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Chapter 1

1 Introduction
1.1 DNA

Deoxyribonucleic acid (DNA) is a macromolecule that is accountable for storing
genetic information, which in turn is crucial for the functioning development of any
living organism (including viruses).

DNA consists of three chemical groups - a nitrogen base, a sugar and a phosphate -
which are tethered to each other by a covalent bond, base to sugar via a glycosidic
bond, sugar to phosphate via an ester bond and all is summarized as a nucleotide
(Figure 1.1 a). The bases are divided into pyrimidines — a single ring structure with
two nitrogen atoms - that comprise cytosine (C) and thymine (T) - uridine (U) in case
of ribonucleic acid (RNA) - and purines — a two ring structure, consisting of pyrimidine
fused to imidazole - that in turn comprise adenine (A) and guanine (G). The way of
numbering the carbon atoms of the bases is also shown in Figure 1.1 b. Pyrimidines
are anchored by the nitrogen atom 1 to the sugar, purines by the nitrogen atom 9. In
contrast the sugar’s carbon atoms are numbered in a clockwise manner and read
‘prime” to be distinguishable to the bases’ carbon atoms. The sugar is called
deoxyribose due to the absence of a hydroxyl group at the 2' position as in contrast
to RNA where the 2'-OH group is present.

Repetitive units of nucleotides that are also connected covalently, form a polymer,
one strand of DNA respectively. The right-handed double helix or double stranded
structure of DNA (B-DNA) was discovered by James Watson and Francis Crick upon
preliminary work of others, by analyzing X-ray diffraction data in 1953 [1]. The
sequence of the nucleotides is joined together by phosphodiester bonds between the
sugar group of one nucleotide and the phosphate group of an adjacent nucleotide.
This sugar-phosphate backbone shapes the helical structure, is hydrophilic and

negatively charged (Figure 1.1c).



Natural DNA molecules occur as a duplex in antiparallel manner in which the base
pairs are joined by hydrogen bonds. In doing so A pairs with T forming two, C pairs
with G forming three hydrogen bonds (Figure 1.1d). The strand and its antistrand,
also known as the complementary sequence, hybridize in an exothermic process
which can be reversed.

Relatively short and single-stranded DNA is referred to as oligonucleotides if it
doesn't exceed a nucleotide length of about 100. Further organization leads to
double-stranded units which are called the genes, which in turn become the

chromosomes if elongated even further.
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Figure 1.1a: DNA nucleotide

The base, in this case A, is connected by a glycosidic bond to the sugar which in turn
is connected by an ester bond to the phosphate
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Figure 1.1b: DNA bases

Purines: A and G are tethered by the nitrogen atom 9 to the sugar

Pyrimidines: C and T (U) are anchored by the nitrogen atom 1 to the sugar
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Figure 1.1c: Double helical structure of B-DNA
The asymmetrical turn of the B-DNA creates a minor and a major groove
(from wikipedia by Richard Wheeler "Zephyris", Licence: CC BY-SA 3.0, November
2015)
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Figure 1.1d: Watson-Crick base pairing

A pairs with T via two hydrogen bonds and C pairs with G via three hydrogen bonds
(from wikipedia by Madeleine Price Ball, Licence: CC BY-SA 3.0, October 2015)



1.2 Phosphoramidites

Upon the preliminary work of Letsinger and coworkers who introduced an innovative
approach of the phosphite coupling in oligonucleotide synthesis [2], Beaucage and
Caruthers further developed new nucleoside phosphites. This new class of suitably
protected phosphites were described to be activated by mild acid treatment, the need
for a bifunctional phosphitylating agent, mild oxidation using iodine in tetrahydrofuran
for generating the natural internucleotide bond and a second protected nucleoside
[3]. The use of phosphoramidite chemistry makes it possible to synthesize
oligonucleotides in any desired sequence out of the required phosphoramidites [4].
The initial dimethoxytrityl (DMT) -phoshoramidites apply to a pure chemical
processing and consist of a nucleotide and protecting groups (Figure 1.2 a). All bases
except T are protected in order ensure no unwanted reactions along the strand
during synthesis and are removed after synthesis in a deprotection step. N,N-
diisopropylamino on the 3'-phosphate is crucial for the activation cycle and it is
removed during synthesis as in contrast to B-cyanoethyl, also on the 3'-phosphate,
which is removed after synthesis. 5-O-DMT is also removed during synthesis and
along with N,N-diisopropylamino essential for the chain elongation mechanism.
Figure 1.2 b depicts a DMT-driven synthesis cycle onto controlled pore glass (CPG)

[5]. An entire cycle consists of four steps:

deprotection (detritylation) — coupling — capping — oxidation

Every cycle adds one DMT-phosphoramidite to the growing oligonucleotide chain.
The deprotection step removes the DMT group, leaving the 5'-side with a free OH
group onto which the next DMT-phosphoramidite can couple. The capping step
prevents further growth by acetylation and therefore inactivating an oligonucleotide
chain where the coupling step has failed, excluding it from further cycles. In doing so
the error of resulting wrong sequences is decreased. The oxidation step however
stabilizes the newly formed and yet unstable inter-nucleotide phosphite bond which
took place during the coupling step from a trivalent to a pentavalent linkage
(phosphite — phosphate).

The next step led to a replacement of the 5-O-DMT - only chemical driven synthesis

- with a light sensitive or photolabile protecting group on the 5'-side which is removed
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via photodeprotection during synthesis. Upon absorption of photons at 365nm the
photolabile groups like ((a -methyl-2-nitropiperonyl)-oxy]-carbonyl (MeNPOC) [6] or
(2-(2-nitrophenyl)-propoxycarbonyl (NPPOC) come off [7] along with exposure
solvent.

OCH;

NCCHchz ‘<
B -cyanoethyl (CE)
N, N-diisopropyl
amino

Figure 1.2 a: DMT-phosphoramidite

DMT

Protected base or T

CH30

All bases except T are protected. N,N-diisopropylamino and the DMT functional
group are removed during synthesis. B-cyanoethyl as well as the base protecting
groups are removed after synthesis during the deprotection step

[modified after M. Schena, Microarray analysis, 2003]
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Figure 1.2 b: DMT dependent synthesis on CPG
An entire cycle (coupling to coupling) consists of repetitive deprotection
(detritylation), coupling, capping and oxidation on controlled pore glass (CPG) until
the desired sequence is reached

[M. Schena, Microarray analysis, 2003]

1.3 Microarray

An oligonucleotide microarray is a collection of DNA spots with well-defined positions
that are anchored to a solid surface [8]. The utilized surface is a microscope glass
slide from Schott AG which has to be functionalized prior to use and to create a
linkage - a free hydroxyl group - between the glass slide and the future
oligonucleotide.

Microarray technology evolved from Southern blotting. Pre-existing DNA microarrays,
the so called controlled pore glass (CPG) technology was present back then. CPGs
are porous glass beads that allow only one sequence to be synthesized and
therefore not suitable for experiments where many thousands of sequences are

required simultaneously for data extraction [9].



The underlying principle of the enormous efficiency of microarrays is its high
selectivity due of hybridization and reliable fluorescent dye labeling.

The synthetic mounted DNA on the surface is then hybridized with its fluorescently-
labeled complementary sequence and scanned with a microarray scanner or a
fluorescence microscope. The resulting fluorescence is dependent on the yield of the
hybridization. Less hybridization due to many different factors leads to a lower signal

and vice versa.

1.4 Monohydroxysilane linker

Monohydroxysilane linkers are used as a relatively stable transition between the
glass substrate and the growing oligonucleotide chains under acidic and neutral

conditions [10]. Figure 1.4 shows the structure of the monohydroxysilane linker.
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Figure 1.4: Monohydroxysilane linker

The linker’s terminal OH group is attached to the 3' position of the oligonucleotide.
The work of McGall in 1997 provided the method upon which the glass slides are
prepared prior to the in situ synthesis [11].

Since NPPOC-dT has the best coupling efficiency and is the longest durable of all
four (DNA)-phosphoramidites it is used to increase the distance between the glass
substrate and the actual sequence. A linker-length of dTs to dTo already helps to
prevent the dye molecule to get stuck planarly to the surface, resulting in better

fluorescence.



1.5 Light-directed in situ synthesis

Light-directed in situ microarray synthesis emerged from the photolithographic
technology from the semiconductor industry which was combined with photolabile
phosphoramidites chemistry that involved photodeprotection of the 5'-OH protection
group. The main reason was to create high-density microarrays and led to the
foundation of Affymetrix Inc. in 1991 [12], [13]. In contrast, to circumvent the time-
intensive synthesis of many photolithographic masks that were needed for each
microarray design as applied by Affymetrix, the foundation of NimbleGen in 1999
avoided those steps by introducing maskless array synthesis (MAS) whose
development was triggered by Franco Cerrina and his group at UW-Madison in 1997
[14]. A digital micromirror device (DMD) is used along with the MAS technology to
conduct the UV-light to the array’s synthesis surface where the desired
oligonucleotide sequence depends on the selective photodeprotection of the 5'
protecting group of the previous phosphoramidite on the microarray. An entire light-
directed phosphoramidite cycle is illustrated in Figure 1.6 b [22]. The resolution of the
DMD is 1024x768 micromirrors which allow up to 786432 different sequences to be
synthesized onto one single array simultaneously. More recent and higher definition
DMDs have a resolution of 2560x1600, more than 4 million pixels.

Light-directed in situ microarray synthesis is mostly common for DNA microarrays,
but more recent developments extended its usage also for RNA microarrays [15],
[16], peptide microarray synthesis [17] and has a huge impact in the field of gene
expression research especially in gene expression profiling [18], [19]. Investigations
that led to further optimization made by Sack et al., 2015 helped to reduce the
synthesis time of an gene expression microarray from about 8 hours initially to about
1.5 hours without reduction of quality and therefore hugely decreasing the amount of

time, amount of the reagents and after all a big drop in cost.



1.6 NPPOC-phosphoramidite chemistry

NPPOC-phosphoramidites can be divided into two main chemical components, the
regular DNA/RNA molecules and chemical protecting groups. Protecting compounds
are crucial to maintain the high coupling efficiency and prevent unwanted side
reactions during synthesis. Figure 1.6 a illustrates the NPPOC-phosphoramidites and

its protecting groups.
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Figure 1.6 a: Photolabile NPPOC-phosphoramidites
(dA, dC, dG and dT with base protecting group in brackets)

Purine and pyrimidine bases have to be protected in order to inhibit reactions of
primary amines that may occur during synthesis. [20]. The photolabile NPPOC
protecting group on the 5  hydroxyl prevents any unintentional coupling of an
incoming phosphoramidite until it's removed upon absorption of UV photons at
365nm [21].

All base protecting groups and the B-cyanoethyl group are removed after synthesis in
a separate workflow by EDA/EtOH 1:1 (v:v).



During the work of this thesis attempts were made which showed that SPh-
phosphoramidites work much more efficiently — less necessary energy for
photodeprotection and faster times — data shown in Sack et al., 2015.

After the surface is being functionalized with the monohydroxysilane linker, the first
phosphoramidite coupling takes place on the entire surface within the synthesis area.
This provides an available 5-OH after photodeptrotection for the next coupling which
can be already driven by virtual masks. Every cyclic process, coupling — (capping)
— oxidation — photodeprotection, ends in an addition of one oligonucleotide and
therefore increasing the length. This cyclic process can be maintained until the
required oligonucleotides pattern/length is achieved all over the microarray

summarized and visualized in figure 1.6 b [22].

Figure 1.6 b: NPPOC-driven synthesis

This cycle depicts an entire coupling step (from coupling to coupling). Starting out
with an incoming phosphoramidite whose N,N-diisopropylamino group is removed
along with an activator solution in order to couple to the free 5 -hydroxyl group of the
previous phosphoramidite. The capping step prevents further growth of an invalid
sequence. Exposure (light deprotection) removes the 5-NPPOC group along with
UV-light at 365nm. The oxidation step turns the trivalent and instable phosphor to
the pentavalent and stable phosphor (figure from Agbavwe et al., 20110) [22]
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1.7 Maskless Array Synthesis (MAS)

The initial MAS was developed by F. Cerrina and coworkers in 1997. It is a maskless
lithographic exposure apparatus designed for biological microarray syntheses,
consisting of an optical system which conducts the UV light in a desired pattern to the
microarray surface and a chemical delivering system [15]. NimbleGen Inc. made it
commercially available afterwards.

A 350 W Hg arc lamp is used as the light source to deliver monochromatic UV light at
365 nm wavelength. It is adjusted to 80 mW/cm? in order to deliver 6 J/cm? for
optimal NPPOC-photodeprotection. A Digital Micromirror Device (DMD) replaces the
physical masks and forms an area of 1024 x 768 solely tiltable micromirrors. This
leads to the essence of maskless lithography. The figure 1.7 a shows the schematics

and figure 1.7 b and c an actual picture of the MAS system.

Shutter
Dichroic mirror

Folding mirror 1 | — =

Micromirrors

N || NN
Image lock camera o —_— L~
=l

Outlet
Image plane

Figure 1.7 a: Schematics

The way of the light from the mercury lamp through the mirror complex up to the
micromirror mounted in the cell assembly complex or conducted out of the optical
system
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Figure 1.7c: Entire MAS system

1.8 Digital micromirror device (DMD)

The digital micromirror device (DMD) provided by Texas Instruments has an array
density of 1024 x 768 pixels (Figure 1.8 a).

A micromirror is 13 um x 13 um and called a pixel, separated by a 1 um gap to all
adjacent micromirrors. The actual chip area - the area dimension onto which the
microarray can be synthesized - is 14 mm x 10.5 mm. The micromirrors can be

moved into three different positions. The ON position directs the light of the

12



programmed micromirror to the array. The OFF position in contrast conducts the light
out of the optical system. This programmed ON/OFF position of the micromirrors
results in the intended and actual chain growth and expected sequence outcome of
the microarray. There also exists the FLOAT position where no electric voltage is
involved and the mirrors are supposed to move freely resulting in preventing the

hinge from additional/unnecessary mechanical stress (no synthesis running).

: (DLP DIGITAL LIGHT PROCESSING

Figure 1.8 a: Digital Micromirror Device (DMD) by Texas Instruments
The picture doesn’t depict the 1024x768 version

(From wikipedia, November 2015, Licence: public domain)

1.9 Reagent delivery

A DNA synthesizer (PerSeptive Biosystems Expedite Model 8900), (Figure 1.9)
delivers all required reagents along with the phosphoramidites to the reaction cell by
pumping accompanied by constant He-flow. The reagent flow is controlled by a
central computer along with the synchronization of the illumination shutter and the
DMD display.

13



Figure 1.9: Expedite 8900 closed and opened

The right picture shows nine ports (transparent small vials) that can be used for
different phosphoramidites, dyes etc. Below those the needed chemicals for the

synthesis

1.10 Reaction cell

In order to set the reaction surface at the focal plane and to sweep the required
reagents over it a reaction cell block is assembled.

However, the reaction cell was improved during this thesis. Synthesis time was
halved by synthesizing two microarrays simultaneously without increasing the
amount of required reagents and solvents. The microarrays are identical except
being mirror images of each other (See Sack et al., 2013). For the reaction cell
assembly complex see Figure 1 from this paper. The upper picture shows the
exploded version of the cell assembly complex. The top microarray is separated by a
50um PTFE (Polytetrafluoroethylene) gasket from the bottom microarray. Another
gasket separates the bottom microarray from the quartz block. This second chamber
can be filled with index-matching and absorbing fluids in order to minimize stray light.
The bottom picture depicts the assembled cell assembly complex.

14



1.11 Errors during synthesis

There are many factors, starting from cell assembly, reagents preparation, chemical
issues, computing communication problems and photolithography that can contribute
to errors and therefore lower the sequence fidelity.

The DMT-driven phosphoramidite synthesis on a CPG-column however is mainly
reduced to coupling issues resulting in capping and stopping the particular strand
from further growth [23]. Light becomes an additional major error component in light-
directed in situ synthesis causing base deletion if there is insufficient light present
and unwanted base insertion due to unwanted light [24]. One aspect of light-related
errors is addressed in the paper Sack et al., 2013.

It is important to understand the various sources of errors in order to guarantee the
best possible outcome and maintain the high coupling efficiencies of

phosphoramidites.

1.11.1 Flare, diffraction and edge scattering

Scattered light, stray light or flare are all the same things which can be summarized
as light that appears unintentionally in the optical system leading to errors and further
to a decreased synthesis yield. Flare emerges due to (dust)-particles in the air or on
surfaces, multiple reflections in the glass and quartz, edges of the mounts and faulty
mirror surfaces [25].

Diffraction affects all kind of waves if they encounter an obstacle or a slit in this case
particularly if light hits edges in the optical imaging system resulting in interference
and furthermore resulting in brighter or darker spots on the microarray. If the
interference weakens the amount of energy for example that is needed for the
photolabile NPPOC-protecting group to come off this may very well result in wrong
sequence fidelity and decreases the amount of correct synthesis yield.

Although the MAS can collect scattered light at the edges by the reflective system,
regions under dark exposure may receive light from its corresponding mirror edges,

even if they are in OFF-position.

15



1.12 Applications of microarrays

The peptide-based array is based on the idea of the DNA microarrays which in
turn originate from Southern blots. Geysen et al. triggered the start of combinatorial
synthesis of peptides by reporting the peptide library synthesis made by multipin
technology in 1984 [26]. Further development led to the usage of light-directed,
spatially addressable parallel chemical synthesis method expedited by Fodor et al. in
1991 [12]. This novelty of peptide array was a success due to the excellent
interaction between the desired peptide sequences and its fluorescently labeled
antibody that had to be identified.

The human genome project contributed greatly to the identification of many
thousands of new genes. Genes that play a crucial role in diseases [27]. Proteomics
contribute to identification of gene functions which is promising having a vast impact

to understand the molecular and cellular functions.

Protein microarrays have become very useful in the field of molecular biology

and biochemistry. Also known as protein chips, parallel and minimized assay
systems, containing small amounts of purified proteins in a high-density format [28].
Preparation of these arrays is done by either a standard contact spotter [29] or a
noncontact microarrayer [30] by immobilizing proteins onto a surface, most likely
microscope slides.
The most common is the antibody microarray amongst all of the analytical
microarrays, hence the biggest difficulty is to synthesize antibodies which are
capable of binding to the proteins of interest in a high-throughput and additionally
with a high affinity and specificity. In order to circumvent the traditional method of
preparing monoclonal antibodies that are difficult to make, there are new attempts
like, systematic evolution of ligands by exponential enrichment (SELEX), messenger
RNA (mRNA) display, ribosome display, phage antibody display and affibody display
in order to accelerate the production of highly specific antibodies [31], [32], [33].

