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We comment on the physical meaning of the calculated tilt angles. Additional information is gathered 

from atomic force microscopy, fluorescence imaging, and wetting experiments. The results reported 

here are of value in understanding and optimizing the performance of the electronic read-out of a 

diamond-based label-free DNA hybridization sensor. 

* Corresponding author. E-mail: patrick.wagner@uhasselt.be. 

† Hasselt University, Material Physics - Institute for Materials Research. 

‡ transnationale Universiteit Limburg, School for Life Sciences. 

§ Institute for Analytical Sciences, Department Berlin. 

|| Hasselt University, Biomedical Research Institute. 

+ IMEC vzw, Division IMOMEC. 

% Hasselt University, Inorganic and Physical Chemistry – Institute for Materials Research. 

# XIOS Hogeschool Limburg, Department Industrial Sciences and Technology. 



 

3

1. Introduction 

A better understanding and characterization of layers of terminally attached deoxyribonucleic acid 

(DNA) molecules on a surface, DNA brushes, is important for improving genetic assays, where single 

stranded (ss) probe DNA is immobilized on a solid support and coupled (hybridized) to target ssDNA 

molecules from solution. 

For electrical sensing, the substrate for attachment of the DNA probes should preferably be a metal or 

semiconductor. The material should be stable in solution and receptive for the covalent attachment of 

probe DNA. DNA brushes have successfully been prepared and extensively studied on materials such as 

silicon oxide1 and gold.2-8 In recent years, diamond obtained from chemical vapor deposition (CVD) 

gained interest with regard to biosensor applications. This stable, highly biocompatible material, can be 

applied in electrical sensing, thanks to its wide band gap and large electrochemical potential window.9,10 

Diamond surfaces range from single crystalline to ultra-nanocrystalline films,11 and from undoped to 

(heavily) boron doped. Its surface has been functionalized successfully with various bio-molecules: 

DNA,12-15 as well as immunoglobulins G and M (IgG and IgM),16 and enzymes such as catalase,17 

urease and glucose oxidase,18 as well as horse radish peroxidase.19 DNA sensors for in vitro use only 

require a biocompatible top-layer, to which the probe DNA is anchored and where interaction with 

target DNA samples takes place. Diamond-coated silicon wafers are a good starting material, as they are 

easier to produce and cheaper than an all-diamond biosensor. Ultra-nanocrystalline diamond (UNCD®) 

coated silicon was indeed found to be a very stable platform for DNA.12 In the current study, we will 

therefore focus on DNA layers grafted on nanocrystalline (NCD) and UNCD coated silicon. 

Important parameters for good sensor functioning (hybridization) are the density and the orientation 

of the DNA molecules in the sensing layer. Molecular dynamics simulations of DNA molecules, based 

on classical worm-like chain (WLC) theory and adaptations thereof,20,21 are in good agreement with 

recent experimental findings, such as cyclization studies,12,22 bending force measurements based on 

magnetic tweezers and single-molecule fluorescence microscopy,23 as well as AFM studies of DNA 

layers lying flat on mica.24 However, it is not straightforward to predict, starting from these models for 
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the mechanical properties of DNA, the behavior of surface-bound DNA molecules. In DNA brushes, the 

density of the layer will most probably influence the orientation of the molecules. Therefore, we will 

first distinguish between ‘dilute’ and ‘dense’ DNA layers. 

