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Mepianym

O kapkivog amotelel kUpla attioa Bavatou oe maykooulo emimedo. MEXpL TWPA Ol KUPLOTEPEG
TEXVLKEG TIOU XPNOLUOTOLOUVTAL yla TN Sldyvwon Tou Kapkivou eival n padloloyia, n payvntiki
Topoypadia kat n Boyia pe tn ARPn wotol. Qotdco, ol Tapanavw PEBodoL sival akplBEg Kat
QITALTOUV ONUOVTLKO XPOVO HEXPL TN ANYN TwV ANMOTEAECUATWY EVW EMONG emLBaplvouyv TNV Lyeia
Tou aoBeviy. Ta KukAodopolvTa VOUKAEIKA o&€a, OMwC Ta KUKAopopoUVv KapKvikd DNA kal ta
KukAopopouvta miRNAs €xouv xpnolpomnolnBet emavelAnUUEVA YLOL TNV OVATITUEN U EMEUPRATIKWY,
HOPLAKWVY SLAyVWOTIKWY HEBOSWVY He OTOXO TNV MPOYVWON Kal TNV QIMOTEAECUOTLKI Kal €yKalpn
Slayvwon tou kapkivou. EToL, pia PeEYAAn TOWKWALD poplokwy peBOdwv mou PBacilovtal otov
TIOAAQTITAQOLOOMO TOU OTOXoU, KaBw¢ kal pEBOSOL TOoU KAVOUV XPNon TwV VOVOUALKWY,
vavotexvoloyiag kal BroaoBntipwv €xouv avamtuyxBei nén. Qotdéco, n MAELOVOTNTA AUTWV TWV
neBodwv xapaktnpiletat amd vPnAo kootog, auvénuévn moAumAokotnta Tn¢ Sladkaciag, evw
amattouyv T xprion €dikol e€omAlopol Kal apKeTo xpovo. Etal, 6& Suvatal va xpnoiponotnbouv
yla KaOnpepvr KAWLKN ebappoyr. ITOX0C TNG LETATTUXLAKNAG SLaTtpLBhG ATav n avamtuén piog un
EMEUPATIKNAG, €UKOAN OTO XELPLOMO KOl ypnyopng HeBOSoU ylo TNV aviyveuon ONUELOKWV
HETAAAAEEWV oTo eAelBepo KapKvikd DNA kaBwc kal tnv avixveuon kukAodpopolviwv miRNAs.
Kat ot U0 péBodol Baaoilovral otn cuvduaocuévn xprion tou QCM-D akouoTikoU BloalodBntrpa pe
™V 1W000epun néEBodo moAAamAaciaopol tou DNA, RCA. Ocov adopd TNV QVIXVEUGH CNUELOKWV
HETAAAAEEWVY 0TO AeUBePO KapKLVLKO DNA, avixvelBnkav emituxwg kat pe vPnAn akpifela ta 10
avtiypada tou otoxou, EMeLta amno tnv ouvduacuévn ebappoyn avtibpaon LopLlakng cuykoAAnong
oakoAouBolpevn amd RCA. Qotoco, otov akouoTiko Bloatodntripa avixyveuBnke 1 pmol tou DNA
OTOXOU. IXETIKA HME TNV aviyveuon kukAodopouviog mMiRNA, emiteuxBnke n avixvevon 1 fmol
miRNA-21 xwpig tn xpnon Boatodntnipa (off-chip), edpapuolovracg evoc-prpatog aviidpaon (kata
™V omnoia oL dUo EeEXWPLOTEC avTLOPAOEL CUYKOAANONG Kal TTOAUHEPLOMOU TIPAyYUATOTOLoUVTOL
napdAAnAa oe pio koL povo avtidbpaon) oe Bepuokpacia Swuatiou, amodelvyoviag tn xprnon
omoloudnmote €idoug cuokeung. Qotdco, To Oplo aviyveuong oto BloatoOntipa anotéleoe to 0,1
pmol. Av kal amotteitalr n Siefaywyr] MOAWV TEWPAUATWY OKOUN Kal BeAtiotomoinon Ttwv
TIPWTOKOAAWY, T OMOTEAEOMOTO £ilval €vOAPPUVTIKA Yyl TNV OVATITUEN Ml TPWTOMOPOS
SlayvwoTtikng peBoddou pe otixo tnv KAWLIKA ebappoyn.
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Abstract

Cancer is the leading cause of death worldwide. The gold standards of cancer diagnosis are
radiology, magnetic resonance imaging (MRI) and solid biopsies. However all three methods are
expensive, time-consuming and hurt the physical health of patients during the detection of cancer.
Circulating tumor DNA and circulating miRNA, both cancer biomarkers, have been widely used as
targets for the development of non-invasive diagnostic methods for prognosis and diagnosis of
cancer. A big variety of molecular, amplification-based techniques as well as methods that utilize
the advances in nanomaterilas, nanotechnology and the biosensors field have been developed, too.
However, most of these methods are expensive, complex, require special instrumentation, and a lot
of time, so they cannot be applicable in routine clinical practice. Herein, it was aimed the
development of two non-inavnsive, easy and fast methods for the detection of ctDNA point
mutations and circulating miRNAs. Both methods utilize the QCM-D acoustic biosensor, combined
with the isothermal DNA amplification method, RCA. In the case of ctDNA, a minimal amount of 10
copies was detected with high specificity via Ligation followed by RCA, but only 1 pmol was
managed to be detected on QCM biosensor. Concerning the second case, 1 fmol of miRNA-21 was
achieved to be detected off-chip in a single-step reaction (combining the ligation and amplification
step in one single step reaction) at RT, without the need of any kind of instrumentation. However,
only 0.1 pmol of miRNA-21 was detected on QCM-D device. Despite both methods need a lot of
further optimization, results were promising for the development of a novel detection method.
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1. Introduction

Cancer is the leading cause of death worldwide. According to World health Organization there were
14 million new cases and 8.2 million cancer related deaths in 2012, and this number is predicted to
rise by approximately 70% over the next two decades. The best way to achieved effective and
efficient management of cancer patients is the early diagnosis and the frequent monitoring of
patient response to treatment’. However, the gold standard of cancer diagnosis such as radiology,
ultrasound scans, magnetic resonance imaging (MRI) and solid biopsies used to hurt the physical
health of patients during cancer detection. Moreover, these methods are expensive and they may
need a lot of time. Despite that there are cases where non-invasive cancer detection may be
achieved by detecting protein biomarkers (ie. PSA and CA-125 for prostate and ovarian cancer
respectively) diagnosis cannot be neither early nor effective®”.

The past few years, researchers have made great efforts to identify biomarkers in order to develop
non-invasive diagnostics for clinical application and disease management. Nucleic acids, including
DNA, mRNA and miRNAs, have enormous potential to play that role. DNA mutations, coding and
non-coding RNA influence gene expression and regulation and can have disturbed expression levels
across various pathological conditions including autoimmune and inflammatory diseases,
cardiovascular diseases cancer etc”.

In healthy conditions, cells release DNA and RNA in the circulation and body fluids. The so called
“Liquid biopsy” based on the detection of circulating nucleic acids, seems to be an ideal method for

. 1
easy and fast detection of cancer™>®.

Three methods are mainly used for the detection and
quantification of circulating tumor DNA and circulating miRNAs: quantitative Real Time PCR (qRT-
PCR) and Reverse Transcription-quantitative PCR (RT-qPCR), microarrays and next-generation
sequencing. However these methods are complex, expensive, and demand special equipment and
sophisticated expertise. Advances in micro- and nano- technology as well as in biosensors field, are
promising for the development of micro- fluidics, biosensing and Point-of-Care platforms applicable

in daily clinical practice which would offer effective and low-cost liquid-biopsy *’.

1.1 Circulating tumor DNA (ctDNA)

The presence of cell-free DNA (cfDNA) in blood plasma was discovered in 1948 by Mandel and
Metais. Cells and healthy tissues release DNA in the bloodstream as well as outside the blood
circulation in various body fluids, including urine and saliva®®. Analysis of cfDNA can give
information about its origin, total amount (concentration levels) and its mutagenesis*°.

In healthy individuals, cfDNA concentrations tend to range from 1 to 10 ng/mL in plasma. High
concentrations of cell-free DNA correlate with various pathological conditions such cancer, acute
trauma and infection or physiological conditions like exercise’. Cancer patients have significant
increased levels of cfDNA reaching even the 100 ng/mL depending from the stage of the disease. It
is consider that one percentage of cfDNA is from tumor cells necrosis, ranging from 0.01% to more
than 50%°. This percentage is increased as the disease progresses. For example the KRAS mutation
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found in the plasma of pancreatic patients was identical to that found in the patient’s tumour,
thereby confirming that the mutant DNA fragments in the plasma were of tumor origin®. The half-
life of cfDNA in the circulation has been determined to vary between 16 minutes and 2.5 hours due

to its digestion from nucleases and filtration from liver, spleen and kidney”*!

. Thus, ctDNA analysis
is a ‘real-time’ snapshot of disease burden. Multiple properties of cell-free DNA suggest cell death
as it major origin. However it is also released via necrosis and secretion with extracellular vesicles
such as exosomes™® (Figure 1A). cfDNA is double-stranded and higly-frangmented with the most
fragments to be 150 bp in length. Furthermore, the length of the other fragments correspond well

with linear progression of nucleosome units (two units for 300 bp length, three for 450 bp)®**,

The amount of circulating tumor DNA (ctDNA) varies widely, even between patients with the same
cancer type and the same stage. The levels of ctDNA tend to increase in correlation with the stage

of cancer and depend of the location, size, and vascularity of the tumor®®!

. Moreover, the relative
levels of ctDNA within a patient have been demonstrated to correlate with the response to therapy,
increasing as a tumor enlarges and decreasing with response to therapy. Patients with stage |
cancer had fewer than 10 copies per 5 ml of plasma. In contrast, patients with advanced prostate,

ovarian or colorectal cancer had a median concentration of 100—1,000 copies per 5 ml of plasma®.

As mentioned before, ctDNA consider as a non-invasive “real-time” biormarker. ctDNA can provide
significant information about its origin, concentration levels, DNA mutations, such as point
mutations and rearrangements, epigenetic alterations, microsatellite instability, loss of
heterozygosity and the number of mutated/altered alleles and can be used for diagnostic and
prognostic information before, during treatment and at progression of the disease™. The presence
of specific DNA mutations associated with tumor (usually in oncogenes or suprresor genes), reflect
the patient’s physical condition and the responsiveness to the treatment. ctDNA varies in different
cancer types and stages of the disease as well as concerning the mutation profile between different
patients™*? (Figure 1B).
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Figure 1: A) Origins and range of alterations in cell-free DNA B) Applications of ctDNA analysis during the course of
disease management. a) A schematic time course for a hypothetical patient, who diagnosed with cancer, undergoes
surgery (or other initial treatment), has a disease relapse and then receives systemic therapy. The potential applications
of liquid biopsies for diagnosis and during this patient’s care are indicated. The patient starts with one disease site, but
multiple metastases and distinct clones (depicted in different colors) emerge following treatment. b) The information
extracted from ctDNA may be classified, broadly, as quantitative information (relating to tumor burden) or genomic
information. Quantification of ctDNA at a single time point may allow disease staging and prognostication, and genomic
analysis can inform the selection of targeted therapies. Liquid biopsy for quantitative or genomic analysis can
contribute to monitor tumor burden, treatment response, clonal evolution.

One of the major and more usual types is colorectal cancer (CRC). About 50 % of the cases with CRC
are diagnosed in late stages and the 50 % of cases distant metastases. Furthermore, approximately
33 % of patients experience disease-specific mortality. There are specific mutations that were
detected using ctDNA and are linked with colorectal cancer, such as in EGFR, NRAS, BRAF and KRAS
genes. KRAS mutations are found in serum and plasma of the 25 % to 50 % of patients. In 2015
there was a research where it was reported the presence of KRAS G12D°® and KRAS G13D mutation
in CRC tissues in the 48 of 52 patients (92.3 %). In general it is estimated that 75 % of patients will

carry at least one mutation in one of the three genes KRAS, TP53 and APC >'%*2,

1.1.1 Amplification-based methods for the detection of ctDNA point mutations

As already stated PCR-based methods and NGS have been mainly performed for the detection of
ctDNA. Cobas’ ctDNA detection of EGFR mutations in lung cancer patients was the first approach
that FDA approved. Cobas or Roche’s PCR is a quantitative real-time PCR based method using
specific primers and fluorescent probes”'B. Other PCR-based methods are digital-PCR (dPCR) and
its variants (Droplet-Digital PCR (ddPCR) and BEAMing Digital PCR)'>**™**, Co-amplification at Lower
Denaturation temperature Polymerase Chain Reaction (COLD-PCR)* and Allele specific Polymerase
Chain Reaction (ARMS)™. Digital PCR can amplify and generate many amplicons using one single
copy of DNA template. Point mutations can be detected by designing specific primers. Different
alleles can be distinguished either by using different fluorophores (but there limitation in

multiplexing) or by sequencing of the ampliconsl3’14. During Droplet Digital-PCR DNA is fractioned
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into thousands of droplets achieving single molecule isolation and each molecule is then
individually analyzed. Counting the positive droplets, quantification of initial target can be
achieved ™.

Concerning the BEAMing (beads, emulsions, amplification and magnetics) method it is based on
single-molecule PCR using beads coated with thousands of primer copies for the single DNA
molecule originally present, and a high number of beads are then analyzed with flow cytometry.
This method has great sensitivity and can be multiplexed, for the simultaneous detection of known

point mutations™®**.

COLD-PCR methods such as full-, fast-, ice- (improved and complete
enrichment) make use of a critical temperature in during PCR in order to selectively denature the
wild-type-mutant heteroduplexes, allowing the enrichment of rare mutations. COLD-PCR can be
combined with other technologies for the detection and/or identification of the mutation of
interest like sequencing (i.e. lon Torrent)*®. Another PCR method, ARMS method, is using sequence
specific primers, designed appropriately to detect known point mutations and leads to specific
enrichment of only the mutated allele™. On the other hand, the more common NGS-based
methods are Massive Parallel Sequencing, Whole Genome Sequencing and Whole Exome
Sequencing differing in the range and the depth of sequencing***.

