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Abstract  

 

 

 

Next-generation DNA detection arrays are expected to achieve unprecedented 

sensitivity, reducing the minimum amount of genetic material that can be directly (PCR-free 

and label-free) and quantitatively detected, up to the single cell limit.  To realize these goals, 

we propose a new method for the miniaturization of DNA arrays to the nano-scale, which has 

the unique capability of controlling the packing quality of the deposited bio- molecules.  

We used NanoGrafting, a nano-lithography technique based on atomic force 

microscopy (AFM), to fabricate well ordered thiolated single stranded (ss)-DNA nano-

patches within a self-assembled monolayer (SAM) of inert thiols on gold surfaces. By varying 

the “writing” parameters, in particular the number of scan lines, we were able to vary the 

density of the supported DNA molecules inside the nano-patches in a controlled manner. Our 

findings can be resumed in two parts: 

 

1)  Combining accurate height and compressibility measurements, before and after 

hybridization, we demonstrate that high-density ss-DNA nanografted patches hybridize with 

high efficiency, and that, contrary to current understanding, is not the density of probe 

molecules to be responsible for the lack of hybridization observed in high density ss-DNA 

SAMs, but the poor quality of their structure. 

 

2)  Dpn II enzymatic reactions were carried out over nanopatches with different molecular 

density and different geometries. Using nanopatch height measurements we are able to show 

that the capability of the Dpn II enzyme to reach and react at the recognition site significantly 
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depends on the molecular density in the nanopatches. In particular the inhibition of the 

reaction follows a step-wise fashion at relatively low DNA densities. These findings suggest 

that, due to the enzyme size, it is possible to tune the efficiency of an enzymatic reaction 

within surface-bound DNA nanostructures by changing only the crowding of DNA on the 

surface and without introducing any further physical or chemical variable.  
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Introduction 

 

In general, our capability to investigate biological living systems and their 

functionalities at the molecular level, is mostly based on our skill of isolating biomolecules 

from highly complex and self-organized biological organisms and organizing them into much 

simpler structures. We then realize why a wide range of modern experimental methodologies 

in modern biology and medicine have in common the exploitation of solid surfaces over which 

bio-molecules and bio-membranes are supported. 

In fact, confining molecules on surfaces to form thin surface layers confined into 

particular addressable parts of the surface allows a dramatic increase of the amount of 

information that can be obtained and multiplexed from them. The increased surface 

concentrations with respect to solution allows, reactions of surface-bound molecules to be 

studied more sensitively due to higher signals to noise ratios. This approach has been widely 

used in fundamental biophysical studies in different environmental conditions (i.e. from ultra 

high vacuum to physiological conditions) as well as in applied research.  

During the last decade, the immobilization strategies of molecules have drawn benefits 

from powerful lithographical methodologies that were firstly adopted in the integrated 

electronics industry. These capabilities, once applied to the main general theme of this thesis, 

i.e. the development of biosensors,1 have led to an extraordinary growth of highly multiplexed 

and micro-structured molecular sensors that go under the name of Microarrays.2  In these 

devices different molecules can be located on the same surface and at the same time with 

precise addresses inside highly dense and integrated systems.3-6 Microarrays of nucleic acids 

are routinely used with numerous applications in biotechnology, biology and medicine7-11 such 
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as gene mapping and gene expression profiling and that have clearly contributed to the 

development of genomics and proteomics. They consist of thousands of spots, tens of 

microns in size each, of short, 25-60 bases long ss-DNA sequences on a surface.3 The 

interaction of the target genetic material with the device is detected by monitoring the spots at 

which the hybridization with the complementary probe strand has occurred. The hybridization 

is usually detected with the use of optical, in particular, fluorescence-based methods that 

require target/probe labelling, sometimes with the use of cascade signal-amplifying (i.e. 

enzymatic) reactions.12, 13 

Fundamental and applied research in the fields of nanoscience and nanotechnology are 

widely expected to produce a new generation of systems for the achievement of higher 

sensitivity than that of microarrays.14 For instance, due to the size of each spot and the whole 

device, these systems require a relatively large amount of labelled genetic material to be 

available for the analysis. Micrograms of RNA are typically needed for easy hybridization of 

micro-array spots. Such amount is much larger than the amount of mRNA available from a 

single cell, which is of the order of a pico-gram. Single/a-few cells RNA analysis is, at 

present, achievable exclusively with the use of amplifying enzymatic (polymerase) chain 

reactions (PCR).15-17 These amplification methods introduce statistical uncertainties that 

crucially affect the performance of these devices, due to the fact that they can easily alter the 

abundance of species in solution especially when are used to amplify genes that are poorly 

expressed.18-21 

On the other hand single cell RNA characterization is expected to be very useful in 

different contexts such a neuron classification and early tumour detection,17, 22, 23 it follows that 

increasing the sensitivity of (label free) DNA detection and, at the same time reducing the 

threshold of minimum assays amount are potentially very worthwhile goals. 

In these terms it is understandable that several papers using nanotechnology and aiming at the 

solution of these problems have appeared in the last few years.14 Important progresses have 
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been done with Surface Plasmons Resonance (SPR) based DNA detectors.24-26 In particular, 

Corn and coworkers have reached down to femtomolar sensitivity27-30 by developing on-

surface amplification methods that couple the adsorption of DNA and RNA molecules on 

surfaces with enzymatic reactions that are used to specifically amplify on the surface the 

binding of low copy number target molecules in solution. Similarly other studies by Corn and 

coworkers have involved enzymatic reactions for specifically labelling adsorbed molecules 

over both DNA and RNA microarrays and obtained down to attomolar DNA detection.31 In 

other studies solid-phase PCR methods were developed to specifically amplify the 

concentration of low copy number genes in solution.32-34 Other authors have developed 

instrumental methods that should overcome the need of enzymatic amplifications by lowering 

the instrumental detection limits down to single molecules on surfaces by exploiting diverse 

techniques from high resolution optical imaging,35, 36 to electrochemical atomic force 

microscopy37 or hybrid methods.38-41 Others have developed micro and nano-electro 

mechanical devices (MEMS and NEMS respectively) like oscillating cantilevers42-45 or piezo-

actuated quartz microbalances38, 46 (QCM) to increase detection sensitivity. Others have 

developed nanofabrication methods to dramatically reduce the amount of probe material 

down to 10.000 less than in the actual microarrays by confining target molecules inside spots 

the size of which can be reduced up to few tens of nanometers,47, 48 either with Atomic Force 