We will call the layer ‘dilute’ when the DNA spacing is comparable to or larger than the stretched-out 

length of the molecules, which implies that they do not interact substantially. The orientation of DNA in 

low density layers on gold substrates has been studied theoretically,25 as well as experimentally.26-29 

One approach is to monitor the interfacial fluorescence quenching, which increases when the 

fluorescence dye at the distal end of DNA is brought closer to a gold substrate, while the gold electrode 

is biased to alternately positive and negative potentials.26 Also atomic force microscopy (AFM) and 

scanning tunneling microscopy (STM) are applied to dilute,27-29 as well as ‘dense’ DNA layers on 

gold.2,3 When the DNA is in a dense layer, the molecules do interact, and the conformation and 

orientation of the molecules can become strongly affected by these interactions. These studies estimate 

the average tilt angles from the plane of the surface for DNA molecules on gold to be in the range of 

45° to 60°. In a cyclic voltammetry study, using a ferrocene label at the distal end of DNA on gold 

electrodes, it was found that the DNA molecules can bend as well as rotate under applied electric 

fields.5 The previously mentioned range for the average tilt angle of double stranded (ds) DNA 

molecules could be narrowed to 55° to 60°. In recent literature, the process steps of covering diamond 

with dense DNA layers have been validated using a variety of techniques, including X-ray 

photoelectron spectroscopy (XPS),12,30,31 AFM,14,32-34 ultraviolet photoelectron spectroscopy (UPS),30 

electrochemical impedance spectroscopy (EIS),35-37 enzyme linked immunosorbent assays (ELISA),31 

amplification by polymerase chain reaction (PCR) followed by gel electrophoresis,13 and fluorescence 

microscopy (FM).12-14,31 Of this list, only the tapping mode (or intermittent-contact mode) AFM 

studies14,32-34 were specifically aimed at clarifying the orientation of DNA molecules in dense layers. 

Based on the measurement of the DNA layer thickness, Rezek and Nebel report average tilt angles for 

16 bp dsDNA on single crystalline diamond in the range of 30° to 37° with respect to the surface14,34. 
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This estimation applies only to the analysis of short dsDNA, since it assumes that the molecules in the 

layer are straight. 

In this work, the orientation of dense DNA molecules on CVD diamond is investigated. We use 

spectroscopic ellipsometry (SE) – both in infrared (IR) and ultra-violet (UV) – as a complementary 

technique to AFM. The SE approach allows the evaluation of layer thicknesses as well as average tilt 

angles, with the advantage of being applicable to both short and long DNA, and for both ds and ssDNA. 

SE is a useful characterization method for polymer brushes in general.38 The samples in the current 

study consist of DNA end-grafted on NCD and UNCD surfaces. Functionalization is done by a two-step 

protocol, involving the photo-attachment of fatty acids to form a linker layer, followed by the covalent 

DNA attachment using a zero-length crosslinker, as reported in detail previously,13 and confirmed later 

on.15,39 To check whether the DNA forms a homogeneous layer we apply FM, as well as AFM for 

information on smaller scales. Based on the observation of vibrational bands, IR SE enables a direct, 

label-free proof of the DNA attachment, together with an estimation of the layer thickness. This 

technique has been used previously to determine the average tilt angle in guanine films on silicon.40 

With UV SE, electronic excitations are monitored, the orientation can be deduced,41 and ss and dsDNA 

can be distinguished, as was already observed for non-surface-bound DNA in the early sixties.42,43 DNA 

molecules are particularly interesting to be studied with SE in the UV range, because they contain 

transition dipole moments oriented along two well-defined directions: in the plane of the bases and, 

perpendicular to this, along the backbone of the strands.44,45 SE has already been applied to study films 

of single bases on silicon,40,45 but to our knowledge this is the first report on its application to study the 

average tilt angle of integral DNA molecules on CVD diamond surfaces. Although the analysis of SE 

measurements is more straightforward for atomically flat substrates, the roughness of NCD and 

especially UNCD films is low and regular enough to correct for by introducing an additional layer in the 

optical model, with intermediate optical properties. 
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attributed to the presence of SiH3, SiH2 and SiH respectively.49 The H-terminated Si samples were put 

under the protective atmosphere of a nitrogen filled glovebox, after a short transportation time 

(~minutes) in air. 

Diamond and silicon functionalization. Part of the H-terminated NCD, UNCD and Si samples were 

used for further functionalization. The NCD samples have been prepared exactly as described in 

reference 13, while the UNCD sample have been treated with the optimized conditions of reference 39. 