Genotyping microarrays are the most relevant field of work to identify genome
related diseases in the so called microarray-based genome-wide association studies
(GWAS). The use of high-throughput microarray technologies besides next-

generation sequencing (NGS) unravels a fascinating overview of the entire genome

16



and its functions and consequences of genetic variation. While whole genomes
microarrays can examine over 4 million markers per sample, NGS can interrogate the
3.2 billion bases of the human genome providing a comprehensive view of the
genome. Other advantages of the genome-wide genotyping are the detection of
single-nucleotide polymorphisms (SNP) beside other variations across the genome
and the identification of any possible causal disease variants and therefore
establishing further studies [34].

Carbohydrate microarrays can address the detection of posttranslational
modification of proteins which can’t be detected by whole genome sequencing. Even
though the human proteome has approximately 30000 genes available for its
construction, posttranslational modifications, especially glycosylation - carbohydrate
moieties are tethered by either N-glycosylation or O-glycosylation to certain sites of
the protein - increase the number of functional proteins available in living organisms
[35].

In order to establish reliable methods of detecting the arduous challenges of
carbohydrate microarrays that have to address the structural diversity and functional

complexity of carbohydrates different ways were established [36], [37], [38].

17



Chapter 2

2 Papers

2.1 Simultaneous light-directed synthesis of mirror-image microarrays in a

photochemical reaction cell with flare suppression

Matej Sack, Nicole Kretschy, Barbara Rohm, Veronika Somoza and Mark M. Somoza

This paper was published in the Journal of Analytical Chemistry in August 2013.

Motivation

Highly complex microarrays of biopolymers, synthesized using photocleavable
protecting groups, are capable of detecting about three-quarter of a million different
biomolecules at the same time and therefore play an important role in the field of
analysis. The goal of this paper is to further enhance the efficiency and high-
throughput of light-directed in situ microarrays. This means in particular doubling the
yield by synthesizing two identical - only mirror images of each other - microarrays
onto two different substrates without increasing the amount of needed reagents. The
advantages are reducing the costs per array and halving the synthesis time for
otherwise two separate arrays which is useful if many microarrays of the same sort
are needed. In addition a required comparison between two identical microarrays is
much more reliable since each synthesis differs from another.

On average 4% of light is reflected on each glass surface due to the change in index
of refraction between air and glass, resulting in unintentional photodeprotection and
therefore introducing sequence errors. To address this issue a chamber behind the
reaction cell can be additionally filled with a fluid matching the index of refraction of
glass, and which is also light-absorbing, to minimize reflected light since unwanted
light reflection, diffraction and scattered light are the main sources of decreased

sequence fidelity.
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ABSTRACT: The use of photolabile protecting groups is a
versatile and well-established means of synthesizing high
complexity microarrays of biopolymers, such as nucleic acids
and peptides, for high-throughput analysis. The synthesis takes
place in a photochemical reaction cell which positions the
microarray substrate at the focus of the optical system
delivering the light and which can be connected to a fluidics
system which delivers appropriate reagents to the surface in
synchrony with the light exposure. Here we describe a novel
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photochemical reaction cell which allows for the simultaneous synthesis of microarrays on two substrates. The reaction cell
positions both substrates within the limited depth-of-focus of the optical system while maintaining the necessary reagent flow
conditions. The resulting microarrays are mirror images of each other but otherwise essentially identical. The new reaction cell
doubles the throughput of microarray synthesis without increasing the consumption of reagents. In addition, a secondary flow
chamber behind the reaction cell can be filled with an absorbent and index-matching fluid to eliminate reflections from light
exiting the reaction cell assembly, greatly reducing unintended light exposure that reduces the sequence fidelity of the microarray

probes.

Microarrays are versatile and widely used analytical tools
with the capacity to simultaneously detect several
hundred thousand to millions of different biomolecules
simultaneously. Microarrays can be made by presynthesizing
the probe molecule and spotting it on a surface using
appropriate tethering chemistry, but modern microarrays are
made with in situ methods in which the biomolecules are
synthesized directly on the substrate from their monomer
components, which allows for high probe densities, high
uniformity, and high reproducibility.

Light-directed in situ synthesis of microarrays derives from
the photolithographic technology used in the semiconductor
industry in combination with combinatorial chemistry based on
the selective removal of photolabile protecting groups. The
technology was first commercialized by Affymetrix, which used
the photolabile MeNPOC group on the 5’ end of DNA
phosphoramidites to synthesize high-density DNA microarrays
for genomics applications.' The synthesis technology was
improved with the use of optical systems incorporating digital
micromirror devices (DMD) to replace physical masks in the
patterning of light on the microarray substrate, as well as by the
use of the NPPOC photolabile group, which has significantly
improved photodeprotection yield>”” This maskless array
synthesis (MAS) technology, originally used for DNA micro-
array synthesis has also been extended for the synthesis of
RNA, aptamer,® and peptide microarrays.” '

In situ microarray synthesis is robust and eflicient in
comparison with spotted synthesis; however, the total synthesis

W ACS Publicaﬁons © 2013 American Chemical Society 8513

time and the consumption of solvents and reagents are still a
significant economic constraint. In addition, the light-directed
chemistry is sensitive to stray light in the system, which leads to
unintended photodeprotection which degrades the sequence
fidelity of the microarray probes.”'* Here we present an
improved microfluidic photochemical reaction cell for use in
light-directed synthesis that addresses both of these concerns.
This reaction cell places two microarray substrates within the
depth-of-focus plane of the optical system, so that two
microarrays are synthesized simultaneously using the same
reagents. The microarrays thus synthesized are mirror images of
each other but otherwise essentially identical. The microarrays
can be used independently but may have additional utility as
matched pairs for experiments that would benefit from very
close data comparisons; the quality of in situ synthesized
microarrays, however, is very high and in most common
applications, variations in quality between microarrays synthe-
sized at different times are not experimentally relevant. In
addition, the reaction cell assembly has a secondary chamber
that can be filled with a light-absorbing and index-matching
fluid to eliminate reflections that are a primary source of
sequence error in light-directed synthesis.
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B MATERIALS AND METHODS

Photochemical Reaction Cell Concept and Assembly.
The reaction cell needs to position the two microarray
substrates at the focal plane of the optical system. There is
some tolerance to this positioning: the depth of focus of the
imaging ogtics. The imaging optics are a 1:1 Offner relay
system, '® an off-axis conjugate system composed of two
spherical concentric mirrors, primary and secondary. The
system was designed with a numerical aperture (NA) of 0.08 to
result in a resolving power of 2.7 um. This resolving power is
sufficient since it is significantly smaller than the size of
individual mirrors of the digital micromirror device (DMD), 13
pum X 13 pm, separated by a 0.7 m gap and is similar or better
than those of most available microarray scanners. A low value of
numerical aperture lowers the cost of the primary mirror but,
more importantly, reduces the amount of scattered light
originating from dust and imperfections in the optical system,
which is proportional to NA”. Unintended photodeprotection,
from scattering, diffraction, and local flare, is the largest source
of sequence error in light-directed microarray synthesis.” The
depth of focus is intrinsically limited by diffraction to <~4/
NA? ~60 pm, but in practice, the positioning of the microarray
substrates in the focal plane is somewhat less restricted due to
limited resolution of microarray scanners. Therefore, the
primary optical constraint in the simultaneous light-directed
synthesis of microarray pairs is that the two substrates must be
within ~60—100 gm of each other, depending on the scanner
resolution.

A secondary constraint is imposed by reagent delivery. A
larger reaction cell volume requires larger flow rates of solvents
and reagents, the consumption of which scales with cell volume.
Since our original reaction cell (for synthesizing microarrays on
a single surface) had a depth of 70 ym and worked well with a
standard oligonucleotide synthesizer (Expedite 8909), we took
this value as a starting point. Thus, the reaction cell should
consist of two standard microarray substrates (75 mm X 25 mm
X 1 mm) separated by a uniform gap of ~70 um. The
microarray substrates form the entrance and exit windows for
the ultraviolet light used in the synthesis. Reagents need to be
introduced into this gap and to uniformly flow across the
surface before exiting. We used these criteria to design and built
the reaction cell shown in Figure 1. The reaction cell assembly
consists of a black anodized aluminum support block, a quartz
block, the two microarray substrates, two gaskets, and a
clamping frame and screws to hold the parts together. Reagent
delivery tubes attach to the underside of the quartz block and
connect to the oligonucleotide synthesizer.

The support block forms the rigid structure for the assembly
of the reaction cell and allows for the reaction cell to be
precisely positioned in the focal plane. Three alignment points
make contact with ball-tipped, high-precision adjustment
screws (Newport AJS127-0.5H) in the optical system. After
initial adjustment of the screws, the reaction cell assembly can
be quickly and reproducibly positioned. The support blocks
hold a quartz block. The quartz block has four 0.8 mm through-
holes (two inlets, two outlets) that are countersunk on the back
side to accommodate microfluidics ports. The microfluidics
ports (IDEX 6-32 Coned NanoPort Assemblies) were turned
on a lathe to reduce their diameter to 6.4 mm and attached
within each countersunk hole with common cyanoacrylate
adhesive. The front and back surfaces of the quartz block were
machined to a surface parallelism error of <30 arc sec and
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Figure 1. Exploded and section view of reaction cell assembly. The
reaction cell is formed by two microarray substrates (7S mm X 25 mm
X 1 mm) separated by a SO um PTFE gasket. Reagents enter and exit
the cell via two 0.9 mm holes through the lower substrate. These holes
are coupled to the inlets/outlets via an additional 250 g#m thick FFKM
gasket separating the lower substrate from the quartz block. The lower
gasket forms a chamber that can be independently filled with a light-
absorbing and index-matching fluid to reduce reflections from both
quartz surfaces and from the back surface of the lower substrate. The
thickness of the upper and lower gaskets in the section view have been
exaggerated by a factor of 2 for visual clarity.

polished to an optical flatness of 1/4 (Mindrum Precision).
During reaction cell assembly, the lower gasket is placed on the
quartz surface. This gasket forms the lower chamber, which can
be filled via two of the fluidics ports. Prior to microarray
synthesis, this chamber can be filled with an index-matching
and light absorbing fluid to prevent light reflections from light
exiting the reaction chamber. In the legacy reaction cell design,
an antireflective coating on the back surface of the quartz block
can reduce the back reflection to a minimum of about 0.25%
when new, but this value is typically larger, ~1%, due to the
presence of dust, chemical films, and scratches. This 0.25—1%
value is sufficient to make this unintended light exposure the
largest source of error after diffraction, but unlike diffraction,
the error is not confined primarily to the gaps between
microarray features.” An alternative strategy to reduce back
reflections is to fill the lower chamber with an index-matching
fluid with dissolved chromophores which absorb the light
exiting the reaction chamber and which either convert the light
to heat or Stokes shift it beyond the absorption band of the
light-labile group.

The lower gasket has two holes that align with two of holes
in the quartz block. These holes couple the corresponding
fluidics ports to the microarray synthesis cell. This gasket is
made from 250 um thick Chemraz 584 perfluoroelastomer
(FFKM), cut to shape with a laser cutter (Spirit GX). The
microarray synthesis cell is a chamber consisting of two glass
substrates separated by a very thin gasket. This chamber is
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accessed via two 1 mm holes, in the lower substrates, which
align with the holes in the lower gasket.

The thickness of the upper gasket determines the depth of
the photochemical reaction cell and therefore needs to be ~70
pum thick, chemically resistant and sufficiently elastic to form a
seal for the duration of the synthesis, up to ~12 h for an array
of 70mers. These requirements are quite exceptional and we
were unable to find any references to such thin gaskets in the
scientific or engineering literature. A perfluoroelastomer, such
as Chemraz, would likely work, but the manufacturer is unable
to make them thinner than 250 gm. We tried expanded
polytetrafluoroethylene (ePTFE), which is commonly used in
gasket applications due to its chemical resistance and ability to
compress to form a seal, but found seepage through the gasket,
presumably due to its porous nature. In the end we found that
the common PTFE tape used for plumbing applications works
well. This tape is made from unsintered PTFE and is therefore
sufficiently compressible to form a seal but not porous. PTFE
tape is made in many thicknesses and densities, which allowed
for some experimentation. We initially used ~100 g#m (120 ym
uncompressed) PTFE with a density of ~1.4 g/cm® (Gasoila
yellow tape), sintered PTFE has a density of about 2 g/cm?, but
found some loss of focus when microarrays were scanned at a
resolution of 2.5 ym. Another problem with the 100 ym gap
were indications that reagents were flowing in a channel
through the center of the reaction cell rather than sweeping the
whole surface. This was particularly apparent with the helium
drying step, which was not capable of fully removing solvent
from the corners of the reaction cell. Switching to thinner and
lower density PTFE tape (Gasoila Industrial Strength SD, ~0.7
g/cm?®) gave a thickness of ~50 ym under compression. With
this thickness, both of the paired arrays produce sharp scans
with resolution limited only by the 2.5 um pixel size of the
scanner and both reagent and helium flow sweep uniformly
across the entire surface of both substrates. The 50 yum PTFE
gaskets are also formed with a laser cutter. Because of their
thinness, they are too delicate to be reusable but can be made
quickly and inexpensively.

Microarray Synthesis and Hybridization. Schott Nexte-
rion Glass D slides functionalized with N-(3-triethoxysilylprop-
yl)-4-hydroxybutryamide (Gelest SIT8189.5). The arrays with
holes were drilled with a 0.9 mm diamond bit and washed and
rinsed in an ultrasonic bath prior to functionalization. The
slides were loaded in a metal staining rack and completely
covered with a 500 mL of a solution of 10 g of the silane in 95:5
(v/v) ethanol—water and 1 mL of acetic acid. The slides were
gently agitated for 4 h and then rinsed twice for 20 min with
gentle agitation in the same solution but without the silane. The
slides were then drained and cured overnight in a preheated
vacuum oven (120 °C). After cooling to room temperature, the
slides were stored in a desiccator cabinet until use. Microarrays
were synthesized directly on the slides using a maskless array
synthesizer, which consists of an optical imaging system that
used a digital micromirror device to deliver patterned ultraviolet
light near 365 nm to the synthesis surface. Microarray layout
and oligonucleotide sequences are determined by selective
removal of the NPPOC photocleavable 5'-OH protecting
group. Reagent delivery and light exposures are synchronized
and controlled by a computer. The chemistry is similar to that
used in conventional solid-phase oligonucleotide synthesis. The
primary modification is the use of NPPOC phosphoramidites.
Upon absorption of a UV photon, and in the presence of a
weak organic base, e.g, 1% (m/v) imidazole in DMSO, the
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NPPOC group comes off, leaving a §'-terminal hydroxyl which
is able to react with an activated phosphoramidite in the next
cycle. The DNA sequences on the microarrays in this project
were synthesized with a light exposure dose of 4.5 J/cm?, with
coupling time of 40 s at monomer concentrations of 30 mM.
After synthesis, the microarrays were deprotected in 1:1 (v/v)
ethylenediamine in ethanol for 2 h at room temperature,
washed twice with distilled water, dried with argon, and stored
in a desiccator until hybridization.

Microarrays were hybridized in an adhesive chamber
(SecureSeal SA200, Grace Biolabs) with a solution consisting
of 0.3 pmol of 5'-CyS-labeled probe and 200 ug of acetylated
BSA in 400 uL of MES buffer (100 mM MES, 1 M NaCl, 20
mM EDTA, 0.01% Tween-20). After 2 h of rotation at 42 °C,
the chamber was removed and the microarrays were vigorously
washed in a 50 mL centrifuge tube with 30 mL of nonstringent
wash buffer (SSPE; 0.9 M NaCl, 0.06 M phosphate, 6 mM
EDTA, 0.01% Tween-20) for 2 min and then with stringent
wash buffer (100 mM MES, 0.1 M NaCl, 0.01% Tween-20) for
1 min. The microarrays were then dipped for a few seconds in a
final wash buffer (0.1x SSC) and then dried with a microarray
centrifuge. Arrays were scanned with a Molecular Devices
GenePix 4400A at a resolution of 2.5 ym.

Detection and Suppression of Reflected Light. To test
the possibility of eliminating reflected light reaching the
synthesis area, a small piece of radiochromic film (Far West
Technology, FWT-60-20f), with a 2 mm punched hole, was
placed in the reaction cell. A 9.5 mm metal disk with a 1 mm
pinhole (Edmund Optics, 39730) was aligned over the hole in
the film to serve as a physical mask. The entire reaction cell
assembly was tilted by ~7° to move the reflection spot away
from the mask hole. The lower chamber was filled with either
DMSO (control) or UV absorbers dissolved in DMSO or
dichloromethane. The UV absorbers (beta carotene, 9-
methylanthracene, and riboflavin) were chosen for high
extinction coefficients near 365 nm, high Stokes shift, low
fluorescence quantum yield, and solubility in DMSO. The
synthesis cell was exposed using all mirrors, with an exposure of
60 J/cm?® (80 mW/cm? for 750 s).

B RESULTS AND DISCUSSION

Synthesis of Mirror-lmage Microarrays. Simultaneous
synthesis of mirror-image microarrays in this microfluidic
photochemical reaction chamber produces high-quality micro-
arrays with little additional cost or effort beyond those of the
single microarray synthesis of the legacy method. The primary
concern with this method is that both arrays are in focus. To
test the image quality of paired microarrays, we initially
synthesized simple microarrays of 30mers (GTC ATC ATC
ATG AAC CAC CCT GGT CTT TTT), hybridized them with
labeled complementary oligonucleotides and scanned them at
high resolution. The results of one such experiment is shown in
Figure 2. The top row shows pixel-level close-ups from both of
the arrays. Each white square corresponds to a microarray
feature synthesized with a single DMD mirror. In both close-
ups, the features are individually resolved, and the 0.7 um gap
between features are also clearly visible. The middle row shows
plots of the scan image intensity along a horizontal line through
the center of each of the pixel-level close-ups. The intensity
drops by ~1000-fold between the center of hybridized pixels
and unhybridized pixels, which is a typical signal/background
for this type of microarray. The gap between immediately
adjacent hybridized pixels is visible as a drop in intensity of
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Intensity

Lower array Upper array
Figure 2. Scanned images and pixel intensities from two mirror-image
microarrays synthesized simultaneously. Figures on the left are from
the lower substrate (closest to quartz block in Figure 1), and those on
the right are from the upper substrate. Top row: 3 X 6 array of features
from the center of a 1024 X 768 array, scanned at 2.5 ym. Each
features measures 13 ym X 13 pm and are separated by a 0.7 um gap.
Middle row: Intensity profiles of lines drawn horizontally through the
close-ups above. Lower row: 3D surface intensity plots of the same
close-ups.

about 20%. This interstitial intensity is due to the limited
resolution of the scanner (2.5 ym), which leads to image pixels
that derive most of their intensity from the adjacent bright
microarray features. Diffraction also contributes significantly to
intensity in gaps between microarray features, about 40% of the
intensity of adjacent features when both features are exposed,
and about 20% of the intensity of an adjacent feature when only
one of the features is exposed.” The vertical sawtooth pattern
probably originates from signal latency during rastering by the
scanner. The microarrays are fully resolved within the
constraints of scanner resolution and diffraction. The bottom
row of Figure 2 shows 3-D surface intensity plots of the same
close-ups. From the perspective of common microarray use, the
each of the mirror image microarrays from the pair can be used
as an individual microarray, but in some experimental contexts
requiring close comparisons, matched pairs might be used to
increase confidence in the comparison.

