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Chapter 1 

 

General introduction 

 
In 2020 approximately 19 million new cancer cases were found and 9.9 million people 
died due to cancer.1 Lung cancer is one of the deadliest cancer types, accountable for 
approximately 2 million deaths each year.1 The origination of cancer can be attributed 
to many different aspects including virus infections, exposure to carcinogens and 
lifestyle of people. For example, it is known that an unhealthy diet, lack of physical 
activity, drinking alcohol and/or usage of tobacco increases the the risk for cancer 
development.  

The earlier cancer is detected, the better the cancer survival rate and treatment 
conditions are.2,3 In order to detect cancer at an early stage, screening programs are 
organized to screen a population without cancer symptoms (Figure 1.1).4 In The 
Netherlands three different cancer screening programs are currently organized to 
screen for cervical cancer5, breast cancer6 and colon cancer.7,8 These screening 
programs still suffer from the need of trained healthcare personnel, high costs, an 
invasive approach and/or limited attendance. Recently a self-test has been 
incorporated in the cervical cancer screening program, which aims to increase the 
number of attendees. Without cancer screening programs, cancer is typically 
diagnosed in a later stage, after the onset of cancer-related symptoms. This later stage 
makes the cancer treatment process more complicated, since it results in larger sized 
tumors with increased probability of metastases compared to cancer detection prior 
to cancer symptoms. People with cancer-related symptoms are subjected to a variety 
of diagnostic tools, such as imaging techniques and/or a tissue biopsy.9 Those tools can 
be disadvantageous due to the possible need of a contrast agent, invasiveness and 
difficulty to encompass tumor heterogeneity. Also, the tumor needs to be sufficiently 
large to enable cancer detection. Ideally, cancer is detected prior to symptoms and in 
the preliminary phase of tumor development.  
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Figure 1.1. Scheme illustrating the difference between population-based cancer 
screening and cancer diagnostics. People with and without cancer are indicated in red 
and blue, respectively. Scheme based on the report by the WHO.4 

 

Hypermethylated DNA (hmDNA) is one of the cancer biomarkers that can be detected 
in urine.10,11 Upon the methylation, a methyl group (-CH3) is covalently bound to a 
cytosine base while the other three bases adenosine, guanine and thymine remain 
unaffected (Figure 1.2). The methylation takes place at a CpG, which is a cytosine base 
followed by guanine base in the 5’ – 3’direction. The hypermethylation of DNA is an 
epigenetic change which also occurs naturally in cells to regulate gene expression and 
is, therefore, not only cancer-related.12 Nevertheless, altered methylation of genes, 
such as genes of promoter regions, can result in undesired changes in gene 
expression.13 Specific cancer types, such as cervical, lung, and bladder cancer, can show 
the hypermethylation of specific genes.10,11,14,15 

  

Figure 1.2. Methylated cytosines in a CpG complex. At both strands of DNA a cytosine 
base followed by a guanine base is displayed in the 5’ – 3’direction. The blue lines 
represent the sugar-phosphate backbone of DNA. The covalent bound methyl group   
(-CH3) to the cytosines is indicated in red.  
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One of the major challenges for hmDNA-based cancer detection in urine is the low 
concentration of hmDNA and the abundant presence of non-methylated DNA. The 
total DNA concentration in urine supernatant varies between 17 - 93 ng/mL,16 whereas 
the hmDNA concentration can be as low as a few copies per ml of urine in early-stage 
cancers. Therefore, a step is required to preselect hmDNA from non-methylated DNA. 
hmDNA can be preselected by a hmDNA enrichment method where a surface is 
modified with proteins that binds hmDNA stronger than non-methylated DNA. An 
example of such a protein is methyl binding domain 2 (MBD2), which functions as a 
receptor toward methylated CpGs with a higher affinity compared to a non-methylated 
CpG.17,18 This binding is due to the formation of multiple interactions pairs between a 
methylated CpG and MBD2 per hmDNA, defined as multivalent binding. Surface-bound 
DNA can be removed using an elution step. In this way, enrichment of hmDNA is an 
easy-to-perform method as only a binding and elution step is involved. However, usage 
in the clinics is limited at the moment due to the co-enrichment of non-methylated 
DNA.19,20  

There is a need to overcome the limited hmDNA enrichment selectivity. Lowering the 
avidity of non-methylated DNA to the MBD2 surface is a requirement for the new 
hmDNA enrichment system. The avidity can be decreased by reducing the applied 
MBD2 surface receptor density which, thus, lowers the surface binding of non-
methylated DNA. The surface binding of hmDNA will not directly be affected by the 
reduction of the MBD2 surface receptor density due to the stronger MBD2 methylated 
CpG binding strength. Furthermore, tuning the surface receptor density can result in 
superselective binding of multivalent targets.21 Those systems possess the property 
that only a small increase in the surface receptor density is sufficient to switch from no 
to maximum target-surface coverages.  

 

Aim and thesis outline 

The aim of this is thesis is to develop a selective hmDNA enrichment method by 
adopting the principles of superselectivity and multivalent binding. The developed 
method should enable hmDNA-based cancer diagnostics in urine. The first part of this 
thesis focusses on the development of a hmDNA capture coating with MBD2 surface 
receptor density control. In the second part of the thesis the hmDNA enrichment 
selectivity of DNA mixtures were quantitatively assessed. In the third part a 
micropillared chip was developed to increase the electrochemical DNA detection 
sensitivity. In the last part a microfluidic device with a micropillar array was designed 
and used for hmDNA enrichment of DNA isolated from a cervical cancer cell line and 
the urine of a cervical cancer patient.  
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The work described in this thesis is part of the early cancer diagnostics project funded 
by the foundation the Weijerhorst which aims to develop a microfluidic chip for early-
stage cancer detection. This project focus on three different research areas. First, 
cancer specific hmDNA biomarkers in urine will be determined. This research has been 
carried out at the Amsterdam UMC. Second, a method will be developed for selective 
hmDNA enrichment for DNA present in urine. Third, a biosensor will be developed to 
detect the presence of specific hmDNA using optical or electrochemical measures. This 
thesis describes the research in the second area. 

Chapter 2 provides a perspective describing a new method for the improvement of the 
hmDNA enrichment selectivity. First the most suitable proteins present within the 
methyl binding domain protein family as a biorecognition elements for hmDNA 
enrichment are described. Next, the performance of hmDNA enrichment system used 
nowadays are discussed. The last part explains how multivalency can be used to enable 
superselective enrichment of hmDNA.  

Chapter 3 reports a method to improve the hmDNA binding selectivity towards MBD2-
modified surfaces. The MBD2 surface receptor density on gold surfaces is tuned by 
employing a thiol-based self-assembled monolayer (SAM). The effect of varying MBD2 
surface receptor densities on the degree of DNA binding as function of the DNA 
methylation level has been assessed.  

Chapter 4 demonstrates the hmDNA enrichment selectivity of the developed method 
in chapter 3. MBD2-modified surfaces were used to study the binding of DNA mixtures 
to and elution from MBD2 surfaces. A method has been developed to determine the 
hmDNA level in enriched DNA mixtures. The hmDNA enrichment selectivity from DNA 
mixture was assesses while varying the MBD2 surface receptor densities.  

Chapter 5 describes the development of a micropillar-structured electrode for DNA 
sensing. Single stranded DNA probes immobilized on the electrode were used to bind 
to the target DNA. The binding of the target DNA was confirmed by a sandwich assay 
using a reporter DNA labeled with ferrocene. The electrochemical DNA sensing 
sensitivity was studied while varying the active surface of the micropillared electrode.  

Chapter 6 introduces the development of a microfluidic chip to enable hmDNA 
enrichment. The chip consists of a hmDNA enrichment chamber with micropillars to 
increase the surface-to-volume ratio. DNA was isolated from a cervical cancer cell line 
and the urine of a cervical cancer patient. The methylation level for a cervical cancer 
specific hmDNA gene was assessed in the isolated DNA samples. Then, the microfluidic 
chip was used to enrich the isolated DNA samples with hmDNA followed by 
quantitative PCR (qPCR) detection of the cervical cancer specific hmDNA gene. 

Chapter 7. Summarizes the work followed by recommendations for future research.  
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Chapter 2 

 

Selective enrichment of hypermethylated DNA by a 
multivalent binding platform 

 

The preselection of hypermethylated DNA (hmDNA) from liquid biopsy samples is key 
to enable early-stage cancer diagnostics. Due to limited selectivity of the existing 
preselection approaches, however, wide integration in the clinic is currently 
prohibited. Here, it is argued that an affinity method on a surface, such as used in 
affinity chromatography, can be significantly improved by employing the principles of 
multivalency and superselectivity. In the here proposed method, a methyl binding 
domain (MBD) protein immobilized at a surface is used as a receptor for 
(hyper)methylated DNA. By the organization of multiple MBDs on a surface, a 
multivalent binding platform is achieved. The MBD surface receptor density on that 
platform is key to increase the enrichment selectivity of hmDNA as a single MBD 
protein binds both methylated and non-methylated DNA with a small difference in 
affinity. When the receptor density is varied, multivalent analyte binding typically 
responds in a non-linear fashion, which phenomenon is called superselectivity. By 
careful tuning of the MBD density, it is envisaged that the selectivity for methylated 
over non-methylated DNA can be optimized. Strong applicability is foreseen in a 
medical setting by implementing such an enrichment step in an analytical process or a 
lab-on-a-chip device. 
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2.1 Introduction 

Cancer is a growing health concern worldwide.1 Despite the increase in cancer survival 
rates over the last decades, cancer remains one of the deadliest diseases.2,3 One of the 
key aspects of surviving cancer is to detect the disease as early as possible, thereby 
enlarging the window of opportunity of curing it.4,5 A recent trend for early cancer 
diagnostics is the pre-symptomatic detection of cancer biomarkers in liquid biopsy 
samples and, therefore, improving the survival rate.6,7  

Hypermethylated DNA (hmDNA) is one of the typical biomarkers found in liquid biopsy 
samples of cancer patients.8,9 The presence of hmDNA in blood and urine is correlated 
to multiple types of cancer, including gastric, lung and ovarian cancer.10–13 From a 
genetic point of view, DNA methylation takes place predominantly at promoter regions 
with a relative high amount of cytosine bases that are followed directly by a guanine 
(CpGs) in the 5’-to-3’ direction, the so-called CpG-rich regions.13 The methylation of a 
CpG is an epigenetic alternation in which a methyl group is covalently bonded to the 
cytosine base at the fifth carbon. By CpG methylation, gene expressions are controlled 
in cells. As a consequence, methylation can play a role in tumor development when 
tumor suppressor genes are methylated, thereby repressing the transcription and thus 
silencing these genes.14 Hypermethylation refers to the situation that methylation of a 
promoter region occurs, which in a healthy situation does not occur.   

Early disease detection as well as disease progress and the effectiveness of a therapy 
can be monitored by measuring the hmDNA concentration over time.15 Yet, the 
concentration of hmDNA, especially in early-stage cancers, can be as low as a few DNA 
copies per liquid biopsy sample.16–18 The current approach to measure hmDNA 
employs DNA isolation and bisulfite conversion, making it time-consuming and labor 
intensive. As a result, the method is not widely applicable in the clinic. Typically, 
hmDNA is detected in bisulfite-treated DNA samples by quantitative PCR (qPCR, of the 
region of interest; can be cancer dependent). Alternative hmDNA detection 
approaches that may be suitable for use in point-of-care applications, include 
electrochemistry,19 CRISPR,20 and isothermal amplification.21 

The detection of specific hmDNA biomarkers by sequencing or biosensing approaches 
involves the ability to distinguish between hmDNA and non-methylated DNA.22–24 
Commonly a preselection step is applied, and three different approaches exist in order 
to differentiate between hmDNA and non-methylated “background” DNA.25–27 The first 
approach uses methyl-sensitive restriction enzymes.28–30 These enzymes are able to 
cleave DNA at a specific recognition sequence only when the CpG is (non-)methylated, 
depending on the enzyme used. For example, after digesting the DNA sample with a 
specific enzyme, all the non-methylated DNA is cleaved, while the methylated DNA 
remains intact. The second approach to differentiate between the two types of DNA is 
bisulfite conversion.31,32 Using this chemical modification method, all non-methylated 
cytosines are converted into the base uracil, while all methylated cytosines remain 
unconverted. As a result, the base sequence of the non-methylated DNA changes, 
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allowing an easier differentiation using PCR. The third method uses affinity 
chromatography purification with an anti-5-methyl-cytosine antibody33 or a methyl 
binding domain (MBD)34,35 protein attached to the surface of beads employed in the 
method. This approach is based on enriching a DNA sample with hmDNA due to binding 
of the methylated DNA to the biorecognition element-modified surface. The used 
biorecognition element, or receptor, that is immobilized on the surface possesses a 
higher affinity for the hmDNA compared to non-methylated DNA thus enabling the 
separation. Each of the aforementioned preselection methods has its limitations 
regarding the selectivity, thus resulting in false positives and affecting negatively the 
ease of application in early-stage cancer diagnostics.25–27,36–38 Specifically, the use of 
restriction enzymes can cause incomplete digestion25,27,36; bisulfite conversion results 
in DNA degradation25–27; and affinity purification suffers from the unwanted 
enrichment of non-methylated DNA.25,37,38 For these reasons, there is a need for 
improving the preselection of hmDNA before implementation in the clinic can be 
considered.  

Here, we will focus on a concept that provides the enrichment of hmDNA using an MBD 
protein bound to a capture surface by applying the principles of multivalent binding, 
and the superselective binding of hmDNA that results from it. Multivalency is a 
principle of binding that provides affinity, selectivity and organization.39–42 The 
enhancement in binding strength of multivalent targets in comparison to monovalent 
ones is known as the multivalency effect or avidity.43 When varying the receptor 
density on a surface, superselectivity can occur.44 Superselectivity is the on/off binding 
behavior of multivalent targets that results from a non-linear dependence of the target 
coverage on the receptor density. Below a specific threshold receptor density, no 
binding takes place, while above this density the target binds with close to maximum 
surface coverage. Despite many of the fundamental aspects of multivalency and 
superselectivity have been addressed, few practical applications have resulted from it. 
Here, in the specific case of DNA binding to an MBD-covered surface, we envisage that 
the threshold density at which the transition from non-binding to binding occurs will 
depend on the number and density of CpG sites on the DNA and on whether these sites 
are methylated or not. Thus, one can rationalize conceptually that a careful tuning of 
the MBD density can result in hmDNA enrichment of DNA isolated from a liquid biopsy 
while non-methylated or less-methylated DNA is not enriched, thus, enabling selective 
hmDNA-based cancer diagnostics (Figure 2.1). Thus we aim to outline the strategy to 
develop a diagnostic tool that employs the principles of multivalency and 
superselectivity in hmDNA detection. 
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Figure 2.1. Conceptual illustration of the envisaged hmDNA enrichment process. DNA 
is isolated from a blood liquid biopsy containing both hmDNA and non-methylated 
DNA. C*pG and CpG are illustrated here by red and green hexagons, respectively, 
attached to the DNA at the top and bottom strand. Next, superselective enrichment of 
hmDNA on a capture surface with an optimal MBD surface receptor density. Only DNA 
with multiple C*pGs are able to bind to the surface due to a sufficient avidity. The 
hmDNA-enriched DNA sample is analyzed with qPCR to detect a cancer-specific 
hmDNA sequence. 

 

In the concept proposed here, the enrichment of hmDNA from a solution can be 
achieved by immobilizing an MBD protein on a surface, possibly that of a column 
material or micro- and nanoparticles.34,37,45 The MBD proteins on the surface function 
as receptors that can interact with the methylated CpGs (C*pG); the ligands from the 
DNA in solution. The binding site of MBD proteins interacts both with non-methylated 
CpG (CpG) and C*pG, but the affinity for C*pG is higher.46–52 The multiple C*pG sites in 
hmDNA allow the formation of multiple non-covalent bonds to surface-immobilized 
MBD, resulting in an overall higher binding strength.  

Here, we discuss how the general strategy of hmDNA enrichment using a capture 
surface coated with an MBD protein can be designed optimally by exploiting the 
principles of superselectivity and multivalent binding. We first discuss the binding 
performance and selectivities of the protein subtypes present within the MBD protein 
family toward methylated and non-methylated DNA. Thereafter we explain the 
principles of the enrichment strategy using an MBD protein, and we discuss the 
prerequisites to achieve highly selective multivalent binding of targets to a receptor-
modified surface in various applications. Finally, we will conclude with an outlook on 
how the enrichment of hmDNA with superselectivity properties can be developed. 
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2.2 MBD protein as a receptor for hmDNA 

The family of MBD proteins contains five members that have a higher binding affinity 
for methylated DNA compared to non-methylated DNA. These are methyl-CpG binding 
protein 2 (MeCP2)53, MBD154, MBD255, MBD356 and MBD4.57 Despite all are selective 
for a C*pG, the absolute binding affinities of the individual proteins within the MBD 
family for C*pG and CpG differ. The binding affinities of an MBD protein that is 
interacting with C*pG or CpG is important for the overall affinity with (non-)methylated 
DNA and for the selectivity of the enrichment of hmDNA.   

The dissociation constants (Kd) of the C*pG-selective MBD proteins for both C*pG or 
CpG are compared in Table 2.1. The data reported in Table 2.1 shows that in particular 
MeCP2, MBD1 and MBD2 possess low Kd values for C*pG, but all proteins show, rather 
comparable, affinities for CpG. However, the direct comparison of the Kd values 
between different studies is complicated by the use of different DNA lengths and CpG 
positions, of slightly different reaction buffer compositions, and of different techniques 
to measure Kd. In the study by Fraga et al. it was concluded that the Kd values were 
strongly dependent on the DNA sequence used.47 

In particular the ratio of the Kd values for CpG and C*pG, which is a measure for the 
selectivity, can be a proper measure to identify the most optimal receptor for the 
enrichment.46–52 It can be expected that the factors complicating the comparison of Kd 
values between different proteins is largely eliminated by taking ratios, so by looking 
at the selectivities. As seen from Table 2.1, high selectivities (= Kd,CpG/Kd,C*pG) are 
achieved by MeCP2, MBD1 and MBD2, with values ranging from 50-295. Of these 
proteins, MBD1 seems to have the best selectivity.  

From this analysis, decent individual selectivities are obtained for MeCP2, MBD1 and 
MBD2, which are much better than those of MBD3 and MBD4. Most likely, any of the 
first three can be used in achieving enrichment. Yet, as will become clear from the 
multivalency and superselectivity discussion below, the intrinsic selectivity (i.e., the 
ratio of Kd values for individual CpG/C*pG sites) is not enough to predict the best 
selectivity in a multivalent binding event for (methylated) DNA that contains multiple 
C(*)pG sites. Qualitatively, the overall selectivity for binding hmDNA will be better 
when a good intrinsic selectivity is coupled to a relatively weak binding constant (high 
Kd), in particular for CpG, and high valency (number of interactions) leading to a 
“multiplication” of several individual selectivities. In that way, a large difference in 
overall K values for hmDNA and non-methylated DNA can be achieved in the 
biologically relevant concentration range. The next sections focus only on the use of 
the MBD2 protein, as this is the most used MBD protein nowadays in the literature for 
the enrichment of hmDNA.  
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2.3 Performance of existing hmDNA enrichment methods using MBD2 

The enrichment of hmDNA is commonly performed by a surface modified with the 
MBD2 protein.34,37,45,58 The general approach of enrichment consists of three 
consecutive steps. In the first step, MBD2 is immobilized onto the surface, such as a 
column material or nano/micro-size particles. In general, proteins can be immobilized 
by a wide variety of approaches,59–62 but a detailed description of the protocols is 
outside the scope of this article. The second step is the actual binding of hmDNA to the 
MBD2-modified surface. The hmDNA binds to multiple MBD2 proteins when the 
spacing between C*pGs is between 3 - 20 base pairs.63,64 This minimal distance is 
required to prevent steric hindrance. In the last step, the bound DNA is removed from 
the surface with an elution buffer to enable subsequent characterization. Table 2.2 
provides an overview of various MBD2-based enrichment methods including DNA 
processing methods applied prior/post hmDNA enrichment.  

A performance study of MBD2 used for hmDNA enrichment was performed by Nair et 
al.65 Here, biotinylated MBD2 was immobilized on streptavidin-coated magnetic beads. 
Three different genes were used: a partly methylated DNA, fully methylated DNA, and 
fully non-methylated DNA originating from the cancerous LNCaP cell lines. As a control, 
the PrEC cell line was used, where all different genes were non-methylated. All non-
methylated DNA was not significantly interacting with the MBD2-modified beads, 
while the partly or fully methylated DNA genes were. The authors were able to 
discriminate between the partly and fully methylated DNA using a salt washing step 
with a NaCl concentration ranging between 0.2 M and 2 M, as was validated by 
quantitative PCR (qPCR).  

In a study by Warton et al., a method was developed to improve the methylated DNA 
enrichment by decreasing the amount of MBD2-functionalized magnetic beads upon 
enrichment of DNA.38 They found a positive effect on the enrichment factor (the 
enriched amount of methylated DNA divided by the enriched amount of non-
methylated DNA in a separate experiment) that was increased from a factor 7 to 30 by 
decreasing the amount of magnetic beads. An alternative is the incorporation of sperm 
DNA as blocking agent upon hmDNA enrichment.66 The usage of the blocking agent 
improved the enrichment factor from 2.1 to 14.2.  

The selectivity of hmDNA enrichment was studied in more detail by Yegnasubramanian 
et al. by using fragmented genomic DNA from white blood cells at input amounts 
ranging between 32 pg and 100 ng.37 The genomic DNA was methylated using the 
M.SssI enzyme to create hmDNA. Here, magnetic particles covered with anti-histidine 
antibodies were modified with His-tagged MBD2 in the presence of 200 ng non-
methylated plasmid DNA and used for the enrichment. After a 1 h incubation step with 
DNA, the magnetic beads were isolated with a magnetic rack. Subsequently, the beads 
were washed and followed by the elution of bound DNA using a temperature of 95 °C. 
Enrichment factors of 500-700-fold were found by qPCR at 4 and 100 ng hmDNA and 
non-methylated DNA input concentrations. Nevertheless, the authors showed that the 
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selectivity of an MBD2-based enrichment method is strongly dependent on the DNA 
input concentration (Figure 2.2). For example, enrichment factors of only 1 and 5 were 
achieved when using 11 ng non-methylated DNA and 0.03 or 0.1 ng of hmDNA, 
respectively. To improve the limited MBD2 enrichment selectivity, especially at low 
hmDNA and high non-methylated DNA input concentrations, they used methyl-
sensitive restriction enzymes prior to the enrichment. This resulted in the detection of 
32 pg hmDNA in a sample containing more than a 3000-fold higher concentration of 
non-methylated genomic DNA. 

 

Figure 2.2. DNA input concentrations versus the amount of output DNA after hmDNA 
enrichment as quantified by qPCR. Fragmented genomic DNA from white blood cells 
was used in its non-methylated form (WBC, white filled circles) and in the hmDNA form 
(WBC M.SssI, black filled circles). hmDNA was formed by methylation of the non-
methylated genomic DNA with the M.SssI enzyme. Reproduced from ref. 37 with 
permission from Oxford University Press. 

 

All the standalone MBD2-based enrichment systems reported and discussed here did 
only report the fold of enrichment based on the quantification after enriching a 
solution with (hyper)methylated DNA or non-methylated DNA in separate 
experiments. Unfortunately, the selectivity of enriching DNA solutions containing both 
(hyper)methylated DNA and non-methylated DNA are currently unknown despite its 
importance for clinical implications. The enrichment selectivity determination of DNA 
mixtures is crucial as the concentration of hmDNA biomarkers in liquid biopsies can be 
orders of magnitude lower compared to that of non-methylated “background” DNA.16–

18 Furthermore, detailed understanding of the enrichment selectivity of DNA mixtures 
would provide information in which clinically relevant hmDNA concentration can be 
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differentiated from the non-methylated DNA. The MBD2-based enrichment systems 
were also not quantitatively tested with various DNA input concentrations in most of 
the studies.38,65,66 Furthermore, the highly selective enrichment system developed by 
Yegnasubramanian et al.37 is unfortunately rather complex, lengthy to perform, and 
needs methyl-sensitive restriction enzymes which are restricted in use due to the 
limited amount of available recognition sequences. Overall, the MBD2-based 
enrichment systems are only able to differentiate well between hmDNA and non-
methylated DNA at high input concentrations but not at combined low and high input 
concentrations of hmDNA and non-methylated DNA, respectively. For that reason, the 
current hmDNA enrichment selectivity is too limited to function as a simple standalone 
system without any post-modification steps to enable wide integration in the clinic in 
early cancer diagnostics. To enable early-stage cancer diagnostics, the hmDNA 
enrichment selectivity should be increased. Additionally, the effect on the hmDNA 
enrichment selectivity using DNA mixtures with various hmDNA/non-methylated DNA 
ratios should be determined. Finally, the impact of different DNA input concentrations 
on the hmDNA enrichment should be verified.  
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2.4 Multivalency as a tool for superselective biosensing 

hmDNA contains multiple C*pGs, each of which functions as a ligand that can bind to 
the MBD2 receptors on the surface during enrichment. At increasing ligand and 
receptor densities, more non-covalent interaction pairs can be formed, which is a 
typical example of multivalent binding (Figure 2.3A).43,67,68 Interaction pairs are formed 
when the geometrical locations between the ligand and receptor match.68 Multivalent 
binding results into strong but reversible complex formation for which the overall 
binding strength, defined by the avidity constant (Kav), is significantly higher compared 
to a monovalent binding event.69 Additionally, the Kav is increasing faster than the sum 
of the individual binding interactions. The avidity is strongly dependent on both the 
ligand and receptor densities, and more stable complexes are formed at higher 
densities.70 An example is the binding of affitin receptors toward the pathogen 
Staphylococcus aureus.71 The binding affinity was increased by the formation of a 
dendrimer containing multiple affitin receptors. As a result, an approximately 600-fold 
improvement in the Kd value down to ≈0.2 nM was achieved for the dendrimer-based 
system in comparison to the monovalent binding of affitin to Staphylococcus aureus. 
Another example is the trapping of viruses by multivalent interactions with DNA-based 
shells functionalized with antibodies.72 The functionalized shell binds as sufficiently 
strong to the virus owing to multivalent interactions resulting into the suppression of 
virus binding to the cell surface.  

Multivalent binding is composed of inter- and intramolecular interactions.73 At 
interfaces, all ligands of an individual target bind to a receptor immobilized on a 
surface, for example, of a micro/nanoparticle, a cell, or a self-assembled monolayer. 
The advantages of surface binding is that a higher avidity constant and thus more 
stable complexes can be formed as a result of a higher effective molarity (EM).74,75 EM 
describes the probability for intramolecular ring closure.76 The overall binding or 
avidity constant, Kav, is dependent on the monovalent ligand-receptor binding strength 
(Ki), EM and the number of ligand-receptor interaction pairs (n), as described by 
equation 1.43  

𝐾𝑎𝑣 = 𝐾𝑖(𝐾𝑖𝐸𝑀)
𝑛−1    (1) 

Equation 1 can be read as follows. Monovalent binding (n=1) leads to a binding 
constant of Ki. For each additional interaction pair in a multivalent complex, the affinity 
increases with a factor KiEM. This factor is therefore called the multivalent 
enhancement factor.  

An example of multivalency in nature is the binding of a virus particle on a cell surface.69 
Efficient binding, possibly followed by endocytosis, of the virus particle is only possible 
in situations when the virus binds multivalently at the cell surface with sufficiently high 
EM and n. Therefore, virus binding can be prevented by the use of monovalent drug 
molecules that bind at the virus protein sites to decrease EM and n such that Kav 
becomes too weak for surface binding.  
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Figure 2.3. A) Illustration of the monovalent and multivalent interaction of a target to 
a receptor-modified surface. B) Overview of the degree of target binding as function of 
the receptor density for monovalent targets with low (green) and high (blue) ligand 
affinity for the receptor-modified surface and the multivalent target with low ligand 
affinity for the receptor (red).44 nR displays the surface receptor density and θ the 
target surface coverage. Adapted from ref. 44 by permission of National Academy of 
Sciences of the United states of America. 

 

The enormous advantage of multivalent target binding on a surface is that it can be 
developed into a superselective binding system. Both the ligand and receptor densities 
are key to achieve superselective binding, as was described in a theoretical study in 
2011 by the group of Frenkel.44 In this study, an example was demonstrated for the 
degree of binding of nanoparticles on a surface as a function of the receptor density 
(Figure 2.3B). The surface binding was compared between monovalent targets on the 
one hand, which contained one ligand with either weak or strong affinity for the 
receptor on the surface, to a multivalent target with multiple low-affinity ligands. For 
both monovalent targets, the binding increased over a wide range of receptor densities 
at the same pace or slower than the increase in receptor density, which is characteristic 
for monovalent binding. In contrast, the multivalent target bound with a coverage that 
increased faster than the receptor density, which is the hallmark of superselective 
binding.  

Superselectivity is used among others as a tool for targeting cells based on variations 
in their receptor densities to improve cancer cell-specific drug delivery.77 Different 
ErbB2 receptor densities on cell surfaces were used to determine the effect on 
targeting by EC1 ligand-modified nanoparticle micelles. Three regimes of receptor 
densities were created with low, medium and high number of ErbB2 receptors per cell 
representing healthy, early and late stage cancer cells, respectively. A decrease of the 
Kd from 12.8 µM to 0.4 µM using a micelle modified with 40 ligands compared to a 
monovalent interaction was observed, as was validated using surface plasmon 
resonance spectroscopy. Additionally, cell uptake of the ligand-modified micelles 
depended on both the ligand and receptor density, as observed by flow cytometry. At 
healthy receptor densities, limited endocytosis took place for an 8-valent nanoparticle 
which was approximately twofold lower than for the 40-valent one. The endocytosis 

A) B)
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remained limited for the 8-valent nanoparticles in early and high cancer stage cells but 
was significant for the 40-valent one, which is attributed to a larger EM and n which 
resulted in a Kav of the micelle that is sufficient for binding to the cancer cells.   

A multivalent system is not directly a superselective system. Superselectivity is 
dependent on the multivalent enhancement factor KiEM. In fact, if KiEM is too high, 
less or no superselectivity is observed.44,78 In such a case, the dependence of target 
binding at increasing receptor density is less strong. The preference of superselectivity 
for a low KiEM is explained by noting that in such a “weak multivalent” system multiple 
ligand-receptor interaction pairs are mandatory to enable binding of the target to the 
surface. The location of ligands on a polymer that binds multivalently at a receptor-
modified surface is crucial as well for the degree of superselectivity, as was described 
in a theoretical study by Tito et al.79 The superselectivity was more pronounced when 
a polymer with locally assembled ligands was used at reduced ligand densities. The 
increase in superselectivity was attributed to reduced competition at the sensor 
surface upon binding, lesser blockage of the binding sites and increase in cooperativity.  

The importance of superselectivity in discriminating between different targets on a 
receptor-modified surface was reported in experimental work by Dubacheva et al.80 
Their system was based on the interaction between a polymer modified with 
cyclodextrin ligands and a monolayer-modified surface containing a tunable receptor 
density of either ferrocene or adamantane. The two different receptors were used to 
study the effect of different binding strength, while the Kd values of ferrocene and 
adamantane are 200 µM and 10 µM, respectively. The higher affinity between the 
adamantane receptor and the target resulted in superselective binding at an 
approximately 16-fold lower receptor density to achieve maximum surface coverage 
compared to the usage of ferrocene receptors. Furthermore, maximal surface 
coverage of the target on the adamantane-coated surface could be achieved while 
binding of the target to the ferrocene-coated surfaces remained fully absent. This work 
has clearly shown that superselectivity enables to discriminate between the target and 
non-target by optimizing the receptor density.  

This section has shown that it is critical to control the multivalent enhancement factor 
KiEM to develop a superselective platform for the enrichment of (hyper)methylated 
DNA. The effect of the selective MBDs (MeCP2, MBD1 and MBD2) on the 
superselective enrichment of hmDNA should be investigated to decide which of these 
proteins provides the best superselectivity. The selectivity will, therefore, be a 
combination of both a good intrinsic selectivity and a low KiEM. The possible n for both 
(hyper)methylated and non-methylated DNA depends on the DNA length. In liquid 
biopsies, such as blood and urine, the DNA is fragmented in comparison with cellular 
DNA, which can result in a decrease of the valency n for both types of DNA.81,82 Due to 
lower n values of DNA from liquid biopsies, the Kav will be lower and, therefore, surface 
binding of DNA that lacks methylation will be reduced as well. 

Conceptually the superselective device should be able to discriminate between 
hmDNA and non-methylated DNA binding (Figure 2.4). At low MBD densities, the 
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number of MBD interactions per DNA is too low for both hmDNA and non-methylated 
DNA to reach a Kav sufficient for surface binding. In the medium MBD density regime, 
multiple MBD interactions are formed with methylated DNA resulting in a sufficiently 
high Kav for surface binding. However, the number of MBD interactions is too little to 
enable surface binding of non-methylated DNA because of the lower Ki. On the other 
hand, if the MBD density becomes too large, too many MBD interactions can be formed 
with both hmDNA and non-methylated DNA. Consequently, Kav is sufficiently high to 
give surface binding for both types of DNA, resulting in a decrease of the selectivity of 
hmDNA enrichment.  

 

 
Figure 2.4. Conceptual illustration of the enrichment of (hyper)methylated DNA on a 
capture surface with a low, medium, or high MBD surface receptor density. The binding 
of DNA is dependent on whether the DNA is methylated or not and on the MBD surface 
receptor density. C*pGs and CpGs are indicated in red and green, respectively. At a low 
MBD surface receptor density (left, top), no DNA binding at all is takes place. At 
medium density (left, center), only (hyper)methylated DNA binding takes place. At high 
MBD2 density (left, bottom), binding of both (hyper)methylated DNA and non-
methylated DNA is taking place. On the right, a DNA binding profile is displayed for 
(hyper)methylated DNA (red line) and non-methylated (black line) surface coverage at 
increasing MBD surface receptor density. 