Microscopy (AFM) based on nanolithographic methods49-51, Scanning Near-field Optical 

Microscopy (SNOM) based photochemical lithography52 or with micro-contact printing (µCP) 

methods48, 53 or by self-assembly supramolecular 2D architectures that are analogous of 

macroscopic arrays.54, 55 Transfer technologies based on supramolecular stamping methods 

were developed to conveniently “copy” DNA micro and nanoarrays between two surfaces, 

thus potentially allowing a dramatic reduce of the fabrication cost of (micro and) 

nanosensors.56, 57 Moreover very promising studies seem to prospect combinations between 
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enzymatic-based detection protocols58 and immobilization techniques of down to single target 

molecules.59 

In this thesis we are going to focus on a different and important point: that is the 

generally unknown influence of surface confinement on the reactivity of biomolecules and the 

reproducibility of biomolecular reaction conditions when changing between diverse 

microarrays fabrication strategies.60 These uncertainties negatively contribute to the 

quantitative usage of microarrays and were mostly overcome by dramatically increasing the 

number of control spots on the same microchip surface and by developing complex 

algorithms for the corresponding fluorescence data analysis.11, 61-63 Even more important is the 

fact that these difficulties could represent potentially crucial limitations for the realization of 

improved future nanoarrays prototypes. To us, a deeper understanding of how biomolecular 

reactions, e.g. hybridization and others such as enzymatic digestion reactions, proceed inside 

molecular assemblies under dimensional confinement (down to nanometric) is required while, 

on the other hand, to our knowledge, in the literature similar studies are not addressed in a 

systematic way. 

The pioneering work of Tarlov and co-workers and Georgiadis and co-workers has 

approached the issue of the interplay between the ss-DNA assembly structure and the 

hybridization efficiency in ss-DNA Self-Assembled Monolayers (SAMs) rather than in 

confined nanostructures. By using surface science techniques, such as X-ray Photoelectron 

Spectroscopy (XPS), Attenuated Total Reflection Fourier Transform Infra-Red (ATR-FTIR) 

spectroscopy and Surface Plasmon Resonance (SPR) spectroscopy, and other methods like 

Cyclic Voltammetry, these authors have tried to quantify the hybridization yield as a function 

of DNA surface coverage, suggesting that at high coverage the hybridization efficiency is 

strongly reduced and rationalising their findings by considering the presence of steric 

hindrance in the denser ss-DNA monolayers.64-66 
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Beside hybridization studies, others biochemical reactions (e.g. enzymatic reactions) 

such as DNA polymerase, ligases and restriction reactions were used/investigated over 

diverse DNA containing systems ranging from self-assembled monolayers (SAMs),67 DNA 

microarrays and over more spatially confined substrates and with different densities and 

structures of surface-bound molecules. Both direct and indirect evidences of the role played 

by steric hindrances inside DNA assemblies were reported. Corn and coworkers have widely 

studied, mostly by SPR-based methods, enzymatic reaction over nucleic acids microarrays68 

both for biosensing application27-31 and for computing purposes.69 Crooks and coworkers 

studied polymerase extension reactions over DNA microarrays on glass to form 

complementary DNA strands that afterwards are transfered to a secondary platform with 

conservation of spatial registration.57, 70 Goodrich and coworkers have found that for DNA 

molecules bound to gold nanoparticles the increase of packing and the decrease in length of 

the DNA-surface linkers played negative effects on polymerase extension reactions by 

fluorescence measurements and gel electrophoresis71 (similarly to case of DNA hybridization 

in SAMs). In a different study M. Mrksich and coworkers38, 71 demonstrated with SPR 

spectroscopy and radiolabeling that the efficiency of an enzymatic glycosylation over a mixed 

functionalized monolayers decreased for values of coverage of functionalized molecules both 

higher and, surprisingly, lower than a certain critical optimum denisty.72 A. Chilkoti and 

coworkers have found with SPR and AFM that the speed of polymerase extension reactions 

over self-assembled DNA nanostrutures significantly decreased as the lateral size of the 

nanostructures was reduced down to few tens of nanometers.73, 74 Moreover by SPR, AFM, 

ellipsometry and XPS they found that the extension changed between the four different 

nucleotides.73, 75 While the current literature quite uniformly indicates that DNA hybridization 

is basically inversely proportional to the ssDNA surface coverage, the scenario drawn for 

enzymatic reactions on surface-bound DNA assemblies is more complex and does not fit with 

conclusions of general applicability. In fact, the papers described above demonstrate that for 
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enzymes-involving reactions the relationship between surface properties, DNA packing, 

chemical structure of surface-bound molecules and accessibility of enzymes inside surface-

bound assemblies is particularly critical and that in general is not well understood yet.76 

The most common approach to overcome the issues described above, i.e to increase 

both DNA hybridization efficiency and the efficiency of enzymatic reactions on DNA, is 

attaching surface-bound DNA molecules with linkers having sizes/lengths high enough to 

reduce the steric hindrances on the surface. In this way the hope is to provide molecules with 

sufficient freedom to work as if they were in solution.38, 68, 71, 77-79 However, these approaches 

could lead to an increase of the disorder of the monoayer, that could decrease the 

reproducibility of the devices because introduces an even stronger interplay between 

monolayer structure and preparation method as it has been found already to be the case in 

simple alkyl-thiol monolayers.80  

Contrary to most of the results mentioned above, in this thesis we will show that it is 

possible to maximize the efficiency of and understand both DNA hybridization and restriction 

enzyme reactions inside DNA nanostructures on gold surfaces without needing to introduce 

any “long” (and in turn disordering) linker between DNA molecules and gold surface. In fact 

it will be shown that, especially in the case of the hybridization, the decisive feature that 

allows the reaction to proceed unhindered even at very high surface coverage, is the high level 

of order provided by the nanofabrication technique adopted in our laboratory: Nanografting. 