Blocking Reflections. The use of a light-absorbing fluid in
the lower chamber resulted in the complete blockage of
reflected light. Initial trials with 9-methylanthracence and
riboflavin in DMSO were only partially successful due to
incomplete absorption of violet light from the mercury lamp.
Most of the photodeprotection of NPPOC results from the 365
nm line, but the mercury lines at 405 and 436 nm are also
transmitted through the optical system and result in measurable
deprotection. Beta carotene was able to completely absorb the
incident light and prevent any reflection. Beta carotene is
insufficiently soluble in DMSO but is highly soluble in
dichloromethane,'” which also has an index of refraction
similar to that of glass. Figure 3 shows the effect of 5.5 mM beta
carotene in dichloromethane. The control experiment (left
film) has DMSO in the lower chamber and clearly shows the
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Figure 3. Visualization of light reflected into the synthesis chamber
from the back surface of the quartz block and the complete
suppression thereof using a light-absorbing fluid in the lower chamber.
A 9.5 mm metal disk with a 1 mm diameter pinhole was used to mask
radiochromic film in the synthesis chamber. The pinhole was aligned
with a 2 mm hole in the film to allow the passage of light (60 J/cm?),
and the reaction cell assembly was tilted 7° to direct the reflection
away from the hole. With the secondary chamber filled with a
nonabsorbent fluid (left), there is a clear reflection to the lower right
of the hole. When the secondary chamber is filled with a light-
absorbing fluid, the reflection is completely suppressed (right).

reflection from the light transmitted through the 1 mm pinhole
as a round exposed spot on the lower right-hand side. Another
reflection is also apparent on the left side of the circle; this
originates from transmission outside the pinhole disk that is not
entirely absorbed by the radiochromic film. The film on the
right shows that the beta carotene solution completely
suppresses the reflections.

There are four principle sources of unintended photo-
deprotection: (1) global scattering, (2) edge scattering, (3)
local flare (which includes reflections), and (4) diffraction.”
Global scattering from imperfections and dust in the optical
system is relatively small and results in a contrast ratio of better
than 1/2500. Edge scattering originates primarily from the
edges of the micromirrors and has a similar magnitude as global
scattering. Diffraction is an intrinsic limitation of all imaging
systems and results in partial exposure (~20%) of the area of
the synthesis surface corresponding to the gaps between
mirrors. Local scattering is primarily due to reflections of light
exiting the reaction block but also includes scattering from
bubbles in the exposure solvent. Bubbles can be eliminated by
using appropriate fluidics protocols, primarily the use of helium
as the blanket gas and adequate flushing of the reaction cell
with exposure solvent before exposure. Reflection and
diffraction remain alone as the largest sources of unintended
exposure, each contributing approximately 1—2% of incident
light. The use of an effective light absorber in the lower
chamber, as demonstrated here, therefore reduces unintended
exposure by approximately 50%. Diffraction remains as a large
source of unintended exposure, but because the intensity is
mostly confined to the gaps between microarray features
(“spots”), it does not strongly affect the sequence fidelity within
the features.

B CONCLUSIONS

We have presented a method for doubling the efficiency of in
situ, light directed microarray synthesis by assembling a reaction
cell from two very closely spaced substrates. The method is
straightforward, and we have adopted the method for routine
synthesis of both DNA and RNA microarrays and for
applications including gene expression and miRNA expression
studies.'"? For microarray applications requiring high
sequence fidelity, the reaction cell assembly provides a chamber
that can be used to completely suppress reflections.
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Motivation

The major goal of this paper was not only to improve and in this term to shorten the
time of each light-directed microarray synthesis but also apply all gathered
investigations for a genome-wide gene expression synthesis, a very powerful
analytical tool made way more practical by decreasing the initial time of about 8
hours to just 1.5 hours. The more light-sensitive and higher photolysis quantum yield
thiophenyl-NPPOC phosphoramidite was compared to the widely used NPPOC
phosphoramidite. Shorter coupling to coupling times were achieved due to optimized
chemistry with different activators and improved oxidation and drying protocols.
Activators weren’t just checked in terms of highest signal-to-noise ratio but also the
feature homogeneity. Less uniform features render the data extraction less reliable.
Since different parameters of the standard protocol had room for optimization time
parameters of each chemical incubation time and helium blow were improved and

therefore investigated.
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Abstract

Background: DNA microarrays are a core element of modern genomics research and medical diagnostics,
allowing the simple and simultaneous determination of the relative abundances of hundreds of thousands
to millions of genomic DNA or RNA sequences in a sample. Photolithographic in situ synthesis, using light
projection from a digitally-controlled array of micromirrors, has been successful at both commercial and
laboratory scales. The advantages of this synthesis method are its ability to reliably produce high-quality
custom microarrays with a very high spatial density of DNA features using a compact device with few
moving parts. The phosphoramidite chemistry used in photolithographic synthesis is similar to that used in
conventional solid-phase synthesis of oligonucleotides, but some unique differences require an
independent optimization of the synthesis chemistry to achieve fast and low-cost synthesis without
compromising microarray quality.

Results: High microarray quality could be maintained while reducing coupling time to a few seconds using
DCI activator. Five coupling activators were compared, which resulted in microarray hybridization signals
following the order ETT > Activator 42 > DCI >> BTT >> pyridinium chloride, but only the use of DCI lead to
both high signal and highly uniform feature intensities. The photo-deprotection time was also reduced to a
few seconds by replacing the NPPOC photolabile group with the new thiophenyl-NPPOC group. Other
chemical parameters, such as oxidation and washing steps were also optimized.

Conclusions: Highly optimized and microarray-specific phosphoramidite chemistry, along with the use of
the new high-efficiency thiophenyl-NPPOC photolabile group allow for the synthesis of high-complexity
arrays of DNA 60 mers with a cycle time (coupling to coupling) of about 50 seconds, resulting in a three-fold
reduction in synthesis time.

Keywords: Microarray; phosphoramidite chemistry; NPPOC; thiophenyl-NPPOC; photolabile.

Background

DNA microarrays are one of the core technologies for
genomic research, allowing scientists access to the full
breadth and complexity of genomes in single
experiments. Typical microarray experiments focus on

quantifying the abundance of nuclear DNA and RNA
for insights into gene expression [1] and into the
regulation of gene expression via, e.g., epigenetics [2]
and micro RNA expression [3]. More recently, DNA
microarrays have proved to be valuable beyond
hybridization-based assays, for measuring the affinity
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and specificity of DNA-binding proteins [4, 5], as
platforms for aptamer-based multiplexed bioaffinity
assays [6-8], and for large-scale oligonucleotide
synthesis for assembly into genes [9-11], for targeted
sequence capture and enrichment [12, 13], for
rational design of antibody libraries via phage display
[14], and for the creation of genome-wide knockout
bacterial [15] and cell libraries [16, 17]. The
developing technology of RNA  microarrays,
synthesized directly using phosphoramidite chemistry
[18, 19], or synthesized enzymatically from a DNA
microarray template [20], and peptide nucleic acids
arrays [21] also have important applications in
genomics and bioaffinity research, and share many
synthesis and technological aspects.

Modern DNA microarrays are synthesized
using a variety of in situ methods, all based on
modifications of the high-efficiency phosphoramidite
chemistry developed by Caruthers and coworkers [22,
23]. The original and still most common approach to in
situ microarray synthesis is a derivative of
photolithographic technology. The photolithographic
method is based on the use of optical imaging systems
to deliver light to the synthesis surface, where array
layout and sequences are determined by selective
removal of the photocleavable protecting groups on
the terminus of each oligonucleotide. The primary
advantages of the photolithographic approach are the
very high surface density of unique DNA features that
can be achieved, and the speed and flexibility of the
synthesis chemistry. The flexibility of the approach
results with the use of an imaging system centered on
a digital micromirror device (DMD) in place of
photomasks to deliver patterned light to the synthesis
surface. This approach, termed Maskless Array
Synthesis (MAS), allows virtual mask to control layout
and the oligonucleotide sequences on the array. The
speed of the photolithographic approach is due to the
ability to use high efficiency photolabile groups that
can be removed quickly with light exposure, and the
minimal set-up time for new microarray designs. Early
DNA photolithographic synthesis used 5'-(a-methyl-2-
nitropiperonyl) oxycarbonyl (MeNPOC) [24] and
dimethoxybenzoincarbonate (DMBOC) [25] protected
phosphoramidites. The relatively low stepwise yield

obtained with these groups has limited their use to

microarrays of short oligomers [26]. This limitation
was overcome with the discovery of the 2-(2-
nitrophenyl)-propoxycarbonyl (NPPOC) group, which
provides the almost quantitative coupling yield and
significantly  higher  photolysis quantum yield
necessary for the synthesis of long oligonucleotide
microarrays [27, 28]. The principle limitation of the
NPPOC group is its low absorptivity (€3s5nm/omso=260
M™cm™). These shortcomings of NPPOC have been
overcome with a recently developed derivative,
thiophenyl-2-(2-nitrophenyl)-propoxycarbonyl  (SPh-
NPPOC), which has both a higher quantum yield for
photodeprotection and a much higher absorptivity
[29]. The overall photodeprotection efficiency of SPh-
NPPOC is 12 times greater than that of NPPOC. This
allows such short exposures that the synthesis time is
then dominated by the phosphoramidite coupling
reaction and washing steps. Here we report on
significant optimizations to the microarray synthesis
chemistry, which combined with the new photolabile
group, allows for very fast and efficient synthesis of
high-density DNA microarrays. The optimization
experiments presented here include the evaluation of
alternative activators and activator concentrations,
the determination of the optimal coupling time, the
best oxidation strategy, and other chemical synthesis
parameters.

Results
Activator optimization

The coupling reaction that extends the oligonucleotide
chain by one nucleotide unit relies on the nucleophilic
substitution, by the terminal 5’-hydroxyl group, of the
diisopropylamino group of the phosphoramidite [30].
This reaction requires the involvement of an activator,
first to first protonate, and then to displace the
nitrogen of the leaving group, resulting in a reactive
intermediate vulnerable to nucleophilic attack by the
nucleosidic alcohol. Thus, the reaction rate should
benefit from more acidic and more nucleophilic
activators. Many activators have been developed with
the aim to increase the speed of the reaction,
particularly for sterically hindered phosphoramidites,
i.e., RNA phosphoramidites. We have successfully
used 4,5-dicyanoimidazole (DCI) [31] as an activator in

2
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microarray synthesis for many years, but decided to
test alternative activators that might allow for faster
coupling. One of the key differences between
standard solid phase synthesis of oligonucleotides and
photolithographic synthesis is that solid phase
synthesis relies on the use of the acid-labile
dimethoxytrityl (DMT) 5’-hydroxyl protecting group,
and is thus somewhat sensitive to very acidic
activators, which can prematurely remove some DMT
groups, leading to n+1 errors [32]. The photolabile
groups are not limited in this manner, suggesting that
very acidic activators could be used to reduce
microarray synthesis time. DCl itself is known as an
effective activator even though it has a relatively high
pKa, presumably because it is a better nucleophile. In
order to determine if alternative activators could be
used to shorten the coupling time, we tested and
compared five activators which have been suggested
in the literature as effective activators: DCI, 5-
ethylthio-1H-tetrazole (ETT) [33], 5-benzylthio-1H-
(BTT) [34], 5-[3,5-Bis(trifluoromethyl)-
phenyl]-1H-tetrazole  (Activator 42) [35], and
pyridinium chloride [36].

tetrazole

The first activator experiments were to
determine, for each of the five activators, the optimal
coupling time. For these experiments, the same DNA
sequence was synthesized four times on the
microarray surface, with a different coupling time: 60
30, 15 and 6 seconds. The resulting microarrays were
hybridized  with  the  fluorescently labeled
complementary sequence and scanned. High
fluorescence signal was taken as a proxy for effective
coupling during synthesis. Microarray synthesis using
pyridinium chloride as the activator resulted in very
low signal (data not shown). The results for the
remaining four activators tested are graphed in Figure
1. All activators produced microarrays with high
hybridization signal/noise, except for BTT, which
resulted in arrays with relatively low signal and high
background noise. Activator 42 resulted in the highest
signal/background, but the signal was strongly
dependent on coupling time, with the shorter
coupling times resulting in relatively weak
hybridization values. Synthesis with both DCI and ETT

also resulted in strong hybridization signals, but with
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Figure 1. The optimal coupling times for Activator 42, DCI,
ETT and BTT were determined in microarray synthesis and
hybridization experiments. DCI and ETT activators result in
maximum hybridization signal at very short coupling times
whereas the hybridization signal from arrays synthesized
with BTT and 42 increases with coupling time. Error bars
are the SEM.

the advantage that the strong signal could also be
obtained with very short coupling times, under 15
seconds. Because it is difficult to make sufficiently
accurate absolute hybridization intensity comparisons
between microarrays, a synthesis was designed to result
in a microarray with a single DNA sequence, but with
three or four sets of replicates, each replicate set
synthesized using a different protocol. The sets were
synthesized approximately in parallel, as shown in Figure
2A, in order to minimize order-of-synthesis effects.
When the syntheses are performed in series, the
oligonucleotides synthesized first hybridize more weakly,
indicating that exposure to synthesis reagents degrades
the DNA. For multiple 25mers synthesized in series, the
hybridization intensity drops by ~6% relative to that of
the subsequently synthesized oligonucleotide. This
observed degradation indicates that minimizing
synthesis time also results in higher quality microarrays.

These coupling results were then used to design
an experiment allowing a direct comparison between the
three best activators, Activator 42, ETT and DCI. Based
on the results shown in Figure 1, the coupling times were
chosen to be 30 seconds for Activator 42, and 15 sec for
both DCI and ETT. The hybridization intensity results
from this microarray synthesis are shown in Figure 2B.
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Figure 2. Direct comparison activators by synthesizing sets of mixed base 25mers on a single
microarray surface. Each oligonucleotide set was synthesized using a different activator. To avoid
order-of synthesis effects, all sets were synthesized approximately in parallel using the scheme shown
in (A). The results were evaluated using the intensity values obtained by hybridizing all the set with a
common Cy3-labeled complementary oligonucleotide.

The results are similar for all three
activators but follow the order ETT > Activator 42 >
DCl, which indicates that ETT is the better choice
since it results in a slightly higher hybridization
intensity than Activator 42 while requiring only half
the coupling time. However, a visual examination of
the scan images used to generate Figure 1 indicated
activator-specific effects on the intra- and inter-
feature intensity homogeneity. Figure 3 shows a
detail of the center of microarrays synthesized using
Activator 42, DCI, ETT and BTT. Except for the array

Activator 42 Activator DCI
Activator ETT Activator BTT

Figure 3. Scan image details of microarrays synthesized
using four different activators. Only the use of DCl
activator resulted in microarrays with  highly
homogenous features. The small features are 14 x 14
um and the large rectangles are made up of an array of
5 x 5 of the smaller features.

synthesized with DCI, all of the arrays have bright
spots which appear to have resulted from the final
drying step after hybridization. We speculate that
the more acidic activators modify the wetting
properties of the making it more
susceptible to spot formation. The spot formation
was observed consistently with multiple arrays
synthesized with Activator 42, ETT and BTT. It may
also be possible to avoid this issue by using an

surface,

alternative surface functionalization, or an different

hybridization washing and drying protocol,
however, it appears from the images in Figure 3
that at least some of the hybridization intensity
measured for Activator 42, ETT and BTT originates
in the drying spot rather than from the actual
hybridization signal. Based on these results, we
decided to retain the use of DCI activator, but to
reduce the coupling time from 1 minute to 15

seconds.

It may be possible to reduce the coupling
reaction time by increasing the concentration of the
activator. Conversely, decreasing the concentration
might be beneficial as well, particularly since the
0.25 M standard used in solid phase DNA synthesis
may be too high given the relatively low
phosphoramidite concentration (30 mM) we use in
microarray synthesis. Low monomer concentrations
can be used in microarray synthesis because each
microarray includes only about 20 pmol [37] of
oligonucleotides, and only about one quarter of
these need to be extended with the corresponding

4
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phosphoramidite during any given synthesis cycle.
This synthesis scale is 3 to 4 orders of magnitude
smaller than the smallest scale normally used in
solid phase synthesis. A 30 mM phosphoramidite
concentration is amply sufficient at this low scale
while providing a margin to protect against
incidental water contamination. To determine if the
coupling reaction can be improved by increasing or
decreasing the activator concentration, we
synthesized microarrays using the scheme depicted
in Figure 2A, but using different concentrations of
the same activator instead of different activators.
DCl and ETT were tested in separate experiments.
The results are shown in Figure 4. The results
indicate that a lower activator concentration (0.125
M) does not work as well. A higher concentration
(0.5 M) does result in higher hybridization intensity
in the case of ETT. For DCI, 0.25 M is close to
optimal.
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Concentration (M)
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Figure 4. The effect of DCI and ETT activator
concentration on hybridization intensity. Higher ETT
concentration results in higher hybridization signals, but
for DCI, 0.25 M is sufficient to achieve the highest
hybridization signal value.

Oxidation

Conventional solid phase synthesis of nucleic acids
requires an oxidation step preceding the removal of
the DMT group because otherwise the acidic
deblocking solution would cleave the phosphite
triester formed by the coupling reaction. The
phosphate trimester is stable and rapidly formed by
iodine oxidation in the presence of water and
pyridine. In photolithographic microarray synthesis,
the use of the oxidizer solution can be minimized

because the photodeprotection step does not affect
the phosphite trimester. A final oxidation is still
necessary before removing the protecting groups at
the end of the synthesis. This minimal oxidation has
the advantage of lowering synthesis time and
reducing the risk of low coupling yield due to the
high water content of the oxidizer. Previously, we
had determined that intermittent oxidization or a
single final oxidation was slightly preferable to an
oxidation in every cycle [38], but decided to revisit
this issue. While DCI is not sufficiently acidic to
cleave the phosphite triester, ETT, Activator 42 and
BTT are [35], therefore requiring oxidation in each
cycle. To minimize the oxidation time, as well as
water contamination, we compared using an
oxidation in the final synthesis cycle only against
the same oxidation protocol, but applied in every
synthesis cycle. We also tried a very short oxidation
exposure in each cycle. Figure 5 shows the results of
these experiments. Since the oxidation reagent
affects the entire array surface, the scheme shown
in Figure 2A cannot be used to distinguish between
oxidation protocols. Instead, four sets of 25mer
probes with the same sequence were synthesized in
series. As mentioned above, when probes are
synthesized in series, rather than in parallel, the
probes synthesized earlier are damaged by ongoing
reagent exposure and do not hybridize as well as
probes synthesized later. The dotted lines in the

figure represent this ~6% trend in increased
A 1400C B 20000
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Figure 5. Oxidation optimization. Graph A shows the
hybridization intensity features on a microarray
synthesized with a long oxidation step in each cycle (A),
a long oxidation step in each cycle but no helium drying
step (B), a sort oxidation step in each cycle (C), and a
single final oxidation (F). Values below the dotted line
indicate worse results. In Graph B, bars A, B and C are
short oxidations steps in each cycle and F is a single final
oxidation. 5
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hybridization intensity of probes synthesized later.
The results show that very short oxidations steps,
using 3 pulses (~36 L) of oxidizer, delivered in one
second, are as effective as the oxidations steps 10
times longer (~360uL in 10 sec.). Also, the short
oxidations steps in each cycle result in microarrays
with higher hybridization signal, as compared with
the use of a single, final oxidation. The more
frequent oxidation increases the total synthesis
time slightly. For a typical gene expression
microarray of 60mers, synthesized with 160 cycles,
the total oxidation time would only amount to 160
seconds, compared 40 seconds with the previous
method of a oxidizing for 10 seconds after every 40
cycles.

