a novel redox reporter system that
provides tremendous gain for each target binding é¥ént.
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Figure 2.7. Surface plasmon resonance imaging is a promising technique for the detection of
mMiRNAs in an array format. High sensitivity was achieved by Fang amdrkers, who used
poly(A) polymerase and poly(igoated gold nanoparticles to greatly amplify the SPR response
for miRNA binding event$®
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Transmission

Wavelength

Figure 2.8. Arrays of silicon photonic microring resonators can be used to quantitate miRNAs.
a) Schematic illustration of the hybridization of miRNA onto a modified microring, which leads
to a shift in the resonance wavelength supported by the integrated microga8itanning

electron micrograph showing an array of microring resonators. A zoonweglv of a single

sensing element is shown in the inét.
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Chapter 3
Anti-DNA:RNA Antibodies and Silicon Photonic

Microring Resonators: Increased Sensitivity for

Multiplexed microRNA Detection
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3.1 Abstract

In this paper, we present a method fa titrasensitive detection of microRNAs
(miRNAS) utilizing an antibody that specifically recognizes DNA:RNA heteroduplexes, using a
silicon photonic microring resonator array transduction platform. Microring resonator arrays are
covalently functionalized ith DNA capture probes that are complementary to solution phase
MIiRNA targets. Following hybridization on the sensor, theeBNA:RNA antibody is
introduced and binds selectively to the heteroduplexes, giving a larger signal than the original
MiRNA hybridzation due to the increased mass of the antibody, as compared to the 22
oligoribonucleotide. Furthermore, the secondary recognition step is performed in neat buffer
solution and at relatively higher antibody concentrations, facilitating the detectiaRNfA® of
interest. The intrinsic sensitivity of the microring resonator platform coupled with the
amplification provided by the arRBPNA:RNA antibodies allows for the detection of microRNAs
at concentrations as low as 10 pM (350 attomoles). The sim@iity\sequence generality of
this amplification method position it as a promising tool for Higloughput, multiplexed

mMiRNA analysis, as well as a range of other RNA based detection applications.
3.2Introduction

MicroRNAs (miRNAs) comprise a class of sinaoncoding RNAs that are incredibly
important regulators of gene translatidmlthough the exact mechanisms of miRNA action are
still being elucidated, they are known to play an important regulatory role in a number of
biological functions, including cell differentiation and proliferatidnjevelopmental timin§*
neural developmerf,and apoptosi§® Given their importance in such transformative processes,
it is not surprising that aberrant miRNA levels are found to accompany many diseases, such as

517

diabetes’ cancer>*” and neurodegenerative disord&ts and thus these small RNAs have

been proposedsanformative targets for bottiagnostic and therapeutic applicatiéfs.

Despite their critical role in cellular processes and promise as biomarkers, the short
sequence lagths, low abundance, and high sequence similarity of miRNAs all conspire to
complicate detection using conventional RNA analysis techniques, such as Northern blotting,
reverse transcriptase polymerase chain reactiorR@R), and cDNA microarrays.Numerous
approaches have been employed to adapt these methods to the specific challenges of miRNA

54



analysis, and while offering increased measurement performance, many suffer from significant
complexity.?** The analysis of miRNAs is furthéustratedby the complex nature by which
MiRNAs affect transt@gon, wherein multiple miRNA sequences can be required to regulate a
single mRNA and/or a particular miRNA may regulate multiple mRRPASGiven this

complexity, robust, multiplexed methods of miRNA analysis that feature high target specificity,
sensitivity and dynamic range will be essential to fully unraveling the biological mechanisms of
miRNA function, and may also find utility in the wildopment of robugn vitro diagnostic

platforms.

Microring optical resonators are an emerging class of sensitiveintbgrated
biosensors that have recently been demonstrated for the detection of a wide range of
biomolecular target¥>’ These optical microcavities support resonant wavelengths that are
highly sensitive to biomolecule bindingduced changes in the local refractive index. In
particular, the combined high-factor and small footprint of maforing resonators make them an
attractive choice for both sensitive and multiplexed biosensing. Most relevant to this report, we
recently demonstrated the direct, lafrele detection of miRNAs with a limit of detection of 150
fmol.** While this is sufficient for many miRNA applications, we were interestatkeiveloping
methods to further extend the sensitivity without adding undue complexity or introducing
sequencespecific bias to the assay, which would compromise the generality and multiplexing

capabilities of the platform.

Monoclonal and polyclonal antibodies recognizing RNA:RNA and DNA:RNA duplexes
have been previously developed and utilized in hybridization based assays for the detection of
nucleic acid targets including viral nucleic acids &ncbli small RNA3¥*3 Of particular
relevance here is an adliNA:RNA antibody, named S9.6, which specifically recognizes
RNA:DNA heteroduplexes and has been utilized to detect RNA in a conventional fluorescence

based microarray format?*’

In this paper, we combine the utility of the S9.6 -@MA:RNA antibody with the
appealing detection capabilities of silicon photonic microring resonators to demonstrate the
sensitive detection of mammalian miRNAs. Importantly, the S9.6 binding response is
significantly larger than that observed for the miRNgeit, allowing the limit of detection to be
lowered by ~3 orders of magnitude to 350 attomoles. We apply this approach to the multiplexed
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guantitation of four miRNA targets both from standard solutions as well as the total RNA extract
from mouse brain tisge. These results indicate that this strategy is appealing for the multiplexed
detection of miRNAs in a simple and reasonably rapid assay format that does not require RT
PCR amplification schemes.

| mportantly, during t he oparasderevorkersiegpneda f t hi
similar S9.6 miRNA detection assay on a gratiogipled surface plasmon resonance platfrm.
Focusing on the detection of single miRNA, the authors report a similar limit of detection,

further highlighting the broad utility of the S9.6 antibody in PIESS assay formats.
3.3Experimental Methods

3.3.1Materials

The silane, IN-((6-(N'-Isopropylidenehydrazino))nicotinamide)propyltriethyoxysilane
(HyNic Silane), and succinimdyt#rmyl benzoate (8FB) were purchased from SoluLink.
PBS was reconstituted with deionized water from Dulbeo 6 s Phosphate Buffere
purchased from Sigmaldrich (St. Louis, MO), and the buffer pH adjusted to pH 7.4 (FBS
or pH 6.0 (PBS5) with sodium hydroxide or hydrochloric acid. A 20X salsedium phosphate
EDTA buffer (SSPE) was purchas&éom USB Corp. for use in a high stringency hybridization
buffer. All other reagents were purchased from Fisher, unless otherwise noted, and used as

received.

3.3.2Fabrication of Silicon Photonic Microring Resonators and Measurement

Instrumentation

Thefabrication of sensor chips and operational principles of the measurement
instrumentation have been previously reporfédBriefly, sensor substrates, each containing 32
uniguelyaddressable microring resonators within a 6x6 mm footprint, were fabricated at a
commercials cal e si | i con -bnansulatbrwaferesmg cdnventsonal deap\d n
photolithography and dry etching methods, before being diced into individual chips. After
immobilization of DNA capture probes (described below), the sensor chips are loaded into a

biosensor scanner (Genalyte, Inc.), and the veagths of optical resonance of the entire array
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