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DNA microarrays have propelled important advancements in the field of genomic research 

by enabling the monitoring of thousands of genes in parallel. The throughput can be 

increased even further by scaling down the microarray feature size. In this respect, 

microelectronics-based DNA arrays are promising as they can leverage semiconductor 

processing techniques with lithographic resolutions. We propose a method that enables the 

use of metal electrodes for de novo DNA synthesis without the need for an insulating support. 

By electrochemically functionalizing gold electrodes, these electrodes can act as solid 

support for phosphoramidite-based synthesis. The proposed method relies on the 

electrochemical reduction of diazonium salts, enabling site-specific incorporation of 

hydroxyl groups onto the metal electrodes. An automated DNA synthesizer was used to 

couple phosphoramidite moieties directly onto the OH-modified electrodes to obtain the 

desired oligonucleotide sequence. Characterization was done via cyclic voltammetry and 

fluorescence microscopy. Our results present a valuable proof-of-concept for the integration 

of solid-phase DNA synthesis with microelectronics. 
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1. Introduction 

DNA microarrays represent one of the most powerful tools in genomic research. Enabling 

the analysis of thousands of genes at the same time, microarrays are used for a wide range 

of applications, including gene expression profiling,1-4) single nucleotide 

polymorphism (SNP) detection,5,6) pathogen detection7,8) as well as target enrichment for 

next-generation sequencing.9,10) A number of methods have been developed for the 

fabrication of microarrays. The different technologies fall into three main categories: 

spotting or microprinting techniques, photolithographic methods using masks or 

micromirrors, and electrochemical deprotection techniques using multi-electrode chips.11-13) 

The latter category of electrochemically synthesized microarrays offers various advantages. 

The features of these microarrays correspond to the well-defined electrodes of the chip, so 

no additional patterning or alignment steps are needed. The individually addressable 

electrodes provide electrochemical stimuli to synthesize the different DNA probes in-situ on 

chip, hereby obviating the need for other equipment such as masks or mechanical spotters. 

Furthermore, with a multi-electrode chip as substrate, semiconductor technology can be 

leveraged to scale down the features sizes with lithographic resolution, hereby drastically 

improving feature density, throughput and cost. 

DNA is often immobilized on glass or oxides, that can act as anchor layer for the 

coupling of the first DNA building block.14) Instead of these insulating supports, 

electrode-based applications call for the attachment of DNA to conductive materials. The 

use of electrodes as suitable solid support for DNA probes requires an appropriate 

functionalization. To this end, deposition of a porous reaction layer was previously reported 

by Maurer et al.15,16) As an alternative, we demonstrate a straightforward method for the 

functionalization of metallic electrodes. The proposed method relies on the electrochemical 

reduction of diazonium salts, known as electrografting.17-19) Electrografting offers several 

advantages over alkanethiol self-assembled monolayers (SAMs), which are commonly used 

for surface functionalization. The reduction of diazonium salts results in a strong covalent 

binding to the electrode surface. Furthermore, functionalization via electrografting only 

takes a few seconds, while various thiol and silane chemistries typically take multiple hours. 

Another important advantage is the ability to site-specifically functionalize electrodes in an 

electroaddressable way.20) As it has been shown to be an easy, fast and stable method for the 

functionalization of a variety of conductive materials, the popularity of the electrografting 

approach has immensely increased in the last decade.18,20,21) Here, we demonstrate the 

electrografting of 4-aminophenethyl alcohol to introduce hydroxyl (-OH) groups onto gold 
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electrodes. Oligonucleotides were synthesized directly on the modified electrodes via 

phosphoramidite-based chemistry,22,23) using a commercial DNA synthesizer. The schematic 

of the proposed method is shown in Fig. 1. As a next step, we aim to implement 

electrochemical deprotection15) to enable synthesis of a custom DNA sequence on each 

electrode of a multi-electrode chip. 

Electrografting of electrodes as a solid support for on-chip DNA synthesis was 

previously reported in the form of an extended abstract.24) In this paper, more detailed 

information is provided on the experimental methods. Further characterization of the 

electrografting of 4-aminophenethyl alcohol is included, as well as additional fluorescence 

data on the oligonucleotide synthesis. 

