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THESIS SCOPE

The research work described in this thesis has been carried out in the
context of surface-enhanced Raman scattering (SERS) spectroscopy for nucleic

acids analysis.

SERS is a powerful analytical technique that combines the structural
specificity and high experimental flexibility of Raman spectroscopy with the
extremely high sensitivity provided by the metal nanostructure amplification of the
optical signal. Nowadays, SERS is a mature technology which finds a continuously
larger number of applications in diverse fields as analytical chemistry, biomedicine,

environmental or materials chemistry.

Characterization of nucleic acids (NAs) has become a major goal in fields
such as genetics, medicine or drug discovery. NAs are usually found in low
amounts which require extremely sensitive techniques to be detected. Sensitivity
represents a key requirement for their implementation into easy-to-use, cost-
effective, rapid and high accuracy NA sensors. In this regard, the extraordinary
sensitivity, in combination with the rich structural information provided by the

Raman spectra, turned SERS into a powerful tool for the analysis of NAs.

SERS analysis of NAs has been largely restricted to indirect approaches,
which normally exploit the selective recognition between two complementary

strands to identify a specific sequence, and the use of extrinsic Raman labels for
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SERS readout. However, these strategies completely dismiss the exquisite
structural information provided by the direct acquisition of the biomolecular
vibrational fingerprint. Contrarily, direct label-free SERS analysis displays an
outstanding potential in terms of chemical-specific information. However,
reproducibility issues and/or limited sensitivity have been traditionally limited the
successful implementation of direct SERS analysis to NAs. Thus, development of
new methods capable of overcoming such limitations would represent an

important leap forward for the full exploration of the genetic information by SERS.

On these bases, the general objective of the thesis is the implementation of a

novel method for direct SERS analysis of NAs capable of addressing the
limitations of previously reported approaches. This method will rely on the use of
positively charged spermine-coated silver nanoparticles as efficient plasmonic
substrates for trapping NAs sequences into highly SERS active clusters in
suspension via electrostatic interactions. The acquisition of intense and highly
reproducible SERS spectra of NAs at an ultrasensitive level will be exploited in

multiple relevant applications. In this regard, the following specific objectives for

this thesis can be identified:

1. Synthesis and characterization of positively charged spermine-coated silver
nanoparticles and their implementation in the SERS of NAs under optimized

experimental conditions.
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2. Detection and relative quantification of chemically-modified cytosine
nucleobases in DNA.

3. Direct quantification of nucleobase composition in DNA.

4. Highly specific structural analysis of different RNAs (conformational

classification, identification of nucleobase variants, etc.)

Accordingly, the thesis is structured in five chapters. Chapter 1 provides a
general introduction with an overview of nucleic acids and SERS. In the first part,
not only structure, composition, and lesions on the NAs are discussed, but also the
weaknesses of the current techniques to address the desired requirements in
terms of sensitivity, reproducibility, or quantification capabilities. In the second
part, a brief description of Raman spectroscopy and related issues is presented,
which serves as a basis to introduce SERS and its remarkable analytical potential.
Different strategies for NAs analysis by SERS are also presented at the ending of

Chapter 1.

Cationic silver colloids are the nanostructured substrate used for direct SERS
of NAs. Chapter 2 illustrates the synthesis of positively charged nanoparticles
coated with spermine (AgNP@Sp), their optical characterization via several
techniques such as UV-Vis spectroscopy or Transmission Electron Microscope
and the particular advantages of those colloids for interrogating NAs. Initial studies

of direct SERS analyses of NAs with AQNP@Sp are performed to assess the
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sensitivity and reproducibility of the method, and adjust the experimental

conditions so as to maximize the analytical performance.

On Chapter 3, it is described the first application of label-free DNA SERS
analysis using the above mentioned AQNP@Sp, which refers to the detection and
relative quantification of chemically-modified cytosine nucleobases. Epigenetic
modifications play a major role in gene regulation; in fact, they can be considered
as information layer beyond the simple genomic sequence. During these last
years, an intense research toward the development of novel methods to detect
and profile these modifications has been undergone. Specifically, four different
cytosine variants are selected among the most relevant chemically-modified
nucleobases to be included in both single and double stranded DNA and
investigated by SERS. Moreover, the implementation of the SERS method with
microfluidics allows for the manipulation and analysis of picogram levels of genetic

material.

Direct quantification of DNA base composition by SERS is explored in
Chapter 4. The determination of base composition is a fundamental parameter in
genomic analyses, however, conventional methods often suffer from poor
sensitivity and they are time-consuming. Herein, the potential of SERS in the
quantification of the base composition in short sequences and genomic DNA is

investigated in depth.
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Additionally, the capacity of label-free direct SERS is not restricted to DNA,
highly specific structural information can also be obtained from RNA. Classification
of similar RNA sequences with subtle chemical differences or organized into a
variety of conformations is explored in Chapter 5. The role of RNA in cellular
processes is one of the most dynamic fields of biology, particularly, regarding
small RNAs. More biological activities carried by small RNAs are continuously
emerging and the development of characterization techniques is increasingly
needed. Here, direct SERS analyses are performed to screen composition and

conformations of RNAs at the ultrasensitive level.

Altogether, the thesis is expected to represent a significant advancement
toward label-free NAs SERS analysis and its applicability. The results of this thesis

and the impact on the field are then presented in general conclusions.
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1.1 GENERAL CONCEPTS OF NUCLEIC ACIDS

Nucleic acids are inarguably the most important biomolecules to all known
forms of life. All cells of an organism share the same genetic information, carried
by nucleic acids. They are the responsible for the transmission, expression, and
conservation of genetic information, ensuring inheritance.!

Nucleic acids are divided into two groups; deoxyribonucleic acids (DNA) and
ribonucleic acids (RNA). DNA is considered the repository of the biologic
information and the responsible for their transmission. The discovery of the DNA
structure by Watson and Crick (1953) represented a huge advance in genetics,
understanding how information could be passed from one generation to another.[Z
The results provided by previous studies on X-ray fiber diffraction patterns(3 and
the evidence on base complementarity,*! made possible the final description of the
DNA structure as a double helix with complementary strands (Figure 1.1). The
same model described the mechanism for the transmission of the genetic
information by a semiconservative replication based on two steps (Figure 1.1).
Firstly, the separation of the two strands, secondly, the synthesis of a
complementary strand from each parental one. At 1957, the semiconservative
replication was verified by Meselson and Stahl.[%!

At present, the model described 64 vyears ago, remains true and
accommodated with new findings. The fundamental DNA structure was found to
be double helix and the differences in the genetic material carried by this

sequence rely on the number and order of their building blocks.



UNIVERSITAT ROVIRA I VIRGILI
DIRECT LABEL-FREE SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS
Judit Morla Folch

12 P Chapter 1

Daughter
molecule

/

Old strand New strand

\

Figure 1.1 The DNA structure during the semiconservative replication. The double helix is

Daughter
molecule

separated and a complementary strand for each is synthesized resulting in two DNA

molecules.

In nature, however, DNA is not only found as a double helix (dsDNA), but it
could be present as well as single strands (ssDNA) (for instance in the
chromosomes of small virusesl®l). Moreover, there are DNA sequences that twist
the double helix, or some DNA which is linear, whereas others are circular or
supercoiled.l’l All that variability shows the wealth of the DNA sequences
determining the unique physical and chemical properties necessary as carriers of
the hereditary information.[7-8l

The other group of nucleic acids, ribonucleic acid (RNA) appears at first very
similar to DNA while differing only in minor aspects of their chemical composition.
However, the functions carried by RNA are considered more complex and variable
than DNA.F!I Nowadays it is well known the versatility of those molecules being

involved in a variety of biological functions['® and not only working as shuttle
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molecules of genetic information supporting the role of DNA as was firstly
considered.

In order to fulfil such variety of functions, various types of RNA are found in
cells. Specifically, messenger RNA (mRNA) is the carrier of the genetic code from
the DNA sequence to the ribosome where the proteins are synthesized. The
process in which mRNA is constructed from the DNA sequence is called
transcription. Transference RNA (tRNA) plays the role of an adaptor molecule as it
translates the genetic code contained on the mRNA to the appropriate sequence
of amino acids. Meanwhile, ribosomal RNA (rRNA) is a component of the
ribosomes, which is the responsible for driving the proper protein synthesis. This
last step in which the proteins are synthesized from an mRNA sequence is called
translation. The overall process was suggested by F. Crick in 1970, and it is
known as the central dogma of molecular biology, explaining how DNA maintains
and transfer the information to encode all our proteins.l']

In addition, during these last decades even wider and unexpected roles
played by RNA have been elucidated. Among others, genetic information can be
carried by RNA in the case of viruses or retroviruses,['?l rRNA can develop
enzymatic activity catalysing biological reactionsl’”. 131 and moreover RNA play
crucial roles in different pathways related to gene regulation.[0b. 141 Because of all
of those characteristics, W. Gilbert hypothesised that early evolution living systems
were composed entirely of RNA,'". 151 a key idea in prebiotic evolution

considerations!'d! and crucial to understanding the important and diverse roles of
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RNA in biological systems. More recently, new forms of RNA were described,

especially non-coding RNA; small nuclear and nucleolar RNA (snRNA and

snoRNA), micro-RNA (miRNA) and long non-coding RNA (IncRNA). It has been

demonstrated that all that non-coding RNA have a key role as regulators of

biological processesl!'®l such as the major involvement of INcRNA and miRNA

during cell differentiation and development.[6c. 171 Table 1.1 summarizes the

names and biological functions of the different RNA forms mentioned above.

TYPE OF RNA ABBREVIATION FUNCTION
Contains the gene sequence copy from DNA
Messenger RNA mRNA . .
for the protein synthesis
Transports amino acids to the protein
Transference RNA tRNA . .
synthesis machinery
. Component of the ribosomes (responsible
Ribosomal RNA rRNA . .
for the protein synthesis)
Small non-coding RNA sncRNA
Micro-RNA MIRNA
Short interfering / Silencing RNA SiRNA Regulates gene expression
Piwi-interacting RNA PIRNA
Involved in mRNA processing and intron
Small nuclear RNA snRNA »
splicing
RNA Involved in processing rRNA molecules and
sno
Small nucleolar RNA RNA modifications
. Non-protein coding transcripts* longer than
Long non-coding RNA IncRNA

200 nt (unknown function)

Table 1.1 Names, abbreviations, and biological functions of different forms of RNA. (*) In 2001

it was published the first study evidencing that some IncRNA do encode proteins.['8]
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NAs composition

The fundamental building blocks of the nucleic acids are the nucleotides.
They are formed by three components, () five-carbon sugar (2’-deoxyribose for
DNA or ribose for RNA), (i) nitrogenous base (as well known as nucleobase) and
(7i7) at least one phosphate group (Figure 1.2A). When is referred to the nitrogen
base and the five-carbon sugar (without the phosphate group) is called
nucleoside.l’l In a nucleotide, the base and the sugar are linked by a glycosidic
bond, sugar and phosphoric acid make phosphoester bond (Figure 1.2B). In
addition, nucleotides are linked to each other by phosphodiester linkage forming
the characteristic polymeric macromolecules by repeating sugar-phosphate
backbone.® 191 This backbone structure is a conserved feature of the DNA, while
the order and the composition of the nucleobases provide variability allowing the
tremendous repository of the genetic information.[®l

As it was mentioned, one component of a nucleotide is the nitrogenous base.
Nitrogenous bases consist of heterocyclic rings composed of nitrogen and carbon
atoms and they can be divided into two main groups: purines and pyrimidines. The
two main purines present in both DNA and RNA are adenine (A) and guanine (G),
while the pyrimidine bases cytosine (C) and thymine (T) are the most common in
DNA. It is important to note that thymine is an exclusive nucleobase of DNA which
is replaced by uracil (U) in RNA. Figure 1.3 shows the molecular structures of

purines and pyrimidines bases.
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Figure 1.2 A) Nucleotide structure and B) Phosphodiester bonds linking nucleotides to each
other to form the overall strand structure. The chemical structure of nitrogenous bases was

simplified for clarity.
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Figure 1.3 Detailed structure of common purines and pyrimidines bases found in DNA and
RNA. The groups highlighted in red dotted lines indicate the sites of attachment of the sugar

ring.
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It is worth noting that even though A, C, G and T/U are the most common
nucleobases in DNA and RNA respectively, other minority species are found in
natural NA. Notably, products resulting from methylation process are the most
common minor components (5-methylcytosine, N6é-methyladenine,  N#4-
methylcytosine or 5-hydroxymethyluracil).l”. 201 The methylation occurs after the
synthesis of the DNA and, generally, plays an important role in gene regulation or
protecting the genetic information. The importance of those nucleobase alterations
will be further discussed in section 1.1.1.

Previously to 1953, when Watson and Crick elucidated the structure of
double helix, several studies had been published giving information about the
structure and composition of the DNA. Particularly, the quantification studies
carried out by Erwin Chargaff (1949) were crucial for the understanding of the
composition of the DNA.[21 Chargalf et. al studied the DNA composition of several
organisms and they exposed decisive conclusions, nowadays known as Chargaffs
rules. Those rules establish quantitative relations between DNA bases and they
can be summarized as follows:

= Base composition is preserved in different tissues from the same
organism. Moreover, it does not change over the time, nutrition or
other environmental factors.

= On contrary, DNA base composition varies between different species.

= In all cellular double-stranded DNA of any organism (independently of

the species), the number of adenine and thymine is the same.
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Similarly, is repeated by the number of cytosine and guanine, then
A=T and C=G (i.e., Parity Rule)
*» From the Parity Rule was deduced that in a dsDNA the number of
purine bases is equal to pyrimidine bases, therefore; A+ G =T + C.
These rules were later supported by multiple studies and were crucial for the

definition of the DNA structure by Watson and Crick.

Nucleic acid structure

DNA structure was defined as a double helix composed of two polynucleotide
chains having the same helical geometry but aligned in opposite orientations.
Hydrophilic chains composed of the sugar ring and the phosphate groups are
pointing out the structure, in order to be in contact with the aqueous medium. On
contrary, hydrophobic parts (purines and pyrimidines) are located flattened and
stacked at the internal part of the helix”] (Figure 1.4). Importantly, DNA chain
shows an inherent polarity due to phosphodiester linkages (asymmetry of joined
nucleotides), therefore free 5’-phosphate or 5’-hydroxyl at one end and 3’-
phosphate or 3’-hydroxyl are found at DNA chains (Figure 1.4). The conventional
way to write DNA sequences is from 5’ to 3’ end, generally with a 5’-phosphate

group and 3’-hydroxyl.

The connection of both chains and the stability of the double helix are
explained by two factors: base-stacking and base-pairing. Bases tend to be

flattened and perpendicular to the helical axis direction (Figure 1.4), thus
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favouring electron cloud interactions (1 - ). This interaction, known as van der
Waals forces, ensures the base stacking and contributes to the overall stability of

the duplex.[19. 22]

The base-pairing is what explains the complementarity of the dsDNA and a
fundamental feature for the stability of the double helix. Hydrogen-bonding is the
responsible for the interactions between A:T and C:G. Figure 1.4 shows how
adenine and thymine match by 2 hydrogen bonding, while guanine and cytosine

bases are connected by 3 hydrogen bonds.

Hydrogen bond
5 end 3 end

Major groove

Minor groove

Figure 1.4 Double stranded DNA helical structure of the complementary chains in opposite
directions. A portion of the sequence is amplified showing hydrogen bonds between

complementary bases.
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Hydrogen bonds established between bases are not only offering
complementarity and stability to the duplex, but they are also responsible for the
specificity of base pairing.l®! It is important to note that a base pair composed by
adenine and cytosine or guanine and thymine would be unstable due to the

inability to form proper H-bonds.

Moreover, another characteristic of the double helix is the presence of two
grooves with different size. As a consequence of the base-pairing geometry
produced along the same plane, the sugar ring (2’-deoxyribose for DNA or ribose
for RNA) protrudes from the base pair in different angles. Larger angles of the
sugar at the edge of the base pairs generate a major groove. On contrary,

narrower angles lead a minor groove (Figure 1.4).

Nucleic acid 3-D structure

NA is a flexible molecule that can suffer changes in its structure such as
rotations or curvatures. Moreover, if thermal treatments are applied, elongation or
separation of the chains can occur.['®. 231 NAs are able to adopt different three-
dimensional conformations and, generally, this variability plays an important role in
the DNA metabolism.l”1 The first forms of DNA described were A-form and B-form,
discovered by Rosalind E. Franklin and R.G Gosling at 1953 by using X-ray fiber
diffraction.[3a] Years later, a new DNA form was disclosed by Alexander Rich who
named it as Z-form, due to the zigzag arrangement of the backbone of the

molecule.[241 All three DNA forms are represented in Figure 1.5.
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The vast majority DNA in cells exists in B-form, which is the most stable form
and the one described by the model of Watson and Crick. B-DNA contains 10.5
base pairs per turn of the helix.[: 19 On the other hand, the helix in an A-form DNA
has an average of 11 bp, leading to a broader minor groove and narrower major
groove as compared to the B-form.l’l The A-form is commonly found in low
humidity conditions, contrary to the B-form that is usually observed at high
humidity. Moreover, the A structure is adopted by the DNA in certain complexes

with proteins.[2%]

Figure 1.5 Three-dimensional structures of A-DNA, B-DNA, and Z-DNA.
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The Z-form is the most distinct structure due to the left rotation of the helix
instead of right rotation as A- and B-form. In that structure, the helix is thinner and
longer (12 bp per turn).l26] The presence of cellular DNA in A-form is rarely
observed, such as in the case of bacteriophages in which DNA is highly
packaged.[?5 271 On the contrary, it has been demonstrated that small portions of

DNA show Z-forms which could play an important role in gene regulation.[19. 28]

Particularities of the RNA

RNA differs from DNA in 3 main aspects:
» Ribose: The sugar ring of the nucleotides is ribose instead of 2’-
deoxyribose (therefore at the position 2’ there is a hydroxyl group).

» Uracil: The most common nucleobases are adenine, cytosine, guanine

and uracil. Thymine is replaced by the structural analogue (Figure
1.3).

= ssRNA: RNA has the capability of forming duplexes, nevertheless in

nature is more commonly found as a single strand (ssRNA), while
DNA natural state is double helix (dsDNA).

All these differences are not merely structural or compositional, they affect
the overall function of the RNA, turning it in a more versatile and complex
molecule than DNA. The three-dimensional structures that RNA can adopt are
much wider than DNA, and in most cases, the RNA function is fully dependent on

its structure and dynamics.
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RNA, similarly to DNA, is stabilized by weak interactions such as base-
stacking. Nevertheless, many regions of RNA strands are folded on themselves
when complementary sequences are in close proximity. Depending on the
distribution of the base-paired segments, the structures that RNA can adopt are
different. Stem-loop structure, internal loops, bulges or junctions (all represented in
Figure 1.6) are some examples of the structural complexity and variability of RNA
molecules.[29! Moreover, when RNA molecules are assembled in a double helix,
the A-form is the predominant one due to the presence of the 2’-hydroxyl in the

RNA backbone which prevents the adoption of the B-form conformation.

3 s' 3 L 5" \ 3
5

Single strand Double helix Double helix with &’ Symmetric internal
dangling end loop
y 9 g .5 s 3
- - |
g —
? g 5' 5 3
3 ¥ 5
Single nucleotide  Three nucleotide Hairpin loop Four stem junction
bulge bulge

Figure 1.6 Schematic diagram of RNA stem and loop structural elements.
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1.1.1 Epigenetic modifications in Nucleic Acids

Epigenetics variations are defined as the changes in the nucleic acid
sequence that are inherited but do not trigger a change in the nucleotide
sequence. These changes may affect gene activity or expression and, generally,
they are induced by environmental factors or being part of the normal development
program.[20. 30] |t js already known that not all genes in an organism are active in
each cell and that there are mechanisms to regulate their activation and
expression. Modified nucleobases, as well known as adducts,[3" play a crucial role
in that regulation, introducing a second layer of genetic information. Then,
epigenetics could be understood as the study of the regulation and control of gene

expression in a potentially heritable way.[32]

Epigenetic modifications could be grouped into three groups; (/) nucleic acids
modifications (DNA and RNA), (/) histone modifications, and (/i) nucleosome
positioning32l (Figure 1.7). DNA molecules wrap the histones which work as
packagers for the genetic material at the cell nucleus. They are usually subjected
to post-transcriptional modifications, where the most common ones are
methylation or acetylation occurring at histone tails. Therefore, histones can be
considered key players in epigenetics.[33 In addition, nucleosomes positioning
could interfere with the DNA transcription by blocking the access of transcription
factors and activators. Nucleosomes are the basic units of DNA packaging

(composed by 8 histones surrounded by DNA sequences). Conformational
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changes due to epigenetic modifications can significantly affect the accessibility to

the DNA sequences during the transcription process.[33-34]

In this section, the attention will be focused on the epigenetic modifications in
DNA and RNA. Nevertheless, it is important to take in consideration that
epigenetics is not only affecting the genetic material, but also nucleosomes and

histones.

DNA methylation and particularly, cytosine methylation at 5 position
represents one of the most critical epigenetic modification in eukaryotic DNA.[35]
Methylation process is typically associated with a gene repression and is
fundamental for the normal regulation of gene expression.[3%1 5-methylcytosine is
widespread in both eukaryotes and prokaryotes and it has been widely studied as
the most common epigenetic modification in humans.[35-36]1 The importance of
human methylation was elucidated because of their relation to cancer
development. Many evidences show that alterations on the methylation pattern
play a critical role in the regulation of oncogene activation, tumour suppression
gene silencing and chromosomal instability.l32. 371 Demethylation process of 5-
methylcytosine, leading to 5-hydroxymethylcytosine is considered as well an
important epigenetic regulation system.[38! |t is worth mentioning that epigenetic
modifications are not only methylation-associated processes, other modifications
such as the addition of Bromo atoms[39] or oxidative reactions on DNA bases[40

produce as well epigenetic changes on DNA.
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Figure 1.7 Overview of the epigenetic modifications mechanism. DNA strands are wrapped

around histone octamers which form the compact chromatin of the chromosomes.