 

2.5. Conclusion and Perspectives  

In summary, we have presented arguments that the limited selectivity of current 
hmDNA enrichment methods based on affinity chromatography can be improved by 
applying the principles of multivalency and superselectivity. Nowadays hmDNA 
enrichment methods predominantly use surface-bound MBD2 in which the MBD2 
protein functions as a receptor. The limitation of MBD2 is that it possesses a decently, 
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but not exhaustively, higher (63- to 108-fold) binding affinity for C*pG compared to 
CpG, while similar binding affinities are observed for MeCP2 and MBD1 of the MBD 
protein family. Because of these relatively small differences in binding affinities, the 
hmDNA enrichment selectivities are limited. Reduced enrichment selectivities are 
especially profound upon the enrichment of DNA mixtures when the hmDNA 
concentration is (much) lower than that of non-methylated DNA. Liquid biopsies also 
contain hmDNA and non-methylated DNA, therefore, explaining the limited use of 
hmDNA enrichment in the clinics nowadays.  

The here proposed method for increasing the selectivity of hmDNA enrichment 
employs the MBD surface receptor density as a control parameter, and it is affected by 
several crucial parameters. First, the density affects both the multivalency 
enhancement factor and the intrinsic selectivities of the receptors toward a C*pG and 
CpG. A high hmDNA selectivity will be favored by a low multivalency enhancement 
factor and a high intrinsic selectivity of the receptors. It should be determined which 
of the MBDs MeCP2, MBD1, and or MBD2 can fulfill the first parameter the best. 
Second, the number of CpGs within a sequence and its degree of methylation play an 
important role. To illustrate, the number of C*pGs in a DNA fragment can be as high as 
1 C*pG per 10 base pairs, but this is sequence dependent.17 Increasing CpG 
methylation results into a higher Kav with the MBD-modified surface. Therefore, lower 
MBD surface receptor densities can be used at higher degrees of CpG methylation. 
Future work should clarify what the role of increasing CpG methylation is on the 
binding at various MBD surface receptor densities. Third is the role of the DNA length 
in the enrichment of hmDNA. The effect of the DNA length is an important aspect of 
study, since various lengths of DNA are present in liquid biopsies. For example, the 
main DNA fragment sizes in blood and urine are ≈160 bp and ≈90 bp, respectively.81,82 
The longer the DNA, the more MBD-DNA interaction pairs can be formed, thus 
increasing Kav. It will be crucial to understand what the difference in the MBD surface 
receptor density will be for surface binding of, for example, 100 bp-long hmDNA 
compared to 200 bp-long non-methylated DNA. Furthermore, it should be investigated 
whether hmDNA can be enriched efficiently from a DNA sample. Likely this is especially 
important to enable hmDNA-based, early-stage cancer diagnostics where the hmDNA 
concentrations are typically very low (few copies per mL of sample). Overall, this study 
indicates that the enrichment of hmDNA can be improved significantly by optimizing 
the MBD surface receptor densities according to the principles of multivalency and 
superselectivity. The development of the superselective hmDNA enrichment system 
will be of interest for the clinics after the integration of the proposed method in a lab-
on-a-chip device, ensuring fast and simplistic usage. 
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Chapter 3 

 

Density control over MBD2 receptor-coated surfaces 

provides superselective binding of hypermethylated DNA 

 

Using the biomarker hypermethylated DNA (hmDNA) for cancer detection requires a 

pretreatment to isolate or concentrate hmDNA from non-methylated DNA. Affinity 

chromatography using a methyl binding domain-2 (MBD2) protein can be used, but the 

relatively low enrichment selectivity of MBD2 limits its clinical applicability. Here, we 

developed a superselective, multivalent, MBD2-coated platform to improve the 

selectivity of hmDNA enrichment. The multivalent platform employs control over the 

MBD2 surface receptor density, which is shown to strongly affect the binding of DNA 

with varying degrees of methylation, improving both the selectivity and the affinity of 

DNAs with higher numbers of methylation sites. Histidine-10-tagged MBD2 was 

immobilized on gold surfaces with receptor density control by tuning the amount of 

nickel nitrilotriacetic acid-functionalized thiols in a thiol-based self-assembled 

monolayer. The required MBD2 surface receptor densities for DNA surface binding 

decreases for DNA with higher degrees of methylation. Both higher degrees of 

superselectivity and surface coverages were observed upon DNA binding at increasing 

methylation levels. Adopting the findings of this study into hmDNA enrichment of 

clinical samples has the potential to become more selective and sensitive than current 

MBD2-based methods and, therefore, to improve cancer diagnostics. 
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3.1 Introduction 

Cancer is accountable for 9.9 million deaths worldwide in 2020, and it is thus one of 

the deadliest diseases in the world.1 To decrease the number of cancer-related deaths, 

early detection of the disease is essential, since this improves the success rate of 

treatment.2,3 Nationwide screening programs facilitate nowadays the pre-

symptomatic detection of, for example, colorectal cancer4 and cervical cancer5 by 

determination of blood in stool and the presence of human papillomavirus in a cervical 

scrape, respectively. A positive outcome in the colorectal screening requires in general 

a colonoscopy for disease confirmation. Therefore, both pre-symptomatic detection 

methods are invasive and remain uncomfortable for the patient. As an alternative, 

cancer can also be detected by the analysis of liquid biopsies for the presence of 

cancer-specific biomarkers.6,7 Liquid biopsies are predominantly non-invasive, can 

handle tumor heterogeneity and can be used to monitor progression of the disease.8–

10 However, the identification of suitable biomarkers and sufficiently sensitive 

detection to measure them in liquid biopsies remains a challenge. 

One of the cancer biomarkers found in liquid biopsy samples is hypermethylated DNA 

(hmDNA).11,12 hmDNA is circulating tumor DNA that is epigenetically changed by 

methylation.11,12 The methylation results in the covalent addition of a methyl group to 

a cytosine base that is followed by a guanine base in the 5’-3’ direction; the so called 

CpG region.13 Methylation of CpGs occurs to regulate gene transcription, which also 

takes place in healthy cells.14 However, methylation of specific genes, such as tumor 

suppressor genes, can cause different types of cancer including lung and bladder 

cancer.13,15–17  

The usage of hmDNA as a biomarker for cancer detection is currently limited, because 

it is difficult to distinguish hmDNA from non-methylated DNA.18–23 Current methods 

include the use of methylation-sensitive restriction enzymes,24–26 bisulfite 

conversion,27,28 and affinity purification.29–31 However, the methods can result in DNA 

degradation upon bisulfite conversion, incomplete digestion when using a restriction 

enzyme digest, and selectivity issues during affinity purification.18,19 The advantage of 

affinity purification is that it only involves a molecular recognition binding step 

followed by an elution step, thus requiring short assay times. Affinity purification of 

hmDNA is generally used to enrich a solution with hmDNA using beads of which the 

surfaces are modified with the methyl binding domain-2 (MBD2) protein.20,30,32,33 The 

MBD2 protein is used as a receptor that interacts with a methylated CpG (C*pG, ligand) 

with a dissociation constant of 3 – 66 nM.34–40 Furthermore, MBD2 has been 

demonstrated to have one of the best intrinsic binding selectivities among the proteins 

present within the MBD protein family,34–40 with dissociation constant values ranging 

between 188 – 6500 nM for non-methylated CpG (CpG).34,35 Despite this intrinsic 

binding selectivity of MBD2 for C*pG, the co-enrichment of non-methylated DNA upon 
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the isolation of hmDNA remains one of the greatest limitations of MBD-based affinity 

methods.18,20,21,41 

Here we propose a strategy to improve the separation selectivity using affinity 

purification on chip by applying the principles of multivalency and superselectivity.42–

46 Upon the interaction of DNA with an MBD2-modified surface, multiple MBD2-C(*)pG 

interaction pairs can be formed between a DNA target and the surface.47,48 The 

formation of multiple interaction pairs results in an increase of the avidity, which is 

attributed to the multivalency effect.42,49 Surface binding of methylated or non-

methylated DNA on an MBD2-modified surface is, therefore, only taking place when 

the avidity is sufficient for surface binding. As a direct result of the multivalent nature, 

the binding becomes superselective,43,50,51 which indicates a sigmoidal, stronger-than-

linear dependence of the avidity with MBD2 surface density,43 and promises a strongly 

enhanced selectivity of binding of methylated versus non-methylated DNA.50 

Furthermore, a hallmark of superselectivity is the occurrence of a so-called threshold 

receptor density in the binding profile, i.e., the receptor density at which the coverage 

of the multivalent binder increases from low to high.43  

Here, we show the development of a method that employs the superselective binding 

of methylated DNA to achieve hmDNA enrichment at an MBD2-coated surface. In this 

work we focus on the binding of (methylated) DNA at MBD2-modified surfaces. The 

importance of controlling the MBD2 surface receptor density with respect to its 

binding selectivity toward methylated and non-methylated DNA is assessed. We 

employ a mixed thiol self-assembled monolayer (SAM) on a gold surface to achieve this 

density control. The degree of DNA binding on the MBD2-modified surfaces is assessed 

using up to 90-base pair (bp)-long DNA sequences, with between 0 and 5 C*pGs per 

sequence. We study the superselectivity of the binding of DNA as a function of CpG 

methylation to such MBD2-coated surfaces. Furthermore, we compare the maximum 

surface coverages of methylated DNA and non-methylated DNA and at which MBD2 

densities these are reached. With the developed platform we will demonstrate how 

the hmDNA isolation selectivity can be improved by optimization of the MBD2 surface 

receptor density.  

 

3.2 Results and discussion  

3.2.1 Concept of superselective hmDNA enrichment at a receptor density-controlled 

platform 

We aim to develop a superselective hmDNA enrichment platform by tuning the MBD2 

surface receptor density (Figure 3.1). Upon binding of a DNA sequence with a specific 

number of C(*)pGs at the MBD2-modified surface, the avidity increases at higher 
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degrees of DNA methylation, thereby decreasing the threshold receptor density 

required for efficient DNA surface binding (Figure 3.1A). The MBD2 threshold density 

is defined as the minimal MBD2 density required for significant DNA binding. If the 

MBD2 density is too low, the possible number of interaction pairs between MBD2 and 

C(*)pG of DNA that can be formed is limited. In this situation the avidity is insufficient 

for the surface binding of both types of DNA. Increasing the MBD2 density results in an 

increase of the number of MBD2-C(*)pG interaction pairs and as a result, the avidity 

increases. The avidity increases faster for methylated DNA compared to non-

methylated DNA because of the higher intrinsic affinity of MBD2 for each individual 

C*pG compared to CpG.34–40 When the MBD2 density is increased further, both 

methylated and non-methylated DNA can bind strongly. As a direct consequence, we 

expect there is an optimal density range, at medium MBD2 surface receptor densities 

at which the MBD2 density is only sufficient for binding methylated DNA, while non-

methylated DNA remains unbound (Figure 3.1B). In conclusion, control over the MBD2 

surface receptor density is crucial for superselective hmDNA enrichment. Additionally, 

the MBD2 density also controls the total affinity of any bound DNA, and this control is 

important to fine-tune the efficacy of the surface as a capture layer.  

Control over the MBD2 surface receptor density is enabled by employing a mixed SAM 

on a gold-coated surface of two ethylene glycol-alkanethiols, one with a hydroxyl and 

the other with an azide end group (Figure 3.1C). The hydroxyl thiol is the major 

component and is used to create an anti-fouling surface,52–54 while the minor 

component, the azide thiol, is used to enable MBD2 immobilization. A linker molecule, 

bearing a dibenzocyclooctyne (DBCO) moiety on the one end and a nitrilotriacetic acid 

(NTA) functional group on the other end, was reacted at the azide groups of the SAM 

by employing the catalyst-free click chemistry reaction between the DBCO and azide 

functional groups.55 The NTA functional groups were subsequently complexed with 

Ni2+ ions to form NiNTA moieties. Finally, the MBD2 protein fused with a histidine-10 

(His10) tag at the N-terminus (His10MBD2) was immobilized at the surface via the NiNTA 

complexes. An individual NiNTA moiety has the possibility to interact with two 

histidines with a Kd of 14 µM.56 Therefore, the number of NiNTA moieties interacting 

with the His10 tag is maximally 5. The MBD2 surface receptor density was varied by 

tuning the stoichiometric ratio between the hydroxyl and azide-functionalized thiols in 

the SAM, leading to controlled variation of the density of NiNTA groups as well as that 

of the MBD2s binding to these groups. 
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Figure 3.1. Design of a superselective surface coating for hmDNA enrichment. A) 
Schematic illustrations displaying the crucial role of the MBD2 surface receptor density 
for the superselective binding of methylated DNA at the surface. Low, medium, and 
high MBD2 surface receptor densities are illustrated and the subsequent degree of 
interaction with methylated DNA (DNA with red hexagons to represent C*pG) and non-
methylated DNA. B) The DNA surface coverage on the MBD2-modified surface is 
displayed as a function of the MBD2 surface receptor density. The optimal MBD2 
surface receptor density range to achieve optimal selectivity for enrichment of 
methylated DNA is indicated in green. C) Surface chemistry employed to control the 
degree of His10MBD2 immobilization on a gold surface modified with a SAM of 
functionalized ethylene glycol-alkanethiols. Azide thiols are converted into NiNTA 
groups which interact with the His10 tag of MBD2. Each MBD2 protein interacts with an 
individual C(*)pG of the DNA. In the middle, the interaction between an immobilized 
His10MBD2 protein (yellow) and a C*pG (red) in a DNA sequence (gray) is displayed, 
according to the MBD2 crystal structure.57 On the right, the mixed ethylene glycol-
alkanethiol-based SAM on a gold surface with azide and hydroxyl functional groups is 
shown. Azide-functionalized thiols are modified with a linker molecule bearing DBCO 
and NiNTA functional groups. The His10 tag of MBD2 is used to achieve immobilization 
of the protein on the surface.  

A) B)

C)
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3.2.2 Controlling the MBD2 surface receptor density  

His10MBD2 was produced using E. coli Rosetta (DE3) competent cells. The genetic 

information for the protein was based on the work of Bird et al. (Table S3.1).58 The 

successful production and purification of His10MBD2 were confirmed by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Figure 3.2). The protein 

was isolated from lysed cells using NiNTA affinity column chromatography. The 

His10MBD2 protein was eluted from the NiNTA column by employing an imidazole wash 

step. Thereafter, the His10MBD2 protein was purified by size exclusion chromatography 

(SEC) and eluted in the immobilization buffer (IB). The final purity of the His10MBD2 

(molecular weight of ≈32 kDa) was confirmed by the presence of a single strong band 

at the expected molecular weight upon SDS-PAGE gel electrophoresis, thereby 

confirming the purity of the isolated His10MBD2 sample. 

 

Figure 3.2. SDS-PAGE of the His10MBD2 after isolation from E. coli Rosetta DE3 cells 

using NiNTA column chromatography and SEC. The gel was stained with Coomassie 

Blue prior to imaging. In the SDS-PAGE gel the ladder (L), cell lysate (Lys), flow through 

(FT), wash of the NiNTA column (W1), elution of the MBD2 with imidazole (E1), and the 

isolated His10MBD2 after SEC (MBD2) are visible. The characteristic MBD2 band is 

visible at the expected molecular weight (≈32 kDa).  

 

SAMs on gold substrates for quartz crystal microbalance (QCM) analysis were made by 

overnight immersion in mixtures of azide (minor) and hydroxyl-functionalized (major) 

ethylene glycol-alkanethiols in varying ratios. After mounting the sample inside a QCM 

chamber, all subsequent steps to bind MBD2 were monitored in situ by QCM (Figure 

3.3). Figure 3.3A shows a typical example of MBD2 immobilization with 5% azide in the 

thiol mixture. After obtaining a stable baseline in buffer, a solution with the linker 
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molecule bearing the DBCO and NTA functional groups was flown over the SAM 

substrate. After 1.5 h a stable baseline was obtained, indicating completion of the 

reaction. Next, the NTA functional groups were complexed with Ni2+ by flushing a 

solution of NiCl2 over the chip, followed by a washing step with water. Thereafter, the 

His10MBD2 protein was immobilized on the surface. Upon the immobilization of MBD2, 

a typical binding curve was observed, with an initially rapid frequency decrease which 

leveled off quickly due to surface saturation. The total frequency shift (Δf) of 

irreversibly immobilized MBD2 is 13 Hz for 5% azide, which has been determined by 

comparing the baselines in IB prior to and after the addition of MBD2.  
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Figure 3.3. A) In-situ monitoring of the His10MBD2 immobilization process by QCM. 

Prior to QCM measurement, a mixed SAM of hydroxyl and azide ethylene glycol-

alkanethiols (95:5) was formed overnight. After obtaining a stable baseline, a solution 

with the DBCO-NTA linker molecule was flown over the SAM. Then, the NTA groups 

were complexed by NiCl2, followed by the immobilization of His10MBD2. Washing steps 

with PBS, Milli-Q (H2O) and IB are indicated by the gray areas. B) MBD2 surface 

receptor density (determined after the 1.5 h washing step with IB) as a function of the 

percentage of azide-functionalized thiol in the underlying SAM determined with QCM. 

∆f5 values of irreversibly immobilized MBD2 were converted to MBD2 surface receptor 
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densities using the Sauerbrey equation.59 Each data point was obtained from at least 

two experiments. An exponential trendline was fitted to the data with R2 > 0.99 to 

guide the eye. Error bars represent the standard deviation. C, E) Frequency and D, F) 

dissipation monitoring over time upon His10MBD2 immobilization at overtones 3, 5, 7 

and 9 using a SAM with C, D) 5% azide or E, F) 50% azide-functionalized thiols in the 

SAM. 

 

The MBD2 surface receptor density is directly related to the percentage of azide in the 

underlying SAM (Figures 3.3B and S3.1-S3.7). We assume that the measured MBD2 

frequency shifts are proportional to the MBD2 surface coverage. The QCM frequency 

shifts, Δf, of MBD2 at different azide fractions in the SAM then become a mass 

comparison measure according to the Sauerbrey equation.59 This comparison seems 

valid as the trends for different overtones vary only marginally at both low and high 

MBD2 surface receptor densities, and the dissipation changes (ΔD) were < 2 × 10-6 

(Figure 3.3C-F). The Δf of MBD2 can thus be used to express the MBD2 surface receptor 

density. Therefore, the Δf values are here converted to dry mass coverages (in ng/cm2), 

assuming that 55% of the Δf values are due to hydration of the protein at the 

monolayer surface.60 In comparison, a densely packed streptavidin layer typically 

shows a frequency shift of around 25 Hz.61 Even though streptavidin and MBD2 have 

different molecular weights and their degrees of hydration (which affects QCM 

frequencies) may differ as well, we regard the here observed MBD2 frequency values 

ranging from 35 Hz (279 ng/cm2) to 55 Hz (438 ng/cm2) as indicative of dense packing 

because the frequency values level off in this range.  

When using between 2% and 10% of azide in the SAM, the amount of irreversibly 

immobilized MBD2 increases linearly as a function of the amount of azide in the SAM. 

The coverage levels off above 10% azide in the SAM, and reaches a maximally packed 

MBD2 surface density at approximately 40% azide in the SAM. The relationship 

between the stoichiometric ratio of functional groups in the SAM and the degree of 

protein immobilization is in agreement with previously reported protein 

immobilization studies on thiol-based SAM systems.62,63 Overall, we conclude that the 

MBD2 surface receptor density can be tuned by the stoichiometric ratio of hydroxyl 

and azide-functionalized ethylene glycol-alkanethiols in the SAM. 

 

3.2.3 Binding methylated and non-methylated DNA to MBD2 surfaces 

The binding response of DNA with varying degrees of CpG methylation on MBD2-

modified surfaces was studied using a model DNA target sequence based on the MAL 

gene (Figure 3.4A).64,65 In cancer cells, each of the 5 CpGs of the natural MAL gene is 

methylated.64,65 The selected model DNA target is 40 or 90 bp long and contains up to 
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5 CpGs. To study the effect of different numbers of C(*)pG sites on binding to the MBD2 

surfaces, we used the model DNA target with numbers of C(*)pGs ranging between 0 

and 5 on the model DNA target. The DNA sequences used in this study are abbreviated 

as MalxC(*)pG, where x represents the number of C(*)pGs in the model DNA target. 

The nucleotide sequences of the used model DNA targets can be found in Table S3.2. 

Varying the number of C(*)pG sites on the model DNA target was used, instead of using 

very different sequences, to minimize the effect of altering the binding kinetics upon 

the interaction of different DNA sequences with MBD2, as was reported by Fraga et 

al.35 Mal2C(*)pG was used in two different versions: the C(*)pGs were located either 

close to or far away from each other with 22 or 66 bp separation between the C(*)pGs, 

respectively, and these were abbreviated as Mal2C(*)pG-far/close, respectively. For 

the Mal1C(*)pG, a length of only 40 bp was taken, but we assume this has little effect 

on the affinity since only monovalent binding is possible in this case. The location of 

the C(*)pGs in Mal4C(*)pG is slightly shifted compared to the other model DNA targets 

in order to evaluate the role of the C(*)pG location in a DNA sequence. For example, 

the second C(*)pG is located at the 32nd and 33rd nucleotide for Mal4C(*)pG and 

Mal5C(*)pG, respectively.  

 
Figure 3.4. A) The model DNA targets, based on the Mal gene,64,65 are 40 bp or 90 bp 

in length and consist of 1 (40 bp), 2, 3, 4, or 5 C(*)pGs (90 bp). Location of cytosines in 

C(*)pG is displayed here by the red circles with nucleotide numbers at the upper strand 

in the 5’-3’ direction. The methylation-dependent restriction endonucleases HhaI and 

HpaII recognition sites are indicated by the blue dashed lines. B) Gel image generated 

by DNA electrophoresis of Mal3C(*)pG treated with HhaI and HpaII, showing the 

ladder (L) and HhaI and HpaII-digested Mal3C*pG (1) and Mal3CpG (2). The band at 15 

bp in each lane is a marker.  

 

The CpGs of all MalxCpG constructs were methylated to C*pGs using the M.SssI 

enzyme in the presence of S-adenosylmethionine. As a typical example, successful 

methylation of the Mal3CpG sequence was confirmed by the blockage of digestion 

upon reacting the methylated sequence with the methylation-dependent restriction 

200 bp -

150 bp -
100 bp -

50 bp
25 bp -
15 bp

L                  1                 2

A)              B)
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endonucleases HhaI and HpaII, as was characterized by DNA electrophoresis (Figure 

3.4A and B). HhaI and HpaII can digest DNA at their recognition sequences, 5’-GCGC-

3’ and 5’-CCGG-3’, respectively, in the absence of CpG methylation. Both HhaI and 

HpaII have one recognition site on Mal3CpG, resulting in the reduction of the sequence 

length of 24 bp in the case of absence in CpG methylation. Electrophoresis showed 

retention of the full length for HhaI and HpaII-treated Mal3C*pG, while full digestion 

into the 66 bp product was observed for Mal3CpG. These results therefore confirm the 

successful methylation of the former sequence.  

The binding of the model DNA targets at MBD2-modified surfaces with varying MBD2 

surface receptor densities was monitored by QCM (Figure 3.5). A typical experiment is 

displayed in Figure 3.5A for the binding of Mal3C*pG and Mal5CpG at MBD2-coated 

surfaces with receptor densities corresponding to 98 ng/cm2and 239 ng/cm2, 

respectively (full adsorption processes are shown in Figures S3.12B and S3.8B). The 

negative control Mal5CpG was tested at a higher MBD2 density to promote its binding. 

Yet, no change in frequency was observed for Mal5CpG at the MBD2 surface, despite 

the higher receptor density and the higher number of CpG sites. This demonstrates the 

weak binding of non-methylated DNA at the MBD2 surface (at least up to MBD2 

densities of 239 ng/cm2) and confirms the anti-fouling properties of the MBD2-based 

capture layer. In contrast, during the first few minutes upon introducing the solution 

of Mal3C*pG, a sharp decrease of the frequency, signifying binding, was observed, 

followed by a rapid leveling off of the frequency change. Upon switching back to the 

binding buffer (BB), a significant part of the bound Mal3C*pG was washed away from 

the surface. The desorption of DNA can likely be attributed to a fraction of loosely 

bound DNA, while another fraction remained bound. We tentatively attribute this 

behavior to two distinct types of DNA binding occurring at the MBD2-modified surface: 

reversible and irreversible surface binding of DNA. The total amount of bound 

Mal3C*pG is reflected by the frequency shift after the binding step (Δf = 5.5 Hz), while 

the irreversibly bound Mal3C*pG is the amount of bound DNA determined after the 

washing step with BB (Δf = 1.5 Hz). We attribute the firmly bound fraction to DNA 

binding with a number of C*pG-MBD2 interactions that is large enough to achieve 

strong binding, while the weaker fraction uses a lower number of binding sites. 

Different numbers of interaction pairs can occur by local MBD2 density variations 

and/or a backfilling process. DNA binds first strongly with multiple interactions pairs to 

the mostly empty surface. Consequently, the number of free MBD2 sites lowers during 

the binding step, decreasing the possible number of interaction pairs that can be 

formed with newly arriving DNA that (back)fills the leftover spots on the surface, thus 

resulting in weaker DNA binding. 
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Figure 3.5. A) QCM time traces of the binding of 500 nM of Mal5CpG and of Mal3C*pG 

at MBD2-modified surfaces with receptor densities of 239 ng/cm2 and 98 ng/cm2, 

respectively. Washing steps with BB are indicated by the gray areas in the graph. B) 

DNA binding profiles of 500 nM Mal5C*pG (red), Mal4C*pG (green), Mal3C*pG (dark 

blue), and Mal2C*pG far (dark yellow) and close (purple) on MBD2-modified surfaces 

with a receptor density close to 263 ng/cm2. Frequency changes for the C) total amount 

(∆fDNA, tot) and D) irreversible fraction (∆fDNA, irrev) of model DNA target with varying 

numbers of C(*)pG sites as a function of the MBD2 surface receptor density measured 

by QCM. The DNA concentration used was 500 nM for each DNA type. The numbers of 
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C*pGs per sequences are one (orange), two (dark yellow and purple, either far or 

close), three (dark blue), four (green), and five (red). DNA binding at MBD2 surface 

receptor densities of >300 ng/cm2 and <300 ng/cm2 (300 ng/cm2 indicates dense 

protein packing, see text) is indicated by the star and square symbols for the various 

methylated DNA types, respectively. D) Mal5CpG lacking CpG methylation is indicated 

by the black colored triangles (∆fMBD2 <300 ng/cm2 ) and spheres (∆fMBD2 >300 ng/cm2). 

The data points of Mal5C*pG and Mal3C*pG were fitted by a logistic fit; dashed curves 

provide similar trends as guide to the eye. E) Irreversible fraction of DNA binding (∆fDNA, 

irrev/(∆fDNA, irrev + ∆fDNA, rev)) as a function of the MBD2 surface receptor density given that 

∆fDNA, rev = ∆fDNA, tot - ∆fDNA, irrev. Linear trend lines were fitted through the data points as 

a guide to the eye.  

 

The adsorption rate of DNA binding at the MBD2-modified surface was evaluated by 

comparing the DNA binding curves of Mal5C*pG, Mal4C*pG, Mal3C*pG, Mal2C*pG-

close, and Mal2C*pG-far at an MBD2 surface receptor density of ≈263 ng/cm2 as 

obtained from QCM experiments (Figure 3.5B). During the first minutes of DNA 

binding, the adsorption rates are comparable for the various types of DNA. This is 

expected as the mass transport rates of the various DNA types are identical due to the 

equal DNA lengths (90 bp). After the first minutes of DNA binding, the rate is reduced 

significantly for all DNA types. Full surface coverage has not been achieved during the 

30 min DNA binding step as the DNA binding speed remains constant until switching to 

buffer. We take 30 min as a relevant time to start washing because we assume the 

binding sites are largely occupied, and the additionally binding DNA is mostly binding 

with a lower affinity and will be removed again during washing. Wash steps are 

continued until a stable plateau in frequency is reached, which signifies the retention 

of the irreversible DNA fraction. 

The total amount of DNA binding as well as that of the irreversible fraction appeared 

to be dependent on the degree of DNA methylation and on the MBD2 surface receptor 

density (Figure 3.5C and D). MBD2 proteins were immobilized on SAM-modified 

surfaces at varying surface receptor densities followed by quantification of the DNA 

binding steps (Figures S3.8-S3.14). The degree of DNA binding was monitored for all 

the model DNA targets with 1 – 5 C*pGs and with 5 CpGs over the entire MBD2 surface 

receptor density range. The reversible fraction of DNA binding can be deduced by 

subtracting the irreversible frequency change from the total change; see Figure 3.5E. 

As can be seen in both Figure 3.5C and D, the DNA surface coverage of Mal5C*pG, 

Mal3C*pG, and Mal2C*pG (close and far) decreases at high MBD2 surface receptor 

densities (roughly above 300 ng/cm2). This decrease in DNA surface coverage is likely 

caused by steric hindrance between the MBD2 proteins at these high MBD2 densities. 

Steric hindrance is likely to result in a reduction of the accessible number of active sites 
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and, therefore, results in a decrease in avidity. Consequently, it cannot be concluded 

from the current data whether the maximum observed DNA surface coverage for 

Mal2C*pG (close and far), Mal1C*pG, and Mal5CpG is affected by steric hindrance 

between the MBD2 proteins and, therefore, has reached the upper plateau or not. We 

therefore restrict most of our analysis to MBD2 densities up to 300 ng/cm2. 

For the design of a selective DNA capture device, the irreversible fraction is the most 

relevant and may most accurately represent the fraction that binds with the highest 

possible valency as explained above. For Mal5C*pG and Mal3C*pG a clear sigmoidal 

trend was observed (Figure 3.5D) for the amount of (irreversible) DNA binding as a 

function of the MBD2 surface receptor density. At low MBD2 densities, the binding of 

both types of DNA is absent. The lack of binding is attributed to a too low avidity as the 

number of MBD2-C*pG interaction pairs that can be formed is limited. At increasing 

MBD2 surface receptor densities a sharp increase in the degree of binding is visible for 

both sequences. A further increase of the MBD2 surface receptor density results in 

reaching a maximum surface coverage of Mal5C*pG and Mal3C*pG. The increase of 

DNA binding from zero to the upper plateau takes place within a narrow range of MBD2 

surface receptor densities. This observed DNA binding response is characteristic for 

superselective systems.43,50,51 For both Mal5C*pG and Mal3C*pG, the threshold MBD2 

densities correspond to ≈88 ng/cm2. Though not tested as extensively, Mal4C*pG 

follows the same trend. At the threshold density observed for 3 and 5 C*pGs, no strong, 

irreversible DNA binding of the model DNA targets with two or fewer C*pGs per 

sequence occurs. All of these sequences require at least an MBD2 coverage of 159 

ng/cm2 before detectable DNA adsorption occurs. For Mal2C*pG-close and -far, the 

surface binding response is comparable, indicating minimal effect of the C*pG location 

on the binding efficiency of a sequence. However, the binding responses of both 

Mal2C*pG-close and far do differ notably from those of Mal5C*pG and Mal3C*pG. 

First, for both Mal2C*pG (close and far), the threshold MBD2 density increases to ≈159 

ng/cm2. Second, a lower degree of superselectivity (a less steep sigmoidal trend) is 

observed for both Mal2C*pG in comparison to Mal5C*pG and Mal3C*pG. Both the 

increase of the threshold MBD2 density and the lower degree of superselectivity are 

attributed to a reduction of the number of C*pGs per sequence, i.e., the ligand valency, 

and the concomitantly lower avidities.43 Furthermore, notable surface binding of 

Mal1C*pG and Mal5CpG requires MBD2 surface receptor densities >239 ng/cm2, which 

is almost a 3-fold increase in the MBD2 surface receptor density compared to the 

MBD2 threshold for Mal5C*pG and Mal3C*pG. Overall, the MBD2 surface receptor 

density has been shown to control the superselective binding of methylated DNA and 

to tune the DNA surface binding according to its number of methylation sites.  

Figure 3.5D also shows different upper plateau levels for DNAs with varying degrees of 

methylation. The frequencies of the upper plateau levels decrease according to valency 

from Mal5C*pG to Mal4C*pG to Mal3C*pG. The location of the C*pGs in the Mal4C*pG 
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sequence is different compared to the other types of DNA, but its binding follows the 

trend set by Mal5C*pG and Mal3C*pG. Therefore, we assume a minimal effect of the 

C*pG location on the DNA binding at MBD2-modified surfaces. The decreasing plateau 

trend can likely be attributed to a decrease in the overall affinity due to the decreasing 

number of interacting sites. On the other hand, the maximum total amounts of bound 

DNA at varying methylation levels are more comparable to each other below 300 

ng/cm2 of MBD2 (Figure 3.5C). We attribute this to the fact that the total bound DNA 

comprises both the reversible and irreversible DNA fractions and that more than one 

MBD2-C*pG interaction per DNA are already sufficient for significant transient DNA 

binding. 

Despite the irreversible fraction being most relevant for our targeted application, 

analyzing trends by comparing the reversibly and irreversibly binding fractions is 

illustrative for studying the underlying binding mechanism. The ratio between the 

reversible and irreversible fractions of the total amounts of DNA that bind to the 

MBD2-modified surface (for MBD2 densities up to 300 ng/cm2) is directly related to 

the degree of methylation of the DNA (Figure 3.5E). In all cases with two or more 

C*pGs, the fraction of irreversible binding increases with the MBD2 density. This 

behavior highlights the dependence on the receptor density, which is a hallmark of 

multivalent binding. The highest irreversible fractions are observed for Mal5C*pG, 

followed by Mal4C*pG, Mal3C*pG, and Mal2C*pG-close/far; for 1 C*pG and 5 CpGs, 

no binding was observed at these MBD2 densities. Thus, up to 61% of the total amount 

of bound Mal5C*pG binds irreversibly at the MBD2 platform. This trend is again 

attributed to the valency of the sequences and the resulting differences in avidity. It 

can be expected that the irreversible DNA fraction increases even to higher values 

upon the binding of DNA with higher methylation levels.  

 

3.3 Conclusions and outlook 

In this study we have demonstrated the development of a superselective multivalent 

platform that binds methylated DNA and employs the MBD2 surface receptor density 

as a way to control selectivity and affinity. The MBD2 surface receptor density was 

controlled by employing a thiol-based SAM and tuning the stoichiometric ratio 

between hydroxyl and azide-functionalized thiols in the SAM. The degree of                

(non-)methylated DNA binding was dependent on the MBD2 surface receptor density 

and the methylation status of the DNA. DNA containing 3 - 5 C*pGs per 90 base pairs 

displayed superselective binding behavior toward MBD2-modified surfaces. The 

degree of superselectivity was lower for sequences with fewer methylation sites. The 

degree of irreversible DNA binding to the MBD2 surface increases at higher degrees of 

DNA methylation and at higher MBD2 densities, showing the strength of the 
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multivalent control over the capture yield of the surface. Therefore, controlling MBD2 

surface receptor density is essential for the superselective enrichment of methylated 

DNA. 