Table 1: Comparison of PCR-based methods & NGS that have been applied for the detection of

ctDNA point mutations

PCR-based methods

— - — NGSIO,lS
Cobas' or Roches' PCR™ | Droplet Digital PCR™*™ | BEAMing Digital PCR*>** ARMS®
. . Single-molecule PCR with L L
Real time PCR Fractionated sample i Qualitative Quantitative
Magnetic beads
Use of fluorescent probes | Absolute quantification| Absolute quantification |Use of fluorescent probes
Identification of new
Advanta . s . .
o5 Quantitative/Qualitative [ Extereme Specificity (1 High specificity High Specificity sequenses and
& copy/100000) mutations
Sensitive (100 copies/mL) Extreme sensitivity High sensitivity Sensitive Sensitive
Applied in Plasma/Serum*
| >1 day | >1day
Detects only known mutation VIS G i 0
days)
. Need of specificinstrumentation
Disadva — - -
Bioinformatics analysis
ntages - - — - -
Time-consuming (1 day) Analyzed by flow cytometry Not quantitative High cost/Expertise
Does not give absolute ) ) . i
e . Time-consuming (7-8 days) Sophisticated statistics
quantification

*Commercially available kits were used for the extraction of cfDNA from plasma or serum, prior to any
detection method

Two other methods that have not been used for the detection of ctDNA but have great sensitivity
and have been applied for the detection of point mutations are Ligase Chain Reaction (LCR)*"*® and
Rolling Circle Amplification (RCA)**™
thermal cycling. RCA is an isothermal DNA amplification method that it will be described later. Both
methods are very good for the detection of SNPs. SNPs detection is achieved using appropriate

. LCR, like PCR require the use of multiple temperatures and

padlock probes and a DNA ligase. Only when there is no mismatch, ligation occurs producing a
template for DNA polymerase. LCR and RCA are much more specific methods than PCR for the
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detection of known point mutations and can achieve a very low limit of detection, down to aM

20,22
levels

. Compare to other two methods, and as it will be described later, they are more simple,
include fewer steps, and cost-effective. (d)dPCR has increased analytical power, high specificity and
sensitivity, allowing the detection of one mutated copy per 100.000 wild type copies™*. Compare to
the NGS-based methods, it is more cost-effective. However, it is still expensive to be performed in
clinical assays; requires specific instruments for thermal cycling, is based on fluorescence
measurement or sequencing, is time-consuming and needs sophisticated statics/bioinformatics
analysis-tools (normalization). As concern NGS-based technologies, the only advantage is the

identification of new point mutations.
1.2 Circulating miRNAs

miRNAs are endogenous small non-coding RNA molecules of 18-24 nt length, able to negatively
regulate the expression of target mRNAs by partially hybridizing to their 3’ untranslated region
(UTR). They are transcribed from intergenic genomic sequences or intronic regions of protein-
coding genes mainly by RNA polymerase Il. Firstly, a long stem-loop precursor is produced (pri-
miRNAs) which is subsequently processed by Drosha, a ribonuclease Il enzyme producing the pre-
miRNAs, molecules of approximately 70-120 nt long with a harpin-like structure. Pre-miRNAs are
then recognized by exportin-5, a nuclear export factor, and transferred into the cytoplasm where
they are further cleaved into duplexes of 18-24 nt by Dicer. The one (passenger) strand of the
duplex is then degraded and the other strand of mature miRNA incorporates with Argonaute
proteins or lipoproteins forming the RNA-induced silencing complexers (RISC)***%.

miRNAs play key role by regulating various cellular processes such as development, proliferation,
232> Most of the miRNAs are found inside

the cell. However, miRNAs are also present in various body fluids including blood, saliva, urine,
1,23-26

differentiation, apoptosis, cell death and tumorgenesis
tears, pleural fluid, gastric juices etc . Remarkably, the presences of RNases in the circulation
does not affect their stability. Instead, they are extremely resistant to various conditions, like

freezing, thawing, enzymatic degradation and extreme pH ***’

. Their expression levels are
significantly altered during many diseases including cancer. The stability of miRNAs is directly
connected with the way that they released outside the cell in the different biological fluids. Except
from their passive release upon tissue injury, cell apoptosis and necrosis, miRNAs are also
incorporated into microvesicles or exosomes followed by release in the extracellular space.
However only a small part of circulating miRNA is released and found in small vesicles. The largest
amount of circulating miRNA is released incorporated with RNA-binding proteins (through an RNA-
binding protein dependent pathway) such as Argonaute-2 (AGO-2), high density Lipoprotein (HDL)

1,23,24

and nucleophosmin (NPM1) (Figure 2).
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Figure 2: Schematic representation of miRNA processing and secretion in extracellular space.

1.2.1 Circulating miRNAs in oncogenesis and other diseases

Aberrant expression of miRNAs and altered levels in the circulation have been observed in many

1,24,25 26,28

, diabetes meIIitusZG, cardiovascular and

30,31

pathological conditions including cancer
autoimmune diseases® as well as during infectious diseases (viral or not)***'. Their discovery in
body fluids, makes them a potential source to be used as cancer biomarkers. Dysregulated
expression of miRNAs have been found in every type of cancer, such as prostate, ovarian, liver,

|1,25,32

lung, oral, colorecta etc. It is speculated that there is specific signature of dysregulated miRNA

corresponding to every cancer type or other disease. This signature may provide information about

1, 21,22 .
' “7%%, Concerning the role of

disease status, aggressiveness, metastasis and response to therapy
circulating miRNAs in cancer progression the later may be involved in cell-cell communication in
order to deliver signals that regulate tissue microenvironment and promote carcinogenesis and
spreading of cancer cells. miRNAs can be taken-up by nearby cells and act as oncogenes and
oncosuppressors genes %>

The first and of great significance miRNA that was linked with cancer was miRNA-21. Elevated levels
of circulating miRNA-21 have been found in a variety of cancer types such as non-small cell lung
(NSCL) and liver cancer, colorectal cancer’®, breast, ovarian and prostate cancer, oral, head and

12> miRNA-21 has been describes as an oncogene because

neck cancer, gastrointestinal cancer etc
most of its target genes are tumor suppressors that down-regulates busting cell proliferation. Some

of its targets are PDCD4 (main target) which is a tumor suppressor gene, multiple components of
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TP53 and TGFB1. Other, miRNA-21 targets genes are associated with apoptosis, cell growth,
migration and invasion such as BCL2, PTEN, RECK and others’. As it was mentioned, elevated levels
of miRNA-21 are related with colorectal cancer. Specifically, serum and plasma miRNA-21 can be
used for the early diagnosis for CRC, combined with the analysis of either other 3 miRNAs (miRNA-
24, miRNA-320a and miRNA-423-5p) that are down-regulated or a panel of five miRNAs (let-7g,
miRNA-31, miRNA-92a, miRNA-181b and miRNA-203) with 93% sensitivity and 91% specificity.
Furthermore, high levels of serum miRNA can predict the CRC incidence with 90 % specificity and

sensitivity?*?2.

1.2.2 Amplification-based methods for the detection of circulating miRNAs

A variety of methods have been performed for the amplification and detection of miRNAs, including
NGS and PCR-based methods such as digitaI—PCR34, RT—qPCR35’36 and isothermal amplification
methods such as LAMP, SDA, DSN, RCA (and its expansions) and others®>>3’™*°. However, these
methods have been tested and performed in specialized laboratories and not in clinical application.

NGS

As in the case of ctDNA, the advantage of NGS is the ability of multiplex expression analysis and
identification and quantification of unknown miRNAs. Among the different NGS technologies, the
“Sequencing- by-synthesis” technology by lllumina is widely used for the discovery of miRNA
signatures or panels associated with diseases. In this approach, purified miRNAs are first ligated to
adaptors at both ends, converted into complementary DNA (cDNA), amplified and analyzed.

Microarrays & Nanostring nCounter

In contrast to NGS, microarrays detect only known sequences. A microarray platform by Agilent
(Agilent, Santa Clara, CA, USA) can measure in parallel all human miRNAs represented in the
miRBase data base. Concerning the experimental procedure, purified miRNAs should be firstly
tagged by fluorophores and then loaded in the platform followed by hours up to 2 days of
incubation®®. The sophisticated bioinformatics tools for the analysis and the need of a lot of time
made these two methods inappropriate for routine clinical application. Another method for miRNA
detection is the Nanostring nCounter platform. This is a barcoded hybridization-based, medium-
throughput technology for measuring miRNA levels from low amounts of starting material without
the need for reverse transcription or amplification®?.

PCR-based methods

The most common PCR-based method for miRNA detection and quantification is Revese
Transcription (RT)-gPCR. There are two RT-qPCR approaches. In the first approach, the 3’ end of
miRNAs is extended with a poly(a) sequence via enzymatic treatment, followed by reverse
transcription using a universal oligo(dT) primer. Then PCR with specific forward primer is performed
and the product is detected using SYBR Green. During the second approach, a short single- stranded
part of the stem-loop r prime was hybridized to the 3’of miRNAs and reverse transcribed with
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reverse transcriptase. Then the RT products were quantified using conventional TagMan PCR with

35,36

miRNA-specific forward primer RT-gPCR is very slowly becoming applicable in clinical

laboratory, mostly because the need of special instrument.
Isothermal methods

On the other hand, isothermal amplification methods, are conducted in one single stable
temperature, need no cycling and not specific instrument so is more feasible to be applicable for
easier and faster routine clinical diagnosis. Some of the isothermal amplification methods that have
been used for miRNA detection are EXPAR (Exponential Isothermal Amplification), LAMP (Loop-
mediated Isothermal Amplification), DSN (Duplex Specific Nuclease), Rolling Circle Amplification
(RCA) as well as molecular beacons.

During the EXPAR approach the target miRNA is triggering rounds of extension and cleavage its
isothermal amplification after is hybridization on a specific designed template. Visualization of
products occurred using SYBR green dye. In a similar way, during DSN method the miRNA target
hybridized with complementary Tagman probe, followed by selective cleavage of the RNA/DNA
duplex by DSN the nuclease. The later, leads to the recycle of the miRNA and release the
fluorescent part of the probe as well. However, in that case only one enzyme is used and no
enzymatic amplification is performed. Finally, as concern LAMP, only Bst polymerase is used.
miRNA hybridized on the 5 end of well desighed template triggering polymerization by Bst
polymerase and the appropriate sets of primers. In the end of each cycle Stem- Loop products are

created which can bind SYBR Green | dye®.

Table 2: Comparison of amplification-based methods for the detection of miRNAs

Methods
PCR-based Isothermal % %
Microaarrays NGS
RT-PCR***® |digital-PCR™?** L-RCA® DSN* u
Quantlt.atlve Quantitative Rapid Amp?l!flcatlon Non-e.n.zynTetlc Sy L .Quantltatlve
Real-time Sensitive amplification High-throughput
Extreme . Use of only 1 Detection of unknowm
Advantages e e Good Specificity . .
Good sensitivity | sensitivity enzyme High-throughput miRNAs
No need of special equipment Discovery of miRNAs panels
—High specificity - - 'p . y - :
Good specificity Flourescent detection Good sensitivity Sensitive/Accurate
Special equipment Padlock-probe Uses Tqgman High cost
needed/Requiers Cycling design Probes High cost for rutine 8
Disadvantages Bioinformatics analysis No absolute quantification clinical practice |Time-consuming (up to days)

Detects only known miRNAs

Special equipment needed

Low-throughput

Requires expertise

1.3 Rolling Circle Amplification in Molecular Diagnostics

Apart from the above techniques, RCA is another isothermal DNA Amplification method that has
been widely used for the detection of both DNA and RNA. RCA was the main method that used in
this project, thus it will be extensively described.
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Rolling Circle Amplification is an isothermal enzymatic DNA amplification method that developed in
the mid-1990s. During RCA a short DNA or RNA primer initiate the amplification process using a
circular DNA as template and a special DNA or RNA polymerase with strand displacement activity
(Phi29, Bst, Vent exo-DNA polymerase and T7 RNA polymerase RNA). DNA or RNA polymerase
replicates the circular template going around of it hundreds to thousands of times, resulting in the
formation of a long single-stranded DNA (usually hundreds between hundreds of nanometers and
microns in length) that contains tens to hundreds tandem repeats that are complementary to
target sequence (Figure 3A). Unlike PCR which requires thermal cycler, RCA can be conducted at
constant temperature. The most suitable and widely used DNA polymerase for RCA reaction is
phi29. This enzyme exhibits extreme processivity, strand displacement ability and has an optimal
catalytic temperature at 30 °C. However, works well at room temperature (RT), too. A typical RCA
reaction requires four components: phi29 DNA polymerase, a short DNA or RNA primer (which
there are cases that serve as target, too), a circular DNA template typically (15-200 nt in length)
and deoxynucleotide triphosphates (dNTPs). Due to the high processivity, fidelity and specificity of
the reaction as well as the manipulation of the circular template and therefore the product, RCA
has been explored extensively to develop sensitive detection methods for DNA, RNA, DNA
methylation, single nucleotide polymorphism (SNP), small molecules and proteins. Moreover, there
many researches demonstrating that RCA can be conducted directly in crude samples (cell extracts,

41,42

serum)”~"*. RCA seems to be suitable tool for the development of point-of-care detection methods.

RCA has been widely applied in nucleic acids analysis with the use of “padlock-probes”. Padlock
probes are linear single stranded DNA probes of approximately 80-90 nt in length. The 5'- and 3'-
end of padlock probes are designed to hybridize juxtaposed with the target nucleic acid such as
genomic DNA or microRNA (miRNA). Then the two ends of the DNA probe are joined by a DNA

liagse, creating DNA circles that serve as template for RCA reaction 2%,

1.3.1 RCA Variants

Ligation-RCA (L-RCA) is one of RCA variants which is based in the procedure described above.
During L-RCA (Figure 3B), DNA ligases of high specificity could be used. Ligation and circularization
of padlock probe (and subsequently RCA reaction) will be carried out only when there is accurate
base pair complementation, enabling the detection/discrimination of point mutations (SNPs)'*%.
Other RCA expansions are Multiprimed, Branched and Hyperbranched RCA (or RAM) (Figure 3C)
and dumbbell-shaped probe RCA (D-RCA), Hairpin Probe (HP) -RCA and Toehold Mediated Strand
Displacement RCA (TMSD)3>4043:44, Multiprimed RCA can be performed by hybridization of more at
least two primers in the same circular template initiating the amplification of multiple single-
stranded RCA products. Single-stranded RCA products can be visualized by electrophoresis on
agarose gel, incorporation of fluorescent dyes to RCA products via fluorophore-conjugated dNTP
during RCA or atomic force microscopy*. On the other hand, BRCA and Hyper-BRCA methods are
based in the addition of second primer (BRCA) or third primer (H-BRCA) that hybridized on the RCA
product, creating the complementary RCA product, converted the single-stranded DNA to double-

43,44

stranded. The dsDNA product can be visualized using SYBR Green | intercalating dye™™". During
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dumbbell or harpin-shaped probe RCA, a dumbbell-shaped instead of linear padlock probe is used
as template for ligation and the DNA polymerase. Dumbbell probe has 3 domains, a target binding
domain, a SYBR Green | binding domain and a loop binding domain. As concern the HP-RCA, as in
previous case a well designed probe is used combined with SYBR Green | dye for visualization of

(A) 5 Figure 3: A) RCA Principle: a short DNA primer extended by
DNA polymerase with strand displacement activity to create a
long ssDNA. B) Schematic illustration of L-RCA. In the
presence of DNA target, the padlock probe hybridizes with
the target and both ends of the padlock probe are ligated by

Strand

DN A Polymarase displacemznt

& .
DNA ligase to form circular template for RCA. C) Schematic
representation of HRCA. During the extension of the first

» i primer (primer 1), second primer (primer 2) is added, which is
complementary to the first RCA product, initiating synthesis
of complementary RCA product, resulting in formation of
double-stranded RCA product.