Nanografting is a well-known nanolithographic technique that is based on AFM and 

was established by Gang-yu Liu and coworkers in 1997,81-83 by which it is possible to 

fabricate patches of SAMs inside a preformed matrix SAM on a metal surface (i.e. gold). The 

patches that are formed by nanografting can have lateral sizes down to few nanometers. The 

AFM tip applies a relatively high force (~100 nN) over the matrix SAM, in the presence of a 

solution that contains molecules that are desired for deposition. In this way the sliding tip 

locally removes molecules from the matrix and “writes” the nanostructures directly on the 
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gold surface. This fabrication process is more similar to a replacement of molecules rather 

than a molecules deposition.48, 49, 82, 84, 85 The most important feature of nanografting is given 

by the fact that while an ordered alkylthiol SAM matrix forms within several tens of hours 

after the adsorption of alkylthiol molecules on the gold surface, the nanografted monolayer 

patch forms with maximum order nearly simultaneously to the tip sliding on the surface.85, 86 

G.-y. Liu attributes this effect to the fact that by nanografting molecules are not deposited just 

by self-assembly on the surface but rather they assemble during the tip sliding with the help 

given by a preformed highly ordered matrix SAM that confine their assembly.85, 86 In fact 

SAMs typically form on the base of the spontaneous chemical adsorption of molecules on a 

surface, either from a solution or from a gas phase. When the density of adsorbed molecules 

becomes higher than a certain critical amount, molecules spontaneously rearrange on the 

surface to self-assemble with a regular orientation and optimum molecular packing.67, 80 

Qualitatively, best examples of SAMs are obtained from short alkylthiol molecules, on flat 

metal surfaces - typically gold, that probably are also the most studies ones. Alkylthiols are 

hydrocarbon chains that are functionalized with a thiol group (-SH) at one terminus, and have 

a chemical group that differs from the thiol (e.g. -CH3, -OH, -COOH, -NH3, etc.) at the other. 

Alkylthiols SAMs consist of polycrystalline structures in which single crystal domains are as 

large as a few tens of nanometers at maximum. Within these domains thiols are mostly 

arranged with hexagonal symmetry over the (111) gold interface, while alkyl chains stand-up 

with respect to the surface and are interlocked with each other in order to stabilize their lateral 

Van der Waals interactions.80, 87  In turn, the point of G.-y Liu is that by nanografting inside 

alkylthiols SAMs, the molecules that are deposited do not self-assemble from scratch but 

rather they are forced to rapidly assemble in a standing up conformation due to thee fact that 

they follow the orientation of the boundary alkylthiols of the matrix SAM. In this way 

nanografted molecules forms patches of monolayer with optimum packing nearly 

simultaneously to the tip sliding.86 85, 88, 89 This fact clearly underlines that to obtain highly 
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ordered, and in turn, highly controlled molecular nanostrutures, it is crucial to exploit a 

technique such as nanografting that combines tip fabrication and ordered matrix SAMs (e.g. 

alkylthiols SAMs) that play as scaffolds. 

In their pioneering work, G.-y. Liu and coworkers82 have also established the bases for 

extending nanografting to the fabrication of DNA nanostructures.50, 90 But, having turned their 

attention to other problems, they have left unanswered some of the fundamental questions 

addressed in this thesis. 

Nanografting was used in all the experiments carried out in our laboratory and our 

conclusions can be summarized as follows:  

1) In chapter 1, we will show that by changing our nanografting paramenters it is 

possible to produce DNA assemblies with variable and controlled density.  

2) Again in chapter 1, by combining accurate height and compressibility 

measurements, before and after hybridization, we will demonstrate that high-density single 

stranded (ss)DNA nanografted patches hybridize with high efficiency, and that, contrary to 

current understanding, is not the density of surface bound ssDNA molecules to be responsible 

for the lack of hybridization observed in high density ss-DNA SAMs, but the poor quality of 

their structure.  

3) In chapter 2 we will describe a study in which restriction digestion enzymatic 

reactions (Dpn II) were carried out over DNA nanopatches with different molecular density 

and different geometries. Using nanopatch height measurements we are able to show that the 

capability of the restriction enzyme to bind and react the DNA significantly depends on the 

molecular density in the nanopatches. In particular the inhibition of the reaction follows a 

step-wise fashion at relatively low DNA densities. These findings suggest that, due to the 

enzyme size, it is possible to tune the efficiency of an enzymatic reaction within surface-

bound DNA nanostructures by changing only the crowding of DNA on the surface and 

without introducing any further physical or chemical variable.  
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After having discussed these three important points and having drawn some 

conclusions and outlooks, appendixes A and B of this thesis will presents a different AFM 

work: the investigation of the influence of water on the mechanical properties of a solid 

supported half membrane model system. We have chosen a SAM of hydroxyl terminated 

alkylthiols (HS-(CH2)11-OH or C11OH) as a membrane model system since these consist of 

hydrophobic chains with a polar head group, just like biological membranes. In appendix A 

will present published AFM measurements of the resistance to tip penetration of the C11OH 

SAM in the presence of two different solvents: 2-butanol and water. All the measurements 

were taken differentially, using as a reference the penetration resistance of nanopatches of 

hydrophobic alkylthiols (i.e. C18) produced by Nanografting. We found that the mechanical 

resistance of C11OH in presence of water is much higher than in the case of 2-butanol. 