Drying

the
microarray synthesis benefits from a drying step

For reasons that remain still unknown,
before the photodeprotection exposure [38]. In this
step, helium or argon is flowed over the glass
surface until it is dry. Previously, we have used a 30
second drying step, but decided to try to reduce this
in order to be able to synthesize microarrays more
quickly. Also, since the synthesis is now performed
in a reaction chamber with a reduced depth (50 pum
vs. 70 um), in order to make two array
simultaneously [39], the drying should be faster. To
determine the optimal helium drying time, we
synthesized, as with the oxidation tests, four sets of

25mer probes with the same sequence in series on
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Figure 6. Microarray drying step optimization. Two
microarrays synthesized with a variety of helium
drying times indicate that the drying step between
coupling and light exposure significantly increases
hybridization intensity, but that even short drying
times are effective.

the same array. For one microarray, the drying
times were 5, 15, 30 and 0 seconds (Figure 6A), and
for another arrays the drying time were 10, 20, 30
and 0 seconds (Figure 6B). The dotted line in each
graph shows the expected ~6% trend in increased
hybridization intensity of probes synthesized later.
The data indicate that, while no drying (0 s) results
in a drop of almost 20% in the hybridization
intensity, any drying time above 5 seconds works
equivalently, allowing for a significant reduction of
synthesis time. Bar B of Figure 5A, representing the
hybridization intensity of features also synthesized
without a drying step shows a similar reduction.

Photodeprotection of SPh-NPPOC vs. NPPOC

The photodeprotection step of the synthesis has
been the most time consuming. The NPPOC
photolabile group requires a radiant
exposure of approximately 6 J/cm? which can be
achieved with a 75 second exposure using 80
mW/cm?  Significantly higher
difficult to achieve because, while the total power
emitted by arc sources increases with larger lamp
size, the larger arc size of larger lamps actually

removal

irradiances are

results in less usable light due to the low numerical
aperture (NA) of the synthesizer optics. Low NA is
necessary to reduce synthesis errors due to
scattered light, which scales approximately with
NA? [40].

results with SPh-NPPOC have
it has a 12-fold greater

Recent
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Figure 7. Hybridization intensity values for microarrays of
25mers synthesized using SPh-NPPOC relative to the
equivalent arrays synthesized using NPPOC. Synthesis
was carried out using an exposure solvent consisting of
either 1% or 4% imidazole in DMSO, and at radiant power
values of 7, 34, or 70 mW/cm’.
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photolytic efficiency vs. NPPOC [29]. This allows a
faster deprotection or a less intense light source, or
a combination of these two parameters. Figure 7
shows that the photolysis of SPh-NPPOC can be
carried out successfully over a wide range of radiant
power values. Specifically, we used a radiant
exposure of 0.5 J/cm?® and radiant power values of
either 7, 34, or 70 mW/cm? corresponding to
exposure times of 70, 15, and 7 seconds,
respectively. We hypothesized that for the shortest
exposure times with SPh-NPPOC, the exposure
solvent might be more effective with a higher
concentration of imidazole. This is because
NPPOC—and presumably SPh-NPPOC—photolysis
proceeds via a photo-induced PB-elimination
pathway which requires a small amount of base,
preferably an amine base such as imidazole or N,N-
diisopropylethylamine [41, 42]. The proton
abstraction rate could be limiting under fast
deprotection conditions. The data in Figure 7 shows
that 1% imidazole is sufficient even for the 7 second
photodeprotection.

Gene Expression Microarrays

The results from the optimization experiments
described above indicate that the microarray
synthesis time can be greatly reduced. Specifically,
DClI still appears to be the best choice of activator,
but the coupling time can be reduced to 15
seconds. The optimized oxidation protocol, oxidize
for ~1 second each cycle, improves the
hybridization intensity by about 10% without
significantly extending the synthesis time. The
helium drying time can also be reduced to 5
seconds or perhaps less. Using SPh-NPPOC allows
the exposure time to be reduced to about 10
seconds or less. Since the individual optimizations
were tested independently, it was important to
determine if they could be successfully combined
into a synthesis protocol for making useful
microarrays.

Among the most complex and demanding
microarray synthesis is that for high-density gene

expression microarrays. Using the optimized

protocol, synthesized two sets of gene
expression microarrays. One set was made using
the legacy protocol with 60 seconds coupling, 30
seconds helium drying, NPPOC photodeprotection
with 6 J/cm?, and an oxidation every 40 cycles and
at the end (“Legacy” synthesis). Another set gene

we

expression microarrays of the same design was
made using the new protocol with 15 seconds
coupling, 10 seconds drying with helium, a short
oxidation each cycle, and 10 seconds SPh-NPPOC
photodeprotection (“Express” synthesis). The
design of the gene expression microarray included
two replicates of each of at least 3 unique 60-mer
probes for more than 45000 human genes. In
addition, 20 to 100 replicates of several quality
control and reference sequences were also
included. Using a checkerboard-like layout, one-half
of the available synthesis features were used to
generate a total of 382536 probe and control
oligonucleotides. The microarrays were tested by
hybridization with Cy3-labeled cDNA produced from
mRNA  extracted from a human colon
adenocarcinoma (Caco-2). Table 1
summarized the quality control metrics (from Cy3-

cell line
labeled synthetic spike-in oligonucleotides) from
these experiments. Both approaches result in high
quality data, but the Express synthesis method is ~3
times faster. Figure 8 shows details of the images,
along with the corresponding log, scatter plots of
the probe-level data normalized using the robust
multiarray average (RMA) procedure [43].

Table 1. Quality control data for labeled synthetic spike-
in oligonucleotides used for quality control in the
hybridization of the gene expression microarrays.
Average intensity and coefficient of variation (c,) for raw
intensity data (top), and expression and standard error
(SE) values for Robust Multi-array Average (RMA)
normalized data (bottom).

Legacy Express

Average c Average cy
QC-25mer 1386 0.18 2265 0.20
EcoBioAl 1437 0.27 2118 0.21
EcoBioD2 3254 0.22 2274 0.19

Expression SE Expression SE
QC-25mer 1066 0.97 2263 0.97
EcoBioAl 1102 0.97 2220 0.97
EcoBioD2 2741 0.97 2372 0.97

7
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Figure 8.
images from gene expression microarrays synthesized
with the Legacy method (top) and the Express method
(bottom) and hybridized with Cy3-labeled cDNA and
synthetic spike in controls. The size of each square is
~14x14 um. Right: Scatterplots of the RMA-processed
expression data from the gene expression microarrays
synthesized with the legacy method (top) and the
express method (bottom).

Left: Details of 2.5 mm resolution scan

Although the standard error values from
the RMA normalized data are the same for both
methods, the
microarrays synthesized using the Express method

synthesis image quality for
appear to be consistently better than what we
typically achieve using the Legacy method. This is
also visible in Figure 8, where the features from the
Express microarray scan have a more homogenous
morphology. This difference may be a result of the
shorter synthesis time for the Express synthesis,
which reduces the chance that temperature drifts
can cause slight changes in the alignment of the
optical system. Such drifts can be mitigated by
actively realigning the optics during synthesis using
an image locking system [44], but such systems
significantly the complexity of the

synthesizer and increase synthesis time.

increase
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Figure
expression microarrays. The optimizations presented

9. Synthesis time for high-density gene

here are labeled as “Express”.

In order to be able to use the gene
expression data to evaluate microarray quality, the
two microarrays synthesized with each method
were hybridized with cDNA from untreated cells.
The deviations from the diagonal line in the
scatterplots in Figure 8 indicate the noise in the
expression data rather than differential gene
expression. It is clear that the express method
produced microarrays that yield hybridization data
with less noise. Although our experience with this
new synthesis method is still limited, our
experience to date suggests that the faster
synthesis consistently generates microarray images
with both more consistent spot morphology and
reduced noise.

Discussion

Our objective with this project was to minimize the
synthesis time for DNA microarrays without
sacrificing quality. For both laboratory scale and
industrial scale synthesis, throughput is the main
determinant of both cost and productivity. At the
same time, the optimization results allow for a
better  understanding of the  underlying
phosphoramidite chemistry as well as the
photochemistry of the photolabile groups used in
the synthesis. Using the synthesis time for human
genome-wide gene expression microarrays as a
metric, the legacy process we used until a few years
ago required 8 to 9 hours. Such long syntheses
make it impractical to produce more than one or
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two gene expression microarrays per day per
synthesizer. To increase the synthesis efficiency, we
first introduced a method to double the efficiency
by designing a photochemical reaction cell that
could position two glass surfaces at the focus of the
optical system [39]. One glass surface serves as the
optical entrance to the reaction cell and one serves
as the exit. Separated by ~50 um, the inner surface
of each glass slide receives a microarray (mirror
images of each other) during the synthesis, and
without any change in the synthesis chemistry or
synthesis time (the setup time is ~2 minutes
longer). The main limitation of this method is that
the two microarrays must share a common design.
With the advent of the SPh-NPPOC group, it
became apparent that much shorter light exposures
were possible, and served as an incentive for
optimizing and shortening the remaining chemistry.

Figure 9 summarizes the typical synthesis
times for gene expression microarrays, and includes
the principle steps of each synthesis and their
contribution to the overall use of time. Photolysis in
the legacy method, along with coupling, dominate
(“Legacy”). The
simultaneous synthesis of mirror image arrays

the original synthesis time
(“Double”) reduces the per array synthesis time in
half even though the actual synthesis protocol is
unchanged. The new optimization efforts presented
here is referred to as “Express”. Express synthesis
uses a 15 seconds for coupling, 10 seconds for
drying, and 10 second light exposures. With these
short times, the previously relatively unimportant
contributions to synthesis time, setup time and
solvent/reagent delivery times become a significant
fraction of the total. The nucleic acid synthesizer we
use, an Expedite 8909 has a maximum delivery rate
of 1/3 to 1/4 seconds per pulse (~12 plL/pulse), so
that untimed steps, such as oxidizing, filling the
reaction chamber with exposure solvent, or
washing with acetonitrile, contribute measurably to
the total synthesis time. For the Express synthesis,
the volume of some of the washing steps was
reduced, but nevertheless, “delivery” is now the
largest contributor to the synthesis time.

Nevertheless, the new per array synthesis time is
about 1.5 hours; an almost 6-fold reduction
compared the legacy method we were using until
recently.

Even with these significant reductions in
synthesis time, there is still considerable room for
further reductions. In the case of coupling time,
Figure 1 indicates that just 6 seconds is almost as
good as the 15 seconds used for the express
synthesis. It appears likely that relatively easy
process changes, such as increasing the synthesis
temperature by a few degrees, or increasing the
30mM,
would allow the coupling reaction to be reduced to
just a few seconds. Currently, the reaction is
performed at a relatively cool room temperature of
22°C. Increasing the room temperature, or partially
enclosing the reaction chamber and heating it to
~30°C would The results
presented in Figure 6 indicate that the drying step
remains effective after another factor of 2 time

phosphoramidite concentration above

likely be sufficient.

reduction, from 10 to 5 seconds. Increasing the
temperature seems likely to help here as well, but
since the mechanism by which drying is beneficial
remains unknown, this is less certain. The exposure
time can also be further reduced; for the express
synthesis, we used 10 second exposures at a radiant
power of 50 mw/cm?, but as Figure 7 shows, higher
radiant power could be used to reduce the
exposure time to 7 seconds, or less with a more
intense light source. Reducing the delivery and
setup times is also possible. These two categories
now account for about one-half of the total
synthesis time. Some or all of the washing may be
unnecessary legacies of the original protocols,
developed for solid phase synthesis, where the
large surface areas of controlled pore glass require
greater washing volumes. For example, it is known
that the pyridine in the oxidation solution is a
powerful quencher of the detritylation reaction
[45], but in photolithographic synthesis, traces of
oxidation solution probably will not interfere with
photodeprotection, and therefore washing may be
unnecessary between these two steps. The setup
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time could also be reduced by using a second
reaction chamber that could be assembled and
tested while another synthesis is running. The time
savings from these hypothetical reductions have
been estimated and are shown in Figure 10 as
“Next”, with an average synthesis time for gene
expression microarrays of about 45 minutes.

Beyond “Next”, it may be challenging to
make further large improvements without new
development in the chemistry, such as even more
efficient photolabile groups or better activators.
Nevertheless, a further factor of ~2 can be achieved
with a straightforward engineering solution. Three
microarrays, of the same or different designs, can
be synthesized on the same 25 x 75 mm slide
surface by translating the reaction cell assembly
and making 3 consecutive exposures. Since the
exposure time needed by the SPh-NPPOC
phosphoramidites is only a few seconds, and the
steps be out
simultaneously for all three arrays, the synthesis

remaining would carried
time would only be about 50% longer than
synthesis with a single exposure. The solvent and
reagent consumption would also increase about
50% due to the increased size of the reaction
chamber. The resulting microarrays could then be

independently hybridized.

While increasing the speed of synthesis was
the primary goal of this project, it appears that
improves with the shorter
synthesis time. Several of the experiments, such as

microarray quality

those depicted in Figures 5 and 6, clearly indicated
that one or more of the chemicals used in the
synthesis partially degrades the oligonucleotides on
the surface. This suggested that faster synthesis
would result in improved microarray quality. This
does appear to be the case. Although the quality
assessment metrics we used to evaluate the gene
expression microarrays (Table 1) indicate that the
two synthesis methods yield similar microarrays,
other metrics, such as spot morphology and the
scatter in the gene expression data indicate that the
express synthesis produces higher quality
microarrays.

Conclusions

Optimizing microarray-specific phosphoramidite
chemistry and using phosphoramidites with the
highly efficient thiophenyl-NPPOC (SPh-NPPOC)
photolabile group results in a large reduction in
synthesis time without any loss of microarray
quality. Combined with previous optimizations, the
optimized method allows for high-density arrays of
60mers to be synthesized in about 90 minutes. The
indicate that significant further
improvements should be able to reduce synthesis

results also
time to less than 30 minutes per independently
hybridizable microarray of 60mers.

Methods

Substrate preparation

All microarrays were synthesized as mirror image
pairs using a method published earlier. [39] Briefly,
half of the Schott Nexterion Glass D microscope
slides (75x25x1mm) require two holes with a
diameter of approximately 1Imm that serve as the
entrance and exit to the reaction chamber defined
by one drilled slide and one undrilled slide
separated using a 50 um gasket (Gasoila Industrial
Strength SD PTFE tape). The gasket is cut from the
tape using a laser cutter. The glass slides are
cleaned in an bath

ultrasonic prior to

functionalization.

Functionalization of substrates

The glass slides were functionalized with N-(3-
triethoxysilylpropyl)-4-hydroxybutryamide [26]
(Gelest SIT8189.5). The slides were placed in
stainless steel rack and gently agitated in a solution
of 2% (v/v) of the silane and 0.1% acetic acid in 95:5
ethanol/water. After the 4 hour silanization at room
temperature, the slides were rinsed twice for 15
min in the 95:5 ethanol:deionized water and cured
overnight at 120°C under vacuum. After cooling to
room temperature under vacuum, the slides are
stored in a desiccator until use.
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Microarray synthesis

The Maskless Array Synthesizer (MAS) instrument
consists of two major systems, an optical system
and a chemical delivery system. The chemical side
consists of an Expedite 8909 nucleic acid
synthesizer, which delivers solvents and reagents to
the reaction chamber where the microarray
synthesis takes place. The optical system is similar
to that of a photolithographic system, but it uses an
array of 1024 x 768 digitally controlled mirrors
(Texas Instruments 0.7 XGA DMD) in place of
photomasks to pattern the ultraviolet light from a
mercury lamp.

Light from a 350 W DC ultra-high pressure
short arc mercury lamp (Newport 6286) is filtered by
two consecutive 350-450 nm dichroic
(Newport 66218). The resulting UV light, consisting of
three unfiltered mercury lines (365, 405 and 436 nm),
are spatially smoothed in a reflective homogenizing
light pipe, and imaged onto the DMD. Light reflected
by the DMD mirrors are imaged onto the two glass
substrates using Offner relay optics. The intensity of
UV light reaching the reaction cell image is adjusted
according to the readings from a calibrated SUSS
intensity meter with a 365 nm probe (SUSS MicroTec
1000).

mirrors

The pattern of mirrors displayed on the DMD
are imaged onto the two synthesis surfaces, where
they determine microarray layout and oligonucleotide
sequences by selectively removing the photolabile
protecting groups, either NPPOC or SPh-NPPOC.
Reagent delivery and the light exposures
controlled and synchronized by a computer. The
phosphoramidite chemistry is similar to that used for
solid-phase synthesis. The primary difference is the
use of phosphoramidites with a 5-OH photolabile
protecting group. Upon absorption of a photon near
UV photon, and in the presence of a weak amine base
(typically 1% imidazole in DMSO), the NPPOC or SPh-
NPPOC group comes off, leaving the 5’ terminal
hydroxyl, which reacts with activated
phosphoramidite during the next coupling cycle.

are

Representative synthesis protocols are shown in Table

2 for the legacy synthesis and in Table 3 for the
express synthesis.

After synthesis, the groups are removed by
immersing the  microarrays in 11 (v/v)
ethylenediamine and ethanol for 2 hours at room
temperature, then washed twice in beakers filled with
deionized water and dried with argon. Deprotected
microarrays were stored in a desiccator cabinet until
hybridized.