B Target “ T _/

Ligati DNAP
pas:g;; igation olymerase
Primer
(C:I Primer 4 Primer 2
/""_"\ e
DNA Polymerase DNA Palymerass
. e

Nam-In Goo et al., 2016

RCA product40. It is worth mentioning that in order to perform any type of RCA reaction, a ligation
step for circularization should be conducted first, followed by RCA reaction. The two reactions are
conducted separately in a sequential manner.

1.3.2 RCA for DNA/miRNAs detection

L-RCA is mostly used for the detection of SNPs or point mutations both in DNA or miRNAs*"*2, D

to its high specificity and sensitivity RCA can induced signal amplification of target DNA sequences

ue

even when there is 1 copy of target in 100.000 copies of non-target DNAs*3. On the other hand, all
the methods described above have been extensively used for miRNA detection. miRNAs serve not
only as a target, but also as primer. Using BRCA combined with the SYBR Green | dye 0.1 fM and
0.01 pg of target miRNA could be detected*****°. D-RCA and HP-RCA methods have been designed
especially for miRNA detection. The LOD for both methods was 1 fM and 10 fM respectively.
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1.4 Nanotechnology-based detection of nucleic acids

Advances in nanomaterials and nanotechnology contribute in the development of sensitive non-
enzymatic amplification-based methods. For example, the bio-bar-code assay is characterized by
extraordinary amplification and detection capability down to zM scale without enzymatic
amplification, and has been applied for both miRNA and DNA detection. This technique utilizes two
types of particles (a microparticle and a nonoparticle), each carrying an oligonucleotide partly
complementary to the target so that can sandwich the target and accomplish sample purification,
detection and amplification. The nanoparticle carries with it hundreds of oligonucleotides referred
to as bar-codes. After sandwiched of target by the particles, a magnetic field and suitable treatment
can be used to separate them from the sample solution, release the barcodes and detected using

the scanometric method*®%

. The target-triggered sandwich approach was also applied using a
Liposome-QD(quantum dot)-probe and a capture-probe modified magnetic-beads (CP-MB). Again
the LoD that was achieved was in aM levels®. Finally, Persano et al. at 2016 achieved label-free
colorimetric detection of miRNA using magnetic microparticles and Au nanoparticles which carrying
DNA probes complementary to the target miRNA, combined many rounds of strand extension,
cleavage, and displacement which produces linker DNA triggering the sandwich formation.

Detection of 1 fM initial template was achieved™.
1.5 Biosensors in molecular diagnostics

As already stated there is an urgent demand for the development of sensitive, rapid, easy-to-use,
cost-effective methods for the detection of circulating nucleic acids in biological fluids, suitable for
clinical application. A major step was the development of novel, PCR-free, isothermal amplification
strategies (for signal or DNA-target amplification). As already described nanomaterials and
nanotechnology are great tools to contribute in the detection of biological targets with high
sensitivity and efficiency, especially when combined with other techniques, such as biosensing
methods. Incorporation of the amplification strategies with novel biosensors enables the
development of easy-to-use diagnostic platforms or even portable point-of-care diagnostic systems
removing the need of centralized laboratories and specialized personnel>***™’.

1.5.1 Introdunction to biosensors

A biosensor is an analytical device that uses a biological recognition system (bioreceptor) to target
molecules or macromolecules (analytes). Biosensors use a physiochemical transducer to convert
the signal from the bio-recognition system into a detectable signal. They consist of three main
components: 1. the detector, which identifies the stimulus, 2. the transducer, which converts this
stimulus (biorecognition event) to an output (measurable signal), and 3. the output system, which
involves amplification and display of the output in an appropriate format. Biosensors are able to
measure biological or chemical reactions by generating signals proportional to the concentration of
an analyte in the reaction. However, a lot of information can be gained*>.
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Biosensors can be classified into 3 main groups depending on the method of signal transduction:

2735 optical biosensors, detection is

optical, electrochemical and acoustic (piezoelectric)
performed by exploiting the interaction of the optical field with a biorecognition element. They are
further classified into labeled and labeled-free, where the detected signal can be either generated
directly by the interaction of the analyte with the transducer or involves the use of a label and the
optical signal is then generated by a colorimetric, fluorescent or luminescent method. Surface
plasmon resonance (SPR), Ellipsometric and Surface-enhanced Raman scattering (SERS) are the
most common optical label free biosensors™. Electrochemical biosensors detect the electrical
signal that produce from the analyte “reaction” and is proportional to the analyte concentration.
One of the key advantages of electrochemical biosensors is their relatively simplicity. Inexpensive
electrodes and simple electronics can be easily combined to develop miniaturized easy-to-use

portable system555.
Acoustic Biosensors

Acoustic biosensors operate by monitoring the change in the physical properties of an acoustic
wave in response to the measurand. They are base in the piezoelectric phenomenon, which is
displayed in certain crystals such as quartz where mechanical stress induces voltage generation and
vice versa. Quartz crystal oscillates when an alternating voltage is applied producing acoustic
waves. Acoustic wave sensors can be categorized according to the waves they generate depending
on the cut of the quartz crystal into two main groups. Different cuts cause different piezoelectric
deformation and subsequently acoustic waves that propagates into different directions. The two
main “cuts” are AT and ST generating bulk and surface acoustic waves respsctively. Acoustic wave
sensors are capable of detecting multiple physical parameters such as mass, viscoelasticity,
pressure, temperature etc>*>*>’.

The well-established quartz crystal microbalance (QCM) is a BAW sensor comprising an AT-cut
quartz crystal sandwiched between two circular electrodes, such as gold. Application of an
alternating current (AC) voltage between the electrodes causes the crystal to deform in an
oscillatory manner, preferentially operated in the fundamental thickness shear mode resonance or
associated resonance overtones. This resonant frequency of oscillation of the crystal is sensitive to
added mass at the crystal surface as described by Sauerbrey (1) allowing for quantitative
measurements of changes at the crystal surface:

2f o Am

Af = — . (”qpq) iz (1)

When molecules attached to the sensor’s surface creates an elastic film and the frequency
decreases proportional to the mass of the added molecules like it is described from the Equation
(1)>**%°%. However, molecules are viscoelastic, which means that parts of them tend to resist

distortion (viscocity) and parts of them tend to deform (elasticity) when a force is applied to them.
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When such molecules are attach to the sensor surface, they form a “soft” film, and the Equation (1)
does not fit.

3) Applying an electrical potential through
the AT cut quartz deforms the crystal in a
side-to-side motion ("thickness shear
mode”), in such a way that the acoustic wave
travels outwards, towards the bulk fluid the

" crystal is immersed in

AT-cut crystals aren’t the only ones capable

of this motion, but are very commonly used

1) Electrical power (AC voltage) is
2pplied to the electrodes sandwiching
the quartz crystal. This is applied at a
specific frequency.

T

2) Matching the frequency of the
AC voltage 1o the natural
resonances of the crystal causes
the crystal to substantially
deform in an oscillatory fashion.

Ronen Fogel et al., 2016

Figure 4: Schematic representation of the general process for the generation of bulk acoustic acoustic wave on QCM.

QCM-D technology operates by monitoring the changes in the physical properties (frequency,
dissipation) of the acoustic wave in response to a measurand presented at solid/liquid interface.
Frequency changes (AF or APh) of the acoustic wave depict changes of the elastic mass attached on
the sensor surface. On the other hand, change in the acoustic energy dissipation depicts changes in
viscosity during the loading and addition of samples. As molecules are viscoelastic, they also cause
dissipation changes. Combining the changes in frequency and dissipation, information about the
size, shape and intrinsic viscosity of surface-bound molecules (i.e. DNA structures, liposomes) can

be obtained, too>*>%.

1.5.2 Biosensor-based detection of Circulating Nucleic Acids

A wide range of electrochemical, optical and acoustic techniques have already been integrated into
biosensing analytical devices and/in order to applied in biomedical diagnosis and SNP detection.
PNA probes immobilized on sensor surface of QCM®*, electrochemical and Surface enhance Raman
spectroscopy (SERS) biosensor, have been widely applied in SNP detection, as they have a
remarkable mismatch discrimination upon hybridization with complementary DNA. The detection
limits for each case were 1 pg/mL, 62.41 amol/L, 3.4 pmol/L respectively. There is one
electrochemical assay that is worth to be mentioned, which also utilize PNA probes;
electrochemical clamp assay is a biosensing approach that has been applied directly in the serum of
lung cancer patients for the detection of KRAS G13D point mutation in cfDNA using PNA probes.
This assay is very fast and simple. Firstly, the heterogenous DNA/RNA sample is mixed with clamp
sequences that will sequester via hybridization the wild-type sequence and all the KRAS mutants
except from the mutant target of interest (KRAS G13D). Then the sample is applied to a PNA probe-
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modified microsensor, and only the target mutant nucleic acids hybridize to the immobilized PNA
probe, which is complementary to the target. The other mutants and wild-type nucleic acids are
prevented from binding due to the clamps, and eventually are washed away. Electrochemical
readout is following. The above assay achieved a detection limit of 10 fg/uL after 15 min of
incubation for the hybridization with the PNA probe. However, during this assay it was detected
both ctDNA and cfRNA™.

Surface Ligation is another efficient method for SNP analysis that has been combined with SPR
biosensor and leaky surface acoustic wave biosensor, achieving a detection limit of 1 pmol/L.
Further technique for SNP detection combined the use of MutS missmatch binding protein with
electrochemical biosensor: immobilized MutS on the electrode surface binds the SNP loci of
heteroduplex DNA forming the electrical signal. The limit of detection that was achieved was 100
pmoI/L51. However, based on the previous method QCM and SPR biosensing were applied, too.
Finally, a label-free and sensitive method for SNP detection was developed by the combination of
RCA and electrochemical biosensors. Using methylene blue as the electroactive indicator, the
method enabled the detection of SNPs with a detection limit corresponding to 40 amol/L*.

A wide range of mIiRNA biosensor-based assays have been developed including mainly
electrochemical and optical approaches. Briefly, electrochemical label-free microRNA biosensor
based on the cyclic enzymatic amplification method using T7%° exonuclease or DSN®* have been
developed achieving a detection limit down to the fM level. Like in the case of MutS protein which
binds mismatches in DNA duplexes, electrochemical sensors were developed using immobilized
RNA capture probes and the p19 protein which binds on RNA duplexes. Since miRNA hybridizes on
RNA probe, p19 binds with the hybrids of target miRNAs and their complementary sequences
shielded the electrode surface, causing electrical signal*®*. LoD was from nM to aM levels. Other
electrochemical label-free miRNA detection biosensor technologies was based on enzyme free
guadratic SERS®? signal amplification and carbon nanotube (CNT)®® enhanced detection based on
hairpin probe triggered RCA upon miRNA hybridization.

In order to achieve widespread use outside academic laboratories, nucleic acids detection assays
must be cost-effective and easy to use. This is an important consideration when engineering signal
amplification steps that require complicated liquid handling steps. Most of amplification assays and
biosensors that have been developed have not yet been tested in clinically relevant samples such as
blood, serum, plasma, saliva or urine. In most of the above cases that described, RNA and DNA
isolation is required, regardless of which enzymatic-reaction based methods or nanotechnology-
based methods used. Furthermore, most assays reported a limited SNP discrimination ratio (<10
fold), making them potentially unsuitable for detection of ctDNA. Despite that optical and
electrochemical biosensing techniques have been widely developed, electrochemical and acoustic
biosensors are more advantageous because are simpler, more cost-effective and label-free®>*.
However, as concern the ctDNA and miRNA detection there are only few cases has been used

acoustic biosensor.
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1.6 Aim of the project

The overall aim of the project was the development of novel, easy, fast and reliable diagnostic
methods for sensitive and efficient detection of a) circulating tumor DNA point mutations and b)
circulating miRNAs, both treat cancer biomarkers, using RCA isothermal DNA amplification method
combined with acoustic biosensor. As each nucleic acid target has its own characteristics (i.e.
ctDNA is double stranded and more than 150 bp in length and miRNA is ssRNA and about 20nt), a
suitable approach was designed to develop for each case.

As concern the detection of ctDNA point mutations, the aim was to develop a simple and fast (less
than 2 hours) method which will detect and amplify ctDNA with sensitivity and high accuracy. The
method will require very simple instrumentation, such as thermocycler, which is available any
clinical laboratory and will be also suitable for integration in miniaturized portable devices
(microfluidics, Lab on Chip), thus can be applicable in routine clinical diagnosis. As already stated,
only few copies of ctDNA are presented in 5 mL of blood. Furthermore, ctDNA has very low
guantities compare to “healtly” cell free DNA (1:10000). Thus, it is necessary the method to detect
very low amount (even one copy) of the target with specificity. The addition of an optimal
amplification step for ctDNA enhancement seems to be critical. RCA combined with a ligation step
(L-RCA) has been proven suitable for sensitive SNP detection, achieving a detection limit at aM
levels with good discrimination capability (mutant/WT 5000:1)%. By Introducing cycles of ligation-
denaturation of padlock probe using a thermostable DNA ligase(Ampligase), lower limit of
detection at zM levels can be achieved as well. So enrichment through ligation followed by
isothermal RCA amplification increase the number of DNA molecules eliminating the PCR-bias risk.