Modifications on histones occur at multiples positions as well as in DNA where methylation is

the most common modification.

Epigenetic modifications are not only localized in DNA sequences, chemical
alternations of the RNA nucleosides have been widely described (more than 100
RNA modifications have been reported).[20] The largest diversity of modified RNA
is found in tRNA, even though all RNA species present modified nucleosides, such
as pseudouridine (y) which is present in almost all types of RNA. Similarly to DNA,
one of the most common modifications in RNA is methylation which occurs nearly
in all types.*!l Because of the abundant functions in which RNA molecules are
involved, there are many methylation processes whose biological role remains
unclear.[*!l The most abundant modification in mMRNA is N6-methyladenosine which
is implicated in stress responses, showing dynamic changes depending on the

stress conditions.[42]
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During these last years, epigenetics has experienced an increasing interest
and awareness. New adducts have been discovered considering their key role not
only in tumorigenesis but also in other human diseases such as
neurodevelopmental disorders.[30. 321 The study of such modifications in DNA and
RNA, and their detection and characterization is crucial to understand the

development of certain diseases as well as for the improvement of their diagnosis.

Conventional techniques

Several methods for the analysis of DNA modifications are currently
employed. Liquid chromatography-mass spectroscopy (LC-MS) is the most
frequently used for characterization and quantification.31 This technique is based
on the ionization of the analytes to separate them accordingly their mass to charge
ratio (m/z2).1431 However, it requires laborious sample preparation comprising
several steps (denaturalization and hydrolysis of the DNA chain to monomers,
adducts enrichment, removal of the unmodified bases and inclusion of an internal
standard).l431 Even though instrumentation improvements have been introduced to
optimize the chromatography and sample preparation,[38bl this technique remains
costly and time-consuming. In addition, exceptional care must be paid to avoid the

generation of artificial adducts.

The coupling of High-Performance Liquid Chromatography with electrospray
tandem mass spectroscopy (HPLC-MS/MS) is an example of a successful

technology with new analytical abilities for the identification of DNA modifications.
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A good sensitivity can be achieved, allowing background levels measurements,[44]
even though the main disadvantages are its complexity and high costs. Moreover,
as DNA adducts can be thermally unstable, other methods such as gas

chromatography-mass spectroscopy (GC-MS) are less frequently used.

32P-Postlabelling assays are widely used from the 1980s because of the
capability to simultaneously monitor several modified nucleotides.[?] However, as
LC-MS is improving providing more selective and quantitative measurements, the
application of 32P-Postlabelling methodology is decreasing due to their intrinsic
limitations, mainly related to the requirement of significant amounts of radioactive

phosphorous.[31. 45

Immunological and fluorescence assays are widely used in genomics, but
less common for the detection and purification of pure adducts.[42t] On contrary,
next generation sequencing (NGS) technologies are gaining importance as a
genome-wide profiling method.*6! NGS provides a single-base resolution
sequencing, useful for the elucidation of new adducts in DNA. Moreover, it allows
for the analysis of large sample data in a low-cost fashion as compared to other
techniques. NGS technologies have a broad range of applications, however,
advances are needed for the efficient isolation of DNA in its original form, and the
development of easy and fast methods for accurately reading the substantial

content of produced data.
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1.1.2 The importance of miRNA detection

MicroRNA (miRNA) is a non-coding protein RNA, single-stranded and
generally composed of 19 to 23 nucleotides. It plays critical regulatory roles in a
wide range of biological processes such as early development, cellular
differentiation, proliferation or apoptosis.[' miRNA is one of the more abundant
classes of gene regulatory molecules in multicellular organisms. Over 15000
mature miRNA are listed in miRBase 15.0 databasel*’] (htip..//www.mirbase.org/),
particularly in humans ~1000 miRNA have been identified which can target >30%
of the human genome.[4. 471 Specifically, miRNA molecule with RNA-induced
silencing complex (RISC) can pair with the target messenger RNA (mRNA)
molecule (Figure 1.8) guiding different mechanisms; /) if there is a total
complementarity, cleavage of the target mRNA is induced (Figure 1.8A), //) when
the recognition between mRNA and miRNA is limited to partially complementary
sequences, repression on the translational machinery is triggered (Figure 1.8B).['4.
171 The repression of that mechanism leads to reduced protein levels, and to
further consequences on the next biological processes. Because of the imperfect
pairing, a single miRNA might have several targets and a single gene can be

regulated by numerous miRNA molecules. 48]

Published results show the multiple functions in which miRNA is involved in
specific tissuesl#9 or at determined situations, such as stress conditions.[50!
Alternations on the expression pattern of miRNA have been associated with

numerous diseases such as neurodegenerative diseases,®!l autoimmune
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disorders, 8] diabetisl52 or cancer.l53 In particular, it is worthy to note that miRNA
can play as both oncogene and tumor suppressor.[53 Thus, miRNA expression
profiles can be used as biomarkers for determining the state of certain diseases

even is possible to use it for gene therapy or as potential drug targets.['7]

The research on the miRNA field is continuously evolving. It is known that
miRNA performs gene regulation through mRNA cleavage or translational
repression, but the specific mechanisms are not fully understood yet. Their roles in
regulatory pathways and their analysis as new targets for miRNA-based therapies
need more exploration. Nonetheless, their intrinsic characteristics such as their

small size or low abundance hinder their analysis by conventional techniques.[7]

Target mRNA
) AAA-3
é:"/’ T
Ribosome Ribosom\e/\
5 —@ AAA-3' 5 —Q AAA-3
mRNA | &microRNA mRNA %microRNA
mRNA degradation Translational inhibition

Figure 1.8 Diagram showing gene regulation mechanisms of miRNA with RISC complex. A)

degradation of mRNA transcripts through cleavage, B) repression of mRNA translation.
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Conventional techniques and emerging of nanotechnological approaches

Many efforts have been devoted to the development of efficient and reliable

techniques trying to overcome the complexity of miRNA detection, which can be

outlined as follows:

The small size of miRNA (19-23 nucleotides) is a limiting factor for the
employment of certain techniques such as Polymerase Chain Reaction
(PCR) methods, widely used for the analysis of genetic material.

miRNA is found in low abundance representing only a small fraction of the
total RNA (ca. 0.01% of the total mass in RNA sample).54 This low
amount of target requires a highly sensitive detection technique.
Moreover, miRNA of the same family could be very similar in sequence
between them, making the specific detection even more complicated to
achieve.

miRNA are very dynamic molecules having more than one target each,
meaning that the same gene can be regulated by multiple miRNA
molecules.[*8] That property requires a technique allowing multiplex
detection in order to understand the complex regulatory function of those

molecules.

Considering the key role that miRNAs develop in biological functions and all

those characteristics mentioned, the advancement on rapid, sensitive and

quantitative miRNA detection is imperative.
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PCR methods are very helpful to amplify the miRNA content in samples with
minimal amounts by annealing and extension events of complementary
oligonucleotides primers. In a conventional PCR, small sequences are needed to
work as primers which are essential for the correct amplification. The primer length
is approximately the same of miRNA sequences.?% Therefore, for the design of
the PCR analysis of miRNA, shorter primers than the conventional ones would be
needed. Although the design of shorter primers is possible, it negatively affects the
PCR efficiency mainly in two ways: (7) it reduces the selective detection abilities
due to the difficulty of labelling shorter primers, (i) the hybridization binding
between primer and target weakens therefore increasing the risk of cross-

hybridization which can be easily perceived as false positive.[5¢]

Nowadays, the standard method for miRNA detection is Northern blotting,
widely used for expression profiling.[®. 571 However, northern blotting is a laborious
technique comprising many steps and a radioactive labelling (typically 32P).[571 In
particular, the main drawbacks are: (/) the lack of sensitivity (usually requiring up to
20 pg of RNA sample)7] and failing to detect miRNAs in low abundance, (7) time-
consuming because often it takes days for culmination, and (/i) limited dynamic
range (2-3 orders of magnitude). Even though Northern Blotting allows the
analysis of multiple samples, only one miRNA sequence can be analyzed at the
same time.[%6-571 Considering that multiple targets can be recognized by the same
miRNA sequence, the capability to perform the global analysis is becoming

increasingly important in the design of the optimal technique.
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Alternatively, miRNA microarrays and quantitative Real-Time PCR (qRT-
PCR) are also used for the study of expression patterns and to acquire
quantitative information, respectively.l581 miRNA microarrays are commonly used
as screening techniques for profiling large number of miRNA sequences but they
tend to have lower sensitivity and smaller dynamic range than Northern Blotting.[17]
They have the advantage of being cheaper allowing numerous parallel
measurements, however, in some cases imperfect specificity is found. On the
other hand, qRT-PCR has the advantages of covering wide dynamic ranges and
high accuracy, while providing absolute miRNA quantification.[*¢! The technique
relies on the reverse transcription of miRNA to complementary DNA (cDNA) which
is amplified and monitored by qPCR, providing precise profiling results.l5°l The
sensitivity of gRT-PCR is very low (down to nanogram levels of the total RNA),[5%
601 nevertheless some parameters such as RNA integrity control or primer design
have to be taken carefully into account to yield meaningful results. Generally and
because of the associated costs, microarrays and Northern Blotting are firstly used

for a miRNA screening and, then, the results are validated by qRT-PCR.[58]

Exploration of new strategies capable of overcoming the limitations of the
established techniques is a major topic in science. The use of nanotechnology
and, particularly, nanoparticle-based detection are of increasing interest because
of their advantages of the capability to work at a lower limit of detection, to
enhance the sensitivity and accurateness, and the ability to perform rapid

analysis.[®6. 581 These strategies comprise a wide variety of sensing schemes. In
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some cases, magnetic nanoparticles (NPs) are used for sample concentration.[61]
Other examples are the use of NPs as carriers of miRNA for achieving cell
transfection, exploiting gold NPs due to their unique optical properties and
biocompatibility.[621 Furthermore, NPs can be used in conjunction with established
techniques such as microarrays, engineering detection platforms with high

specificity and reproducibility for miRNA detection at low amounts.[63]

In addition, surface plasmon resonance (SPR) from the metallic
nanoparticles can be exploited for miRNA detection and classification. For
instance, a platform consisting on silver nanorods array was reported to classify
different miRNA sequences.54 However, most of those strategies based on SPR
effect from metallic NPs rely on indirect strategies or they have limited multiplexed
and quantification capabilities. Therefore, more efforts have to be devoted to
obtaining approaches which provide sensitive, reproducible and direct signals of

miRNA without compromising their specificity.
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1.2 RAMAN SCATTERING AND SURFACE-ENHANCED RAMAN SCATTERING
1.2.1 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique based on the Raman
effect that directly informs about vibrational or rotational modes, or other low-
frequency modes, in a molecular system. When light interacts with matter, two
main mechanisms can occur: absorption or scattering. If the substance absorbs
the light is because the energy of the incident photon corresponds to the energy
gap between the ground and the excited state of an atom or molecule. On
contrary, scattering can occur whether or not there is a suitable pair of energy

levels that allow absorption of the radiation.[65]

Scattering processes (in which the emitted photon is called scattered photon)

can be classified into two groups:

» |nelastic Scattering or Raman Scattering (RS): It takes place when a

molecule is illuminated and a part of the light is scattered with a different
wavelength. The energy difference between this scattered light and the
incident light is due to the interaction of the photons with the vibrational
states of the molecule under study. The phenomenon was predicted by
A. Smekall®8]l at 1923 and later demonstrated by C.V. Ramanl67] at 1928.

» Elastic Scattering or Rayleigh Scattering: It occurs when the excited

molecular system relaxes without any noticeable change in energy

(elastic process). The incident and the scattered photons have the same



UNIVERSITAT ROVIRA I VIRGILI

DIRECT LABEL-FREE SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS
Judit Morla Folch

36 s Chapter 1

energy (with a different direction and/or polarization). It is often referred

to Rayleigh scattering because it was described by Lord Rayleigh on

1871.168]

There is a remarkable difference in the efficiency of Rayleigh and Raman
scattering since one photon out of 1000 is re-emitted as Rayleigh scattering,
whereas only 1 out of 106-108 undergoes Raman scattering.[65a Figure 1.9 shows

a simple diagram illustrating Raman and Rayleigh scattering.

v=3

v=2

v =1 Excited state (S,)
VZO —

SR [ [ — _;\_‘_ —— —A—‘— —_— —j\—‘— = = \Virtual state

v=3

v=2

v =1 A 4 Ground state (S,)
v =0 %

Absorption Rayleigh Stokes Anti-Stokes

|
SCATTERING PROCESS

Figure 1.9 Simplified Energy diagram showing transitions involved during absorption,

Rayleigh, Raman Stokes and Anti-Stokes processes. (v) refers to the vibrational state.
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The Raman scattered photon has either lower or higher energy than the
incident one. When the scattered photon has less energy than the incident is
called Sfokes process (Figure 1.9). In that case, the molecule is excited from the
vibrational ground state (v=0) to a higher state (v=1). On contrary, the scattered
photon can have more energy than the incident photon producing a relaxation of
the molecule, from an excited vibrational state to its ground state. That process is
called anti-Stokes (Figure 1.9) and is normally much weaker than Sfokes process,
mainly because at normal temperature (T), most of the molecules exist in the

ground vibrational state.

Raman Spectrum and Raman shift

Raman shift is described as the energy lost or gained by the photon in a
scattering event, therefore it is positive for Stokes and negative for an anti-Stokes
process (Figure 10). In terms of energy, Raman shift is described as AEr = EL -
Es where EL and Es are the energy of the incident photon and the scattered,
respectively. It is commonly expressed in wavenumber (cm-1). At a given incident
wavelength, the Raman spectrum corresponds to the wavelength dependence of

the Raman scattered intensity, as can be shown in Figure 1.10.

The information given by a Raman spectrum can be considered as the
unique fingerprint of the molecule, where each peak in the spectrum corresponds
to a vibrational mode of the molecule under analysis. The vibrational energy of

each mode is represented by their Raman shift varying from mode to mode.
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Figure 1.10 Typical Raman spectrum (Raman intensity vs Raman shift) with several Raman

peaks on the Stokes side and their weaker anti-Stokes counterparts.

Raman cross-section

In addition, to describe qualitatively the optical processes, there is a
quantitative variable that can measure how many incident photons are scattered
(through Raman or Rayleigh). This proportionality constant is called Raman cross-
section (0) and is a function of the excitation light energy, having a dimension of
area (typically expressed as m2). Equation 1.7 shows the simplest description of
the cross-section of a given linear optical process underwent by a molecule, where

P is the power of the signal produced and Sy corresponds to the incident power
density.

P=0g xSy 7.1
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Nevertheless, scattering is not a linear optical process, therefore to fully
describe the process where many photons are scattered in specific directions this

same equation is developed to a differential scattering cross-section.[69]

It is worth noting that scattering process depends on the orientation of the
molecule with respect to the incident field polarization and, in a practical case
where large numbers of molecules are measured with randomly orientations, the
signal obtained is an average of the overall orientations. Therefore, Raman cross-

section definition is referred to molecules with randomly-averaged orientations.

1.2.2 Surface-Enhanced Raman Scattering (SERS)

Surface-Enhanced Raman Scattering (SERS) is based on the enhancement
of the Raman signal for molecules adsorbed on nanostructured plasmonic
materials. The presence of metal nanostructures is a requirement for SERS. When
a nanomaterial is irradiated by the appropriate light, a strong field can be
generated at the metal surface which couples with the vibrational modes of the
molecules in close proximity, leading to a giant amplification of the Raman
scattering. Nowadays, enhancement factors up to 10'3 - 104 fold have been
reported, providing SERS with single-molecule sensitivity.l[’01 The main mechanism
of SERS enhancement is electromagnetic in nature, while additional intensification

may arise from the so-called chemical mechanisms.
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Differently from normal Raman scattering, which is restricted to the
interaction between light and matter, in SERS the electromagnetic interaction
between light and metal nanostructures is at the heart of the signal enhancement.
The adequacy of the metallic material used for SERS strongly depends on the
metal nature itself. The dielectric function of a metal (€), expressed by a real (€)
and an imaginary (i€”) part is an indicative of the metal behaviour with light
(Equation 1.2). The real part is related to the scattering efficiency and the
imaginary part is associated with the absorption efficiency. The most suitable
metal for SERS should have a negative real part and small imaginary part of the €.
Among different metals, those which fulfil these requirements are the noble
metals, such as gold and silver (widely used in SERS spectroscopy).[65b. 71]

eE=¢g+ie” 1.2

The remarkable analytical potential of SERS, its versatility and the rich
structural information that can provide, paved the way to its applications in a wide
range of fields.[”2l Moreover, it requires minimal sample preparation and it can be

applied in almost any analytical matrix.

1.2.3 Electromagnetic mechanism

The main contribution to the increment in the Raman signal is
electromagnetic (EM) in nature. When photons of appropriate energy impinge on a
plasmonic nanostructure, an intense local electromagnetic field at the metallic

surface is generated. Specifically, when a small spherical metallic nanoparticle is
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irradiated by light, the oscillating electric field originates a coherent motion of the
conduction electrons generating a dipole (Figure 1.11A). The collective oscillations
of the surface conduction electrons that propagate along the metal surface are
known as plasmons. As a result of the confinement of surface plasmons with a
wavelength of light used to excite, Localized Surface Plasmon Resonances
(LSPRs) are induced. LSPR is the responsible for the remarkable optical
properties of nanosized metals. It is important to note that LSPR is highly
dependent on the nanoparticle morphology, as the oscillation of the electron cloud
can occur along different symmetry axes depending on the morphology. For this
reason, as illustrated in Figure 1.11B and C, the LSPR bands represented in the

UV-Vis spectra for a nanosphere or a nanorod are different.

Therefore, the EM enhancement relies on field enhancement of both incident
and scattered fields as a consequence of the LSPR excitation. To profit from such
near-field enhancement, the molecule must be close to the surface (within ~10 nm
maximum)[73l or, as in most practical cases, the molecule should be directly

absorbed on the surface.

A variety of terms exist to describe different aspects of plasmons, here it is

only presented the most basic theory needed to outline the SERS effect.
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Figure 1.11 A) Representative scheme depicting the induction of LSPR in a metallic sphere
and an elongated (nanorod) particle upon excitation with an electromagnetic radiation. An
electric dipole is created in the small spherical particle, whereas the oscillation of the electron
cloud can occur along any of the two symmetry axes of the ellipsoid. Experimentally, this is

reflected as one or two (transversal and longitudinal) LSPR bands in the UV-Vis-NIR spectra

of Au nanospheres (B) or nanorods (C).

The simplest description of the electromagnetic mechanism is based on
small metallic sphere models. When the light is resonant with the LSPR, the metal
sphere radiates its own dipolar field (Esp) (Figure 1.12). The extension of which
Esp perturbs the molecule near to the surface depends on several factors such as

the radius of the metallic sphere (r), the distance between the molecule and the
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metallic surface (d), the dielectric constants of the metal (€) and the surrounding

medium (€o) and the incident field strength (Eo) (Equation 1.3).

o

[
;‘“ Adenine
0“ ‘0,
K o
d s €E— & 1

Esp = 1P E 1.3
= T 28 0(r+d)3

r -
e= ¢ +ig"

Em = Eo+Esp 1.4

Metallic sphere

Figure 1.12 Schematic representation of the electromagnetic effect (not represented at real

scale).

The molecule perceives an enhanced local field (Em) which includes both
electric field magnitudes: Eo + Esp (Equation 1.4). The ratio between the field at the
position of the molecule (Ey) and the incoming field (Ey) explains the light field

enhancement A(v) described in Equation 1.5.

CEn(v) e—& 1y} 15
Alv)= Eo (V)~8+280 (r+d)

According to this equation, the most favorable conditions for the resonant
excitation of the metal surface plasmons (which approximates the largest EM
SERS enhancement) would be; /) when the real part of €(v) is -2¢€0, and /j) when
the imaginary part of the dielectric constant is small. Additionally, the scattered

field will be enhanced if it is in resonance with the particle LSPR. Thus,
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considering the enhancing effects for the laser and the Stokes field, the
electromagnetic enhancement for the Stokes signal intensity (GSERS (vs)) can be

expressed as:

SERS - 2 ~ |EVD - €0 | [E(VS) ~ €0 12
G (vs) lA(VL)l IA(Vs)I |£(VL)+ 2£o| |s(vs)+2£o| (r+d) 1.6

The Equation 1.6 describes important and specific properties of the EM in
SERS, showing that the enhancement scales as the fourth power of the local field
of the metallic nanostructure. This is recognized as the E? gpproximation and
explains how particularly strong is the enhancement when the excitation and

scattering fields are in resonance with the surface plasmons.

Enhancement Factor (EF)

SERS electromagnetic enhancement factor (EF) can be elucidated from the
previous model (Equation 1.6) by separately taking into account the enhancement
of both the incident and the emitted radiation. EF can be simply expressed as in
equation 1.7, where Mioc (wL) is the local field intensity enhancement factor and

Mdrad (WR) the directional radiation enhancement factor.