Future work could assess the effects of DNA length and of the degree of methylation 
upon interaction with MBD2-modified surfaces. For example, the main fragment sizes 
of DNA isolated from blood and urine samples are approximately 160 bp and 90 bp, 
respectively.66,67 Both a higher degree of methylation and a larger DNA fragment size 
can be expected to result in a higher avidity to an MBD2-coated surface as more 
C(*)pG-MBD2 interaction pairs can be formed. Likely, this affects the required MBD2 
surface receptor density for (non-)methylated DNA surface binding. In addition, the 
effect of different DNA sequences upon hmDNA enrichment should be investigated, as 
Fraga et al. have shown that different binding kinetics occurs for various DNA 
sequences in their interaction with MBD2,35 thus also affecting the avidity of (non-
)methylated DNA toward MBD2 surfaces. Next, the developed superselective hmDNA 
binding platform should be tested with DNA isolated from cancer cell lines and human 
body fluids and improvements compared to currently applied methods should be 
assessed. Finally, the ability to elute surface bound DNA using a 2 M NaCl solution68 
should be evaluated to for instance sequence hmDNA enriched DNA samples for 
cancer diagnostics.  
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3.5 Experimental section 

3.5.1 Materials 

30% Acrylamide/Bis solution 37.5:1, gravity flow columns, Experion DNA chips, 

Experion™ DNA 1K Reagents and Supplies as well as 4x Laemmli Sample Buffer were 

obtained from BioRad. Coomassie brilliant blue (Coomassie blue), NaCl, β-

mercaptoethanol, dimethyl sulfoxide ≥99.7% (DMSO), EDTA, MgCl2 ≥ 98.0% (MgCl2), 

LB Broth, lysozyme from chicken egg white (≥90% lysozyme), phenylmethanesulfonyl 

fluoride (PMSF), ribonuclease A from bovine pancreas (RNase), deoxyribonuclease I 

from bovine pancreas (DNase), kanamycin sulfate from Streptomyces kanamyceticus, 

nickel(II) chloride hexahydrate (NiCl2), Nα,Nα-bis(carboxymethyl)-L-lysine hydrate ≥ 

97.0%, phosphate-buffered saline (PBS) tablets for 10 mM solution, H2SO4 95-97%, 0.2 

µm membrane filter and sodium dodecyl sulfate ≥ 99% (SDS) were purchased from 
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Sigma Aldrich. Tris(hydroxymethyl)aminomethane (TRIS), isopropyl-β-D-

thiogalactopyranoside ≥ 99% (IPTG), H2O2 33 % and ethanol absolute were bought from 

VWR. Imidazole 99% and Triton X-100 were obtained from ACROS Organics. Ni-NTA-

agarose beads were purchased from Protino®. PD-10 SephadexTM desalting columns 

were obtained from GE Health. DBCO-PEG4-NHS ester was purchased from Click 

Chemistry Tools. All the DNA sequences were bought from Eurofins Genomics. 

Nuclease-free water, CpG methyltransferase (M.SssI), 1X NEBuffer™ 2, S-

adenosylmethionine, Cutsmart buffer, HhaI, HpaII and high fidelity polymerase Q5 

were purchased from New England Biolabs. HSC11(EG)5-OH and HSC11(EG)5-N3 were 

bought from Prochimia. QCM gold-coated chips (QS-QSX301) were obtained from 

Quantum Design GmbH. 

 

3.5.2 Methods 

Cloning and transformation 

The used bacterial strains and plasmids are displayed in Table 3.1 and 3.2 all the 

required molecular reagents to enable cloning and transformation were obtained from 

New England Biolabs. The His10MBD2 gene was cloned in a pET-15b vector by Eurofins 

genomics. The His10MBD2 gene (Table S3.1) was amplified by PCR using the primers 

displayed in Table 3.3 and high fidelity polymerase Q5 and cloned into pRSFDuet vector 

(Novagen) using the SLIC method69 between NdeI-KpnI (MCS2) restriction sites as 

described before. The amplified DNA obtained from PCR was purified using a Macherey 

Nagel PCR clean-up kit. Then E. coli NovaBlue competent cells were transformed with 

the SLIC product. Plasmids were isolated and purified using the Qiagen miniprep kit. 

The plasmids were sequenced by Eurofins Genomics to confirm the sequence. 

Competent cells of E. coli Rosetta strain were transformed with the plasmid. 

 

Table 3.1. Bacterial strains used in this study. 

E. coli strain Genotype/Characteristics Origin 

Rosetta(DE3) F-ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE (CamR) Novagen 

NovaBlue endA1 hsdR17 (rK12– mK12+) supE44 thi-1 recA1 
gyrA96 relA1 lac F′[proA+B+ lacIqZΔM15::Tn10] 
(TetR) 

Novagen 
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Table 3.2. Plasmid type used in this study. 

Plasmids Genotype/Characteristics Origin 

pET-15b ApR, pT7 Novagen 

pRSFDuet KmR, 2 MCS, PT7, Ori RSF 1030 Novagen 

pRSFDuet 
His10MBD2 

pRSFDuet carrying MBD2 gene with His10-tag at N-
terminus cloned into MCS 2 

This study 

 

Table 3.3. Primer sequence used to amplify the His10MBD2 gene by PCR.  

Primer 5’ → 3’ Characteristics 

His10MBD2 
fwd 

AGAAGGAGATATACATATGCACCATCACCATCATCA
CCATCATCACCACGATTGTCCTGCGTTG 

For NdeI site in 
pDuet MCS2 

His10MBD2 
rev 

ACCAGACTCGAGGGTACCTTAAGCTTCATCACCGCT For KpnI site in 
pDuet MCS2 

 

His10MBD2 production and purification 

The E. coli bacteria were grown up to an optical density (OD) at 600 nm of 0.5 at 37°C 

in LB medium with 30 µg/ml of Kanamycin. The culture was cooled until it reached 

17°C, followed by the expression of the His10MBD2 protein after induction with 1 mM 

IPTG for 15 h at 17°C while stirring at 210 rpm. The culture was centrifuged (AllegraTM 

25R) at 5000 rpm for 15 min at 4 °C to sediment the bacteria. The bacteria were lysed 

with sonication in a lysis buffer of 50 mM Tris-HCl pH 7.2, 300 mM NaCl, 30 mM 

imidazole, 0.1% β-mercaptoethanol, 1 mM EDTA, 20 mM MgCl2, 1 mM PMSF, 0,5 

mg/mL lysozyme, 20 µg/mL DNase, 20 µg/mL RNase A. Sonication (FisherbrandTM 120) 

was performed on ice twice for 30 s with a waiting step in between of 2 min. The 

sonicated samples were centrifuged at 3100 rpm for 15 min at 4 °C, and the 

supernatant was then centrifuged at 40000 rpm for 60 min at 4°C (WX Ultra 90, Thermo 

Scientific). The supernatant was loaded on a NiNTA column and incubated for 30 min 

while shaking at 4°C . The column was washed with 25 mL washing buffer (50 mM Tris 

pH 7.2, 300 mM NaCl, 30 mM imidazole, 0.1% β-mercaptoethanol). His10MBD2 was 

removed from the NiNTA column with an elution buffer (50 mM Tris pH 7.2, 300 mM 

NaCl, 650 mM imidazole, 0.1% β-mercaptoethanol). Directly afterward, the His10MBD2 

sample was purified with a PD10 column and eluted in the IB buffer (50 mM TRIS pH 

7.2, 300 mM NaCl, 0.1% β-mercaptoethanol). The His10MBD2 sample was aliquoted, 

snap-frozen and stored at -80°C until further use. 
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SDS-Page gel electrophoresis 

Protein fractions were mixed with 4x Laemmli Sample Buffer + 0.1% β-

mercaptoethanol at a 1:4 ratio and analyzed on 15% polyacrylamide gels with gel 

electrophoresis (BioRad) in a running buffer of 25 mM Tris, 192 mM glycine and 0.1% 

SDS. The separated proteins were stained using Coomassie brilliant blue solution 

consisting of 10% acetic acid, 40% ethanol, 50% Milli-Q water and 2 g/L Coomassie 

R250. The stained gel was then unstained with a solution of 10% acetic acid, 40% 

ethanol and 50% Milli-Q water, followed by imaging using FluorChem M hardware 

(Proteinsimple). 

DNA methylation 

DNA methylation was performed by mixing 4 µg of DNA with 8 units of M.SssI enzyme, 

S-adenosylmethionine at a concentration of 600 µM and 2.5 µL of NEBufferTM 2. The 

reaction volume was increased to 25 µL with nuclease free water. The reaction was 

performed at 37 °C for 15 h in a T100 thermocycler (BioRad).  

Methyl-sensitive restriction enzyme digest 

10 ng of DNA was mixed with 1 µL of Cutsmart buffer, 5 units of HhaI and 5 units of 

HpaII. The total reaction volume was increased to 10 µL using nuclease free water. 

Digestion was performed for 15 h at 37 °C using a T100 thermocycler (Biorad). 

Afterward the enzymes were deactivated by a heat treatment of 85 °C for 20 min.  

DNA electrophoresis 

DNA samples were analyzed using DNA Experion chips and Experion™ DNA 1K 

Reagents and Supplies according to the instructions of the manufacturer on an 

automated electrophoresis system (ExperionTM, BioRad). 

Synthesis of linker molecule 

DBCO-PEG4-NHS was dissolved in DMSO at 250 mM, directly aliquoted and stored at -

18 °C until further use. Nα,Nα-bis(carboxymethyl)-L-lysine hydrate was dissolved in PBS 

pH 7.4 at 1 mM before the start of the reaction. The dissolved DBCO-OEG4-NHS was 

added to the Nα,Nα-bis(carboxymethyl)-L-lysine hydrate solution at a final 

concentration of 0.1 mM. The reaction components were stirred overnight at 180 rpm 

to ensure completion of reaction.  

SAM formation 

Gold-coated QCM chips were cleaned in a piranha solution (H2SO4:H2O2 in ratio 3:1) for 

10 s followed by immersion of the chips in Milli-Q water. Afterward, the chips were 

rinsed extensively with ethanol, Milli-Q water and ethanol, followed by drying using 

N2. The gold chips were then oxidized using UV-ozone (BioForce, Nanosciences) for 30 
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min. A thiol solution was prepared using HSC11(EG)5-OH and HSC11(EG)6-N3 at the 

desired ratio between the two components in ethanol with a total thiol concentration 

of 2 mM. The oxidized gold chips were completely immersed in the thiol solution 

overnight to form the SAM. After the SAM formation the QCM chips were rinsed 

extensively with ethanol, Milli-Q water and ethanol and dried in a stream of N2.  

Quartz crystal microbalance (QCM) 

Gold-coated QCM chips modified with the SAM were mounted in the QCM Analyzer 

equipped with 4 individually addressable flow cells (Biolin Scientific). A flow rate of 30 

µL/min was set during the experiments with a peristaltic pump (Biolin Scientific). All 

solutions were filtered with a 0.2 µm filter prior to use. Frequency and dissipation 

values used in this study are normalized for the used overtone. After each QCM 

experiment the system was cleaned with a 15 min washing step with 1% SDS solution 

continued by Milli-Q water for 15 min. Frequency shift of surface immobilized MBD2 is 

converted to MBD2 surface receptor densities using the Sauerbrey equation while 

assuming that 55% of the mass is due to water binding and using a Sauerbrey constant 

of 17.7 ng/(cm2·Hz). 

DNA binding to MBD2 surfaces 

After SAM formation on the gold-coated QCM chip, the linker molecule was flushed 

over the surface for 1.5 h at a concentration of 0.1 mM in PBS pH 7.4 followed by the 

addition of 25 mM NiCl2 in Milli-Q water for 10 min and a washing step with Milli-Q for 

5 min and, subsequently, IB until the slope was constant. The washing step with Milli-

Q was used to prevent the reduction of NiCl2 by β-mercaptoethanol present in the IB. 

His10MBD2 dissolved in IB at a concentration of 1 µM was added until stabilization of 

the signal. After MBD2 immobilization, a washing step with IB for 1.5 h was applied 

followed by flushing with BB until a stable signal was achieved. BB contains 50 mM 

TRIS, 350 mM NaCl, and 0.1% Triton X-100. Then 500 nM DNA dissolved in BB was 

added for 30 min followed by a washing step with BB. The MBD2 surface receptor 

density and degree of DNA binding were determined using the normalized frequency 

of the 5th overtone (f5).  
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3.6 Supporting information 

Table S3.1. Gene sequence of His10MBD2 based on the MBD2 amino acid sequence 

with UniProtKB/Swiss-Prot ID: Q9UBB5.1.58  

                                                 5’ - 3’ 

His10MBD2 
gene 

ATGCACCATCACCATCATCACCATCATCACCACGATTGTCCTGCGTTGCC
GCCCGGATGGAAAAAAGAGGAAGTTATTCGTAAATCTGGTCTGAGTGC
GGGCAAGTCAGATGTATATTATTTCTCCCCTTCGGGTAAAAAGTTCCGT
AGTAAACCTCAACTCGCGCGCTACCTTGGCAATACAGTGGATCTCAGTT
CTTTCGATTTTCGCACTGGAAAGATGATGCCATCAAAGCTGCAAAAAAA
TAAACAGCGCCTACGCAACGACCCACTTAACCAAAATAAAGGCAAACCA
GATTTAAATACAACCTTACCCATTCGTCAGACTGCGTCTATTTTTAAACA
ACCGGTCACCAAAGTAACCAATCATCCGAGTAACAAAGTTAAATCCGAC
CCGCAACGCATGAACGAGCAACCGCGGCAGTTATTTTGGGAGAAGCGC
TTGCAGGGCCTGTCGGCGTCCGATGTCACCGAACAGATCATTAAGACCA
TGGAGTTGCCGAAAGGCCTGCAGGGCGTTGGTCCGGGTAGCAACGAC
GAGACCCTGCTGTCAGCCGTGGCATCCGCGCTGCACACCAGCAGCGCA
CCGATTACGGGTCAGGTGTCGGCTGCCGTGGAAAAAAACCCGGCCGTT
TGGCTGAACACGTCGCAGCCGCTGTGCAAAGCCTTTATCGTCACGGACG
AAGATATCCGAAAACAGGAAGAACGTGTGCAGCAGGTGCGTAAAAAA
CTGGAAGAAGCTCTGATGGCCGACATACTGAGCAGAGCAGCAGACACG
GAAGAAATGGATATCGAAATGGATAGCGGTGATGAAGCTTAA 

 

Figure S3.1. In-situ monitoring of the His10MBD2 immobilization process by QCM. Prior 

to QCM measurement, a SAM with two ethylene glycol-alkanethiols was formed 

overnight with 2% azide functionalized thiols. The monitoring with QCM starts with 

reacting the DBCO-NTA linker molecule onto the SAM. The process is continued by 

activation of the NTA functional groups using NiCl2 and the immobilization of 

His10MBD2. The MBD2 surface receptor densities at the SAM containing 2% azide was: 

A) Δf = 3.9 Hz and B) Δf = 2.8 Hz. Washing steps with PBS, Milli-Q (H2O) and IB are 

indicated by the grey areas.  
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Figure S3.2. In-situ monitoring of the His10MBD2 immobilization process by QCM. Prior 

to QCM measurement, a SAM with two ethylene glycol-alkanethiols was formed 

overnight with 5.3% azide functionalized thiols. The monitoring with QCM starts with 

reacting the DBCO-NTA linker molecule onto the SAM. The process is continued by 

activation of the NTA functional groups using NiCl2 and the immobilization of 

His10MBD2. The MBD2 surface receptor densities at the SAM containing 5.3% azide 

was: A) Δf = 16.0 Hz, B) Δf = 11.9 Hz, C) Δf = 17.99 Hz and D) Δf = 13.08 Hz. Washing 

steps with PBS, Milli-Q (H2O) and IB are indicated by the grey areas.  
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Figure S3.3. In-situ monitoring of the His10MBD2 immobilization process by QCM. Prior 

to QCM measurement, a SAM with two ethylene glycol-alkanethiols was formed 

overnight with 6.5% azide functionalized thiols. The monitoring with QCM starts with 

reacting the DBCO-NTA linker molecule onto the SAM. The process is continued by 

activation of the NTA functional groups using NiCl2 and the immobilization of 

His10MBD2. The MBD2 surface receptor densities at the SAM containing 6.5% azide 

was: A) Δf = 14.4 Hz, B) Δf = 15.87 Hz, C) Δf = 20.5 Hz, D) Δf = 19.36 Hz and E) Δf = 23.58. 

Washing steps with PBS, Milli-Q (H2O) and IB are indicated by the grey areas.  
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Figure S3.4. In-situ monitoring of the His10MBD2 immobilization process by QCM. Prior 

to QCM measurement, a SAM with two ethylene glycol-alkanethiols was formed 

overnight with 9% azide functionalized thiols. The monitoring with QCM starts with 

reacting the DBCO-NTA linker molecule onto the SAM. The process is continued by 

activation of the NTA functional groups using NiCl2 and the immobilization of 

His10MBD2. The MBD2 surface receptor densities at the SAM containing 9% azide was: 

A) Δf = 23.72 Hz, B) Δf = 27.85 Hz, C) Δf = 30.98 Hz, D) Δf = 29.21 Hz and E) Δf = 27.12. 

Washing steps with PBS, Milli-Q (H2O) and IB are indicated by the grey areas.  
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Figure S3.5. In-situ monitoring of the His10MBD2 immobilization process by QCM. Prior 

to QCM measurement, a SAM with two ethylene glycol-alkanethiols was formed 

overnight with 13% azide functionalized thiols. The monitoring with QCM starts with 

reacting the DBCO-NTA linker molecule onto the SAM. The process is continued by 

activation of the NTA functional groups using NiCl2 and the immobilization of 

His10MBD2. The MBD2 surface receptor densities at the SAM containing 13% azide was: 

A) Δf = 29.14 Hz, B) Δf = 32.97 Hz, C) Δf = 30.15 Hz. Washing steps with PBS, Milli-Q 

(H2O) and IB are indicated by the grey areas.  
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Figure S3.6. In-situ monitoring of the His10MBD2 immobilization process by QCM. Prior 

to QCM measurement, a SAM with two ethylene glycol-alkanethiols was formed 

overnight with 25% azide functionalized thiols. The monitoring with QCM starts with 

reacting the DBCO-NTA linker molecule onto the SAM. The process is continued by 

activation of the NTA functional groups using NiCl2 and the immobilization of 

His10MBD2. The MBD2 surface receptor densities at the SAM containing 25% azide was: 

A) Δf = 42.47 Hz, B) Δf = 47.83 Hz, C) Δf = 46.44 Hz and D) Δf = 44.77 Hz. Washing steps 

with PBS, Milli-Q (H2O) and IB are indicated by the grey areas.  
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Figure S3.7. In-situ monitoring of the His10MBD2 immobilization process by QCM. Prior 

to QCM measurement, a SAM with two ethylene glycol-alkanethiols was formed 

overnight with 50% azide functionalized thiols. The monitoring with QCM starts with 

reacting the DBCO-NTA linker molecule onto the SAM. The process is continued by 

activation of the NTA functional groups using NiCl2 and the immobilization of 

His10MBD2. The MBD2 surface receptor densities at the SAM containing 50% azide was: 

A) Δf = 59.14 Hz, B) Δf = 57.36 Hz, C) Δf = 54.09 Hz and D) Δf = 56.88 Hz. Washing steps 

with PBS, Milli-Q (H2O) and IB are indicated by the grey areas.  
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Table S3.2. DNA sequences of the used model DNA targets in the 5’ – 3’direction. 

Location of the C(*)pGs are highlighted.  

 5’ - 3’ 

Mal5C(*)pG 

FWD CAGGCAGATGCGCAGCACCAAGCAGAGAGGCCCGGTGCAGGA

TCCCAGGCCCGAACCAGGCCCGGCTCAGTGGAGCCGGAAGGG

GCAGGC 

REV GCCTGCCCCTTCCGGCTCCACTGAGCCGGGCCTGGTTCGGGC

CTGGGATCCTGCACCGGGCCTCTCTGCTTGGTGCTGCGCATC

TGCCTG 

Ma4C(*)pG 

FWD CAGGCAGATGCGCAGCACCAAGCAGAGAGGCCGGGTGCAGGA

TCCCAGGCCCCGACCAGGCCAGGCTCAGTGGCGCTGGAAGGG

GCAGGC 

REV GCCTGCCCCTTCCAGCGCCACTGAGCCTGGCCTGGTCGGGGC

CTGGGATCCTGCACCCGGCCTCTCTGCTTGGTGCTGCGCATC

TGCCTG 

Mal3C(*)pG 

FWD CAGGCAGATGCGCAGCACCAAGCAGAGAGGCCAGGTGCAGGA

TCCCAGGCCCGAACCAGGCCTGGCTCAGTGGAGCCGGAAGGG

GCAGGC 

REV GCCTGCCCCTTCCGGCTCCACTGAGCCAGGCCTGGTTCGGGC

CTGGGATCCTGCACCTGGCCTCTCTGCTTGGTGCTGCGCATC

TGCCTG 

Mal2C(*)pG 
far 

FWD CAGGCAGATGCGCAGCACCAAGCAGAGAGGCCAGGTGCAGGA

TCCCAGGCCAGAACCAGGCCTGGCTCAGTGGAGCCGGAAGGG

GCAGGC 

REV GCCTGCCCCTTCCGGCTCCACTGAGCCAGGCCTGGTTCTGGC

CTGGGATCCTGCACCTGGCCTCTCTGCTTGGTGCTGCGCATC

TGCCTG 

Mal2C(*)pG 
close 

FWD CAGGCAGATGCGCAGCACCAAGCAGAGAGGCCCGGTGCAGGA

TCCCAGGCCAGAACCAGGCCTGGCTCAGTGGAGCAGGAAGGG

GCAGGC 

REV GCCTGCCCCTTCCTGCTCCACTGAGCCAGGCCTGGTTCTGGC

CTGGGATCCTGCACCGGGCCTCTCTGCTTGGTGCTGCGCATC

TGCCTG 

Mal1C(*)pG 
FWD CAGGCAGATGCGCAGCACCAAGCAGAGAGGCCAGGTGCAG 

REV CTGCACCTGGCCTCTCTGCTTGGTGCTGCGCATCTGCCTG 
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Figure S3.8. QCM time traces of the His10MBD2 immobilization and subsequent DNA 

binding of Mal5CpG. Prior to the His10MBD2 immobilization, the SAM was formed, 

followed by linker binding and activation of the NTA groups by NiCl2. The binding of 

Mal5CpG was monitored on MBD2 surface receptor densities of: A) Δf = 22.3 Hz, B) Δf 

= 30.0 Hz, C) Δf = 34.7 Hz, D) Δf = 47.8 Hz and E) Δf = 56.9. Washing steps with PBS, 

Milli-Q (H2O), IB and BB are indicated by the grey areas. 
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Figure S3.9. QCM time traces of the His10MBD2 immobilization and subsequent DNA 

binding of Mal1C*pG. Prior to the His10MBD2 immobilization, the SAM was formed, 

followed by linker binding and activation of the NTA groups by NiCl2. The binding of 

Mal1C*pG was monitored on MBD2 surface receptor densities of: A) Δf = 19.9 Hz, B) 

Δf = 23.9 Hz and C) Δf = 59.1 Hz. Washing steps with PBS, Milli-Q (H2O), IB and BB are 

indicated by the grey areas. 
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Figure S3.10. QCM time traces of the His10MBD2 immobilization and subsequent DNA 

binding of Mal2C*pG close. Prior to the His10MBD2 immobilization, the SAM was 

formed, followed by linker binding and activation of the NTA groups by NiCl2. The 

binding of Mal2C*pG close was monitored on MBD2 surface receptor densities of: A) 

Δf = 13.2 Hz B) Δf = 22.0 Hz, C) Δf = 25.9 Hz, D) Δf = 37.3 Hz and E) Δf = 51.1 Hz. Washing 

steps with PBS, Milli-Q (H2O), IB and BB are indicated by the grey areas. 
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Figure S3.11. QCM times trace of the His10MBD2 immobilization and subsequent DNA 

binding of Mal2C*pG far. Prior to the His10MBD2 immobilization, the SAM was 

formed, followed by linker binding and activation of the NTA groups by NiCl2. The 

binding of Mal2C*pG far was monitored on MBD2 surface receptor densities of: A) Δf 

= 12.6 Hz, B) Δf = 19.5 Hz, C) Δf = 26.9 Hz, D) Δf = 27.1 Hz, E) Δf = 29.1 Hz, F) Δf = 33.0 

Hz, G) Δf = 42.5 Hz and H) Δf = 57.4 Hz. Washing steps with PBS, Milli-Q (H2O), IB and 

BB are indicated by the grey areas. 
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Figure S3.12. QCM time traces of the His10MBD2 immobilization and subsequent DNA 

binding of Mal3C*pG. Prior to the His10MBD2 immobilization, the SAM was formed, 

followed by linker binding and activation of the NTA groups by NiCl2. The binding of 

Mal3C*pG far was monitored on MBD2 surface receptor densities of: A) Δf = 10.5 Hz, 

B) Δf = 12.3 Hz, C) Δf = 14.5 Hz, D) Δf = 30.8 Hz, E) Δf = 31.0 Hz, F) Δf = 36.9 Hz and G) 

Δf = 54.1 Hz. Washing steps with PBS, Milli-Q (H2O), IB and BB are indicated by the grey 

areas. 
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Figure S3.13. QCM times trace of the His10MBD2 immobilization and subsequent DNA 

binding of Mal4C*pG. Prior to the His10MBD2 immobilization, the SAM was formed, 

followed by linker binding and activation of the NTA groups by NiCl2. The binding of 

Mal4C*pG far was monitored on MBD2 surface receptor densities of: A) Δf = 23.6 Hz 

and B) Δf = 32.7 Hz. Washing steps with PBS, Milli-Q (H2O), IB and BB are indicated by 

the grey areas. 

 

  

A)                                              Linker

His10MBD2

DNA

NiCl2

PBS                   H2O  IB                IB BB                      BB

0 100 200 300 400

-40

-20

0

325 350 375 400 425
-55

-50

-45

-40

-35

-30

F
re

q
u
e
n
c
y
 (

H
z
)

Time (min)

 f5

F
re

q
u

e
n
c
y
 (

H
z
)

Time (min)

B)                                              Linker

His10MBD2

DNA

NiCl2

PBS                 H2O  IB                IB BB                       BB

0 100 200 300 400
-75

-50

-25

0

325 350 375 400 425
-70

-60

-50

-40

F
re

q
u
e
n
c
y
 (

H
z
)

Time (min)

 f5

F
re

q
u

e
n
c
y
 (

H
z
)

Time (min)



Superselective binding of hypermethylated DNA 

63 
 

 

Figure S3.14. QCM times trace of the His10MBD2 immobilization and subsequent DNA 

binding of Mal5C*pG. Prior to the His10MBD2 immobilization, the SAM was formed, 

followed by linker binding and activation of the NTA groups by NiCl2. The binding of 

Mal5C*pG was monitored on MBD2 surface receptor densities of: A) Δf = 1.8 Hz, B) Δf 

= 11.3 Hz, C) Δf = 12.9 Hz, D) Δf = 16.9 Hz, E) Δf = 30.0 Hz and F) Δf = 52.7 Hz. A) Does 

not displayer the linker molecule binding step. Washing steps with PBS, Milli-Q (H2O), 

IB and BB are indicated by the grey areas. 
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Chapter 4 

 

Enrichment of hypermethylated DNA from DNA mixtures 

 

Clinical use of the cancer biomarker hypermethylated DNA (hmDNA), which is 

detectable in liquid biopsies such as blood and urine, requires pre-concentration based 

on the degree of methylation. Here, we determined quantitatively the selectivity of 

hmDNA enrichment from DNA mixtures containing hmDNA and non-methylated DNA. 

hmDNA enrichment of DNA mixtures is applied to separate hmDNA from non-

methylated DNA in a simple process with binding and elution steps. Upon hmDNA 

enrichment, hmDNA binds at the surface-immobilized methyl binding domain 2 

(MBD2) protein receptors, and the applied MBD2 surface receptor density affects the 

binding selectivity for hmDNA. The DNA mixtures consisted of 90 bp-long DNA with a 

hmDNA content of 1%. Surface-bound DNA was effectively eluted from the MBD2-

coated surface with an ammonium hydroxide solution to denature the MBD2 and thus 

dissociate its complex with (hm)DNA. The ratio of hmDNA and non-methylated DNA in 

the enriched DNA mixtures was determined by applying a digest with methyl-sensitive 

restriction enzyme to the enriched DNA mixtures, followed by quantitative polymerase 

chain reaction. This could be quantitatively determined in the range from 0.01% to 

100%. The hmDNA level reached in the enriched DNA mixture was between 

approximately 7% and 30% depending on the applied MBD2 surface receptor density, 

compared to the 1% hmDNA level in the non-enriched DNA mixture. Our findings 

suggest that hmDNA can be enriched selectively in liquid biopsies, while controlling the 

applied MBD2 surface receptor densities. 

 

 

 

 

 

 

 

 

R.W. Kolkman, L.I. Segerink, J. Huskens. Manuscript in preparation. 



Chapter 4 

72 
 

4.1 Introduction 

Analysis of liquid biopsy samples does enable pre-symptomatic cancer detection and, 

therefore, has the ability to reduce cancer mortality.1–4 Liquid biopsy-based cancer 

diagnostics also benefits from the minimal invasiveness and consequently minimal 

clinical risks for the patient, its ability to encompass tumor heterogeneity, and ability 

to monitor cancer progression over time.5,6  

Cell-free DNA is present in liquid biopsies, such as blood and urine, because it is 

released into the circulation system by cells via apoptosis, necrosis and secretion.7 Cell-

free DNA in liquid biopsies originates from a wide variety of healthy cells, but, when a 

tumor occurs, also contains epigenetically or genetically altered DNA from these 

cancer cells.7  

One of the cancer biomarkers is hypermethylated DNA (hmDNA).8,9 DNA methylation 

involves the addition of a methyl group at the fifth carbon of cytosine followed by a 

guanine base in the 5’ - 3’ direction, defined as a CpG. The methylation of CpGs is a 

process used by healthy cells to regulate gene expression according to cell function 

over time.10 In case of DNA hypermethylation, which can occur in tumor cells, the 

degree of CpG methylation is higher than normal, especially for so-called CpG islands, 

which contain high numbers of CpGs. Approximately 30,000 CpG islands are present in 

genomic DNA, which can be up to a few kilobasepairs in length containing numerous 

methylated CpGs.11,12 On average, approximately 0.5% of the human genomic DNA is 

methylated.11,12 The hypermethylation of specific genes is associated with varying 

types of cancer including bladder, breast, ovarian and lung cancer.13–16  

Enabling cancer diagnostics based on the detection of hmDNA requires a step to 

differentiate between hmDNA and non/low-methylated DNA, especially at early 

cancer stages where the numbers of hmDNA copies in liquid biopsies are low.5,11,12 

Differentiation of hmDNA is in general achieved by either bisulfite conversion, by use 

of methyl-sensitive restriction enzymes, or by affinity chromatography.17 Upon 

bisulfite conversion of DNA, unmethylated cytosines are chemically converted to the 

base uracil, while the methylated cytosines remain unaffected, allowing discrimination 

based on sequence. Applying a digest step with methyl-sensitive restriction enzymes 

results in DNA digestion dependent on CpG methylation. For example, the restriction 

enzymes cut the DNA at specific DNA recognition sequences of a few base pairs in 

length containing a CpG. The gold standard for affinity-based hmDNA enrichment 

employs a methyl binding domain 2 (MBD2) protein with affinity for methylated CpG 

(C*pG) as biorecognition element.18,19 Affinity chromatography is favored due to its 

simplicity and short assay times as only a binding and an elution step are involved. The 

MBD2 protein possesses a 10 to 100-fold stronger dissociation constant (in the low 
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nanomolar regime) for C*pG in comparison to a non-methylated CpG (CpG), thereby 

enabling hmDNA enrichment.20–26  

The selectivity of MBD2-based enrichment systems is conventionally displayed by the 

enrichment factor.27,28 The enrichment factor is defined as the amount of isolated 

hmDNA divided by the amount of isolated non-methylated DNA obtained in two 

separate experiments.27,28 Enrichment factors up to 700-fold were reported upon the 

use of 100 ng hmDNA and 100 ng non-methylated DNA in a study by 

Yegnasubramanian et al.29 However, when using 0.1 ng hmDNA and 11 ng non-

methylated DNA input,29 which represent the typical ratio of hmDNA and non-

methylated DNA found in the genome,11,12 the enrichment factor was only 5. Notably, 

quantification of the selectivity of hmDNA enrichment from mixtures of DNA 

containing both hmDNA and non-methylated DNA is currently lacking for affinity-based 

enrichment. Quantification of selectivity from mixtures has only been performed in 

detail upon MBD2 enrichment followed by a restriction enzyme digest by 

Yegnasubramanian et al.,29 but this method is too complex to employ it in a clinical 

setting as it involves a multistep process.  

It is crucial to control and quantify the selectivity of MBD2-based hmDNA enrichment 

of DNA mixtures. First of all, knowing the enrichment selectivity provides information 

regarding the ratio of hmDNA and non-methylated DNA in the enriched DNA mixture. 

Second, knowing the enrichment selectivity helps to define the detection threshold 

upon the integration of an MBD2 enrichment step in a detection assay. For example, a 

high hmDNA enrichment selectivity has the potential to detect a specific cancer 

hmDNA gene at early stages when the hmDNA concentration is still extremely low. 

Recently we improved the hmDNA binding selectivity by the development of a 

multivalent hmDNA binding platform (Chapter 3). There, it was reported that control 

over the MBD2 surface receptor densities on the DNA binding platform is essential in 

order to improve the selectivity of hmDNA enrichment. This effect was ascribed to the 

multivalent30,31 and superselective32 binding properties of hmDNA at a density-

controlled MBD2-modified surface. The recent improvement was not yet tested in the 

enrichment of hmDNA from DNA mixtures. Quantification of the hmDNA enrichment 

selectivity can be determined by polymerase chain reaction (PCR) amplification after 

subjecting the enriched DNA mixture to bisulfite conversion33,34 or a methyl-sensitive 

restriction enzyme digest.35–37 Then the amount of conversion or digestion is 

proportional to the ratio of hmDNA and non-methylated DNA in the enriched DNA 

mixture.  