: dNTP
|
Mutant target @ & @
Polymerase @
ligase dNTP
Wild—type target 9
Polymerase @

'

L

Figure 5: Amplification and enrichment of the mutant target via RCA

Circulization of padlock probe only occurs if there is accurate base pair complementation and only when the circle is
complete, phi29 polymerase displaces the already existent product and carries on with the reaction going around of the
target for many times

Amplified RCA products will then be detected using a commercially available acoustic based sensor,
QCM-D device. There are only two studies that combined RCA with acoustic detection. Yao et al.,
2013 achieved to detect 10" copies/mL of HBV genomic DNA with high specificity using a non-
cycling ligation protocol and on-chip RCA-QCM. RCA was performed on the chip surface through
capture probes which were immobilized on the gold electrode surface. First, the target strands act
as a template for the circularization of the circular probe, and subsequently, a special primer
triggers the isothermal amplification by phi29 DNA polymerase®. Previous study in the lab by
Kordas et al., 2016 combined a Surface Acoustic Wave (SAW) device with RCA for rapid Salmonella
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for targets amplification and detection. Various protocols were tested including off-chip and on-
chip RCA. Finally, a limit of detection of 100 copies of Salmonella chemically synthesized DNA was
achieved®. Both studies refer that the combination of RCA isothermal amplification with acoustic
biosensor is very promising and has the potential to become a successful clinical application.

Take into account previous work of the lab® the method that was chosen for the bind of RCA
product on to the sensor surface, was via PLL(25)-g-PEG(2) polymer. PLL-g-PEG is a random graft co-
polymer with a poly(L-lysine) backbone and poly(ethylene glycol) side-chains. The PLL backbone is
positively charged and interacts electrostatically with the negatively charged DNA, while the side-
chains extend from the surface to form a densely packed polymeric brush. PEG side-chains consider
as protein resistant. Due its nature of PLL-g-PEG, which is quite durable, no special manipulation is
required. Direct loading and electrostatically absorption of non-purified RCA product to PLL(25)-g-
PEG(2) coated gold sensors in order to be detected on QCM-D not only seems feasible, but also is a
novel, easy and simple approach avoiding any complicated design and further steps. As a result, a
novel method will be developed for the efficient detection of ctDNA point mutations via a two-step
approach, which includes isothermal DNA amplification of high efficiency and specificity, followed
by direct loading on QCM-D sensor.

RCA product
PEG . (negatively charged)

Gold _ -, PLL
Sensor > (positively
charged)

protein

Figure 6: Adsorption of RCA product on PLL-g-PEG on gold coated QCM sensors.

Concerning the second case, altered levels of miRNAs and more specifically of miRNA-21, have been
associated with multiple diseases, including cancer. miRNAs is presented in the circulation in quite
higher levels compare with ctDNA, up to pM levels. Yanzhao Li et al., managed to discriminate
patients with lung cancer from healthy people quantified the levels of miRNA-21 in blood via RT-
PCR. Cancer patients had about three times higher levels of miRNA-21 (300 pM) in their circulation
compare to healthy people (100 pM)67. As miRNAs can serve both as target for padlock
circularization and as primer for RCA, RCA has been widely used for miRNA detection. However,
multistep and complicated in design methods have been developed, required the use of different
temperatures during the whole procedure and the need of cycler. Furthermore, in order to
conducted RCA, ligation of padlock probe should be take place in a separate reaction prior RCA.
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There is no published study, in which is referred the combination of ligation and amplification step
into one. Take into account all the above as well as the fact that phi29 and more common ligases
work well at RT and during the first part of the work it was managed the combination of ligation
and amplification processes into one single step, here the aim of this project was the development
of really novel, easy and efficient miRNA detection method, which will be constitute only from two
steps and all the steps will be conducted at RT; 1. Ligation and amplification in one single step for
the first time followed by 2. Acoustic detection using QCM biosensor. However the novelty of this
case is that all the steps are conducted at RT (20 °C- 30 °C). No different temperatures and no
thermal machine are required. About the detection on QCM-D device, two different approaches
will be tested. Like in the previous case of ctDNA detection, the first approach that it will be tested
is the binding of RCA product on gold sensor surface via PLL(25)-g-PEG(2). In the second approach
binding of RCA product will be achieved via neutravidin protein. When RCA is conducted in
presence of biotinylated-dUTP (b-dUTP), b-dUTPs will randomly incorporated in the RCA product,
ensuring its binding on neutravidin. The same approach was used by Kordas et al., collecting
notably data®>. miRNA-21 is presented in high concentration not only in blood and its variants
(serum, plasma) but also in saliva, where the 95 % constitutes from H,0. Compatibility of the above
method with application directly in crude samples (i.e. serum or saliva) would increase the chances
for the development of a novel diagnostic platform or even better of a novel point-of-care system.
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2. Materials & Methods

1. Acoustic Experiments

1.1 Quartz Crystal Microbalance experimental setup and crystal preparation

All the acoustic experiments described in this work were performed using QSense E4 instrument
(Biolin Scientific) at the operating frequency of 5 MHz. QSense E4 is a QCM-D instrument consisting
of 4-sensor chambers in a parallel configuration (Figure 7). Prior to any acoustic experiment one or
more (up to four) gold sensors with a fundamental frequency of 5 MHz and 14 mm total diameter
from AW Sensors (AWS SNS 000042 A) were firstly rinsed by 70 % EtOH followed by nitrogen gas
dry and then were subjected into high power plasma cleaning for 3 minutes using a Harrick plasma
cleaner PDC-002. After cleaning, gold crystals were immediately transferred to their chambers. All
the experiments were carried out at 25 °C, in a continuous flow of buffer solution at the constant
flow rate of 50 uL/min using a peristaltic pump. After the measurement was stopped, the chambers
including the gold sensors were cleaned with 2% Helmanex and ddH,0 and reused. The real-time
data were collected and further analyzed using QTools and OriginPro 8. Resonance frequency and
Energy dissipation changes were measured at the 7" overtone.

1.2 Real-Time Acoustic Detection of RCA on PLL(25)-g-PEG(2) coated sensors
Acoustic measurements were performed under the continuous flow of Tris buffer (10 mM, pH=7.5)

(Sigma). Briefly, gold sensors were firstly equilibrated with Tris buffer. Then, 30ug of PLL(25)-g-
PEG(2) ( diluted in Tris buffer up to 300 pL (0,1% w/v) were independently injected to each gold
sensor followed by buffer rinsing and the addition of Single-step or Two-Step RCA positive or
negative reactions in the PLL-g-PEG coated sensors. Again buffer rinsing took place. RCA positive
and negative reactions were also diluted in the running buffer up to 200 pL, prior to the addition. In
every case, after the washing step the real-time signal is supposed to reach a plateau. The
absorption of the polymer on the gold electrode was verified by typically detecting AF = -235 Hz, AD
= +3 * 10°at the 35 MHz overtone and 0.013 for the acoustic ratio.

1.3 Real-Time Acoustic Detection of RCA on Neutravidin coated sensors

PBS (2.7 mM KCI, 8.1 mM Na2HPO4, 1.76 mM KH2P0O4, 137 mM NaCl, pH 7.4) (Sigma) with or
without MgCl2 or Tris (20 mM pH=7.5) (Sigma) or MES (45 mM, pH 5.5) (Sigma) buffer was pumped
over the gold-coated surface of the sensor in a continuous flow-throw manner. Again, gold sensors

were firstly equilibrated with the running buffer. Then, 200 ng/uL neutravidin (Invitrogen) was
added independently on the gold surface of each sensor, followed by buffer rinsing until the real-
time signal reach a plateau. After washing, addition of Single-step RCA positive or negative
reactions in the neutravidin coated sensors took place followed by buffer rinsing. All the samples
were diluted in the running buffer up to 200 pL.
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Figure 7: Representation of QCM-D set up.
2. Design and List of Oligonucleotides

Oligonucleotides, including those mimicking the Circulating Nucleic Acids (ctDNA carrying the KRAS
G12D mutation and miRNA-21) as well as primers and probes, were synthesized by Metabion
International AG, unless otherwise stated. Two different single-stranded DNA oligonucleotides
(85nt and 21nt) corresponding to KRAS gene target which carry a mutation at codon 12 and
another two single-stranded DNA oligos (22nt) mimicking the WT sequence of miRNA-21-5p or
carrying a mutation in the middle of its sequence were synthesized. These targets can be used first
of all, as a template for the circularization of padlock probes and in some cases as primer in order
Rolling Circle Amplification (RCA) to be performed. Concerning the padlock probe design, each
probe consisted of an oligonucleotide of 70-80 bases in length. Both 5’ and 3’ ends of the probes
bore 11-20 nt that hybridize to the complementary sequence of target, immediately 5’ and 3’ of the
mismatch respectively, with the 3’ terminal base to vary in the case of KRAS-target. Two padlock
probes have been synthesized for the KRAS G12D target (which carries the mutation), one fully
complementary to the target and the other with a mismatch in the 3’ end which corresponds to the
WT sequence of 12 codon. As concern the miRNA-21 DNA target only one padlock probe were
synthesized, with accurate base pair complementation to the WT sequence. One set or primers was
used for the PCR amplification of 85nt KRAS G12D in order to be converted to double stranded DNA
and one or more primers were designed and used in each case for RCA. All sequences are
presented in Table 1.

Table 1: Names and sequences of DNA targets, padlock probes and primers

DNA Oligo | Sequence (5’->3’)

Target Sequences
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KRAS G12D 85 nt TTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCATCAGCTCCAACTAC

(DestTarget1) CACAAGTTTATATTCAGTCATTTTCAGCAGGCCTTA
KRAS G12D 21 nt oligo | GTT GGA GCT GAT GGC GTA GGC
(PMT)
miRNA—21—5pWT TAGCTTATCAGACTGATGTTGA
(T21WT)
miRNA—21—5pMT TAGCTTATCAGCCTGATGTTGA
(T21MT)
Padlock Probes
KRAS Pdlk WT CAGCTCCAACTACCACAAGT TTATTAAGTCAGTATCGTCCGGAT
(PadWT) CCTAGCAT AG GCACTCTTGCCTACGCCAC
KRAS Pdlk MT CAGCTCCAACTACCACA AGTTTATTAAGTCAGTATCGT CCG GATCCT
(PadMT) AGCATTAG GCACTCTTGCCTACGCCAT

PdIK21 WT (Pdik21) CTGATAAGCTA ACT GCATCG TGG AGA TTC TCA GCC AGA CC AAC
CCATCA GGATAG ATC GCG CTA AGC TCAACATCAGT

PCR Primers
KRAS 85nt Fw TTAGCTGTATCGTCAAGGCACTCTTGCCTA
(Set1fw)
KRAS 85nt Rv (Setirv) | TAAGGCCTGGTGAAAATGACTGAATATAAA
RCA Primers
KRAS-PL (PdlkP1) TACTGACTTAATAAACTTGTGG
(Minotech)
KRAS-PR (PdIKP2) GTGCCTAATGCTAGGACCGG
(Minotech)
KRAS-PM (BamProbe) | ATG CTA GGA TCC GGA CGATAC TGA
P21-left (P21-1) GGCTGA GAATCT CCACGATG
P21-right (P21-2) GCG CGA TCT ATC CTG ATG GG
P21-middle (P21-3) TCC TGA TGG GTT GG TCT GGC

3. PCR amplification of KRAS G12D 85 nt

Single-stranded KRAS G12D 85 nt target was converted to double-stranded DNA after PCR
amplification using the KAPA2G Fast HotStart ReadyMix PCR Kit from KAPABIOSYSTEMS. 3ng of
single-stranded DNA was mixed 5 uL of 2X KAPA2G Fast HotStart ReadyMix and 10 pmol of each
KRAS 85 nt Fw and Rv primers in a final volume of 10 uL. After an initial denaturation at 95 °C for
5min, 35 cycles followed of 10 sec denaturation at 95 °C, 10 sec annealing at 60 °C, 10 sec extension
at 72 °C and a final extension step of 1 min at 72 °C. PCR product was extracted using the
Nucleospin PCR Clean-Up protocol of the NucleoSpin Gel and PCR Clean-up Kit by Macherey-Nagel.

4. Preparation of Padlock Probes

In order the padlock probes to be circulated and act as a template for phi29 DNA polymerase for
the conduction of Rolling Circle Amplification, phosphorylation of their ends has to be performed
prior to ligation. The 5 termini of 300 pmol linear padlock probe were phosphorylated by T4
Polynucleotide Kinase (3’ phosphatase minus) (New England Biolabs). The reaction has a final
volume of 50 pL and contains 10 units of T4 Polynucleotide Kinase (3’ phosphatase minus), 1x T4
Polynucleotide Kinase Reaction Buffer, 1mM ATP and 0.1 pg/ulL BSA. The reaction was incubated at
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37 °C for 30 min, followed by heat inactivation of T4 PNK at 65 °C for 20 min. All reagents were
purchased from New England Biolabs.

5. Rolling Circle Amplification (RCA)

Phosphorylated padlock probes can be ligated into circles (circularization) in a target-based
manner, providing the template for the specific hybridization of one or more primers and the
conduction of RCA by phi29 DNA polymerase. Usually target-based padlock ligation and RCA are
conducted in two separately steps (two-step RCA Reaction), however, the combination of these
two steps into one can be achieved as well (single-step RCA Reaction).

For the detection of KRAS G12D point mutation two chemically synthesized KRAS DNA targets were

designed and used. The DNA targets were 21 nt and 85 nt in length and they will be referred as
KRAS G12D 85 nt and KRAS G12D 21 nt Oligo respectively. Both targets carry the G12D point
mutation in about the middle of the sequence. Moreover, two padlock probes complementary to
either the mutant (KRAS Pdlk MT) or the wild type (KRAS Pdlk WT) G12D targets were designed,
too. The latter was used as control. Theoretically, ligation of the linear padlock only occurs if there
is accurate base pair complementation and only when the circle is complete, phi29 polymerase
displaces the already existent product and carries on with the reaction going around of the target
for many times. To investigate the detection of miRNA-21-5p, it was designed and used a
chemically synthesized single stranded DNA oligo, instead of RNA, with the miRNA sequence
(miRNA-21-5p"'"), as well as a second DNA oligo with the miRNA-21-5p sequence however carrying
a point mutation (mismatch) exactly in the middle of its sequence (miRNA-21-5p™"). Furthermore,
one single padlock probe (Pdlk 21 WT) with the 11 bases of its 5’ and 3’ ends fully complementary
to the miRNA WT sequence was used.