(Details on the functionalization can be found in the Supporting Information 1, Diamond 

functionalization, Fig. S1 and Table S1.) 10-undecenoic acid (UA) (Merck) is reacted with the surface 

during 20h under 254 nm UV illumination. This photo-reaction results in a carboxyl-terminated surface. 

Subsequent covalent coupling of amino-modified dsDNA to the carboxyl-terminated surface was 

carried out using the zero-length crosslinker 1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide (EDC) 

(Perbio Science, Erembodegem, Belgium). This was done in 2-[N-morpholino]-ethanesulphonic acid 

(MES) buffer (Perbio Science). Here, different lengths of DNA were used, both ss of 8 or 36 b and ds of 

250 bp, all with an amino-group at the 5’ side. Part of the samples covered with 36 b ssDNA probes 

were allowed to hybridize to its perfect complement (29 b). The 250 bp dsDNA sample was denatured 

in 0.1 M sodium hydroxide (NaOH; Merck) to obtain a layer of 250 b ssDNA. For an SE reference 

experiment, a H-terminated sample was prepared with a multilayer of adsorbed DNA, formed by drying 

of a droplet of 250 bp dsDNA in buffer solution on an NCD substrate. The name codes for the various 

diamond samples can be found in Table 1. The UA functionalization of two of the Si(100) samples was 

performed similar to the method optimized for diamond,39 but with the UV illumination time limited to 

3 h to prevent the formation of a polymerized UA layer. One of the UA-terminated Si samples was then 

functionalized with 250 bp dsDNA. 
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3. Results 

Scanning electron microscopy (SEM) images of the H-terminated NCD and UNCD surfaces can be 

found in Supporting Information 2 (Fig. S2 and S3). The functionalization steps have been validated 

using wetting studies (Supporting Information 3, Table S3) and fluorescence microscopy of labelled 

DNA (Supporting Information 4, Fig. S4-6), where the use of shadow masks during the photo-

attachment of the linker layer is shown to yield clear patterns in the DNA layers (Fig. S7). 

3.1. Morphology and roughness of NCD and UNCD surfaces. To obtain quantitative information 

on the roughness of the UNCD samples, tapping mode AFM experiments are performed on dry surfaces 

under ambient conditions. 

3.1.1. NCD and UNCD surfaces with H- or UA-layer. The root mean square (RMS) roughness of 

the bare, H-terminated UNCD film (sample “U2”) in Fig. 2 (a) is ~17 nm as determined with AFM on 

scales of (4 µm)² down to (1 µm)². The individual grains (sized between 3 to 50 nm) can be identified 

best in the phase image; in the normal height image larger clusters of grains can be seen. After photo-

attachment of the UA linker molecule (sample “U3”), in Fig. 2 (b) the morphology and RMS roughness 

values do not significantly change. This is to be expected, since the length of a UA molecule is small (2 

nm) compared to the surface roughness of the underlying UNCD film. No additional structures are 

found, indicating a homogeneous attachment of the UA layer to the surface, not limited to preferential 

sites (e.g. grain boundaries). 

 





 

12

 

Figure 3: Height and phase AFM images in tapping mode, under ambient conditions on dry UNCD 

samples with varied surface terminations: a) UNCD with ssDNA of 8 b (sample “U5”), b) UNCD with 

ssDNA of 36 b (sample “U6”), and c) UNCD with dsDNA of 29 bp (on top of an A7-ss-tail) (sample 

“U7”). d) More detailed scan of the square area indicated in part c). 

 

Figure 4: Comparison of RMS values of dry UNCD surfaces with different surface terminations as 

determined with tapping mode AFM on different scanning scales. 

3.2. Label-free optical detection of DNA layers (in dry condition) 
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tilt angle is a parameter used to describe the optical anisotropy of the layers. Its physical interpretation 

will be addressed in detail in the “Discussion and Conclusion” section. 