Here we show the quantitative determination of the selectivity of hmDNA enrichment 

from DNA mixtures using varying MBD2 surface receptor densities. DNA of 90 bp long 

was used in the methylated and non-methylated form in a 1:100 ratio to represent a 

model urine liquid biopsy sample.11,12,38 The DNA mixture was first used to study the 
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degree of DNA binding to and elution from MBD2-coated surfaces to determine the 

elution efficiency. Varying MBD2 surface receptor densities were studied by using a 

thiol-based self-assembled monolayer (SAM, see Chapter 3). Then, the selectivity of 

the hmDNA enrichment was evaluated quantitively by determining the ratio of hmDNA 

and non-methylated DNA in the enriched DNA mixture. The enriched DNA mixture was 

first subjected to a methyl-sensitive restriction enzyme digest in order to distinguish 

between hmDNA and non-methylated DNA upon the analysis with quantitative PCR 

(qPCR). qPCR was first applied to a series of mixtures with pre-determined and varying 

ratios of hmDNA and non-methylated DNA in order to establish the relationship 

between the DNA ratio and the number of qPCR cycles. This calibration was then used 

to measure the ratio of hmDNA and non-methylated DNA in the enriched DNA 

mixtures. Finally, we determined the optimal MBD2 surface receptor density for 

selective hmDNA enrichment at which the highest hmDNA enrichment selectivity is 

achieved.  

 

4.2 Results and discussion 

4.2.1 Quantification method to assess the hmDNA enrichment selectivity from DNA 

mixtures 

To assess the selectivity of hmDNA enrichment from DNA mixtures using MBD2-based 

affinity chromatography, a combination of a methyl-sensitive restriction enzyme digest 

and qPCR analysis is performed as schematically displayed in Figure 4.1A. First, hmDNA 

enrichment of the DNA mixture is performed using the MBD2-modified surface. The 

DNA mixture contains both hmDNA and non-methylated DNA. In the first step DNA 

binds to the MBD2-modified surface. After rinsing away the excess sample, the surface-

bound DNA is removed from the surface in an elution step using a solution of 

ammonium hydroxide (pH 11.3). The pH of the eluent is above the isoelectric point of 

MBD2,39 thereby causing the denaturation of MBD2. As a consequence, the non-

covalent interactions between the MBD2 proteins and C(*)pGs are disrupted resulting 

in elution of the surface-bound DNA. To assess the ratio of hmDNA and non-

methylated DNA in the enriched DNA mixture, the enriched DNA mixture is subjected 

to a digest with methyl-sensitive restriction enzymes, HpaII and HhaI. The non-

methylated DNA is digested, while the hmDNA is protected from digestion due to CpG 

methylation. In the last step, the enriched and digested DNA mixtures are amplified by 

qPCR using a fixed DNA concentration. The number of cycles needed to reach the qPCR 

threshold (Ct value) is dependent on the ratio of hmDNA and non-methylated DNA in 

the enriched DNA sample. For example, if the amount of hmDNA in the DNA mixture 

is higher compared to the amount of non-methylated DNA, a relatively low amount of 

DNA is cut in the restriction enzyme digest step, which consequently results in a lower 
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Ct value. On the other hand, if the enriched DNA mixture contains more non-
methylated DNA, the Ct value increases. This method thus enables the quantitative 
determination of the selectivity of the hmDNA enrichment process.  

Figure 4.1. A) Schematic overview of the process to determine the ratio of hmDNA 
(red) and non-methylated DNA (green) in DNA mixtures upon hmDNA enrichment. 
hmDNA enrichment from a DNA mixture is performed on a gold surface modified with 
the MBD2 protein (yellow, see Chapter 3). Surface-bound DNA is removed by elution 
with aqueous ammonium hydroxide (pH 11.3). The hmDNA content in an enriched DNA 
mixture is determined by employing a digest with methyl-sensitive restriction enzymes 
(HpaII and HhaI) followed by qPCR analysis. B) Molecular structure of the employed 
surface chemistry to immobilize the MBD2 protein on the surface (see Chapter 3). The 
surface is modified with a SAM of ethylene glycol-alkanethiols functionalized with 
hydroxyl or azide-groups. To the azide thiol the linker molecule bearing DBCO and 
NiNTA functional groups is attached. The His10-tag of the MBD2 interacts with the 
NiNTA functional groups on the surface enabling MBD2 surface immobilization. The 

A)

B)



Chapter 4 

76 
 

MBD2 surface receptor density is tuned by the stoichiometric ratio of hydroxyl and 

azide-functionalized thiols in the SAM.  

The hmDNA enrichment was evaluated at a gold surface modified with control over 

the MBD2 surface receptor density by using an ethylene glycol-alkanethiol-based SAM 

(Figure 4.1B); see Chapter 3. The SAM consists of hydroxyl and azide-functionalized 

thiols. The hydroxyl-based thiols are used to create an anti-fouling surface,40–43 while 

the azide ones are used to bind the MBD2. The ratio of these thiols controls the MBD2 

density, which in turn was shown to affect the methylated DNA enrichment selectivity 

(Chapter 3). Prior to MBD2 immobilization, a linker molecule bearing a 

dibenzocyclooctyne (DBCO) and a nitrilotriacetic acid (NTA) functional group is bound 

to the azide-functionalized thiol. The linker molecule is covalently bound to the azide-

functional groups by the catalyst-free click chemistry reaction between the DBCO and 

azide moieties.44 Afterwards, the NTA moieties were transformed into nickel(II)NTA 

(NiNTA) by flushing nickel chloride (NiCl2) over the surface. The surface-tethered NiNTA 

moieties were then used to enable the immobilization of the histidine 10-tagged MBD2 

protein (His10MBD2).45  

To determine the selectivity of hmDNA enrichment a 90 bp-long sequence was used. 

The selected sequence originates from the MAL gene, which is found to be 

hypermethylated in cancer cells.46,47 The DNA sequence length used is in agreement 

with the main fragment size of DNA in urine.38 The DNA sequence used in this study is 

the model DNA target and contains 3 CpGs, which is used either in its methylated or its 

non-methylated form (Figure 4.2A and Table S4.1). The methylated and non-

methylated forms of the model DNA target are abbreviated in this study as Mal3C*pG 

and Mal3CpG, respectively. Mal3C*pG is formed by the methylation of Mal3CpG in a 

reaction where Mal3CpG is mixed with the M.SssI enzyme in the presence of S-

adenosylmethionine and a buffer overnight at 37 °C.48–50 The model DNA target 

possesses both a recognition site for the methyl-sensitive restriction enzymes HhaI and 

HpaII at the first and third CpG in the 5’- 3’ direction, which both become digested in 

the absence of CpG methylation. The primer binding place at Mal3C(*)pG is located 

before and after the recognition sites of HhaI and HpaII, respectively. In case of the 

digestion of Mal3CpG, primer binding is prevented upon qPCR, thus resulting in the 

absence of qPCR amplification. The DNA mixture used in this study consists of a 1:100 

ratio of Mal3C*pG and Mal3CpG, representing typical methylation levels found in 

genomic DNA,11,12 thus also representing DNA originating from a liquid biopsy. 
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Figure 4.2. A) The 90 bp-long model DNA target Mal3C(*)pG with the location of 

cytosines in C(*)pGs displayed as red circles. The locations of the recognition sequence 

of methyl-sensitive restriction enzymes HhaI and HpaII on Mal3C(*)pG are indicated 

with the blue dashed lines. The primer binding regions are shown by the green dashed 

lines. B) Gel electrophoresis image of an amplified Mal3C*pG. To visualize the DNA, 

the SYBR safe DNA stain was used. In the gel image, the ladder (L), the control in 

absence of template (1) and amplified Mal3C*pG after reacting 10 ng Mal3C*pG with 

HhaI and HpaII (2) are shown. The Mal3C*pG band is visible at the expected DNA 

length of 90 bp. C) Validation of amplification of Mal3C(*)pG with qPCR, performed at 

a DNA concentration of 0.5 pg/µL. Mal3C(*)pG was treated with and without the 

methyl-sensitive restriction enzymes HhaI and HpaII using a DNA amount of 10 ng. The 

control in absence of template (NTC) is shown as well. The Ct threshold is indicated 

with the dashed horizontal line in the graph at a fluorescence intensity of 150 a.u. D) 

Ct value of Mal3C(*)pG at varying DNA amounts treated with HhaI and HpaII measured 

with qPCR. At the qPCR step, the DNA concentration was kept constant at 0.5 pg/µL. 

Error bars represent the standard deviation. 

 

Mal3C*pG was successfully amplified by qPCR after HhaI and HpaII treatment as was 

confirmed by gel electrophoresis (Figure 4.2B). Upon amplification of Mal3C*pG the 

methylation status is lost, as non-methylated cytosines are used during the 

amplification. Only one band is visible in the gel for the Mal3C*pG treated with HhaI 

and HpaII, indicating the absence of any formed side products. The sequence length 

of the amplified DNA is approximately 90 bp, which matches the expected sequence 
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length based on the primer design (Table S4.2). Thus, these results confirm successful 

and specific amplification of Mal3C*pG after the restriction enzyme digest.  

Despite CpG methylation, the Mal3C*pG sequence was not fully protected from the 

methyl-sensitive restriction digest of HhaI and HpaII as was observed with qPCR 

(Figure 4.2C). The Ct value is approximately 1.5 cycles higher for Mal3C*pG reacted 

with the restriction enzymes in comparison to non-enzyme-reacted Mal3C*pG. The Ct 

difference is likely due to both unspecific digestion of Mal3C*pG by HhaI and HpaII 

and incomplete methylation during the preparation of Mal3C*pG. Additionally, 

restriction enzyme-treated Mal3CpG does not result in complete prevention of 

Mal3CpG amplification. The Ct value is approximately 11 cycles higher for Mal3CpG 

reacted with the restriction enzymes in comparison to non-enzyme-reacted Mal3CpG. 

The difference in cycles (ΔCt) between HhaI and HpaII-treated Mal3C*pG and Mal3CpG 

is dependent on the DNA concentration used during the digest step (Figure 4.2D). 

Below a DNA input concentration of 3 ng, the ΔCt value decreases, indicative of a lower 

efficiency of the restriction enzyme digest. Hence, we worked with a DNA amount of  

3 ng during digest of the DNA mixtures (see below). Yet, even at sufficiently high 

concentrations, the digest efficiency is not 100%, as indicated by the detectable Ct 

value in comparison to the non-template control (NTC, Figure 4.2C). 

 

4.2.2 DNA binding to and elution from MBD2-coated surfaces 

hmDNA enrichment of mixed DNA samples was performed in a capture device using a 

stepwise process (Figure 4.1A). A typical example of layer build-up and DNA binding 

monitored by quartz crystal microbalance (QCM) is shown in Figure 4.3A (see also 

Chapter 3). The capture surface was formed from a thiol-based SAM containing 9% 

azide-thiol on the gold surface. Then, the linker molecule was reacted to the surface. 

As a result of the covalent reaction, the QCM frequency is reduced. In the next step, 

the NTA moieties were transformed into NiNTA by flushing with a NiCl2 solution. The 

MBD2 protein was successfully immobilized on the surface owing to the interaction 

between the His10-tag of MBD2 with the NiNTA moieties on the surface. After the 

MBD2 immobilization, a washing step with immobilization buffer (IB) was applied to 

remove loosely bound MBD2. The amount of His10MBD2 immobilization is determined 

by measuring the change in frequency (Δf). Δf was determined by subtracting the 

frequency of IB after MBD2 immobilization from the frequency while flushing with IB 

prior to MBD2 immobilization. The Δf observed equals to 23 Hz, which can be 

converted to an MBD2 surface receptor density of 183 ng/cm2 using the Sauerbrey 

equation,51 while assuming that 55% of the absorbed mass is due to bound water.52 

Additionally, the MBD2 surface receptor density is directly dependent on the fraction 

of azide-functionalized thiols in the SAM as was reported in Chapter 3. The MBD2-

modified surface was subsequently used to monitor the enrichment process of the 
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1:100 DNA mixture. The DNA mixture, with a total DNA concentration of 500 nM (with 

166 ng Mal3C*pG and 16.6 μg Mal3CpG), was flushed over the MBD2 surface for 60 

min at a flow rate of 30 µL/min while recycling the DNA solution. The applied flow rate 

was kept constant throughout this work. Upon flowing the DNA mixture, a relatively 

small but significant decrease in frequency was observed over time, indicating binding 

of the DNA to the MBD2 surface. After the DNA binding step a washing step was 

applied to remove weakly attached DNA from the surface. The amount of DNA bound 

to the MBD2 surface was determined after the washing step with binding buffer (BB), 

and equaled to a Δf of 1.6 Hz, which corresponds to 5.7 ng/cm2 DNA using the 

Sauerbrey equation,51 while assuming that 80% of the adsorbed mass is due to water 

associated to the DNA.53,54  

Figure 4.3. A) QCM monitoring of MBD2 layer formation and DNA binding from a DNA 

mixture. The QCM gold chip was modified with the SAM containing 9% azide-

functionalized thiols prior to the QCM measurement. In consecutively performed 

steps, the DNA capture device is formed: binding of the linker molecule, activation of 

the NTA groups with NiCl2 and His10MBD2 immobilization. The DNA mixture consisted 

of a 1:100 ratio of Mal3C*pG and Mal3CpG. The total DNA concentration of the DNA 

mixture was 500 nM. Washing steps with PBS, Milli-Q water (H2O), immobilization 

buffer (IB) and binding buffer (BB) are indicated by the gray areas. B) Amount of DNA 

binding as function of the azide percentage in the SAM upon the flowing of the 500 nM 

1:100 DNA mixtures determined by QCM. The total DNA binding time was 30 min or 

60 min.  
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The adsorption of DNA from the 1:100 DNA mixture was monitored in situ by QCM to 

determine the average amounts of DNA binding, upon a 30 min or 60 min DNA binding 

step, to MBD2 surfaces with different MBD2 densities. The same volume of the DNA 

mixture was used upon the DNA binding step of 30 min and 60 min, only the total 

recycling time was changed. The amount of DNA binding on MBD2 surfaces (with an 

area of ≈1 cm2) was determined for azide percentages between 5.3 – 15% in the SAM. 

Thus, a higher azide percentage results in a higher MBD2 surface receptor density (see 

Chapter 3). The average mass of DNA that binds to the MBD2-modified surface for the 

DNA binding of 30 and 60 min amounts to 2.6±0.8 ng/cm2 and 4.5±1.0 ng/cm2, 

respectively (Figure 4.3B). Therefore, a longer DNA binding time results in more DNA 

binding to the MBD2 surface. The DNA binding time was not increased further in order 

to keep the DNA binding time practical. The amount of DNA binding was approximately 

constant and independent of the MBD2 density, albeit with a rather large variability 

over the measured MBD2 density range. Compared to the total amount of DNA 

available in the flowed sample (16.8 μg) and assuming that all DNA in the DNA mixtures 

comes in contact with the MBD2 surface, only a minor part of the DNA binds to the 

MBD2-coated QCM surface. Also, an approximately 3.5-fold lower DNA surface 

coverage is achieved in the DNA binding step compared to our previous work described 

in Chapter 3. There the binding of 500 nM Mal3C*pG to MBD2-coated QCM surfaces 

with a binding time of 30 min resulted in approximately 9 ng DNA binding. The 

Mal3C*pG concentration was thus there 500-fold times higher and in absence of 

Mal3CpG. Therefore, the lesser DNA binding observed here indicates some mass 

transport limitations at the DNA concentrations used here, even with a binding time of 

60 min. Furthermore, the DNA binding of 90 bp-long non-methylated DNA at 500 nM 

for 30 min to MBD2 surfaces at the used azide percentages in the SAM was found 

negligible (Chapter 3). Therefore, most likely, the constant, but low, amounts of DNA 

adsorbing showed here indicates that the Mal3C*pG DNA is the major DNA type that 

binds.  

Elution of surface-bound DNA is needed to allow quantification of the enrichment 

selectivity. Enrichment of hmDNA has been previously performed by others with 

magnetic beads modified with MBD2 followed by elution of surface-bound DNA with 

2 M NaCl.55,56 In our case, the elution of 90 bp-long DNA with only two C(*)pGs 

(Mal2C(*)pG, DNA sequence: see Table S4.1) bound to an MBD2 surface did not result 

in elution while flushing with 4 M NaCl at 30 µL/min for 20 min as no change in QCM 

frequency was observed (Figure 4.4A). As an alternative for the NaCl elution method, 

the use of a high-pH elution buffer was evaluated. First, 100 mM triethylamine (TEA) 

pH 11.5 was tested as elution buffer as the pH is above the isoelectric point of MBD2.39 

This resulted in successful elution of the surface-bound DNA as the frequency after 

elution returned to the frequency prior to the DNA binding step (Figure 4.4B). 

Nevertheless, it turned out that the DNA sample was not stable in TEA. As the elution 
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of surface-bound DNA with a high-pH buffer was effective, aqueous ammonium 

hydroxide (pH 11.3) was used to elute the surface-bound DNA. Upon subsequent 

assessment of the DNA concentration, the expected amount of enriched DNA was 

found after elution (see below), thus confirming that ammonium hydroxide does not 

lead to DNA degradation.  

 

Figure 4.4. Monitoring of the elution of surface-captured DNA from MBD2-coated 

surfaces. SAM-modified gold surface with A) 18% and B) 7% azide-functionalized thiols 

were reacted with the linker molecule followed by the activation of the NTA groups 

with NiCl2 and His10MBD2 immobilization. A) 1 µM DNA mixture containing an 

equivalent amount of Mal2C*pG and Mal2CpG was flushed over the surface followed 

by flushing with 4 M NaCl for 20 min. B) 500 nM Mal3C*pG was flushed over the surface 

followed by elution with TEA pH 11.5 for 25 min. Washing steps with BB are indicated 

by the gray areas. 

 

The concentrations of eluted DNA from the MBD2 surfaces were determined by using 

a fluorescent DNA-binding dye (AccuBlue).57 The dye becomes fluorescent upon the 

binding to double-stranded DNA. The concentration determination step is applied to 

ensure equal total DNA input concentrations upon the qPCR determination of the 

Mal3C*pG/Mal3CpG ratio of enriched DNA mixtures. Otherwise, the qPCR Ct value 

would increase as the total DNA input concentration would be lowered, prohibiting the 

use of the Ct value for determination of the fraction of Mal3C*pG. The fluorescence 

response of the DNA binding dye as a function of the Mal3C(*)pG concentration 

depends on the DNA post-processing method. The fluorescence intensity of the dye is 

linearly dependent (R2 > 0.99) on the DNA concentration, and the response is identical 

for Mal3C*pG and Mal3CpG when performing a control methylation reaction for 

Mal3CpG (Figure 4.5A). Upon the control reaction, Mal3CpG was mixed with the buffer 

in absence of both M.SssI enzyme and S-adenosylmethionine overnight at 37 °C. In case 
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Mal3CpG is used as received from the manufacturer, the fluorescence response is 

different compared to Mal3C*pG (Figure S4.1). Likely, the buffer affects the binding 

efficiency of the fluorescent DNA-binding dye. The slope of Mal3CpG is in that case 1.9-

fold lower compared to Mal3C*pG. Therefore, Mal3CpG is used in this study after 

performing the control methylation reaction.  

 

 
Figure 4.5. A) Calibration line of the Mal3C(*)pG concentration versus the intensity of 

the AccuBlue fluorescent dye that binds double-stranded DNA. The datapoints are 

fitted with a linear trendline with R2 > 0.99 for Mal3C(*)pG. Error bars represent the 

standard deviation. B) and C) Amount of DNA eluted from the MBD2-modified surfaces 

as a function of the percentage of azide-functionalized thiols in the SAM. The 500 nM 

1:100 DNA mixture was flushed for B) 30 min and C) 60 min over the surface. The 

amount of eluted DNA was determined with the AccuBlue dye. Surface-bound DNA 

was eluted from the B) QCM surface by flushing for 25 min with ammonium hydroxide 

and C) chip in the larger flow cell by immersion of the surface in 1 mL ammonium 

hydroxide for 25 min.  

 

Subsequently, we processed the 1:100 mixed DNA samples after adsorption for 30 min 

to the MBD2 surface in the QCM flow cell followed by flushing with ammonium 

A)          B)

C)                                                      

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6
 Mal3C*pG

 Mal3CpG

F
lu

o
re

sc
e

n
ce

 in
te

n
si

ty
 (

a
.u

.)

DNA (pg/ml)

0 5 10 15 20 25
20

40

60

80

D
N

A
 (

n
g
)

Azide (%)

0 5 10 15 20 25
0

4

8

12

16

D
N

A
 (

n
g
/c

m
2
)

Azide (%)



Enrichment of hypermethylated DNA from DNA mixtures 

83 

 

hydroxide to elute surface-bound DNA for 25 min. Next, the eluted DNA sample was 

concentrated to a volume of 30 µL. The DNA concentration of the eluted DNA was 

determined using the AccuBlue dye as explained above. Between 25 ng and 66 ng DNA 

per substrate was eluted from the MBD2 surfaces (Figure 4.5B). Therefore, up to a 25-

fold higher amount of DNA was eluted from the surface compared to the amount of 

bound DNA. A likely reason for the more than expected amount of eluted DNA is the 

elution of DNA that had been bound non-specifically to the tubing and/or the flow cell. 

We hypothesize that the MBD2 protein first binds non-specifically at the tubing and/or 

flow cell, thus creating extra DNA binding sites.  

To prevent the elution of non-specifically bound DNA from the QCM flow cell set-up, 

the elution was performed outside the flow cell. Also, the surface area of a QCM gold 

chip is limited (≈1 cm2), which limits the amount of DNA that can be captured on the 

surface. Therefore, the enrichment of the DNA mixtures was performed using 3.6 cm2 

gold-coated substrates in a custom-made Teflon flow cell. To study the effect of the 

MBD2 surface receptor density on the amount of bound DNA, SAMs with 4% - 25% of 

azide-functionalized thiols were used. The Teflon flow cell requires larger volumes of 

DNA solution for the DNA binding step compared to the QCM experiments due to the 

increase of the dead volume. A volume of 1.8 mL of the 500 nM DNA mixture (with 498 

ng Mal3C*pG and 49.9 µg Mal3CpG) was flushed over the MBD2-coated surface for 60 

min using a flow rate of 30 µL/min without recycling the DNA solution. This is a 3-fold 

increase in the total amount of DNA compared to the QCM experiments described 

above. After the DNA binding step, the surface was washed with BB. Then the chip was 

taken out of the Teflon flow cell set-up. Surface-bound DNA was eluted by immersion 

of the chip in 1 mL of ammonium hydroxide solution ensuring full immersion of the 

chip in the eluent. After elution of the bound DNA, the DNA concentration of the 

enriched DNA mixture was determined by the AccuBlue dye method (see above). The 

amounts of DNA eluted from the substrates is on average, 8.4±2.9 ng/cm2 (Figure 

4.5C). The amount of enriched DNA (corresponding to approximately 30 ng for the 

whole 3.6 cm2 sample) is in decent agreement with the 4.5±1.0 ng/cm2 of DNA bound 

at the MBD2 surfaces determined by QCM with a DNA binding time of 60 min. The 

higher eluted DNA amounts observed in the large flow cell applied for studying the 

elution are very likely due to the use of a different flow cell and the larger total amount 

of Mal3C(*)pG that was flushed over the surface compared to the QCM experiments. 

These results confirm that the elution of the DNA with aqueous ammonium hydroxide 

leads to essentially complete removal of the DNA from the surface.  

 

4.2.3 Selectivity of hmDNA enrichment from DNA mixtures 

The ratio of Mal3C*pG and Mal3CpG in a DNA mixture is determined by qPCR after 

treating the enriched DNA mixtures with the methyl-sensitive restriction enzymes HhaI 
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and HpaII. To create a calibration line, DNA mixtures with 1:0, 1:1, 1:10, 1:100, 1:1000, 

and 0:1 ratios of Mal3C*pG and Mal3CpG were characterized directly by qPCR, thus 

without enrichment on an MBD2 surface. The DNA samples were subjected to the 

restriction enzyme digest step and subsequently analyzed with qPCR at a constant total 

DNA input amount. A clear dependency between the Ct values and the fraction of 

Mal3C*pG in the DNA mixture was observed (Figure 4.6A). The lowest Ct values 

(16.8±1.2) were obtained for the samples containing only Mal3C*pG (1:0). On the 

other hand, the highest Ct values (26.3±1.3) were observed in case only Mal3CpG is 

present (0:1) due to that Mal3CpG is not protected against the restriction enzyme 

digest. The difference in Ct values (ΔCt) between Mal3C*pG and Mal3CpG is equal to 

9.5 cycles, which thus defines the working range for this analysis. This difference 

amounts to an approximately 700-fold concentration difference between Mal3C*pG 

and Mal3CpG attributed to the DNA digestion step, assuming that a 10-fold 

concentration increase corresponds to a ΔCt of 3.3 cycles at 100% efficiency 

independent of the composition of the DNA mixture. Because the number of cycles for 

the 100% Mal3CpG sample is still below the threshold for accurate Ct detection 

(typically 35 cycles), the value indicates that approximately 0.1% of non-methylated 

DNA remains after the digestion step. For the mixed DNA samples 1:1 to 1:100, the Ct 

value is decreasing linearly when the amount of Mal3C*pG is increased in the DNA 

mixture. The decrease in the Ct value is due to the presence of more Mal3C*pG, thus 

resulting into more DNA remaining after the digestion of Mal3CpG by the restriction 

enzymes. The Ct of the digested 1:1000 mixture showed only a slightly higher Ct value 

compared to the 1:100 DNA mixture. The Ct of the 100% Mal3CpG sample indicates a 

boundary of the concentration range that can be measured accurately by this method. 

Overall, the method enables the determination of the enrichment selectivity using 

DNA mixtures with a 1:100 ratio of Mal3C*pG and Mal3CpG as input, which we used 

in the MBD2 capture devices. 
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Figure 4.6. A) Calibration line of the qPCR Ct value as a function of the amount of 

Mal3C*pG for standardized DNA mixtures with Mal3CpG. The DNA samples were 

subjected to the methyl-sensitive restriction enzyme digest with HhaI and HpaII prior 

to qPCR analysis at a DNA amount of 3 ng. The total DNA concentration used for each 

DNA mixture/sample upon qPCR was 0.5 pg/µL. The linear trendline (R2 > 0.97) 

between 1:1 and 1:100 is based on a slope of 3.3 Ct difference per 10-fold increase in 

the DNA concentration. Between 1:0 - 1:1 and 1:100 – 0:1 a dashed line is added as a 

guide to the eye. Error bars represent the standard deviation. B) Ct value of enriched 

DNA mixtures as a function of the fraction of azide-functionalized thiols in the SAM. 

The 1:100 DNA mixture was flushed over the surface for 60 min followed by elution of 

surface-bound DNA by immersing the chip in the ammonium hydroxide eluent. The 

DNA concentration of eluted samples was determined by the AccuBlue dye method. 

Restriction enzyme digest was performed at 3 ng DNA followed by qPCR using a DNA 

concentration of 0.5 pg/µL. The datapoints in the ranges of 4% - 15% and 15% - 25% 

azide was fitted with a linear trendline (red) and converted with the calibration plot in 

A) to determine the ratio of Mal3C*pG and Mal3CpG in the enriched DNA mixtures 

(right y-axis). C) hmDNA enrichment selectivity factor α as a function of the azide 

content in the SAM for the enriched 1:100 DNA mixture, as calculated from the two 

trendlines displayed in B) and eq. 1. 
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The DNA samples eluted from the MBD2 surfaces were then subjected to the methyl-

sensitive restriction enzyme digest followed by qPCR analysis to determine the fraction 

of methylated DNA at varying MBD2 densities. The obtained Ct values were converted 

to determine the ratio of Mal3*CpG and Mal3CpG in the enriched DNA mixtures 

(Figure 4.6B). The fraction of methylated DNA in the enriched DNA is directly 

dependent on the applied MBD2 surface receptor density showing a distinct optimum 

at 15.5% of azide-functionalized thiols in the SAM. The average Ct value at 15.5% of 

azides corresponds to a ratio of 1:2.1, thus, indicating a Mal3C*pG fraction of 

approximately 30% in the enriched mixture. Therefore, the Mal3C*pG content 

increases with 30-fold in the enriched DNA mixture compared to 1% Mal3C*pG content 

in the non-enriched DNA mixture. Both at lower and higher azide contents than 15.5% 

the methylated DNA fraction in the enriched DNA mixtures decreases linearly as a 

function of the azide content. At 4% and 25% azide, the average Ct values correspond 

to ratios of 1:13.2 (7.0 % Mal3C*pG) and 1:4.7 (19.7% Mal3C*pG) of methylated DNA 

and non-methylated DNA in the enriched DNA mixture, respectively. The methylated 

DNA fraction in these cases is significantly lower compared to the methylated DNA 

fraction at 15% of azide. The decrease in the methylated DNA fraction at >15% of azide 

is expected as significant amounts of non-methylated DNA starts binding to the MBD2 

surface at these densities (Chapter 3). Also, >15% of azide results in the formation of a 

close-packed MBD2 protein layer resulting in lowering of the number of active MBD2 

sites (Chapter 3). At azide contents <15%, the MBD2 surface receptor density is 

decreasing. As a consequence, the overall binding affinity (avidity) of Mal3C(*)pG for 

the MBD2 surface is reduced. Reduction in avidity likely results into longer times 

required to reach comparable DNA surface coverages on the MBD2 surface. For 

example, it has already been shown in Figure 4.3B that an increase in the DNA binding 

time from 30 min to 60 min results in more DNA binding, independent of the used 

MBD2 surface receptor density. Longer equilibration times are likely to be especially 

profound for Mal3C*pG as the concentration of Mal3C*pG is a 100-fold lower in the 

DNA mixture compared to Mal3CpG. As a consequence, the MBD2 sites will become 

occupied more slowly over time by Mal3C*pG upon decrease of the (effective) MBD2 

density, leaving more MBD2 sites available to interact with Mal3CpG. The binding of 

non-methylated DNA, with a binding time of 30 min at comparable DNA concentrations 

<15% of azide, was not observed in our previous work discussed in Chapter 3. Probably, 

the binding of non-methylated DNA was below the detection limit of the QCM with the 

studied DNA binding time of 30 min, while here a DNA binding time of 60 min was 

applied.  

From the fraction of methylated DNA in the enriched DNA mixtures the hmDNA 

enrichment selectivity factor α was calculated by dividing the Mal3C*pG/Mal3CpG 

ratio after enrichment by that ratio before enrichment (Equation 1).  
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𝛼 =
𝑀𝑎𝑙3𝐶∗𝑝𝐺ou𝑡

𝑀𝑎𝑙3𝐶∗𝑝𝐺in
⁄

𝑀𝑎𝑙3𝐶𝑝𝐺out
𝑀𝑎𝑙3𝐶𝑝𝐺in
⁄

                   (1) 

where Mal3C(*)pGout and Mal3C(*)pGin indicate the amounts of Mal3C(*)pG in the 

enriched and input DNA mixtures, respectively. Highly selective hmDNA enrichment 

systems thus promote a high enrichment selectivity factor. The value of α for the SAM 

with 15% of azide is 57, which is the highest hmDNA enrichment selectivity achieved 

(Figure 4.6C). Lower hmDNA enrichment selectivities have been observed for surfaces 

with less or more than 15% azide in the SAM. Determination of the hmDNA enrichment 

selectivity confirms thus the importance of tuning the MBD2 surface receptor density 

to achieve efficient hmDNA enrichment. 

 

4.3 Conclusion 

In this work, the hmDNA enrichment selectivity of DNA mixtures with a methylated 

DNA content of 1% was determined as function of the MBD2 surface receptor density. 

A model DNA target of 90 bp in length with 3 Cp(*)Gs was chosen to determine the 

hmDNA enrichment selectivity. Tuning the fraction of azide-functionalized thiols in the 

SAM enables to control the MBD2 surface receptor density. The hmDNA level in 

enriched DNA mixtures was determined by reacting the enriched DNA mixtures with 

methyl-sensitive restriction enzymes followed by qPCR characterization. The hmDNA 

level was related to the qPCR Ct value and found quantifiable between 0.01% and 100% 

of hmDNA in the DNA mixture. The DNA that binds to the MBD2-modified surfaces 

upon hmDNA enrichment was successfully eluted by aqueous ammonia hydroxide pH 

11.3. The hmDNA level in the enriched DNA mixture was dependent on the azide 

percentage in the SAM. The highest hmDNA enrichment selectivity was obtained using 

a SAM with 15% of azide, resulting in a hmDNA level of approximately 30% in the 

enriched DNA mixture. This is a 30-fold increase in the hmDNA level in comparison to 

the non-enriched DNA mixture. Furthermore, the use of less or more than 15% azide 

in the SAM resulted in a reduction of the hmDNA level down to 7.0% in the enriched 

DNA mixtures. Therefore, MBD2 surface receptor density control is essential for 

selective hmDNA enrichment of DNA mixtures.  

Future research should assess the effects of DNA fragment size, the degree of 

methylation and the DNA binding time on the hmDNA enrichment selectivity. 

Furthermore, the flow cell used in this study can be further miniaturized into a 

microfluidic chip. Likely, further downscaling will result in a reduction of mass transport 

limitation, thus causing more DNA surface binding in a shorter period of time. It is also 

interesting to study whether such a microfluidic chip can be implemented in a clinically 

usable assay.  
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4.5 Experimental section 

4.5.1 Materials 

Gravity flow columns, Experion DNA chips, Microseal 'B' PCR Plate Sealing Film, 

SsoAdvanced Universal SYBR Green Supermix and ddPCR™ 96-well plates were 

obtained from BioRad. NaCl, β-mercaptoethanol, dimethyl sulfoxide ≥99.7% (DMSO), 

EDTA, MgCl2 ≥ 98.0% (MgCl2), LB Broth, lysozyme from chicken egg white (≥90% 

lysozyme), phenylmethanesulfonyl fluoride (PMSF), ribonuclease A from bovine 

pancreas (RNAse), deoxyribonuclease I from bovine pancreas (DNAse), kanamycin 

sulfate from Streptomyces kanamyceticus, nickel(II) chloride hexahydrate (NiCl2), 

Nα,Nα-bis(carboxymethyl)-L-lysine hydrate ≥ 97.0%, phosphate-buffered saline (PBS) 

tablets for 10 mM solution, triethylamine, ammonium hydroxide solution 25%, H2SO4 

95-97%, 0.2 µm membrane filter and sodium dodecyl sulfate ≥99% (SDS) were 

purchased from Sigma Aldrich. Tris(hydroxymethyl)aminomethane (Tris), isopropyl-β- 

D-thiogalactopyranoside ≥ 99% (IPTG), Tygon LMT-55 tubing, AccuBlue® next 

generation dsDNA quantification kits, H2O2 33 % and absolute ethanol were bought 

from VWR. Imidazole 99% and Triton X-100 were obtained from ACROS Organics. 