EF = Mioc (W) x MdRaq (WR) 1.7

In order to avoid complications, it is often assumed that Mioc (W) =® MdRag
(wr). Moreover, in many cases, the Raman shift is also small and the additional
approximation; wr = wL is considered,[’! leading to the more popular expression

(Equation 1.8) of the SERS enhancement for zero-Stokes shift;
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|Evoc (wo)[* 1.8

EF =
(wo) |Elnc|4

Where Einc is the incident field yielding a local field ELoc. That approximation
is generally sufficient to obtain the right order of magnitude of the EF. However, it
is important to keep in mind that this approach only approximates the radiation
enhancement and does not account for polarization effects or surface selection

rules in SERS.

Maximization of the EM enhancement (Hot-Spots)

The E# gpproximation model above mentioned is commonly used to explore
the EM enhancement of a particular metallic surface. In the case of isolated
nanoparticles, EM enhancement in the order of 106 is the maximum value
reported.l’0al Nevertheless, larger EM enhancements can be achieved in other
conditions, for instance, the electromagnetic SERS enhancement factor can be
increased up to 10" when the morphology changes from a sphere to structures
with sharp tips or edges.l’d In addition, closely spaced interacting particles can
provide extra field enhancement (EM enhancement factors up to 10" have been

estimated for dimers of silver particles).[7¢]

These large enhancements are normally attributed to highly concentrate
electromagnetic (EM) fields associated with strong localized surface plasmon
resonances at interstitial sites (so-called EM or SERS hot spots).[’’] The size of the

hot spots is about few nanometers and the corresponding field concentration at
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these gaps depends strongly on the geometry of the nanostructured site where the
probed molecules reside, the wavelength and the polarization of the incident
line.[”31 However, hot spots are much less frequent than sites with moderate
enhancement factors, therefore the probability of finding a molecule positioned

exactly at the hot spot is much more complicated.

1.2.4 Additional Chemical mechanisms

Additional complementary mechanisms to EM can arise from chemical or
charge transfer processes (CT). CT is related to the chemical complexation of the
analyte with the metallic surface which may alter the polarizability of the adsorbed
molecule. Due to the new transit (chemical transfer) in the metal-molecule system,
the vibrational pattern may be affected due to the change in the molecular
symmetry, molecular orientation on the surface and light polarization, in

comparison to a free molecule.[’7]

Therefore, in the case of SERS, the laser excitation enables a CT excitation,
which could be molecule-to-metal or metal-to-molecule, consisting of a transition
between the Fermi level (EF) of the metal nanostructure and the lowest
unoccupied molecular orbital (LUMO) of the molecule. Figure 1.13 shows the three
different contributions to the chemical mechanism, where Fermi level of the metal
is symmetric to HOMO and LUMO, highest and lowest occupied molecular orbital,

respectively.
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The laser energy can be directly in resonance with an electronic transition of

a molecule-metal complex (Figure 1.13A). This case can be described as a normal

Resonance Raman event. Moreover, the laser can also profit from an indirect

coupling (charge transfer) through the metal (Figure 1.13B). This second situation

is more sophisticated and occurs when the difference between Er of the metal and

HUMO or LUMO energies is matched by the laser.[6® Enhancement in the metal

nanoparticle (Figure 1.13C) can occur as well due to a very strong local field when

the excitation wavelength is resonant with the plasmon excitations.

Chemical enhancements normally provide a much lower contribution to the

overall enhancement (up to two orders of magnitude). However, under typical

SERS conditions, it is always difficult to separate the chemical effects from

possible contributions of electromagnetic origin.

A Metal Molecule
""""" w—— | UMO
E H w
—— HOMO
e 4

Resonance Raman Enhancement

Molecule

e LUMO

B ¢

)

Charge-transfer Resonance
Enhancement

E

Molecule

e HOMO

Plasmon Resonance
Enhancement

Figure 1.12 lllustration of the three different types of chemical enhancement mechanism in

SERS.




UNIVERSITAT ROVIRA I VIRGILI
DIRECT LABEL-FREE SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS
Judit Morla Folch

48 PR Chapter 1

1.2.5 SERS active Substrates

The term SERS substratfe is generally referred to any metallic structures that
produce SERS enhancement. The prepared SERS-active substrates should
accomplish several requirements including large enhancement factors (EFs), good
reproducibility from one sample to another, stable SERS signal with time, simple
preparation process and easiness to be applied to many analytes. An ideal SERS

substrate then possesses the following features.[78]

» The substrate should have high SERS activity and therefore provide high
sensitivity. By tuning the LSPR frequency is possible to achieve the
coupling and induce the maximization of the enhancement.

» The substrate must show good stability and reproducibility. Even after a
long shelf time, the enhancement effect should still be maintained.

» The substrate should have a clean and easily modifiable surface so that it
can be applied not only for strong but also weak adsorbates or even

unknown samples.

Unfortunately, nowadays is still difficult to obtain SERS substrates that can
simultaneously fulfill all of the above requirements. The task of finding ‘the
universal SERS substrate’is not trivial and may not even be the right approach for
implementing SERS as an analytical tool. Chemical and electronic effects have to
be carefully controlled in order to bring SERS as close as possible to the basic

analytical requirements. SERS can be maximized mainly through control of two
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main factors; /) careful design of the optical substrate and /) improvement of the
absorption of the analyte under study. During the last years, the preparation of
SERS substrates has become more controllable, benefiting from the development
of nanoscience and nanotechnology. Many improvements in the synthesis and
employment of those substrates have been elucidated and even new ones have

been reported.[7°]

From a general point of view, SERS substrates can be divided mainly into
three classes; metallic nanoparticles (colloidal solutions); planar metallic structures
supported on planar substrates such as silicon or glass, and metallic electrodes. In
this section, the attention will be focused on metallic colloids and their particular

relevance for SERS experiments.

Metallic colloids for SERS

Solutions of metallic colloids, predominantly made of silver (Ag) or gold (Au)
represent one of the most common and simplest ways to generate highly active
SERS substrates. Colloidal nanoparticles are advantageous for many reasons.
Their versatility and ease of synthesis with a high degree of control over the
composition, shape, and size, make them by far, the most commonly used
substrates in SERS. Moreover, the utilization of nanoparticles allows the direct
SERS analysis within analyte natural solution mediums.[8% The presence of the
solvent and the Brownian motion of the analyte-particle complexes minimize

damage to the sample, even when using more energetic laser lines and higher
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power at the sample for excitation. Finally, colloidal metals can also be used for
the preparation of thin films,[811 which add portability and versatility to “on-field”
SERS analysis. On the other hand, regular physical fabrication techniques such as
sputtering, physical vapour deposition or electron beam lithography, are often

difficult to find in conventional laboratories.

Metallic nanoparticles are also of historical significance related to the
development of SERS, as the first single molecule SERS detections were reported
using colloidal particles.[7%a] Colloids are typically produced by a reduction reaction
(mostly in water) and via different chemical routes. Through careful control of the
three key factors (composition, size, and shape), the optical and plasmonic
properties can be optimally tuned in order to maximize the SERS effectiveness for

specific applications like genetic diagnostics, or immunoassay labelling.

Despite all the advantages mentioned above, suspensions of metallic
nanoparticles present some limitations related to the colloidal and optical stability.
The concentration of the electromagnetic field is not homogeneously distributed
around the whole nanoparticle surface as it has been experimentally observed at
different nanostructures.82l Specifically, in Figure 1.14 is shown the case of gold

nanostars where hot spots are clearly localized at the tips.[75b]

The presence of hot-spots in the SERS substrate can dramatically increase
the SERS signal in an experiment. In the case of spherical nanoparticles, hot-

spots are mainly generated when nanoparticles aggregate into clusters where the
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individual oscillating dipoles of the individual nanoparticles are coupled. As
consequence, new plasmonic responses may be generated within the aggregate
over a broad range of frequencies, from the visible region to the near-infrared
(NIR). Remarkably, largest plasmonic field enhancements are normally spatially

localized at the interparticle junctions (further discussed in chapter 2).

1.0
0.5

0.0

20 nm

Figure 1.13 A) TEM image of a gold nanoshuriken (five-tipped nanostar). B and C) Intensity
maps extracted from the EELS spectrum-imaging after removing the zero-loss peak. The

intensity maps show the spatial distribution of the electromagnetic field.

In addition, it is important to note that not all functional groups present the
same affinity for metallic surfaces. As the proximity of the analyte to the
nanostructured surface is a key condition in SERS, promoting the efficient
adsorption of the molecules remains a central issue in SERS experiments.
Appropriate modification of the surface properties of the plasmonic enhancer
represents the main solution to overcome issues associated with limited affinity of

the analyte towards the nanostructured material.
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Stabilization of metallic nanoparticles

The colloids in solution are stabilized by Coulombic or steric repulsions
among particles, which usually requires the presence of a stabilizing agent coating
the nanoparticle surface to prevent irreversible aggregation.
Cetyltrimethylammonium bromide (CTAB) or poly(vinyl pyrrolidone) (PVP) are
surfactants commonly employed in the fabrication protocol as capping agents.
Additionally, these capping agents may also work as shape directing agents
because of their different affinity for the different facets of a given nanoparticle.[75b]
In some cases, such as sodium-citrate-reduced colloids, a single chemical
compound plays both the role of reducing agent and stabilizer (one of the most

used types of colloids in SERS).[83]

Silver vs Gold

The predominant metallic nanoparticles are made of silver or gold because of
their intrinsic characteristics as a good SERS substrate among the other noble
metals. Colloids are typically produced by a reduction reaction in solution through

several possible chemical routes.

Au colloids normally display higher chemical stability (gold is less susceptible
to oxidation), ease of functionalization and biocompatibility. Further, the extent of
control over size and shape that can be exerted on Au colloids is generally much
higher than on Ag, due to the higher silver reactivity.[84 On the other hand, the

silver is a much more efficient plasmonic material than gold (at least in the visible
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spectral range). In fact, the optical properties of gold are strongly affected at a
shorter wavelength (A < 600 nm) by a large optical absorption which significantly

damps the LSPRs.[85]

1.5 NUCLEIC ACID ANALYSIS USING SERS

NA sensing is a very active field with relevant impact in pathology, genetics,
and clinical diagnosis, but also food and drug industry or environmental
monitoring. SERS offers several advantages for the detection of biomolecules

such as DNA or RNA, which can be summarized as follows:

» In addition to the exploitation as a pure sensing method, SERS is a very
powerful analytical technique to be used in the structural characterization
of the biomolecules giving chemical-specific information (i.e., for DNA,
electrostatic, hydrophobic, and hydrogen bonding interactions between
nucleotides can be reported).

» There is the possibility of acquiring SERS from aqueous solutions
(biomolecules can be investigated in their natural environment).

= |t produces a molecule-specific vibrational spectrum, (i.e., structural

fingerprint of the DNA).

For all those reasons, SERS is considered a powerful technique for the DNA
and RNA analysis. There are different strategies for SERS-based NA detection,

which can be classified mainly into two groups. The large majority of strategies
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rely on indirect approaches, such as those using SERS-encoded nanoparticles.[73]
A second class of SERS methods is based on the label-free direct SERS analysis
of NAs (i.e., the intrinsic SERS spectra of NAs is acquired). In the very recent
years, an upsurge of interest in direct label-free SERS NAs detection has been
observed by the efforts of different groups addressed to overcome the main
limitation; the reproducibility issues associated with the NAs interaction with

plasmonic metal colloids.[8]

1.3.1 Indirect SERS analysis of nucleic acids

The vast majority of SERS applications to large biomolecules, such as NAs
detection, rely on the indirect sensing approach in which a Raman label is used for
the SERS readout. Mostly, they are based on the selective recognition between
two complementary strands to identify a specific sequence. The different chemical
or physical properties of NA before and after hybridization are compared by the
change on the Raman intensity label. Normally, oligonucleotides are modified with
a thiol group to ensure the binding with the plasmonic surface and provide the
selective biorecognition element to the complementary target sequences.[®0 By the
addition of a thiolated group, a covalent bond between surface and oligonucleotide
is achieved (Figure 1.15A). This results in a more titled orientation of the strand,

preventing the interaction of the bases with the metallic surface.
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Particularly, Mirkin and co-workersl®!l developed an indirect SERS strategy
for NAs detection based on the idea of a microarray where immobilized sequences
hybridize with target sequences attached to nanoparticles having a reporter
(Figure 1.15A). The SERS signals were obtained from the dye (attached to the
nanoparticle) and further enhancement was produced by a silver coating,

achieving detection in the femtomolar regime.[®1

SERS detection of nucleic acids via indirect strategies has consistently
proven high-throughput screening and multiplexing capabilities, enabling
discrimination of a mixture of probes by the use of multiple Raman reporters.®2
Moreover, in comparison to traditional NAs analysis methods, it offers a lower

detection limit and rapid and reliable detection in complex media.l®3!

However, in this method is necessary the modification of the NAs with the
Raman label which requires complex and costly chemistry. In addition, indirect
strategies do not allow the acquisition of the chemical and structural-specific
information of the NAs contained in the specific SERS spectral fingerprint of the

target analyte.

1.3.2 Direct label-free SERS analysis of nucleic acids
Direct label-free SERS strategies are based on the detection of the NAs
strands directly absorbed onto the nanostructured surface (Figure 1.15B). This

methodology provides richer structural and chemical information, removing the
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need of any NAs modification and shows outstanding potential in terms of

sensitivity and selectivity.[®4]

To date, however, direct SERS analysis still poses significant difficulties and
challenges due to the several interdependent multiple factors that determine the
degree of affinity of the molecule for the plasmonic substrate, as well as, the final
property of the resulting surface complex. For this reason, direct acquisition of the
SERS spectra of nucleic acids has historically suffered from limited reproducibility

and/or sensitivity and mostly restricted to single-stranded DNA sequences.

In recent years, many efforts have been devoted to overcoming these
limitations such as the development of novel SERS substrates with high and
uniformly distributed enhancementsi®4. 91 or the implementation of multivariate
statistical approaches in the spectral analysis.l¢ Nevertheless, the main challenge
for label-free detection is related to the surface of the SERS substrate. In fact, the
metal surface chemistry largely defines the binding affinity of the target for the
plasmonic substrate as well as the final structural features of the adsorbed

molecule.[97]

One alternative to achieve the location of NAs near to the plasmonic surface
is the use of SERS substrates where the solution of NAs is deposited.[64a. 94b]
However, in that method the resulting SERS spectra are coming from dried
oligonucleotides with the associated problems of reproducibility and constraining

the NA structure.



UNIVERSITAT ROVIRA I VIRGILI

DIRECT LABEL-FREE
Judit Morla Folch

SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS

GENERAL INTRODUCTION o i 57

A more exploited alternative is the use of nanoparticles in solution. In that
case, many issues have to be considered. Firstly, the colloids usually have a layer
of surfactant or capping agent that provides stability after the synthesis. Those
compounds are usually unstable leading to variations in SERS signals shown as
impurities. Secondly, the metal surface is negatively charged and considering that
NAs are surrounded by phosphate groups (negatively charged) the electrostatic

interaction between them would be very weak.

In order to overcome such limitations, many strategies have been developed
focused on the achievement of a reproducible and reliable technique for label-free
SERS NAs analysis. Most of them employ an aggregating agent in order to obtain
higher SERS intensity coming from the hot-spots generated by the aggregates.[©8l
On the other hand, there is the possibility of tuning the surface chemistry of the
colloidal particles to improve the affinity for nucleic acids.®®l An extensive
discussion of different strategies using colloids for label-free NA detection is

exposed on chapter 2.
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Figure 1.14 Representation of the strategies employed for NA detection by SERS. A) An
example of an indirect SERS strategy in which the signal is obtained from the label or their
associated change. Thiol modification is widely used to achieve the attachment of the NA to

metallic surface. B) Representation of the direct label-free NA detection using nanoparticles.
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CHAPTER 2

POSITIVELY CHARGED NANOPARTICLES FOR
DIRECT SERS ANALYSIS OF NA

ABSTRACT

Direct SERS analysis of NAs has been largely performed using
negatively charged nanoparticles as SERS substrates. However, its
applicability has traditionally suffered from reproducibility and/or
sensitivity issues. Recently, it has been shown that the employment of
positively charged silver colloids coated with spermine (AgNP@Sp)
provides several key advantages. Spermine molecules anchored at the
surface of the nanoparticles ensure the electrostatic attraction with the
negatively charged phosphate backbone of the NA, leading to the
generation of stable aggregates in suspension. Here, the NA
sequences remain trapped at interparticle junctions (hot spots). In this
chapter, it is described the synthesis of AgNP@Sp, their
characterization and, finally, the optimization of the experimental
conditions to maximize the performance of these colloids as a SERS

platform for direct NA analysis.
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2.1 INTRODUCTION

Negatively charged silver colloids have been the most widely used substrates
for the analysis of NAs in direct SERS.!"l Here, nucleotides preferably interact with
the metallic surface via their exocyclic amine moiety or heterocyclic nitrogen,2
adopting a flattened configuration.[3] Normally, the resulting SERS spectra appear
to be dominated by adenine modes because of adenine has a stronger scattering
cross-section than the other bases[3 and highest binding affinity for silver and gold
(mainly via the N7 nitrogen atom).[2l This mechanism of interaction significantly
restricted the SERS analysis to ssDNA since in the duplex form, the nucleotides
are hidden with the double-helix, leaving exposed the negative charged phosphate
groups which display low affinity to such colloids.4! Further, aggregating agents
are normally employed to promote nanoparticle aggregation, therefore generating
intense SERS signal. Particularly, magnesium sulfate (MgSO4) is extensively
usedl'a<l as a “passive” aggregating agent. The addition of MgSO4 produces an
increment of the ionic concentration facilitating nanoparticle aggregation and thus,
enhancing the SERS signal.l'"®] In other studies, Mg2* ions are also described as
neutralizers of the DNA phosphate backbone that mediate the electrostatic

interaction with iodide-modified silver nanoparticles.['cl

Nonetheless, the use of external agents to induce the aggregation of the
nanoparticles leads to poor or null control over both the overall nanoparticle
assembly and the final position of the DNA within the aggregate. Moreover, as it

was investigated by Torres-Nuiez and co-workers,[®! when negative NPs are



UNIVERSITAT ROVIRA I VIRGILI
DIRECT LABEL-FREE SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS
Judit Morla Folch

68 - i Chapter 2

aggregated with MgSOs4, SERS results more dependent on nucleobase
composition and nanoparticle surface chemistry than when no aggregating agent
is used. Thus, removal of the external aggregating agent highly simplifies the

sensing scheme and could allow higher reproducibility.

El-Sayed and co-workersl®! efficiently circumvented the issues associated
with the use of an external aggregating agent by using highly concentrated
colloids. Here, conventional citrate-capped silver nanospheres were used at a high
concentration in order to physically retain the DNA within the interparticle junctions
without the requirement of an aggregating agent.l8! However, this approach is only

effective when the concentration of DNA is relatively high (i.e., ca. 1 mg/mL).

Furthermore, other strategies have been exploited to overcome the
electrostatic repulsion between the phosphate groups of the NAs, and metal
surface, such as the addition of small positively charged molecules. Graham ef
all’l described the employment of spermine as an effective agent for the controlled
aggregation of the colloids. Spermine acts as an NA charge modifier, it interacts
with the NA balancing the negatively charged phosphate groups.l’l However,
spermine itself can induce agglomeration of the DNA and can lead to over

aggregation of the system, compromising their stability.[8!

An alternative approach for the NA detection is the use of positively charged
colloids capable of directly interacting with the phosphate backbone of DNA via

electrostatic interactions. One example was published by Gill ef al/l®! using
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hexadecyltrimethylammonium bromide (CTAB) capped silver nanoparticles to
ensure the effective absorption of dye-labeled DNA onto the surface and, thus,
efficient SERRS signals can be produced.l®! Other positively charged polymers
employed are for instance branched polyethyleneimine (PEI) chainsl'® or poly-L-
Lysine (PLL).I""1 Although the presence of a polymer or surfactant improves
colloidal stability and affinity towards DNA, a dramatic limitation for direct SERS
analysis is imposed by the intrinsic thickness of the surface layers (i.e., DNA
absorbs relatively far from the metal). In addition, high background signals are

likely to be observed for polymer coated nanoparticles.

Novel synthesis of spermine-coated positively charged silver nanoparticles
(AgNP@Sp) was reported by V. Lierop ef al/’2 Spermine molecules (Figure 2.1)
employed during the preparation of the colloids remained bound to the NP surface,
providing an overall positive charge that stabilizes the NPs in suspension via
electrostatic repulsions. Thus, upon addition of NA, the sequences rapidly adhere

on the NPs through their phosphate backbone.[2]

Figure 2.1 Three-dimensional arrangement of the atoms that constitute spermine molecule.
Grey = Carbon atom, Light Blue = Hydrogen atom and Blue = Nitrogen atom. Obtained from:

https.//pubchem.ncbi.nlm.nih.gov/compound/spermine


https://en.wikipedia.org/wiki/Three-dimensional_space
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Molecule
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As a result, a fast nanoparticle aggregation (Figure 2.2) takes place where
NPs form DNA-mediated clusters!'3 which entrap the NA sequences at the inter-
particle junctions (where the SERS signal is maximized) leading to intense SERS

spectra with high spectral reproducibility.

In this system, NAs has double key features; firstly acts as an aggregating
agent of individual nanoparticles, secondly, develops the role as an effective
stabilizing agent of the so-formed clusters. The advantages of the NAs analysis

using AQNP@ can be summarized as follows;

= Absorption onto the nanoparticles surface is achieved due to the
electrostatic interaction between the secondary amines of spermine
ligands and the negatively charged phosphate groups of the NAs.

= The nanoparticle aggregation is induced by the NAs itself, removing
the need for the addition of an external aggregating agent.

» High-quality SERS signals and extremely sensitive are obtained due
to the location of the NAs sequences; near to the plasmonic surface

and located at the inter-particle hotspots of the aggregates.