Ligation constitutes the most critical step concerning the specificity of the method. During the
experiments it was tested the ligation performance of three different enzymes; T7 DNA Ligase,
AmplLigase Thermostable DNA Ligase and T4 DNA Ligase. T7 DNA Ligase is an ATP-dependent Ligase
from bacteriophage T7 that catalyzes the formation of a phosphodiester bond between adjacent 5°
phosphate and 3" hydroxyl groups in duplex DNA structures. T7 DNA Ligase works better at 25°C
and can be heat inactivated at 65°C. Ampligase thermostable DNA Ligase derived from a
thermophilic bacterium and catalyzes the NAD-dependent ligation of adjacent 3"-hydroxylated and
5’-phosphorylated termini in duplex DNA structures only when there is perfect complementation.
Furthermore, AmplLigase is extremely thermostable and completely active at high temperatures
(half-life is 48 hours at 65°C and more than 1 hour at 95°C) so that can be subjected into rounds of
denaturation and ligation producing many minicircles (circularized padlock probes). T4 DNA Ligase
is ATP dependent and catalyzes the formation of a phosphodiester bond between juxtaposed 5'
phosphate and 3' hydroxyl termini in duplex DNA or RNA. Moreover, this enzyme can repair single
stranded nicks in duplex DNA and some DNA/RNA hybrids making it appropriate for miRNA
detection.

5.1 Two-Step RCA Reactions
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Two-step RCA reactions have been conducted for the detection of double stranded KRAS G12D
85nt target and single stranded KRAS G12D 21 nt oligo, using two different ligation enzymes,
Ampligase - Thermostable DNA Ligase (Epicentre) and T7 DNA Ligase (New England BiolLabs). All
reagents were purchased from New England Biolabs (NEB), unless otherwise stated.

5.1.1 Ligation using AmpLligase

2.5 units of AmplLigase were mixed with varying concentrations of ds KRAS G12D 85 nt target and
0.5 pmol of phosphorylated KRAS Pdlk MT or WT padlock probes. The reaction has a final volume of
15 pL and contains 1x AmplLigase buffer (Epicentre) and 0.04 pg/uL BSA. After an initial incubation
of the reaction at 94 °C for 5 min to denaturate target DNA, 40 cycles of incubation at 92 °C for 5
sec and 62,5 °C for 10 sec were performed for circularization of padlock probe. performed either by
using phosphorylated KRAS Pdlk WT padlock or without addition of DNA target.

5.1.2 Ligation using T7 DNA Ligase

Ds (85 nt) or ss (21 nt) KRAS G12D target was mixed with 3000 units of T7 DNA Ligase, 0,5 - 2 pmol
phosphorylated KRAS Pdlk MT or WT padlock probes, ImM ATP and 0.1 pg/uL BSA in 1x NEB buffer
4 in a final volume of 20 pL. The mixture was incubated at 25 °C for 30 min followed by enzyme
inactivation at 65 °C for 10 min. In the case of ds DNA target it is required the addition of an extra
step, where denaturation of the target in presence of padlock probe takes place. Control reactions
were performed either by using phosphorylated KRAS Pdlk WT padlock or without any addition of
DNA target.

RCA Reaction

The whole ligation mixture of AmpLigase was used directly for RCA. However, in the case of T7 DNA
Ligase 5-10 pL of ligation mixture were used. In both cases, the latter was mixed with 5 units of
phi29 DNA polymerase in 1x phi29 DNA polymerase Reaction buffer, 200 uM dNTP mix, 0.1 pg/uL
BSA and 10 pmol of KRAS-PM primer in a 25 plL final reaction volume. RCA reaction was then
incubated at Room Temperature (RT) or at 30 °C for 30 to 120 minutes followed by enzyme
inactivation at 65 °C for 10 min. Then, RCA products were analyzed in 1% agarose gel stained with
GelRed (Biotium) along with 100 ng of A DNA-BstEIl DNA marker. Gels were visualized after 45 — 60
min of electrophoresis at 130 V—140 V using a UV station.

5.2 Single-step RCA Reactions

Single-step RCA reactions have been conducted for the detection of single stranded KRAS G12D 21
nt oligo, using the ligation enzymes Ampligase (Epicentre) and T7 DNA Ligase (New England
Biolabs), as well as for the detection of miRNA-21-5p"" and miRNA-21-5p™" using T4 DNA Ligase
(New England Biolabs). All reagents were purchased from New England Biolabs (NEB), unless

otherwise stated.

5.2.1 Combined RCA & Ligation using Ampligase
Different concentrations of KRAS G12D 21 nt were mixed with 0.5 pmol phosphorylated KRAS Pdlk
MT or WT padlock probes in the presence of 2.5 units Ampligase and 5 units of phi29 DNA
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polymerase. The reaction has a final volume of 25 puL and contains 0.4x AmpLigase Assay buffer, 1x
phi29 DNA polymerase Reaction buffer, 200 uM dNTP mix, 0,1 pg/uL BSA and 10 pmol of KRAS-PM
primer. The mixture was incubated at Room Temperature (RT) for 10 — 30 min, followed by enzyme
inactivation at 65 °C for 10 min and electrophoresis for 45 -60 min in 1% agarose gel stained with
GelRed (Biotium) along with 100 ng of A DNA-BstEIl DNA marker. Control reactions were performed
using phosphorylated KRAS Pdlk WT padlock.

5.2.2 Combined RCA & Ligation using T7 DNA Ligase

KRAS G12D 21 nt DNA target were mixed with 0.5 pmol phosphorylated KRAS Pdlk MT or WT
padlock probes in the presence of 3000 and 5 units of T7 DNA Ligase and phi29 DNA polymerase
respectively. 1ImM ATP, 200 uM dNTP mix, 0.1 pug/uL BSA and 10 pmol of KRAS-PM and/or KRAS-PL
/ KRAS-PR primers were added, too. The reactions were conducted in 1x phi29 Reaction buffer and
0.8x NEB buffer 4 in a final concentration of 25 pL. Mixtures were incubated at 25 °C for 10-30 min
followed by enzyme inactivation at 65 °C for 10 min. RCA products were analyzed in 1% agarose gel
stained with GelRed (Biotium) along with 100 ng of A DNA-BstEIl DNA marker. Gels were visualized
after 45 — 60 min of electrophoresis at 130 V-140 V using a UV station. Control reactions were
performed either by using phosphorylated KRAS Pdlk WT padlock or without any addition of DNA
target.

5.2.3 Combined RCA & Ligation using T4 DNA Ligase

440 units and of T4 DNA Ligase (New England Biolabs) were mixed with various concentrations of
miRNA—Zl—SpWT/'vIT and 2 pmol of phosphorylated Pdlk 21 WT, as well as 10 units of phi29 DNA
Polymerase. The reaction has a final volume of 25 pL and contains 0.8x NEB buffer 4, 1x phi29 DNA
Polymerase Reaction buffer, 0.1 ug/uL BSA, 1 mM ATP and 10 pmol of P21-middle primer and/or 10
pmol of each P21-Left / P21-Right primer or without any addition of primer. The reactions have
been conducted in presence of 400 uM dNTP mix (dATP, dCTP, dTTP, dGTP - NEB) which in some
cases they were containing 400 nM to 40 uM of biotin-dUTP (Metabion) (1/100 - 1/10 compare to
dTTP in respect) with the corresponding reduction in dTTP. Reactions were incubated at RT for 30 -
210 minutes followed by cold inactivation (transfer at -20 °C) until their subsequent use. The latter
could be either electrophoresis at 130 V-140 V for 45 — 60 min in 1% agarose gel stained with
GelRed (Biotium) along with 100 ng of A DNA-BstEIl DNA marker or dilution in the appropriate
buffer up to 200 puL and loading on PLL(25)-g-PEG(2) or neutravidin coated gold sensors. No heat
inactivation was performed. Control reactions were performed without addition of DNA target

Table 2 summarizes all the Rolling Circle Amplification protocols.
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Table 2.1: Two-step RCA protocols

Two-step RCA

Ampligase (Epicentre)

T7 DNA Ligase (NEB)

Reagents

Ligation

RCA

Ligation

RCA

DNA target/template
(Metabion)

ds KRAS G12D 85 nt

15 pL Ligation mix

Ds (85 nt)/ss (21 nt) KRAS G12D

5-10puL
Ligation mix

Padlock probe (1uMm)
(Metabion)

0.5pL KRAS Pdlk WT/MT

- 0.5- 2 UL KRAS Pdlk WT/MT

Primer (10 uM) (Metabion)

1 pL KRAS-PM

1 pL KRAS-PM

dNTP mix (10 mM of each

0.5 L

dATP, dCTP, dGTP, 9.9 mM
of dTTP (NEB) & 0.1 mM b-
dUTP (Metabion))

dNTP mix (10 mM of dATP,
dCTP, dGTP, 9 mM of dTTP
(NEB)

b-dUTP (1 mM) (Metabion)

ATP (10 mM) (NEB)

2.5uL

BSA 1ug/uL (stock 20
mg/mL) (NEB)

2.5uL

BSA 1pg/uL (stock 10
mg/mL) (NEB)

1l

phi29 DNA polymerase
Buffer 10x (NEB)

2.5 ul

NEB buffer 4 10x

Ampligase Assay Buffer
10x (Epicentre)

1.5uL

Ampligase (5 U/uL)
(Epicentre)

0.5 L

T7 DNA Ligase (NEB)

T4 DNA Ligase (NEB)

phi29 DNA polymerase
(10 U/pL) (NEB)

0.5 pL

0.5uL

ddH20

up to 15 pL

upto 25 pL

upto25 pL
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Table 2.2: Single-step RCA protocols

Single-Step RCA

Ampligase (Epicentre) | T7DNA Ligase (NEB) | T4 DNA ligase (NEB) |T4 DNA ligase (NEB) {T4 DNA ligase (NEB)

Reagents Combined Ligation & RCA

DNA target/template

_ KRAS G12D 21 nt KRAS G12D 21 nt miRNA-21-5p""M"
(Metabion)

Padlock probe (1um)

: 0.5 UL KRAS Pdlk WT/MT | 0.5 uL KRAS Pdlk WT/MT 2 uLPdlk21 WT
(Metabion)

Primer (10 uM) (Metabion) 1L 1uL KRAS-PM/PL/PR |1uLP21-3/1/20rw/o 1uLP21-30orw/o

dNTP mix (10 mM of each

0.5uL 0.5uL 1uL - -
dNTP) (NEB) " " "

dNTP mix (10 mM of

dATP, dCTP, dGTP, 9.9
mM of dTTP (NEB) & 0.1
mM b-dUTP (Metabion))

- - - 1l

dNTP mix (10 mM of
dATP, dCTP, dGTP, 9 mM of - - ; 1ul
dTTP (NEB)

b-dUTP (1 mM) (Metabion) - - - - 1uL

ATP (10 mM) (NEB) - 2.5uL 2.5uL

BSA 1ug/uL (stock 20
mg/mL) (NEB)

BSA 1ug/uL (stock 10

. . 251
mg/mL) (NEB) 25u 251 H

phi29 DNA polymerase

2.5uL 2.5uL 2.5uL
Buffer 10x (NEB) a " H

NEB buffer 4 10x - 2ul 2L

Ampligase Assay Buffer

luL - -
10x (Epicentre)

AmplLigase (5 U/uL)

; 0.5uL - -
(Epicentre)

T7 DNA Ligase (NEB) - 0.5puL -

T4 DNA Ligase (NEB) - - luL

phi29 DNA polymerase

. . 1ul
(10 U/uL) (NEB) 05ul 05ut a

ddH20 upto25 plL upto25 ulL upto 25 uL
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3. Results

As already stated the aim of this project was the detection of circulating nucleic acids associated
with cancer. Specifically, ctDNA and its KRAS G12D point mutation, as well as circulating miRNA-21,
both associated to colorectal and lung cancer was used as the main targets to be detected. In both
cases, the method is based on two main steps: a) The amplification and enrichment of target by
RCA followed by b) the detection of the amplified product using the QCM biosensor. As mentioned
before, the first step includes two different processes. Firstly, a ligation process where linear
padlock probes are ligated into single-stranded circular DNA in a target-based manner. Then, one or
more specific primers are hybridized to the circular template and phi29 DNA polymerase can
elongate the product, followed by amplification by phi29 DNA polymerase.

3.1 Detection of KRAS G12D point mutation

3.1.1Detection of KRAS G12D 21 nt oligo

The first set of experiments included Specificity and Time Assays for both T7 DNA Ligase and
Ampligase using as template the KRAS G12D 21 nt Oligo. Since not only phi29 DNA polymerase and
T7 DNA work well at RT, but also AmpLigase maintains a good catalytic activity it was initially tried
for both ligases the combination of the ligation and amplification processes into one single
reaction. In these experiments, 10 pmol of the target which carried the point mutation were mixed
with 0.5 pmol of either the KRAS Pdlk MT (fully complementary to the target) or KRAS Pdlk WT
(contains a mismatch at 3’ end) padlock probe and with the two enzymes (polymerase and ligase).
The reactions were incubated for 10’, 20’ and 30’ at RT (20 to 25 °C) and the RCA products were
analyzed on 1 % agarose gel (Figure 8). Both ligases showed increased specificity. However, a small
amount of un-specific product has been created in the case of T7 DNA Ligase after 30 min of
incubation. The same reactions were conducted changing the incubation time to 2’ and 5. As it
seems in Figure 9, 2’ of incubation are enough to produce visualized RCA products.

-+ - o+ -+ -+ -+ - + -+ -+ -+ -

100 200 300 100 20' 30 2’ 2 5 5

Figure 8: RCA specificity results with Ampligase Figure 9: Single-step RCA (positive vs
and T7 DNA ligase using KRAS G12D 21nt oligo negative) in 2-5 min using KRAS G12D
and 0.5 pmol of MT or WT padlock probe. 21nt oligo and 0.5 pmol of MT or WT
Left to right: Ladder/ Lanes 2-7: Ampligase / padlock probe.

Lanes 8-13: T7 DNA Ligase. Both Ligases creates Lanes 1-2 & 5-6: Ampligase / Lanes 3-4
specific products after 20 min of incubation and & 7-8: T7 Ligase.

only in the case of T7 Lgase a small amount of  Visualized RCA products can be created
un-specific product has been created after 30 after 2 - 5 min of incubation using T7
min of incubation. WT padlock was used as DNA ligase.

negative control.
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Since 25 °C is the optimal temperature for T7 DNA liagase and the latter cannot be subjected into
cysles of denaturation and ligation the next step was to identify the limit of detection (LOD) for T7
DNA Ligase at RT and/or in single step reaction. So, both single-step and two-step reactions that
contain 0.5 pmol of KRAS Pdlk MT padlock probe and 0.1 pmol, 0.1 fmol of KRAS G12D 21nt oligo or
no target (control) were prepared and incubated at RT for 1 to 2 hours concerning the amplification
step. As concern, the two-step reaction, before the amplification step have preceded 30’ of ligation
at RT. Again the amplified products were analyzed on 1 % agarose gel. In both cases, 0.1 pmol
create visualized product. However it is worth mentioning that in the case of single step reactions
there was non-specific amplification. The non-specific products are probably due to self-ligation of
the padlock probe and are avoided by separating the ligation from the amplification step, like in
two-step reactions (Figure 10) or by conducted the incubation for no more than 30’ in one step
reaction. In the latter case, the limit of detection for the T7 Ligase was the 1 fmol of initial target
using 0.5 pmol of padlock probe (Figure 11).