NiNTA-agarose beads were purchased from Protino®. PD-10 SephadexTM desalting 

columns were obtained from GE Health. DBCO-PEG4-NHS ester was purchased from 

Click Chemistry Tools. All the DNA sequences and primers were bought from Eurofins 

Genomics. Nuclease-free water, CpG methyltransferase (M.SssI), rCutsmart bufferTM, 

S-adenosylmethionine, Quick-Load® Purple Low Molecular Weight DNA Ladder, Gel 

Loading Dye Purple (6X), HhaI and HpaII were purchased from New England Biolabs. 

HSC11(EG)5-OH and HSC11(EG)5-N3 were bought from Prochimia. QCM gold-coated chips 

(QS-QSX301) were obtained from Quantum Design GmbH. NucleoSpin® Gel and PCR 

Clean-up was purchased from BIOKÉ. SYBR™ Safe DNA Gel Stain was obtained from 

Thermo Fisher. 96 well Microplate F-Bottom (black, fluotrac, high binding) was bought 

from Greiner BIO-ONE. 1-inch glass chips coated with 200 nm gold were obtained from 

Ssens.  
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4.5.2 Methods 

DNA methylation 

Methylation of DNA was performed by mixing 4 µg DNA with 8 units of M.SssI enzyme, 

S-adenosylmethionine at a concentration of 600 µM and 2.5 µL rCutsmart bufferTM. 

The reaction volume was increased to 25 µL with nuclease-free water. The reaction 

was performed at 37 °C for 15 h in a T100 thermocycler (BioRad). The reaction was 

stopped by heating the mixture to 65 °C for 20 min.  

DNA control methylation reaction 

Mal3CpG was used in the non-methylated form after performing a control methylation 

reaction, unless indicated otherwise. A total of 4 µg Mal3CpG was mixed with 2.5 µL 

rCutsmart bufferTM and nuclease-free water in a total reaction volume of 25 µL. The 

mixture was heated to 37 °C for 15 h followed by 65 °C for 20 min using the 

thermocycler.  

Methyl-sensitive restriction enzyme digest 

DNA was mixed with 1 µL of rCutsmartTM buffer, 5 units HhaI and 5 units HpaII. The 

DNA amount used upon restriction enzyme digest was between 0.1 ng and 10 ng. The 

total reaction volume was increased to 10 µL using nuclease-free water. Digestion was 

performed for 15 h at 37 °C using the thermocycler. Afterwards the enzymes were 

deactivated by a heat treatment of 85 °C for 20 min.  

qPCR 

Mal3C(*)pG was amplified with CFX96 Touch qPCR Detection System (BioRad) using 

primers (Table S4.2) at a concentration of 300 nM, 5 µl SsoAdvanced Universal SYBR 

Green Supermix and nuclease free water. The qPCR assay volume was performed in a 

ddPCR™ 96-well plate using an assay volume of 10 µL. The starting concentration of 

Mal3C(*)pG upon amplification was 0.5 pg/µL. The 96-well plate was sealed using 

Microseal 'B' PCR Plate Sealing Film prior to qPCR. qPCR temperature steps were 98 °C 

for 1 min, 39 cycles of 98 °C for 10 s and 64 °C for 30 s, and 72 °C for 1 min. Ct values 

were determined at a fluorescence intensity threshold of 150 a.u.  

Gel electrophoresis 

qPCR-amplified DNA was characterized with gel electrophoresis using a 3% agarose gel 

stained with SYBR safe. DNA was mixed with Gel Loading Dye Purple prior to loading. 

On the gel, Quick-Load® Purple Low Molecular Weight DNA Ladder is included as 

reference. After gel electrophoresis the gel was visualized using Gel Doc™ EZ System 

(Bio-Rad). 
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His10MBD2 production and purification 

The E. coli bacteria were grown up to an optical density (OD) at 600 nm of 0.5 at 37 °C 

in LB medium with 30 µg/mL of Kanamycin according to the method described in 

Chapter 3. The culture was cooled down to 17 °C, followed by expression of the 

His10MBD2 protein after induction with 1 mM of IPTG for 15 h at 17 °C while stirring at 

210 rpm. The culture was centrifuged (AllegraTM 25R) at 5000 rpm for 15 min at 4 °C to 

sediment the bacteria. The bacteria were lysed with sonication in a lysis buffer of 50 

mM Tris-HCl pH 7.2, 300 mM NaCl, 30 mM imidazole, 0.1% β-mercaptoethanol, 1 mM 

EDTA, 20 mM MgCl2, 1 mM PMSF, 0,5 mg/mL lysozyme, 20 µg/mL DNAse, 20 µg/mL 

RNAse A. Sonication (FisherbrandTM 120) was performed on ice twice for 30 s with a 

waiting step in between of 2 min. The sonicated samples were centrifuged at 3100 rpm 

for 15 min at 4 °C, and the supernatant was then centrifuged at 40000 rpm for 60 min 

at 4 °C (WX Ultra 90, Thermo Scientific). The supernatant was loaded on a NiNTA 

column and incubated for 30 min while shaking at 4°C. The column was washed with 

25 mL washing buffer (50 mM Tris pH 7.2, 300 mM NaCl, 30 mM imidazole, 0.1% β-

mercaptoethanol). His10MBD2 was removed from the NiNTA column with an elution 

buffer (50 mM Tris pH 7.2, 300 mM NaCl, 650 mM imidazole, 0.1% β-mercaptoethanol). 

Directly afterwards, the His10MBD2 sample was purified with a PD10 column and 

eluted in the IB buffer (50 mM TRIS pH 7.2, 300 mM NaCl, 0.1% β-mercaptoethanol). 

The His10MBD2 sample was aliquoted, snap-frozen and stored at -80 °C until further 

use. 

Synthesis of linker molecule 

DBCO-PEG4-NHS was dissolved in DMSO at 250 mM, directly aliquoted and stored at -

18 °C until further use. Nα,Nα-bis(carboxymethyl)-L-lysine hydrate was dissolved in PBS 

pH 7.4 at 1 mM before the start of the reaction. The dissolved DBCO-OEG4-NHS was 

added to the Nα,Nα-bis(carboxymethyl)-L-lysine hydrate solution up to a final 

concentration of 0.1 mM. The reaction components were stirred overnight at 180 rpm 

to ensure completion of the reaction.  

SAM formation 

Gold-coated chips were cleaned in a piranha solution (H2SO4:H2O2 in ratio 3:1) for 10 s 

followed by immersion of the chips in Milli-Q water. Afterwards, the chips were rinsed 

extensively with ethanol, Milli-Q water and ethanol, followed by drying using N2. The 

gold chips were then oxidized using UV-ozone (BioForce, Nanosciences) for 30 min. A 

thiol solution was prepared using HSC11(EG)5-OH and HSC11(EG)6-N3 at the desired ratio 

between the two components in ethanol with a total thiol concentration of 2 mM. The 

oxidized gold chips were completely immersed in the thiol solution overnight to form 
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the SAM. After the SAM formation the gold chips were rinsed extensively with ethanol, 

Milli-Q water and ethanol and dried in a stream of N2.  

Quartz crystal microbalance (QCM) 

Gold-coated QCM chips modified with the SAM were placed in the QCM Analyzer 

equipped with four individually addressable flow cells (Biolin Scientific). A flow rate of 

30 µL/min was set during the experiments with a peristaltic pump (Biolin Scientific). All 

solutions were filtered with a 0.2 µm filter prior to use. The frequency of the 5th 

overtone (f5), which was normalized for the used overtone, was used in this study. After 

each QCM experiment the system was cleaned with a 15 min washing step with 1% 

SDS solution followed by Milli-Q water for 15 min.  

Teflon flow cell 

Gold-coated chips were mounted in a Teflon flow cell which was produced by 3D 

printing (Stratasys Objet 30 prime/pro). The channel height of the Teflon flow cell was 

2 mm and the surface area of the chip in contact with the reagents equaled to 3.6 cm2 

when including the surface roughness of the gold layer.58 Tygon tubing was connected 

to the flow cell at opposite sites functioning as in/outlet. Flow rates of 30 µL/min with 

a peristaltic pump were applied. All solutions were filtered with a 0.2 µm filter prior to 

use.  

DNA binding to MBD2-coated surfaces 

After SAM formation on the gold-coated chips, the linker molecule was flushed over 

the surface at a concentration of 0.1 mM in PBS pH 7.4 followed by the addition of 25 

mM NiCl2 in Milli-Q water, a washing step with Milli-Q and, subsequently, IB. 

His10MBD2 dissolved in IB at a concentration of 1 µM was added. After MBD2 

immobilization, a washing step with IB was applied followed by flushing with BB (50 

mM TRIS, 350 mM NaCl and 0.1% Triton X-100). Then DNA dissolved in BB was added 

followed by a washing step with BB. Binding experiments were performed both in the 

QCM and the Teflon flow cell with some variation of the applied binding times (Table 

4.1). Variations were applied as no waiting time is needed to obtain a stable signal 

upon use of the Teflon flow cell.  
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Table 4.1. Binding times of each component used for the binding of DNA to MBD2-

coated surfaces in the QCM and Teflon flow cell set-up.  

Component QCM Teflon flow cell 

Linker molecule 1.5 h 1.5 h 

NiCl2 10 min 10 min 

MQ 5 min 5 min 

IB until signal stability  5 min 

MBD2 until signal stability 15 min 

IB 1.5 h 1.5 h 

BB until signal stability 5 min 

DNA 1 h 1 h 

BB until signal stability 1 h 

 

Elution of DNA bound to MBD2-coated surfaces 

DNA bound to an MBD2-coated surface was eluted by flushing the eluent over the 

surface or by taking the chip out of the QCM/Teflon flow cell followed by full immersion 

of the chip in the eluent. Three different eluents were used in this study: 4 M NaCl, 100 

mM TEA pH 11.5, and 150 mM ammonium hydroxide pH 11.3. The total elution time 

was 25 min. The eluent was collected and concentrated on a NucleoSpin Gel & PCR 

Clean-up column in a volume of 30 µL.  

DNA concentration determination 

The Mal3C(*)pG concentration was determined using AccuBlue® Next generation 

dsDNA according to the instruction of the manufacturer. The assay volume in each well 

of the 96-well Microplate F-Bottom was 210 µL. The fluorescence intensity of the 

samples was measured using a plate reader (SpectraMax® iD3 Molecular Devices) using 

an excitation and emission wavelength of 468 nm and 507 nm, respectively. 
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4.6 Supporting information 

Table S4.1. DNA sequence of Mal3C(*)pG and Mal2C(*)pG with the C(*)pG location 

marked.  

 5’ - 3’ 

Mal3C(*)pG 

FWD CAGGCAGATGCGCAGCACCAAGCAGAGAGGCCAGGTGCAGGA

TCCCAGGCCCGAACCAGGCCTGGCTCAGTGGAGCCGGAAGGG

GCAGGC 

REV GCCTGCCCCTTCCGGCTCCACTGAGCCAGGCCTGGTTCGGGC

CTGGGATCCTGCACCTGGCCTCTCTGCTTGGTGCTGCGCATC

TGCCTG 

Mal2C(*)pG 

FWD CAGGCAGATGCGCAGCACCAAGCAGAGAGGCCCGGTGCAGGA

TCCCAGGCCAGAACCAGGCCTGGCTCAGTGGAGCAGGAAGGG

GCAGGC 

REV GCCTGCCCCTTCCTGCTCCACTGAGCCAGGCCTGGTTCTGGC

CTGGGATCCTGCACCGGGCCTCTCTGCTTGGTGCTGCGCATC

TGCCTG 

 

Table S4.2. Primer sequence to amplify the 90 bp-long Mal3C(*)pG using qPCR.    

                             5’ - 3’ 

FWD CAGGCAGATGCGC 

REV GCCTGCCCCTTCCG 

 

Figure S4.1. Calibration line of the Mal3C(*)pG concentration versus the intensity of 

the AccuBlue fluorescent dye that binds double stranded DNA. Mal3CpG is used as 

received from the manufacturer. The datapoints are fitted with a linear trendline with 

R2 > 0.99 for Mal3C(*)pG. Error bars represent the standard deviation. 
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Chapter 5 

 

Increasing the sensitivity of electrochemical DNA detection by a 
micropillar-structured biosensing surface 

 

The available active surface area and the density of probes immobilized on this surface 
are responsible for achieving high specificity and sensitivity in electrochemical 
biosensors that detect biologically relevant molecules, including DNA. Here, we report 
the design of gold-coated, silicon micropillar-structured electrodes functionalized with 
modified poly-L-lysine (PLL) as adhesion layer to concomitantly assess gain in sensitivity 
by increase of the electrochemical area and control over the probe density. By 
systematically reducing the center-to-center distance between the pillars (pitch), 
denser micropillar arrays were formed at the electrode, resulting in a larger sensing 
area. Azido-modified peptide nucleic acid (PNA) probes were click-reacted onto the 
electrode interface exploiting PLL with appended oligo(ethylene glycol) (OEG) and 
dibenzocyclooctyne (DBCO) moieties (PLL-OEG-DBCO), for anti-fouling and probe 
binding properties, respectively. The selective electrochemical sandwich assay 
formation, composed of consecutive hybridization steps of the target complementary 
DNA (cDNA) and reporter DNA modified with the electroactive ferrocene functionality 
(rDNA-Fc), was monitored by quartz crystal microbalance. The DNA detection 
performance of micropillared electrodes with different pitch was evaluated by 
quantifying the cyclic voltammetric response of the surface-confined rDNA-Fc. By 
decrease of the pitch of the pillar array, the area of the electrode was enhanced by up 
to a factor 10.6. A comparison of the electrochemical data with the geometrical area 
of the pillared electrodes confirmed the validity of the increased sensitivity of the DNA 
detection by the design of the micropillar array. 

 

 

 

 

 

 
This chapter has been published as:  

J. Movilli*, R.W. Kolkman*, A. Rozzi, R. Corradini, L.I. Segerink, J. Huskens. Langmuir, 

2020, 36, 4272–4279. 
* = Equal first author contributions 



Chapter 5 

100 
 

5.1 Introduction 

The invention of (bio)sensors represents a breakthrough for life sciences. The 
possibility to detect specific bioanalytes rapidly and quantitatively has propelled the 
economic and scientific effort towards the design and production of functional 
biorecognition devices.1 Owing to their well-developed miniaturized fabrication 
processes, high signal-to-noise ratio, and real-time response, electrochemical 
biosensors are currently the gold standard for daily-life applications such as 
food/environmental control and point-of-care devices for the detection of biologically 
relevant molecules such as glucose,2 phenol,3 and drugs (e.g., 
doxorubicin/gentamicin,4 tobramycin5).  

At the same time, the progress in genetics and genomics has led to the insight that 
biomolecules, such as proteins and DNA/RNA variants, can act as biomarkers providing 
valuable information for early diagnosis and monitoring of several types of tumors and 
genetic diseases.6-8 Due to the small sample volume needed for analysis, the possibility 
of working with body fluids, and the relatively high sensitivity,9 electrochemical DNA 
biosensors have gained in popularity as clinical assay devices for diseases that can be 
detected by DNA biomarkers,10,11 such as Crohn’s disease, multiple sclerosis, cystic 
fibrosis and cancer.12-14 Nevertheless, the low concentrations of DNA biomarkers (up 
to 104 units/mL of plasma/serum)15,16 has fuelled the development of signal 
amplification methods to achieve highly sensitive electrochemical detection.17 
Strategies have been reported based on enzyme amplification,18-20 post-modification 
polymerization of conductive materials,21,22 as well as the use of electroactive reporter 
probes.23-25  

For surface-confined electrochemical DNA biosensors, the intrinsic sensitivity depends 
strongly on the surface architecture, which affects the display of probes at the interface 
together with the probe density (which have been defined as crucial parameters in 
DNA detection),26-28 and the electrochemically active surface area of the 
biosensor.5,29,30 The use of three-dimensional (3D) structures such as polymer 
brushes,31 hydrogels,32 nanodiscs,33 gold nanoparticles,34 nanoporous gold,35 and 
nano-textured microelectrodes,36 has significantly improved the electrochemical 
device performance and consequently the detection limit of target DNA analytes 
compared to flat substrates. Similarly, conductive macro- and nanopillar-structured 
substrates have been reported (though not applied in DNA sensing) to provide a higher 
surface area than planar electrodes.37-40  

Schröper et al. have demonstrated that the electroactive surface area for nanopillar-
based devices is often lower than predicted due to the strong dependence on the 
diffusivity of the electroactive species compared to a flat substrate.41 On the other 
hand, microelectrodes and micropillar-structured substrates can steadily generate a 
higher signal,42,43 thus representing an alternative for improving the sensitivity of the 
electrochemical biosensor. The groups of Compton and Del Campo showed with 
simulations the positive effect of reducing the center-to-center separation (pitch) of 
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gold-coated micropillars and increasing their aspect ratio on the electrochemical 
performance in a cyclic voltammetry (CV) setup in the case of electroactive species in 
solution.44,45 An experimental demonstration showed a maximal signal enhancement 
for the peak current density of 1.6 and 6.2 times with respect to the projected surface 
area, using two different pillar geometries. In addition, Del Campo et al. showed the 
importance of achieving full wetting of the gold-coated micropillar-structured 
substrates to achieve full penetration of the pillar array by the solution and thus an 
optimal electrochemical sensitivity of the device.44 

Poly-L-lysine (PLL) polymers grafted with poly(ethylene glycol) (PEG) units (PLL-PEG) 
have been shown to increase the lubrication properties of both hydrophobic 
(polydimethylsiloxane, PDMS) and metal oxide substrates, due to the hydrophilic 
nature of the PEG chains and the high content of trapped water.46-48 In addition, 
modified PLL has been used to functionalize surfaces allowing fast and orthogonal 
biomolecule immobilization and to provide good anti-fouling properties.49,50 In 
particular, PLL grafted with oligo(ethylene glycol) (OEG) and maleimide (Mal) moieties 
has been exploited by us to control the probe density of both engineered peptide 
nucleic acid (PNA) and DNA probes for DNA recognition.27  

Here, we report the design and use of gold-coated, micropillar-structured electrodes, 
with control over the micropillar pitch to increase the sensitivity, and modified with 
functionalized PLL to anchor the probes for electrochemical DNA detection. The 
positively charged PLL, grafted with OEG and dibenzocyclooctyne (DBCO) groups (PLL-
OEG-DBCO),51 was self-assembled on the electrode surface to form a hydrophilic, 
orthogonally bio-functionalizable layer. An azido-PNA probe with a complementary 
sequence capable of detecting the KRAS gene16 was used to illustrate potential 
applications for tumor DNA detection. The choice of PNA as a probe for DNA detection 
was driven by the higher affinity and selectivity for complementary DNA (cDNA) 
compared to DNA probes,52 and their resistance to enzymes present in biological 
fluids.53 In addition, the combination of modified PLL anchored with PNA probes has 
been proven to provide high hybridization efficiencies at elevated surface probe 
densities by the suppression of electrostatic repulsion occurring in DNA-probe 
devices.27 The electrochemical detection of cDNA by a sandwich assay was performed 
using a reporter probe DNA, complementary to the free 5’-end of the target cDNA, 
bearing an electroactive ferrocene moiety (rDNA-Fc). The signal generated by CV was 
evaluated as a function of the micropillar pitch, in order to establish the relationship 
between the signal gain and the increased surface area, thus providing insight into the 
potential of the sensitivity gain reached by electrode microstructuring.  
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5.2 Results and discussion 

5.2.1 Micropillar-based electrode design and probe functionalization 

To investigate the sensitivity gain in electrochemical biosensors with higher surface 
areas created by 3D microstructuring, we employed flat (control) and micropillar-
structured, gold-coated, silicon substrates with four different pitches (19, 14, 10 and 8 
µm). These were used in combination with a proof-of-principle, sandwich assay-
mediated recognition of the complementary DNA (cDNA, the model analyte) and 
rDNA-Fc to assess the electrochemical performance. Figure 5.1A shows the schematic 
overview of the micropillar biorecognition interface to detect DNA. Smaller pitches 
result in a larger density of pillars and concomitantly higher electroactive surface area 
available for subsequent functionalization and DNA binding. Consequently, more 
modified PLL is adsorbed, and a higher density of DBCO moieties per projected 
electrode area is displayed on the surface. The probe density on the electrode surface 
is set by the grafting density of DBCO groups attached to the PLL,27,51 upon reacting the 
PNA-azide molecules to the DBCO groups by the strain-promoted azide-alkyne 
cycloaddition (SPAAC) click reaction (Figure 5.1B and C, Figures S5.1-S5.3).54 The target 
cDNA (43 nt) and the reporter rDNA-Fc (23 nt) molecules (Table S5.1) are consecutively 
hybridized to the surface. Such a sandwich-like assay avoids the necessity of DNA post-
modification for introducing the ferrocene redox moiety after the successful dual-
hybridization event.55 The main objective of this work was to observe the relationship 
between the response obtained from the electroactive rDNA-Fc specifically anchored 
at the interface and the surface area (enhanced by reducing the pillar pitch), thus 
demonstrating the signal amplification by micropillar-based electrodes in CV 
experiments. 
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Figure 5.1. A) Schematic representation illustrating the concept of increased 
electrochemical surface area by reducing the pitch of the electrode design to gain 
electrochemical sensitivity. B) Overview of the chemical steps occurring at the PLL-
OEG-DBCO-modified, gold-coated electrode interface, showing the sequential 
deposition of: the N3-PNA probe, cDNA, and rDNA-Fc. C) Chemical structure of the PLL-
OEG-DBCO used, together with the SPAAC reaction scheme between DBCO and azido-
PNA (structures, sequences and characterization of the PNA and DNA molecules are 
shown in Figures S5.1-S5.3 and Table S5.1). 

 

Silicon substrates with hexagonal micropillar arrays with a height of 36.7 µm and 
diameter of 4.0 µm were fabricated by photolithography and deep reactive ion etching 
(DRIE) according to the procedure reported by Elbersen et al.56 (Figure S5.4). Figure 
5.2A shows the micropillar array with a pitch of 8 µm, characterized by high-resolution 
scanning electron microscopy (HR-SEM; top view shown in Figure S5.5). The final 
electrode architecture was formed by sputtering a thin layer (≈200 nm) of gold on top 
of the substrate. Due to the sputter direction normal to the surface, the gold layer was 
thinner (≈50 nm on average) at the sides of the pillars. Nevertheless, a conformal and 
fully conductive layer was achieved (Figure 5.2B). 

c)

b)a)A) B)

C)
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Figure 5.2. HR-SEM images showing: A) a tilted cross section of an 8 µm pitch 
micropillar-structured silicon substrate, with pillar height and diameter of 36.7 and 4 
µm, respectively; B) zoom-in image of a cross-sectioned Si micropillar (taken at 
approximately halfway the pillar) showing the conformal gold coating (bright) inside 
the scallops. 

 

The PLL polymer (15-30 kDa) grafted with OEG and DBCO functionalities (Figure 5.1C) 
was synthesized adapting a previously reported procedure.27,51 OEG and DBCO groups 
were covalently grafted to the PLL side-chains in a one-step synthesis by N-
hydroxysuccinimide (NHS) ester coupling (see Experimental section). The mol fractions 
of appended groups in the PLL-OEG-DBCO were determined by 1H-NMR, which yielded 
percentages of 27.6 for the OEG and 3.0 for the DBCO moieties (Figure S5.6). The total 
grafting density of functionalized lysine side chains was kept below 35-40% to ensure 
strong adsorption to the surface.57,58 The azido-PNA probe was synthesized as 
previously reported.59 

As a proof of concept, the surface functionalization processes of modified-PLL 
deposition, azido-PNA immobilization, and consecutive cDNA and rDNA-Fc 
hybridization steps were followed on a flat substrate by quartz crystal microbalance 
with dissipation (QCM-D) monitoring (Figure 5.3). Upon mounting a UV-ozone-
activated gold chip in the QCM chamber, both the PLL-OEG-DBCO adsorption and the 
azido-PNA steps showed a decrease of the resonance frequency (blue line, 5th 
overtone), which remained stable after washing with phosphate-buffered saline (PBS) 
(see Figure 5.3A). Consecutive injections of cDNA (43 nt) and rDNA-Fc (23 nt) solutions 
produced frequency shifts (Δf) of ≈16 Hz and ≈12 Hz (average of two measures), 
respectively, demonstrating the recognition ability of the DNA-bioresponsive interface 
and the feasibility of the sandwich assay. These frequency shifts correspond, using the 
Sauerbrey equation,60 to cDNA and rDNA-Fc densities of 2.5×1012 and 3.4×1012 
molecules/cm2, assuming that 80% of the mass is due to adsorbed water.61 The length 
difference between the DNA molecules and their hybridization can cause hydration 
changes and consequently an overestimation of the hybridization efficiency. By taking 
into account the different numbers of nucleotides between cDNA and rDNA-Fc, the 
hybridization efficiency was approximately 140% (not corrected for differences in 

a) b)  Si     AuA) B)
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hydration, as well as the mass and hydration of the Fc moiety), which is within the error 
for QCM monitoring, as already reported by the Knoll and Höök groups.62,63 

 

Figure 5.3. QCM-D time traces of: A) the stepwise adsorption process comprising PLL-
OEG-DBCO deposition, anchoring of azido-PNA, and the detection of the cDNA and 
rDNA-Fc; B) control using ncDNA instead of cDNA; C) control without cDNA; d) control 
without azido-PNA. In all experiments, the concentrations were 0.5 mg/mL for the 
modified-PLL solutions and 0.5 µM for the azido-PNA, cDNA, rDNA-Fc and ncDNA 
solutions. PBS (pH 7.4) washing steps (gray bars) were performed before and after 
every adsorption step. The 5th overtone was used for both Δf and ΔD. 

 

The selectivity of the PNA-modified surface was investigated by controls, using a non-
complementary DNA sequence (ncDNA, 43 nt; Figure 5.3B) and by leaving out either 
the cDNA (Figure 5.3C) or the PNA probe anchoring steps (Figure 5.3D) in the sandwich 
assay. All controls showed a near or full absence of signal for the DNA and/or rDNA-Fc 
steps, after the rinsing step. Noteworthy, despite a Δf of approximately 2 Hz for the 
ncDNA (Figure 5.3B) and 0.5 Hz for the cDNA (in the absence of the azido-PNA step, 
Figure 5.3D, corresponding to a 3.1% of the total cDNA binding in the detection in 
Figure 5.3A), fouling was largely absent. In conclusion, a selective response of rDNA-Fc 
was obtained only in the case of PNA probe anchoring and the double hybridization 
sequence in the sandwich assay.  
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In addition, to demonstrate a good wettability of the micropillar-structured substrates 
by means of modified PLL, contact angle goniometry was performed on three model 
substrates, two with a micropillar array having pitches of 19 µm and 8 µm and a flat 
substrate. The low values reported in Table S5.2 indicate good wetting, in agreement 
with the presence of the adsorbed PLL-OEG-DBCO and the increased hydrophilicity in 
the micropillar area even after 24 h. Overall, these results indicate the feasibility of 
probe anchoring and the performance of the sandwich assay in a micropillar array 
without wetting problems.  

 

5.2.2 Performance of micropillar electrodes in electrochemical DNA detection 

The micropillar-structured electrodes used in this work consist of two parts, namely 
the pillared section, where the micropillars are positioned, and a flat area surrounding 
the pillar array, as schematically displayed in Figure 5.4. The projected areas of the flat 
and pillared sections (PAf and PAp) are 0.19 cm2 and 0.25 cm2, respectively (thus, the 
total projected surface area PAtot = 0.44 cm2). Upon the introduction of the micropillars 
in the electrode design, a theoretical surface area enhancement factor (SE) (= Atot/PAtot, 
where Atot is the total geometric electrode area) is defined. When taking into account 
only the micropillared section of the electrode, the geometric surface area of that 

section (Ap) is expected to increase with a factor 1+
2

3
√3 ∙π∙dp∙hp/p2 (i.e., the theoretical 

surface enhancement factor for the pillared section, SEp, see Table S5.3), where dp is 
the pillar diameter, hp is the pillar height, and p is the pitch of the hexagonal micropillar 
array (see Electrochemical analysis section in the SI and Figure S5.7).  

 

 

Figure 5.4. Schematic top-view representation of the whole projected micropillar-
structured electrode area (PAtot = 0.44 cm2), showing the micropillar (pillared section, 
PAp = 0.25 cm2) and the surrounding flat (flat section, PAf = 0.19 cm2) area.  

 

The increase of the surface area by the micropillars was experimentally assessed using 
CV. The electrochemically active area of two gold-coated micropillar-structured 
substrates (19 and 8 µm pitch) and of a flat sample was determined using a 0.1 M 
solution of H2SO4.41 Qualitatively, the areas of both the oxidation and reduction peaks 
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were significantly higher for the micropillar-structured substrates compared to the flat 
one (Figure S5.8). By integrating the reduction peaks, the total electroactive surface 
areas (Atot,exp) were 0.57 cm2 for the flat electrode and 1.26 cm2 and 3.68 cm2 for the 
micropillar-structured ones (with pitches of 19 µm and 8 µm, respectively, Table S5.4). 
For the flat sample, the observed area is 1.29 times higher than the geometric area, 
which is attributed to substrate roughness introduced by the gold sputtering process. 
For the pillared samples, however, the experimental areas were approximately a factor 
1.5 higher than the expected geometric surface areas. This higher increase for the 
pillared samples is attributed to the combined roughness effects caused by scallop 
formation, the roughness of the Si surface (both introduced by the DRIE etching 
process), and the Au sputtering process. For this reason, two different roughness 
factors were defined, one for the flat section (sf = 1.29, Electrochemical analysis section 
in the SI) and one for the pillared section (sp = 1.48; see Figure S5.9). The Atot,exp values 
were found to be in good agreement with the geometric surface area calculations after 
including the roughness factors, with a maximum error <8%. The experimental surface 
enhancement factors for the total area (flat + pillared sections) were then calculated 
by the ratio of the experimental surface area of a micropillared electrode and that of 
the flat one, amounting to 2.21 and 6.46 for the 19 and 8 µm pitch, respectively. When 
viewing the area increase effect of the pillared section only, surface enhancement 
factors of 3.14 and 10.6 were found, showing a clear contribution of the pillars and a 
decreasing pitch on the expected electrochemical signal amplification (see 
Electrochemical analysis in the SI). 

The relationship between the electrode surface area and the DNA sensitivity was 
quantified by CV experiments using the DNA sandwich detection scheme (Figure 5.1B). 
Micropillar-structured electrodes with pitches of 19, 14, 10, 8 µm and a flat substrate, 
pre-incubated with PLL-OEG-DBCO and azido-PNA probe solutions, were covered with 
a cDNA solution followed by rDNA-Fc deposition to perform the CV measurements 
after the sandwich assay hybridization (Figure S5.10). The dependence of the total 
charge involved in the redox process (Q) due to the surface-anchored electroactive Fc 
moiety, which is related to the peak area in the CV, was evaluated as a function of the 
scan rate, and the results are presented in Figure S5.11. The constant values of Q vs 
scan rate indicate that the electron transfer processes occurred at the interface as 
expected for surface-confined species. Control experiments performed by exploiting 
ncDNA (Figure S5.12A) or by omitting one step of the sandwich assay (azido-PNA 
anchoring or cDNA hybridization, Figure S5.12B and C) showed the absence of 
physisorbed electroactive material, which is attributed to the retained anti-fouling 
properties of the self-assembled modified PLL at the electrode interface, and thus 
confirms the specificity of the sandwich assay. 

The DNA sensitivity enhancement was assessed by evaluating the dependence of Q 
(from Figure S5.11) on the pitch p of the micropillar-structured electrodes. Figure 5.5 
shows a linear increase of Q versus 1/p2, confirming the effect of the pillar architecture 
on the detected signal. In this graph, the intercept with the y-axis indicates the flat 
sample. The linearity of the fit demonstrates not only the absence of diffusion effects 
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but also the uniformity of the detected rDNA-Fc and cDNA. Consequently, assuming 
both hybridization steps to be 100% efficient, the surface coverage Γ could be derived 
from the slope (see the Electrochemical analysis section in SI), providing a value of   
(9.0±0.2)×10-12 mol/cm2, or (5.4±0.1)×1012 rDNA-Fc moieties/cm2, which matches well 
to the results obtained from QCM as described above. When using the semi-empirical 
method described in our previous work,27 using PLL-appended maleimide reactive 
groups to bind PNA probes applied to a flat substrate, a density of 3.7×1012 
molecules/cm2 was expected, which compares well with the value observed here. 
Thus, these results validate the modified-PLL approach to control the density of probe 
molecules at both flat and micropillar-structured substrates.  

 

Figure 5.5. Dependence of the total charge Q involved in the surface-confined redox 
process of the Fc-covered electrodes (0.1 M NaClO4 electrolyte) resulting from the 
sandwich assay, as a function of 1/p2 (where p is the pitch). Datapoints correspond to 
the average values of Q for the flat and 19 µm, 14 µm, 10 µm, and 8 µm pitch samples, 
derived from the experiments shown in Figure S5.10. The concentrations of the species 
used for the DNA binding scheme were 1.0 mg/ml for modified PLL, 0.5 µM for azido-
PNA, cDNA and rDNA-Fc in PBS (pH 7.4). The equation of the linear fitting is y=117.10x 
(±3.80) + 0.25 (± 0.04). The error bars indicate the standard deviation. 