Table 2. Representative chemical synthesis protocol, in
Expedite 8909 format, used for the legacy syntheses. The
5’-NPPOC light-deprotection step takes place between
the two “Event Out” commands, which trigger the
opening and closing of a shutter blocking the UV light.
The 70 sec exposure, at 80 mW/cmz, corresponds to an
exposure of 5.6 Jfem’. The oxidation, the first two steps
after the SOxidizing header, are used intermittently
(every ~40 cycles) and after the last coupling.

Cycle NPPOC-dT (Legacy synthesis)

Function mode pulses sec Description
$Coupling

1/*Wsh PULSE 20 0  Flush with Wsh
2/*Act PULSE 6 0 Act

21/*T + Act PULSE 5 0 T+Act

2/*Act PULSE 6 0  Push with Act
1/*Wsh PULSE 3 60 Couple monomer
1/*Wsh PULSE 10 0  Flush with Wsh
$Capping

40 /*Gas A PULSE 1 30 Drycolumn
$Oxidizing

15/*0x PULSE 30 0 Oxto column
12/*Wsh A NA 45 0  Flush with Wsh A
17/*Aux PULSE 15 0 Exposure solvent
130/*Event 2 Out NA 4 1 Event2Out
17/*Aux PULSE 10 S0 Exposure solvent
12/*Wsh A PULSE 5 20  Flush with Wsh A
130/*Event 2 Out NA 4 1 Event2Out
12/*Wsh A PULSE 20 0  Flush with Wsh A

Table 3. Representative chemical synthesis protocol, in
Expedite 8909 format, used for the express syntheses.
The 9 sec exposure, at 50 mW/cmz, corresponds to an
exposure of 0.45 J/cm>. The 5 pulses of Wsh A during the
exposure push the exposure solvent towards the waste,
but the reaction chamber remains full of exposure solvent
until the next washing step. The short oxidation step in
this synthesis, the first two steps after the SOxidizing
header, are used after every coupling.
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Cycle SPh-NPPOC-dT (Express synthesis)

Function mode pulses sec Description
$Coupling

1/*Wsh PULSE 10 0  Flush with Wsh

2 /*Act PULSE 6 0 Act

21 /*T + Act PULSE 5 0 T+Act

2 [*Act PULSE 6 0 Push with Act
1/*Wsh PULSE 3 15 Couple monomer
1/*Wsh PULSE 10 0  Flush with Wsh
$Capping

40 /*Gas A PULSE 1 10 Drycolumn
$Oxidizing

15/*0x PULSE 3 0 Oxto column
12/*Wsh A NA 10 0  Flush with Wsh A
17/*Aux PULSE 15 0 Exposure solvent
130/*Event 2 Out NA 4 1 Event2Out
12/*Wsh A PULSE 5 9  Pushwith Wsh A
130/*Event 2 Out NA 4 1 Event2Out
12/*Wsh A PULSE 10 0  Flush with Wsh A

NPPOC and SPh-NPPOC Phosphoramidites

NPPOC DNA phosphoramidites were purchased
from Sigma-Aldrich (A112N01-01, C114NO01-01,
G114N01-01, T111NO1-01) and diluted to 30mM
with Amidite Diluent (<30ppm water) from Sigma-
Aldrich (L010010-06). SPh-NPPOC phosphoramidites
were manufactured by NimbleGen Systems GmbH
(Waldkraiburg, Germany) and diluted as above.

Coupling time optimization

The coupling experiments were performed using
the legacy protocol (Table 2), but with different
coupling times, 5, 15, 30 and 60 seconds. In
addition, an oxidation step, as indicated in the
table, was included in every cycle due to the use of
acidic activators. Each microarray was synthesized
as shown in Figure 2A, with each of the replicate
sets synthesized using a different coupling time
(Figure 1). The same microarray design and
synthesis protocol was used for each activator. Five
activators were chosen, DCl in acetonitrile (Biosolve
Chimie), 0.25 M ETT (Sigma L0302511), 0.25 M BTT
(empBiotech NC-0102 L0302511), 0.25 M pyridine
hydrochloride (Fluka 82800), 0.25 M Activator 42
(Aldrich L8300212). Each activator was used at a
concentration of 0.25 M in anhydrous acetonitrile.
After synthesis, the microarrays were deprotected
and hybridized as described.

Activator optimization

The activator optimizations were performed using
either 0.25 M DCl, 0.25 M ETT, 0.25 M BTT, 0.25 M
pyridine hydrochloride, 0.25 M Activator 42. For the
experiments using 0.125 M activator, the activator
solution was diluted in anhydrous acetonitrile. For
the experiments using 0.5 M activator, the solution
was either concentrated by evaporating acetonitrile
in a vacuum or (for DCI) by adding the crystalline
form (Aldrich 554030).

Nucleic acid synthesizers have separate
activator and phosphoramidite ports and mix the
needed. The Expedite 8909
accomplishes this mixing by drawing single pulses
(~12 pl/pulse) of activator and phosphoramidite in
an alternating fashion until reaching the desired
volume, 5 pulses of each. This pulse train then
mixes in the fluidics system and on the way to the
synthesis area. In order to synthesize single arrays

activator when

using multiple activators (Figures 3 and 4), the
normal activator port was used for one of the
activators and the other activators or activator
concentrations  were  placed in unused
phosphoramidite ports (the Expedite 8909 has 9
phosphoramidite ports). In order to mix the
activators in these ports with the appropriate
phosphoramidite, the normal mixing command in
the protocol file (e.g. “21/*T + Act, PULSE, 5, 0”;
monomer T and Act simultaneously) was replaced
with 10 alternating single port commands, e.g.:
“11/*T, PULSE, 1, 0”; Monomer T, “7/*T, PULSE, 1,
0”; Monomer 9”. Command 7 delivers a single pulse
out of port 9, which is filled with another activator.
Several control experiments confirmed that this
alternative command set resulted in equal coupling
efficiency. The effectiveness of the activators was
evaluated based on the homogeneity and intensity
of the microarray features after hybridization.

Oxidizer and Drying optimization

Since both the oxidation and drying steps affect the
entire microarray surface, it was not possible to use
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the parallel synthesis scheme illustrated in in Figure
2B. Instead, replicates of the same 25mer sequence
were synthesized four times in series. The location
of each of several hundred synthesis replicates
were randomized across the microarray surface. We
observed that, when the same synthesis protocol
syntheses, the
hybridization intensity increased linearly from the
first probe synthesized to the last, with an increase
of “6% per synthesis. Oxidation or drying protocols
resulting in a drop in hybridization signal relative to

was used for each of the

this trend were judged as inferior. In the case of
oxidation (Figure 5), we evaluated three protocols,
a single final oxidation, 10 seconds oxidation per
cycle (30 pulses) and 1 second oxidation per pulse
(3 pulses). In all cases, the oxidation solution was
tetrahyrofurane/water/pyridine/iodine
90.54/9.05/0.41/0.43  (v/v/v/w) (Sigma-Aldrich
L860021). The same analysis was applied to the
optimization of the helium drying time. In this case,
we tried 0, 5, 10, 15, and 30 seconds of drying time
after the coupling steps.

NPPOC vs. SPh-NPPOC comparison

In order to make direct comparisons between
using NPPOC vs. SPh-NPPOC, we
designed a microarray with probe replicates
synthesized using NPPOC phosphoramidites as well
as probe replicates synthesized using SPh-NPPOC
phosphoramidites. Because all the monomer ports
of the Expedite 8909 may not work equally well, the
Sph-NPPOC synthesis was performed first, and

syntheses

paused while the monomer ports were cleaned out
and filled with NPPOC phosphoramidites. The
synthesis of the second set of microarray probes
was then continued on the same surface. The
location of each set of probes was randomized
across the microarray surface. The experiment was
performed using 7, 34 and 70 mw/cm® light
exposures for the SPh-NPPOC amidites and using
1% or 4% (w/v) imidazole in DMSO (Figure 7).
Because the probe set synthesized with SPh-NPPOC
was performed first, the actual relative
performance of SPh-NPPOC is likely ~6% better than
indicated in Figure 7.

Genomic cDNA

The human colon adenocarcinoma cell line Caco-2
was cultured in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum, 4mM
L-glutamine and 1% penicillin/streptomycin. Cells
were maintained at 37°C and 5% CO, in a
humidified incubator and passaged at 90%
confluence. For microarray experiments, 4x10° cells
were seeded into 6-well plates and cultivated for 21
days to allow for enterocyte differentiation.
Cultivation media was exchanged every second day.

Fully differentiated Caco-2 cells were
incubated with serum-free media or serum-free
media containing 500 uM of a test substance. After
90 min, the cells were washed with ice-cold PBS and
RNA isolated using the RNeasy Mini Kit (Qiagen).
The integrity of the isolated RNA was assessed by
agarose gel addition to
photometrical  analysis (Tecan, = Menningen,
Switzerland). A total of 10 pg RNA was reverse
transcribed and simultaneously labeled using Cy3-
labeled
Offenbach, Germany) as described by Ouellet et al.

[46].

electrophoresis in

random nonamer primers (Tebu Bio,

Microarray hybridization

The used for the optimization
experiments hybridized in a solution
containing 150 pl 2x MES, 110 pl nuclease free
water, 13.3 pl acetylated BSA and 26.7 pl of 100 nM
5’-Cy3-labeled complementary sequence. In the

microarrays
were

case of the microarrays used for the gene
expression experiment, the hybridization solution
contained 3 pL herring sperm DNA (10mg/ml), 15 pL
acetylated BSA (10mg/ml), 135 uL 2X MES
hybridization buffer, Cy3-labeled cDNA in 85 pL
water, 10 pL Cy3-labeled QC 25mer oligo (100nM),
10 pL Cy3-labeled ECO1BioA1 (100nM), and 10 pL
Cy3-labeled ECO1BioD2 (100nM). All hybridizations
took place in self-adhesive chambers (Grace Biolabs
SA200). The microarrays were rotated (~30 Hz) in a
hybridization oven at 42°C. An air bubble filling a
quarter to a third of the chamber volume moves
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around the hybridization chamber due to the
rotation, circulating and mixing the hybridization
solution, which promotes efficient hybridization
(47]. After 4 hours for the optimization experiments
or 22 hours for the gene expression experiments,
the chamber was removed while submerged in a
petri dish filled with non-stringent wash buffer pre-
warmed to 42°C. The microarrays were washed
with vigorous shaking in 50 ml centrifuge tubes
filled with 30 ml non-stringent wash buffer (SSPE;
0.9 M NaCl, 0.06 M phosphate, 6 mM EDTA, 0.01%
Tween20) for 2 min., and then similarly washed
with stringent wash buffer (100 mM MES, 0.1 M
Na‘, 0.01% Tween20) for 1 min. Finally, the
microarrays were rinsed for about 5 seconds in final
wash buffer (0.1x saline-sodium citrate buffer) to
remove most of the salt before being dried using a
microarray centrifuge. Microarrays were scanned at
2.5 um resolution. Feature- or probe-level data was
extracted with NimbleScan 2.1 (Roche-NimbleGen).

Gene expression analysis

The scanned images were analyzed
NimbleScan 2.1 (Roche-NimbleGen),
robust multichip analysis (RMA) for normalization

using
employing

purposes. The extracted intensity data of each
probe was log, transformed and a scatter plot of
control vs. treated samples created using SigmaPlot
11.0. [48, 49]

Gene expression microarray quality control

Three synthetic HPLC purified 5’-Cy3-labeled DNA
oligomers, were added to the hybridization buffer
at concentrations of 3.7 nM. The names and
sequences of these oligonucleotides are:

GAC CAG GGT GGT TCA TGA TGA TGA C, QC_25mer

GAT TTA GGT TTA CAA GTC TAC ACC GAA TTA ACA
ACA AAAAAC ACG TTT TGG AG, ECOBioAlt_53mer

GAA ATG AGG GTG TAA TTG ATT GGG CAA CTG TGC
GCC ACG CTA CTT TCT TCT TCG CTT AAC,
ECOBioD2_60mer

The microarray layout was designed with 100
probes for QC_25mer, 140 probes for
ECOBioAlt_53mer, and 140 probes
EcoBioD2_60mer. The location of each feature on
the microarray was randomized along with all the
other probes. Several assessment metrics, based on

for

these synthetic oligonucleotides, were used to
evaluate the synthesis and hybridization quality the
microarrays. The outcomes of the assessments are
summarized in Table 1.
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Motivation

The possibility to determine the source of error for in situ microarray syntheses, e.qg.
failure of deprotection steps, chemical degradation during and after synthesis and
coupling inefficiency is crucial for improving the method. It was for the first time that
the DNA and RNA oligonucleotide synthesis on microarrays could be analysed
directly by mass spectrometry (LC-ESI-MS). For this purpose, a special custom-
made cleavable dT monomer was made, and which was incorporated at the
beginning of the sequence and used to separate the DNA or RNA from the glass
surface. The results were used to evaluate synthesis and deprotection errors that
might be occurring primarily in the synthesis of RNA microarrays. This evaluation was
necessary to evaluate remaining obstacles for the synthesis of complex, high-density
RNA microarrays to be used to study binding and affinity patterns of RNA-binding

proteins.
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Base-cleavable microarrays for the
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Jory Lietard,? Nicole Kretschy,” Matej Sack,® Alexander S. Wahba,’

Mark M. Somoza*® and Masad J. Damha*®
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Assessing synthesis efficiency, errors, failed deprotections, and
chemical and enzymatic degradation of oligonucleotides on micro-
arrays is essential for improving existing in situ synthesis methods,
and for the development of new chemistries. We describe the use of
LC-MS to analyse DNA and RNA oligonucleotides deprotected and
cleaved under basic conditions from microarrays fabricated using
light-directed in situ chemistry. The data yield essential information
on array quality and sequence identity.

Arraying DNA onto chips has revolutionized the field of bio-
medical research,"™ most notably in gene expression profiling,®
by providing an access to large nucleic acid libraries attached to
one single support and by allowing the simultaneous screening
of thousands of genes. These DNA libraries can originate from
PCR products which are then covalently attached to the glass
surface® or are synthesized in situ by ink-jet printing or photo-
lithography,” taking advantage of the robust phosphoramidite
chemistry.'>"* The quality of the immobilized DNA is one of the
crucial parameters governing the reliability of the measurement,'?
and while this parameter can be controlled to some extent for
PCR products, the same level of quality assessment is less
trivial for in situ-synthesized microarrays.

One method for quality control consists of labelling the
terminus of each strand on the array with a fluorescent nucleotide
and measuring the fluorescence intensity."** The decrease in
intensity as the chain length increases is fitted to an exponential
decay curve which then allows for the determination of a stepwise
synthesis yield. In addition, this direct labelling and read-out
method permits an optimization of the parameters involved in
microarray synthesis, thereby enabling a relative control over
array quality.'” However, fluorescence provides at best a relative
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+ Electronic supplementary information (ESI) available: Experimental procedures
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and spectra of all array eluates. See DOI: 10.1039/c4cc05771f

This journal is © The Royal Society of Chemistry 2014

measure of sequence completion. The interpretation of the inten-
sity can also be uncertain due to the sequence-dependence of
fluorescence,'® and it certainly cannot identify the source of error.

To be able to chemically separate the grown oligonucleotides
from the glass slide and characterize the eluate using conventional
analytical methods is an attractive idea, but the decisively small
amount of DNA synthesized on-chip (~0.1-1 pmol mm ?)"
requires the most sensitive detection techniques. In this context,
radiolabelling of cleaved DNA followed by gel electrophoresis
offers an overview of synthetic quality and it has been success-
fully applied to the monitoring of microarray synthesis defects,
but like fluorescence provides primary information on the
distribution of sequence lengths.”'”'® Mass spectrometry (MS)
is another sensitive method which would provide final evidence
of oligonucleotide identity but it has, to our knowledge, only
been attempted on microarray surfaces suitable as matrices
for MALDI-MS analyses.*?

We therefore wished to develop a method that allows for MS
characterization of microarrays fabricated on standard glass
microscope slides. In addition to the identification of full-length
products, MS would likely detect synthetic failures, degraded
material and incompletely deprotected sequences; essential
information for the development of new in situ chemistries.
Indeed, we have recently embarked on the synthesis of RNA
microarrays by photolithography’>** and the identification by
MS of the synthetic RNA analytes is expected to help guide the
technology to maturity. Our approach involved the incorporation
of a base-labile ester functionality at the 3’-end of the oligo-
nucleotide chain.>* To do so, we used a custom-made NPPOC-
protected dT phosphoramidite with a succinyl group attached to
the 3’-OH function (cleavable dT, dT®", Fig. 1a). Following
published protocols,>® this amidite was coupled for 1 min on
silanized glass slides after the synthesis of a pentamer spacer,
and the desired oligonucleotide sequence was then fabricated
after NPPOC deprotection of the dT“*" (Fig. 1b). To verify that
droe coupled efficiently, we labelled the 5’-end of a dT,, chain
with a Cy3 dye. In parallel, dT decamers fabricated without
dT"* were also fluorescently-labelled. Based on the difference

Chem. Commun., 2014, 50, 12903-12906 | 12903

43



Open Access Article. Published on 05 September 2014. Downloaded on 20/10/2015 12:29:22.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(c)

Communication

[
[e] NH
L LK
0.

2 X

N/\/\/\/O.p.N
e stghye
chIeav /
NC\/\,’P:O
b) “Thymine
LT

i) glass functionalization
ii) linker coupling

N'\’\o/ =0 ¥
'Lb_ o
“Thymine
ol N
iii) coupling of cleavable dT

iv) oligonucleotide chain growth

DY &

Fig.1 (a) Chemical structure of the cleavable dT monomer; (b) schematic
illustration of the synthetic steps involved in the fabrication of microarrays
containing a cleavable dT unit. Glass functionalization is performed with a
silanizing reagent. The linker is typically a dT or dC pentamer chain.

in fluorescence intensity between cleavable and non-cleavable
sequences (Fig. S1a, ESIT), an 85% coupling yield was calcu-
lated for T, Next, the same arrays were treated in concen-
trated ammonia at r.t. for 2 h and then scanned. The features
where cleavable sequences were synthesized underwent a large
drop in fluorescence intensity (Fig. S1b, ESIT), indicating that
the ester function was correctly cleaved and release of the
oligonucleotide in solution was almost complete.

We then attempted to collect the chemically-cleaved oligo-
nucleotide. We chose to fabricate a simple dT;; model sequence
according to the procedure depicted in Fig. 1a. After synthesis,
the microarray was deprotected in a 1:1 mixture of ethylene-
diamine (EDA) and toluene (Fig. 2a), an alternative to the con-
ventionally employed EDA/ethanol in DNA array deprotection.®?®
After 2 h at r.t., the array was thoroughly washed with ACN,
dried and the resulting DNA was collected from the surface by
applying 100 pl of water (Fig. 2b).
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Fig. 2 Schematic illustration of the cleave-and-collect process of oligonucleo-
tides synthesized on microarrays. (a) DNA oligonucleotides are first deprotected
in EDA/toluene 1:1, 2 h, rt. and the microarray is then washed with ACN
(2 x 25 ml); (b) the DNA is then collected by pipetting 100 ul H,O over the
synthesis area. The microarray eluate is concentrated and analysed by LC-MS.
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Fig. 3 MS spectra obtained after deprotection and cleave-and-collect for
the following oligonucleotides: (a) dTis; (b) rUp;.dT; (c) dA;dT; (d)
d(TG)edT. Exact masses are shown. EDA: ethylenediamine. Numbers (blue)
are referred to in the inset of each MS spectrum.