Because of NAs molecules act as an ‘electrostatic glue’ for AQNP@Sp,
illumination of the colloidal suspension with a 532 nm laser yields highly intense
and reproducible averaged SERS spectra of NA at nanograms per milliliter levell13-
141, while integration with microfluidic devices could reduce the required amount of

sample to picogram levels.["3]
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=)

SERS

NANOPARTICLE
' MEASUREMENTS

SYNTHESIS

Figure 2.1 General scheme of NA detection using AQNP@Sp (the aggregation is driven by the
NA itself). The change of colour is because of the transition from isolated colloids to stable

clusters.

2.2 SYNTHESIS OF AgNP@Sp

Synthesis of positively-charged spermine coated silver nanoparticles
(AgNP@Sp) was performed following the previously reported protocol.['2. 14]
Briefly, 20 yL of a 0.5 M AgNOs solution were added to 10 mL of Milli-Q water,
followed by addition of 7 uL of a 0.1 M aqueous spermine tetrahydrochloride. After
20 min of stirring, 250 pL of NaBH4 (0.01 M) were rapidly injected into the mixture
under vigorous stirring. The solution was gently stirred for another 10 min. Before
being used, colloids were left to age overnight and the visible sediment at the
bottom of the vial was eliminated from the sample. Ultraviolet-visible (UV-Vis)

spectra before and after aging are shown in Figure 2.3.

Importantly, in order to prevent the electrostatic deposition of the positive
nanoparticles onto the glassware walls (negatively charged), both glass vials and

the magnetic stirring bars were pre-coated with a positively charged polymer
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(polyethyleneimine (PEI)), as described elsewhere.[13] All material was dipped into
a PEI solution 0.4% (v/v) for at least 2 h and, after that, extensively washed with

Milli-Q water to remove any unbound PEI molecules.

The synthesis yields quasi-spherical silver nanoparticles of ca. 25nm
diameter, (fully characterization is presented below). The bulk pH of the colloids is
~ 6, and the final nanoparticle concentration is ca. 0.3 nM, calculated according to
the Lambert-Beer’s law by using an extinction coefficient of 54.8 x 108 M-1 cm-1

obtained from the literature.[16]

2.3 CHARACTERIZATION

After the synthesis, the optical and physical properties of colloids were
characterized using UV-Vis spectroscopy, Transmission Electron microscopy,

SERS and -potential.

UV-Vis spectroscopy

The measurement of the UV-Vis excitation spectra is one of the most
common characterization optical techniques for SERS substrates. The main
information extracted is associated with the response of the localized surface
plasmon resonance (LSPR). From the characteristics of their surface resonance
and in comparison with theoretical predictions, parameters such as polydispersity,

uniformity or the concentration can be extracted.!'”]
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Figure 2.3A shows the direct optical absorption measurements of the
AgNP@Sp recently synthesized and after 24 hours aging. Colloids show a LSPR
centred at ~ 391 nm and the difference between both spectra is appreciable. After
the synthesis, the spectrum is broader indicating a certain degree of polydispersity

(different sized silver nanoparticles or aggregates could be found in solution).

1.0
A \ AgNP@Sp after synthesis
— AgNP@Sp supernatant
= (after 24h)
S
s 057
.§
_§
L
.
0.0+ | | . . . ]
300 400 200 600 700 800
Wavelength (nm)
1.0

AgNP@Sp ' AgNP@Sp+DNA

Exctinction (a.u)

300 400 500 600 700 800
Wavelength (nm)
Figure 2.2 Extinction spectra of AQNP@Sp A) before and after aging and B) before and after

the addition of a sequence of DNA (single-stranded) when they became aggregate. UV-Vis

spectra were recorded using a Thermo Scientific Evolution 201 UV-visible spectrophotometer.
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Upon overnight aging (Figure 2.3A), sediment appears at the bottom of the
vial which is removed, leading to a narrower spectrum with a well-defined peak

(i.e., higher monodispersity).

NA-induced aggregation of AgNP@Sp is well-reflected in the extinction
spectra (Figure 2.3B). Upon NA addition, the LSPR band decreases in intensity
and becomes broader, while a second large feature emerges at longer wavelength

due of the formation of aggregates in solution.

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is the characterization technique
that provides direct measurement of the nanoparticle morphology and size.[17-18]
AgNP@Sp was characterized with TEM mainly because it can produce images
with higher magnification and greater resolution than other microscopic techniques

such as the Scanning Electron Microscopy (SEM).['9]

The colloidal solution was dried onto a copper grid coated with a thin layer of
carbon. The corresponding TEM images (Figure 2.4) show quasi-spherical silver
nanoparticles of ~ 25 nm diameter. In order to obtain a more accurate
approximation in terms of size, a statistics on size was performed by measuring
the diameter of N=150 nanoparticles from different TEM pictures, the results are
represented in the form of a histogram in Figure 2.4E. The average size obtained

is24.7 £4.5 nm.
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Figure 2.3 A-D) Representative TEM images of AQNP@Sp colloids from lower to higher
magnification. TEM Samples were prepared by drop casting 5 or 10 pL of the colloidal
suspension onto TEM grids. TEM analysis was performed on the dried sample. E) The
corresponding histogram of nanoparticle diameters (24.7 £ 4.5 nm). TEM was performed with

a JEOL JEM-1011 transmission electron microscope.
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As previously shown, the mixture of NAs with AQNP@Sp induces a rapid
aggregation that is clearly demonstrated by their UV-Vis extinction spectrum
(Figure 2.3B). In order to visualize such phenomenon by TEM, images before and
after the addition of a DNA sequence are compiled in Figure 2.5. In order to
perform a fair comparison, AQNP@Sp was also aggregated with MgSOas. In the
corresponding TEM images of DNA-mediated clusters is visible the halo of DNA

corona surrounding the nanoparticle aggregates.

« @
A B
e S0 . + MgSO, .
[ ] o
. & + sSDNA
. 200 nm

Figure 2.5 TEM images of AQNP@Sp colloids A) before addition of ssDNA, B) after mixed with
MgSOs and, C) the corresponding TEM image of ssDNA-mediated clusters.
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SERS spectroscopy

Surface-enhanced Raman scattering (SERS) spectroscopy is a powerful
technique for providing information about the surface chemistry of the
nanoparticles.20] Thus, SERS was used as a characterization technique to acquire
the spectral background signals of AgNP@Sp colloids.

To do so, a small volume of AgNP@Sp was mixed with an aqueous solution
of MgSOs in order to induce nanoparticle aggregation and, thus, provide
detectable SERS signals. MgSOys is a passive electrolyte that induces aggregation
by increasing the ionic concentration without firmly absorbing onto the silver
surface.l'”] The cluster suspensions were illuminated using a green laser (532 nm)
and a long-working distance objective (0.17 NA, working distance 30 mm) focusing
the laser on the sample (setup is shown in Figure 2.6A).

The spectrum of the background SERS signals obtained from that
suspension is illustrated in Figure 2.6B. Importantly, AQNP@Sp show weak SERS
background in the spectral region of interest for NAs, thus removing the need of a
digital subtraction from the SERS spectra of the analysed molecules, which can

introduce spectral reproducibility issues.
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Figure 2.6 A) Setup for SERS experiments; conducted using a Renishaw InVia Reflex

confocal microscope. B) Background SERS spectrum of AgNP@Sp irradiated with 532 nm
laser. The sample investigated contained 80 pyL of AgNP@Sp + 10 uL 0.1M MgSOa.
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C-Potential

In addition to UV-Vis spectroscopy, TEM and SERS spectroscopy a
complementary technique to analyze the positively charged surface of the colloids
was required. In this regard, measurements to determine the (-potential were

carried out (Figure 2.7), demonstrating a positive value for -potential at +41 mV.

200K -

150K

Total counts

0K 1

0 1= . : T
-30 0 30 100
{ Potential (mV)

Figure 2.7  potential distribution plot of AQNP@Sp (the {-potential corresponds to 41.0 £ 1.5

mV). {-potential measurements were performed on a Malvern Nano Zetasizer.

2.4 OPTIMIZATION FOR SERS MEASUREMENTS WITH NA

Since NAs act as aggregating agent and cluster-stabilizer in addition of being
the target analyte, the optimization of the molar DNA/NP ratio is required prior to
the SERS study. It is very important that the DNA concentration employed yields
long-term stable clusters in order to maximize the SERS signal and to ensure the

spectral reproducibility.
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A range of ssDNA concentrations was mixed with AQNP@Sp colloids at fixed
concentration (0.3 nM) and investigated by UV-Vis and SERS spectroscopy after 2
hours from the addition of the ssDNA. Stacked extinction and SERS spectra are
illustrated in Figure 2.8. The addition of the genetic material into the colloids
promotes an immediate change in the colour from the typical greenish-yellow to
red/orange. Different colours are produced depending on the aggregation state of
the nanoparticles, which are directly related to the amount of DNA added to the

solution (Figure 2.8C).

The same change is also revealed by the decrement in the intensity of the
LSPR band at 391 nm and the progressive red-shift to ~525 nm (Figure 2.8A).
From O to 0.28 pg/mL it was revealed that the samples do no show long-term
stability, and silver nanoparticles were progressively depositing on the Eppendorf
tube wall (where the samples were prepared). When the ssDNA concentration is
increased (from 0.56 to 1.12 pug/mL), the second plasmonic contribution at ~525
nm becomes more important, indicating the increment of the cluster formation as

corroborated by the generation of intense SERS signals (Figure 2.8B).

When the concentration of ssDNA is further increased (from 2.80 to 5.60
pMg/mL) the extent of the aggregation decreases as well as the SERS intensity. At
the high amount of DNA, the nanoparticle surface is saturated preventing the

formation of clusters and increasing the presence of single nanoparticles.
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Additionally, the samples corresponding to 1.12 pg/mL and above have shown

long-term stability.

AN e I o B
ssDNA concentration

/& .

0.56
112
2.80
5.60

T T T T T T T T T T T T T T T T T T T T T T
300 400 500 600 700 800 400 600 800 1000 1200 1400 1600 1800

Wavelenght (nm) Raman shift (cm*)

ssDNA concentration (pg/mL)
l‘. ' , §i !.; ’ ‘

Figure 2.8 A) Extinction spectra and B) SERS spectra of DNA-driven aggregation of
AgNP@Sp at different concentrations. The samples were left 2 hours after the addition of
ssDNA and then were quickly sonicated before measurements. C) Representative picture of
the Eppendorf tubes with the solutions of AQNP@Sp adding from 0 to 5.60 pg/mL ssDNA. The

progressive change of the colour is directly related to the amount of DNA present.
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From the original non-baselined SERS spectra illustrated in Figure 2.8B, it
can be observed that the spectral profiles remain unaltered from 0.56 to 2.80
pug/mL, showing intense SERS features. However, outside this range of
concentrations, SERS spectra undergo changes related to band intensities or
even spectral shifts. It is worth noting that between colloidal batch-to-batch there
are inherent dissimilarities associated with NP concentration and size distribution,
thus the DNA/NP ratio could suffer subtle changes depending on the batch of NPs
used. However, in the appropriate range of DNA/NP ratios such fluctuations do not

impact the overall SERS response.

Based on these results, 1.12 pg/mL was selected as the optimal ssDNA
concentration for the given NP concentration, yielding long-term stable clusters in

solution.

This study is based on single-stranded DNA sequences composed of 21
bases. However, the behaviour of the AQNP@Sp can be extended to longer DNA
sequences, double-stranded DNA, RNA or even another kind of structures. In
order to determine the optimal concentration that should be employed in those
particular cases, a screening with different concentrations of analytes was

repeated in a similar way as presented in Figure 2.8.
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SERS Signal stability

As the nanoparticle aggregation occurs fast and generates long-term stable
clusters in suspension, it allows performing SERS measurements after several
hours upon the analyte addition (that is, when the process of DNA adhesion and
nanoparticle clustering have reached its equilibrium). In order to define the time
required to achieve such equilibrium, the relative intensities of the ring breathing

bands of G, A and C+T were monitored over time (Figure 2.9).

It can be concluded that within the first ~60 min upon the addition of DNA to
the colloids, some degree of fluctuations is displayed, however, after that time

signal stability is ensured. For this reason, samples were incubated for 2 hours

prior to SERS analysis.
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Figure 2.9 Ratiometric peak intensities of the ring-breathing modes (G, A and C+T at ~684,
733 and 792 cm-1, respectively) vs the internal standard (LVPO2 at ~1089 cm-1) extracted from

SERS spectra of ds1 acquired at a different time upon the initial addition of DNA to the

colloids.
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Spectral reproducibility

Generally, aggregated nanoparticles are characterized by having high SERS
activity. However, the lack of control on their geometry and size severely affects
the SERS reproducibility. The spectral reproducibility is known as an important

limiting factor for the successful applicability of label-free SERS analysis in DNA.

For this reason, the spectral reproducibility of AQNP@Sp as SERS platform
for the detection of DNA was studied. SERS spectra were acquired in solution
using a long working distance lens (30 mm). This setup (already shown in Figure
2.6A) allows the simultaneous analysis of a large number of clusters during the
acquisition time due to the continuous Brownian motion within the scattering
volume of the objective. The obtained spectrum results from averaging numerous
contributions, providing highly averaged SERS spectra with well-defined features.
The averaging effect is a key factor to obtain stable and reproducible SERS

signals.[21

Figure 2.10 shows the results obtained under the abovementioned
experimental conditions. In this case, instead of ssDNA, a double-stranded RNA
was used as the molecular probe. 10 SERS spectra of 10 different repetitions of
dsRNA (0.56 pg/mL) in AQNP@Sp (0.3 nM) were reported. The repetitions were
prepared in 10 different tubes, mixing 200 pL of AQNP@Sp with the same volume
of dsRNA. After 2 hours aging, SERS measurements were performed using a

green laser (532 nm). As is demonstrated in Figure 2.10, the spectral profile
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remains unperturbed for all 10 replicas, showing a consistent sample-to-sample

reproducibility.

400 600 800 1000 1200 1400 1600 1800

Raman Shift (cm™)

400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm-)

Figure 2.10 No-baselined SERS spectra of dsRNA, A) stacked and B) overlapped. The
spectra were normalized at ~1090 cm-1. The repetitions were performed as follows: 200 pL of
AgNP@Sp from the same colloidal batch were placed in 10 different vials, then mixed with the
same volume of a dsRNA buffered solution and finally investigated by SERS under an

average regime.

Detection Limit

The lowest amount of DNA that can be detected under these experimental
conditions can be deduced from Figure 2.8 and complementary calculations.
Firstly, by observing the SERS spectra at different ssDNA concentrations it is
appreciable that the lowest concentration in which Raman features can be
detected is 0.28 pg/mL. Considering that the total volume of the suspension is 200
ML, the corresponding amount of ssDNA in the sample is 56 ng. However, it has to
be considered that the volume illuminated by the laser is much less than the 200

ML contained in the tube. In order to obtain an approximation of the real illuminated
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volume, Equation 2.1 was used. When a macrosampling objective is used, the
iluminated volume (V) is defined by the local length (f) and the lens diameter

(D).

V=321 [“/D]4 21

In our particular case, the laser employed was 532nm, f = 30 mm and D = 10
mm. By the theoretical calculation, the illuminated volume obtained is ~40 ym3
(4-10-° pL). However, it has to be considered that other experimental factors
contribute to making the scattering volume much larger than the theoretical
calculations.[23] For instance, the DNA-AgNP@Sp clusters are in continuous
diffusion, in-and-out the scattering volume, increasing the actual number of

investigated nanoparticles and NA sequences.[7]

In order to take into consideration of these factors, an additional and
conservative calculation of the illuminated volume was carried out (Figure 2.11). In
this case, the laser was assumed as a cylinder of 1 mm in diameter and 6 mm
high (sample depth). The calculated volume is 4.7 pL, corresponding to less than
1.3 ng in the probed volume. Using this approximation unreliable claims regarding

sensitivity are avoided, safely including experimental factors.

In conclusion, limit of detection for ssDNA analysis using AQNP@Sp can be

re-estimated as less than 1.3 ng.
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6 mm

Figure 2.11 Schematic consideration for the approximate calculation of the detection limit of
DNA analysis using AQNP@Sp. The illuminated volume by the green laser (532 nm) was

considered as a cylinder within the sample volume.

2.5 VIBRATIONAL ASSIGNMENT OF THE MAIN BANDS OF THE SERS SPECTRA

Vibrational assignment of DNA sequences was based on both the data
reported in the literaturel?l and by measuring the SERS spectra of 21-mer
homopolymeric sequences of the four bases (Table 2.1) illustrated in Figure 2.12.
The spectral interval 600-800 cm-! contains Raman features associated with
vibrations involving concerted ring stretching motions (ring breathing) of purine or
pyrimidine residues. In this region, the bands were ascribed to each DNA base;
the band mainly ascribable to the guanine residues at ca. 684 cm-', and strong
bands at 733 and 792 cm-' are mainly due to ring breathing vibrations of adenine

and the combination of cytosine + thymine residues, respectively.

Considering this data, SERS spectra of a double stranded DNA (ds1, Table
2.1) using AQNP@Sp as a plamonic substrate were acquired (Figure 2.13). Within

the SERS spectra of DNA, we can identify four broad spectral regions of interest:
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The ring breathing range, from 550 to 820 cm-'; which mainly contains
the relatively well-separated ring stretching features of purine and
pyrimidine residues, often in combination with stretching of the
glycosidic bond and possibly also stretching of bonds within the linked
deoxyribose ring.[24¢] Thus, these features are very informative about the
helical geometry and as identifiers of each nucleobase.

The 820-1150 cm-' spectral range is dominated by the intense
symmetric stretching vibration of the phosphodioxy moiety at 1089 cm-1.
This data clearly indicates that the phosphate groups are in close
proximity to the metal surface, providing a further evidence of the
electrostatic-driven adsorption of the DNA sequences onto the
spermine-coated silver nanoparticles.

The highly overlapped nucleobase bands located between 1150 and
1600 cm-'. It contains a complicated pattern of features mainly ascribed
to the in-plane vibrations of base residues.

Finally, in the 1600-1800 cm-1 region overlap carbonyl group stretching
vibrations of thymine (C2=0 and C4=0), guanine (C6=0), and cytosine

(C2=0). [24e]

On Table 2.2 are exposed the Raman shifts and the tentative vibrational

assignment of the main SERS bands of single-stranded DNA on AgNP@Sp

colloids.
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Figure 2.12 SERS spectra of 20-mer DNA homopolymers in the 550-1150 cm-' spectral

region. All spectra were normalized to the bPO2 band at ca. 1089 cm-'. The illustrated spectra

are from averaging 8 independent repeats per sample.
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Figure 2.13 A) Schematic outline of the DNA-driven aggregation of cationic nanoparticles into

stable clusters in suspension, yielding B) intense SERS spectra (21-bp double-stranded DNA,

ds1). The four broad spectral regions of interest are highlighted in different colors.
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NAME SEQUENCES (5 — 3)

PA20 AAA  AAA AAA AAA AAA AAA AA
pCaxo CCC CCCcccceecceeecceeccec

pPG2o GGG GGG GGG GGG GGG GGG GG
PT2o TIT TITTITTITTITTITTITTT
ds1 ACG TTA GCG CAATCT GAATCC
TGC AAT CGC GTT AGT CTT AGG

Table 2.1 Reference 20-mer homopolymers used as a reference for determining the spectral

markers and ds1, 21 duplex DNA.

Raman shift (cm-) Vibrational assignment of ssDNA
510 G, ring deformation
599 C, ring bending mode
660 G, ring breathing (C3'-endo/anti) A-form
684 G, ring breathing (C2'-endo/anti) B-form
733 A, ring breathing
792 C+T, ring breathing (mainly C)
920 Deoxyribose, C-C stretching
959 Deoxyribose — Phosphate
1026 Deoxyribose + C
1089 POz, symmetric stretching
1183 G, C8-H bending
1246 C, ring stretching
1290 A + C, ring stretching
1327 A+ G, ring modes
1390 A, ring mode
1415 AG
1460 C + T, ring modes. (A+G minor contributions)
1485 G + A, ring mode (mainly G)
1509 A, ring mode
1574 A + G, ring modes
1640 C =0 (mainly C)

Table 2.2 List of the main Raman shifts and the tentative vibrational assignment of the main

SERS bands of ss1 on AgNP@Sp colloids.
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2.6 CONCLUSIONS

Positively charged silver nanoparticles are reliable candidates for the
analysis of negatively charged analytes. Specifically, by using AgNP@Sp the
electrostatic interaction between NAs and the colloids is ensured due to the
spermine molecules anchored at the surface. Moreover, their simple preparation,
the stable aggregates obtained without the need of an external aggregating agent
and the intense SERS signals obtained, make them an optimal SERS platform for

NAs analysis.

The synthesis of AQNP@Sp yields quasi-spherical silver nanoparticles of ca.
25 nm diameter as demonstrated by TEM images. The localized surface plasmon
resonance centered at ca. 391 nm becomes narrower after 24 hours, improving
the monodispersity of the nanoparticle solution. The bulk pH of the colloids is ~ 6,
whereas the zeta potential is equal to 41.0 + 1.5 mV. Moreover, nanoparticle
concentration can be calculated by Lambert-Beer Law leading to ca. 0.3nM and

the detection limit can be estimated as less than 1.3 ng for ssDNA analysis.