 

A comparison of the two extremes in Figure 5.5, corresponding to the flat and the 8 
µm pitch micropillar-structured substrates, shows that the signal enhancement due to 
the occurrence of the pillar array was approximately a factor of 7.0. The reported value 
agrees with the experimental surface enhancement factors found by the sulfuric acid 
measurements, confirming that the increase of the electroactive surface area is the 
key factor in improving the performance of surface-based electrochemical DNA 
sensors. When comparing only the pillared section of the micropillar array sample to 
the flat sample, an enhancement factor of 10.6 was deduced. Overall, these data 
confirm that the 3D electrode interface design, in correlation with the probe density 
control, can rationally define the gain in sensitivity for electrochemical DNA detection, 
showing how the combinations of substrate and biosensing layer can determine the 
outcome of the recognition device.  
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5.3 Conclusion and outlook 

In summary, we have presented the potential gain in sensitivity for the electrochemical 
DNA detection by the application azido-PNA probes clicked to a PLL-OEG-DBCO 
adhesion layer adsorbed on micropillar-structured substrates at various pitches. 
Compared to flat substrates, the densely structured micropillar arrays allowed up to 
one order of magnitude larger electrochemical active surface areas that can 
accommodate comparatively more PNA probes and consequently more target DNA to 
be detected by the final sandwich assay. The total amount of redox charges from the 
hybridized reporter rDNA-Fc probe scaled linearly with the electrochemically active 
surface area, defined by the pitch, indicating the surface-confined electron transfer 
and similar probe densities between substrates. Overall, this proof-of-concept 
micropillar-structured electrode design, combined with the surface functionalization 
approach of modified PLL, increased the total sensitivity by more than one order of 
magnitude.  

Micropillar-structured electrodes improve the electrochemical detection of, among 
others, DNA molecules in buffer and clinical samples exploiting the third dimension by 
enhancing the detection area and, thus, the sensitivity. The proposed design gives 
room for further customizing the physical (substrate) and chemical (adhesion layer) 
characteristics of the biorecognition surface. Consequently, the geometrical 
parameters and the probe density can be varied to maximize the sensitivity. By 
eliminating the flat section of the current electrode, a fully covered micropillar 
electrode might further improve the amplification factor. Moreover, different etching 
recipes could produce taller pillars. As an example, the hypothetical use of 125 µm long 
pillars, as exploited by Del Campo, together with halving both the pitch and pillar 
diameter, would have generated a 70 times higher electrochemical signal compared to 
a flat substrate. Other contributions can be obtained from the surface roughness and 
the probe density, by enhancement of the grafting density of appended groups at the 
PLL, which could result in a final signal enhancement factor of 2-3 orders of magnitude. 
The occurrence of diffusion limitations, as well as electrostatic and steric repulsion of 
the incoming DNA, needs to be investigated. However, these effects might be reduced 
by integrating such 3D architectures in microfluidic devices. All in all, the advantages 
of probing more sensing surface, the possible extension to other detection systems, 
together with the orthogonal control of the biorecognition interface at the molecular 
level, define the potential directions for producing label-free signal amplification at 
electrochemical, optical, and gravimetric biosensing devices.  
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5.5 Experimental section 

5.5.1 Materials 

Poly-L-lysine hydrobromide (MW = 15-30 kDa by viscosity), NaClO4, deuterated water 
and tablets for 10 mM PBS solution (pH 7.4), were obtained from Sigma-Aldrich. H2SO4 
(95%) was purchased from VWR Chemical and HCl was obtained from SelectiPur. 
Methyl-OEG4-NHS ester was obtained from ThermoFisher Scientific, while DBCO-OEG4-
NHS was obtained from Click Chemistry Tools. The membrane for dialysis (Spectra/Por, 
6-8 kDa cutoff, diameter 6.4 mm) were purchased from Spectrum Labs, Greece. cDNA 
(complementary to KRAS sequence: 43 nt, 5′-ATG 
ACTGAATATAAACTTGTGGTAGTTGGAGCTGGTGGCGTAG-3′) and ncDNA (42 nt,  
5’-CTACGCCACCTCAACCTA CGCCACCTCCACCTACGCCACCTC-3’) were purchased from 
Eurofins Genomics and used as received. The ferrocene-labelled DNA (23 nt; MW 7487 
g/mol; 5’-ACCACAAGTTTATATTCAGTCAT-Fc-3’) was aquired from Biomers.net GmbH. 
Gold QCM chips (with a fundamental frequency of 5 MHz) were purchased from Biolin 
Scientific. Silicon p++ wafers (<100> oriented, one-side polished, 525±25 µm substrate 
thickness, 0.01-0.025 Ωcm resistivity) were obtained from Okmetic Finland, while the 
positive Olin 907-17 photoresist was obtained from Arch Chemicals. The PNA probe 
was synthesized using a previously described procedure.59  

 

5.5.2 Methods 

Synthesis and Quantification of PLL-OEG-DBCO grafted percentages 

The synthesis of PLL-OEG-DBCO and the quantification of the molfractions of OEG and 
DBCO grafted to the PLL backbone were done adapting previously reported 
procedures.27,51,57 Briefly, 10 mg/ml of PLL HBr were dissolved in PBS 7.4, and 
stoichiometric amounts of Methyl-OEG4-NHS and DBCO-OEG4-NHS (both dissolved in 
DMSO at concentration of 250 mM) were added under vigorous stirring. After 4 h, the 
solution was dialyzed with a dialysis membrane (molecular cut-off 6 to 8 kDa) against 
decreasing concentrations of PBS in Milli-Q water, until a full 24 h cycle in Milli-Q water. 
The final solution was freeze-dried overnight. The obtained product was analyzed by 
NMR and stored at -20°C in Milli-Q water. Quantification of the molfractions has been 
reported in the Supporting Information. 

1H NMR of PLL-OEG-DBCO (400 MHz D2O) δ [ppm] = 1.26–1.56 (lysine γ‐CH2), 1.61‐1.82 
(lysine β, δ‐CH2), 2.48 (ethylene glycol CH2 from both OEG and DBCO coupled, ‐CH2‐
C(=O)‐NH), 2.96 (free lysine, H2N‐CH2), 3.14 (ethylene glycol CH2 of coupled lysine from 
both OEG and DBCO, C(=O)‐NH‐CH2‐), 3.35 (OEG methoxy, ‐O‐CH3), 3.59-3.77 (ethylene 
glycol from both OEG and DBCO, CH2‐O‐), 4.27 (lysine backbone, NH‐CH‐C(O)‐), 7.22-
7.69 (DBCO from coupled DBCO, CArH). 
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Micropillar-structured substrate fabrication 

Micropillar-structured electrodes were fabricated according to a reported procedure.56 
In summary, a positive photoresist (Olin 907-17) was deposited on a p++ silicon 
substrate followed by photolithography to create a circular patterned photoresist (5 × 
5 mm) with spacing between the circles varying between 8 and 19 µm (Figure S5.4 step 
A). Micropillar-structured substrates were formed via DRIE (SPTS Pegasus, etching rate 
of ~ 10 µm/min, 20 °C) until the desired micropillar height was achieved (Figure S5.4 
step B). The created substrates were then cleaned in O2/CF4 plasma (Tepla 360) for 30 
min and in a solution of HCl, H2O2, and H2O (1:1:5 ratio, 70°C) for 15 min to strip the 
fluorocarbon residues and photoresist from the substrates. Prior to the gold sputtering 
the silicon modified substrates were cleaned for 10 min in HNO3 and 30 s in HF to 
remove the silicon dioxide layer. Immediately after the HF step, a gold layer was 
sputtered (TCOathy) conformally over the entire substrate at 10-2 mbar and 50 W for 
1800 s (Figure S5.4 step C).  

Quartz Crystal Microbalance (QCM) 

Gold-coated (50 nm, QSX301) QCM-D chips from LOT-Quantum were cleaned for 5 min 
in basic piranha solution (H2O: NH4OH: H2O2 in ratio 5:1:1) at 70 °C for 5 min and then 
washed extensively with Milli-Q water and EtOH. After drying under nitrogen flow, and 
oxidized with UV-ozone (Bioforce chamber, Nanosciences) for 15 min, the chips were 
mounted in the chambers and a flow rate of 80 µl/min was used for all the steps. QCM-
D measurements were performed using a Q-Sense E4 4-channel quartz crystal 
microbalance with a peristaltic pump (Biolin Scientific), monitoring the 5th fundamental 
overtone. All experiments were performed in PBS buffer solution (10 mM, pH 7.4) at 
22 °C. The Δf for cDNA and rDNA-Fc are averaged from two measurements. 

Scanning Electron Microscopy  

Micropillar-structured substrate were visualized using HR-SEM (FEI Sirion HR-SEM) at 
an acceleration voltage of 10 kV. The cross-section image was taken after cutting the 
micropillar-structured electrode with a diamond cut pen and sonication in ethanol for 
30 min.  

Cyclic Voltammetry experiments 

Gold-coated CV chips (flat and micropillar-structured substrates) were cleaned for 30 
s in piranha solution, washed extensively with water and EtOH, and dried with 
nitrogen. The experiments for the determination of the active surface area were 
performed using 0.1 M H2SO4 solution as electrolyte, at a scan rate of 100 mV/s.41 The 
reduction peak area was used to determine the active electrochemical surface area via 
the theoretical charge density value of 448 µC/cm2 for gold surfaces.41 The theoretical 
surface area of the substrate used as working electrode is 0.44 cm2 due to the O-ring, 
used to have conformal contact between the electrochemical cell and the substrate. 

In case of the electrochemical DNA detection by sandwich assay for both flat and 
micropillar-structured substrates, the gold chips were immersed in a solution 
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consisting of PLL-OEG(27.6)-DBCO(3.0) (1 mg/ml, PBS pH 7.4) for 60 min, after 
activation by UV-ozone for 15 min. Then, PBS (pH 7.4) solutions containing azide-PNA 
(0.5 µM), cDNA (0.5 µM) and rDNA (0.5 µM) were consecutively deposited on top of 
the functionalized PLL-OEG-DBCO substrate, respectively for 4 h, and 1 h for each step 
of hybridization, under gentle shaking. After each deposition, a rinsing step with Milli-
Q followed by a drying step with N2 was performed. Alternatively, a solution of ncDNA 
(0.5 µM in PBS 7.4, for 1 h) was used for the selectivity experiment. All the CV 
experiment were measured varying the scan rate between 10 and 200 mV/s in freshly 
0.1 M NaClO4 as electrolyte (degassed for 5 min). 

Electrochemical measurements were performed in a three-electrode setup (custom-
built glass electrochemical cell) with a platinum disk as counter electrode, a red rod 
reference electrode (Ag/AgCl, saturated KCl solution, Radiometer Analytical), and the 
gold substrates as working electrode (theoretical surface area of 0.44 cm2). Data 
analysis was done using CHI760D software (CH Instruments, Inc. Austin, USA) and the 
methodology reported in the Electrochemical Analysis section in the SI. The CV 
experiments were repeated twice. 

 

5.6 Supporting information 

Figure S5.1. Chemical structures of A) PNA and B) DNA linkers to respectively anchor 
azide and ferrocene moieties. The [2-(2-aminoethoxy)ethoxy]acetyl (AEEA) PNA linker, 
with 2-azidoacetyl functional group, was already reported in a previous work.59 A new 
batch of this PNA was produced and characterized (see Figure S5.2 and S5.3 for batch 
characterization). 

 

 

a) b)A)   B)
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Figure S5.2. Chromatogram of probe the batch of PNA-N3, used for the present work; 
peak at 2.91 min corresponds to the target PNA. For comparison of other batches, see 
ref. 59. 

 

Figure S5.3. Mass spectrum of PNA-N3, multicharged ions: 1384 [MH3]3+, 1038 [MH4]4+ 
831 [MH5]5+, 692 [MH6]6+, 594 [MH7]7+. The inset shows the reconstructed molecular 
mass: calculated MW 4147.1, m/z found 4149.0. 

 
 
 
 
 
 
 
 
 
 



Chapter 5 

114 
 

Table S5.1. Sequences of DNA and PNA molecules used in this work. PNA-N3 was 
chosen with a sequence that have been shown to be a relevant tract of the KRAS gene 
subject to point mutations present in several tumors.16,64 

Oligo Sequence 5’→ 3’(number of nucleotides) Role 

PNA-N3 N3-CTA CGC CAC CAG CT-Gly-NH2 (14); 
ε (260 nm): 127900 M-1cm-1 

PNA probe  
WT KRAS 

cDNA ATG ACT GAA TAT AAA CTT GTG GTA GTT 
GGA GCT GGT GGC GTA G (43) 

Target, 
complementary to 

PNA-N3 

ncDNA CTA CGC CAC CTC AAC CTA CGC CAC CTC 
CAC CTA CGC CAC CTC (42) 

Non complementary  
to PNA-N3 

rDNA-Fc ACC ACA AGT TTA TAT TCA GTC AT-Fc (23) Reporter, 
complementary to the 

5’end of cDNA 

 

Figure S5.4. Schematic illustration of the fabrication process of micropillar-structured 
substrates. A) Deposition of photoresist on silicon wafer followed by patterning of the 
photoresist by photolithography. B) Deep reactive ion etching to create the micropillar-
structured substrate. C) Coating of the micropillar-structured substrate with gold by 
sputtering. 

A)

B)

C)
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Figure S5.5. Top-view SEM image of a micropillar array (10 μm pitch), showing the 
hexagonal design of the micropillar section. 

 

Figure S5.6. 1H-NMR spectra of PLL-OEG-DBCO after purification by dialysis. 
Quantification of the grafted OEG and DBCO percentages, 27.6% and 3.0%, 
respectively, has been performed according to a previously published procedure (see 
below).27,51 
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PLL-OEG(27.6%)-DBCO(3%) 

Quantification of OEG and DBCO grafted densities were obtained according to our 
previously reported procedure,4,5 using the integral ratios of the characteristic signals 
in the 1H-NMR spectra (see Figure S5.6). Integrals were normalized to the peak at 4.27 
ppm (lysine backbone), and the ones at 2.96 ppm (free lysine), 3.14 ppm 
(functionalized lysine of both DBCO and OEG side groups, and 7.22-7.69 ppm (DBCO) 
were used for the calculations.  

All the integrals used correspond to two protons, except the DBCO one, which 
corresponds to eight. Consequently, it was normalized by dividing for a factor of four. 
The sum of the integrals of free and functionalized lysine correspond to the total 
amount of lysine at the PLL backbone. Therefore: 

 𝑃𝐿𝐿 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =  
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐿𝑦𝑠

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒 𝐿𝑦𝑠+𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐿𝑦𝑠
     (1) 

    𝐷𝐵𝐶𝑂 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =  
(𝐷𝐵𝐶𝑂 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙) 4⁄

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒 𝐿𝑦𝑠+𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐿𝑦𝑠
               (2) 

      𝑂𝐸𝐺 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =  𝑃𝐿𝐿 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 − 𝐷𝐵𝐶𝑂 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛       (3) 

 

Table S5.2. Water contact angle values of gold-coated flat (∞ pitch) and micropillar-
structured Si substrates (19 µm and 8 µm pitch) before and after UV-ozone activation, 
and after immersion in a 1 mg/ml PLL-OEG-DBCO solution in PBS at pH 7.4 (control 
substrates in PBS without PLL). Next, the substrates were immersed in PBS (pH 7.4) for 
24 h and the contact angle values monitored again. Standard deviations (in brackets) 
were calculated measuring three different spots of the same substrate. 

Pitch size (µm) Before 
activation 

After 
activation 

After 1 h of 
PLL-OEG-DBCO 

After 24 h in PBS 7.4 

Flat 59.9° 
(±1.3°) 

<15° 31.6° 
(±1.5°) 

32.7° 
(±1.9°) 

Flat (control) / <15° <20°  
(only PBS) 

38.6° 
(±2.2°) 

19 96.2 
(±2.3°) 

<15° 34.4° 
(±2.8°) 

36.1° 
(±3.2°) 

19 (control) / <15° <20°  
(only PBS) 

45.2 
(±4.1°) 

8 104.3 
(±1.8°) 

<15° 35.9° 
(±2.0°) 

37.4° 
(±2.3°) 

8 (control) / <15° <20°  
(only PBS) 

46.2 
(±2.6°) 
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Electrochemical analysis 

Active surface area determination 

The projected areas of the total (PAtot, 0.44 cm2), flat (PAf, 0.19 cm2) and pillared (PAp, 
0.25 cm2) sections for electrochemical substrates are shown in Figure 5.4. Assuming 
absence of surface imperfections, the total geometric surface area (Atot), is given by eq. 
4: 

𝐴𝑡𝑜𝑡 = 𝐴𝑓 +  𝐴𝑝      eq.4 

Where Af and Ap are the geometric areas of the flat and pillared sections of a 
micropillar-structured substrate, respectively. In particular, for the flat section: 

Af = PAf       eq.5 

while for the pillared section: 

𝐴𝑝 = 𝑃𝐴𝑝(1 +
2

3
√3 ∙ 𝜋

𝑑𝑝∙ℎ𝑝

𝑝2
)               eq. 6 

where dp is the pillar diameter (4 µm), hp the pillar height (36.7 µm), and p the pitch 

(µm). The factor 1+
2

3
√3 ∙π∙dp∙hp/p2 is the factor SEp by which the surface area of a unit 

cell containing a single pillar in a hexagonal design increases from flat to pillar (see 
Figure S5.7). Without a micropillar in this unit cell, the area is ½√3∙p2. When a 
micropillar is placed in the unit cell, the area is increased with the sides of the pillar, 
amounting to π∙dp∙hp, leading to a total area of ½√3∙p2 + π∙dp∙hp. Taking the ratio 
between these areas leads to the aforementioned surface enhancement factor in the 
pillar area, SEp.  

 

Figure S5.7. Section of the hexagonal micropillar array with the two triangles jointly 
covering one micropillar. 

 

For simplicity, we ignored effects of the non-perfect fit of the hexagonal pillar lattice 
in the square pillar area (error on the total number of pillars is <0.002 %), and the 
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sidewall surrounding the pillar section, introduced by etching the pillars into the 
substrate (estimated to be < 1%). Therefore, the total theoretical surface enhancement 
factor (SEtot) by the incorporation of micropillars is given by Atot/PAtot.  

Contributions from roughness factors (sputtered gold and DRIE etching process) can 
be responsible for the differences in values between the calculated geometric and 
experimentally (CV) determined surface areas. Therefore, two roughness factors were 
defined, one for the flat area (sf = 1.29), ascribed to the sputtering of gold, and one for 
the pillared section (sp = 1.48), attributed to the DRIE etching process and the gold 
sputtering. In detail, sf was calculated by the ratio between the experimentally 
determined surface area (Atot,exp = 0.57 cm2) and the geometric surface area (Atot = 0.44 
cm2) of a flat gold surface, while sp was calculated from the slope of the linear fit from 
the relationship between the experimental determined surface areas and the 
geometrical ones for the pillared section using various pitch sizes. For this linear fit, the 
experimentally (CV) determined areas for the pillared section (Figure S5.8), obtained 
by subtracting the flat area (by taking the corresponding fraction of the experimental 
surface area of the flat sample) from the total area, were plotted versus the geometric 
area of the same pillared part (Ap) as shown in Figure S5.9. The calculated geometric 
surface areas including both roughness factors, were then calculated by multiplying 
the terms Af and Ap respectively with sf and sp. Consequently, the calculated surface 
enhancement factors, relative to the experimental flat area, were determined.  

 

Table S5.3. Geometrical areas and theoretical surface enhancement factors for the 
total area (Atot and SE) and pillared section (Ap and SEp) without surface roughness 
using eqs. 4-6.  

Pitch size (µm) Atot  Ap SE SEp 

Flat (p = ∞) 0.44  0.25 1 1 
19 0.81  0.62 1.83 2.48 

8  2.52  2.33 5.71 9.32 
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Figure S5.8. Cyclic voltammograms of gold-coated p++ type silicon micropillar-
structured substrates with pitch 8 µm and 19 µm (black and red lines, respectively) and 
flat one (green line). Experiments were performed in 0.1 M H2SO4 with a scan rate of 
100 mV/s. 

 

Table S5.4. Experimental areas for flat and micropillar-structured (19 and 8 µm pitch) 
electrodes using 0.1 M H2SO4 solution at CV experiments with a scan rate of 100 mV/s. 

Pitch size (µm) Atot,exp (cm2)  

Flat (p = ∞) 0.57 
19 1.26 

8 3.68 

 

 

 

 

 

 

 

 

 

0.3 0.6 0.9 1.2 1.5
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
u

rr
e

n
t 

(m
A

)

Potential (V) vs. Ag/AgCl

 8 µm pitch

 19 µm pitch

 Flat



Chapter 5 

120 
 

Figure S5.9. Experimental (CV in 0.1 M aq. H2SO4)41 surface area of the pillar section 
(Ap,exp) of flat and micropillar-structured substrates as a function of the geometric 
surface area of the pillar section without surface roughness (Ap). The surface roughness 
factor in the pillared section (sp = 1.48) was determined from the slope of a linear fit 
through the origin. 
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Figure S5.10. Cyclic voltammograms of PLL-OEG(27.6)-DBCO(3.0)-functionalized Au 
coated substrates after anchoring of PNA-N3 and the consecutive double hybridization 
of cDNA and rDNA-Fc for the sandwich assay for A) flat substrate and micropillar-
structured ones with increasing pitch of B) 19 µm, C) 14 µm, D) 10 µm and E) 8 µm size. 
Freshly prepared 0.1 M NaClO4 solution was degassed for 5 min and used as electrolyte 
for the all CV experiments. All the solutions were prepared in PBS (pH 7.4) at 
concentration of 1 mg/ml and 1 µM, respectively for PLL-OEG-DBCO and PNA, while 
0.5 µM for both cDNA and rDNA-Fc in the same buffer. 
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Figure S5.11. Dependence of the amount of charges involved in the redox process (Q) 
versus scan rate (0.01 – 0.2 V/s), derived from the average values from experiments in 
Figure S5.10. The substrates used were flat (black), 19 µm (green), 14 µm (blue), 10 µm 
(red) and 8 µm (ochre) pitch. Prior to the CV experiments, freshly prepared 0.1 M 
NaClO4 solution was degassed for 5 min and used as the electrolyte. The 
concentrations of PLL-OEG-DBCO and PNA were 1.0 mg/ml and 0.5 µM respectively, 
while 1 µM for both cDNA and rDNA-Fc in PBS (pH 7.4). Datapoints corresponds to two 
measurements. The error bars indicate the standard deviation. 

 

 

Figure S5.12. Voltammograms of the control experiments at gold flat surface 
functionalized with PLL-OEG(27.6)-DBCO(3.0). A) Selectivity experiment performed 
after the immobilization of PNA-azide and using ncDNA in the sandwich assay. 
Evaluation of the specific electrochemical response of the biosensing layer and the 
sandwich assay when B) the PNA probe anchoring or C) the cDNA hybridization step 
are missing. Before each CV experiments, freshly prepared 0.1 M NaClO4 electrolyte 
solution was degassed for 5 min. The concentrations of the components used were 1.0 
mg/ml for modified PLL, 0.5 µM for PNA-azide, cDNA and rDNA-Fc. All the deposition 
steps were done in PBS (pH 7.4). 
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Quantification of the area under the reduction peak at cyclic voltammograms 

To obtain the points of the amount of charges involved in the redox process (Q) in 
Figure S5.11, the cyclic voltammograms in Figure S5.10 were treated according to the 
following procedure: the first derivative was applied to the anodic segment of interest 
to find the peak potential (Ep). A range of ± 0.25 V was defined from the Ep to set the 
baseline between these potentials and the peak area, related to (Q), was recorded. All 
the passages were performed by means of the CHI760D software (CH Instruments, Inc. 
Austin, USA). 

Probe density determination by CV 

The average surface coverage of rDNA-Fc molecules for the flat and micropillar-
structured substrates was calculated adapting the following equation:23  

                                                            Г =  𝑄 𝑛𝐹𝐴⁄                (7) 

where Γ is the surface coverage (mol/cm2), Q is the area of the reductive signal (in C), 
F is the Faraday constant (96485.34 C/mol), n is the number of electrons involved in 
the redox process (1 for ferrocene), and A the total active surface area of the working 
electrode. To show the effect of the pitch variation, eq 8 was derived to obtain 
calculated values of Q, Qcalc, to obtain the dependence of Q on the pitch:  

                      𝑄𝑐𝑎𝑙𝑐 =  𝑛𝐹𝛤(𝑆𝐸𝑝𝑃𝐴𝑝 + 𝑆𝐸𝑓𝑃𝐴𝑓)                               (8) 

Here, SEp is dependent on p as described above (eq. 4), and the second term is a 
constant which is shown as the abscissa. Γ is thus obtained from the slope of the fitting 
in Figure 5.5. Results expressed in molecules/cm2 have been calculated by multiplying 
Γ by the Avogadro’s number (NA).  
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Chapter 6 

 

Enrichment of hypermethylated DNA from cells and urine 

on chip to detect cervical cancer 

 

Preselection of cancer-specific hypermethylated DNA (hmDNA) from a background of 

total DNA is important for the development of liquid biopsy diagnostics but remains 

challenging. Here, a microfluidic chip was developed for the selective enrichment of 

hmDNA from DNA isolated from cultured cervical cancer cells and from the urine of a 

cervical cancer patient. The microfluidic chip consists of a hmDNA enrichment chamber 

with a micropillar array, which was produced by photolithography and deep reactive 

ion etching. Methyl binding domain 2 (MBD2) protein was immobilized on the 

micropillar-structured substrate to function as a capture coating for hmDNA. Surface-

bound DNA was eluted from the MBD2-coated surface by using an ammonium 

hydroxide solution. The micropillar array increases the surface area 8.1-fold compared 

to a non-pillared device, and possesses a hmDNA enrichment capacity of 4.6 ng. In 

order to validate the performance of the hmDNA enrichment device, DNA was isolated 

from a cervical cancer cell line, primary keratinocytes serving as control, the urine of a 

cervical cancer patient and a healthy volunteer. Assessing the methylation level of the 

MAL gene, which is known to be a biomarker for cervical cancer, by quantitative 

methylation-specific polymerase chain reaction on the isolated DNA samples 

confirmed the presence of hypermethylation of the MAL gene in the cervical cancer 

cell line and urine of a cervical cancer patient. The hypermethylated MAL gene from 

the cancer cell line was completely bound to the chip and selectively enriched in the 

eluent as was confirmed by quantitative polymerase chain reaction (qPCR). An amount 

of 150 ng of DNA isolated from the urine of the cervical patient was sufficient for 

hmDNA enrichment and subsequent detection of the hypermethylated MAL gene with 

qPCR. 
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6.1 Introduction 

In a liquid biopsy such as blood and urine various cancer biomarkers can be measured1–

3 which are secreted into body fluids by cancer cells throughout the body.4,5 An 

example of this is the detection of cell-free DNA (cfDNA) shed by the tumor, known as 

circulating tumor DNA. The use of urine is upcoming and advantageous over, for 

example, blood analysis as urine can be collected non-invasively and repeatedly by an 

individual without the need for trained healthcare workers. Hypermethylated DNA 

(hmDNA) is one of the cancer biomarkers that can be detected in urine.6,7 hmDNA is 

epigenetically changed DNA where a methyl group is covalently bound to cytosine 

bases in CpG complexes. The hypermethylation of gene promoter regions can result in 

undesired changes in the gene expression and is, therefore, related to cancer.8 The 

detection of DNA methylation of specific gene regions in urinary cfDNA is associated 

to several cancers, like cervical,9 bladder,10 colon,11 endometrial,12 and lung cancer.13  

Detection of hmDNA in urine requires a preselection step which distinguishes hmDNA 

from non-methylated DNA. Prior to this preselection step is DNA isolated from urine 

to separate DNA from other urine components such as salts, proteins and hormones, 

to simplify sample handling and hmDNA detection. The common method for 

preselection of hmDNA is bisulfite conversion.14,15 With bisulfite conversion all the non-

methylated cytosines are converted to the base uracil while methylated cytosines are 

protected against this conversion. The change in the DNA sequence can then be 

measured with a polymerase chain reaction (PCR). However, the main limitations of 

the bisulfite conversion method are significant DNA fragmentation and incomplete 

DNA conversion.16,17 As a consequence, typically hundreds of ng DNA are used to 

convert DNA isolated from urine with the bisulfite method followed by the detection 

of specific hmDNA cancer genes.18,19  

Recent improvements make the preselection of hmDNA by an enrichment method a 

suitable alternative to bisulfite conversion (see Chapters 3 and 4). hmDNA enrichment 

is typically performed using a methyl binding domain 2 (MBD2) protein attached to a 

surface.20,21 MBD2 bioreceptors interact with low nanomolar binding affinities with 

methylated CpGs, while less strong binding affinities (100-1000 nM) are reported 

between MBD2 and non-methylated CpG.22–28 MBD2-based enrichment of hmDNA has 

been studied, but clinical applications are limited due to the co-enrichment of non-

methylated DNA.29–31 hmDNA enrichment can be favorable as the assay times are 

typically short since only a binding and an elution step is performed and the 

enrichment conditions are mild, which prevents DNA fragmentation. Previously we 

have shown that the hmDNA enrichment selectivity can be improved by controlling the 

applied MBD2 surface receptor density (Chapter 3) which resulted in a 30-fold increase 

in the hmDNA content in the enriched DNA mixture (Chapter 4). Nevertheless, we have 

so far only tested our hmDNA enrichment method using synthetic DNA but not with 
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DNA samples isolated from cell lines and urine samples. Furthermore, the used flow 

cell for hmDNA enrichment was constrained by limited hmDNA enrichment efficiencies 

in combination with the need of larger sample volumes. 

The use of microfluidics is favored owing to the high surface-to-volume ratios, which 

decrease the diffusion distance of analytes to the surface32,33 and thus increases the 

probability of hmDNA surface binding to the MBD2-coated surface. Microfluidic 

systems are also reducing contaminations as they are typically closed systems, and 

require minimal sample handling. Therefore, microfluidic devices are applied in many 

different applications such as DNA extraction,34 point of care diagnostics35,36 and 

wearable biosensors.37 The surface-to-volume ratios in microfluidics can be increased 

further by using microstructures.38–40 A typical example is the integration of a 

micropillar array in the microfluidic device,41–46 the use of which results in reduction of 

mass transport limitation due to µm spacing between the micropillars. Furthermore, a 

micropillar array results in an enhanced surface area and thus in a higher DNA binding 

capacity.47,48 The surface-to-volume ratio will especially be important upon hmDNA 

enrichment in early-stage cancer diagnostics, where the hmDNA concentration can be 

in the attomolar regime.  

Here, we report the development of a micropillar-structured microfluidic hmDNA 

enrichment device that enables hmDNA-based cervical cancer detection in cultured 

cervical cancer cells and in a urine sample of a woman diagnosed with cervical cancer 

using quantitative polymerase chain reaction (qPCR). We first examined the hmDNA 

enrichment capacity of the device. We then performed hmDNA enrichment studies on 

fragmented DNA isolated from a cervical cancer cell line and use fragmented DNA 

isolated from primary keratinocytes as a control. The hmDNA enrichment selectivity of 

cell line DNA was evaluated by detecting the presence of a specific hmDNA cancer gene 

with qPCR. At last, the hmDNA enrichment device was used to enrich hmDNA from 

cfDNA isolated from the urine of a cervical cancer patient, while using the urine of a 

healthy volunteer as a control, followed by hmDNA cancer gene detection with qPCR.  

 

6.2 Results and discussion 

6.2.1 Microfluidic hmDNA enrichment device 

A microfluidic chip with a micropillar array was developed to enrich hmDNA from DNA 

isolated from cell lines or urine supernatant samples (Figure 6.1). The hmDNA-enriched 

sample is used to enable hmDNA-based cancer detection with qPCR (Figure 6.1A). On 

the left and right side of the chip, the inlet and outlet are present. Enrichment of 

hmDNA is performed in the hmDNA capture chamber of the microfluidic chip. This 

chamber consists of a micropillar array to enlarge the binding capacity and to shorten 
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the diffusion distance of DNA to the MBD2 surface, thus to reduce mass transport 

limitations and increase the hmDNA enrichment efficiency. The enrichment chamber 

is rectangularly shaped with dimensions of 5.0 mm × 2.5 mm and a channel height of 

approximately 30 µm. Micropillars with a diameter of approximately 4 µm are 

positioned with a center-to-center separation of 8 µm from each other in this chamber. 

Thus, roughly 110,000 micropillars are positioned in the enrichment chamber. hmDNA 

enrichment is performed by coating the surface of the microfluidic chip with the 

hmDNA capture coating consisting of surface-immobilized MBD2 proteins, as 

described in Chapters 3 and 4. The hmDNA enrichment is performed in a two-step 

process. The first step is the DNA binding step where the DNA mixture, containing DNA 

with varying degrees of methylation, is flushed through the microfluidic chip. The 

binding affinity of DNA that binds to the MBD2-modified surface is amongst others 

dependent on the degree of DNA methylation. In the second step, surface-bound DNA 

is eluted from the MBD2-coated surface by flushing with aqueous ammonium 

hydroxide (pH 11.3). The eluent is a denaturation agent for the MBD2 proteins, causing 

the disruption of the non-covalent interactions between hmDNA and the MBD2 

proteins (Chapter 4). The hmDNA enrichment on the chip is followed by analysis of the 

enriched DNA sample outside the chip with qPCR to detect a specific hmDNA cancer 

gene. 

A closed microfluidic chip was formed by clamping a glass slide with a 1.5 µm thick 

PDMS layer on top of the gold-coated micropillars (Figure 6.1B). Gold-coated 

micropillars were used to immobilize the MBD2 on the surface (Figure 6.1C). This 

immobilization is a multistep process (Chapter 3). First, a thiol-based self-assembled 

monolayer (SAM) was formed on the gold-coated micropillars with hydroxyl and azide-

functionalized thiols. The hydroxyl-functionalized thiols were used to prevent non-

specific binding to the chip, while the azides were used to enable MBD2 surface 

immobilization. To the azide-terminated thiols a linker molecule, with on one side a 

dibenzocyclooctyne (DBCO) functional group and on the other side a nitrilotriacetic 

acid (NTA) group, was reacted. Subsequently, the NTA functional groups were brought 

in contact with a NiCl2 solution to form NiNTA moieties. At last, the NiNTA moieties 

were used to interact with the histidine 10 (His10)-tagged MBD2 protein to enable 

surface immobilization of MBD2. In this study, SAMs with 15% azide-functionalized 

thiols were used, which was shown before to result in the highest hmDNA enrichment 

selectivity (Chapter 4).  