Molecular dynamics simulation confirmed these results by showing that in the presence of 

water the C11OH interface is made much more ordered than in 2-butanol due to the H-bond 

interaction between the hydroxyl groups and water molecules. By increasing its order, the 

C11OH SAM increases its stability that turn to an increase of the mechanical resistance under 

compression. In appendix B we will show some unpublished AFM results on the behaviour of 

friction over the systems relative to appendix A. These results confirm and expand the 

conclusions drawn in appendix A.  

Appendixes A and B are reported not only to better describe the work that has been 

done during the PhD program but mainly because they contribute to the understanding of the 

experimental tools (i.e. SAM preparation, optimization of the experimental AFM setup, 

Nanografting, calibration of the compressibility measurements by AFM, ecc.) and the modus 

operandi in the analysis our AFM data on the base of which the work presented in chapters 1 

and 2 was carried out. 
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Chapter 1: The Effect of Crowding on the Hybridization 

Efficiency of Surface-Bound DNA: Implications for 

DNA Nano-Arrays.*  

  

 

 

 

 

 

 

 

 

 

                                                
* This chapter has been recently submitted for publication and is currently under revision. The experiments 

relative to the properties of DNA patches that are presented in this chapter were done in collaboration with 

Elham Mirmomtaz and Fouzia Bano. The experiments relative to the comparison between the properties of DNA 

patches and SAMs, that are presented in the second part of this chapter, were carried out by Christian 

Grunwald. Current measurements shown in fig. 6 are due to Denis Scaini. These contents are presented in this 

chapter for completeness. 
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1.1 Abstract 

We demonstrate that, contrary to current understanding, the density of probe 

molecules is not responsible for the lack of hybridization in high density single stranded DNA 

(ss-DNA) self-assembled monolayers (SAMs).  To this end, we use nanografting to fabricate 

well packed ss-DNA nanopatches within a "carpet matrix" SAM of inert thiols on gold 

surfaces. The DNA surface density is varied by changing the “writing” parameters e.g. tip 

speed, and number of scan lines. Since ss-DNA is 50 times more flexible than ds-DNA, 

hybridization leads to a transition to a “standing up” phase. Therefore, accurate height and 

compressibility measurements of the nanopatches before and after hybridization, allow 

precise, sensitive and label-free detection of hybridization. Side-by-side comparison of self-

assembled and nano-grafted DNA-monolayers shows that the latter, while denser than the 

former, display higher hybridization efficiencies. Our results have important implications for 

the design and implementation of quantitative DNA nano-arrays. 

 

1.2 Introduction  

Two are the main challenges in the development of new analytical methods for DNA 

detection. The first lies in reducing the minimum amount of DNA that can be directly (label- 

and PCR-free), detected. In this context, nano-detection schemes become very desirable for 

the rapid detection of single cell RNA pools and in forensic, neuron classification and other 

applications [1-3]. The second challenge is represented by the need of quantitative analysis 

for gene expression profiles that, using current technology, is limited by our partial 

knowledge of the hybridization efficiency in all surface-based detection schemes [4,1,5-8]. 

Many PCR-dependent methods based on e.g. electrochemical [9,10], surface plasmon 

resonance [11] and fluorescence detection have been proposed [12,13,4]. Among these, the 

most common are microarrays in which labelling of both/either control and/or target 

molecules and feature sizes larger than 10 microns are necessary. It is important to realize that 
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a 10 micron spot provides space for up to 25 million DNA molecules, which, in addition to 

the problem of quantitatively introducing fluorescence labels, makes it clear why PCR-free 

detection of low copy number (e.g. <1000) RNA sequences is a difficult task [14,11]. 

Low copy number proteins are especially interesting since often these molecules are 

involved in cellular regulation e.g. in the cell division cycle. Abnormal regulation of the cell 

division process results in cancer and can be biochemically tracked down to malfunction of 

individual e.g. mutated proteins. Therefore capturing and quantifying of low copy number 

RNAs from a few cells is not only desirable for biological basic research, but also for 

identification of anti cancer diagnostics and, possibly, therapeutics [1,2,5,6]. 

Short DNA oligos (25 bases or less) with a thiol linker covalently attached to them can 

form, under appropriate conditions, Self-Assembled Monolayers (SAMs) onto, typically, gold 

(111) surfaces. DNA SAMs have been intensively studied as model systems as they allow 

investigation of hybridization reactions in surface tethered, spatially constrained DNA films. 

Although different DNA surface densities are easily accessible by variation of concentration 

and incubation times, inconsistent values have been reported for saturation densities of 

surface tethered DNA molecules [14-18]. 

In this chapter we aim at advancing the state of the art in two ways. First, building on 

the nanografting work of G.Y. Liu and co-workers [19-20], we demonstrate that a low 

number of target DNA molecules can be reliably detected using height and/or compressibility 

measurements of DNA nanopatches. Second, by varying the number of scanning lines during 

nanografting over the desired DNA nanopatch area we show that we can control the nanoscale 

DNA surface density. This, coupled to in situ side-by-side comparison of hybridization of 

self-assembled and nano-grafted DNA-monolayers has allowed us to prove that the probe 

density is not responsible for the lack of hybridization in high density ss-DNA SAMs. Since 

we have independent evidence that a nanografted monolayer patch is better ordered than a 

spontaneously adsorbed monolayer made with the same molecules, we are led to the 
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conclusion that it is the intrinsic lack of order (instead of the density) that is responsible for 

the lack of hybridization of maximum density SAMs. Our findings provides valuable 

biophysical insights on the organization and recombination of short DNA fragments tethered 

on surfaces, with important consequences for the fabrication and operation of DNA 

nanoarrays. 