 

Figure 9: Average tilt angles of DNA molecules on UNCD as calculated from UV SE: a) 8 b ssDNA, b) 

36 b ssDNA, and c) 29 bp dsDNA (connected to an A7-ss-tail). (Not drawn to scale.) 
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4. Discussion and Conclusions 

In the experimental work we have presented here, we have studied dense layers of ss and dsDNA 

molecules attached to NCD and UNCD diamond surfaces, because DNA brushes on a semi-conducting, 

bio-compatible material are of great relevance for DNA sensors. Label-free detection of DNA on NCD 

and UNCD diamond surfaces has recently been demonstrated with impedance measurements,35-37 and 

now with spectroscopic ellipsometry. Our main goal was to determine the average orientation of the 

attached DNA molecules. Such a study has been reported33 using tapping mode AFM of DNA layers on 

single-crystalline diamond surfaces. 

To monitor the morphology and roughness of the dry samples, we have applied tapping mode AFM 

measurements under ambient conditions. From the AFM images of dry DNA films, we conclude that 

the DNA forms a dense layer on UNCD, following the underlying UNCD structure (Fig. 3). We have 

observed that the surface roughness of UNCD is not significantly altered upon the introduction of the 2 

nm long linker molecule, nor after the attachment of short ssDNA of 8 bases, while it slightly decreases 

upon the introduction of DNA consisting of 36 bases, both for the ss and ds situation (Fig. 4). This 

decrease in RMS roughness, suggests that the biological top layer fills the dips between grains and grain 

clusters of the UNCD surface. We would like to point out that this result for dense DNA-layers on 

UNCD is the opposite to what has been reported for AFM measurements in buffer after the introduction 

of dilute end-tethered DNA layers on flat gold surfaces: starting from a very flat surface, the presence of 

low concentrations of 20 b ssDNA increases the surface roughness, and hybridization does this even 

more,6,66 whereas on our samples the organic layer mostly follows the underlying structure, smoothing 

out the edges. Of course, the RMS roughness values also depend on the scanned area (Fig. 4), i.e. the 

smallest scan of (0.25 µm)² gives the smallest roughness estimation. 

The signature of DNA in IR SE was first recorded on a sample containing a multilayer of 250 bp 

dsDNA (0.2 µm thick); the same spectral features could be identified for a monolayer of 250 b ssDNA 

on NCD, where the DNA layer thickness was found to be 40 nm, or about one fourth of the stretched-

out length of the molecules. Although this may suggest a tilted orientation of the DNA molecules, 
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to the plane perpendicular to the central axis of the double helix. Therefore, the tilt angle obtained for 

dsDNA can safely be interpreted as the average orientation of the double helices. 

Secondly, although the microscopic form of the surface was not included explicitly, it has been taken 

into account implicitly, by using the effective dielectric function, based on a UV SE measurement of the 

bare, H-terminated substrate. As can be seen from the AFM image in Fig. 2 (b), the initial UNCD 

surface with the UA-linker layer has an RMS roughness of ~16 nm. The DNA layers are found to be 

only 4 to 11 nm thick, i.e. lower than the surface roughness. The reported tilt angles thus represent the 

average DNA orientation towards the plane of the surface on a macroscopic scale. Yet they are caused 

by the local molecular organisation in the DNA film, as well as the substrate topology. Since in this 

paper we have shown that our two-step attachment protocol also works on Si(100), we plan additional 

reference measurements on atomically flat silicon surfaces and single-crystalline diamond to clarify the 

influence of substrate roughness more precisely. Moreover, the results do not exclude the possibility of 

micro-domains: they are average values, taken over the size of the UV excitation spot on the surface. 

The lateral variation on the values will be investigated by SE mapping in later studies. 