0.1pmol/0.1fmol/contr //0.1pmol/0.1fmol/contr 0.1pmol/ 10fmol/ 1fmol/ control
1h 2h 1h 2h 1h 2h 1h 2h 1h 2h 1h 2h

Figure 10: RCA LOD & specificity results for T7 DNA
Ligase in 2-step (Lanes 2-7) and 1-step (8-13) reaction
using KRAS G12D 21nt oligo and 0.5 pmol of MT
padlock probe.

2 step Reaction: 30’ Ligation followed by heat
inactivation & 1h — 2h incubation for RCA .1 step
Reation: Combined Ligation & RCA into one reaction &
1h - 2h incubation for RCA. In both cases, 0.1 pmol
created visualized products with increased specificity.
However, during single-step reactions there was non-
specific amplification in control and probably for 0.1
fmol target. Control reactions were w/o addition of
target DNA.

Figure 11: RCA LOD results for T7 DNA
Liagase after 30’ single step reaction,
using KRAS G12D 21nt oligo and 0.5
pmol of MT padlock probe.

1 fmol of initial DNA target It was
detected with increased specificity.
Control reactions were w/o addition of
target DNA.

In order to further decrease the LOD of a 30’ single step reaction with T7 DNA Ligase, it was
investigated the effect of using two primers which were hybridized left (KRAS-PL) and right (KRAS-
PR) of the padlock probe, instead of the one primer which binds in the middle (KRAS-PM) of the
padlock’s sequence. Theoretically, by using two primers -or three including the 21 nt oligo target-,
multiple copies of RCA product is generating from a single circle. However, the best production of
RCA was managed using the KRAS-PM primer (Figure 12 & 13).
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PL&PR PM PL

Figure 12: Comparison of one-primed single-
step RCA with multiple-primed.

10 fmol of KRAS G12D 21nt oligo and 0.5
pmol of MT padlock probe were mixed with
one or more primers. Lane2: 2-primed
(KRAS-PL & KRAS-PR) RCA product (primers
hybridized near the ends of the padlock
probe), Lane 3 & 4: single primed RCA
product (primer hybridized on the middle -
KRAS-PM- or near the 5 end -KRAS-PL- of
padlock sequence). More RCA product was
obtained using one middle primer.

PM PL&PR PL

cont

Figure 13: Comparison of one-primed single-step
RCA with multiple-primed.

1 fmol of KRAS G12D 21nt oligo and 0.5 pmol of MT
padlock probe were mixed with one or more primers.
Lane 2: single-primed RCA product (KRAS-PM primer
hybridized on the middle of padlock’s sequence),
Lane 3 & 4: 2- (KRAS-PL & KRAS-PR) and 1- (KKRAS-
PL) primed RCA product respectively (primers
hybridized near the ends of the padlock probe or at 5’
end), Lane 5: negative control. 1 fmol of the target
was detected only when the KRAS-PM primer was
used.

3.1.2 Detection of KRAS G12D 85 nt

A second set of experiments was conducted using KRAS G12D 85 nt DNA target. First step was the
conversion of single-stranded KRAS G12D 85 nt target (carrying the G12D mutation) to double-
stranded DNA by PCR amplification followed by purification using the Nucleospin PCR purification
kit. Then, LOD assays again for both AmpLigase and T7 DNA ligase were performed.

The use of dsDNA fragment as template for the RCA reaction required the addition of one more
step where DNA will be heat denaturated for approximately 5 min at 95°C. Then, the denaturated
target was mixed with 0.5 pmol of either the MT (fully complementary to the target) or the WT
(contains a mismatch at 3’ end) padlock probe. Using T7 DNA ligase it was successfully detected
specific RCA products from 100 pg of dsDNA template (100 pg of ds target correspond to 10°
copies) within 120 min of incubation at RT during 2-step reaction (3-step including the denaturation
process) (Figure 14). However, it was managed to detect 10 pg of ds target during single-step
reaction (2-steps in total including the denaturation step) as well (Figure 15).

30' 60’ 90’ 120’ 100 pg 10 pg
+ - + - + - + - + - + -

Figure 14: RCA with T7 DNA ligase from 100 pg (10°
copies) of ds KRAS G12D 85 nt template & 0.5 pmol of
MT or WT padlock probe in 2 step reaction.

100 pg of the target were successfully detected after 5
denaturation, 30’ of ligation & 120 min for RCA at RT.
WT padlock was used as negative control.

Figure 15: Detection of 10 pg of ds KRAS G12D
85 nt template using T7 DNA Ligase in single
step reaction.

100 pg (Lane 2) & 10 pg (Lane 4) of target were
mixed with 0.5 pmol of either MT or WT padlock
probe. Both were successfully detected after 30
min of combined ligase and RCA at RT. WT
padlock was used as negative control.
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In the case of AmpLigase only two-step RCA reactions were conducted for the detection of ds KRAS
G12D DNA target. Performing a cycling protocol of denaturation and ligation with 0.5 pmol of
padlock probe enhanced the creation of minicircles and subsequently the template for RCA. As a
result, an extremely low limit of detection of approximately 10 copies was achieved within 30 min
of RCA reaction (Figure 16). The protocol duration in total was about 30 min for cycling
(denaturation and ligation) and another 30 min of incubation for RCA at 30 °C. In all cases, RCA
products were analyzed on 1 % agarose gel.

10 l 30’ 60’
+ - + - + -

Figure 16: RCA with Ampligase from 10 copies ds KRAS G12D 85 nt starting template.

10 copies of initial target were mixed with 0.5 pmol MT or WT padlock probe followed by
incubation for 30’ in a cycling protocol and other 10°, 30" & 60’ for RCA at 30 °C. 30’ of RCA was
enough to result visualized RCA products.

3.1.3 Detection of KRAS G12D on QCM biosensor

Since it has been investigated the ligation performance of the two ligases and a very good LOD has
been achieved using 2-step AmplLigase reaction and gel analysis electrophoresis next step was to
tested the detection of RCA product using an acoustic biosensor. For these experiments the
commercially available Quartz Crystal Microbalance (QCM-D) setup was used where acoustic
measurements were carried out at 35 MHz. As already stated, an acoustic experiment is conducted
in a continuous flow-through manner involving steps of sample loading and buffer washing in an
alternate way. Briefly, in this case substrate-coated gold sensors interact, absorb or bind the RCA
product. The presence of the sample at the sensor’s surface affects the propagation characteristics
of the acoustic wave, which can be monitored as changes in frequency (AF) and energy dissipation
(AD). Frequency changes correspond on the amount of adsorbed mass and dissipation on the
viscoelastic properties of the bound molecules (Acoustic detection of DNA conformation in genetic
assays combined with PCR).

Interesting results have been obtained from previous work of the lab about PLL(25)-g-PEG(2)/(5)
polymer and how the latter interact electrostatically with dsDNA and binds it to the sensor surface.
Better results have been obtain for the PLL(25 kDa) grafted with PEG(2 kDa) (PLL(25)-g-PEG(2)). PLL-
g-PEG is a random graft co-polymer with a poly(L-lysine) backbone and poly(ethylene glycol) side-
chains. The PLL backbone is positively charged and interacts electrostatically with the negatively
charged DNA, while the side-chains extend from the surface to form a densely packed polymeric
brush. PEG side-chains consider as protein resistant.

The electrostatically adsorption of non-purified RCA product to PLL(25)-g-PEG(2) coated gold
sensors in order to be detected on QCM-D seemed to be not only feasible, but also the easier and
simpler way. So, 2-step AmplLigase RCA reactions were prepared using 1 pmol of ss KRAS G12D 21
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nt oligo with 0.5 pmol of either the MT (positive) or WT padlock (control MM) padlock probe as well
as without initial template (negative). The reactions were incubated about 30 min in the cycling
protocol and 60 min for RCA at 30 °C. Then, acoustic experiments were performed using E4-Qsense
instrumenet. In all cases, there was a continuous flow at 50 pL/min of Tris 10 mM. Gold sensors
were firstly coated with PLL-g-PEG and then, 17 uL of the 25 uL of each reaction were loaded on
them. The absorption of the polymer on the gold electrode was verified by typically detecting AF = -
235 Hz, AD = +3 * 10° at the 35 MHz overtone and 0.013 concerning the acoustic ratio (Figure 17A).

Since no pre-existing data were available for changes in frequency and dissipation concerning the
addition of un-purified RCA product on PLL-g-PEG, both frequency and dissipation changes as well
as the acoustic ratio (AD/AF) were calculated and compared. In every case, differences in frequency
and dissipation were measured when the washing-off phase was complete, and the signal has
reached a plateau (plateau(after)-plateau(before), *after & before: the addition of sample). The
most clear results were collected concerning the changes in dissipation where positive was at least
2.5 times higher than the controls. In that case positive was easily distinguished from both negative
and mismatch controls (Figures 17 & 18). The average values were 3.3 + 0.67 *10°, 1.17 + 0.43 *10°
®and 1.52 + 0.23 *10°°, respectively. Similar, but not so clear results were obtained comparing
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Figure 17: Schematic overview of acoustic detection of RCA from 1 pmol ss KRAS G12D
21 nt template after 2- step reaction with AmplLigase on PLL(25)-g-PEG(2): Graphs
represent the real time acoustic curves. The red and the blue lines depict changes in the
frequency and energy dissipation of the acoustic signal respectively. The black arrows
indicate the time points where the sample touches the sensing area. A) The first step (i)
corresponds to the adsorption of PLL-g-PEG on the gold surface of the acoustic device
followed by buffer rinsing. The following step (ii} corresponds to the subsequent
addition of positive RCA sample. B), C), D) only the second step of sample addition is
shown, skipping the polymer absorption. Graphs correspond to positive, negative and
mismatch control respectively.
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Figure 18: Comparison of Dissipation & Frequency changes as well as the acoustic ratio between positive
reaction, negative (w/o template) and mismatch control (control MM).

2-step RCA reactions with AmpLigase were conducted for 1 pmol ss KRAS G12D 21 nt template followed by
loading on PLL(25)-g-PEG(2). In every case, acoustic measurements were performed when the washing-off
phase was complete, and the signal has reached a plateau (plateau(after)-plateau(before), *after & before
the addition of sample). (N = 4 for positive & negative, N = 2 for control MM). *N = Number of experiments)
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changes in frequency. The average values were 81 + 26.2 Hz, 43 + 20.8 Hz, 54 +2.8 Hz for positive,
negative and mismatch control in respect. However, the values for acoustic ratio were significantly
varying for negative control, and as a result did not distinguish neither from positive nor from
mismatch control.

3.2 Detection of miRNA-21

3.2.1 Investigating the ligation performance of T4 DNA Ligase

In a first set of experiments it was investigated the ligation performance of T4 DNA ligase as
concern the specificity and its LOD in a single step reaction at RT, without followed by enzyme
inactivation by heat (for more details see Materials & Methods: Combined RCA & Ligation using T4
DNA Ligase).1 pmol of either the WT or the MT miRNA-21, as well as no miRNA-21 were mixed with
0.5 pmol of padlock probe in a 30" single step reaction at RT. As already mentioned, the aim in
these set of experiments was everything to be conducted at RT, without the need of incubating at
different temperatures or using special machines. So, no enzyme inactivation by heat were
performed after the end of the reaction. Instead, the reactions were immediately transferred on ice
or were loaded and analyzed in 1 % agarose gel. As T4 DNA Ligase can repair nicks in DNA/RNA
hybrids, it was not really expected to have increased specificity in the case of mismatch. However,
no un-specific product was detected when there was not any addition of template, which means
that there is not any auto-ligation of padlock probe (Figure 19). About the LOD, the clinical relevant
limit of miRNA-21 is about 100 to 300 pM (270 pM in cancer patients) in the blood (or serum) of
healthy and cancer patients, respectively67. So, 1 to 10 fmol (40 to 400 pM) of miRNA-21"" were
mixed with 2 pmol of padlock probe and one or w/o the addition of primer (miRNA-21 can act as a
primer, too). The reactions were single step, incubated for 120 min and 60 min respectively and
were not heat inactivated. RCA products were analyzed on 1 % agarose gel. Both 1 and 10 fmol
were detected and amplified. However, a larger amount of amplified product was obtained without
the addition of primer (Figure 20). This can be due to the different rate that phi29 and T4 DNA
liagse act on DNA. In other words, probably phi29 DNA polymerase which has a polymerization rate
about 50 nt/sec, displaces T4 DNA ligase before ligation of padlock probe is completed.

1 fmol 10 fmol
WT  MT  control + - 1pr w/opr

Figure 19: T4 DNA Ligase Specificity results. Figure 20: Detection of 400 - 40 pM of miRNA-21
Lanes 2-3: Ligation of padlock probe were Lane 2-3: 1 fmol or no template & Lane 4: 10 fmol of
performed almost with the same efficiency in both ~ MIRNA-21 were mixed with 2 pmol of padlock probe in

miRNA-21 WT & MT (carrying a mismatch on the  single step reaction for 120 & 60 min respectively, at
ligation site). Lane 4: No un-specific profuct were  RT. In both cases visualized RCA products were created.

detected when there was not initial template. Lane 5: More RCA product was created without addition
of primer.
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3.2.2 Detection of miRNA-21 using a QCM-D set up

Next step was to investigate the detection of RCA product using the QCM-D setup. All acoustic
measurements were carried at 35 MHz. Many factors were tested in order to achieve the best
result concerning the LOD on QCM biosensor and the repeatability and reliability of the method.
Some of them were a) the substrate for the binding of RCA product b) the buffer and the c) ionic
strength, as well as the incubation time of the Single-step RCA reaction at RT (Table 3). However, all
the acoustic experiments can be divided in two main categories according to the immobilization
method of RCA product on the sensor surface. These two main methods were either by PLL(25)-g-
PEG or by the neutravidin-biotin interaction.