 

2. Experimental methods 

2.1 Electrode functionalization and characterization 

The electrodes used in this work were fabricated via the evaporation of a 10 nm titanium (Ti) 

adhesion layer and a 100 nm gold (Au) metal layer on top of a silicon (Si) substrate. 

The electrochemical procedure to functionalize the gold electrodes was performed 

using an Autolab potentiostat (µAUTOLABIII/FRA2, Metrohm, Belgium) operated with 

Nova software (version 1.10). The functionalization was carried out using a standard three 

electrode configuration, with the gold electrode as working electrode, a flexible silver/silver 

chloride (Ag/AgCl) reference electrode and a platinum coil counter electrode. Prior to 

modification, the gold working electrode was thoroughly rinsed with acetone and IPA. After 

drying under a stream of nitrogen, the electrode was placed in a UV/O3 chamber (UVO 

cleaner, Jelight Company, California) for 15 min to remove organic contamination. 

2.1.1 Electrografting of 4-aminophenethyl alcohol. Hydroxyl groups were 

introduced onto the gold electrodes of ca. 1 x 1 cm2 via electrografting of 4-aminophenethyl 

alcohol. To this end, 5 mM of 4-aminophenethyl alcohol was dissolved in 20 mL of a 0.5 M 

aqueous hydrochloric acid (HCl) solution at 0 ˚C. Prior to use, the solution was degassed for 

10 min using nitrogen. While keeping the solution a 0 ˚C, 400 μL of a 1.2 M aqueous sodium 

nitrite (NaNO2) solution was added and the total solution was degassed for 5 more min. The 

modification of the electrode surface was carried out via cyclic voltammetry with a scan rate 

of 50 mVs−1 for 3 cycles between -0.5 and 0.8 V vs Ag/AgCl, starting from open circuit 

potential (OCP). After functionalization, the electrodes were thoroughly rinsed with 

deionised water, acetone and isopropanol (IPA), and subsequently dried under a stream of 

nitrogen. 4-aminophenethyl alcohol, HCl, NaNO2, acetone and IPA were purchased from 
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Sigma Aldrich (Belgium). 

2.1.2 Electrochemical characterization. The functionalized electrodes were 

characterized by measuring the charge transfer properties. To this end, cyclic voltammetry 

measurements were performed in a solution of 0.01 M iron(III) chloride (FeCl3), 0.2 M 

potassium chloride (KCl) and 0.01 M HCl in deionised water, at a pH of 1.8. FeCl3.H2O and 

KCl were purchased from Sigma Aldrich (Belgium). 

2.2 Oligonucleotide synthesis and characterization 

2.2.1 Oligonucleotide synthesis. To assess the suitability of electrodes with 

electrografted hydroxyl groups, oligonucleotide synthesis was performed on the modified 

electrodes in an Expedite 8909 synthesizer from Applied Biosystems (USA). After 

electrografting, pieces of ca. 5 x 5 mm2 were cleaved from the gold electrode in order to fit 

the synthesis column of the DNA synthesizer. The oligonucleotide sequences were 

synthesized from 3’ to 5’, with the 3’ end being attached to the functionalized electrode 

surface. The following sequences were synthesized: 

5’ – Cy3 – 3’ 

5’ – Cy3 – T – 3’ 

5’ – Cy3 – T – T – T – 3’ 

5’ – Cy3 – T – T – T – T – T – T – 3’ 

5’ – Cy3 – * – 3’ 

dT-CE phosphoramidite (referred to as "T") was ordered from Glen Research (USA). 

Cyanine-3-CE phosphoramidite (referred to as "Cy3") was ordered from Link Technologies 

Ltd (UK). The asterisk ("∗") indicates a dummy cycle without any phosphoramidite present. 

An unmodified gold electrode was inserted during each synthesis run as a reference. 

The reagents and timings for the synthesis cycle were used in correspondence to the 

protocol described in the DNA synthesizer manual.25) To ensure capping of non-reacted 

hydroxyl groups after coupling of the first phosphoramidite onto the grafted layer, the 

capping time of the first cycle was increased to 900 s. The capping time for all subsequent 

cycles (phosphoramidite incorporation into the growing strand) was set to 180 s. 