Quantification of the isolated chip eluate revealed that
20 pmol of material were obtained, consistent with the reported
density of available hydroxyl groups on the silanized surface of
the substrate.'” Using a duplicating method developed earlier
in our laboratory where two identical arrays are simultaneously
fabricated,”” a single automated run yielded up to 40 pmol of
deprotected DNA which were subsequently analysed by liquid
chromatography (LC)-electrospray ionization (ESI)-MS.

The MS trace of the cleaved dT,; is shown in Fig. 3a. The full-
length product is detected as a 3'-OH species, demonstrating the
correct cleavage at the 3’-ester functionality, together with
a significant amount of a shortmer identified as dT;,. Since
the capping step in the synthetic cycle was omitted, the n — 1
oligonucleotides are the result of a single failed coupling. In
the absence of capping, the oligonucleotide lengths follow a
binomial distribution, which allows estimating the coupling
yield based on the relative heights of the MS peaks. The relative
peak height in Fig. 3a indicates a 98.3% coupling yield for
NPPOC-dT; somewhat lower than values previously calculated
by the fluorescence method.

Our cleavage method was then applied to the detection of
poly dC (Fig. S11, ESIf) and poly dA (Fig. 3c) sequences.
Interestingly, the amount of n — 1, n — 2 and n — 3 species in
crude poly dA samples exceeds those in poly dT and dC arrays.
The full-length product, dA,,dT, is also present in the form of a
noncovalent complex with EDA. Nucleobase deprotection is
complete in both dA,;,dT and dC,,dT cases since no trace of
remaining phenoxyacetyl (Pac) or isobutyryl (iBu) groups was
detected by MS. The characterization of oligonucleotide arrays
was also applied to mixmers of two bases and, as shown in
Fig. 3d and Fig. S13 (ESI{), MS resolution allows for the distinc-
tion between two different failure sequences.

Inspired by these results and by a previously reported
procedure for the complete deprotection of RNA in EDA without
facing degradation,”® we wished to apply our method to RNA
microarrays. A model rU,,dT array was fabricated using
NPPOC 2/-0-ALE rU amidites®* and was then deprotected as

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 MS spectra obtained after deprotection and cleave-and-collect for
rU;»dT microarrays under various fabrication conditions: (a) standard
protocol without capping and oxidation; (b) an oxidation step is included;
(c) a capping step is included; (d) both capping and oxidation steps are
included. Exact masses are shown. Numbers 1-5 (blue) are all referred to in
the MS spectrum (b).

follows: first, decyanoethylation was conducted in Et;N/ACN
2:3 for 6 h at r.t. then ALE removal was performed in buffered
hydrazine hydrate in pyridine/AcOH for 2 h at r.t. The intact
succinyl ester was finally cleaved by treating the array with
dry EDA/toluene for 2 h at r.t. The crude RNA was eluted from
the surface by pipetting a small volume of sterilized water,
concentrated, quantified (20 pmol per array) and injected on
LC-MS. The MS spectrum is shown in Fig. 3b and the major
peak corresponds to the full-length, 3'-OH rU,,dT, which is
flanked by a minor peak at +60 Da resulting from a salt complex
with EDA. This measurement offers, for the first time, a direct
and concrete proof of correct in situ synthesis of RNA micro-
arrays. Compared to dT;; in Fig. 3a, larger amounts of n — 1
and n — 2 species are also detected, which could be due to
either failed couplings or to degradation products arising from
cleavage at the internucleotidic phosphate. However, the presence
of the n-mer as the main peak and the lack of 2',3’-phosphorylated
shortmers suggest that degradation is limited.

In an attempt to optimize the quality of in situ DNA and RNA
microarray fabrication, we envisaged to modify a few key
parameters in the design protocols and investigate their effect
by MS. We performed this study on the dT,; and rU,;,dT models
and considered four factors in the synthesis cycle: coupling
time, the activator type, capping and oxidation steps. In DNA
and RNA microarray synthesis by photolithography, the oxida-
tion of the phosphite triester linkages can be conducted at the
latest stage because deblocking the 5-OH function does not
require an acidic solution. The results as well as a representa-
tive panel are shown in Fig. 4 and Fig. S4-S10 (ESI{). Including
an iodine/water-mediated oxidation or a capping step alone in
the synthesis cycle seems to have little effect on array quality
(compare Fig. 4b and c to the original array design in Fig. 4a),
however when both steps are included, arrays of significantly
lower quality were obtained (Fig. 4d). Next, the coupling time
was examined and either shortened (from the standard 2 min

This journal is © The Royal Society of Chemistry 2014
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to 1 min) or extended (5 min). In both DNA and RNA microarrays,
shorter or longer coupling times resulted in arrays of poorer
quality (Fig. S7, S8, S19 and S20, ESIT). Finally, the conventional
4,5-dicyanoimidazole activator was substituted with tetrazole
derivatives, which afforded crude array eluates containing
larger amounts of failure sequences (Fig. S9, S10 and S21, ESI¥).

In summary, a reliable protocol for the deprotection and
subsequent cleavage of DNA and RNA microarrays with EDA
was developed using a 3'-succinylated dT phosphoramidite. The
cleaved DNA microarrays or RNA microarrays are insoluble in the
deprotection solution and remain on the glass surface,”® where
they can be collected with water and analysed by LC-ESI-MS. A
few picomoles of crude microarray eluates are sufficient to
provide a comprehensive overview of chip quality and to
monitor the effect of modifying synthesis conditions. Radio-
labelling or PCR amplification of the collected DNA/RNA is thus
unnecessary. In addition, our approach allows for the first
time the assessment of the fidelity of in situ RNA microarray
synthesis and will have an important impact on the emergence
of high-density complex RNA array technology.
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peer-reviewed, revised and resubmitted.

Motivation

The motivation for the present paper was to determine the best and in contrast the
worst fluorescent intensity of cyanine dyes for labeling nucleobase sequences
synthesized by light-sensitive in situ microarray synthesis. Detection is the most
important aspect for data extraction and in this particular case, detection of
sequence-dependent fluorescence of nucleic acids also established by common
analytical methods such as PCR, FISH, FRET and sequencing. We used Cy3 and
Cy5 - the most common oligonucleotide cyanine dyes - to label the 5" end of the
oligonucleotide of all possible terminal DNA 5mers. In situ synthesis runs from 3" to
5°. ssDNA and dsDNA were compared and it was shown that the sequence
dependence of nucleobases is greater for dsDNA. Further data proves that for
ssDNA as well as for dsDNA a directly adjacent guanine enhances the fluorescence
than any other base. In contrast adenine is associated with the best possible
fluorescence if not directly adjacent to the dye. The best possible fluorescence
intensity however resulted with the GAAAA 5mer for both Cy3 and Cy5. The results
obtained from these investigations can be most likely useful for enhanced signals in
analytical tools such as TagMan, PCR, FISH and next generation sequencing-by-

synthesis.
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ABSTRACT: The fluorescent intensity of Cy3 and Cy5 dyes is
strongly dependent on the nucleobase sequence of the
labeled oligonucleotides. Sequence-dependent
fluorescence may significantly influence the data obtained
from many common experimental methods based on
fluorescence detection of nucleic acids, such as sequencing,
PCR, FRET and FISH. To quantify sequence dependent
fluorescence, we have measured the fluorescence intensity
of Cy3 and Cy5 bound to the 5’ end of all 1024 possible
double-stranded DNA 5mers. The fluorescence intensity
was also determined for these dyes bound to the 5’ end of
fixed-sequence double-stranded DNA with a variable
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sequence 3’ overhang adjacent to the dye. The labeled DNA oligonucleotides were made using light-directed, in situ
microarray synthesis. The results indicate that the fluorescence intensity of both dyes is sensitive to all five bases or

base pairs, that the sequence dependence is stronger for double- (vs. single-) stranded DNA, that the dyes are sensitive
to both the adjacent dsDNA sequence and the 3’-ssDNA overhang. Purine-rich sequences result in higher fluorescence.
The results can be used to estimate measurement error in experiments with fluorescent-labeled DNA, as well as to

optimize the fluorescent signal by considering the nucleobase environment of the labeling cyanine dye.

INTRODUCTION

The fluorescence of molecules is always sensitive to
environmental conditions, although the magnitude of
changes in the fluorescence intensity of any particular
fluorophore depends on its specific modes of interaction
with its environment.” Fluorescent molecules can be used
as molecular environmental probes by selecting dyes with
strong responses to, for example, pH,> viscosity,’
r.wol.‘:arizability,4 elasticity,s and polarity,6 however, in
applications where the fluorescent intensity is to serve as
a proxy for the abundance of the labeled molecule,
environmental sensitivity is a liability that can result in
reduced measurement accuracy.’ The cyanine dyes Cy3
and Cy5 are among the most widely used and versatile®
oligonucleotide labels in, e.g., microarray experiments,
fluorescent in situ hybridization (FISH), real-time PCR (RT-
PCR), and FRET studies®? and are considered to be
relatively environmentally insensitive.” However, Cy3 and
Cy5S consist of two indole rings connected by three or five
carbon polymethine bridges which can undergo cis-trans
isomerization from the first excited singlet state which
competes with fluorescence.””™ In viscous or restrictive
environments, or with conformationally-locked dye

variants, the rate of isomerization is reduced or
eliminated and the dyes are more fluorescent.”® When
Cy3 and Cy5 are tethered to the end of double-stranded
DNA they assume a planar capping configuration similar
to that of an additional base pair,lm which inhibits
isomerization and increases their fluorescence quantum
yield and lifetime.” At least in the case of Cy3, the range
of motions available is not fully restricted when attached
to either single- and double-stranded DNA, with time-
resolved anisotropy
indicating decay components corresponding to rotation
with DNA as well as relative to DNA. Cy3 tethered to
double-stranded DNA has a lower isomerization rate
resulting in a higher fluorescence quantum yield and
longer lifetime relative to single-stranded DNA.

fluorescence measurements

Recent experiments have shown that both Cy3
and Cy5 are also quite sensitive to the particular
nucleobase sequence of the ssDNA oligonucleotide to
which they are attached,””’ with the fluorescence
intensity varying by a factor of about two between the
brightest and the darkest labeled oligonucleotide in the
case of Cy3, and a factor of about three in the case of Cy5.
The variation in fluorescence intensity for ssDNA is
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strongly correlated with purine content, with purine-rich
sequences associated with high intensity, and high
pyrimidine content, particularly cytosine, with low
intensity.ﬂ

The magnitude of the sequence-dependent
fluorescence is large enough to affect the accuracy of
experimental data derived from Cy3- and Cy5-labeled
single-stranded DNA, but there is currently no data
available on sequence-dependent effects in double-
stranded DNA. In experimental methods based on labeled
oligonucleotides, fluorescence is recorded either from the
double-stranded hybrid (e.g. Sanger and next-generation
sequencing, and molecular beacon521), or from the
unhybridized strand alone (e.g. hydrolyzed labeled
TagMan probe fragmentszz). High-throughput DNA
sequencing-by-synthesis is likely to be particularly
vulnerable to sequence-dependent fluorescence because
all short nucleobase sequences will be repeatedly
encountered, and detection failures (deletion errors) from
sequences highly unfavorable to fluorescence would be
systematic and therefore not easily detectable with re-
sequencing. Furthermore, the optical of
sequencers need to balance dynamic range of detection
with throughput, making their throughput sensitive to
dyes with significant variations in fluorescence.”® Even

systems

though our fluorescence data are obtained on
microarrays, most genomics microarray data is fairly
insensitive to sequence-dependent fluorescence because
the labeling is typically based on reverse transcription
using labeled random primers or other quasi-random
methods.” Nevertheless, gene-specific fluorescence
intensity effects, due to differences in the relative
abundance of nucleobases in particular genes, have been

detected.”

Since both Cy3- and Cy5-labeled single- and
double-stranded oligonucleotides are commonly used, we
present here comprehensive results for double-stranded
DNA to complement and strengthen previous results for
Cy3 and Cy5 5”-labeled single-stranded DNA.” Two types
of sequence-dependent dye-dsDNA as
illustrated in Figure 1, have been measured: relative
intensity of the dyes at the 5’ end of each of the 1024
possible double-stranded DNA 5mers (Fig. 1B), and
relative intensity of the dyes bound to the 5’ end of a

interactions,

fixed-sequence double helix, but with a variable Smer
sequence 3’ overhang adjacent to the dyes (Fig. 1C). The
sequence-dependent contribution of the overhang is
relevant since in many experimental contexts, such as PCR

Figure 1. Interaction modes of dyes (purple) on DNA. A. 5’
dye with adjacent nucleobases (blue) in ssDNA. B. 5’ dye with
base-paired nucleobases (orange) in dsDNA. C. 5’ dye with
nucleobases of ssDNA (green) adjacent to a terminal dye on
dsDNA.

and FISH, a short 5'-labeled oligonucleotide is use to
quantify the presence of much longer DNA or RNA
molecules. Detailed data on the sequence-dependent
fluorescence of cyanine dyes on single-stranded DNA (Fig.
1A) has been previously reported for Cy3, Cy5, Dy547 and
Dy647;**% this ssDNA data showed that over the range of
all possible 5mers, the intensity of Cy3 varied by about a
factor of two, and in the case of Cy5, by a factor of about
three. There was also a clear pattern to the data: the
fluorescence follows, to a good approximation, the
cumulative distribution function of a normal distribution,
with purine-rich sequences resulting in high intensities
and pyrimidine-rich sequences resulting in low intensities.
In addition, 5’ guanines promote higher fluorescence
much more so than 5’ adenosines, and 5’ cytosines result
in much lower fluorescence in comparison with 5
thymidines. Here we will show that broadly similar trends
also hold true for double-stranded DNA.

EXPERIMENTAL PROCEDURES

Microarray synthesis

Glass slides (Schott Nexterion D, cleanroom-cleaned)
were functionalized with N-(3-triethoxysilylpropyl)-4-
hydroxybutyramide (Gelest SIT8189.5). The slides were
loaded in a stainless-steel rack, placed in a plastic
container, and covered with 500 ml of a solution
consisting of 10 g of the silane in a 95:5 (v/v)
ethanol:water plus 1 ml acetic acid. The slides were gently
agitated for 4 hrs at room temperature and then washed
twice for 20 minutes each with the above solution
without the silane. The slides were drained, blown dry
with argon and cured in a preheated vacuum oven (120°C)
overnight and stored in a desiccator cabinet.
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For the of labeled
oligonucleotides on microarrays we used the technique of
maskless array synthesis (MAS).?*? MAS was developed
for in situ synthesis of high-density DNA microarrays and
consists of an optical system and a chemical delivery
system. The optical
micromirror device (DMD), an array of individually tiltable

synthesis terminally

system consists of a digital

mirrors, which direct ultraviolet light from a mercury lamp
to the corresponding feature on the microarray via 1:1
imaging optics. Microarray layout and oligonucleotide
sequences are determined by selective removal of the
photocleavable protecting groups the
phosphoramidites the 5 termini the
oligonucleotides.

on

at of

A computer synchronizes the light exposures
pattern with solvent reagent delivery to the synthesis
surface. Chemical system consists of a slightly modified
Perspective Biosystems Expedite 8909 synthesizer.
Oligonucleotide synthesis chemistry is similar to that used
in conventional solid-phase synthesis. The standard acid-
labile 5'-OH protecting group of the phosphoramidites is
replaced with the photocleavable
nitrophenylpropyloxycarbonyl (NPPOC) group.zg Upon
absorption of light near 365nm, the I-line of mercury, the
NPPOC group comes off, leaving a free hydroxyl group
that is able to react with an activated phosphoramidite in
the next coupling cycle. An exposure solvent consisting of
1% (m/v) imidazole in dimethyl sulfoxide (DMSO) is
needed during ultraviolet exposure to promote the
cleavage of the NPPOC group.zg The coupling reactions
were performed with 30mM NPPOC phosphoramidite
monomers and 0.25M dicyanoimidazole (both from SAFC)
for 60 seconds. In the case of the Cy3 and Cy5
phosphoramidites (GE Healthcare 28-9172-98 and Glen
Research 10-5915-95), Figure 2, the coupling reaction
time was extended to 10 minutes at a monomer
concentration of 15mM. Acetylation with a 1:1 mix of
tertbutylphenoxyacetyl anhydride
tetrahydrofuran (Cap A) and 10% N-methylimidazole in
tetrahydrofuran/pyridine (8:1) (Cap B) after each coupling
reaction,
synthesized sequences receive the fluorescent label.

acetic in

was used to ensure that only correctly

After microarray synthesis the substrate was
vigorously washed for 2 hrs with acetonitrile in a 50 ml
Falcon tube to remove uncoupled Cy3 or Cy5
phosphoramidites, which tend to adhere non-specifically
to the glass surface. The base and phosphate protecting
groups were removed by immersing the glass slide into

1:1 (v/v) ethylenediamine in ethanol for two hours at
room temperature. Following deprotection, the
microarrays were washed twice with distilled water and
dried with argon.

Microarray design

In principle, the resolution of the digital micromirror
device, 768 x 1024, allows for simultaneous measurement
of all possible n-mers up to n=9 (262 144), but in these
experiments, only permutations of Smers were included
in order to include multiple replicates and to dedicate
more microarray surface area to each sequence and
therefore to achieve a good signal-to-noise ratio. The
1024 sequences were laid out in a 25 in 36 pattern, that
is, each “feature” (contiguous area were a single
sequence is synthesized) on the microarray corresponded
to a 5 by 5 block of mirrors surrounded by a one-mirror-
sized margin where no DNA was synthesized. Each of the
1024 single-sequence features was replicated 20 times on
each microarray in the case of the double-stranded
experiments (Fig. 1B), and 10 times in the case of in the
case of the double-stranded DNA with single-stranded
overhang experiments (Fig. 1C).