 

1.3 Results relative to the hybridization properties of DNA nanopatches 

Nanografting was first introduced by Gang-Yu Liu in 1997 [21] and is today a well 

established technique for nano-patterning of SAMs ([22], for a review see [23], for a 

theoretical modeling study see [24]). During nanografting an AFM tip is scanned in a thiol 

containing liquid environment at high load over the desired nanopatch area of a preformed 

protective SAM of oligo-ethylene-glycol (OEG) modified thiols on gold (HS-(CH2)11-

(OCH2CH2)3-OH, which is about 2.6 nm height from the gold surface). Due to tip-induced 

mechanical perturbations, the OEG molecules in the protective SAM locally exchange with 

thiolated DNA molecules present in solution and the so fabricated nanopatch of the molecule 

of interest can be imaged after resetting the value of the perpendicular force load to the 

smallest possible still detectable value. In their pioneering work about DNA nanografting 

[19,20], G.-Y. Liu and coworkers have introduced a first parameter set (e.g. DNA 

concentration, scan-speed of AFM tip, loading force and scan-line density during 

nanografting) for fabricating nanografted DNA patches. 

At constant scan area, loading force and DNA concentration, but varying the number 

of scanning lines during DNA nanografting, i.e. by grafting over the same area more than 

once, we find increasing relative heights for DNA-nanopatches written at higher line overlap 

(see fig. 1.1A). When more DNA molecules are grafted into the nanopatch, the height of the 

latter increases because of the overlap and/or the electrostatic repulsion between the DNA 

oligomers which make them to stretch in the vertical (unconstrained) direction.   
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In order to be able to compare DNA-nanopatches of different sizes and to learn about 

the density of DNA as a function of the number of times any given area is nanografted, it is 

useful to introduce a line density parameter “S/A” for the nanografted DNA patches as R•N/L 

in which R is the width of the tip at the point of contact with the surface, and N/L is the 

number of scan lines (in the slow scan direction) divided by the length of the patch L. E.g. for 

S/A ≤1 the nanografted lines do not overlap each other, while for S/A=3 each spot in the 

nanopatch  has been nanografted 3 times over. 
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Figure 1.1 
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A) Illustration of the definition of the nanografted line density (S/A parameter, see text). B) AFM topographic 

image of two DNA-nanopatches of different densities (S/A=5 and S/A=34) written into a bioresistant OEG-SAM 

(darker background) before the hybridization. C) The same patches of B) imaged after hybridization. D) Side by 

side topographic profiles before and after the hybridization are shown together. The increase of the relative 

height due to hybridization occurs only for S/A=5. 

 

Figures 1.1B and 1.1C depict two DNA-nanopatches fabricated at low and high S/A number. 

Topography profiles showing the relative heights of the DNA nanostructures with respect to 

the OEG-SAM matrix are presented in Figure 1.1D. It becomes evident that with increased 

S/A numbers more DNA-molecules are grafted into the DNA-nanopatch.  

While Fig. 1.1 is an example with just a few DNA-nanopatches, Fig. 1.2A summarizes 

our findings when fabricating DNA-nanopatches under various conditions.  

 

 

Figure 1.2 

A) Relative height of ss-DNA patches nanografted within an OEG SAM as a function of the S/A line density. 

During grafting ss-DNA concentration of 3.0 (black squares), 10.0 (blue dots), 17.0 (pink rhombuses) and 30.0 

(violet triangles) µM have been tested (solid lines were drawn to guide the eyes through the data points). B) 

Relative height of the nanostructures in the 10 µM case of fig. 2A. The relative height of DNA nanostructures 

within an OEG SAM is measured before (blue dots) and after hybridization (pink triangles). The plots indicate 

that in the low packing regime (SN ≤ 20) the height of the nanostructures increases sensitively upon 

hybridization. 
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In Fig. 1.2A we see that for S/A between 1 and 50, the height of the patches increases 

reaching the same asymptotic value regardless of the concentration of thiolated DNA used. 

All relative height graphs except of the graph for the lowest concentration (that needs higher 

values of S/A to saturate) show very similar height saturation between 4 and 5 nm. When 

taking the values of the height of the OEG-SAM reference and the length of the C6-thiol 

linker of the DNA in the patches into account, an absolute DNA height of 6 to 7 nm is 

obtained which is close to that of the fully extended conformation of an 18-mer sequence such 

as the one used here. In the S/A range between 1 and 15 the relative height of the DNA-

nanopatches is highly sensitive to the chosen S/A number provided the probe concentration 

during nanografting is high enough (e.g. greater than 10 µM).  

Upon hybridization in the low S/A regime, the relative height of DNA-nanopatches 

increases significantly while in the high S/A regime no change in height is, of course, 

recognized (see Fig. 1.1D and 1.2B). Additional control experiments (data not shown) 

confirmed that the height increase in the low density regime is selectively associated with a 

matching complementary DNA target molecule. Indeed, when exposing the DNA 

nanostructures towards non-complementary DNA molecules no changes in relative height of 

ss-DNA-nanopatches were observed. Furthermore, when several sequences are nanografted 

into the protective OEG-SAM the cross reactivity of a DNA target molecule to all DNA 

nanostructures can be tested all at once under identical conditions within one experiment.  

 It follows that, in the high S/A regime it is impossible to know whether or not 

hybridization occurs using height measurements because no further change in relative height 

can be expected once the ss-DNA inside the nanopatches is organized in its fully extended 

conformation. Compressibility measurements (e.g. height measurements vs. up to moderately 

elevated loading forces) offer, however, a reliable way for checking if hybridization also 

occurs in the high S/A regime.  
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The response of ss-DNA-nanopatches, fully hybridized ss-DNA-nanopatches and 

nanografted ds-DNA-nanopatches was investigated at S/A = 50. Our compressibility results 

are summarized in Fig. 1.3 revealing two important findings: 1) Elastic responses of DNA-

nanopatches before (in blue) and after hybridization (in pink) differ from each other and can 

be easily distinguished. 2) ds-DNA is almost incompressible with forces below 16 nN which 

is consistent with the fact that the persistence length of ds-DNA is 50 times larger that that of 

ss-DNA 3) The stiff mechanical response of the in-situ hybridized DNA nanostructure (in 

pink) is almost identical to that of the nanografted ds-DNA-nanopatch (in black). 
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Figure 1.3  

Relative height of highly packed DNA nanostructures measured as a function of the load applied by the AFM tip 

(compressibility curves). The mechanical resistance of DNA nanografted patches hybridized in-situ (pink 

triangles) is well distinguishable from the same patch before hybridization  (blue dots), but is very similar to the 

behaviour of a patch of ds-DNA, i.e. nanografted after hybridization in solution (black squares). This observation 

indicates that the hybridization efficiency within ss-DNA nanostructures is high even in the highest packing 

regime. 
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From the changes in compressibility (Fig. 1.3) we conclude that, in nanografted patches also 

in the high S/A regime hybridization occurs even if the relative heights before and after 

hybridization are, of course, the same.   