2.2.2 Fluorescence characterization. To enable characterization of the oligonucleotide 

synthesis, a terminal Cy3-bearing phosphoramidite was incorporated. After synthesis, the 

fluorescence was verified using a Carl Zeiss LSM 780 confocal fluorescence microscope. 

For each image, the average fluorescence intensity was calculated. The standard deviation 

was used as a measure for the fluorescence intensity variation. 
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3. Results and discussion 

3.1 Electrode functionalization and characterization 

Figure 2 shows the cyclic voltammogram (CV) of the electrografting of 4-aminophenethyl 

alcohol on a gold electrode. The first cycle shows a clear reduction peak at Ered = -0.040 V, 

that practically disappears in the second and third scan. This is the typical behavior observed 

during the reduction of diazonium salts. The decrease of the reduction peak after the first 

scan indicates that an organic layer is grafted on top of the electrode surface, hindering 

electron transfer.26-30) The blocking caused by deposition of species during the first scan 

results in a rapid decay of the current after the peak, rather than a diffusion-controlled 

decrease.31) 

The formation of an organic layer was also confirmed by recording cyclic 

voltammograms in a solution containing FeCl3 before and after electrografting. The resulting 

CVs are shown in Fig. 3. Before the grafting of 4-aminophenethyl alcohol, the CV recorded 

on the bare gold electrode clearly shows the characteristic reversible oxidation (Eox = 0.59 V) 

and reduction (Ered = 0.42 V) peaks related to the iron ions in the solution.20,32-34) After 

grafting, the same measurement was repeated. The resulting CV shows a decrease in 

oxidation and reduction peak currents, which indicates hindered charge transfer. This 

behavior is commonly interpreted as a proof of layer formation.32,33,35,36) Electrografting can 

result in the formation of mono- or multilayers, depending on the modification procedure, 

the specific diazonium compound and the substrate material. The reactive radicals generated 

during reduction of the diazonium salt do not only bind to the electrode surface, but can also 

react with the ortho positions of already-grafted molecules.31,37) This gives rise to tree-like 

multilayers. The thickness of these multilayers can be optimized by changing the 

electrografting parameters, such as the applied potential, the grafting time or the diazonium 

concentration.26,38) Various techniques have been described to prevent multilayer formation, 

including the use of diazonium salts with sterically hindering groups39) or sacrificial 

protection groups,33) or via electrografting of calixarene molecules.35) 

3.2 Oligonucleotide synthesis and characterization 

Figure 4 shows the fluorescence results following a synthesis run with a Cy3-labeled 

phosphoramidite (5’ – Cy3 – 3’). The first two electrodes are the modified ("Cy3") and the 

unmodified ("Ref1") electrode that were inserted into the synthesis column during the run, 

the third electrode ("Ref2") is an unmodified electrode that did not come into contact with 

any synthesis reagents. When comparing the electrodes that were present in the synthesizer, 

it is clear that the Cy3-labeled phosphoramidite could only bind to the electrode modified 
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with 4-aminophenethyl alcohol. Non-specific adsorption of the fluorescent building block 

on the bare gold electrode ("Ref1") can be excluded, as the fluorescence intensity of the non-

modified witness electrode "Ref1" is comparable to that of the bare gold negative reference 

electrode "Ref2" that did not come into contact with the phosphoramidite. The surface 

irregularities observed in case of electrode "Cy3" can be assigned to scratches caused by the 

cleaving procedure, as they were also present in the brightfield images (data not shown). 

To further evaluate the suitability of the electrografted layer as solid support for DNA 

synthesis, four different synthesis runs were performed on functionalized gold electrodes. In 

the first three runs, poly-T probes of different lengths (5’ - Cy3 - T - 3’, 5’ - Cy3 - 3T - 3’ 

and 5’ - Cy3 - 6T - 3’) were synthesized onto the functionalized electrodes. Each poly-T 

probe contained a terminal Cy3 phosphoramidite. In contrast, in the fourth run, a hydroxyl 

capping step was performed prior to introducing the Cy3-labeled phosphoramidite 

(5’ - Cy3 - * - 3’). In standard phosphoramidite synthesis, this capping step is used to block 

any uncoupled 5’-OH groups to prevent formation of incomplete oligonucleotides.22,23) 

During all four synthesis runs, a negative reference electrode was included, that was not 

electrografted with 4-aminophenethyl alcohol, and therefore did not contain hydroxyl groups. 