In conclusion, SERS analysis of DNA or RNA can be efficiently and
reproducibly achieved in solution by using AQNP@Sp, a large ensemble of stable
clusters in solution can be investigated during the acquisition time, providing highly

averaged SERS spectra with well-defined features.
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CHAPTER 3

DIRECT DETECTION OF MODIFIED CYTOSINE
NUCLEOBASE IN DNA

ABSTRACT

Recognition of chemical modifications in canonical nucleobases
of nucleic acids is of key importance since such modified variants act
as different genetic encoders, introducing variability in the biological
information contained in DNA. In this chapter, it is demonstrated the
feasibility of direct SERS, in combination with chemometrics and
microfluidics, for the identification and relative quantification of 4
different cytosine modifications in both single- and double-stranded
DNA. The minute amount of DNA required per measurement, in the
sub-nanogram regime, removes the necessity of pre-amplification or
enrichment steps (which are also potential sources of artificial DNA
damages). These findings show great potentials for the development
of fast, low-cost and high-throughput screening analytical devices
capable of detecting known and unknown modifications in nucleic
acids opening new windows of activity in several fields such as

biology, medicine, and forensic sciences.
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3.1 INTRODUCTION

Chemical modifications in NA

Chemical modifications of the canonical nucleobases of nucleic acids
(especially cytosine variants for DNA) play a major role in the increasing of the
genetic diversity and, thus, the codification of biological information.["! In fact, the
vastly different functions and properties of cells inside higher organisms demand
the specific silencing and activation of cell-type-specific genes which is achieved
through an additional layer of epigenetic information beyond the simple genomic
sequence.l?l Recently, this chemical diversity in DNA has been demonstrated to be
greater than initially predicted.31 These discoveries suggest that there may be

additional underestimated modifications that contribute to the gene regulation.*!

In addition to epigenetic modifications, an ample variety of nucleobase
lesions (such as alkylation, oxidation, deamination, and cross-linking) can take
place as a result of carcinogen attacks to DNA.I5I Accumulation of such mutations
in genes controlling cell growth, proliferation, programmed cell death, and cell

differentiation is likely to cause cancer.[6

Detection methods for modified DNA nucleobases

Recent discoveries of new nucleotide variants with epigenetic functions have
directed an intense research toward the development of novel methods to detect,

profile, and sequence these base modifications in the genome and
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transcriptome.l?2l These strategies span from pure detection and quantification
methods (such as immunological detection,[’l 32P-postlabelling,®a and liquid
chromatography-mass spectrometry (LC-MS)[8]) to genome-wide profiling methods
and single-base-resolution sequencing methods.l¥! A relatively new field in this
exciting area is the screening of DNA samples for unknown or unanticipated
lesions, which is referred to as “adductomics”.['0l Nowadays, this sort of analysis is
primarily performed with high-resolution LC-MS, which relies on the fragmentation
of protonated modified nucleobases, subsequently differentiated according to their
molecular masses.[%a. 101 However, DNA adduct analysis by mass spectrometry is
costly and time-consuming as it requires prior sample preparation which normally
involves several standard steps: a) DNA denaturalization, b) hydrolysis into the
corresponding monomers, ¢) enrichment of the adducts, d) removal of unmodified
nucleobases and e) addition of the appropriate internal standard.['l In addition,
extreme caution must be paid to avoid artificial generation of DNA lesions during

these processing steps.

Surface-enhanced Raman scattering (SERS) spectroscopy is an effective
method for the identification of unknown species.[''l Moreover, as shown in
chapter 2, AgNPs@Sp act as efficient SERS substrate for NA analysis. Herein, the
direct SERS analysis of DNA based on AQNP@Sp was applied to the challenging

task of quantifying structurally analogous nucleobase variants.
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In this chapter, it is described the exploitation of positively charged silver
nanoparticles as an effective plasmonic substrate for the ultrasensitive
quantification of different modifications in DNA, specifically in the cytosine
nucleobase (C). Different modifications in the cytosine base (Figure 3.Figure 3.1)
were selected: 5-methylcytosine (MC) and 5-hydroxymethylcytosine ("™C) were
chosen as the most important epigenetic modifications in mammalian DNA;['2] 5-
bromocytosine ("C) as the representative inflammation-induced DNA damage;['3]

and 5-hydroxycytosine (hC) as the example of oxidative DNA lesion.['4]

The combination of direct SERS detection and microfluidics (Figure 3.2)
allows performing a reliable ultrasensitive analysis of DNA samples at the
picogram regime (therefore removing the need of pre-amplification/enrichment
steps) while offering the possibility to develop simple low-cost devices for real-time

automated DNA screening analysis.

NH, NH, NH, NH, NH,
ﬁN HC | XN Hoff%N - | XN Br\f‘\\n

o o o o o

R R R R R

C mC th hC brC
cytosine 5-methylcytosine 5-hydroxymethylcytosine 5-hydroxycytosine 5-bromocytosine

Figure 3.1 Molecular structures of the cytosine modifications.
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Figure 3.2 Outline of DNA-driven aggregation of AQNP@Sp into stable clusters in suspension
(the yellowish colloids immediately turn to deep orange upon DNA addition) and schematic of

the on-line detection of DNA via the SERS-microfluidic system.

3.2 RESULTS AND DISCUSSION

Single-stranded DNA with modified cytosines variants

In order to demonstrate the direct SERS recognition and relative
quantification of the different cytosine variants in ssDNA, a variety of single-
strands were selected for this study (listed in Table 3.1). ssC is an oligonucleotide
composed by the four canonical nucleobases, whereas its modified counterparts
ssmodCn (where mod = m, hm, h and br) contain one, three or all five cytosine

variants (n=1, 3, 5).

The averaged SERS spectra of all ssDNA sequences are reported in Figure
3.3A-D. Each cytosine variation imposes a characteristic alteration of the SERS
spectral profile. In Figure 3.3E are illustrated the baseline corrected spectra of

ssC, ssmC5, sshmC5, sshC5, and ssP'C5 in the most informative spectral regions.
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NAME

SEQUENCE (5 — 3))

ssC
ssmCy
ss™Cs
ssmCs
ssimC,
§s"mCs
ssmCs
sshCy
sshCs
$s"Cs
sstC;
ssPCs
§sPCs

§s-com

CAT CGC AGG TAC CTG TAA GAG
mCAT CGC AGG TAC CTG TAA GAG
mCAT "CGC AGG TA"C CTG TAA GAG
mCAT "CG"C AGG TA™C "CTG TAA GAG
"mCAT CGC AGG TAC CTG TAA GAG
"mCAT "MCGC AGG TA™C CTG TAA GAG
"mCAT mCG'mC AGG TA™C "mCTG TAA GAG
"CAT CGC AGG TAC CTG TAA GAG
"CAT "CGC AGG TA'C CTG TAA GAG
"CAT "CG"C AGG TA'C "CTG TAA GAG
CAT CGC AGG TAC CTG TAA GAG
CAT "CGC AGG TA”C CTG TAA GAG
OCAT CGPC AGG TAYC "CTG TAA GAG
GTA GCG TCC ATG GAC ATT CTC

101

Table 3.1 Names and nucleobase sequence of single-stranded DNA. Nucleobase

modifications are: 5-methylcytosine (mC), 5-hydroxymethylcytosine (hmC), 5-hydroxycytosine

("C) and 5-bromocytosine (°'C). ss-com is the complementary DNA sequence.

The general vibrational assignment is reported in the same Figure 3.3 in

accordance with previous works.['5] Simple visual analysis of the superimposed

SERS spectra reveals pronounced alteration of the vibrational patterns, which are

mainly circumscribed to the C related bands. For instance, we observe a relative

intensity decrease of the C ring breathing band at 790 cm-' (with minor T

contribution), and the vibration centered at 595 cm-! which is ascribed to a C ring

bending mode.[6]
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Figure 3.3 A, B, C, and D) Baseline corrected SERS spectra of single-stranded sequences;
ssC, ssmC, sshmC, sshC and ssP'C respectively. C related band are highlighted in gray. E)
Overlapped baseline corrected SERS spectra of ssC, ssmC5, sshmC5, sshC5 and ssPC5.

AgNP@Sp concentration was kept constant to =0.3 nM (final concentration in the sample 50

nM).



UNIVERSITAT ROVIRA I VIRGILI

DIRECT LABEL-FREE
Judit Morla Folch

SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS

DIRECT DETECTION OF MODIFIED CYTOSINE IN DNA Y 103

Similarly, the C ring bending band centered at 1026 cm-! suffers a marked
downshift of 7 cm-' and a drastic variation of intensity, as does the peak height of
both the C ring stretching feature at 1246 cm-' ['71 and the broad carbonyl
stretching band at 1647 cm-'.['7al Importantly, the extension of these changes

differs from nucleobase modification to modification.

Double-stranded DNA with modified cytosines variants

The ss oligonucleotides were also hybridized to their complementary
sequence to yield the corresponding double-stranded structures dsC, dsmC5,
dshmC5, dshC5 and dsPrC5 (see Experimental Section). All investigated 5-modified
cytosine nucleobases have the same base-pairing chemistry as cytosine and,
thus, the corresponding double-stranded helixes are expected to structurally differ
only for the specific cytosine modification. As for ss, the nucleobase modifications
mostly alter the vibrational bands with larger C contributions (Figure 3.4). The C/T
ring breathing mode undergoes a marked intensity decrease and a 3 nm blue-shift
(for dsmC5 and dsPrC5). Simultaneously, the C band at 598 cm-! disappears from
the spectra of the modified duplexes which also reveal marked perturbations of the

C ring features at 1020 cm-' and 1242 cm-".

In the case of bromocytosine, the SERS spectrum of the single strand ssbrC5
displays new intense features at 1060 cm-' and, as a shoulder, at 1622 cm-1.
These bands were tentatively assigned to bending modes of the NH2 group!él

which adopts a co-planar geometry as a result of the Br substitution.['8] However,
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these bands almost disappear from the SERS spectra of dst'C5 with an intensity
drop which is far below what one could expect by applying a mere dilution factor
(in the investigated duplexes only 5 out 11 cytosines carry structural
modifications). It has been reported that, in the isolated cytosine, the introduction
of the Br atom at the C5 position promotes a deformation of the ring and the
planarity of the NH2 group (in the unmodified molecule exists in an out-of-plane
geometry). Such co-planarity maximizes the interaction between the nitrogen and
the ring leading to structural changes of the amino group.['8l On the other hand, it
has been shown that the C5-bromination of cytosine has little effect on the atomic
charge distribution of the nucleobasel’®! as well as on the overall duplex
stability.[18. 191 Therefore, it can be deduced that, in the duplex conformation, the
NH> group geometry is largely determined by the strong Watson-Crick base
pairing which significantly reduces the influence of the Br group on the amino
conformation. This may provide a possible explanation for the drastic intensity
decrease of the 1060 and 1622 cm-!' bands when ssbrC5 is hybridized into the

corresponding dsbrC5 form.
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Figure 3.3 A, B, C, and D) Baseline corrected SERS spectra of single-stranded sequences;

dsC, dsmC, dshmC, dshC and dsbtrC respectively. C related band are highlighted in gray. E)

Overlapped baseline corrected SERS spectra of dsC, dsmC5, ds"mC5, dshC5 and dsbC5.

AgNP@Sp concentration was kept constant to =0.3 nM (final concentration in the sample 50

nM).
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Statistical differentiation of DNA containing modified cytosine variants

Partial least squares discriminant analysis (PLS-DA) was applied to
differentiate between sequences containing the different investigated variations of
cytosine bases. The PLS-DA is a supervised multivariate statistical technique
describing the variability among different groups, it allows the comparison of the
entire SERS spectra instead of comparing each peak separately. From the
established model, the 5 sample groups are composed by the SERS spectra from
the DNA sequence with unmodified cytosine (ssC) and the other four with their
respective modifications (ssmC5, sshmC5, sshC5 and ssP'C5), all sequences having
all 5 modified cytosines. The same analysis was repeated for the double-stranded
DNA, in that case, only 5 out 11 cytosines suffer the modification. The results
show that the 5 sample groups are distinguishable from each other with 100%
sensitivity and specificity, in the cases of both single and double strands (Figure

3.5A and Figure 3.5B, respectively).

A ¢ ssC5 = B
"I.' '. ss™C5H E os “.’

2 i A ssCh = _ A ﬁ

= ! > 04 o

3 L ¥ ss'mC5 2 [ L

e s v o csrc:
g qh% “‘ "dshm(;5
* %, -u-dsbrcs

Y 4 2 2
%"a Scores on LV 2 (27.45%)

Figure 3.5 A, B) PLS-DA of the ss/ds SERS spectra, respectively. Score plot of loading
vectors (LV) 1, 2, and 3 of the obtained SERS spectra, each spectrum is represented by a
data point. The mean spectra demonstrated here are from averaging more than 30

measurements (6 independent repeats) per sample.
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Quantification of relative content of modified cytosine variants

Next, we investigated the correlation between the extent of the spectral
changes with the number of modified cytosine (1, 3 and 5) in ss and ds. The
corresponding SERS spectra are illustrated in Figure 3.3 and Figure 3.4;
respectively. Most of the relevant spectral changes are localized on the vibrational
bands dominated by C contributions. Thus, we monitored the SERS intensities of
three of these C-related features (at 784/790, 1026/1020 and 1246/1242 cm-') as
a function of the relative abundance of modified cytosines in each sequence.
Additionally, we also included in such comparison the spectral intensity registered
at 1060 cm-', where is centered the new bromo-related band appearing in the
sstrC5 SERS spectra (Figure 3.3D and E). Each peak height was normalized to
the phosphodioxy band height at 1089 cm-', which was used as an internal
standard since the content of PO2 groups is constant for each sequence.
Furthermore, this specific vibrational feature has shown to be scarcely sensitive to
structural rearrangements such as the DNA hybridization.[20]

The corresponding plots for ssDNA are represented in Figure 3.6A. The C
ring breathing mode undergoes a linear drop in intensity as the variant population
increases, even though with a different extent depending on the modification type
(i.e., different slopes in Figure 3.6A).

On the other hand, the bromo-related feature at 1060 cm-! only displays a
relative increase when °C nucleotides are included in the strand. Moreover,

bromo- and hydroxyl-modifications also promote a progressive decrease of both



UNIVERSITAT ROVIRA I VIRGILI
DIRECT LABEL-FREE SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS
Judit Morla Folch

108 - : Chapter 3

1026 and 1246 cm' bands, whereas the introduction of the methyl and
hydroxymethyl groups poorly affects the C ring vibration at 1246 cm-'. In contrast,
an increment of "™mC content imposes a linear drop of the 1026 cm-! band intensity

while an opposite trend is observed for mC.
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Figure 3.6 Comparison of the relative SERS intensity of the C spectral marker bands as a
function of the nucleobase variant content. A) ssDNA: SERS intensities of the band at 790 cm-
1, 1026 cm-1, 1060 cm-! and 1246 cm-' as a function of the content of modified cytosine bases.
B) dsDNA: SERS intensities of the band at 784 cm-', 1020 cm-', 1060 cm-' and 1242 cm-' as a
function of the content of modified cytosine bases. The PO band at 1089 cm-' was used in

both cases as the internal standard.
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These results combined are extremely important since they do not only
highlight the existence of a quantitative correlation between the detected spectral
changes and the relative content of modified cytosine nucleobases but plainly
show that, even with the simple analysis of just four of the many vibrational
features forming the overall spectrum, each modification perturbs the SERS profile
in a unique fashion.

Such conclusion was further corroborated by PLS-DA of each set of SERS
spectra of ssDNA with different cytosine modification content. Statistical analysis
was separately performed on ssC, ssmC1, ssmC3 and ssmC5 data (Figure 3.7),
then the classification was repeated in the same fashion for the remaining
nucleobase variations. The plots show that each single strand with an increasing
number of modified cytosine can be successfully differentiated into a separate
group with 100% specificity.

Figure 3.6B illustrates the outcome of the same identical study performed on
the corresponding dsC, dsmC5, ds"mC5, dshC5 and dsP'C5 duplexes. The general
response of the intensity of the C ring breathing mode to the change in variant
contents is fairly close to what observed for the single strands. Similarly, the
relative intensity measured at 1060 cm-! exclusively registers an increase in the
case of brominated cytosines. Nevertheless, the monitoring of the two remaining
C-associated bands at 1020 and 1242 cm-' against the variant content provides

the most intriguing results.
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Figure 3.7 PLS-DA of ssDNA SERS spectra. Score plot of loading vectors (LV) 1, and 2, with
95% confidence ellipses, each spectrum is represented by a data point. The position of each

point reflects characteristic features of the spectrum.

Once more, their corresponding plots in Figure 3.6B show a concentration-
dependent correlation of their intensities but their overall patterns strikingly diverge
from those observed for ss (for instance, the change in relative intensity trend of
the =1020 cm-! band for hC, hmC and brC and the =1242 cm-' band for mC and
hmC). This is consistent with the remarkable structural rearrangement and
electronic redistribution imposed by the strong Watson—Crick hydrogen bonding

and nucleobase stacking within the double helix.
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Figure 3.8 PLS-DA of dsDNA SERS spectra. Score plot of loading vectors (LV) 1, and 2 with
95% confidence ellipses, each spectrum is represented by a data point. The position of each

point reflects characteristic features of the spectrum.

These results show that introduction of nucleobase variants leads to different
sets of spectral perturbations depending if such modifications are included either
in a single strand or in the duplex. Similarly, PLS-DA of each set of SERS spectra
of dsDNA with different cytosine modification content (Figure 3.8) was capable of
differentiating them into separate groups with 100% specificity. Beyond these
considerations, the data illustrated in Figure 3.6 demonstrates the capability of our

direct method to identify and quantify down to one cytosine variant in ssDNA
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oligonucleotides (21 bases, five of them cytosines), as well as in dsDNA (21 base

pairs, 42 bases, 11 of them cytosines).

Combining SERS and microfluidics

The reported SERS measurements were performed in a static configuration
on colloidal particles in suspension using a long working distance objective.
However, under these conditions, the illuminated volume is many orders of
magnitude smaller than the actually prepared sample.['5a] Thus, we combined our
direct SERS method with a microfluidic device able to manipulate and analyze
microscopic volumes of sample in a rapid way (Figure 3.2). Remarkably the use of
microfluidic device also offers the possibility of automating the whole procedure,
being feasible to perform real-time analyses in a continuous way at a relatively low

cost.[21]

To demonstrate the reliability of such approach in differentiating and
recognizing nucleobase modifications, we collected SERS spectra of the individual
samples ssC, ssmC5, sshmC5, and ssP'C5, together with a binary mixture of two of
them, which was used as a blind experiment for our data classification. We set the
acquisition time to 3 min for each measurement but well-defined SERS spectra
can be obtained even for shorter exposures. Samples were analyzed under a
continuous flow rate of 10 pyL h-', which in the described conditions entailed a
sample volume of less than 1 pL (corresponding to less than 300 picograms of

DNA content). The obtained mixture spectra were compared with the pure spectra
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of the individual samples and the prediction was made through the non-negative
least squares algorithm.[22] The prediction result reveals the composition of the
mixture with the precise percentages of each component (39.2% ssC and 60.8%

sshmC), perfectly overlapping with the actual constitution (Figure 3.9).
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Figure 3.9 A) Schematic representation of the on-line detection of ssDNA via SERS

microfluidic system. B) AQNP@Sp were premixed with ssDNA (under the same experimental

conditions applied to static SERS measurements) and then pumped into the microfluidic

device. SERS spectra were acquired under continuous flow and milli-Q water was used to

remove any remaining particles between one measurement and another. The mixture spectra

were compared with the pure spectra of the individual samples and the prediction was made

through the combination of non-negative least squares algorithm.
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5.3 CONCLUSIONS

In summary, we demonstrated the ability of direct SERS analysis of DNA to
accurately identify and quantify structurally analogous nucleobase variants in both
single-stranded and duplex structures. This study represents a significant step
forward in the ultrasensitive detection, vibrational characterization and
quantification of cytosine modifications in DNA by direct SERS, which was limited
so far to the qualitative differentiation of methyl- and hydroxymethyl-cytosine
variants in short single-stranded sequences at high DNA concentrations (0.1

mM).[23

Classification of the SERS spectra was achieved via PLS-DA.
Implementation of the sensing strategy into a microfluidic device further reduced
the required amount of DNA per measurement to the picogram level while
enabling fundamentally new applications, such as an increase in automation and

parallelization, which paves the way to screening and systematic testing analysis.

These findings offer the opportunity for the future development of a fast, low-
cost and a high-throughput analytical tool capable of detecting known and
unknown modifications in nucleic acids (DNA and RNA) and, thus, opening new
windows in biology and beyond. For instance, we may foresee a method based
on, first, restricted digestion of long genomic DNA into shorter fragments that,
secondly, will be analyzed by SERS combined with microfluidics for rapid and

ultrasensitive analyte screening. Finally, the acquired spectra will be compared
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with a previously constructed SERS library comprising the fingerprint vibrational

spectra of an ample set of synthetically modified DNA.

5.4 EXPERIMENTAL SECTION

Materials

All materials were of highest purity available and obtained from Sigma
Aldrich, unless stated otherwise. DNA oligonucleotides were purchased from
ATDBio (Southampton, UK) and 0.4 mM stock solutions were prepared by
dissolving into Milli-Q water. The single-strands (ss) selected for this study are
listed in Table 3.1. Duplex structures were prepared by annealing at 95°C for 10
minutes equimolar solutions of ssC, ssmCn, sshmCn, sshCn and sst'Cn (n = 1, 3
and 5), respectively, with their complementary strand (ss-com) in 0.3 M PBS (final
concentration of ds in solution was 20 uM). The solutions were stored at -20 °C

until required.