 



Enrichment of hmDNA from cells and urine on chip to detect cervical cancer 

133 
 

 
Figure 6.1 A) The enrichment of hmDNA (red) from a DNA mixture is performed in the 
microfluidic chip containing the hmDNA capture chamber with a micropillar array. The 
DNA mixture consists of hmDNA and non-methylated DNA (green). The enriched DNA 
sample is characterized with qPCR to detect the presence of a specific hmDNA cancer 
gene. B) Schematic image of the cross section of the hmDNA capture chamber with 
micropillars. The micropillars are coated with a gold layer and clamped to a glass chip 
with a 1.5 µm thick PDMS layer. C) Surface architecture of the hmDNA capture coating 
consisting of surface-immobilized MBD2 proteins (yellow objects). A thiol-based SAM 
was formed on the gold surface with azide and hydroxyl-terminated groups (see 
Chapter 3). The azide-functionalized thiols were used to bind a linker molecule with a 
DBCO and NiNTA functional groups. The His10-tag fused to the MBD2 protein binds to 
the NiNTA functional groups.  

 

A)

B) C)
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Micropillar-structured substrates were made from silicon by photolithography and 

deep reactive ion etching (DRIE, Bosch process),49 and these were coated with a gold 

layer according to our previously reported work.48 The micropillars were etched into 

the silicon substrate, therefore, the top of the micropillars is at an equal height 

compared to non-etched silicon allowing easy closing of the device on top of the pillars. 

After gold layer deposition, the substrate was imaged by scanning electron microscopy 

(SEM, Figure 6.2). The micropillars are cylindrically shaped with a height of 27 µm and 

a diameter of 4.1 µm (Figure 6.2A). The micropillars show a negative tapering to 3.3 

µm diameter at the bottom of the micropillars and scallops are present (Figure 6.2B 

and C), which are typically observed in DRIE-processed silicon substrates.49–51 In Figure 

6.2D the inlet/outlet with bifurcated channels followed by the micropillar array is 

visible. Bifurcated channels are used to spread the solution over the entire micropillar 

array in the microfluidic chip.  

Figure 6.2. SEM images of the gold-coated, micropillar-structured silicon substrate. 

Micropillars were formed in a silicon substrate by the DRIE Bosch process and coated 

with a gold layer by sputtering. A gold-coated micropillar-structured substrate was 

cross-sectioned manually prior to SEM analysis. A) Dimensions of the micropillars 

(scalebar: 10 µm), B) part of an individual micropillar with scallops (scalebar: 1 µm), C) 

slightly tilted micropillar array (scalebar: 10 µm) and D) part of the inlet/outlet with 

bifurcated channels and micropillar array (scalebar: 100 µm).  

A) B)

C) D)

3.3 µm

4.1 µm

27 µm
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Figure 6.3. A) Photograph of the hmDNA enrichment flow-cell set-up. The set-up 

consists of the hmDNA enrichment device in the chip holder. Tubing is attached to the 

microfluidic chip using the chip holder. Fluid flow is applied through the microfluidic 

chip using the syringes attached to the syringe pump. B) Photograph of the bottom of 

the hmDNA enrichment device in the chip holder containing a window to monitor the 

fluid flow. On each chip two individually addressable and separated hmDNA capture 

chambers are present with their own inlet and outlet. C) Overview (scalebar 150 µm) 

and D) zoomed-in (scalebar 30 µm) fluorescence microscopy image of the micropillared 

section and inlet/outlet part of the microfluidic hmDNA enrichment device filled with 

150 µM fluorescein.  

 

The micropillar-structured substrate was sealed with a PDMS-coated glass slide and 

clamped in a chip holder to form the microfluidic device (Figure 6.3A). The glass slide 

was coated with a 1.5 µm thick PDMS layer to prevent leakage of the microfluidic 

hmDNA enrichment device. Each hmDNA enrichment chip contains two individually 

addressable hmDNA capture chambers (Figure 6.3B). On both sides of the micropillar 

chip an inlet/outlet is located. The flow cell holder contains a window, which is used to 

monitor the fluid flow in the enrichment device through the glass slide. The 

microfluidic device was first flushed with water using forward flow at a flow rate of 20 

µL/min for 15 min. After filling the microfluidic device, the flow was switched to reverse 

flow and the flow rate was decreased to 2 µL/min. The flow rate was kept constant for 

all the subsequently applied flow steps with the device in this work. To visualize filling 

of the microfluidic device an aqueous solution of fluorescein was flushed through the 

A)

B) C) D)

Chip holder with
tubing

Syringes

Inlets/outlets

hmDNA capture
chamber
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chip and monitored by fluorescence microscopy (Figure 6.3C and D). Within 2 min of 

flushing with the fluorescein solution, the fluorescence signal was observed in both the 

hmDNA capture chamber containing the micropillar array and the bifurcated 

inlet/outlet, thereby confirming uniform filling of the chip. 

To study the performance of the hmDNA enrichment device, the hmDNA enrichment 

capacity was determined and compared to a similar microfluidic device without a 

micropillar array. The theoretical surface areas of the hmDNA capture chambers are 

1.38 cm2 and 0.17 cm2 for the devices with and without micropillar array, respectively, 

accounting also for surface roughness48 due to the scallops and sputtered gold. Before 

hmDNA enrichment, the hmDNA capture coating was formed. The gold-coated 

substrate was first modified with the thiol-based SAM containing 15% azide-

functionalized thiols. The SAM was formed by immersion of the substrate in a thiol 

solution overnight. Then, the device was sealed with the PDMS-coated glass and 

clamped in the chip holder. Thereafter, flow was applied to the devices to bind the 

linker molecule onto the SAM, followed by activation of the NTA complexes into NiNTA 

by flushing with a NiCl2 solution and the surface immobilization of the His10MBD2 

proteins. The hmDNA enrichment capacity was determined using a 90 bp-long 

synthetic DNA containing three methylated CpGs (C*pGs, Mal3C*pG, sequence, see 

Table S6.1). A solution of Mal3C*pG (28 ng/µL, 500 nM) dissolved in binding buffer (BB) 

was flushed through the chip for 60 min to ensure a high degree of hmDNA binding at 

the MBD2-modified surface. Thus, in total 3360 ng of Mal3C*pG was flushed through 

the chip, as the flow rate was kept constant at 2 µL/min. After the DNA binding step, a 

15 min washing step with BB was applied to remove weakly bound Mal3C*pG from the 

MBD2-coated surface. Subsequently, the aqueous ammonium hydroxide eluent was 

flushed through the chip with forward flow for 25 min while collecting the eluent. The 

volume of eluted Mal3C*pG samples is thus 50 µL, which was kept constant throughout 

this study. The number of cycles needed to reach the qPCR threshold (Ct value) is 

related to the Mal3C*pG concentration (Figure 6.4A) and, therefore, the Ct value can 

be used to assess the Mal3C*pG concentration in the eluted Mal3C*pG samples (Figure 

6.4B). The qPCR amplification efficiency was 94.5% based on the slope of the 

calibration curve, indicating a good qPCR performance. An 11.5-fold higher Mal3C*pG 

concentration was found in the eluted Mal3C*pG sample from the microfluidic device 

with the micropillar array (4.60±0.99 ng) compared to the one without micropillar array 

(0.40±0.02 ng). The increase in the eluted Mal3C*pG concentration is directly 

attributed to the increase in the microfluidic chip surface area and is in good 

agreement compared to the increase in the surface area (8.1-fold). The direct 

correlation between bound DNA amount and chip surface area indicates absence or a 

limited effect of mass transport limitation, which is likely due to the relatively high 

hmDNA concentration used here. Overall, these results show the successful 
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development of the hmDNA enrichment device and the gain in binding capacity by the 

use of the micropillar array.  

 

 
Figure 6.4. Determining the capacity of the hmDNA enrichment device. A) Calibration 

of Mal3C*pG with qPCR using varying Mal3C*pG input concentrations (n = 2). The 

datapoints were fitted with a linear fit (R2 > 0.99). qPCR was performed using Sso 

Advanced Universal SYBR Green Supermix and corresponding primers (Table S6.2). B) 

Amount of Mal3C*pG eluted from the MBD2 surface using the hmDNA enrichment 

devices with and without micropillar array (n = 2). Mal3C*pG was flushed through the 

device at 500 nM in BB for 60 min at a flow rate of 2 µL/min. The enrichment device 

was functionalized with the thiol-based SAM containing 15% of azide thiol. The hmDNA 

capture coating was then formed in several steps in the microfluidic device: binding of 

the linker molecule, activation of the NTA groups with NiCl2, and His10MBD2 

immobilization. After the hmDNA binding step a washing step with BB was applied for 

15 min followed by elution of surface-bound hmDNA using aqueous ammonium 

hydroxide. The eluent was collected and characterized by qPCR. The error bars indicate 

the standard deviation.  

 

6.2.2 hmDNA-based cervical cancer detection in DNA isolated from cells and urine 

samples 

As a benchmark, DNA isolated from cells and urine supernatant samples were analyzed 

with quantitative methylation-specific PCR (qMSP) to determine the methylation 

level.52,53 DNA was isolated from the EK11 and SiHa cells, which originate from primary 

human foreskin keratinocytes and human cervical cancer cell line, respectively.52 

Urinary cfDNA was isolated from the urine supernatant of a cervical cancer patient and 

of a healthy volunteer. The urine supernatant, instead of unfractioned urine, was used 

as a source for DNA to reduce the isolation of unfragmented genomic DNA originating 

from bladder cells that are present in the urine. DNA isolated from the urine 
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supernatant is highly fragmented with a mean fragment size of 90 bp.54 However, DNA 

isolated from cells contain high molecular weight (mainly intact) genomic DNA. To 

make the fragment size of isolated cell DNA comparable to that of the urine DNA, the 

cell DNA was sheared to a main fragment size of 150 bp using ultrasonication (Figure 

S6.1).  

The MAL gene is known to be hypermethylated in cervical cancer and can be detected 

in urine as a marker for cervical cancer.52 As a benchmark, qMSP was performed on the 

isolated DNA samples targeting a CpG-rich region of the MAL gene after bisulfite 

conversion, as based on the work of Steenbergen et al. (Table S6.3).55,56 In case the 

MAL gene is unmethylated, the primer and probes used with qMSP cannot anneal. 

Therefore, the absence of signal upon qMSP indicates the absence of MAL methylation. 

The Actin Beta (ACTB) gene was also targeted in the bisulfite-converted DNA samples 

with qMSP to function as an internal reference gene.53 The targeted ACTB gene has no 

CpGs and is, therefore, not susceptible to bisulfite conversion.53 The methylation levels 

are determined by performing the comparative Ct method using the Ct ratio of MAL 

and ACTB.57 The methylation levels of the DNA samples are expressed by the log2 Ct 

ratio, were methylation levels of -13.3 indicate absence of methylation of the MAL 

gene targeted with the primers/probe with respect to the reference gene ACTB.58 

Methylation of the MAL gene was absent in DNA from the EK11 cells and the urine of 

a healthy volunteer (Figure 6.5). On the other hand, high MAL methylation levels were 

found in the SiHA cell DNA. Also, in the DNA isolated from the urine of a cervical cancer 

patient high MAL methylation levels were found, indicating that a significant part of 

the MAL copies present in the urine DNA are hypermethylated. Overall, both the cell 

DNA and urine DNA validated with qMSP are suitable to determine the selectivity of 

the hmDNA enrichment device when targeting the MAL gene with qPCR for cervical 

cancer detection. 
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Figure 6.5. MAL methylation level in DNA isolated from EK11 and SiHa cells (n = 3) and 

urine supernatant samples of a cervical cancer patient and healthy control (n = 1). DNA 

isolated from EK11 and SiHa cells were sheared using ultrasonication prior to use. An 

amount of 250 ng DNA was subjected to bisulfite conversion. A total of 50 ng bisulfite-

converted DNA was used for the qMSP analysis. The MAL methylation levels were 

calculated with the comparative Ct method using the Ct of ACTB and expressed as the 

log2 Ct ratio. 

DNA isolated from both the EK11 and SiHa cells and DNA from urine samples of a 

cervical cancer patient and a healthy control were amplified with qPCR targeting the 

MAL gene to enable detection of MAL in hmDNA-enriched DNA samples. Primers were 

designed for qPCR to target a 106 bp length of MAL gene (Table S6.4). Different primers 

were used for qPCR compared to qMSP as qPCR is used to detect the MAL gene in 

enriched DNA samples, which are, thus, not converted in the bisulfite treatment. The 

PCR products were characterized with DNA electrophoresis (Figure 6.6A and B). The 

band of the amplified MAL targets is close to the expected length of 106 bp 

independent of the DNA origin (cells or urine DNA). Moreover, no side products were 

formed upon MAL amplification in the various tested DNA samples as no other DNA 

bands were observed in the gel images. Therefore, the MAL gene was successfully 

amplified in the DNA samples from the cell lines and urine samples.  
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Figure 6.6. Gel images generated by DNA electrophoresis after qPCR amplification of 

the MAL gene from DNA isolated from A) cells and B) urine supernatant. MAL was 

amplified in the isolated DNA originating from: A) SiHa cells and EK11 cells; B) urinary 

cfDNA from cervical cancer patient and from a healthy control. DNA isolated from EK11 

and SiHa cells were sheared using ultrasonication prior to use. Each gel image shows a 

ladder, a no-template control (NTC) and a lower and upper marker in each lane.  

 

Subsequently, we explored whether the DNA isolated from the cancer and non-cancer 

cells SiHa and EK11 could be enriched in hmDNA selectively by the use of the 

micropillared capture device. Prior to hmDNA enrichment, the micropillared device 

was coated with MBD2 proteins using a SAM with 15% of azide thiol. After surface 

immobilization of MBD2 as described above, the DNA binding step was performed. In 

total 300 ng cell DNA dissolved in BB with a total volume of 120 µL was flushed through 

the chip for 60 min. Therefore, approximately 87,000 MAL copies can potentially be 

enriched when assuming that the full genomic DNA is present in the DNA sample 

isolated from the SiHa cells. Throughout the DNA binding step, the flow-through was 

collected to determine the Ct value of MAL to evaluate which fraction of the MAL 

copies does not bind to the MBD2-modified surface. After the DNA binding step the 

washing and elution steps were applied. Three samples were collected during the 

hmDNA enrichment: DNA input solution, DNA flow-through, and the hmDNA-enriched 

DNA sample upon elution. Subsequently, the collected samples were characterized 

with qPCR to determine the MAL Ct value in each collected sample.  

The Ct value of the MAL gene in the unenriched SiHa DNA sample (input) was equal to 

28.8±0.5 cycles (Figure 6.7A). The MAL gene could not be detected in the flow-through 

of enriched SiHa DNA below the qPCR upper limit (35 cycles), indicating the absence of 

MAL copies in the flow-through. The absence of MAL in the flow-through indicates that 

all MAL copies were bound to the MBD2 surface while flushing the DNA solution 

through the micropillar device. Absence of MAL in the flow-through is expected as the 

MAL methylation level is high in the SiHa DNA sample, thus resulting into a high avidity 

and binding efficiency of MAL to the MBD2 surface. As a result, the Ct value of MAL in 
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the enriched SiHA DNA sample was 1.5 cycles lower in comparison to the MAL Ct value 

in the input sample, indicating a higher MAL concentration. The ∆Ct of 1.5 was 

converted to determine the concentration difference when assuming that the qPCR 

efficiency of MAL is 100%, independent of the methylation status and sample origin. 

The total amount of MAL found in the enriched SiHa DNA fraction was approximately 

equal (117.9%) of the total amount of MAL present in the DNA input solution sample 

(Table 6.1). The increase in MAL concentration is attributed to the 2.4-fold smaller 

volume of the enriched solution (50 µL) compared to the input solution (120 µL) and is 

therefore, in proper agreement with the concentration increase measured by qPCR. 

The detection of all MAL in the enriched sample confirms that the MAL is 

hypermethylated and supports the observed absence of MAL in the flow-through. As 

a consequence, it is likely that no DNA is removed from the surface upon washing the 

surface with BB after the DNA binding step. 

For the EK11 cell DNA, the MAL Ct value equals to 31.6±0.7 cycles in the input sample. 

The Ct values observed in the flow-through and enriched fraction of EK11 were 0.4 

cycles and 1.7 cycles higher in comparison to the input solution, respectively (Figure 

6.7A, Table 6.1). The main fraction (75.8%) of the non-methylated MAL was thus found 

in the flow-through while only 12.8% was detected in the enriched fraction. The 

remainder of the MAL (11.4%) is likely washed away from the MBD2 surface after the 

DNA binding step. Despite the absence of MAL methylation in EK11 still a minor 

fraction of MAL is detected in the enriched DNA from the EK11 cell line. This co-

enrichment of non-methylated DNA is attributed to the (partial) background 

methylation of the CpGs which were not targeted by the primers and probe during 

qMSP.52,56 Furthermore, an individual C*pG present in the primers and probe binding 

area is also likely not detected after bisulfite conversion with qMSP, as this results only 

in a single bp mismatch upon annealing. As was discussed in Chapter 3, the presence 

of two C*pGs in DNA with a length of 90 bp is already sufficient to ensure surface 

binding at the used MBD2 surface receptor density here. Additionally, the fragment 

size of sonicated DNA is widely distributed (80 – 600 bp). Thus, multiple interactions 

pairs can be formed by the (non-)methylated CpGs in MAL with MBD2 proteins on the 

surface. As both C*pG and CpG interact with MBD2, though a C*pG interacts with a 

higher affinity to MBD2, the avidity is thus likely high enough for partial binding of MAL, 

especially with some degree of background methylation.  
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Figure 6.7. DNA isolated from A) cells and B) urine supernatant was enriched for 

hmDNA. The MAL Ct values in the input, flow-through and enriched samples were 

determined by qPCR. hmDNA enrichment was performed in the hmDNA enrichment 

device with a micropillar array (n = 2). The hmDNA capture coating with MBD2 was 

formed in the device as described above. A) 300 ng DNA isolated from EK11 and SiHa 

cells and B) 150 ng DNA isolated from urine supernatant dissolved in 120 µL BB was 

flushed for 60 min through the device. After the DNA binding step the system was 

flushed for 15 min with BB followed by a 25 min elution step using aqueous ammonium 

hydroxide. For all the steps in the enrichment device a flow rate of 2 µL/min was used. 

DNA isolated from EK11 and SiHa cells were sheared using ultrasonication prior to use. 

The error bars indicate the standard deviation. The error bars indicate the standard 

deviation. 

 

To evaluate the efficiency of the hmDNA enrichment device for enrichment of hmDNA 

from urine, we tested DNA isolated from urine supernatant of a cervical cancer patient 

and of a healthy control. Urine DNA was enriched for hmDNA by flushing 150 ng DNA 

through the chip for 1 h at a flow rate of 2 µL/min. The Ct value of enriched urine DNA 

of the cervical cancer patient was 29.8±0.6 cycles, and thus encompasses 38.9% of the 

total copies of MAL present in the input sample (Figure 6.7B, Table 6.1). In the flow-

through less MAL was detected (2.5 higher Ct value), which is only 17.7% of the input. 

A significant remainder of MAL (43.4%) is thus detected neither in the enriched nor in 

the flow-through sample. Likely, MAL is removed from the MBD2 surface after the DNA 

binding step upon washing with BB as the methylation of MAL (and other genes) is 

more heterogeneous in urine compared to cell line DNA. We attribute this to the fact 

that DNA in urine originates both from healthy and cancer cells. Typically, DNA with a 

lower degree of methylation will be removed more easily from the MBD2 surface upon 

the washing step with BB (see Chapter 3). As discussed above, upon the hmDNA 

enrichment of cell line DNA approximately all (methylated) MAL copies were detected 

in either the enriched or flow-through sample. The differences are thus attributed to 

the heterogeneity in methylation of the MAL gene in the urine sample. Furthermore, 
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the main fragment size of isolated DNA in urine is close to 90 bp with a maximum length 

of 300 bp,54 while the sonicated DNA is on average 150 bp in length with an upper limit 

of 600 bp (Figure S6.1). Likely, the longer cell DNA is able to bind with a higher avidity 

to the MBD2 surface compared to the shorter urine DNA. This higher avidity is 

attributed to more MBD2 C*pG interaction pairs formed from longer DNA sequences. 

As a consequence, cell DNA will thus be less easily removed from the MBD2 surface 

upon washing, and more MAL ends up in the enriched sample.  

As a control experiment, DNA isolated from urine of a healthy control was also 

enriched for hmDNA (Figure 6.7B, Table 6.1). As expected, the reverse effect was 

observed upon enrichment compared to DNA isolated from the urine of a cervical 

cancer patient. The MAL Ct value could not be detected in the enriched DNA sample 

below the qPCR threshold. On the other hand, the flow-through contained the major 

part of MAL as the Ct value is only 0.6 higher compared to the input. The total MAL 

amount in the flow-through was equal to 66.2% from the input sample. The remaining 

amount of MAL is likely washed away from the surface after the DNA binding step. 

Furthermore, it can be noticed that the Ct value of MAL differs in the input samples 

between DNA isolated from urine of a cervical cancer patient and the healthy 

volunteer, which might be due to variations between individuals.59  
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Table 6.1. MAL Ct values in the input, flow-through, and enriched samples of DNA 

isolated from cells (SiHA and EK11) and from urine supernatant (cervical cancer patient 

and healthy volunteer). ∆Ct values were calculated by subtracting the Ct values of the 

input sample from the enriched or flow-through sample. ∆Ct values were used to 

determine the fractions of input MAL present in each sample, while correcting the 

enriched samples for the 2.4-fold concentration increase. The percentage of MAL was 

calculated by assuming a 100% qPCR efficiency. Ct values that could not be determined 

with qPCR, and consequently the percentage of MAL, is shown here as “ND”.  

Sample origin 
 

Sample type 
 

Ct 

 
∆Ct 

 

Amount of DNA 

(%) 

 
Input 28.8 - - 

SiHa cells  Flow-through ND ND ND 

 Enriched 27.3 -1.5 117.9 

 Input 31.6 - - 

EK11 cells  Flow-through 32 0.4 75.8 

 Enriched 33.3 1.7 12.8 

 Input 29.7 - - 

Cervical cancer urine Flow-through 32.2 2.5 17.7 

 Enriched 29.8 0.1 38.9 

 Input 34.3 - - 

Control urine Flow-through 34.9 0.6 66.2 

 
Enriched ND ND ND 

 

6.3 Conclusion and outlook 

In this work, we developed a microfluidic hmDNA enrichment chip for hmDNA-based 

cervical cancer detection in urine. The chip contains a hmDNA enrichment chamber 

with an array of micropillars. The chip was coated with a gold layer and modified with 

a thiol-based SAM with NiNTA moieties enabling surface immobilization of His10-tagged 

MBD2 proteins. The hmDNA enrichment capacity of the chip was determined to be 4.6 

ng. DNA was isolated from cervical cancer and control cells and from urine samples of 

a cervical cancer patient and a healthy volunteer to validate the hmDNA enrichment 

performance of the chip. The MAL gene was confirmed to be hypermethylated in 
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cervical cancer cells and urine DNA. hmDNA enrichment of cell DNA showed a high 

hmDNA enrichment selectivity and efficiency of the chip. The MAL gene was detected 

only in hmDNA enriched DNA from the urine of a cervical cancer patient, thus enabling 

cervical cancer diagnostics. Overall, these results demonstrate the high selectivity and 

clinical utility of the developed hmDNA enrichment chip. Future research includes 

enlarging the sample size of this study to determine the clinical usefulness. Then,  

testing whether the developed chip can also be used to enrich urine DNA with other 

hmDNA cancer biomarkers to facilitate for example lung and bladder cancer 

diagnostics and determining the minimal required isolated DNA sample amount upon 

hmDNA enrichment. Furthermore, it should be tested whether the chip enables early-

stage cancer diagnostics. Finally, the chip will be further optimized by reducing the 

elution volume and combining both the hmDNA enrichment and detection on the same 

chip to enable point-of-care hmDNA-based cancer detection.  
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6.5 Experimental section 

6.5.1 Materials 

Gravity flow columns, Experion DNA chips, Microseal 'B' PCR Plate Sealing Film, 

SsoAdvanced Universal SYBR Green Supermix, ddPCR™ 96-well plates, Experion™ DNA 

1K Reagents and Supplies were obtained from BioRad. NaCl, β-mercaptoethanol, 

dimethyl sulfoxide ≥99.7% (DMSO), EDTA, MgCl2 ≥ 98.0% (MgCl2), LB Broth, lysozyme 

from chicken egg white (≥90% lysozyme), phenylmethanesulfonyl fluoride (PMSF), 

ribonuclease A from bovine pancreas (RNAse), deoxyribonuclease I from bovine 

pancreas (DNAse), kanamycin sulfate from Streptomyces kanamyceticus, nickel(II) 

chloride hexahydrate (NiCl2), Nα,Nα-bis(carboxymethyl)-L-lysine hydrate ≥ 97.0%, 

sodium carbonate, phosphate-buffered saline (PBS) tablets for 10 mM solution, H2SO4 

95-97%, 0.2 µm membrane filter, ammonium hydroxide solution 25%, fluorescein, 

triethylamine and sodium dodecyl sulfate ≥ 99% (SDS) were purchased from Sigma 

Aldrich. Tris(hydroxymethyl)aminomethane (Tris), isopropyl-β- D-

thiogalactopyranoside ≥ 99% (IPTG), HNO3, H2O2 33 % and absolute ethanol were 

bought from VWR. Imidazole 99% and Triton X-100 were obtained from ACROS 

Organics. Ni-NTA-agarose beads were purchased from Protino®. PD-10 SephadexTM 
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desalting columns were obtained from GE Health. DBCO-PEG4-NHS ester was 

purchased from Click Chemistry Tools. All the DNA sequences, primers and probes 

were bought from Eurofins Genomics and Eurogentec. gBlocks™ Gene Fragments were 

obtained from Integrated DNA Technologies. QIAamp DNA mini kit and EpiTect 

MethyLight Master Mix were bought from Qiagen while Quick-DNA urine kit and EZ 

DNA Methylation kit were obtained from Zymo Research. Nuclease-free water, CpG 

methyltransferase (M.SssI), rCutsmart bufferTM and S-adenosylmethionine were 

purchased from New England Biolabs. HSC11(EG)5-OH and HSC11(EG)5-N3 were bought 

from Prochimia. NucleoSpin® Gel and PCR Clean-up was purchased from BIOKÉ. Silicon 

wafers were obtained from Okmetic Finland, while MEMpax glass wafer was purchased 

from Schott. Positive Olin 907-17 photoresist was obtained from Arch Chemicals and 

the dry film photoresist foil MX5020 was obtained from DuPont. Fused silica tubing 

with an outer and inner diameter of 360 µm and 100 µm was obtained from Inacom 

BV.  

 

6.5.2 Methods 

PDMS-coated chips 

MEMpax glass wafers were cleaned in piranha (H2SO4:H2O2 in ratio 3:1) and covered 

with a PDMS layer by spin coating. The wafer was then heated to 60 °C for 10 min 

followed by dicing (DAD3220, Disco) into separate chips.  

Micropillar-structured chips  

A silicon wafer was cleaned in 99% HNO3 for 5 min, 1% HF for 1 min and 99% HNO3 for 

1 min. A positive photoresist was deposited on the silicon wafer followed by a 

photolithography step. Micropillar-structured substrates were formed by DRIE (Oxford 

PlasmaPro 100 Estrelas). The created substrates were then cleaned in O2/CF4 plasma 

(Tepla 360) for 60 min and in a piranha solution heated to 105 °C for 1 h to strip the 

fluorocarbon residues and photoresist from the substrates. A dry film photoresist foil 

was placed on the wafer followed by photolithography and powder-blasting. The foil 

was removed by immersion of the wafer in a 2% sodium carbonate solution heated to 

50 °C for 1 h followed by washing with demineralized water. Prior to the gold 

sputtering, the modified silicon substrates were cleaned for 30 s in HF to remove the 

silicon dioxide layer and 5 min in HNO3. Immediately after the HF step, a tantalum layer 

(3 min 200 W) and gold layer (30 min 50 W) was sputtered (TCOathy) at 10-2 mbar. 

Finally, the wafer was diced into separate chips.  

Microfluidic chips 

Gold-coated micropillar-structured chips were covered with a glass chip modified with 

the 1.5 µm PDMS layer and mounted in an in-house made chip holder. Fused silica 
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tubing was connected to the chip holder and syringes using microfluidic connectors. 

Flow rates of 2 µL/min with a syringe pump (Harvard PHD 2000) were applied. All 

solutions were filtered with a 0.2 µm filter prior to use. Filling of the microfluidic chip 

was confirmed by flushing with fluorescein and using a fluorescence microscope (Leica 

DMI5000 M).  

His10MBD2 production and purification 

The E. coli bacteria were grown up to an optical density (OD) of 0.5 at 600 nm at 37 °C 

in LB medium with 30 µg/m of Kanamycin according to the procedure described in 

Chapter 3. The culture was cooled down to 17 °C, followed by expression of the 

His10MBD2 protein after induction with 1 mM of IPTG for 15 h at 17 °C while stirring at 

210 rpm. The culture was centrifuged (AllegraTM 25R) at 5000 rpm for 15 min at 4 °C to 

sediment the bacteria. The bacteria were lysed with sonication in a lysis buffer of 50 

mM Tris-HCl pH 7.2, 300 mM NaCl, 30 mM imidazole, 0.1% β-mercaptoethanol, 1 mM 

EDTA, 20 mM MgCl2, 1 mM PMSF, 0.5 mg/mL lysozyme, 20 µg/mL DNAse, 20 µg/mL 

RNAse A. Sonication (FisherbrandTM 120) was performed on ice twice for 30 s with a 

waiting step in between of 2 min. The sonicated samples were centrifuged at 3100 rpm 

for 15 min at 4 °C, and the supernatant was then centrifuged at 40000 rpm for 60 min 

at 4°C (WX Ultra 90, Thermo Scientific). The supernatant was loaded on a NiNTA 

column and incubated for 30 min while shaking at 4°C . The column was washed with 

25 mL washing buffer (50 mM Tris pH 7.2, 300 mM NaCl, 30 mM imidazole, 0.1% β-

mercaptoethanol). His10MBD2 was removed from the NiNTA column with an elution 

buffer (50 mM Tris pH 7.2, 300 mM NaCl, 650 mM imidazole, 0.1% β-mercaptoethanol). 

Directly afterwards, the His10MBD2 sample was purified with a PD10 column and 

eluted in the IB buffer (50 mM TRIS pH 7.2, 300 mM NaCl, 0.1% β-mercaptoethanol). 

The His10MBD2 sample was aliquoted, snap-frozen and stored at -80°C until further 

use. 

Mal3CpG methylation 

Methylation of Mal3CpG was performed by mixing 4 µg Mal3CpG with 8 units of M.SssI 

enzyme, S-adenosylmethionine at a concentration of 600 µM and 2.5 µL rCutsmart 

bufferTM. The reaction volume was increased to 25 µL with nuclease-free water. The 

reaction was performed at 37 °C for 15 h in a T100 thermocycler (BioRad). The reaction 

was stopped by heating the mixture to 65 °C for 20 min.  

Synthesis of linker molecule 

DBCO-PEG4-NHS was dissolved in DMSO at 250 mM, directly aliquoted and stored at -

18 °C until further use. Nα,Nα-bis(carboxymethyl)-L-lysine hydrate was dissolved in PBS 

pH 7.4 at 1 mM before the start of the reaction. The dissolved DBCO-OEG4-NHS was 

added to the Nα,Nα-bis(carboxymethyl)-L-lysine hydrate solution at a final 
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concentration of 0.1 mM. The reaction components were stirred overnight at 180 rpm 

to ensure completion of the reaction.  

SAM formation 

Gold-coated micropillar-structured chips were cleaned in a piranha solution for 10 s 

followed by immersion of the chips in Milli-Q water. Afterwards, the chips were rinsed 

extensively with ethanol, Milli-Q water and ethanol, followed by drying using N2. The 

gold chips were then oxidized using UV-ozone (BioForce, Nanosciences) for 30 min. A 

thiol solution was prepared using 85% HSC11(EG)5-OH and 15% HSC11(EG)6-N3 in ethanol 

with a total thiol concentration of 2 mM. The oxidized gold chips were completely 

immersed in the thiol solution overnight to form the SAM. After the SAM formation 

the gold chips were rinsed extensively with ethanol, Milli-Q water and ethanol and 

dried in a stream of N2.  

hmDNA enrichment 

The linker molecule was flushed through the SAM-modified microfluidic chips for 1.5 

h, at a concentration of 0.1 mM in PBS pH 7.4 followed by the addition of 25 mM NiCl2 

in Milli-Q water for 10 min and a washing step with Milli-Q for 5 min. His10MBD2 

dissolved in IB at a concentration of 1 µM was added for 15 min. After MBD2 

immobilization, a washing step with IB was applied for 15 min. Then DNA dissolved in 

BB (50 mM Tris, 350 mM NaCl and 0.1% Triton X-100) was added for 1 h followed by a 

washing step with BB for 15 min. Surface-bound DNA was eluted by flushing with 150 

mM ammonium hydroxide pH 11.3 solution. The eluent was collected and purified on 

a NucleoSpin Gel & PCR Clean-up column in a volume of 30 µL. 

qPCR 

DNA was amplified with CFX96 Touch qPCR Detection System (BioRad) using primers 

(Tables S6.2 and S6.4) at a concentration of 300 nm, 5 µL SsoAdvanced Universal SYBR 

Green Supermix and nuclease-free water. The qPCR assay volume was performed in a 

ddPCR™ 96-well plate using an assay volume of 10 µL. The 96-well plate was sealed 

using Microseal 'B' PCR Plate Sealing Film prior to qPCR analysis. qPCR temperature 

steps for Mal3C*pG amplification were 98 °C for 1 min, 39 cycles of 98 °C for 10 s and 

64 °C for 30 s and 72 °C for 1 min. For the amplification of the MAL gene in DNA isolated 

from cell lines and urine, temperature steps of 98 °C for 3 min and 35 cycles of 98 °C 

for 15 s and 63.9 °C for 30 s were used. Ct values were determined at a fluorescence 

intensity threshold of 200 a.u.  

DNA electrophoresis 

DNA samples were analyzed using DNA Experion chips and Experion™ DNA 1K 

Reagents and Supplies according to the instruction of the manufactures on an 

automated electrophoresis system (ExperionTM, BioRad). 
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Cell cultures 

Primary human foreskin keratinocytes (EK-11) and the cervical cancer cell line (SiHa) 

were cultured as described previously.60  

Clinical samples 

Urine samples were randomly selected from a previously published cohort.9 Briefly, 

the urine samples of women with histologically confirmed cervical cancer were 

collected preceding primary cancer treatment within the SOLUTION 1 study. Urine 

samples of healthy female volunteers served as controls and were collected within the 

Urine Controls (URIC) biobank. Controls had no oncological history within 5 years prior 

to collection. The Medical Ethical Committee of the VU University Medical Centre 

(Amsterdam, The Netherlands) approved the use of samples collected from women 

diagnosed with cervical cancer (no. 2016.213) and healthy female controls (no. 