 

1.4 Results relative to the comparison between the hybridization properties 

of DNA nanopatches and DNA SAMs 

At this point we repeated the experiments done previously by other groups [14-16] in 

which hybridization was found to be very inefficient at high monolayer coverages, using our 

detection technique, and we found very similar results to theirs. These consistent findings for 

DNA SAMs are excluding any possible influence of the detection technique on the 

contrasting results obtained in our experiments on nanografted monolayers. 

In particular, we have used the same DNA sequence used by the group of R. 

Georgiadis in ref. [16], which is a 25mer with a C6 thiol linker. While the number of bases 

used in the first part of the present chapter is different (18 vs. 25), the two sequences give 

monolayers of similar stability. 

 Fig. 1.4 and 1.5 show the results of a series of experiments in which we have used full 

SAMs with different molecular densities (prepared according to M.J. Tarlov’s protocols [14]) 

and monitored their behavior with respect to hybridization using our detection technique i.e. 

monitoring the height changes upon hybridization and measuring their compressibility before 

and after the reaction. 

  The height of the SAM was measured with respect to a mercaptohexanol “hole” 

grafted into the DNA “carpet”. In fig. 1.4C and 1.4F height profiles before (from fig. 1.4A 

and 1.4D) and after (from fig. 1.4B and 1.4E) hybridization for low and high density DNA 

SAMs respectively, are reported. In the case of low density SAMs, the typical height change 

relative to the transition to the more rigid double stranded conformation is observed. A similar 

result was obtained by AFM by the group of T. Rayment [25]. However, in the case of dense 
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monolayers we found that, contrarily to what we found for nanografted patches, the 

spontaneously adsorbed SAM hybridizes less efficiently, as shown by the lower height 

achieved by the denser system as compared with the sparse one. 

  Compressibility measurements carried out on the same system fully confirm this 

picture. (see fig. 1.5) 

 

 

Figure 1.4  
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Contact-AFM topographic images displaying a nano-patterned low density DNA SAM before A) and after more 

than 10h of hybridization B). High density DNA SAM before D) and after more than 10h of hybridizaiton E). 

Dark squares are HS-C6-OH patches (from 0.25 µm x 0.25 µm to 2 µm x 2 µm). Scan lines have been averaged 

within the white boxes to obtain the profiles presented below the images. C), low density DNA SAM; F), high 

density DNA SAM). 

 

 

Figure 1.5  

A) Compressibility of low density DNA SAMs in dependence of hybridization time and loading force. B) 

Compressibility of high density DNA SAMs in dependence of hybridization time and loading force. 

 

Indeed, in the case of low density DNA SAMs, the compressibility is gradually 

changing as the incubation time of the hybridization reaction is increased, as shown in Fig. 

1.5A.  On the contrarily, under the same conditions, in high density films the compressibility 
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does not change (fig. 1.5B), therefore confirming that high density DNA SAMs are inefficient 

towards hybridization. 

 The above described experiment is, we believe quite convincing, but it is not a 

differential experiment where both height and compressibility of the nanografted and self-

assembled monolayers would be ideally compared in-situ without giving any room to possible 

changes in environmental conditions.  

This is why we performed patch-in-a-patch experiments in which, starting from a low 

density ss-DNA SAM, rather large (micron sized) mercaptohexanol patches were written into 

it. Then the same thiolated DNA oligo that was used for growing the SAM in the previous 

experiment was nanografted at S/A=5 in smaller patch sizes inside the previously created 

mercaptohexanol micron size patch. Fig. 1.6 displays results from a patch-in-a-patch 

experiment. The background is a low density DNA SAM showing the typical hybridization 

induced reorganization of DNA molecules into a standing up phase. Upon hybridization of the 

nanografted DNA patches a similar increase is recognized. The reference patches 

(mercaptohexanol) did not show any changes. However, before hybridization (Fig. 1.6C) and 

after hybridization (Fig. 1.6D) the nanografted DNA patches display with respect to the 

nanografted reference patches heights of 6.0 nm and 9.4 nm respectively, the latter being very 

closed to the one of fully stretched DNA, suggesting that DNA attachment via nanografting 

results in more molecules per square cm (i.e. more coverage) than achievable with 

conventional self-assembly. In this sense it is likely that at higher values of the S/A parameter 

the same phenomenon occurs and that our saturation densities are larger than the density of 

ss-DNA SAMs. To explain why in a highly dense DNA SAM hybridization occurs with only 

~19% efficiency while in our high density nanografted monolayers hybridization appears to 

be complete we need to consider that in our DNA nanopatches not only the density but also 

the degree of order is larger.  
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 The fact that a nanografted monolayer is more ordered than a self-assembled one can 

be neatly demonstrated by performing an experiment of what we call autografting, i.e. an 

experiment in which a moleclule (in our case decanethiol) is grafted into a SAM of 

decanethiol and the order or both the matrix and the nanografted thiol patch is mapped out by 

measuring the charge tunneling properties of the films, by using a conductive tip AFM (see 

figure 1.6E and 1.6F). 