Microfluidic Device Fabrication

A polydimethylsiloxane (PDMS) microfluidic device, consisting of a single
microchannel with variable dimensions, was fabricated by replica molding. The
inlet channel has a width of 200 ym and a depth of 100 um, and was enlarged in
the outlet channel (detection section) to 800 pm-width and 3 mm-depth. The

pattern was transferred to PDMS using an aluminum master mold. Briefly, PDMS
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was mixed with curing agent (10:1) (Sylgard 184, Dow Corning) and poured onto
the mold. Once degassed in vacuum, the mixture was cured at 80°C for an hour.
Then, the PDMS layer was peeled off from the master, and inlet/outlet holes were
punched with a 2.5 mm-sized biopsy punch. A 130-170 pym-thick cover glass was
used to seal the bottom of the PDMS layer, since it provides a minimal SERS
signal when compared to conventional 1 mm-thick glass slides. Thus, both PDMS
and cover glass were exposed to oxygen plasma treatment (100 W, 3% O, 0.2
mbar, 40 s) (Plasma Flecto 10, Plasma technology GmbH) for increasing their

adhesion and were immediately bonded. The final device has a volume of 25 pL.

SERS experiments

For single-stranded SERS studies, 10 yL of 1 uM ssDNA solutions were
mixed with 200 yL of AQNP@Sp ([NP] ca. 0.3 nM). The final concentration in the
samples was ca. 50 nM. For double-stranded SERS studies, 5 pL of 1 yM dsDNA
solutions were mixed with 200 yL of AgNP@Sp ([NP] ca. 0.3 nM). The final
concentration in the samples was 25 nM. After the addition of the DNA, the
colloids were left to equilibrate for 3 h and redispersed by quick sonication before

running the SERS measurements.

Equipment and Instrumental Settings

SERS experiments were conducted using a Renishaw InVia Reflex confocal

microscope equipped with a high-resolution grating consisting of 1800
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grooves/mm for visible wavelengths, additional band-pass filters, and a CCD
camera. A 532 nm laser was focused onto the colloidal solution by a long-working
distance objective (0.17 NA, working distance 30 mm) and the spectra were
acquired at room temperature with 20 accumulations, 15 s exposure time and a
laser power at the sample of 6.9 mW. All SERS spectra reported in the manuscript
were obtained by averaging the SERS responses of 6 different replications per
each sample. These replications were obtained by combining the same colloids
(prepared the day before the measurements and left aging overnight) with the
specific DNA solution. It is worth highlighting that, in the case of difference SERS
spectra, the baseline correction was performed after the digital subtraction
between the original no baseline-corrected spectra to avoid the possible
generation of spectral artefacts.

PLS-DA is a supervised multivariate statistical technique describing the
variability among spectra. Instead of comparing each peak separately, this
technique allows comparison of the entire spectra. Acquired SERS spectra were
imported to the PLS tool box (Eigenvector Research, Inc.) in Matlab for PLS-DA
modelling. The spectra were normalized using Multiplicative Scatter Correction(24]

and mean centered before being calculated through the model.

Microfluidic device set-up

For on-line monitoring of nucleobase modifications (on-chip measurements),

the fabricated microfluidic device was placed onto the translation stage of the
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Renishaw Invia Reflex system and appropriately aligned. Inlet and outlet were
connected to a syringe and a waste container, respectively, via
polytetrafluoroethylene (PTFE) (i.d. 0.8 mm) and tygon (i.d. 1.1 mm) tubes.
Ethanol and later Milli-Q water were flushed into the microfluidic device to remove
all air bubbles and condition the microchannel. Then, samples were pumped at a
flow rate of 10 yL h-' by using a standard syringe pump (NE-1000, New Era Pump
Systems, Inc.). A 532 nm laser was focused halfway height of the outlet channel to
minimize the PDMS and glass signal background to the SERS spectra by a long-
working distance objective (0.17 NA, 30 mm working distance, 6.9 mW laser
power). SERS spectra were acquired within 3 min measure per sample (18
accumulations, 10 s exposure time) at room temperature. The analyzed volume in

the described conditions was less than 1 L.
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DIRECT QUANTIFICATION OF DNA BASE
COMPOSITION

ABSTRACT

Despite the vast number of current nanotechnology applications,
the determination of the base composition in nucleic acids, a
fundamental parameter in genomic analyses and taxonomic
classification, is still restricted to time-consuming and poorly sensitive
conventional methods. In this chapter, AQNP@Sp are exploited to
demonstrate the possibility of determining the base composition in
single and double stranded DNA by using the previously described

label-free SERS method.
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4.1 INTRODUCTION

Direct SERS for DNA base quantification

Target DNA available is usually in low amount; therefore, the development of
optical strategies that could detect the genetic material with extremely high
sensitivity (i.e.; PCR-free methods) represents a key requirement for their effective
implementation into rapid, easy-to-use, cost-effective and high accuracy DNA
sensors.ll Particularly, DNA base composition is a fundamental parameter in
genomic analysesl?l and taxonomic classification.Bl Traditional methods for
screening of nucleobase quantification, such as HPLC, melting point, and buoyant
density, are time-consuming, labour-intensive and normally requires relatively
large amounts of DNA.[4 Surprisingly, in the multiple SERS-based sensing
approaches for DNA analysis reported in the literature, quantification of base
composition in nucleic acids have been limited so far to synthetic short (12-mer)
bi-polymeric Adenine/Cytosine sequences.®l Herein, it is demonstrated the
potential of SERS in the quantification of the base composition in complex single-

and double-stranded DNA (short and genomic).

4.2 RESULTS AND DISCUSSION

Selection of the spectral markers

SERS spectra were acquired using AQNP@Sp as previously described in

chapter 2. Within the SERS spectra of DNA, we can identify different spectral
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regions of interest (see in detail section 2.5). While the nucleobase spectral
features in the ca. 800-1800 cm-' appear as a complex pattern of overlapping
bands, intense and well-defined ring stretching bands of purine and pyrimidine
bases are localized in the in the 500-820 cm-' region. Thus, we selected these
bands as spectral markers for extracting the relative nucleobase content.Table 4.1
and Table 4.2 show the spectral markers selected for each base in ssDNA and

dsDNA, respectively.

While structural classification of large biomolecules requires multivariate
analysis of the Raman spectra, an univariate approach is more suited when
relative quantifications are required.8! Identification of an internal standard is also
necessary to remove the fluctuations of the absolute intensity measurements.[6] In
our case, the intense VPO> band at ca. 1089 cm-! was designated as the internal
standard since it is poorly affected by DNA structural changes.[®. 71 Additionally,
the ratio between the overall content of phosphate groups and nucleobase units is

constant and independent of the base composition.

21-mer single-stranded DNA

NUCLEOBASE PEAK POSITION (cm-) VIBRATIONAL ASSIGNMENT
Cytosine -C 599 C, ring bending mode
Guanine -G 684 G, ring breathing
Adenine - A 733 A, ring breathing
Thymine - T 790 T, ring breathing

Table 4.1 Characteristic bands selected as spectral markers for of the relative nucleobase

content in ssDNA.
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21-bp double-stranded DNA |

NUCLEOBASE PEAK POSITION (cm) VIBRATIONAL ASSIGNMENT
G (=C) 684 G, ring breathing
A (=T) 733 A, ring breathing

Table 4.2 Characteristic bands selected as spectral markers for of the relative nucleobase

content in dsDNA.

Extraction of the quantification parameters

Eleven 21-mer single-stranded DNA (Table 4.3) and 21-base pair (bp)
duplexes (Table 4.4) of different base sequence and composition were selected as

probe samples to train the sensing system and extract the quantification

parameters.

NAME SEQUENCES (5 —* 3))

ss1 CAT CGC AGG TAC CTG TAA GAG
ss2 GAT GCG TCC ATG GAC ATT CTC
ss3 CAT CGC AGA TAC CTG TAA TAG
ss4 CTC TCC TTG ACT CAT CCA TAG
ss5 ATC GTC AAG AAT TCG AAC CAG
ss6 CTC CCA GTG CGG ACC CTG CGT
ss7 GAT TAC TGA TGT GTC TCA GTA
ss8 CTA ATG ACT ACA CAG AGT CAT
ss9 TAA CAT AGA ATA CTA GTT TAA
ss10 ATT GTA TCT TAT GAT CAA ATT
ss11 GAT TGA ATT GAG AGA TAG TTG

Table 4.3 Reference 21-mer single-stranded sequences (ssDNA) used as training samples.
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NAME SEQUENCES (5 — 3)
ds1 CAT CGC AGG TAC CTG TAA GAG
GTA GCG TCC ATG GAC ATT CTC
ds GAT GCG TCC ATG GAC ATT CTC
CTA ACA TGA CTC TCT GTC CGA
ds3 GTC ATA CAG CAT CTG CAA GCA
CAG TAT GTC GTA GAC GTT CGT
dsd TCT GTC TTA CGA TAT ACT ATA
AGA CAG AAT GCT ATA TGA TAT
ds5 GAT TAC TGA TGT GTC TCA GTA
CTA ATG ACT ACA CAG AGT CAT
ds6 CCA GTC AGT CAC GCC TCA GAG
GGT CAG TCA GTG CGG AGT CTC
ds7 CCG TGC CCG TAG CGA GCC GCC
GGC ACG GGC ATC GCT CGG CGG
dss TAA CAT AGA ATA CTA GTT TAA
ATT GTA TCT TAT GAT CAA ATT
ds? CCG CGC CGC GCG CGC GGC GCGG
GGC GCG GCG CGC GCG CCG CGCC
ds10 AAT ATA ATA TAT ATA TTA TATT
TTA TAT TAT ATA TAT AAT ATAA
ds1t AAT CGC AGG TAC GTG TAA GAG

GTA GCG TCC ATG GAC ATT CTC

Table 4.4 Reference 21-bp double-stranded sequences (dsDNA) used as training samples.

Figure 4.1 and Figure 4.2 show the SERS spectra of the probe samples in

the sub-1150 cm-! spectral range and their corresponding nucleobase content (in

percentage). The spectra were normalized to the internal spectral standard at

1089 cm-'. Baseline correction was identically applied to all spectra to remove

fluctuations of the background signal. A general vibrational assignment is also

included in the figures.
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In the case of single strands (Figure 4.1), we can clearly distinguish the
intense ring-breathing modes of guanine at ca. 684 cm' and adenine at ca. 733
cm-!, while the intense feature at ca. 792 cm-! contains two distinct components:
the cytosine and the thymine ring breathing bands centred at ca. 793 and 790 cm-
1, respectively.l’al An additional C-band at ca. 599 cm- is ascribed to a ring

bending mode.!8]

Differently, a significant reshaping of the overall spectral profile takes place
when the individual strands hybridize in the double helix (Figure 4.2). Among
others, we highlight the notable shift of the nucleobase ring-breathing modes of G,
A, and C+T to ca. 676, 729 and 784 cm-, respectively (Figure 4.2), while the C
ring bending vibration undergoes a significant intensity drop and a G ring

deformation strongly emerges at ca. 620 cm-1. [7a]

Based on the spectral analysis of single strands, it is possible to select the
peak heights of the strong and well-separated features at ca. 599, 684 and 733
cm' as the quantitative spectral markers for C, G, and A relative content,
respectively. On the other hand, no pure thymine features can be isolated in the
SERS spectra. However, in principle it would be possible to extract the relative
thymine content from the composed C+T ring breathing band at ca. 792 cm-1 once

determined the initial C content via the analysis of the 599 cm- feature.
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SINGLE STRANDS %A %T  %C %G

C+T ss1 286 190 238 286
ee2 ss2 [ 190 286 286 238

— 583 ss3 (333 238 238 191

— 55 ss4 [191 333 381 95

e ss5 (381 190 238 190

— 58 ss6 | 95 190 429 286
9 PO; | ss7|238 381 143 238

— ssif ss8 [381 238 238 143

ss9 [476 334 95 95

ss10{ 334 476 95 95

ss11]333 333 00 333

600

" 700

" 800

" 900 1000 1100

Raman shift (cm™)

Figure 4.1 SERS spectra of 21-mer single-stranded DNA sequences of different composition
and base sequence, in the 550-1160 cm-! spectral region. All spectra were normalized to the

VPO, band at ca. 1089 cm-'. The illustrated spectra are from averaging 8 independent repeats

per sample.

DUPLEXES %A  %T  %C %G
A e ds1 [ 238 238 262 26.2
C+T g2 ds2 [ 262 262 238 238
l — d3 ds3 [ 262 262 238 238
I ds4 [ 357 357 143 143
- ds5 [ 309 309 194 191
— ds8 dsé [ 191 191 309 30.9
—dss POz ds7 191 191 309 309
— ds?1 ds8 405 405 95 95
ds9 [ 0 0 50 50
_ \ ds10| 50 5 0 0
e 3 dst1| 262 238 214 286
500 600 700 800 900 1000 1100

Raman shift (cm™)

Figure 4.2 SERS spectra of 21-bp double-stranded DNA chains of different composition and
base sequence, in the 450-1150 cm-* spectral region. All spectra were normalized to the bPO>-
band at ca. 1089 cm-'. The illustrated spectra are from averaging 8 independent repeats per

sample.
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Thus, in order to obtain the relative thymine content, an iterative process
based on the outcome of the SERS measurements of the single strand probes in
Figure 4.1 was performed. The process applied for the relative quantification is
summarized in Figure 4.3. The relative contributions of the C and T residues to the
peak height of the 792 cm-' band was progressively adjusted to an optimal ratio of
(aC + 0.22 x pT), where a and b are the relative content of C and T in the strand,
respectively. One cytosine contributes approximately 4 times more than one
thymine to the peak height of the 792 cm-1 band, which is consistent with previous

normal Raman studies reported in the literature.[®]

However, in the SERS spectra of the duplexes, the C-band at ca. 599 cm-!
can no longer be selected as a reliable spectral marker due to its intrinsic
weakness and partial overlapping with the emerging G feature at ca. 620 cm-1.
Nonetheless, based on the Chargaff's first parity rule of nucleotide base
composition in double-stranded DNA (i.e.; [A] = [T] and [G] = [C]),['9 it is still
possible to estimate the relative GC and AT base content in DNA duplexes from
the peak height ratios of G band at ca. 676 cm-' and A band at ca. 729 cm-!

(normalized to the internal standard vPO2- band).

Thus, from the SERS analysis of the 21-mer strands and 21-bp duplexes, we
calculated the normalized peak height values for each spectral marker
corresponding to 1% of (i) individual nucleobase content in single-stranded DNA

and (77) combined AT or GC content in DNA duplexes (Table 4.5).
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SERS spectra of ss1 to ss11 were recorded and
normalized to the phosphate band at ~1089 cm'!

C, G and A content

|

T content

Peak height at
599, 684 and 733
cm?! for C, G and
A respectively
were recorded.

600

700

The peak height of the band at 792 cm" was defined
as the sum of two contributions: (axC) and (kxbxT),
where a and b are the respective number of C and T
bases in the sequence (both known) and k is an
empirical factor that weighs the relative T/C Raman
cross section ratio (to be determined).

C+T

800

!

Based on the data reported in the literature, we
initially set the value for k at 0.25.

P.e = aC + 0.25(bT)

|

achieved for k = 0.22.
Pssp = aC +0.22(bT)

For each ssDNA strand, we obtained a calculated
value of the peak height at 792 ¢cm-! which deviated
from the real value by a certain %. We calculated the
average difference and its standard deviation. The
value of k was progressively modified until such
standard deviation was minimized. This was

Figure 4.3 Steps followed for determining the peak height normalized to the internal standard

Knowing the content of each base in the
strand, the peak height corresponding to 1% of
nucleobase content was calculated.

and corresponding to 1% of nucleobase content in the DNA strand.
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9 / g 7.): 5
I
21-mer single-stranded DNA ] Peak height normalized to the internal standard
= PO, and corresponding to 1% of nucleobase content
NUCLEOBASE | PEAK POSITION (cm-) in the strand
Cytosine -C 599 0.00766
Guanine -G 684 0.01716
Adenine - A 733 0.04655
Thymine - T 792 0.02410

21-bp double-stranded DNA r

Peak height normalized to the internal standard

VPO, and corresponding to 1% of AT or GC content in
NUCLEOBASE | PEAK POSITION (cm-) the duplexes
G(=C) 676 0.01106
A(=T) 729 0.04550

Table 4.5 Estimated peak height values for individual nucleobase contents in the single-
stranded DNA and combined AT/CG contents in double-stranded DNA. The values were firstly
normalized to the internal standard (peak height values of the phosphate symmetric stretching

at ~1089 cm-1) and then referred to 1% content in the molecule.

Verification of the quantification parameters

The validity of such nucleobase quantification approach was verified by
selecting three different DNA chains as unknown samples (Table 4.6). Specifically,
SERS spectra were acquired of a 21-mer single-stranded sequence (ssDNA24), a
21-bp synthetic duplex (dsDNA21) and genomic DNA from calf thymus (ctDNA), as

is shown in Figure 4.4.
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The relative quantifications of each individual nucleobase for ssDNA and

AT/GC contents in duplexes, based on the peak height ratios acquired from their

direct SERS analysis and the values from Table 4.5, are represented in Figure 4.5

together with the reference values.

NAME BASE SEQUENCES (5 — 3)
sSDNA4 CTA ACA TGA CTC TCT GTCCAG
CTC CCA GTG CGG ACC CTG CGT
dsDNA2
GAG GGT CAC GCC TGG GAC GCA
High-quality double-stranded DNA isolated
ctDNA

from the thymus of calves

Table 4.6 Single-stranded and double-stranded DNA used as unknown samples.

ssDNA,,

ctDNA

dsDNA,,

I I ﬁé;-ll . ?.'?EIJ . B[IIIJ . BBIIJ
Raman shift (cm")

Figure 4.4 SERS spectra of ssDNA, dsDNA, and ctDNA in the 550-890cm-! spectral region.

The illustrated spectra are from averaging 8 independent repeats per sample.
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The results show an outstanding accuracy of the direct SERS method at
predicting the relative nucleobase contents in DNA chains of different composition

and length (from ca. 7 nm long 21-bp dsDNA, to 10-15 kb DNA from calf thymus).

I experimental theoretical
ssDNA,,

“““““

Relative Base Content (%)

90
80 - ]: dsDNA,, ctDNA |
70

60 -
50 -
40 - I
30 -
20 -
10 4

Relative Base Content (%)

CG CG

Figure 4.5 Quantification of nucleobase content (%) in the 21-mer single strand ssDNA21 and
quantification of CG and AT base content (%) in the 21-bp double-stranded DNA (dsDNA21)
and genomic DNA from calf thymus (ctDNA). Error bars equal to two standard deviations (N =

8).



UNIVERSITAT ROVIRA I VIRGILI
DIRECT LABEL-FREE SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS
Judit Morla Folch

136 . _ Chapter 4

. FF

4.3 CONCLUSIONS

In summary, this chapter describes a simple direct SERS method for the
ultrasensitive, fast and label-free relative quantification of the nucleobase content
in DNA. The peak heights of characteristic nucleobase markers were normalized
to the internal standard (the phosphate symmetric stretching at ~1089 cm-') to yield
spectral ratios that can be quantitatively correlated with the relative number of
purine/pyrimidine bases in the chain. Different to indirect optical approaches based
on DNA-nanoparticle conjugates, this simple, inexpensive and flexible method can
straightforwardly be applied to DNA samples independently of their size (from
short to long genomic DNA), conformation (single-stranded vs duplex), and base

sequence.

4.4 EXPERIMENTAL SECTION

Materials

All materials were obtained from Sigma-Aldrich. 21-mer single-stranded DNA
were all purchased from Eurofins Genomics (Ebersberg, Germany).
Deoxyribonucleic acid from calf thymus (Type XV, Activated, lyophilized powder)
was purchased from Sigma-Aldrich. Short dsDNA chains were prepared by
annealing (90 °C for 10 min) equimolar mixtures of the corresponding

complementary strands in PBS 0.3 M.
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Sample preparation

Samples for SERS measurements were prepared by mixing 150 pL of
AgNP@Sp (ca. 1.1 nM) with 12 pL of DNA solutions (10 uM for ssDNA; 5 uM for
short dsDNA and 15 mg/mL for calf thymus DNA). Samples were left unperturbed

for 2 hours, and then quickly sonicated before being investigated by SERS.

Instrumentation

A Renishaw InVia Reflex confocal microscope equipped with a 532 nm laser
was used to carry out the SERS analysis. The laser was focused on the colloidal
suspension with a macro lens providing an efficient spot of 0.6 mm (see in detail at
section 2.4). This experimental set-up also avoids the uncontrolled formation of
aggregates via light-induced trapping.l''l 8 different replications per each sample
were acquired under the same experimental conditions (10 s exposure time, 20
accumulations and ca. 34.5 mW laser power at the sample). All SERS spectra
were processed before the peak calculations; normalized at ~1090 cm-! and

baselined.



UNIVERSITAT ROVIRA I VIRGILI
DIRECT LABEL-FREE SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS
Judit Morla Folch

138 _ Chapter 4

REFERENCES

1] T. Vo-Dinh, A. M. Fales, G. D. Griffin, C. G. Khoury, Y. Liu, H. Ngo, S. J. Norton, J. K. Register, H. N.
Wang, H. Yuan, Nanoscale 2013, 5, 10127-10140.

2] X. R. Li, M. J. Scanlon, J. M. Yu, Nucleic Acids Res. 2015, 43, 3614-3625.

[3] P. E. Fournier, K. Suhre, G. Fournous, D. Raoult, Int. J. Syst. Evol. Microbiol. 2006, 56, 1025-1029.

[4] N.-P. Hua, T. Naganuma, Electrophoresis 2007, 28, 366-372.

(5] a) E. Papadopoulou, S. E. J. Bell, Chem.-Eur. J. 2012, 18, 5394-5400; b) L.-J. Xu, Z.-C. Lei, J. Li, C.
Zong, C. J. Yang, B. Ren, Journal of the American Chemical Society 2015, 137, 5149-5154.