Table 3: Summary of the different factors and combinations that were tested during acoustic
experiments.

o-dUTP Incubation
Substrate Buffer pH compare Time (min)
to dTTP
PLL(25)-g-PEG(2) Tris 10 mM 7.5 - 30
30
150 mM PBS - 9 1/100 s
10 mM MgCI2 ’
Neutravidin 1/10 60
Tris 20 mM 7.5 1/10 60 to 210
MES 5.5 1/10 60

3.2.2 A) Acoustic detection of RCA on PLL-g-PEG coated gold sensors

Single-step reactions with 1 pmol and 10 fmol miRNA-21 as initial target were prepared and
incubated for 30’ at RT. After, the incubation was over, reactions were immediately transferred on
ice, until their loading on the sensor. Again, acoustic experiments were performed using E4-Qsense
instrumenet. All the experiments were conducted in a continuous flow of buffer Tris 10 mM. In
every case, the whole RCA reaction (25 uL) was loaded on PLL-g-PEG coated gold sensors. As it was
previously described differences in frequency and dissipation were measured when the washing-off
phase was complete, and the signal has reached a plateau (plateau(after)-plateau(before), *after &
before: the addition of sample). At first glance, only the reactions of 1 pmol initial template could
be distinguished from the negative control, and only as concern the changes in dissipation. The
average values were 9 + 1.86 *10°, 3.4 + 1.3 *10® and 5.5 + 1.2 *10°® for 1 pmol, 10 fmol and
negative control respectively (Figure 21). However, at least three remarks worth mentioning.
Firstly, in these set of experiments much higher dissipation and frequency changes were obtained
(both the values of the average value and standard deviation) compare to these of the acoustic
detection of KRAS G12D RCA on PLL-g-PEG. Secondly, negative control has very big values and
thirdly, the values of standard deviation were significant high, especially in the case of negative
control, affecting the repeatability and reliability of the above results.
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Figure 21: Comparison of Dissipation & Frequency changes as well as the acoustic ratio between
reactions of 1 pmol - 10 fmol initial template and negative control (w/o template).

30’ single-step RCA reactions with T4 DNA ligase were conducted for 1 pmol & 10 fmol of miRNA-21
DNA target followed by loading on PLL(25)-g-PEG(2). In every case, acoustic measurements were
performed when the washing-off phase was complete, and the signal has reached a plateau
(plateau(after)-plateau(before), *after & before the addition of sample). (N = 2 for 1 pmol & 10 fmol N
=4 for negative. *N = Number of experiments)

It was suspected that the so high and so different AD and AF values were due to the effect of
reaction’s buffers, the enzymes and the large amount of BSA (2.5 pg) contained in the reaction as
well as because of the un-specific absorption of all these on PLL-g-PEG. Not only DNA, but also BSA
is negatively charged at pH 7.5 and possibly the enzymes, too. Moreover, in the case of of T4-RCA
reaction the whole reaction was loaded in each case and not only the 17 pL of the 25 puL. So, in
order to investigate how the different substances/materials of the reaction mix affect the acoustic
signal a number of reaction mixes (like control) were prepared and loaded on PLL-g-PEG coated
sensors, following the same procedure as in a usual experiment (Materials & Methods: Real - Time
Acoustic Detection of RCA on PLL(25)-g-PEG(2) coated sensors). The reaction mixes were (see the
table below):
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Nucleic Acids (NA) Padlock probe, dNTPs, ATP, primer
phi29 Reaction buffer, NEB buffer 4, phi29 DNa pol., T4 DNA Ligase,
Buffers + Enzymes + BSA BSA
hi29 Reaction buffer, NEB buffer 4, BSA, Padlock probe, dNTPs,
Buffers + BSA + NA P ) P
ATP, primer
phi29 Reaction buffer, NEB buffer 4, phi29 DNa pol., T4 DNA Ligase,
Buffers + Enzymes + NA Padlock probe, dNTPs, ATP, primer

As it seems in Figure 22, indeed the high changes in dissipation and frequency is mainly due to BSA,
a bit less due to the enzymes and buffers, while NA were almost undetectable.

Dissipation
12
9
&
26
[a)
<
3 I I
) | | | H m
N & )
& E I A N
< & X3 & X &
NS & & < N X
& & K N N
& S ® Q Q
QO
Frequency
400
300 - T
=
< 200
[a]
<
100 -
0 - . . — . . . . __|
N 2 S
@o 6\'\4 vpb x%c’v ﬁv >§V
Q & X9 & (.)V“ &
\e < & < o &
. \AQ/ RS \g\ \;\ %o
BN < Q Q
Q0

Figure 22: Effect of buffers, enzymes, BSA & NA in dissipation and frequency changes:
Reaction mixes of different constitution concerning the addition of buffers, BSA, enzymes and NA
were loaded on PLL(25)-g-PEG(2) following the same procedure as in a usual experiment.
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Thinking the results of the KRAS G12D RCA on PLL-g-PEG, first of all 15 of 25 uL of the final reaction
was submitted in cycling up to 65 °C - 95 °C (this constitutes the first step of 2-step reaction with
Ampligase). This means that both the ligase and the largest amount of BSA were fully denatured.
Secondly, during the second step of the two-step RCA, phi29 was heat inactivated by incubation at
65 °C. Thirdly, exactly the half amount of both Ligase and phi29 were added in those reactions
compare with the T4 - single step reaction of the case here.

Finally, it was tested to reduce the addition of BSA/reaction from 25 ng to 10 ng combined with the
use of another BSA purchased from different company (Sigma-Ardich). Since single-step RCA
reaction was compatible with the above changes and worked equally well, firstly same amount of
BSA from sigma, diluted in Tris buffer, was added on PLL-g-PEG coated gold sensors. As control BSA
from NEB was used. BSA from Sigma was almost completely washed out. Thus, single steps RCA
reactions of 0.1 pmol initial template or without template (control) were loaded on PLL(25)-g-
PEG(2) coated gold sensors. However, although background signal was significantly reduced from
5.5+ 1.2 ¥10°to0 1.34 + 0.2 *10°® (N=2) for the negative control concerning dissipation changes and
from 223 + 82 Hz to 76 + 2 Hz (N=2) as concern frequency changes, 0.1 pmol did not distinguished
from negative control.

3.2.2 B) Acoustic detection of RCA on neutravidin coated gold sensors

In order to achieve specific absorption of the RCA product on the gold sensor the rest experiments
were performed using the biotin-neutravidin interaction as an immobilization method. In that case,
single-step RCA reactions with T4 DNA Ligase were conducted in presence of b-dUTP, so that the
latter to be incorporated in few sites at the amplified product instead of dTTP. Then, the whole
reactions were loaded on neutarvidin-coated gold sensors. Binding to the gold sensor is supposed
to be achieved through the interaction of incorporated biotin molecules with neautravidin. Figure
23 shows the real time addition of neutravidin monitored at 35 MHz. The absorption of neutravidin
protein on the gold electrode was verified by typically detecting AF = -400 Hz, AD = +2 * 10°® at the
35 MHz overtone and 0.003 -0.006 concerning the acoustic ratio. As it summarizes in table 3, a set
of factors was investigated so to achieve the best binding on the sensor’s surface.
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Figure 23: Real time absorption of neutravidin on gold sensors monitored at 35 MHz.
Red and blue line depict changes in frequency and energy disssipation respectively.
Black arrow indicate the time point were neutravidin touches the sensor’s surface.

e RCA on neutravidin in continuous flow of PBS — MgCl,, pH 7.4
In these set of experiments, single-step RCA reactions were conducted with 1 pmol, 0.1 pmol and

10 fmol of miRNA-21 as initial target or without template (negative control), in presence of (the
minimal amount of) 1/100 b-dUTP compare to dTTP. The reactions were incubated for 30" at RT
followed by addition on neutravidin coated gold sensors. The whole acoustic experiment was
performed in a continuous flow of buffer PBS — MgCl, (150 mM and 10 mM respectively), pH 7.4.
However, after the addition of sample which was followed by buffer rinsing, the signal never
reached a plateau, contrariwise it keeps washing-off. So, in every experiment, changes in frequency
and dissipation were measured before the addition of sample and exactly 19 minutes after the
sample reached the surface. The bar-graphs in Figure 24 represent the changes in dissipation and
frequency. Only the reactions of 1 pmol initial target are clearly distinguish from the negative
control, and only as concern the AD. The average values for 1 pmol, 0.1 pmol, 10 fmol and control
were 2.8 £ 0.6 *10°, 1.8 + 0.1 *10°, 2 + 0.34 *10° and 1.5 + 0.58 *10° respectively.

With purpose to achieve a better LOD on the sensor, it was firstly increased the incubation time
from 30’ to 60 min at RT. Only the detection of 0.1 pmol as initial template was tested. However,
positive reactions continue to not distinguish from negative control. Furthermore, the 60’ positive
and negative reactions seem to have no difference from the corresponding 30’ reactions. Changes
in Dissipation are represented in Figure 24C.
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Figure 24: Acoustic detection of biotinylated-RCA on neutravidin in continuous flow of PBS-
MgCl,. RCA reactions contain 1/100 b-dUTP compare to dTTP.

A) Real time acoustic curves of frequency (red line) and dissipation (blue line) changes monitored
at 35 MHz for 1 pmol (left) and negative (right) reaction. Black arrows indicate the time points
where the sample (i) and buffer (ii) touch the surface. B) Bar graphs represent the changes in
Dissipation and Frequency for positive (1 pmol N = 3, 0.1 pmol N = 6, 10 fmol N= 2) and negative
(w/o template, N = 8) reactions incubated for 30 minutes or C) 60 minutes at RT (N = 2 for positive
and negative control. Only the changes in Dissipation are presented). *N = Number of experiments.

Additional to the incubation time, b-dUTP was also increased from 1/100 to 1/10 compare to dTTP,
so more b-dUTP to be incorporated in the amplified product. This time dissipation changes were
measured before the addition of sample and both a) in peaks and b) exactly 16 minutes after the
sample reached the surface. In both cases, 0.1 pmol was distinguished from negative control. The
average values were 4 £ 0.58 *10® and 3 +0.13 *10°° for positive and negative in peaks and 1.7
0.22 *10° and 1 £ 0.1 *10°® for positive and negative in plateau, respectively (Figure 25).
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Figure 25: Acoustic detection of 0.1 pmol biotinylated-RCA on neutravidin in continuous
flow of PBS-MgCl,. RCA reactions contain 1/10 b-dUTP compare to dTTP.

Bar graphs represent the changes in Dissipation for positive (0.1 pmol) and negative (w/o
template) reactions incubated for 60 minutes at RT. Measurements were performed before
the addition of sample and both a) in peaks (positive 1 / negative 1) and b) and washing-off
phase (positive 2 / negative 2). (N = 4 for positive and negative control, * N = Number of
experiments)

However, control values were decreased compare to the other two cases. This maybe is due to the
effect of the free b-dUTP on the neutravidin sites and how this affects the interaction of neutravidin
protein with the other materials of the reaction.

e RCA on neutravidin in continuous flow of buffer Tris, pH 7.5
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The fact that during the experiments with PBS, after the addition of sample and the buffer rinsing
the real time signal never reached a plateau made difficult to say for sure that there was a real
binding of the product on neutravidin. So, in order to obtain more clear results and better binding
of the RCA product on neutravidin, an extra set of experiments were performed. It was investigated
the conduction of the acoustic experiment in the continuous flow of buffer Tris 20 mM, pH 7.5,
without any addition of salt. Like before, single step RCA was performed with 0.1 pmol miRNA-21-
5p (and w/o target as negative control) and 1/10 b-dUTP compare to dTTP. Reactions were
incubated at RT for 60’ followed by addition on neutravidin coated sensors. Real time curves are
presented in Figure 26. Concerning the real time curve which monitors the changes in dissipation
(blue line), a 1°* peak is created when the sample attached to the surface (as always) and a 2" peak
is also created when the buffer (of the washing phase that follows) reaches the surface. Then the
signal is allowed to reach a plateau. Concerning the real time changes in frequency (red line) a 1%
peak is created with the signal going to more negative values when the sample attaches the surface
(as always). However, when buffer reaches the surface a 2" peak was created, with the signal going
to the positive direction and finally reaching plateau in more positive values than it was before the

addition of sample.
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Figure 26: Real time curves monitored upon biotinylated-RCA addition on neutravidin
in continuous flow of Tris. RCA reactions contain 1/10 b-dUTP compare to dTTP.
Real time curves of frequency (red line) and dissipation (blue line) changes monitored at
35 MHz for 0.1 pmol (left) and negative (right) reaction. Black arrows indicate the time
points where the sample (i) and subsequently the buffer (ii) touch the sensing area.

Changes in frequency and dissipation were measured in every case before the addition of sample
and a) at 1* peak, b) 2" peak and c) plateau. Figure 27 A & B represent the changes in dissipation
in plateau (A) and 1% and 2" peaks (B) respectively. 0.1 pmol is distinguished from negative control
both in measurements that performed in plateau and " peak. It is worth noting that ADpjateay iS
equal to O for the negative and average value for positive is 0.6 + 0.3 *10°®.
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Figure 27: Acoustic detection of 0.1 pmol biotinylated-RCA on neutravidin in continuous flow of
Tris. RCA reactions contain b-dUTP in a ratio of 1/10 compare to dTTP.

Bar graphs represent the changes in dissipation for positive (0.1 pmol) and negative (w/o
template) reactions incubated for 60 minutes at RT. Measurements were obtained before the
addition of sample and: A) from plateau (positive / negative) after the washing-off phase was
complete B) from 15t (positive 1 / negative 1) and 2" (positive 2/ negative 2) peak. (N = 4 for
positive and negative control, * N = Number of experiments)

About the changes in frequency, only in the case where AF was measured according the 1% peak,
positive distinguished from the control (even though standard deviations error bars are very close
to overlap) (Figure 28).
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Figure 28: Comparison of frequency changes after the addition of biotinylated-RCA on
neutravidin in continuous flow of Tris. RCA reactions contain b-dUTP in a ratio of 1/10 compare
to dTTP.