 

 

Figure 1.6  
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From A to D, patch-in-a-patch experiments allowing in situ side-by-side height comparison of nano-grafted 

DNA structures and conventional low density DNA SAMs. Contact AFM topographs before (A) and after (B) 

hybridisation and corresponding topography profiles (C, D) are presented. The background is a low density ss-

DNA SAM, lower patches (dark, 1µm×1µm) are HS-C6-OH patches and upper patches (bright, 0.5µm ×0.5µm) 

are DNA patches nanografted inside HS-C6-OH patches. E) Topography scan over a patch of decanethiol (HS-

(CH2)9-CH3) (highlighted by the white markers) nanografted into a SAM of the same molecule. The topography 

shows no height difference between the patch and the surrounding SAM. F) A current scan over the same area of 

E) clearly reveals that the grafted decanethiol patch is more ordered than the surrounding SAM. The black spikes 

present only outside the patch are in fact due to a local increasing of the electrical conductivity of the surface, 

which is related to the presence of defects. 

 

1.5 Discussion  

We have demonstrated that combining height and elastic compressibility 

measurements it is possible to detect hybridization of nanostructured DNA. In particular, we 

have used nanografting to control the density and improve the molecular packing in ss-DNA 

nano-assemblies, demonstrating that the steric hindrance to hybridization of surface-bound ss-

DNA monolayers is not connected to molecular density.  

Very recently the group of A. Belcher reported on hybridization detection of ss-DNA 

nanofeatures produced by dip-pen nanolithography by means of kelvin-probe-microscopy 

[26]. While the detection method has been proven to work efficiently on the nanoscale, the 

proposed nano-devices lack of a detailed knowledge of the conformational state of the 

molecules in the patches. By using nanografting in combination with height profile 

measurements, we have provided for the first time a method to control the molecular packing 

of DNA on the nanoscale, and at the same time to quantitatively detect the hybridization 

efficiency of ss-DNA nanostructures. 

Nanografted DNA monolayers present different hybridization characteristics. With the 

increasing of the S/A parameter, the height of ss-DNA nanopatches is asymptotically reaching 
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the height corresponding to the fully extended DNA conformation which likely reflects the 

most dense packing of surface tethered DNA molecules. We have tested various line densities 

with S/A numbers ranging from less than 1 to about 50 (far inside the saturation regime), and 

could not identify a range of density lacking hybridization.  

The hybridization induced rearrangement of DNA probe molecules tethered to a solid 

interface was previously described by M.J. Tarlov and coworkers using spectroscopic tools 

[17] like FTIR and XPS. These rearrangements where rationalized with changes in the 

persistence length of DNA upon hybridization (persistence length of ss-DNA ~ 1nm and for 

ds-DNA ~ 50nm). In order to compare our results on DNA nanopatches with the ones on 

DNA SAMs, we have performed experiments with self-assembled DNA monolayers 

following M.J. Tarlov’s protocols, demonstrating that our results are completely in line with 

the previous spectroscopic results. In agreement with M.J. Tarlov we have in fact found the 

characteristic lacking of hybridization in the high density regime of DNA SAMs. These 

findings have been previously explained as due to DNA probe density related steric hindrance 

and molecular disorder (flexibility constrains for ds-DNA). From our height measurements 

obtained with respect to a mercapto-hexanol nano-patch grafted into the DNA SAM matrix, 

we could also conclude that high density ss-DNA monolayers do not undergo hybridization. 

Moreover, by comparing the response to elastic compressibility of low and high density DNA 

SAMs we learned that only for the very efficiently hybridizing low density DNA SAMs a 

characteristic resistance towards increased loading forces can be built up.  To further prove 

that the inherent molecular disorder and not the density, is responsible for the lack of 

hybridization in high density DNA SAMs, we have performed patch-in-a-patch experiments: 

Low density ss-DNA nanopatches were grafted into mercaptohexanol patches embedded in a 

low density ss-DNA SAM. The results confirmed that both the systems were highly 

hybridizing and, moreover, that the molecular density in the DNA nanopatches was even 
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higher than in the DNA SAM. These results provide a direct proof that the hybridization in 

the dense DNA nano-assemblies occurs. 

We have therefore provided a proof of principle for the fabrication of DNA nano-

arrays with unprecedented control of probes packing/order, which are reproducible and 

therefore suitable for quantitative analysis of genetic material, as needed for gene expression 

profiling. Our system is based on the detection of height profiles of the nano-patches before 

and after hybridization, requiring therefore no labeling of the target material. Moreover, our 

nano-arrays represent an innovative step towards the detection of low amounts of genetic 

material (approx. 10,000 molecules per patch are sufficient), and especially of genes that are 

present in low copy numbers, which can be unevenly and erroneous amplified by standard 

PCR amplification cycles.  

 

1.6 Experimental Methods  

 

Materials 

All oligonucleotides were purchased from Sigma-genosys Ltd. or Biomers and were 

used without further purification. Absolute ethanol used e.g. for growing SAMs was coming 

from Fluka. The buffer referred from now on as TE-buffer was composed of the following 

compounds: 1M NaCl (Baker), 10mM Tris (Fluka), 1mM EDTA (Fluka) with the pH adjusted 

to 7.2. Only Milli-Q water (resistance > 18 MΩ/cm) was used for buffer preparation. After 

buffer preparation the solution was additionally purified by filtering through 0.22 µm pore 

size filters (syringe filters, Carl Roth, Germany).  

 

Preparation of ultra flat gold surfaces 

Ultra flat gold films substrates were prepared using a modified Ulman procedure [27]. 

Briefly, freshly cleaved mica sheets (Mica New York Corp., clear ruby muscovite) were 
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mounted in an electron beam gold evaporator about 50 cm above the gold source and were 

kept at room temperature. Gold films were deposited at a rate of ~ 0.1 nm/s and a chamber 

pressure of about 10-6 mbar until a thickness between 100 to 120 nm was reached. Cleaned 

glass slides (BK7, Menzel, 76 mm x 26 mm x 1 mm) were cut into pieces of 5mm x 5mm and 

glued to the gold surface using a solvent resistant epoxy glue (Epo-tek 377 - Epoxy 

Technology) that was cured a few hours at 150 0C.  