[6] a) S. Kumar, T. Verma, R. Mukherijee, F. Ariese, K. Somasundaram, S. Umapathy, Chemical Society
Reviews 2016; b) S. E. J. Bell, N. M. S. Sirimuthu, Chemical Society Reviews 2008, 37, 1012-1024.

[7] a) L. Guerrini, Z. Krpetié, D. van Lierop, R. A. Alvarez-Puebla, D. Graham, Angew. Chem.-Int. Edlit
2015, 54, 1144-1148; b) J. G. Duguid, V. A. Bloomfield, J. M. Benevides, G. J. Thomas, Biophys. J.
1996, 71, 3350-3360.

8] M. Shanmugasundaram, M. Puranik, Journal of Raman Spectroscopy 2009, 40, 1726-1748.

9] V. Reipa, G. Niaura, D. H. Atha, RNA-Publ. RNA Soc. 2007, 13, 108-115.

[10] E. Chargaff, Experientia 1950, 6, 201-209.

[11] A. Lehmuskero, P. Johansson, H. Rubinsztein-Dunlop, L. M. Tong, M. Kall, ACS Nano 2015, 9,
3453-3469.



UNIVERSITAT ROVIRA I VIRGILI

DIRECT LABEL-FREE
Judit Morla Folch

SURFACE-ENHANCED RAMAN SCATTERING ANALYSIS OF NUCLEIC ACIDS

CHAPTER 5

FAST OPTICAL CHEMICAL AND STRUCTURAL
CLASSIFICATION OF RNA

ABSTRACT

As more biological activities of ribonucleic acids continue to

emerge, the development of novel analytical tools for RNA
identification and characterization is necessary to acquire an in-depth
understanding of their functions and chemical properties. In this
chapter, it is shown the capacity of label-free direct SERS analysis to
access highly specific structural information of RNAs at the
ultrasensitive level by using AQNP@Sp. This method represents a key
advance in the ribonucleic acid analysis and will have a direct impact
on a wide range of different fields, including medical diagnosis, drug
design, and biotechnology, by enabling the rapid, high-throughput,

simple and low-cost identification and classification of structurally

similar RNAs.
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5.1 INTRODUCTION

Small RNAs

The role of ribonucleic acid (RNA) in cellular processes is one of the most
dynamic and fast growing fields of biology.['l New biological activities are
continuously emerging besides RNA key functions in the gene regulation, protein
synthesis or catalysis of biological reactions, all essential for the advance of
molecular diagnostics. Among others, small RNAs are proved to play a major
function in gene regulation, mainly in the form microRNAs (m/RNA), and double
stranded RNAs such as small interfering RNAs (siRNA) and short-hairpin RNAs

(ShRNA).12

miRNA are a class of non-protein-coding, small single-stranded (about 19-23
nucleotides) ribonucleic acids that play critical regulatory roles in almost every
biological processes.2l Mounting evidence associates aberrant expressions of
miRNA with a number of diseases and genetic disorders as well as highlighting the
importance of m/RNA as both oncogenes and tumor suppressors.i8l Thus, miRNA
can be used not only as biomarkers for cancer diagnostics and monitoring, but
also exploited as new tools for cancer treatment via modulation of the m/RNA

pathways and activitiesl3a. 4 and in gene therapy.[?

On the other hand, 21-23-mer siRNA and shRNA silence gene expression in
the RNA interference (RNAI) process.[5! Growing understanding of genetic and the

mechanisms of RNAi pathways fuelled the development of the RNAi-based
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therapeutic strategy, where the highly specific mechanisms of sequence-specific
gene silencing are exploited as efficient tools to design novel drugs that selectively

interfere with disease-causing or disease-promoting genes.[¢!

Additionally, aside from the four canonical bases, many more chemically
modified nucleotides exist in multiple types of RNA increasing their chemical
diversity (i.e., epigenetic modifications) to fulfil all the different RNA functions
within the biological systems.[’l However, the lack of robust analytical methods has
hindered, for decades, the in-depth understanding of their distribution and
biochemical rolesl®l and only very recent developments of new genomic

technologies allowed to progress in this direction.®l

Analytical methods for small RNAs

The analysis of small RNAs poses several challenges due to their intrinsic
characteristics such as the small size of their sequences, which greatly
complicates the application of PCR; their low abundance; and their sequence
similarity.[38l Thus, emerging technologies, such as the optical sensing through
plasmons, have the potential of reshaping the detection and characterization
scenario of nucleic acidsl'% by offering simple, fast and highly sensitive platforms

that overcome the limitations of PCR and Northern blot based microarrays.

While label-free direct SERS analysis of DNA has enjoyed in the last few

years a renewed interest,['l a surprisingly scarce number of studies are reported
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for RNA.['2] Further, direct label-free SERS investigation of RNA has been limited
to short single strands (microRNA), often in the form of simple homopolymeric or
bi-polymeric sequences, and mostly performed by simple drying the sample
directly onto plasmonic substrates with the consequent lack of spectral
reproducibility. Thus, the development of fast, sensitive and efficient detection and

characterization methods becomes more and more imperative.

In this chapter, it is demonstrated the potential of direct SERS analysis to
screen composition and conformations of RNAs at the ultrasensitive level.
Specifically, it is proven the capability of this technique to /) recognize the
distinctive vibrational features of the structural characteristics of RNA including
those of fully complementary double-stranded, small interfering and short hairpin
RNA; and /j) classify highly similar RNA sequences with subtle differences such as
a single-base variance (including that of uracil and thymine that defines RNA or
DNA) or even a nucleobase modification (i.e., Né-methyladenine and

pseudouridine) in both single strands and duplexes.

5.2 RESULTS AND DISCUSSION

Acquisition of SERS spectra

The microRNAs and single-stranded DNAs selected for this study are listed

in Table 5.1. Duplex structures were prepared by annealing equimolar solutions of
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ss1 and ss2; ss1 and ss5, ssDNA7 and ssDNAZ yielding the corresponding

dsRNA, siRNA, and dsDNA, respectively.

Vibrational assignment of the main bands appearing in the SERS spectrum
of RNA is specified in Figure 5.1. In order to assign the vibrational features for
single-stranded RNA, normal Raman studies reported in the literature,[3 as well
as direct analysis of homopolymeric sequences (Figure 5.2), were compared. The
study of that analysis is required for accessing and interpreting the rich structural
information contained in the RNA SERS spectrum. For an appropriate comparison,

all SERS spectra were normalized to the phosphate stretching band at 1089 cm-1.

NAME SEQUENCES (5' — 3')
ss1 GAU UGU ACU GAG AGA CAG GCU
ss2 AGC CUG UCU CUC AGU ACA AUC
ss3 AGC CUG UCU CUA AGU ACA AUC
ss4 AGC CUG ACU CUC AGU ACA AUC
ss5 CCU GUC UCU CAG UAC AAU CAG
Ss™A mAGC CUG UCU CUC mAGU mACmA mAUC
ssy AGC CyG yCy CyC AGy ACA AyC
shRNA GAU UGU ACU GAG AGA CAC CGG CUU GUC UCU CAG UAC AAU CAG
ssDNA1 GAT TGT ACT GAG AGA CAG GCT
ssDNA2 AGC CTG TCT CTC AGT ACA CTA
pA AAA AAA AAA AAA AAA AAA AAA
pC CCC CCC CCC CCC ccc ccecee
pG GGG GGG GGG GGG GGG GGG GGG
pU UUU UUU UUU UUU UuU Uuu uuu
pT TITTITTITTITTITTITTIT

Table 5.1 Names and nucleobase sequences of RNAs and single-stranded DNA. Nucleobase

modifications are: Né-methyladenine (MA) and pseudouridine ().
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IS TR Y
RAMAN SHIFT
(em) VIBRATIONAL ASSIGNMENT ssRNA
512 G, ring deformation
599 C, ring vibration
Single Strand and Hybridized miRNAs 631 U, ring vibration
660 G, ring breathing (C3 Zendo/anti), A-form
sSTRINLCAIRNIOnEnanunity . . .
ss2 WL LINLL Ry VAN AL vOL U . . ' 684 G, ring breathing (C2 2endo/anti), B-form
dsRNA' ll'l 'l' | I I " Il 730 A, ring breathing
B LR LI l 792 C + U, ring breathing (mainly C)
814 O-P-O symm. stretching, A-form
913 Ribose, C-C stretching
960 Ribose-phosphate
. i 1029 Ribose +C
| AN 1089 POz, symm. stretching
ssi | 1191 G, C8-H bending
S 1231 U, ring stretching
ss2 1244 C, ring stretching
a9 1292 A+ G, ring strefching
_._.JLR 1327 A + G, ring modes
ssl+ss2 1378 A, ring mode
1420 AG
% 5 1460 C +U (A + G minor contributions), ring modes
ds—:'RI\I-ﬁn“J\ 1487 G +A, ring mode s (mainly G)
400 600 800 1000 1200 1400 1600 1507 A, ring mode
Raman Shift (cm") 1575 A+ G, ring mode s
1633 C=0 (mainly U+C)
1720 C=0(G)

Figure 5.1 Hybridization of single stranded miRNAs sequences into full complementary
duplexes. Averaged SERS spectra of miRNAs ss7 and ss2 and double-stranded RNA
(dsRNA). The (ss7+ss2) spectrum was digitally calculated by summing the two separated
SERS spectra of ss7and ssZ, both previously normalized to the 1089 cm-' band. Raman shifts
and the tentative vibrational assignment of the main SERS bands of single stranded RNA on

AgNP@Sp colloids are listed in the left side table.
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Figure 5.2 Averaged SERS spectra of 21-mer homopolymeric ssDNAs (pA, pC, pT7, and pG)
and 21-mer homopolymeric RNA (pU) in the ring breathing spectral region. The spectra were

baseline corrected and normalized to the v(PO2’) band at 1089 cm-".

Changes in RNA Conformation

To investigate the impact of the Watson-Crick hydrogen bonding and base
stacking formation on the vibrational profiles of single-stranded RNAs, the full
complementary miRNA ss7, and ss2 were hybridized into the resulting duplex,
dsRNA, by thermal annealing at 90°C. The SERS spectra of these structures are
illustrated in Figure 5.1, together with the digital sum of the individual single
strands spectra (ss7+ss2). As a first approximation, ss7+ss2 can be considered as
the hypothetical equimolar mixture of non-hybridized ss7 and ss2 sequences and
used as a reference to properly disclose the spectral reshaping associated with

the structural rearrangement into the duplex conformation.
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Phosphate bands at 814 cm-' and 1089 cm-, sensitive to the ribose-

phosphate chain backbone structure and helix conformation,['3al do not undergo

significant changes both in frequency position and relative intensity upon strand

hybridization, suggesting that ss7, ss2, and dsRNA adopt a similar conformation

when electrostatically adsorbed onto the plasmonic surface. On the contrary, a

large set of spectral differences clearly emerges for the nucleotide bands, which

can be summarized as follows:

As a result of the base stacking interactions, the ring-breathing modes
of cytosine (792 cm-') and adenine (730 cm-') suffer a frequency-shift
in dsRNA (-9 and -4 cm, respectively). This is also consistent with
the relative intensity increase of the U-ring vibration at 631 cm-1,

The hydrogen bonding promotes an intensity decrease and a ~7 cm-!
red-shift of the carbonyl stretching (mainly U+C) and the rise of a new
shoulder (~1690 cm-') ascribed to the C=0O stretching of paired
guanine (G).[13b, 14]

Changes in the molecular conformation are also evident in the relative
intensity increase of both U and C ring stretching (~1231 and 1244
cm-), attributed to the RNA folding,' and the characteristic
prominent hyperchromicity associated with H-bonding of A+G bands

(1487 and 1575 cm-").1"6l
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It is worth noticing that single-stranded RNAs were thermally treated before
the SERS analysis to enhance the spectral reproducibility. In fact, the lack of the
methyl group in uracil (U) as compared with thymine (T) (Figure 5.3) decreases its
hydrophobicity. As a result, although U preferably pairs with adenine (A), it can
also weakly associate with almost any other nucleobases. Thus, one may expect
that single-stranded RNAs in solutions would exist in a broad set of different
configurations for loosely interacting strands. In fact, the SERS spectra of m/RNA
directly analyzed from stock solutions removed from the freezer show a significant
sample-to-sample irreproducibility (Figure 5.4A), whereas ds-, sh- and si-RNAs do
not suffer from such problem. In particular, such lack of homogeneous spectral
response appears to be mostly circumscribed to the sharp ring breathing mode of
adenine at ~ 732 cm' and, to a lesser extent, to the intense A+G ring mode at ~
1327 cm-'. Interestingly, SERS spectra of single-stranded DNAs do not reveal
such sample-to-sample variability (Figure 5.4B). Such limitation was overcome by
incubating miRNA solutions at 60°C for 10 min before their addition to the silver

colloids.

The gentle thermal treatment promotes the extension of the chain into a more
linear conformation which has been previously demonstrated to drastically improve
the spectral reproducibility in direct SERS analysis of single-stranded DNAs.['7] As
shown in Figure 5.4, the sample-to-sample variability dramatically decreases when

the above-mentioned thermal treatment is applied to m/RNA.
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Figure 5.3 Molecular structures of Thymine and Uracil.
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Figure 5.4 Original SERS spectra of nonthermally treated and thermally treated A) ss2and B)
SsDNA7 added to AgNP@Sp. The spectra are 5 different repetitions each of identically
prepared samples. At the bottom, baseline-corrected averaged SERS spectra obtained by

averaging the previous 5 spectra at the different conditions.
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In addition to fully complementary duplexes, double-stranded RNAs exist in
several other variants, such as small interfering (s/RNA) and short hairpin
(shRNA). siRNA are short double-stranded segments with two overhanging

nucleotides, whereas shRNA also include in their structure an additional loop.®a]

The investigated s/iRNA was formed by the hybridization between ss7 and
the partially complementary ss5 strand (Figure 5.5) resulting in a duplex structure
of 19 base pairs and two overhanging bases at both ends. The ss5 sequence has
an identical base composition of ss2 thus s/RNA structurally differs from dsRNA

only for the unpaired condition of the two extremities.

A dSRNA = {351 = GAU-UGU-ACU-GAG-AGA-CAG-GCU
~ lss2=  CUA-ACA-UGA-CUC-UCU-GUC-CGA

shared duplex sequence

ANA L JSS1=  GAU-UGU-ACU-GAG-AGA-CAG-GCU
SI = 7ss5= GALCUA-ACA-UGA-CUC-UCU-GUC-C
ss1= GAU-UGU-ACU-GAG-AGA-CAG-GCU
ShRNA = GAU-UGU-ACU-GAG-AGA-CAC-CGG-CUC-UGU-CUC-UCA-GUA-CAA-UCA-G
CC-UGU-CUC-UCA-GUA-CAA-UCA-G = ss5

T

shared sequence
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Figure 5.5 A) Base sequences and structural similarities of dsRNA, siRNA, and shRNA. B)

Hairpin structure of the shRNA, obtained from hffps.//eu.idtdna.comy/calc/analyzer.
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On the other hand, a partially self-complementary single-stranded RNA of 43
nucleobases was selected to yield a shRNA structure containing a stem of 17
base pairs, a loop of 7 nucleotides and a dinucleotide overhang at the 3’ end
(Figure 5.5B). Except for the central loop, the base sequences of the duplex stem
and the overhang region are identical to those contained in the siRNA, while the

base composition differs only for an additional extra cytosine (Figure 5.5).

Thus, it may be expected that the spectral reshaping of the SERS profile
should be dominated by the different structural conformation of the RNA rather

than its base composition.

This is corroborated by the analysis of the SERS spectra of dsRNA and
shRNA (Figure 5.6). At first glance, these spectra show little deviations.
Nevertheless, once subtracted, the corresponding SERS difference spectrum
reveals a spectral profile which is remarkably similar to (ss7+ss2)-dsRNA
throughout the whole spectral range (Figure 5.6) with few exceptions such as
relatively less extended intensity changes of the composite broad C=0 stretching
and the ring-breathing modes at 726 and 783 cm-'. In particular, in the shRNA-
dsRNA difference spectrum, the A band at 726 cm-' undergoes a minor spectral

shift as compared to the 783 cm-! ring breathing mode.

By assuming that the extension of such shifts is correlated with the relative
number of mismatched nucleobases, we can then ascribe this observation to the

larger % of unpaired C bases in shRNA (4 out of 10), with an additional
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contribution of an extra unpaired U base, as compared to A, which has only 1

unpaired base out of the 11 contained in the whole hairpin sequence.

As previously described, the small interfering RNA is structurally analogous
to dsRNA, except for the unpaired dinucleotide ends (GA and CU). Consistently,
their SERS spectra only show subtle but still detectable differences, well-
highlighted in the corresponding difference spectrum siRNA-dsRNA (multiplied by
a factor of 4 in Figure 5.6). In this case, the spectral markers of H-bonding (such
as the purine bands at 1244, 1487 and 1575 cm-' and the broad carbonyl
stretching feature) do not exhibit noticeable alterations and the detectable spectral
changes appear to be mainly due to the base unpairing, as indicated by the red-
shift and intensity decrease of the C+U ring breathing mode, the intensity increase
at ~1330 cm-! (ascribed to the disordering of the purine A-G basesl'®) and the

weakening of the A feature at 1507 cm-1.

A clear visual representation of the different degrees of similarities between
ShRNA, siRNA, and dsRNA is depicted in Figure 5.7 using partial least squares-
discriminate analysis (PLS-DA) to classify the SERS spectra of the different RNAs.
The spectral profile of shRNA significantly diverges from those of s/iRNA and
dsRNA, which are on the contrary very similar even though they can still be

differentiated with 100% sensitivity and specificity.
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Figure 5.6 Averaged SERS spectra of double-stranded RNA (dsRNA), small interfering RNA
(s/RNA) and short hairpin RNA (shRNA). Difference spectra (ss7+ss2)-dsRNA, shRNA-dsRNA
and s/iIRNA-dsRNA obtained by digital subtraction of the SERS spectrum of dsRNA from the
SERS spectra of shRNA and siRNA; and the pondered SERS spectrum (ss7+ss2) illustrated
in Figure 5.1. For a better comparison, the difference spectra shRNA-dsRNA and siRNA-
dsRNA were both multiplied by a factor of 2 and 4, respectively.
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Figure 5.7 PLS-DA of SERS spectra from dsRNA, shRNA and siRNA. Score plot of loading
vectors (LV) 1, 2 and 3 with 95% confidence ellipses, in which each spectrum is represented

by a data point. The position of each point reflects characteristic features of the spectrum.

Changes in RNA Composition — Single-base mismatch

The diversity in nucleobase composition of ss7 and ssZ, complementary
oligonucleotides with specular base content (6A, 5U, 3C and 7G for ss7; and 5A,
6U, 7C and 3G for ss2), is plainly reflected in their SERS spectra. The decrement
of G and A bands and the intensity increase of the C and U features can be
straightforwardly visualized in Figure 5.1 when going from the SERS spectrum of
ss1 to that of ssZ On the other hand, more intriguing is the possibility to
differentiate single-base mismatches in highly similar m/RNA sequences. To test
the ability of this method to achieve such result, SERS spectra of highly similar
miRNAs (ss2, ss3, and ss4) with identical base sequence except for one single-

base mismatch were acquired (see sequences at Table 5.1).
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Specifically, if compared to ss2, one C was replaced with an A in the case of
ss3, whereas for ss4 the extra A was included to the detriment of one U.
Subtraction of the SERS spectrum of ss2 from those of ss3 and ss4 was
performed to better show the spectral changes associated with the nucleobase
substitution (Figure 5.8). In both difference spectra emerge intense positive bands
associated with A motions (730, ~1327 and 1507 cm-') whereas no apparent
changes occur in the bands with major G contribution, such as the broad ring

breathing band at ~660 cm-1.

On the other hand, a general intensity decrease of the C features, such as
those at 599, 792 and 1029 cm-1, is only observed in the case of ss3 whereas the
difference spectrum of ss4 shows a decrease of the U-ring stretching at ~1231 cm-
Tand a much milder intensity decrease of the ring breathing band at 792 cm-1. The
intense band at 792 cm-! is indeed the result of different contributions mainly from
ring-breathing modes of C (larger contribution)!'dl and U,l'8 with an additional

overlapping with a weaker A feature.

Consistently, when one C is replaced with one A in ss3, the 792 cm-! band
appears in the difference SERS spectrum as an intense negative feature whereas
when one U is removed in favour of A, as for ss4, the overall intensity is left largely
unperturbed (i.e., the positive A contribution and the negative U contribution to the
792 cm-' band approximately balance themselves out). Finally, both difference

spectra reveal a relative intensity decrease of the C=0 stretching, mainly ascribed
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to U+C. Overall, these spectral changes are consistent with a C—A single-base

mismatch in ss3, and U-A single-base mismatch in ss4.