Bar graphs represent the changes in frequency for positive (0.1 pmol) and negative (w/o template)
reactions incubated for 60 minutes at RT. Measurements were obtained before the addition of
sample and i) from 1% peak (positive 1/ negative 1), 2" peak (positive 2/ negative 2), and from
plateau, after the washing-off phase was complete (positive 3 / negative 3. (N = 4 for positive and
negative control, ¥ N = Number of experiments)

Since the acoustic detection of 0.1 pmol RCA reactions has been achieved in both buffers next step
was the decreased of LOD from 0.1 pmol to 10 fmol. Again single step reactions of 10 fmol miRNA-
21-5p as initial target were incubated for 2.5 and 3.5 hours in presence of 1/10 b-dUTP compare to
dTTP. Then, the reactions were loaded on neutravidin coated sensors. Measurements in dissipation
and frequency were performed as it was previously described. Both after 2.5 and 3.5 hours of
incubation positive reactions did not distinguish from negative (Figure 29). However, in both cases
in some experiments the negative controls values have bigger dissipation changes compare to
negative control of 60’ incubation (Figure 27 & Figure 29A). Maybe, small amount of unspecific
product is produced. It is worth noting, that as it seems from Figure 29C and standard deviations
error bars there was a big variation in real time curve between different experiment repeats after
the addition of sample mainly in 1* and 2" peak creation.
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Figure 29: Acoustic detection of 10 fmol biotinylated-RCA incubated on neutravidin in continuous

flow of Tris. RCA reactions contain b-dUTP in a ratio of 1/10 compare to dTTP.
Bar graphs represent the changes in dissipation of 10 fmol and negative (w/o template) reactions

incubated for A) 2.5 hours and B) 3.5 hours at RT. Measurements were obtained before the addition of

sample and: i) from plateau after the washing-off phase was complete as well as from ii) 15t and 2"
peak. (N =6 for 2.5 h & N = 3 for 3.5 h, * N = Number of experiments). C) Variation of real time curves

between different experiment repeats (E — F) after the addition of sample.

e RCA on neutravidin in continuous flow of buffer MES, pH 5.5
Finally, a last set of experiments was performed again for the detection of RCA product, emerged

from 0.1 pmol miRNA-21-5p as initial target, on neutravidin. This time it was tested the effect of
different ionic strength. Since at pH 7.5 both neutravidin and DNA are partly negatively charged
(the IP of neutravidin and ssDNA is 6.3 and 4.0-4.5, respectively), it was investigated the binding of
biotinylated RCA product on neutravidin at pH 5.5, hoping that it would be pushed the adsorption
and binding of RCA due to electrostatic interactions. So, 60’ single step RCA reactions were
performed with 0.1 pmol miRNA-21-5p (and w/o target as negative control) and 1/10 b-dUTP
compare to dTTP, followed by addition on neutravidin coated sensors. The whole acoustic
experiment was conducted in continuous flow of buffer MES 45 mM, pH 5.5. Figure 30A represents
the real time curves of changes in frequency (huge drift is caused after sample’s addition) and
dissipation and only changes in dissipation are presented in figure 30B. Positive reactions did not
distinguish from negative. The average values as concern the changes in dissipation were 2.85 +
0.77 *10° and 2.57 + 1.87 *10°® respectively. It is very possible, that pH change caused un-specific

absorption on neutarvidin.
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Figure 30: Acoustic detection of biotinylated-RCA on neutravidin in continuous flow of MES, pH 5.5.
RCA reactions contain 1/10 b-dUTP compare to dTTP.

A) Real time curves of frequency (red line) and dissipation (blue line) changes monitored at 35 MHz
for 0.1 pmol (left) and negative (right) reactions, incubated for 60’ at RT. Black arrows indicate the
time points where the sample (i) reaches the sensor’s surface followed by buffer rinsing (i). B) Bar
graphs represent the changes in dissipation for positive (0.1 pmol) and negative (w/o template)
reactions. Measurements were performed before and after the addition of sample, when the
washing-off phase was complete (N = 4 for positive and negative control reactions, * N = Number of
experiments)

3.2.2 C) Investigating the effect of free b-dUTP
As concern the part of the experiments where neutravidin-biotin interaction was used as

immobilization method for the RCA product, the main problem seemed to be the inability of the
incorporated biotins to interact with their binding sites on neutravidin. The most likely and
powerful explanation was the existence of competition for neutravidin active sites between the
free (non-incorporated) b-dUTP and the biotinylated RCA product. Non-incorporated b-dUTP
interacts first with neutravidin binding sites preventing the binding of RCA. The effect of free-b-
dUTPs to the binding of b-RCA product during an acoustic experiment was investigated as follows:
— 400 nM or 40 uM (is the amount of b-dUTP in a usual 25 pL reaction with 1/100 or 1/10 b-
dUTP compare to dTTP) or no b-dUTP were firstly added on neutravidin coated gold
sensors, followed by buffer rinsing exactly like the usual acoustic experiment. Then, 200
pmol (correspond to 1.32 pg) of ss DNA oligonucleotide 20 nt in length carrying a biotin
molecule on its 5’end were added on the surface. The experiment was conducted in
continuous flow of buffer PBS-MgCls,.
Graph 31 represents the real time curves monitored upon loading (A) or not (B) of b-dUTP followed
by the addition of 200 pmol ss DNA oligo.
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Figure 31: Real time curves monitored upon loading (A) or not (B) of b-dUTP followed by the
addition of 200 pmol biotinylated ss DNA oligo.

Real time curves of frequency (red line) and dissipation (blue line) changes monitored at 35 MHz.
All steps are presented: addition of nrutarvidin followed by addition of b-dUTP and/or DNA. Black
arrows indicate the time points where neutravidin (i) and b-dUTP or DNA (200 pmol b- ss DNA
oligo) reached and immobilized on the sensing area, while green arrows indicate the time points
where buffer reach the sensor surface.

Without addition of b-dUTP the values of frequency and dissipation changes were 96 Hz and 0.98
*10° respectively. However, the corresponding values were decreased to 19 Hz/ 0.22 *10° and 12
Hz/ 0.19 0*10°® if 400 nM or 40 puM of b-dUTP has firstly been added (Graph 24). The above results

prove that about 80 % of the available neutravidin binding sites are blocking from b-dUTP.
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Figure 32: Schematic overview of b-dUTP effect

Bar graphs represent the frequency and dissipation changes after the addition of 200 pmol
biotinylated ss DNA oligo on neutravidin coated gold sensors, on which had firstly added 400
nM (1/100 b-dUTP), 40 uM (1/10 b-dUTP) or no (w/o b-dUTP) b-dUTP.
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4., Discussion

Cancer is the leading cause of death worldwide. The best way to achieved effective and efficient
management of cancer patients is the early diagnosis and the frequent monitoring of patient
response to treatment®. In this study, It was aimed the development of novel, easy and fast
methods for sensitive and efficient detection of a) circulating tumor DNA point mutations and b)
circulating miRNA-21 both based on the combined use of QCM acoustic biosensor with RCA DNA
amplification method.

4.1 ctDNA

As concern the method for detection of ctDNA point mutations, two chemically synthesized DNA
targets, of 85 bp (double-stranded) and 21 nt (single stranded), mimicking ctDNA which carries the
KRAS G12D point mutation were used, as well as two different DNA ligases, AmpLigase and T7 DNA
Ligase.

T7 DNA ligase shows increased specificity, since the reaction was incubated no more than 30’. Non-
specific RCA was probably due to self-ligation of the padlock probe and can be avoided by
separating the ligation from the amplification step. Furthermore, it was noticed that during single
step reaction use of one instead of two primers leads to better RCA production. This can be due to
the different rate that phi29 and T7 DNA liagse act on DNA. In other words, probably phi29 DNA
polymerase which has a polymerization rate about 50 nt/sec, displaces T7 DNA ligase before
ligation of padlock probe is completed.

On the other hand, an extremely low number of approximately 10 copies of dsDNA target were
detected with high specificity within 30 min of RCA reaction by performing a cycling protocol of
denaturation and ligation with Ampligase, enhanced the creation of minicircles and subsequently
the template for RCA.

Finally, RCA product of 1 pmol initial target, amplified within 90 min performing a cycling protocol
and RCA, was detected with high specificity on QCM-D biosensor via absorption on PLL(25)-g-
PEG(2) polymer. In the previous studies of Yao et al., 2013* and Kordas et al., 2016°> acoustic
detection of RCA product has been performed on QCM and SAW biosensor respectively. The
detection was based on AF and acoustic ratio (AA/APh), in respect. Herein, most clear results were
obtained comparing changes in AD. However, much more experiments should be performed in
order to investigate the detection of lower initial amount of mutant target (ie the 10 copies) diluted
in a high ratio of wild type to mutant alleles.

4.2 Circulating miRNA

Concerning the second case, altered levels of miRNA-21 have been associated with multiple
diseases, including cancer. Yanzhao Li et al., quantified the levels of miRNA-21 in blood via RT-PCR
in both lung cancer patients and healthy people to about 270 and 100 pM, respectively. Although,
L-RCA has been widely used for miRNA detection ligation of padlock probe was conducted in a
separate reaction prior to RCA. In this study, during a first set of experiments 40 and 400 pM of
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miRNA-21 were detected in gel after single step reaction using T4 DNA Ligase and phi29 DNA
polymerase at RT, without using any heat or other device. Incubation time was about 120 min and
60 min respectively, and a larger amount of amplified product was created without the addition of
primer supporting the previous theory about the catalytic rate of phi29 and DNA Ligase. No
visualized products from auto-ligation of padlock probe were detected. However, T4 DNA ligase
was not able to discriminate the existence of mismatch like T7 and Amp Ligases. Such problem
could maybe overcome using T4 RNA ligase 2; T4 RNA ligase 2 is active on RNA:DNA hybrids and
exhibit high specificity concerning mismatches near ligation site®.

About the acoustic detection using QCM-D device, only 1 pmol of miRNA 21 was managed to be
detected at RT, and distinguished from control reaction, via absorption on PLL(25)-g-PEG(2),
comparing changes in dissipation. However, in these set of experiments higher dissipation and
frequency changes were obtained with high standard deviation values. It was shown that the so
high and so different AD and AF values were due to the effect of reaction buffers, the enzymes and
the large amount of BSA (2.5 pg) contained in the reaction which were non-specifically bound on
PLL-g-PEG. When it was tested to reduce the addition of BSA per reaction from 2.5 pg to 1 pg
combined with BSA purchased from different company (Sigma, fraction V, lyophilized, Sigma, BSA
was almost completely washed out. BSA from NEB differentiated from BSA from Sigma that
contained 5 % of glycerol, EDTA, KPO4. Glycerol is washed out and the big difference in AF and AD
may is because BSA from NEB has formed aggregates. Moreover, in the case of of T4-RCA reaction,
the whole reaction was loaded in each case and not only the 17 uL of the 25 pL. Thinking the results
of the KRAS G12D RCA on PLL-g-PEG, first of all 15 of 25 uL of the final reaction was submitted in
cycling up to 65 °C - 95 °C (this constitutes the first step of 2-step reaction with AmplLigase). This
means that both the ligase and the largest amount of BSA were fully denatured. Secondly, during
the second step, phi29 was heat inactivated by incubation at 65 °C. Thirdly, exactly the half amount
of both Ligase and phi29 were added in those reactions compare with the T4 - single step reaction
of the case here.

As already stated, the ability of PLL(25)-g-PEG(2) and PLL(25)-g-PEG(5) to absorb DNA in a protein
resistant manner have been investigated previously in the lab. Better results were obtained about
PLL(25)-g-PEG(2), however as concern dsDNA of 635 bp in length after PCR amplification and not
ssDNA of thousands nt in length. dsDNA is more negatively charged compare to ssDNA, due to the
double sugar phosphate backbone®, thus dsDNA exhibit higher affinity for the negatively charged
PLL-g-PEG. Converting single-stranded RCA product to double-stranded by conducted BRCA or
HRCA just via addition of second and third primer complementary to RCA product using the same
protocol, will not only increase amplification signal, but also the electrostatic attraction on PLL-g-
PEG44'46.

Alongside, an alternative immobilization method of RCA product on the sensor surface was tested;
via neutravidin-biotin interaction, similarly to Kordas et al., 2016%. It was achieved the detection of
RCA reactions of 0.1 pmol initial target comparing changes in AD in two different ways; in the
continuous flow of a. PBS-MgCl, pH 7.4 and b. Tris buffer pH 7.5.
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As concern the 2" case, following the addition of sample and as monitored the changes in
dissipation, a 1st peak was created when the sample attached to the surface (as always) and a 2nd
peak was generated, too, exactly when the buffer (of the washing phase that follows) reaches the
sensor. The generation of the second peak, when the buffer reaches the surface, could be due to
steric rearrangement, as buffer contains no salt (NaCl, PBS) or cations (like Mg2+).

When neutravidin-biotin interaction was used as immobilization method for the RCA product it was
proved that there was competition for neutravidin active sites between the free (non-incorporated)
b-dUTP and the biotinylated RCA product; up to 80 % of the available neutravidin-binding sites
were blocking from free b-dUTP.

A different approach should be designed and used in order to overcome this problem. For example,
RCA product could be bound on neutravidin via immobilized biotinylated “capture” probe of the
same length with padlock probes (about 70 nt) complementary to single strand RCA product,
avoiding the addition of biotin-dUTPs in the reaction. Furthermore, incubation time could be
optimized in order to be produced smaller ssDNA RCA products of about 1-2 kb and not 10 of
thousands kb. Phi29 can add up to 50nt/sec, in optimal conditions (30 °C, in presence of SSB
protein)69. However, in our case the reaction will be conducted at 25 °C, where phi29 replicated at
slower rates, without added SSB protein and maybe there will be a competition with T4 DNA Ligase.
10 minutes could be a good incubation time to start with, as it is also enough for T4 DNA Ligase.
Creation of smaller RCA products, combined with the appropriate buffer (salt, Mg®*) would be
decreased a lot the entanglement between different RCA products or even of the same long
molecule, thus eliminating the steric hindrance on hybridization between RCA products and
immobilized biotinylated probes. As a result there will be parts of dsDNA and ssDNA, and may
better frequency and dissipation changes will be monitored on QCM biosensor, proportional of the
amount of initial target.

5. Concluding Remarks and future perspectives

In this work, it was aimed the development of novel, easy and fast methods, suitable in clinical
application, for sensitive and efficient detection of a) circulating tumor DNA point mutations and b)
circulating miRNAs both based on the combined use of QCM acoustic biosensor with RCA DNA
amplification method. In both cases, various methods were tested and the whole procedure needs
better optimization and design. However, the fact that it was managed to combine the ligation and
amplification procedure into one single-step for the first time, and most importantly at RT without

42 or in saliva’® is very

using any machine as well as the applicability of RCA directly in serum
promising as it may allow further integration with microfluidics in order to design Point-of-Care
system for miRNA detection. Concluding, both methods could treat like promising approaches for

the development of novel biosensing platforms for Liquid biopsy and cancer monitoring.
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