Double-stranded DNA annealing

To promote hairpin-loop formation and self-hybridization,
after deprotection the array was incubated in 40 ml PBS
buffer (0.65 M Na®, pH 7.4) starting at 50°C and cooled to
room temperature over 30 min. Then it was washed with
final wash buffer for a few seconds and dried with a
microarray centrifuge. Successful hairpin loop formation
was then verified by hybridization of a Cy3-labeled
oligonucleotide (5'-Cy3-GGC GGC GGG TTC A-3’) to two
unlabeled complementary sequences on the array: (1) a
sequence (TGA ACC CGC CGC CGT CCA TCCT TGG ACG
GCG GCG GGT TCA) that self-hybridized via hairpin-loop
formation in the previous step and is therefore blocked
from hybridization with the added oligonucleotide, and
(2) a sequence (TGA ACC CGC CGC C) that cannot self-

y = =
cr ci
IO_CNE| ,O—CNEI

MMTO O MMTO 0~P\
Cy3 N(iPn)2 CyS N(iPr)2

Figure 2. Molecular structures of the Cy3 and Cy5 cyanine
dye phosphoramidites used in this study. After the end of
the synthesis and the chemical deprotection step, the dyes
are linked to the 5’ DNA nucleoside via a phosphodiester
bond.
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hybridize but is fully complementarity with the added
labeled sequence.

Sequence design

Three principle considerations were applied to the
sequence design: (1) The double-stranded sequences
should all have equal melting temperatures since they
must all form duplexes equally under the single
hybridization condition of the microarray, (2) the melting
temperature should be relatively high in order to ensure
stable duplex formation, and (3) the surface density of
labeled oligonucleotides should be constant for all
experimental oligonucleotides on the microarray so that
fluorescence intensity differences between them can be
attributed to sequence-dependent effects. To meet these
design principles the double-stranded oligonucleotides
have the design illustrated in Scheme 1.

The sequences contain self-complementary segments to
allow for duplex formation. The central TCCT sequence is
known to bend easily to promote hairpin loop
formation.® The N; represents the 5mer experimental
nucleobases that base pair with the complementary N,.
On the 3’ side of the N, is the fixed sequence CCGCCGCC
which hybridizes with the GGCGGCGG sequence on the
opposite side of the hairpin. This GC-rich stretch is used to
increase the melting temperature. The P,P,P3P,Ps
sequence is derived from the experimental
sequence  N;N,NsN4Ns  using  non-identity,
complementarity logic: for all i, if N; = dA then P; = dC; or if
N;=dCthen P, =dT; orif N;= dG then P, =dA; or if N;=dT
then P, = dG. These strands hybridize with their
complementary sequences Ps.P;P3.PyPi.. The P; and Py
sequences have a double function: (1) they equilibrate the
base composition in order to assure equal number density
of all experimental sequences on the array, and (2) they
increase and homogenize the melting temperatures (to T,
= 63°C, salt adjusted, 50 mM Na‘) by giving all the
complementary DNA sequences on the array exactly five
of each nucleobases (plus the fixed GC sequences) while

Smer
non-

retaining self-complementarity. The sequences
separated from the glass substrate with a random linker
10mer sequence synthesized from an equimolar mix of
the four DNA phosphoramidites. The random linker

are

replaces the traditional poly(dT), and linker to avoid the
potential bias of any particular interaction of the dye and
a dT homopolymer. An alternative perspective is that the
dye is will interact with both the double-stranded and
single-stranded segments, but the interaction with the

A W5 W, W, W, N —CCGCCGCC—Py P, Py P, P fT\cl
‘reeeeerrrr = Ny Ny Na Ny Ny —GECGGCGE=P; Py Py Py Pe ~ 1€

slide

B WE—5FL F, Fy Py Fy ~CCGCCGCC—P, P, Py Py Py~ Tog
]
N Ny Ny Ny No= Fy Fo Fa Fo F5—GGCGGCGG—Py Py Py Py s ~-C

reeererrrrd’ = slide

Scheme 1. Sequence design for the 5'-dye self-hybridizing
DNA strands. Sequence (A) is used to measure the
interaction of the dyes with dsDNA and sequence (B) is used
to measure the interactions of the dyes with the ssDNA
overhang of dsDNA.

single-stranded segment will be the average of all possible
sequences. In the seconds set of experiments, the single-
stranded sequence is permuted. The results of both data
sets can be used to estimate the relative contributions, to
dye intensity variation, of the single vs. double stranded
segments.

With these rules, all of the sequences (excluding
the linker) have exactly 5 adenosines, 15 cytidines, 13
and 7 thymidines.
efficiency of each of the four DNA phosphoramidites can
be different and can vary with time and by batch, equal

guanosines, Since the coupling

numbers of each base in each of the sequences assures
equal representation of the
oligonucleotides. This sequence design, in conjunction
with acetic anhydride capping after the coupling reactions

experimental

ensures equal density and melting temperature and that
only accurately synthesized sequences receive the final
coupling with the Cy3 or Cy5 phosphoramidite. An
alternative approach, to use simpler sequences and then
adjust the data for the measured coupling efficiencies is
less reliable since the coupling efficiencies of the
phosphoramidites used in maskless array synthesis are
dye labeling
experiments,””>* which limits their accuracy due to the

measured with fluorescent terminal

sequence-dependent fluorescence intensity of single-
stranded DNA."

The second set of experiments, with the dyes
attached to fixed-sequence double-stranded DNA and a
variable single stranded overhang has a similar design
(Scheme 1B). Here, the permuted overhang sequence
N;N,N;3N,Ns is added at the 3’ end to put it adjacent to the 5’
fluorescent label. The F; and F;. are complementary but are
no longer permuted; NyN,N3N,;Ns is either GAAAA or CGTGG.
GAAAA and CGTGG were chosen from the initial double-
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stranded experiments as sequences resulting in high and low
fluorescence intensity, respectively, for both Cy3 and Cy5.

In order to allow direct comparisons between the
relative fluorescence intensity of the dyes on single- vs.
double-stranded DNA, each dsDNA microarray design
included sequences that cannot self-hybridize to form
dsDNA, but have a very similar overall sequence design and
base composition. Since most of the microarray features
were needed for the dsDNA permutations, only a sampling of
57 labeled ssDNA permutations were
sequences were chosen to be representative of the range of
expected fluorescence intensities for ssDNA found
previous experiments.”” To prevent the self-hybridization of
these sequences, the N5.N,N;N,N; segment was inverted
to Ny NycN3 NycNse, the Ps.PyPs.PyPi.segment was inverted to
P, PyPy Py Ps,, palindromic N; Smers were avoided, and the
segment GGCGGCGG was reordered to GCGGCGGG.

included. These

in

Data extraction and analysis

Fluorescent images of the microarrays were obtained using a
GenePix 4100A scanner with resolution of 5 pM and with
detector voltages set to give similar intensity ranges for both
Cy3 and Cy5, and no saturated pixels, 350 and 450 volts,
respectively. Dye fluorescence was excited using 532 nm and
635 nm solid-state lasers for Cy3 and Cy5, respectively.
Fluorescence was collected through 550—600 nm and 655—
695 nm bandpass filters for Cy3 and Cy5, respectively.
Fluorescence light was collected using a 0.68 NA objective
lens with a focal length of 3.1 mm. Microarray scanners are
designed to provide intensity values that are highly
consistent across the scanned surface. This allows highly
reliable relative fluorescence comparisons between
microarray features. The presence of the microarray surface,
a lossless glass-air dielectric interface, close to the
fluorophores does not influence the relative emission

- . 35
intensity or wavelength.

The fluorescence intensity data was extracted from
the scan image with NimbleScan v2.1 software from
NimbleGen and further processed in Excel. For each
microarray, fluorescence intensity values were calculated as
the average of the replicates of each sequence, which were
randomly located on each microarray. For the double-
stranded experiment, there were 20 sequence replicates per
array. For the overhang experiment there were 10 replicates
per array because of the inclusion of two experimental sets,
with double-stranded sequence which strongly
promotes fluorescence (dye-GAAAA) and one with a double-
stranded sequence resulting in weak fluorescence (dye-

one

CGTGG). Error was calculated as the standard error of the
mean. The consensus sequence figures were generated by

ranking the 1024 sequences by fluorescence intensity and
then dividing the sequences into eight bins spanning equal
ranges of intensity. Consensus logos for the sequences in
each of these octiles of fluorescence intensity were
generated using Weblogo (http://weblogo.berkeley.edu/).*®
Each of the eight consensus sequence logos per fluorescent
label represents one eighth of the intensity range and are
arranged together left to right in order of decreasing
intensity to compactly depict the relationship between
sequence and fluorescence for the entire dataset.

RESULTS AND DISCUSSION

The results for the sequence-dependent fluorescence of
cyanine dyes have been highly consistent, with the adjacent
purine bases promoting fluorescence relative to pyrimidine
bases in single-stranded DNA,**%
presented here in double-stranded DNA. In addition, for both
ssDNA and dsDNA, a guanine immediately adjacent to the
dye consistently results in the highest fluorescence, but in
the more distal positions, adenine, rather than guanine
typically results in higher fluorescence. Of the pyrimidines,
cytosine, rather than thymine, is most strongly associated
with low fluorescence.

and with the results

Cy3 and Cy5 dsDNA interactions

Figure 3 summarizes the results for both the 5’ Cy3 and
Cy5 terminal labeling experiments on dsDNA. These data
correspond to the case where the random linker is used
and the permuted nucleobases form a double strand
(Scheme 1A). Here, the dye interactions with the single-
stranded segment are present, but the data will reflect
the average over all possible sequences. As was the case
with the data from Cy3 and Cy5 labeled ssDNA,J‘g the
overall range of florescence intensity is about a factor of
two for Cy3 and a factor of three for Cy5 (Fig. 3A). In order
to be able to compare the fluorescence intensity data for
dsDNA with ssDNA, the array design included reference
ssDNA sequences. These sequences have a very similar
design, but with bases rearranged to prevent
hybridization. Figure 3A shows that both Cy3 and Cy5 on
dsDNA have a somewhat extended range of fluorescence
intensity in comparison to Cy3 and Cy5 on ssDNA
(horizontal lines). Most of the additional range of intensity
is on the lower edge of intensity, i.e., the sequences
resulting in the highest fluorescence result in similar
intensity for both ssDNA and dsDNA.

The fluorescence intensity of intensity of most,
or perhaps all dyes, is dependent on the nucleobase
environment. In many cases the mechanism
photoinduced charge transfer between the bases and the

is a

5
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Figure 3. Double-stranded DNA labeling with Cy3 and Cy5
(Fig. 1B). (A) Relative fluorescence intensity of Cy3 and Cy5
end-labeled Smers, ranked from most to least intense. The
intensity falls by 55% for Cy3 and almost 70% for Cy5. The
horizontal lines show the fluorescence intensity of single-
stranded reference sequences on the same arrays.
Fluorescence intensity consensus sequences of all 1024
dsDNA Smers 5’-end-labeled using (B) Cy3 and (C) Cy5. The
fluorescent range was equally divided into eight bins of equal
intensity ranges, and the consensus sequence for all the
Smers is plotted for each such octile.

dye (fluorescein®’, coumarin®,  rhodamine® and
pyrene'w), in which case the quenching efficiency is
determined by proximity and base redox potential,
dG<dA<dC<dT, when the bases are reduced, or the
reverse order when oxidized.* Ethydium bromide,
another well-known dsDNA fluorescence label undergoes
qguenching via proton transfer to the solvent; intercalation
enhances fluorescence by reducing solvent exposure.*’ In
the case of the cyanine dyes, however, charge transfer is

42,43

not thermodynamically favored. Instead, the intensity

of cyanine dyes conjugated with DNA is attributed to the
modulation of the rotational isomerization barrier in the

excited state.’**

NMR data indicate that Cy3 and Cy5, 5'-linked to
dsDNA, are positioned at the end of the double helix
similarly in a capping configuration, in a manner similar to
that of a base pair.”’l8 This arrangement should restrict
the rate of cis-trans isomerization of the dyes, increasing
fluorescence relative to the free dye. However, relative to
the same dyes bound to the end of ssDNA, differences in
the rate cis-trans isomerization are less clear since the
dyes stack with the terminal
Simulations and experiments indicate that the quantum
yield of Cy3 is higher on ssDNA vs. dsDNA, and that on
dsDNA the strength of the stacking interaction depends
on the identity of the terminal basepair™***. O
experiments indicate that the fluorescence of Cy3 and Cy5
is somewhat greater on dsDNA; however, the differences
between our results and previously published results™ ,
which show a two-fold greater fluorescence of Cy3 on
ssDNA, may be due to the particular choice of cyanine
dye. In particular, we conjugate with DNA using the Cy3
and Cy5 phosphoramidites (Fig. 2), rather than the
sulfonated versions of these dyes, use by Sandborn et
al.”®, and which are more commonly used for protein

base in both cases.

ur

labeling. The sulfonates increase the hydrophilicity of the
dyes, which could affect the strength of the stacking
interactions with the nucleobases. We have previously
measured the intensity of sulfonated Cy3 and Cy5 on
DNA, and found a very strong pattern of sequence-
specific distinct from that the
unsulfonated dyes.” The sequence-specificity —of
sulfonated Cy3, in particular, is such that specific
experimental sequence use by Sandborn et al. may have
biased their results observing
fluorescence for single- vs. double-stranded DNA.

fluorescence of

towards greater

134495 In order to visualize the relationship between the

nucleobases sequence and the fluorescence intensity, the
consensus sequences for each octant of intensity are
plotted in Figure 3B and 3C for Cy3 and Cy5, respectively.
These data are quite similar to those obtained with the
same dyes on ssDNA™. The most apparent differences in
the dsDNA data are that cytosine is less prominent in the
weakly fluorescent sequences, and that cytosine is more
prominent in the distal positions of the strongly
fluorescent sequences, particularly for Cy5. If as previous
studies have indicated, the fluorescence intensity of
cyanine dyes is greater on ssDNA, there might be bias in
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the consensus toward adenine- and thymine-rich
sequences, which will tend to destabilize the double helix
near the dyes, resulting in a higher locally single-stranded
(“frayed” ends) population of DNA. In relationship to our
previous data of Cy3 and Cy5 on ssDNA, this trend is not
apparent. In the dsDNA data (Figure 3), the melting
temperature of the consensus sequences for the most
fluorescent intensity octants are higher than those in the
equivalent octants in the ssDNA data for both Cy3 and Cy5
due to the increased population of cytosines.

Cy3 and Cy5 overhang interactions

In the results described above, the dyes must also be
interacting with the immediately adjacent ssDNA
overhang segment as illustrated in Figures 1C and Scheme
1B. In order to estimate how this ssDNA modulates the
fluorescence, the random nucleobases linker
replaced with segments representing all possible 5mers.
To avoid having too many overall permutations, only two
dsDNA sequences were used, one associated with strong
fluorescence (GAAAA) and one with weak fluorescence
(CGTGG). About 10 replicates of each of the 2048
resulting sequences fit on a single microarray, allowing
accurate relative intensity between
sequences. In the dsDNA data shown in Figure 3, the
sequence GAAAA resulted in the 33 and 100" brightest
fluorescence for Cy3 and CyS5, respectively. The sequence
CGTGG resulted in the 1008" and 898" brightest
fluorescence for Cy3 and Cy5, respectively. The results
from the overhang experiment, using Cy3 as the dye, are
shown in Figure 4. In Figure 4A, the intensity of each

was

comparisons

sequence has been normalized to that of the most intense
sequence, which, as expected, belongs to the Cy3-
dsGAAAA set. Most of the sequences with Cy3-dsCGTGG
are darker than any of those with GAAAA. Figure 4A
clearly shows that the intensity of the dye is similarly
determined by both the dsDNA segment and the adjacent
ssDNA segment since the intensity difference between
the two curves is similar to the range in intensities within
each curve.

The
sequence of the permuted overhang and the fluorescence

relationship between the nucleobases

intensity is shown in using consensus logos in Figure 4A
and 4B, for Cy3-dsGAAAA and Cy3-dsCGTGG, respectively.
The consensus sequences show a similar pattern to those
of the ssDNA data and the dsDNA data with the random
overhang; the most fluorescent signal results from
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Figure 4. 5’-Cy3-dsDNA with a permuted 3’ overhang (Fig.
1C). The dsDNA strand to which the Cy3 is attached has one
of two sequences: GAAAA (bright) or CGTGG (dark). (A)
Relative fluorescence of Cy3-GAAAA and Cy3-CGTGG, ranked
from most to least intense over the range of all ssDNA 3’
overhang Smers. The intensity falls by ~35% for both Cy3-
GAAAA and Cy3-CGTGG. Fluorescence intensity consensus
sequences of all 1024 Smers on the 3’-overhang of (B) Cy3-
dsGAAAA and (C) Cy3-dsCGTGG. The fluorescent was equally
divided into eight bins of equal intensity ranges. The
consensus sequence is plotted for each bin.

sequences with high purine content and the least
florescence signal results from sequences with high
pyrimidine content, particularly cytosine. Two additional
trends are clearly visible in the consensus sequence data.
First, the information content (bits) for each position is
typically lower than that for the data with the random
overhang. This is because in the present case, there is no
single dominant base at any position, e.g., both purines
are approximately equally probable in the most florescent
sequences. This trend can also be anticipated by the

7
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shape of the intensity curves in Figure 4A, which,
spanning a lower range of intensity in comparison to that
in Figure 3 for the same number of permuted sequences,
indicate a reduced sequence dependence of fluorescence.
Second, the more distal bases are more prominent in the
consensus sequences, which suggests that the dye is
interacting more strongly with these more distal bases.
One possibility is that the presence of dye on the terminus
of the double-stranded segment may tend to displace the
more proximal overhang bases to conformations where
they cannot affect the cis-trans isomerization rate. This is
consistent with NMR data indicating that Cy3 occupies
much of the available stacking space at the end of
dsDNA.*

Data for Cy5 on double-stranded DNA with a
permuted overhang is shown in Figure 5. These data were
collected using the same methods and the same
microarray design, only using Cy5 instead of Cy3. As with
Cy3, the intensity difference between the two curves
Figure 5A is similar to the range in intensities within each
curve, clearly showing that the intensity of Cy5 is similarly
determined by both the dsDNA segment and the adjacent
ssDNA overhang segment. Unlike in the case of Cy3, all of
the Cy5-dsCGTGG sequences are darker that the darkest
of the Cy5-dsGAAAA sequences. The specific sequence
Cy5-dsGAAAA in the random linker dataset resulted in an
intensity of 0.8 relative to that of Cy5-dsGAACC, the most
intense, suggesting that the gap between the curves in
Figure 5A could be significantly increased by using GAACC
as the fixed double stranded sequence. Although the two
curves in Figure 5A appear to have different shapes, this is
due only to the large fluorescence intensity difference
between them. Independently normalizing the Cy5-
dsCGTGG data would cause it to overlap very closely with
the Cy5-dsGAAAA data, indicating that both double
stranded sequences modulate the interaction of the dye
with the overhang bases to a similar extent.

