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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).  
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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.  

 

 

 

 

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 

 

 

 

 

 

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) 

 

 

 

 

 

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) 
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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 β-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 ((α -methyl-2-nitropiperonyl)-oxy]-carbonyl (MeNPOC) [6] or 

(2-(2-nitrophenyl)-propoxycarbonyl (NPPOC) come off [7] along with exposure 

solvent.  

 

 

 

Figure 1.2 a:  DMT-phosphoramidite 

 All bases except T are protected. N,N-diisopropylamino and the DMT functional 

 group are removed during synthesis. β-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].  
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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.  

 

 

 

 

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 dT5 to dT10 already helps to 

prevent the dye molecule to get stuck planarly to the surface, resulting in better 

fluorescence. 
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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. 
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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. 

 

 

NPPOC-dA (tac)  

 

 

 

NPPOC-dG (ipac) 

 

NPPOC-dC (isobutyryl) 

 

 

NPPOC-dT (no base protecting group) 

 

 

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 β-cyanoethyl group are removed after synthesis in 

a separate workflow by EDA/EtOH 1:1 (v:v).  
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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/cm2 in order to deliver 6 J/cm2 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. 

 

 

 

 

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 1.7b: Optical system 

 

 

 

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 µm x 13 µm and called a pixel, separated by a 1 µm 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 



13 
 

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). 

 

 

 

 

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.  
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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 

50µm 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.  
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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. 
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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 
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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]. 
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 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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2.2 Express photolithographic DNA microarray synthesis with optimized 

chemistry and high-efficiency photolabile groups 

 Matej Sack, Kathrin Hölz, Ann-Katrin Holik, Nicole Kretschy, Veronika Somoza, Klaus-Peter 

 Stengele and Mark M. Somoza 

 

Submitted to the Journal of Nanobiotechnology December 2015, peer-reviewed, 

revised and resubmitted. 

 

 

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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2.3 Base-cleavable microarrays for the characterization of DNA and RNA 

oligonucleotides synthesized in situ by photolithography  

 Jory Lietard, Nicole Kretschy, Matej Sack, Alexander S. Wahba, Mark M. Somoza and Masad 

 J. Damha 

 

This paper was published in the Journal of Chemical Communications in September 

2014. 

 

 

Motivation 

 

The possibility to determine the source of error for in situ microarray syntheses, e.g. 

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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2.4 Sequence-dependent fluorescence of Cy3- and Cy5-labeled double-

stranded DNA 

 Nicole Kretschy, Matej Sack and Mark M. Somoza 

 

This paper was submitted to the Journal Bioconjugate Chemistry in October 2015, 

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 TaqMan, PCR, FISH and next generation sequencing-by-

synthesis. 
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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 

quality 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 (dTcleav) 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 

dTcleav and without it. Different coupling times and different tetrazole based activators 

made the dTcleav coupling 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 µm. 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. 

  



 
66 

5 Zusammenfassung (Abstract German) 

 

 Hoch komplexe in situ Microarrays, in diesem Fall von Nukleinsäuren, werden 

mittels der maskless array synthesis (MAS)-Technologie und lichtsensitiven 

Schutzgruppen synthetisiert und gehören zu den etablierten und relativ einfach 

handzuhabenden analytischen Werkzeugen. Im Zuge dieser Arbeit wurde es 

ermöglicht 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 ursprünglichen 

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, nämlich Streulicht, zu minimieren. Dabei ist es 

möglich eine extra Kammer des Halterungsapparates hinter dem Microarray mit 

lichtabsorbierenden Flüssigkeiten und dem Glas/Quartz ähnlichem Brechungsindex 

zu befüllen. Dadurch wird reflektiertes Licht reduziert und zeitgleich die richtige 

Sequenzausbeute erhöht. Im Verlauf der vorliegenden Arbeit wurde zusätzlich die 

gesamte involvierte Synthesechemie verbessert. Zum einen wurden Versuche mit 

den stark lichtsensitiven thiophenyl-NPPOC (SPh-NPPOC) Phosphoramiditen 

durchgeführt, 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 Bildhomogenität getestet und der 

beste Aktivator nachfolgend evaluiert. All jene Verbesserungen vereint, optimierten 

den gesamten Syntheseverlauf und reduzierten die Synthesezeit von 

Genexpressionsmicroarrays von den ursprünglichen ~ 8 h auf lediglich 1,5 h.  
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