Single-base Mismatch in miRNA

L
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Figure 5.8 Averaged SERS spectra of single-stranded miRNAs ssZ, ss3, and ss4. The spectra
were baseline corrected and normalized to the v(PO2-) band at ~1089 cm-1. Difference
spectra (ss3-ss2) and (ss4-ss2) were obtained by digital subtraction of the SERS spectrum of
ss2 from the SERS spectra of ss3 and ss4. For a better comparison, the difference spectra
were both multiplied by a factor of 4. miRNA structures and sequences are outlined at the top

of the figure.
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Direct SERS single-base mismatch detection in miRNAs was limited so far to
the simple differentiation via partial least squares discriminate analysis of m/RNA
members of the let-7 family achieved by investigating a relatively large amount of

samples (1 pg) dried onto silver nanorods arrays.[122a]

Changes in RNA Composition — Chemical Modifications

In addition to the different content of the four canonical nucleobases,
structural differences within RNAs can arise from chemical modifications, such as
epigenetic alterations. Among all post-transcriptional modifications that have been
identified in RNAs of all organisms, pseudouridine (y) is found to be the most
abundant one and it is recognized as the “fifth” nucleoside in RNA.['9 The second
most common RNA modification is nucleobase methylation.l20 In particular, Né-
methyladenine is the most abundant internal messenger RNA modification in
eukaryotes, as well as in viruses.[8-9 To demonstrate the reliability of this direct
method to recognize different types of nucleobase modifications in the SERS
spectra of both m/RNA and dsRNA, we acquired the characteristic vibrational
changes imposed on the spectral profile of RNA by replacing A and U with their

epigenetic variants N6-methyladenine (™A) and pseudouridine (y), respectively.

Né-methylation of adenine (Figure 5.9) dictates characteristic spectral
changes in the nucleotide spectral fingerprint2l which are plainly resolved in the
corresponding SERS profile of both single strand and duplex. Figure 5.9B

illustrates the SERS spectra of ss2and dsRNA and their corresponding ss™A and
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ds™A analogous, where the 5 adenine of the ss2 were fully replaced by the 7A
variant. It is important to note that the methyl group at the N6 position of
adenosine does not prevent the Watson—Crick base-paring.[®. 221 The spectral

changes imposed by the methylation on both ss-and dsRNA are striking.

First of all, a remarkable spectral redshift (> 10 cm-') of the A ring-breathing
modes is observed and their relative intensity decrease. In the case of the duplex,
this mode appears as a doublet at 726 cm-1, ascribed to the unmodified A bases in
the complementary ss7 sequence, and at 740 cm-!, assigned to the methylated

adenines of the ss”A4 strand.

Furthermore, 3-4 cm-' redshifts are observed in several other A related
bands, such as those at 1487 cm-' and 1575 cm-', while the very intense A+G
feature at ~1327 cm-' undergoes a notable intensity drop and the 1507 cm-!

adenine band almost disappears from the spectra.

These spectral changes nicely match those described in the normal Raman
studies of the Né-methylation of the individual adenine nucleoside.[2] Interestingly,
while the alterations of the vibrational profile are largely limited to A related bands
in the miRNA spectra, for the corresponding duplex we also register additional
differences such as the broadening and red-shift of the carbonyl stretching
vibration (mainly U) from 1635 cm-' to 1648 cm-!, as well as the more subtle 2 cm-1

blue-shift of the C+U ring breathing mode
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Figure 5.9 A) molecular structures of adenosine (A) and N&-methyladenosine (mA). B)
Averaged SERS spectra of ss2 and dsRNA, and the analogous ss”A and ds™A samples
where the 5 adenines were replaced with the Né-methyladenine variant (thus, ds™A contains 5
mA from ssmA and 6 A from ss7). C) and D) Detail of the A ring breathing spectral region for
the SERS spectra of ss2+ssmA and dsRNA+dsmA mixtures at different molar ratios, R ([ss7A]
vs. total [ssmA]+[ssZ] content, and [ds™A] vs. total [dsmA]+[dsRNA] content, respectively).
Molar ratios decrease going from the darkest spectrum to clearest one as follows: R = 0; 0.1;
0.2; 0.3; 0.4; 0.5 and 0.6. E) Ratiometric peak intensities l743/l729 and l743/l725 for miRNA and
dsRNA mixtures, respectively, against the corresponding molar ratios. RNA structures and
sequences are outlined at the top of the figure (red shapes correspond to Adenine, yellows to

Uracil, greens to Guanine and blues to Cytosine).
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Once more, these results are consistent with the formation of the A-U base
pairs in the double helix leading to different perturbations of the U electronic
structure depending on the structural properties of the Watson-Crick counterpart

(A vs. mA).

Pseudouridine (vy) is derived from uridine via base-specific isomerization.[19%l
This process introduces an additional hydrogen bond donor, N-H, in the
nucleobase (Figure 5.10A) which lays the foundation for the special properties of
vy relative to U such as the enhanced rigidity conferred to the phosphodiester
backbone and the structural stabilization of the neighboring nucleosides, via

increased base stacking, for both single- and double-stranded RNAs.[19]

As for ssmA, the analysis of the SERS spectra of pseudouridine-containing
miRNA, ssy, (Figure 5.10) reveals spectral changes to the uracil bands that
qualitatively agree with normal Raman studies of the individual nucleosides,[23!

these include:

= The drastic red-shift of the carbonyl stretching band.

= The intensity perturbation and 2 cm-! shift of the C+U ring breathing
mode.

= The large reshaping of the spectral contour of the broad band in the

1220-1250 cm-' range, containing U-ring vibrations.[23]
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Figure 5.10 A) Molecular structures of uridine (U) and pseudouridine (y). B) Averaged SERS
spectra of ss2 and dsRNA, and the analogous ssy and dsy samples where the 6 uracils of
ss3 were replaced with the pseudouridine variant (thus, dsy contains 6 y from ssy and 5 U
from ss7). C) and D) Detail of the carbonyl spectral region for the SERS spectra of ssy+ss2
and dsRNA+dsy mixtures at different molar ratios, R ([ssy] vs. total [ssy]+[ssZ] content, and
[dsy] vs. total [dsy]+[dsRNA] content, respectively). Molar ratios decrease going from the
darkest spectrum to clearest one as follows: R = 0; 0.1; 0.2; 0.3; 0.4; 0.5 and 0.6. E)
Ratiometric peak intensities lieso/lie2s and liess/liez0 for miRNAs and dsRNA mixtures,
respectively, against the corresponding molar ratios. RNA structures and sequences are

outlined at the top of figure (red shapes correspond to Adenine, yellows to Uracil, greens to

Guanine and blues to Cytosine).
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In this case, however, it is also registered a general intensity increase of
purine bands, mostly ascribed to A (i.e., 730, 1327 and 1575 cm-"), even though
with no significant spectral shifts. Noteworthy, this base-neighboring effect of
pseudouridine is far less explicit in the SERS spectrum of the corresponding
duplex, dsy, which however remains the main pseudouridine spectral marker (i.e.,

the large red-shift of the carbonyl stretching band).

Once identified the A ring breathing band and the carbonyl stretching as the
major spectral markers of N&-methyladenine and pseudouridine variants,
respectively, the possibility to quantitatively correlate the spectral changes in the
SERS profiles with the relative contents of modified nucleobases in the

biomolecule were investigated.

To do so, mixtures of modified and unmodified m/RNAs (ss2+ssmA and
ss2+ssy) as well as duplexes (dsRNA+ds”A and dsRNA+dsy) at different molar
ratios, R (where R is equal to the concentration of the modified sample vs the

overall RNA content) were prepared.

The corresponding SERS spectra are illustrated in Figure 5.11 and 5.12
whereas the characteristic spectral regions containing the A ring breathing and
C=0 stretching markers are detailed in Figure 5.9C, D and Figure 5.10C, D,

respectively.
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Figure 5.11 Averaged SERS spectra of A) ss2 and ss”A mixtures and B) dsRNA and dsmA

mixtures at different molar ratios, R. The overall concentration was kept constant through the

whole set of measurements.

The relative SERS intensities l743/l720 for ss™A, and l743/l725 for dsmA are

plotted against R in Figure 5.9E. Similarly, the values lies0/l1625 for ssy and

l1655/11630 for dsy were monitored at different molar ratios as illustrated in Figure

5.10E. The results show outstanding linear correlations between the content of

modified bases and the extent of spectral perturbations introduced in the SERS

spectra, with sensitivity below the single-base discrimination for Né-methyladenine

in both ss-and dsRNA, and for pseudouridine in single stranded sequences.
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Figure 5.12 Averaged SERS spectra of A) ss2 and ssy mixtures and B) dsRNA and dsy
mixtures at different molar ratios, R. The overall concentration was kept constant through the

whole set of measurements.

Comparison of DNA and RNA analogous

The reliability of direct SERS to fully extract the rich structural information
contained in the Raman spectra of nucleic acids was also exploited to differentiate
and structurally characterize RNA and DNA analogous. To do so, it was
investigated single and double-stranded DNA and RNA with identical sequence,
except of course for the thymine bases replaced by their uracil counterparts and

the deoxyribose sugar moieties substituted by the ribose.
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The direct comparison of SERS spectra is illustrated in Figure 5.13 and
unravels a set of spectral differences that can be broadly classified into the
following classes: spectral changes associated with (i) different backbone
conformations, (ii) nucleobase modifications (i.e., removal of the methyl group
from the T structure yielding the U base) and (iii) indirect perturbations on the

remaining A, G, and C nucleobases imposed by (i) and (ii).

Regarding the comparison of the unpaired strands, the analysis of backbone
conformation markers indicates that m/RNA exist mainly in the A-form secondary
structure, as revealed by the intense spectral markers at ~660 cm-!' (G band
diagnostic of the C3‘endo/anti ribofuranose puckering) and the presence of a
shoulder at ~814 cm-', ascribed to the sugar-phosphate backbone vibration(14. 24]
(Figure 5.13). However, although the A-form helicity is found to be predominant,
the coexistence of the G ring breathing band at ~684 cm-1, characteristic of the
C2Zendo/anti conformation of the B-type backbone, suggests that some

nucleotide residues can adopt additional conformations.[14. 24]

Differently, ssDNA SERS spectra only display a narrow G band at 684 cm-!
with no apparent phosphate contribution at 814 cm-1, which is consistent with a B-
like conformation.['3al |t is also worth noticing the different spectral contour of the
weak bands in the 850-1050 cm-' region, originating mainly from vibrations of the

sugars, which are also sensitive to the backbone conformation.[13al
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RNA vs. DNA
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Figure 5.13 A) RNA and DNA structures. B) Averaged SERS spectra of uracil RNA and
thymine DNA homopolymers (pU and p7, respectively); the two complementary micro-RNAs
ss1 and ssZ and the two complementary single-stranded ssDNA7 and ssDNAZ. The

averaged SERS spectra of the corresponding dsRNA and dsDNA duplexes are also shown.

The replacement of T with U in the RNA structure is mainly revealed in the
SERS spectra by the relative intensity increase and dramatic blue-shift of the

broad C=0 stretching as well as for the 2 cm-! shift of the C+U ring breathing
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mode, (see Figure 5.14 for details of the 600-950 cm' spectral region). This
agrees with what observed by directly comparing the SERS spectra of
homopolymeric uracil RNA, pU, and thymine DNA, pT (Figure 5.13). Furthermore,
the analysis of the homopolymers suggests that the relative intensity increase of
the feature at ~1029 cm-! observed for m/RNA may also be due to the U presence

in the structure (Figure 5.13).

Similar considerations in terms of helicity form and U/T nucleobase
modification can be derived when comparing the SERS spectra of RNA and DNA
duplexes (Figure 5.13). Additionally, we also observe a significant 4 cm-!' down-
shift of the A ring breathing mode (~730 cm-1) in dsRNA which does not occur for
miRNA (better visualized in Figure 5.14). This experimental result is congruent
with the different electronic perturbation that U and T impose on the A structure
upon duplex formation via base stacking and H-bonding, as also reported in the

normal Raman studies of bi-polymeric A-U and A-T nucleic acids.[25]

Interestingly, in the case of duplexes, the remaining features of the spectra
show minor or null differences whereas for m/RNA and ssDNA some remarkable
changes are observed in several bands which are not strictly related to either the
backbone conformation or T/U nucleobases. Specifically, these spectral
differences can be mainly described as the variation of the intensity ratio between

purine and pyrimidine bands, such as the A ring breathing band and the intense
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A+G ring band centred at 1327 cm-! (purine), and the C+U ring breathing feature

(pyrimidine).
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Figure 5.14 Details of the 580-950cm-! spectral range for the averaged SERS spectra of the
complementary microRNA ss7 and ssZ2, the complementary single-stranded ssDNA7 and

ssDNAZ, and their corresponding dsRNA and dsDNA duplexes.

Overall, the data showed that the relative intensity of these purine bands
decreases in a very similar fashion when miRNAs are thermally treated (Figure
5.4) and uridine replaces pseudouridine in single stranded sequences (Figure
5.10). Moreover, as clearly visible in Figure 5.13, SERS spectra of dsRNA and
dsDNA only differ from spectral alterations associated with nucleobase

modification (T vs. U) and backbone conformation with minor deviations with
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regard to the general purine vs. pyrimidine relative intensities. Contrary, for single
stranded sequences the difference is remarkable (see for instance the peak height
ratios between the A and C+U breathing modes, Figure 5.15). All these
experimental evidence converge to indicate that dsRNA and dsDNA share similar
adsorption conformations on silver surfaces (i.e., the distribution of SERS
enhancements profited by the ensemble of nucleobases is similar for RNA/DNA
duplexes of identical base sequence).

On the other hand, when individual m/RNA strands are not forced to pair into
the rigid double helix, they are likely free to adopt a different range of possible
conformations which can be restricted by an appropriate thermal treatment or
modified upon inclusion of a nucleobase variant conferring, such as
pseudouridine, an enhanced rigidity to the phosphodiester backbone. Controlling
the nucleic acid conformation onto the metallic surface is a key feature in
determining the overall spectral reproducibility as well as affecting the final
spectral profile, and must keep into careful consideration in the direct SERS

analysis of single-stranded RNAs.
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Figure 5.15 A) Averaged SERS spectrum of dsDNA and digitally calculated SERS spectrum of
ssDNA171+ssDNAZ, both normalized to the phosphate band at 1089 cm'. The
ssDNA7+ssDNAZ pondered spectrum was obtained by summing the two separated SERS
spectra of ssDNA7 and ssDNAZ. B) Peak height ratios between the C+U or C+T ring
breathing mode (~730 cm-1) and the A ring breathing mode (~792 cm-"). These values were
calculated from the SERS spectra illustrated in this figure as well from Fig. 5.4, Fig. 5.10 and
Fig. 5.13.

5.3 CONCLUSIONS

In summary, in this chapter, we demonstrated the potential of label-free direct
SERS analysis to fully disclose the unique vibrational information of a variety of
different small RNAs with high sensitivity. As vibrational spectra and molecular
features are intrinsically linked, it was possible to identify and classify highly similar
RNA structures based on both their conformation and composition. Among others,
it was reported the first example of SERS recognition of fully complementary
duplexes, as well as a short hairpin and small interfering RNAs. We further

diversified microRNAs sequences with single-base mismatches.
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Nucleobase variants such as pseudouridine and N8&-methyladenine were
recognized and quantified with single-base sensitivity within both single strands
and duplexes. Finally, direct comparison of structurally analogous RNA and DNA
molecules also permitted to characterize distinctive signatures of their

corresponding sugar moieties as well as their secondary structure.

This work represents a step forward in the ribonucleic acid analysis by
SERS, paving the way for the final translation of its analytical potential to the in-
depth investigation of these intriguing biomolecules. Owing to the extremely rich
structural information provided by this simple, highly sensitive and low-cost
sensing approach, this method could have an important impact in basic research,

therapeutic, drug design and diagnosis applications.

5.4 EXPERIMENTAL SECTION

Materials

All materials were of highest purity available and obtained from Sigma-
Aldrich. RNA sequences were purchased from Eurofins Genomics (Germany)
except for shRNA, purchased from IDT Integrated DNA Technologies (Denmark).
200 uM stock solutions were prepared by dissolving into Milli-Q water. The
microRNAs and single-stranded DNAs selected for this study are listed in Table
5.1. Duplex structures were prepared in 0.3 M PBS by annealing at 90°C for 10

minutes of equimolar solutions of ss7 and ssZ, ss7 and ss5; ssDNA7 and ssDNAZ
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yielding the corresponding dsRNA, siRNA and dsDNA. Short hairpin  RNA
structure (shRNA) was also self-hybridized in PBS 0.3 M by annealing at 90°C for
10 minutes. The final concentration of the duplex structures in the stock solutions

was 20 uM. The solutions were stored at -20 °C until required.

Sample preparation

AgNP@Sp was prepared as is detailed in chapter 2. Samples for SERS
measurements were prepared as follows: 100 yL of AgNP@Sp ([NP] ~0.3 nM)
were mixed with 4 yL of RNA or DNA aqueous solutions (10 pM for single-
stranded sequences and 5 pM for duplexes, respectively). The colloidal
suspension immediately turned its color from yellow to orange, revealing the
nanoparticle aggregation. The samples were left to equilibrate for 3 h and
redispersed by quick sonication before acquiring the SERS spectra. It is worthy of
note that the sensitivity of the method can be easily improved down to ~30 nM of
miRNA and ~10 nM of dsRNA (corresponding respectively to ~21 and ~14 ng per
100 pL of investigated colloidal sample) by diluting the nanoparticle suspension 4
times. Further, the overall amount of sample required to perform the SERS study
can be drastically reduced, below the pg level of RNA, wa straightforward
implementation of the SERS method with microfluidics devices, as described in

our previous study.[1d]
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Instrumentation

SERS experiments were conducted using a Renishaw InVia Reflex confocal
microscope and a 532 nm laser. A long-working distance objective (0.17 NA,
working distance 30 mm) was used to focus the laser on the sample (laser power
at the sample of 6.9 mW). All SERS spectra illustrated in the article were obtained
by averaging the SERS responses of 5 different replications per each sample (15
accumulations, 10 s exposure time). These replications were obtained by
combining the same colloids (prepared the day before the measurement and left

aging overnight) with the specific RNA/DNA solution.

Partial least squares Discriminant Analysis (PLS-DA) is a linear classification
method for highlighting differences between multivariate data sets of different
classes. It encompasses the partial least squares regression properties to fine-
tune a principal component analysis model. Acquired SERS spectra were imported
to the PLS toolbox (Eigenvector Research, Inc.) in Matlab for PLS-DA modeling.
The spectra were normalized using Multiplicative Scatter Correction(26] and mean

centred before being imported for the construction of the model.
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GENERAL CONCLUSIONS

This thesis focused on exploring the analytical potential of a novel direct
SERS method for the analysis based on the use of specifically designed positively
charged nanoparticles. This highly sensitive label-free approach was successfully
implemented in various applications of biological interest including identification
and quantification of chemically-modified nucleobases in single and double
stranded DNA, quantification of nucleobase composition in short and genomic
DNA, and vibrational classification of structurally similar small RNA. Further, it was
proven the efficient integration of the direct SERS method into microfluidic chips
for precise manipulation of DNA samples at small length scales. Moreover, the
combination of direct SERS analysis with statistical techniques such as PLS-DA
provided extra discriminatory capacity. Thus, the main conclusions of the thesis

can be summarized as follows:

1. It was shown that positively charged spermine-coated silver
nanoparticles (AQNP@Sp) are efficient plasmonic substrates for the direct
SERS analysis nucleic acids. Specifically, by using AgNP@Sp the
electrostatic interaction between NAs and the colloids is ensured due to the
spermine molecules anchored at the surface. This results in the entrapment
of the biomolecules at the interparticle gaps of stable nanoparticle clusters in
suspension, yielding intense and highly reproducible SERS spectra at the

ultrasensitive level without the need of an external aggregating agent. This,
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combined with the simple colloidal preparation, makes AQNP@Sp an optimal

SERS platform for label-free NAs analysis.

2. AgNP@Sp colloids were successfully exploited for the identification and
ultrasensitive quantification of multiple chemically-modified cytosine bases in
both single and double stranded DNAs. Specifically, the investigated
nucleobase variants included: 5-methylcytosine and 5-hydroxymethylcytosine
(the most important epigenetic modifications in mammalian DNA); 5-
bromocytosine (as a representative inflammation-induced DNA damage); and
5-hydroxycytosine as an example of oxidative lesion. Classification of the

SERS spectra was achieved via PLS-DA.

3. The SERS method was efficiently integrated into a microfluidic device
which allowed for the drastic reduction of the amount of DNA required per
measurement down to the picogram level. Further, implementation with
microfluidics enables fundamentally new applications, such as an increase in
automation and parallelization, which paves the way to screening and

systematic testing analysis.

4. Quantification capabilities of direct SERS approach were further
validated in the determination of the relative nucleobase content in DNA. A
large set of DNA probes were initially selected to train the sensing system.
Once extracted from the SERS spectra the appropriate quantification

parameters, this simple, inexpensive and flexible method for nucleobase
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quantification was successfully applied to DNA samples independently of
their size (from short to long genomic DNA), conformation (single-stranded vs

duplex), and base sequence.

5. It was demonstrated the potential of label-free direct SERS analysis to
fully disclose the unique vibrational information of a variety of different small
RNAs with high sensitivity. As vibrational spectra and molecular features are
intrinsically linked, it was possible to identify and classify highly similar RNA
structures based on both their conformation and composition. Among others,
it has been reported the first example of SERS recognition of fully
complementary duplexes, as well as a short hairpin and small interfering
RNAs. We further diversified microRNAs sequences with single-base
mismatches. Nucleobase variants such as pseudouridine and N6-
methyladenine were recognized and quantified with single-base sensitivity
within both single strands and duplexes. Finally, direct comparison of
structurally analogous RNA and DNA molecules also permitted to
characterize distinctive signatures of their corresponding sugar moieties as

well as their secondary structure.

In summary, this thesis demonstrates the tremendous analytical potential of

this novel direct SERS method for nucleic acids analysis. Further, the combination
with statistical techniques, such as PLS-DA, and the integration with microfluidics

increments the discriminatory ability while enabling the online screening of
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picogram amounts of DNA, respectively. This work opens new ways for the future
development of a fast, low-cost, and high-throughput analytical technique for

nucleic acids analysis.
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