The relationship between the nucleobases
sequence of the permuted overhang and the fluorescence
intensity is shown in using consensus logos in Figure 5B
for Cy5-dsGAAAA and in Figure 5C for Cy5-dsCGTGG. Like
in the case of Cy3, the highest fluorescence is strongly
associated with purines while the lowest fluorescence is
strongly associated with pyrimidines. Between the
purines, guanine is clearly more relevant than adenine in
promoting fluorescence. Cytosine is also much more
common than thymine in the sequences associated with
low fluorescence. As a result of the dominance of these
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Figure 5. 5’-Cy5-dsDNA with a permuted 3’ overhang (Fig.
1C). The dsDNA strand to which the Cy5 is attached has one
of two sequences: GAAAA (bright) or CGTGG (dark). (A)
Relative fluorescence of Cy5-GAAAA and Cy5-CGTGG, ranked
from most to least intense over the range of all ssDNA 3’
overhang Smers. The intensity falls by ~40% for both Cy5-
GAAAA and Cy5-CGTGG. Fluorescence intensity consensus
sequences of all 1024 Smers on the 3’-overhang of (B) Cy5-
dsGAAAA and (C) Cy5-dsCGTGG. The fluorescent was equally
divided into eight bins of equal intensity ranges. The
consensus sequence is plotted for each bin.

two bases, the information content of the consensus
sequences is higher in the case of Cy5. The trend observed
for Cy3, that the dye interacts more strongly with more
distal bases is also the case with Cy5.

For both Cy3 and Cy5, sequences resulting in the
lowest intensity among the dye-dsCGTGG subset have
intensities similar to the darkest from the datasets with
the random overhang in Figure 3. Since the use of a
random nucleobases linker should be equivalent to
all linker the

averaging over base permutations,

8
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expectation was that the minimum fluorescence
measured in the permuted overhang experiments would
be significantly lower than those measured using random
overhang. One possibility is that the range over which the
fluorescence intensity of Cy-dyes can be modulated via
interactions with DNA is restricted. This seems reasonable
since the total range over which the fluorescence
quantum vyield of Cy3 can be lowered by restricting the
rate of cis-trans isomerization is about a factor of eight at
room temperature, and Cy3 on DNA appears to be limited
to the lower half of this range.” Nevertheless, some
additional range of fluorescence intensity could likely be
measured in permuted sequences longer than Smers. In
most of the consensus sequences in Figures 3, 4, and 5,
there is information content in the 5" base, the most
distal; indicating that this base also participates in
modulating the intensity, so a 6" or 7" base is also likely
to contribute to the modulation of fluorescence. Another
perspective in this regard is that the shapes of the curves
in Figures 3A, 4A, and 5A can be interpreted as cumulative
distribution functions where the variable is the
normalized fluorescence. To a good
approximation, the fluorescence intensities of Cy3 and

relative

Cy5 on random DNA sequences have probability mass
functions approximating those of binomial distributions,
where the two results are purine or pyrimidine.” Most
random 5mer sequences will contain a mix of purines and
pyrimidines,  which
fluorescence in the central region of the distribution. A
few sequences will contain mostly or exclusively purines
or pyrimidines, resulting in, respectively, fluorescence at
the high and low tails of the intensity distribution.
Increasing the permuted sequence length (Bernoulli trials)
should result in a few sequences in the tails of the
distribution that extend the range of fluorescence.

will result in intermediate

These results are consistent with previous
experiments on the fluorescence of Cy3 and Cy5, which
have also patterns
dependency. Studies on the interactions of Cy3 with
nucleoside monophosphates solutions have found a
pattern of nucleobase-specific
fluorescence, dG>dA>dT>dC> no DNA.“ Experiments on

shown similar of nucleobase

enhancement  of
an intercalating cyanine dye derived from thiazole orange
demonstrated a strong association of fluorescence with
purine DNA homopolymers but not with pyrimidine
homopolymers; the resulting fluorescence relative
intensities followed the pattern dG>dA>>dC>dT> no DNA
(100, 39, 2.3, 1.8 and 0.5, respectively)." Computer
simulations in this study also indicated that the dyes

associate poorly with poly(dC) and poly(dT), while binding
strongly to poly(dG) and poly(dA). All these results fit well
with the model that m-m interactions between cyanine
dyes and nucleobases decrease the cis-trans isomerization
rate. Purines, with a more extensive 1 system are more
effective than pyrimidines. The extent of the m system
follows the order dG(14)>dA(12)>dT(10)=dC(10) in terms
of number of m electrons, and the order dG(153
AY>dA(142 A%)=dT(142 A%)>dC(127 A?) in terms of surface
area.” These results apply directly to the 5’ nucleobase in
our terminal labeling experiments since this is the base
that is directly adjacent to the dye. We consistently
observe, for both single- and double-stranded data that
cyanine dye fluorescence follows this same trend,
dG>dA>dT>dC, indicating that the terminal base directly
affects rotational isomerization. The data also consistently
shows that adjacent non-terminal bases modulate dye
fluorescence, with a distance-dependent
indicating that sequence-dependent rigidity of the single-

influence,

or double-stranded DNA also contributes to the observed
fluorescence of Cy3 and Cy5. We hypothesize that the
ability of the terminal base to hinder the rotational
isomerization of the dye increases when part of a more
rigid sequence of bases. The flexibility of DNA, particularly
dsDNA, is of ongoing interest due to its role in packing and
in the formation of protein-DNA complexes.”’ Many
available degrees of freedom of the nucleobase
contribute to DNA rigidity or flexibility, not all of which
may be relevant to restricting the isomerization of the
terminal dye; nevertheless, multiple experimental
approaches indicate that purine stacks are more rigid that
pyrimidine stacks in ssDNA**" A similar pattern is
observed in dsDNA, also related to differences in base
stacking area, dG (139 A%)>dA (128 A%)>dC (102 A%)>dT (95
&%), and stacking free energy, dA>»>dG>dT=dC (2.0, 1.3, 1.1
and 1.0 kcal-mol™), for B-form geometry, based on
melting temperature changes.“ Other experiments based
on 5 dangling DNA hairpins and 3’ RNA unpaired
nucleotides give similar stability results: A~xG>T/U>C.*>*?

Sequence specificity of the flexibility of di- and

54,55
tetramers ’

obtained from crystal structures and
molecular dynamics simulations appear to be less relevant
in this case because they treat paired bases symmetrically
and as a single rigid unit, such that e.g. the deformability
of AA(TT)=TT(AA). While this treatment is relevant to the
ability of dsDNA to bend, the hydrogen bonding between
Watson-Crick pairs does not contribute to duplex
stabilization; instead, duplex stability is mainly

determined by base-stacking interactions.” This suggests
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that, at short length scales, the relevant modes of DNA
dynamics are largely decupled from the complementary
strand and interact with the cyanine dyes by restricting
the available torsional volume and by changing high
frequency coordinates of the potential energy surface of
the excited state.”’

CONCLUSION

With the data presented here, we have sought to clarify
and quantify the impact of sequence-dependent
fluorescence of Cy3 and CyS5 tethered to double-stranded
DNA. The results are consistent with previous results of
Cy3 and Cy5 and similar cyanide dyes tethered to single-
stranded DNA.**%
measurements of the fluorescence yield of Cy3 in solution
with each of the DNA nucleoside monophosphates, which
also follows the pattern G>A>T>C.* The preponderance
of evidence supports the hypothesis that stronger cyanine
dye-nucleobase stacking interactions of the purines
relative to the pyrimidines
isomerization rate of these dyes, enhancing fluorescence.
The results can be used in the planning and analysis of

The results are also consistent with

restrict the cis-trans

experiments based on the labeling of DNA (and probably
RNA) with cyanine dyes. For example, TagMan or
molecular beacon PCR probes and FISH probes using
cyanine dye reporters can be designed with one or more
guanines or adenines immediately adjacent to the dye for
increased signal. The sequence for the latter two of these
probes can also be adjusted so that the reporter dye is
adjacent to a purine rich segment of the target upon
hybridization. In the case of next generation sequencing-
by-synthesis, where high throughput relies on maintaining
the low end of the dynamic range near the noise
threshold,®*° the data analysis pipeline can take into
account the effect on measured fluorescence of adjacent
nucleobases when determining the probability for a
correct nucleobases assignment.
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Chapter 3

3 Conclusion and outlook

The first step in the direction of improving the existing procedure of
photosensitive in situ microarray synthesis in this thesis and in terms of efficiency
was by doubling the microarrays produced in each synthesis. Therefore a new
assembly cell complex had to be designed and built to position both microarray
substrates in the focal plane of the optical system. The enhancement results in
halving the synthesis time per microarray and reduced reagent and solvent
consumption. The new procedure also reduces the cost of microarray synthesis by
almost a factor of two. Another major advantage of this improved method is that it
results in the production of essentially identical - only mirror images - microarrays.
This allows for more accurate comparisons between, for example in gene expression
microarray experiments, since the control and treated samples can be hybridized to
the two microarrays produced in the same synthesis. Since every new or separate
synthesis is subject to inevitable small differences, a comparison with the new
method becomes more reliable and significant. Further improvement concerning the
cell assembly complex, e.g. tripling the microarrays per synthesis, is most unlikely
due to physical and geometrical limitations with this set-up.

Stray light is an error source in light directed synthesis. This issue was also
addressed in the same cell complex. Flare, diffraction, edge scattering and
suspended dust particles play an important role in decreasing sequence fidelity and
therefore unintended light should be suppressed and reduced to a minimum since
the entire set-up of the microarray synthesis is based on a light-dependent and
photolabile implementation. The cell assembly complex provides and extra chamber
behind the synthesis area which can be filled with absorbing and index-matching
fluid. Light is reflected by about 4% at each surface, and in order to minimize flare
within the optical system, beta carotene in dichloromethane was used to fill this extra
chamber as the solvent is a good match to the index of refraction of the glass
microarray substrates. Beta carotene has a high extinction coefficient in the
ultraviolet light near 365nm, and due to its low fluorescence quantum yield and high
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Stokes shift, almost all reemitted light cannot lead to photodeprotection. Even though
beta carotene seems to be working well in terms of absorption further investigations
could reveal other substances that match the above mentioned criteria and work
even better. In general a clean and vibration-free surrounding synthesis area should
be maintained in order to guarantee a high synthesis yield. Mirrors and other optical
devices and surfaces should be cleaned and therefore kept dust-free within the
optical system on a regular basis in order to keep errors from stray light as low as
possible.

Photosensitive in situ microarray synthesis is a well-established method for both
laboratory and industrial scale purposes. Hence, further improvements for a higher
throughput require a reduction of the synthesis time without any loss of quality and
while maintaining low cost and high productivity. The new method already discussed
above was introduced which halves the synthesis time by means of a newly designed
photochemical reaction chamber which positions two glass substrates in the focal
plane of the optical system. A drawback of this set-up is that it limits both microarrays
to share the same design. The present thesis also addresses optimization with the
highly-efficient thiophenyl (SPh)-NPPOC photolabile group, which requires much
shorter photodeprotection times compared with the commonly used NPPOC
phosphoramidites. The use of the SPh-NPPOC phosphoramidites, along with the
optimization of each of the chemical and non-chemical steps during synthesis results
in a much shorter synthesis time. Every synthesis benefits from shorter times but the
superordinate aim of this project was to greatly reduce the synthesis time of a human
genome-wide gene expression microarray which can be considered as a benchmark
of modern in situ microarray synthesis.

The newly developed SPh-phosphoramidite profits from higher photolysis quantum
yield and better absorptivity resulting in a 12 times faster photodeprotection rate
compared to NPPOC, already greatly reducing time. Another approach analyzed the
efficiency of different activators and activator concentration on the hybridization
signals from microarray. The activator is needed for the nucleophilic substitution of
the diisopropylamino group by the terminal 5-OH group in order to extend the
growing oligonucleotide chain by one incoming phosphoramidite. Hybridization signal
data suggest that activator ETT followed by Activator 42 seem to work best in terms
of signal intensities although both activators struggle with poor and inhomogeneous

feature intensities and make data extraction less reliable. Whereas DCI activator
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resulted in both high hybridization signals and feature homogeneity. Another
advantage of DCI is its lower acidity compared to ETT and Activator 42 and therefore
not making it mandatory to oxidize after every coupling step in order to stabilize the
inter-phosphate linkage between two phosphoramidites. BTT and pyridinium chloride
were excluded as usable activators since both provided very poor signal intensities
and feature homogeneity. DCI as activator is most likely not optimal and it may be
possible to find a better activator by mixing different activators or trying out new
solvents.

Further time optimization could be achieved by adjusting other parameters, like
shortening the acetonitrile washing steps and the helium blow without any sacrifice of
quality during each coupling step. The effect of the helium blow and its resulting
drying is yet not fully understood but nonetheless crucial for high hybridization
intensities like shown in the provided data. Another time saving was achieved by
decreasing the coupling time of each phosphoramidite by a factor of 4 from 60s to
15s. Determining certain thresholds where any further reduction leads to significant
guality loss, the time needed for each coupling step can be still reduced by some
seconds as shown by the provided data. Any further saving of time can’t be
accomplished with the current chemistry and would need an approach with other
chemicals.

Applying all these optimizations, the synthesis time of a genome-wide gene
expression microarray could be decreased from the initial ~8 hours to ~1.5 hours
without any loss of quality.

A major accomplishment was achieved by Liétard and coworkers during the
course of this thesis, the first syntheses of pure RNA microarrays by in situ
photolithography and its direct proof provided by LC-(ESI-)MS. For the first time,
direct detection of microarray oligonucleotides that are fabricated on glass substrates
- about 20 pmol per chip - can be specifically cleaved from the surface and used for
analysis by MS, was made accessible and rendered amplification by PCR obsolete.
Measurement by MS depicts not only the full length products but also synthetic
failures, degraded material and also the degree of incompletely deprotected
sequences. The process of cleaving the oligonucleotide requires a custom-made
protected NPPOC (dT) phosphoramidite (dT.eay) With a base-labile ester which will
cleave during the final deprotection step. Since this method was newly established

there is room for improvement. The coupling efficiency of the cleavable dT
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phosphoramidite is 85% determined by the difference of a sequence incorporated
dTeav @and without it. Different coupling times and different tetrazole based activators
made the dTgeay CoOupling yield worse. Further experimenting with coupling times or
the application of a mix of different activators could improve the coupling yield making
it more advantageous.

The final data presented in this work examined the resulting fluorescence of
sequence-dependent cyanine dyes attached to double-stranded DNA (dsDNA). It
was shown that both results, whether dyes are tethered to dsDNA or single-stranded
DNA (ssDNA), behave in a similar way in terms of intensity.

The obtained evidence supports the hypothesis that nucleobase stacking interactions
affect the cis-trans isomerization rate of the attached cyanine dyes. Purine-rich
sequences, relative to pyrimidine-rich sequences result in higher dye fluorescence,
indicating that purines preferentially reduce the cis-trans isomerization rate. These
results can be considered in the sequence design of terminally-labeled
oligonucleotides in order to achieve the highest possible fluorescence signal for data
analysis and could be applied to sequence optimization for PCR, FISH, and FRET

experiments.
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4  Abstract

Highly complex and high-throughput microarrays of biopolymers, in this case
nucleic acids, synthesized using maskless array synthesis (MAS) using
photosensitive protecting groups, are well-established and relatively easy to use
analytical tools.

MAS started out with the ability to make one microarray per synthesis. The cell
assembly complex was improved so that now two identical, mirror images arrays, can
be synthesized onto two different substrates simultaneously. An important aspect is
to accurately and reliably position both substrates in the focal plane, which has a
focal depth of about 70 pm. Several advantages are achieved, doubling the
microarray synthesis rate and halving the synthesis time and costs per array. The
reagent and solvents consumption is the same as for a single array synthesis.
Another advantage is a more reliable comparison between experiments using the two
mirror image microarrays since the microarrays are essentially identical with one
another. Additionally, the new synthesis method allows for increased sequence
fidelity of the microarray oligonucleotides by suppressing one of the largest sources
of stray light; an extra chamber of the cell assembly complex can be filled with an
absorbing and index-matching fluid in order to decrease unwanted reflection and
contributes further in optimizing the sequence fidelity outcome.

The microarray synthesis chemistry was also highly optimized by using the highly
light-sensitive thiophenyl-NPPOC (SPh-NPPOC) phosphoramidites, which reduce the
necessary exposure time by a factor of 12. Coupling time was additionally decreased
by a factor of four, to 15 seconds. Optimizing reagent delivery and incubation times of
different chemicals and the crucial helium-flow also reduced synthesis time
increasingly. Different phosphoramidite activators were also tested and to determine
which of them are the best in terms of picture homogeneity, minimization of oxidising
solution — needed to stabilize the growing oligonucleotide chain — and least
expensive. Applying all improvements to the synthesis, the time for the synthesis of a

gene expression microarray could be reduced from about 8 hours to about 1.5 hours.
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5 Zusammenfassung (Abstract German)

Hoch komplexe in situ Microarrays, in diesem Fall von Nukleinséduren, werden
mittels der maskless array synthesis (MAS)-Technologie und lichtsensitiven
Schutzgruppen synthetisiert und gehéren zu den etablierten und relativ einfach
handzuhabenden analytischen Werkzeugen. Im Zuge dieser Arbeit wurde es
ermdglicht zwei idente — lediglich Spiegelbilder voneinander - Microarrays in nur
einer Synthese auf zwei unterschiedlichen Substraten herzustellen. Wichtig dabei ist,
dass beide Substrate genau in der optischen Brennebene positioniert werden. Die
damit einhergehenden Vorteile beinhalten eine Halbierung der urspringlichen
Synthesezeit, sowie keinen Mehrverbrauch der Reagenzien, resultierend in
Verringerung der Kosten. Ein weiterer Vorteil liegt im etwaigen Vergleich der beiden
Microarrays miteinander. Des Weiteren wurden Versuche unternommen, einen
wichtigen Faktor der Fehlerquellen, ndmlich Streulicht, zu minimieren. Dabei ist es
maoglich eine extra Kammer des Halterungsapparates hinter dem Microarray mit
lichtabsorbierenden Flissigkeiten und dem Glas/Quartz ahnlichem Brechungsindex
zu beflllen. Dadurch wird reflektiertes Licht reduziert und zeitgleich die richtige
Sequenzausbeute erhoht. Im Verlauf der vorliegenden Arbeit wurde zusatzlich die
gesamte involvierte Synthesechemie verbessert. Zum einen wurden Versuche mit
den stark lichtsensitiven thiophenyl-NPPOC (SPh-NPPOC) Phosphoramiditen
durchgefiihrt, welche die notwendige Belichtungszeit um einen Faktor von 12
reduzieren. Weitere Verbesserungen bei den Couplingzeiten, sowie des essentiellen
Heliumbedarfs, verringerten ebenfalls die Synthesezeit. Zum anderen wurden
unterschiedliche Aktivatoren auf ihre Effizienz und Bildhomogenitat getestet und der
beste Aktivator nachfolgend evaluiert. All jene Verbesserungen vereint, optimierten
den gesamten Syntheseverlauf und reduzierten die Synthesezeit von
Genexpressionsmicroarrays von den urspringlichen ~ 8 h auf lediglich 1,5 h.
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