2018.657). All women were 18 years or older and written informed consent was 

obtained from each participant.  

Urine collection and processing 

Urine was collected from home and processed as described previously.9 Collection 

tubes contained ethylenediamine tetraacetic acid (EDTA) as a preservative agent (final 

concentration 40 mM) to maintain DNA quality.61 The urine supernatant was acquired 

by centrifugation at 3000g for 15 min. Urine samples were stored at -20 °C until DNA 

extraction. 

DNA isolation and bisulfite conversion 

DNA of EK-11 and SiHa was isolated using the QIAamp DNA mini kit. Isolated genomic 

DNA was fragmented on a Covaris S220 Focused-Ultrasonicator (Covaris Inc., Woburn, 

MA) to a target size of 150 bp. The size distribution of the sheared DNA was measured 

on a Tapestation (Agilent Technologies, Santa Clara, CA). Urinary cfDNA was isolated 

from 15 mL urine supernatant using the Quick DNA urine kit. DNA concentrations were 

measured using a NanoDrop 1000 (Thermo Fisher Scientific). Purified DNA (250 ng) was 

subjected to sodium bisulfite treatment using the EZ DNA Methylation kit. All 

procedures were performed according to manufacturer’s instructions.  

DNA methylation analysis 

DNA methylation analysis was performed by qMSP, as previously described.56 In short, 

MAL methylation levels were measured by a multiplex qMSP targeting the 

hypermethylated promoter region of the MAL gene and a reference gene (ACTB). The 

qMSP analysis was run on a ViiA7 real-time PCR system (Applied Biosystems) using 50 

ng modified (cf)DNA mixed with EpiTect MethyLight Master Mix, primers, and Taqman 

probes (Table S6.3). ACTB was taken along as reference gene for quality assessment 
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and input normalization. Samples with a ACTB Ct value ≥ 32 from methylation analysis 

were excluded to ensure sufficient input and quality. Double-stranded gBlocks™ Gene 

Fragments containing the amplicon sequences of MAL and ACTB were used as technical 

quality control. Methylation levels were computed by normalizing the methylation 

level of MAL according to the reference gene ACTB using the comparative Ct method 

(2−ΔCt × 100) to obtain Ct ratios, and log transformed. 

 

6.6 Supporting information 

Table S6.1. DNA sequence of Mal3C*pG. Location of the C(*)pGs are highlighted. 

                           5’ - 3’ 

FWD CAGGCAGATGCGCAGCACCAAGCAGAGAGGCCAGGTGCAGGATCCCAGGCCC

GAACCAGGCCTGGCTCAGTGGAGCCGGAAGGGGCAGGC 

REV GCCTGCCCCTTCCGGCTCCACTGAGCCAGGCCTGGTTCGGGCCTGGGATCCT

GCACCTGGCCTCTCTGCTTGGTGCTGCGCATCTGCCTG 

 

Table S6.2. Primer sequence to amplify the 90 bp-long hmDNA with 3 C*pGs using 

qPCR.  

                             5’ - 3’ 

FWD CAGGCAGATGCGC 

REV GCCTGCCCCTTCCG 

 

Table S6.3. Primer and probe sequences with fluorescent label for qMSP targeting the 

MAL gene of bisulfite-converted DNA isolated from the EK11 and SiHa cell lines and 

from urine samples of a cervical cancer patient and a healthy volunteer.   

   5’ - 3’  

ACTB  
FWD TGGTGATGGAGGAGGTTTAGTAAGT   
REV AACCAATAAAACCTACTCCTCCCTTAA   

MAL  
FWD CGCGTAGTATTAAGTAGAGAGGTTCG   

REV ATCTACAATAAAAAATAAAACCGACCG   

ACTB  Probe ACCACCACCCAACACACAATAACAAACACA CY5 

MAL  Probe CCACTAAACCGACGCTAATTCGACGCT FAM 
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Table S6.4. qPCR primer sequence to amplify DNA isolated from the EK11 and SiHa 

cell lines and urine samples of a cervical cancer patient and a healthy volunteer. 

                             5’ - 3’ 

FWD CAGCTGGGAGCAACCTC 

REV CTTCCGCGTCCACTGAG 

 

 
Figure S6.1. Covaris sheared DNA isolated from the A) EK11 and B) SiHa cell line 

characterized with the Tapestation automated electrophoresis system. The bands at 

15 bp and 10.000 bp are the lower and upper markers, respectively.  

A)

B)
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Chapter 7 

 

Summary and outlook 

 

7.1 Summary  

Cancer detection at an early stage is essential to decrease cancer mortality and 

improve the chances of successful treatment. In The Netherlands early detection of 

cervical cancer, breast cancer and colon cancer are currently facilitated by screening 

the population without cancer symptoms. Other cancer types are typically detected 

after the onset of cancer symptoms. The detection of cancer-specific biomarkers in 

liquid biopsy samples is a promising approach to improve cancer diagnostics. Of 

upcoming interest is hypermethylated DNA (hmDNA)-based cancer detection in urine. 

Specific hmDNA genes can be a cancer biomarker for, among others, cervical cancer,1 

bladder cancer,2 and lung cancer.3 Urine is advantageous to use as urine can be 

collected non-invasively and repeatedly in a simple manner without the need of 

healthcare personnel. The detection of cancer-specific hmDNA in urine requires a 

preselection step where hmDNA is separated from non-methylated DNA. The 

preselection by methyl binding domain 2 (MBD2)-based enrichment is beneficial due 

to short assay times as only a binding and an elution step are involved. However, the 

current enrichment methods of hmDNA are limited due to co-enrichment of non-

methylated DNA. The research in this thesis aims to develop a selective hmDNA 

enrichment method by implementing the principles of superselectivity and multivalent 

binding.  

In Chapter 2 a new method for the selective enrichment of hmDNA was proposed, 

involving the development of a multivalent binding platform. In this perspective, the 

proteins MeCp2, MBD1 and MBD2 from the MBD protein family were identified to 

have the highest intrinsic selectivities and found suitable to be used as bioreceptor for 

hmDNA enrichment. Current hmDNA enrichment systems suffer from low selectivities, 

especially at low hmDNA input concentrations. The theory of multivalency and 

superselectivity predicts a high dependence of the sensitivity and selectivity of hmDNA 

binding on the surface receptor density. As a result, the proposed design of the 

multivalent binding platform is based on optimization of the applied MeCp2, MBD1 or 

MBD2 protein surface receptor density.  

Chapter 3 has discussed the development of a selective hmDNA enrichment platform. 

The platform employs control over the MBD2 surface receptor density by using a thiol-

based self-assembled monolayer (SAM) on a gold surface. The SAM consists of hydroxyl 
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and azide-functionalized thiols, used to create an anti-fouling surface and to 

immobilize indirectly the MBD2 protein to the surface, respectively. To the azide-

functionalized thiols a linker molecule with a dibenzocyclooctyne (DBCO) and a 

nickel(II)-complexed nitrilotriacetic acid (NiNTA) moiety was bound. The NiNTA 

interacts with the histidine-10-tagged MBD2 protein which enabled MBD2 

immobilization. The stoichiometric ratio between the two types of thiols appeared to 

control the MBD2 surface receptor density. DNA with higher methylation levels bound 

to the MBD2 surface at lower receptor densities, resulted in higher DNA surface 

coverages and showed a higher degree of superselectivity.  

The developed hmDNA enrichment platform was further evaluated by hmDNA 

enrichment of DNA mixtures with a content of 1% hmDNA and 99% non-methylated 

DNA, as shown in Chapter 4. DNA bound to the MBD2 surface was eluted from the 

surface successfully by the use of a high-pH buffer. The enriched DNA mixtures were 

treated with methyl-sensitive restriction enzymes to digest non-methylated DNA 

followed by quantitative polymerase chain reaction (qPCR) analysis to determine the 

hmDNA level. Enrichment of the DNA mixtures with hmDNA increased the hmDNA 

level to 7% and, by optimization of the MBD2 surface receptor density, further to 

approximately 30% hmDNA.  

Chapter 5 has presented the use of a micropillar-structured electrode for DNA sensing. 

Micropillared electrodes were produced with varying surface areas by altering the 

pitch. Single-strand DNA was detected electrochemically using a sandwich assay with 

an electrochemically active reporter probe. The sensitivity for electrochemical DNA 

detection was increased upon reduction of the pitch.  

The developed micropillar-structured substrate was integrated into a microfluidic chip 

and coated with an MBD2 layer, as was reported in Chapter 6. The hmDNA enrichment 

chip was used to enrich hmDNA from DNA isolated from cervical cancer and healthy 

control cells. The hmDNA enrichment of DNA samples was evaluated by detection of 

the cervical cancer-specific hmDNA gene MAL with qPCR. All MAL was removed 

selectively from the cervical cancer cell DNA upon hmDNA enrichment and detected in 

the enriched DNA sample. Also, upon hmDNA enrichment of DNA isolated from urine 

samples, MAL was only detected in the hmDNA-enriched DNA from the urine of a 

cervical cancer patient and not in the control sample, thereby providing proof-of-

principle for hmDNA-based cervical cancer detection in urine using the hmDNA 

enrichment device. 
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7.2 Outlook 

Integration of the steps presented in Chapters 2 - 5 resulted in the successful 

development of the hmDNA enrichment chip in Chapter 6. The chip was used to enrich 

hmDNA isolated from urine samples, which enabled cervical cancer detection. 

However, further optimization of the hmDNA enrichment chip and the method will 

likely result in further increase in the hmDNA enrichment performance. Several 

recommendations are presented in this section.  

 

7.2.1 Improving the hmDNA enrichment selectivity  

Optimization of the applied MBD2 surface receptor density upon hmDNA enrichment 

of DNA mixtures has resulted in a significant reduction of the co-isolation of non-

methylated DNA (Chapters 3 and 4). Nevertheless, this development did not result in 

full prevention of the binding of non-methylated DNA. At the same time, results 

presented in Chapter 6 have shown that hmDNA is bound by the chip completely even 

in the presence of copious amounts of healthy DNA, indicating that the affinity for 

hmDNA is sufficient. A further improvement in the hmDNA enrichment selectivity can 

likely be made by reduction of the chip surface area. The surface area should be 

optimized, meaning that it should be large enough that all hmDNA can bind to the 

MBD2-modified surface but leaves little room for other DNA to bind. In case non-

methylated DNA then binds to the surface, it is likely to be exchanged by hmDNA due 

to the avidity differences for the MBD2-modified surface. Nevertheless, if the chip 

exceeds the maximum required surface area for hmDNA, the binding of non-

methylated DNA will likely occur. By systematically reducing the chip surface area the 

gain in the hmDNA enrichment selectivity of DNA mixtures can be evaluated.  

Non-methylated DNA bound to an MBD2 surface is eluted preferentially separately 

from bound hmDNA to minimize the non-methylated DNA level in hmDNA enriched 

DNA samples. In Chapters 4 and 6 of this thesis an elution step with ammonium 

hydroxide solution has been applied to elute all surface-bound DNA, independent of 

the DNA methylation status. A gentler elution method can potentially be applied 

before, to elute non-methylated DNA first, since non-methylated DNA binds less 

strongly to MBD2-coated surfaces in comparison to hmDNA. For example, increasing 

the NaCl concentration in the buffer used to wash an MBD2 surface after the DNA 

binding step may be a possible method to achieve this.  

 

7.2.2 Standardization of the hmDNA enrichment procedure 

The developed hmDNA enrichment chip in this thesis requires to be more standardized 

and simplified in the future to enable easy implementation in the clinic. Limitations of 
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the current chip design are the cleaning of the chip, connecting tubing to the chip and 

the occurrence of chip leakage, therefore, requiring well trained lab personnel. 

Furthermore, the time needed to build up the hmDNA capture coating in the 

microfluidic chip is approximately 3 h. For each different analyte that is used, the 

tubing needs to be placed in a different vial. Currently, hmDNA enrichment of two DNA 

samples can be performed at the same chip in a total time of 1.5 h. Parallelization of 

multiple hmDNA enrichment experiments is not feasible with the current set-up due 

to the required sample handling approach.  

To make the use of the hmDNA enrichment device in the clinic as easy as possible, 

ideally unprocessed urine is enriched for hmDNA to minimize sample handling. 

Therefore, it should be investigated whether the current properties of the hmDNA 

enrichment device remain upon enrichment of unprocessed urine. So far, DNA was first 

isolated from the urine followed by hmDNA enrichment of 150 ng isolated DNA and 

detection of the cervical cancer-specific hmDNA gene MAL with qPCR (Chapter 6). 

When considering that the DNA concentration in urine supernatant varies between    

17 - 93 ng/mL,4 at least 1.5 mL urine is required to enrich 150 ng DNA in hmDNA. 

However, this requires already a hmDNA enrichment time of 3 h upon use of a high 

flow rate of 10 µL/min. Preferably less than 150 ng DNA can be processed to reduce 

the assay time, however, it should be investigated whether the selectivity of hmDNA 

enrichment is affected by lower DNA input amounts. 

An approach for standardization of the use of the hmDNA enrichment chip is to utilize 

programmable syringe pumps. After mounting the chip in the chip holder, the syringes 

need to be filled with reagents and samples needed for the experiment. Then the 

tubing needs to be connected to the chip holder and syringes. The syringe pump must 

be programmed such that after a specific time a different reagent/sample is flushed 

through the chip automatically to form the hmDNA capture layer and to enable hmDNA 

enrichment. The use of programmable syringe pumps also opens the possibility to 

perform hmDNA enrichment outside office hours. hmDNA enrichment can also be 

facilitated with a higher throughput when connecting multiple different chips to the 

syringes using microfluidic splitters. Another approach for standardization is the 

development of standardized operating procedures for hmDNA enrichment using the 

chip. This development enables the use of the chip by unpracticed users easily without 

the need of training and/or supervision by an expert. In this way knowledge transfer is 

made easily without the need to reproduce work based on complex described 

methods.  

Producing ready-to-use microfluidic hmDNA enrichment chips is another step for 

standardization. Ideally, those chips are already pre-functionalized with MBD2 proteins 

at a central location by specialists. Subsequently, the chips can be sent to the clinic 

where the hmDNA enrichment of DNA samples will be performed. This is advantageous 
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for the clinic as the quality of the MBD2-based chips can be guaranteed. Furthermore, 

the total hmDNA enrichment assay time in the clinic is then only limited to the DNA 

binding and elution step. To enable use of ready-to-use hmDNA enrichment chips it 

needs to be investigated whether MBD2 proteins at a specific MBD2 surface receptor 

density can be stored stably in a dry or wet state for specific times and whether (long-

term) storage affects the hmDNA enrichment selectivity.  

 

7.2.3 Integrated hmDNA enrichment and detection on a chip 

Ideally the enrichment of DNA samples in hmDNA is combined on the same chip with 

the detection of cancer-specific hmDNA. In this way sample handling is minimized, 

thereby making the technique suitable for use in the clinic and enabling point-of-care 

diagnostics. The required detection sensitivity of a specific hmDNA target is dependent 

on the concentration of cancer-specific hmDNA in a urine sample and, thus, also on the 

hmDNA enrichment efficiency. In general, the hmDNA concentration in urine is higher 

as the disease progresses due to increased excretion by tumor cells. To enable early-

stage cancer detection, the used detection method requires to have a limit of detection 

of a few DNA copies per mL urine. On the other hand, if the detection of hmDNA will 

be used to monitor the cancer progression or treatment response, less sensitive 

detection methods can be used due to the higher hmDNA concentration.  

A second requirement for an integrated hmDNA detection device is the ease of use as 

a point-of-care device. For that reason, the gold standard method used for DNA 

detection with qPCR is not applicable due to the need of a thermocycler and costs per 

assay. Two alternative and promising approaches that are likely suitable to fulfill these 

requirements for hmDNA detection are electrochemical5,6 and CRISPR-based7 sensing. 

Both methods enable the integration in a microfluidic device and possess a wide 

sensitivity range. Future work should therefore involve the combination of hmDNA 

enrichment and one of these detection methods in an integrated fashion on a single 

microfluidic chip.  

 

7.2.4 Clinical validation  

As a proof of principle, the developed hmDNA enrichment chip has been used to enrich 

hmDNA from a DNA sample from urine of a cervical cancer patient followed by 

detection of the cervical cancer-specific hmDNA MAL gene using qPCR (Chapter 6). 

Nevertheless, the chip requires to be further evaluated prior to use in the clinic. For 

example, to assess the selectivity and specificity of the chip in more detail, the hmDNA 

from urine samples of different cervical cancer patients and healthy controls should be 

enriched followed by detection of a specific hmDNA cancer gene. Additionally, the 
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ability of the hmDNA enrichment chip to enrich DNA from urine of persons with varying 

types of cancer should be evaluated. For instance, different cancer-specific hmDNA 

genes might vary in the degree of methylation and the number of CpGs, which affects, 

consequently, the avidity for the MBD2-coated surfaces. This also opens the possibility 

to determine the effect of varying DNA methylation levels between different cancer 

patients and healthy volunteers. Also, the impact of the cancer stage on the hmDNA 

enrichment selectivity should be assessed. Earlier cancer stages may result in lower 

concentrations of cancer-specific hmDNA in urine, therefore, making hmDNA 

enrichment more complicated.  

Also, from the detection point-of-view, optimization can be made. In Chapter 6, after 

hmDNA enrichment of DNA isolated from the urine of a cervical cancer patient only an 

individual cervical cancer-specific hmDNA gene was detected with qPCR to confirm the 

disease. However, multiple cervical cancer-specific hmDNA genes are actually found in 

urine.4 Detection of several cervical cancer-specific hmDNA biomarkers in the same 

enriched sample is likely to improve the selectivity of hmDNA-based cervical cancer 

detection as it reduces the effect of co-enriched non-methylated DNA.  

Prior to clinical use, the hmDNA enrichment system coupled to a detection method 

should also be evaluated in a large study with hundreds of participants. Both cancer 

patients and healthy volunteers should participate. Critical here is to determine the 

numbers of false-positives and false-negatives, and the accuracy of cancer detection 

of the system in comparison to existing diagnostic methods.  
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Samenvatting 

 

Vroegtijdige kankerdetectie is essentieel om kankersterfte terug te dringen en de kans 

op een succesvolle behandeling te vergroten. In Nederland wordt vroege diagnostiek 

van baarmoederhalskanker, borstkanker en darmkanker gefaciliteerd door 

bevolkingsonderzoeken. Andere kankersoorten worden meestal ontdekt nadat 

symptomen zijn ontstaan. Het detecteren van de specifieke biomarker 

hypergemethyleerd DNA (hmDNA) in urine is een veelbelovende methode om 

kankerdiagnostiek te verbeteren. De detectie van een specifieke hmDNA-sequentie in 

urine maakt diagnostiek mogelijk voor onder andere baarmoederhalskanker,1 

blaaskanker2 en longkanker.3 Kankerdetectie in urine heeft als voordeel dat urine kan 

worden opgevangen zonder dat daarvoor medisch personeel nodig is. De detectie van 

specifiek hmDNA in urine vereist een scheidingsstap waarbij hmDNA wordt gescheiden 

van het overige DNA. De scheiding van hmDNA door middel van een 

verrijkingsmethode met methyl binding domain 2 (MBD2)-eiwitten is snel uit te voeren 

omdat deze methode alleen een bindings- en een elutiestap bevat. De huidige 

verrijkingsmethoden van hmDNA zijn gelimiteerd omdat niet-gemethyleerd DNA niet 

selectief gescheiden kan worden van het hmDNA. Het onderzoek in dit proefschrift 

beschrijft de ontwikkeling van een selectieve hmDNA-verrijkingsmethode door de 

principes van multivalentie en superselectiviteit toe te passen. 

Hoofdstuk 2 beschrijft een nieuwe methode voor de selectieve verrijking van hmDNA 

door middel van een multivalent bindingsplatform. De eiwitten MeCp2, MBD1 en 

MBD2 uit de MBD-eiwitfamilie hebben de hoogste selectiviteit en zijn daarom geschikt 

als biologische receptor tijdens hmDNA-verrijking op dit platform. Huidige hmDNA-

verrijkingsmethodes zijn gelimiteerd door de lage selectiviteit van verrijking, met name 

tijdens het gebruik van kleine hoeveelheden hmDNA. De principes van multivalentie 

en superselectiviteit voorspellen een hoge afhankelijkheid van de gevoeligheid en 

selectiviteit van verrijking van de oppervlakte-receptordichtheid. Daarom is het 

ontwerp van het multivalente bindingsplatform gebaseerd op optimalisatie van de 

toegepaste MeCp2, MBD1 of MBD2 oppervlakte-receptordichtheid.  

Hoofdstuk 3 beschrijft de ontwikkeling van een selectief hmDNA verrijkingsplatform. 

Het gebruik van een thiol-gebaseerde zelf-assemblerende monolaag (SAM) op een 

goudoppervlak maakte het mogelijk om de MBD2-dichtheid op dit platform te sturen. 

De monolaag bestaat uit hydroxyl- en azide-gefunctionaliseerde thiolen die gebruikt 

zijn om een beschermlaag te creëren die niet-specifieke binding voorkomt en om 

oppervlakte-immobilisatie van MBD2-eiwitten mogelijk te maken. Aan de azide-

gefunctionaliseerde thiolen is een linker-molecuul met een dibenzocyclooctyne 

(DBCO) en een nickel(II)-gecomplexeerde nitrilotriacetic acid (NiNTA) functionele 
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groep gebonden. De NiNTA-groep bindt aan de histidine-10-gelabelde MBD2-eiwitten 

om zo deze MBD2-eiwitten op het oppervlak te binden. De verhouding tussen de twee 

soorten thiolen in de monolaag bepaalt de MBD2-oppervlakte-receptordichtheid. DNA 

met een toenemende methylatiegraad bond aan het MBD2-gefunctionaliseerde 

oppervlak bij lagere receptordichtheden, resulteerde in meer oppervlaktebinding van 

het DNA en vertoonde een hogere mate van superselectiviteit. 

Het ontwikkelde hmDNA-verrijkingsplatform werd verder onderzocht in hoofdstuk 4 

door hmDNA-verrijking van DNA-mengsels met 1% hmDNA en 99% niet-gemethyleerd 

DNA. Het DNA gebonden op het MBD2-oppervlak werd succesvol van het oppervlak 

afgehaald door elutie met een buffer met een hoge pH. De hmDNA-verrijkte DNA-

mengsels werden vervolgens gemengd met methylgevoelige restrictie-enzymen om 

niet-gemethyleerd DNA te knippen, gevolgd door kwantitatieve polymerase chain 

reaction (qPCR)-analyse om de hoeveelheid hmDNA te bepalen. Verrijking van de DNA-

mengsels met hmDNA verhoogde de hoeveelheid van hmDNA tot 7% en door 

optimalisatie van de MBD2-oppervlakte-receptordichtheid verder tot ongeveer 30% 

hmDNA.  

Hoofdstuk 5 laat het gebruik van met micropilaren gestructureerde elektrodes voor 

DNA-detectie zien. De micropilaar-elektrodes werden geproduceerd met variërende 

oppervlaktes door de afstand tussen de micropilaren te veranderen. Enkelstrengs DNA 

werd elektrochemisch gedetecteerd met behulp van een sandwich assay en een 

elektrochemisch reportermolecuul. De gevoeligheid van de elektrochemische DNA-

detectie werd beter bij een kleinere afstand tussen de micropilaren. 

Hoofdstuk 6 laat het gebruik van het ontwikkelde micropilaar-substraat zien in een 

microfluïdische chip. De chip werd gefunctionaliseerd met MBD2-eiwitten en gebruikt 

om hmDNA te verrijken in DNA geïsoleerd uit baarmoederhalskankercellen en gezonde 

cellen. Het hmDNA-verrijkte DNA werd vervolgens geanalyseerd met qPCR waarbij de 

aanwezigheid van het baarmoederhalskanker-specifieke hmDNA-gen MAL werd 

aangetoond. Al het MAL werd door de hmDNA-verrijking selectief uit het DNA van de 

baarmoederhalskankercellen gehaald en gedetecteerd in het verrijkte DNA. Ook werd 

DNA geïsoleerd uit urine en verrijkt met hmDNA. Hierin werd MAL gedetecteerd in het 

met hmDNA verrijkte DNA uit de urine van een baarmoederhalskankerpatiënt en niet 

in urine van een gezonde controle-persoon. De ontwikkeling van de microfluïdische 

chip voor hmDNA-verrijking heeft dus geresulteerd in een proof-of-concept voor 

hmDNA-gebaseerde detectie van baarmoederhalskanker in urine. 

Hoofdstuk 7 geeft een samenvatting en kritische reflecties op mogelijke 

vervolgstappen. 
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Dankwoord 

 

Mijn proefschrift is af! Wat een ervaring was het en wat heeft mij dit veel gebracht. Ik 

heb met fantastische mensen mogen samenwerken en zonder jullie was het voltooien 

van mijn proefschrift niet gelukt, veel dank!  

Als eerste wil ik Jurriaan bedanken. Voor mijn master afstudeeropdracht wou ik iets 

met “biologie en scheikunde” doen. Jij gaf mij de mogelijkheid om aan een DNA-

detectie methode te werken. Daarna begon ik als PhD student bij jou en Loes, en dit 

was een goede keuze! Jij bent een fantastische mentor en ik heb ontzettend veel van 

je kunnen leren. Je deur stond altijd voor me open, zelfs als ik na 18:00 bij je langs 

kwam met een korte vraag/veelbelovende resultaten. Gewoonlijk bleven we dan nog 

lang discussiëren. Ook heel veel dank voor de gegeven feedback op alle manuscripten. 

Ik durf te zeggen dat jij mij hebt opgeleid tot een zelfstandige onderzoeker met veel 

zelfvertrouwen, ik blijf hier altijd dankbaar voor!  

Loes, wat heb jij een enthousiasme en energie. Onze meetings waren altijd gezellig en 

vol met humor. Geregeld kwam de vraag van jou wanneer ik nu toch met chips zou 

gaan werken. Maar ja, de “scheikunde” bleek toch allemaal niet zo eenvoudig te zijn. 

De alles kan mentaliteit van jou vind ik fantastisch. Dit heeft mij enorm veel vrijheid 

voor het onderzoek gegeven, ik waardeer dit enorm. Jij hebt een oog voor detail en 

bent creatief. Hiermee heb jij mij altijd scherp kunnen houden. Daarnaast heb je ook 

altijd veel interesse getoond in mij buiten het “werk” om, dit waardeer ik zeer. Als 

laatste, dank voor het bewaken van de werk privé balans in je groep.  

I would like to thank my PhD committee members: prof. dr. Serge Lemay, prof. dr. 

David Fernandez Rivas, prof. dr. Kevin Plaxco, prof. dr. ir. Luc Brunsveld, and prof. dr. 

Renske Steenbergen for their provided feedback on my thesis. I am looking forward to 

discuss my thesis in more detail during my defense.  

Albert, bedankt dat ik onderdeel van de BIOS groep kon zijn. De sfeer in de groep is 

fantastisch, iets om trots op te zijn. Ik heb genoten van de sociale activiteiten waarbij 

we gingen mountainbiken, eten, en wandelen. Dank voor de gegeven feedback en het 

meedenken over carrière mogelijkheden na mijn PhD.  

Nienke, we zijn bijna tegelijk met onze PhD begonnen op hetzelfde project. We hebben 

ontzettend veel samengewerkt, gebrainstormd, problemen verholpen, en gelachen. 

Ook zijn we veel op reis geweest voor conferenties en scholing. Uiteraard altijd met 

een afsluitend etentje: van een restaurant in een mooi pittoresk straatje in Bologna tot 

een fastfood restaurant. Het kon allemaal, dank! Met name het bezoek van Italië voor 

een zomerschool was een unieke ervaring. Jou kritische blik, enthousiasme en 
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motivatie hebben me enorm geholpen. Ik ben daarom ook blij dat jij als paranimf naast 

mij staat om mijn leven als PhD student af te sluiten.   

Alessandro, thank you for being part of the Weijerhorst project. I really appreciate your 

help with my PCR experiments and our lab work discussions. Also, I always enjoyed 

your presence and enthusiasm about Italy and Football. All the best for the future!  

Dodo, bij de start van mijn PhD heb jij mij geïntroduceerd in het Weijerhorst project. 

Ook heb jij mij enorm veel technieken in het lab geleerd die ik tot het einde van mijn 

PhD gebruikt heb. Ik kon mij op het lab geen betere introductie voorstellen! Zowel onze 

vakinhoudelijke discussies en kopjes koffie heb ik als zeer prettig ervaren.  

Sandra, we started working together after I gave a talk for the group. You spend a lot 

of your time and effort in order to improve the MBD2 production. This was one of the 

key parts of my PhD work. We also spend a lot of time together to make fun and talk, 

thank you so much for everything!  

Jacopo, we continued working together after my start as a PhD student. That was a 

good idea as it resulted in a shared publication. You inspired me with your hardworking 

mentality and knowledge about surface chemistry. I wish you all the best in the future.  

My officemates Anke, Hugo, Edo, Heleen, and Pelin. Thank you for each goeiemorgen, 

coffee, games, chats, dining, and ability to show and discuss results. We shared so 

much with each other, thank you for that! Heleen, bedankt voor alle goeie gesprekken 

en je kritische blik. Edo, wij hebben samen veel tijd met elkaar doorgebracht tijdens 

lunchwandelingen en onze vrije tijd. Niet voor niets ben jij dan ook mijn paranimf. Dank 

voor de fijne tijd en we blijven elkaar zien!  

Lisette, bedankt voor je hulp in het lab bij mijn PCR experimenten. Ook de pipetteer 

lessen die we voor lab-on-a-chip hebben gegeven samen met Paul waren erg gezellig.  

Johan, dank voor het meedenken over het design en maken van de pillaren chip. Ik 

waardeer je vakbekwaamheid en de snelheid waarmee jij je werk gedaan krijgt enorm.  

All the Weijerhorst people are gratefully acknowledged for their useful discussions and 

provided feedback. I really enjoyed each meeting every two weeks with you. Also the 

Weijerhorst meetings with our colleagues from Amsterdam were very joyful. I really 

liked to learn about the cancer-related research performed by all of you. Renske, ik 

wens jou en je collega’s veel succes in de toekomt met het fantastische onderzoek dat 

jullie uitvoeren. 

Ik heb verschillende studenten mogen begeleiden tijdens mijn PhD project; Huub, Esli, 

Adam, Laura, Sander, Daniel en Ike. Dank voor jullie bijdragen aan het project en jullie 

enthousiasme. Hopelijk hebben jullie er net zoveel van geleerd als ik. Huub, ik wil jou 

specifiek bedanken. Jij hebt door een foutje in een experiment een cruciale bijdrage 
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geleverd aan het maken van de MBD2 eiwitten. Dank voor het noteren hiervan in je 

labjournaal! Hierdoor kon ik de “fout” van toen later gebruiken. Dit geeft aan hoe 

belangrijk een labjournaal is, een les die ik sindsdien meegeef aan al mijn studenten. 

Annina en Birgit, ik ben jullie enorm dankbaar voor onze samenwerking. Jullie hebben 

veel tijd in mij geïnvesteerd om de samenwerking concreet te maken. Birgit, bedankt 

voor het beantwoorden van mijn vele vragen over de interpretatie van de data. Niet 

voor niets heeft dit geleid tot een mooi hoofdstuk in mijn thesis. Veel dank!  

Ik had het geluk om onderdeel te zijn van zowel de BIOS vakgroep als de MNF vakgroep. 

Dit gaf mij de mogelijkheid om samen te werken met mensen vanuit totaal 

verschillende disciplines. En ja, ook meer taartjes, feestjes en lunches. Ik bedank 

iedereen die eraan bijgedragen heeft om deze fantastisch werkomgevingen te creëren. 

Marcel, hoe vaak heb ik jou niet om hulp gevraagd. Je stond altijd klaar wanneer iets 

moest gebeuren. In combinatie met jou vriendelijke karakter ben jij onmisbaar voor de 

groep.  

Tijdens het begin van mijn PhD avontuur woonde ik in ons studentenhuis aan de 

Dennenweg. Bouwe, Jelte en Pascal bedankt voor de fantastische avonden, etentjes, 

en biertjes. Ik kijk hier met enorm veel plezier op terug. Pascal, wij brengen nu nog 

steeds veel tijd met elkaar door, en ik waardeer onze vriendschap enorm!  

Bente, Jan-Willem, Jurjen, en Janine. Wij leerden elkaar kennen tijdens de eerste dag 

van onze pre-master op de UT. Sindsdien zijn wij nauw verbonden met elkaar en 

hebben we allemaal succesvol onze master afgerond. Samen hebben we veel lange 

(maar leuke!) dagen gemaakt. Onze vele eet en borrel afspraakjes zijn en waren 

fantastisch. Laten we dit nog lang blijven doen. 

De familie Siebert, ik heb jullie mogen leren kennen nadat ik Leonie heb ontmoet. Wat 

een plezier heeft mij dit gebracht. De afgelopen jaren was ik regelmatig in de 

weekenden bij jullie te vinden. Er is altijd ruimte voor een goed gesprek, drankje, en 

eten. Ik ben blij dat ik ook in Zwolle mij heb kunnen ontspannen in de weekenden.  

Ard en Martijn, jullie zijn een aantal jaren ouder dan mij en daarom altijd een goed 

voorbeeld geweest hoe situaties aan te pakken. Samen met Mirjam, Andreaa en de 

kids Lynn, Noud, en Milan gaan we een mooie toekomst tegemoet.  

Papa en mama, ik vraag me nog steeds af hoe jullie onze opvoeding hebben gedaan. 

Een perfect combinatie van niets moeten, vrijheid en eigen verantwoordelijkheid. We 

zijn allemaal goed terechtgekomen en daar ben ik jullie enorm dankbaar voor. De liefde 

die jullie mij tot op de dag vandaag geven vind ik geweldig, ik ben blij met jullie!  
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Lieve Leonie, wat ben ik blij dat wij elkaar tegen zijn gekomen. Mijn leven is enorm 

verrijkt door jou. Dank voor al je steun en leuke uitjes tijdens stressvolle momenten. Ik 

ben je dankbaar voor je eerlijkheid, gezelligheid, en enthousiasme. Ik kijk met veel 

plezier uit op onze toekomst samen. ♥ 

 