Because the results reported here have been obtained for dense DNA-brushes, we are confident that 

the topology is in any case not the only factor responsible for the observed tilt angles. In this case the 

intermolecular interactions are considerable and will prevent the DNA strands from perfectly following 

the substrate – as would be the case for molecules in a dilute, adsorbed layer. So now we come to the 

influence of these intermolecular interactions on the reported tilt angles. Although we have found higher 

angles for samples with more biological material (i.e. for longer DNA and after hybridization), we will 

not consider these angles as significantly different per se. Yet, the fact that for different samples, 

average tilt angle values of the same order are found, gives confidence in the analysis. Even if the 

average angles can be considered equal, the underlying distribution might differ: e.g. for ssDNA and 

dsDNA of the same length the higher flexibility of the ss molecules can result in a larger spread of the 

orientation.2 
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geometrically based and experimentally obtained tilt angle is obtained: 50° and 52°, respectively. (A 

discussion including the other samples can be found in Supplementary Information 5, Table S3.) 

We conclude that the modeling of DNA-brushes on a rough surface is far from trivial, and a direct 

way of observing the orientation is in most cases preferable to calculations based on layer thicknesses, 

obtained from e.g. non-spectroscopic ellipsometry, or nano-shaving AFM experiments.14,32-34 Yet, for 

the DNA layer with the highest molecular stiffness (on sample “U7”), where thus the use of Arcsin(T/L) 

as a measure for the molecular tilt angle is best applicable, the average tilt angle obtained from the 

analysis of electronic excitations with UV SE is in excellent agreement with this geometrically 

estimated value. With the method presented in this paper, the orientation can be investigated directly, 

for ds as well as ssDNA, without restricting the strand length to the persistence length. To discriminate 

between the influence of the substrate topology and the intermolecular interactions on the tilt angle, 

additional reference measurements on atomically flat substrates are required. As such, the calculation of 

tilt angles with VUV SE has the potential of having a wider range of applicability than the 

aforementioned techniques, while combining it with the information on layer thicknesses gives us a 

richer understanding of biological layers on CVD diamond. 

As a final point, we would like to comment on how the reported results with DNA brushes covalently 

attached to CVD diamond surfaces can be applied to improve the performance of diamond-based DNA 

sensors. Although additional experiments with mapping SE are required to evaluate lateral variation of 

the reported average tilt angles for 3 types of DNA layers, the influence of the substrate topology, and to 

determine whether the observed difference are to be considered significantly different, we have 

presented a technique that is in principle capable to detect such differences. Since best sensor 

performance is expected for more upright orientations of the probe ssDNA, combined with a moderate 

density not hindering hybridization, using this method, fabrication methods resulting in advantageous 

probe ssDNA layer properties can be identified and selected for use in DNA sensors. As an example, 

consider the method to deposit the layer of probe ssDNA: taking into account the differences in 

persistence length for ss and dsDNA, one can speculate that a layer of ssDNA obtained by 
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immobilization of dsDNA followed by denaturation (Supporting Information, Fig. S1 (c1-2)) is better 

ordered than when the target ssDNA is attached directly (Supporting Information, Fig. S1 (a)), and that 

probably this effect is more pronounced for longer molecules. Except for the probe DNA attachment in 

ss or ds form, other parameters are likely to influence the DNA orientation: the crystallinity of the 

diamond (the DNA may stand more or less perpendicular to the surface on a microscopic scale i.e. the 

crystal facets, but tilted to the surface plane in a more macroscopic sense), the type of linker layer 

(length, density, type of molecule, …),8 the density of the DNA-layer, the length of the DNA 

molecules,2 the pH and ionic strength when in buffer or the humidity of an ambient environment, the 

applied washing steps, and local electric fields, which can be applied to stretch DNA molecules.3,5 

Additional experiments are required to clarify the effects of these parameters. However, we are 

confident that the method described in this paper can be applied to test such hypotheses. Apart from 

fundamental research, this knowledge can be employed to understand and improve the performance of 

electrical hybridization measurements in a DNA sensor, such as the impedance experiments recently 

reported.37 
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