Figure 5 shows the resulting fluorescence images after DNA synthesis. 

The first three electrodes ("Cy3-T", "Cy3-3T" and "Cy3-6T"), containing poly-T 

oligonucleotides of different lengths with a terminal Cy3 group, clearly show a higher 

fluorescence intensity compared to the negative reference electrodes ("Ref1", "Ref2" and 

"Ref3", respectively). A higher fluorescence intensity can be observed for the longer oligo 

lengths. This can be explained by the varying distance of the Cy3 fluorophore from the metal 

surface. For deep sub-wavelength distances (i.e. one-tenth of the excitation wavelength), 

there is a strong non-linear dependence of the photon emission intensity.40) Consequently, in 

case of longer probe length, the fluorescence experiences less quenching by the metal, since 

the fluorophore is further away from the electrode surface.41,42) The last electrode 

("Cy3-Cap") shows a fluorescence intensity comparable to that of the negative reference 

electrodes, which proves that the capping step in the standard phosphoramidite cycle fully 

blocks all non-reacted hydroxyl groups, ensuring correct synthesis of each oligonucleotide. 

 

4. Conclusions 

We have demonstrated that electrografted gold electrodes can serve as a suitable solid 

support for oligonucleotide synthesis. The proposed method relies on the electrochemical 

reduction of 4-aminophenethyl alcohol, which introduces hydroxyl groups onto the metallic 
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electrode surface. We have shown that these hydroxyl groups can bind the 3’ end of a 

phosphoramidite moiety, as a starting point for the synthesis of the desired oligonucleotide 

sequence. Future work will focus on electrochemically induced deprotection,15) enabling the 

synthesis of a custom sequence on each electrode. The demonstrated functionalization 

method offers an elegant approach to combine de novo DNA synthesis with 

electro-addressable electrodes of lithographic resolution. 
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Figure Captions 

Fig. 1. (Black and white) Schematic drawing illustrating the proposed method for on-chip 

DNA synthesis. (a) Site-specific electrografting of 4-aminophenethyl alcohol on gold 

electrode. (b) Oligonucleotide synthesis on modified gold electrode using an automated 

DNA synthesizer (DNA depicted as wavy lines). 

Fig. 2. (Black and white) Cyclic voltammogram of 4-aminophenethyl alcohol (5 mM) in a 

solution of 0.5 M HCl / 0.024 M NaNO2. Three cycles were performed at 50 mVs-1. 

Fig. 3. (Black and white) Cyclic voltammograms before and after electrografting of a gold 

electrode. CV measurements were performed at 50 mVs-1 in a solution of 0.01 M FeCl3 / 

0.2 M KCl / 0.01 M HCl. 

Fig. 4. (Black and white) Fluorescence intensity following synthesis using a Cy3-labeled 

phosphoramidite (depicted as star), with an electrografted electrode ("Cy3") and a 

non-electrografted electrode ("Ref1") in the synthesis column. A second non-electrografted 

electrode ("Ref2") that was not placed inside the synthesizer was used as a negative reference. 

The fluorescence microscopy images are shown in the inset. 

Fig. 5. (Black and white) Fluorescence intensity of functionalized gold electrodes following 

DNA synthesis. Three different poly-T lengths with a terminal Cy3 group (depicted as star) 

were synthesized on electrodes 1 ("Cy3-T"), 2 ("Cy3-3T") and 3 ("Cy3-6T"). Electrode 4 

("Cy3-Cap") was first capped, after which a synthesis run with the Cy3 phosphoramidite 

was performed. The negative reference electrode in each synthesis run was a non-

functionalized electrode. The fluorescence microscopy images are shown in the inset. 
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Fig. 1. (Black and white)  
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Fig. 2. (Black and white) 
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Fig. 3. (Black and white) 
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