After curing the glue the gold-MICA interface was opened mechanically and the 

Ulman surface was immediately dipped into a freshly prepared 100 µM solution of an 

ethylene-glycol terminated alkylthiol (OEG-thiol, HS-(CH2)11-OEG3-OH, Prochimia) in 

absolute ethanol (Fluka, purity ≥ 99.8%). The Substrates were kept in the thiol solution 

overnight in the dark at room temperature. In this way an ultra flat surface covered with OEG-

thiols was obtained. AFM test measurements confirmed a roughness in the range of only a 

few Å. 

 

Nanografting of the DNA nano patches 

All AFM experiments were carried out with conventional AFMs using a XE-100 (Park 

System, former PSIA) or a SolverPro (NT-MDT) working in contact mode with commercially 

available “hard” silicon cantilevers (NS36C, MikroMasch, nominal spring constant 0.6 Nm-1, 

tip radius <10 nm). In all the experiments the process of nanografting was performed in the 

following steps: (a) A freshly prepared SAM substrate was mounted in a closed liquid cell. 

Prior to grafting a worn out cantilever (e.g. a cantilever with blunted tip) was used to scratch a 

sign into the gold surface. This sign allows aligning the cantilever optically to an origin which 

facilitates finding back the nano patterns. (b) The liquid cell was filled with the nanografting 

solution. DNA was grafted in a 1:1 mixture (v/v) of TE-buffer and absolute ethanol. For 

nanografting ssDNA patches the concentration of the DNA in the liquid cell ranged from 3 to 

30 µM, while, when dsDNA was nanografted, the duplex was prepared by incubating a 1:2 
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solution of SH-(CH2)6-5’-ATC TCA CCT GTG CAC TGC-3’ (18-mer) and its complemetary 

sequence (not thiolated 18-mer) in the TE buffer at 37°C for 2 hours to produce a final 10 µM 

duplex concentration.  

The SAM was imaged in liquid at low load to select the area where to fabricate the 

DNA nanostructures. (c) The desired patterns were obtained within the SAM by scanning the 

AFM tip at approximately 80-150 nN and with a scan rate of about 500 nm/s. In this way the 

alkylthiol SAM phase was locally disrupted and immediately exchanged with the DNA 

monolayer phase. As demonstrated above the DNA density inside the nano patches depends 

critically on the parameters chosen during the nanografting procedure, namely on the number 

of scan lines and the loading force. The “right” loading force for DNA nanografting has to be 

determined in pre-experiments for each cantilever to be used. This is due to the slight 

differing of individual tip shapes and/or sizes among the cantilevers used. After the nano-

fabrication process the surface was copiously washed with Ethanol and TE-buffer. 

 

AFM measurements over DNA nanostructures: relative height and mechanical 

compressibility 

The relative height of the DNA patches with respect to the surrounding TOEG SAM 

was measured by scanning side by side the patches within the SAM at the minimum force (the 

pull-off force is interpreted as 0 nN) and at constant speed. In the case of the mechanical 

compressibility measurements, the relative height of the DNA assemblies was measured as a 

function of the applied force. The force exerted over the DNA assemblies was increased from 

low (0 nN) to high loads (~ 50 nN). In the low force regime (<15 nN) the compressibility is 

found to be fully reversible while at high forces (>20 nN) significant damage was induced. 

For hybridizing DNA structures we incubated the ss-DNA nano patches with 1 µM solutions 

of complementary perfectly matching sequences in TE-buffer. Then we again washed the 

surface intensively before imaging the DNA nano patches. In control experiments (data not 
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shown) we used non-complementary DNA sequences to confirm that no unspecific binding 

occurs. 

 

Preparation of DNA self-assembled monolayers 

Immediately after opening the gold-MICA interface the glass-supported gold surface 

is dipped into TE-buffer solution containing 1 µM thiolated DNA (same of ref [16]). The 

preparation of ss-DNA-SAMs was done as previously described by M.J. Tarlov and co-

workers. Briefly, low density ss-DNA-SAMs were prepared by limiting the contact time for 

thiolated ss-DNA solutions towards the gold surfaces to 1 min. Subsequently these substrates 

were incubated for 1h in 1mM solutions of mercaptohexanol (HS-(CH2)6-OH, Fluka). The 

mercaptohexanol solution was prepared by fresh dilution of a pure mercaptohexanol solution 

into TE-buffer. Incubating with mercaptohexanol molecules helps preventing unspecific 

interaction between ssDNA and gold. Under these conditions according to previous studies, 

with the used DNA molecules, a density of less than 2x1012 molecules per cm2 is obtained at 

short incubation time (~1 min)[16]. Extended incubation times, e.g. 24h, with the thiolated 

DNA solution, followed by the mecaptohexanol treatment as above, yield high density DNA 

SAMs with molecular densities in the range of 1.1x1013 molecules per cm2 [16]. 

 

Nano-patterning and imaging of DNA-SAMs 

The nano-patterning of HS-C6-OH molecules within DNA-SAMs was done by 

following a nanografting procedure similar to the one used to form DNA nanostructures. 

While nanografting a 0.1mM mercaptohexanol solution in TE-buffer was used and loading 

forces between 50 and 80 nN were applied to locally replace DNA-molecules with 

mercaptohexanol. The size of the resulting nano-patches was varied from 0.5 to 2 microns. 

For high- and low-density ss-DNA SAMs the same nano-grafting parameters could be used. 
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Imaging of the nano-patterns was done in TE-buffer using a “soft” CSC38 cantilever 

(MikroMasch, tip radius < 10 nm) with a nominal spring constant of about 0.05 N/m.  

 

Patch-in-a-patch nano-patterning of DNA-SAMs  

The “Patch-in-a-patch” experiment is a combination of two successive nano-grafting 

processes. In the first process mercaptohexanol molecules are nanografted into a low density 

ss-DNA SAM as described above. Then during the second process the same thiolated single 

ss-DNA oligo that has been used for growing the low density ss-DNA SAM are nanografted 

into the previously created HS-C6-OH nano-patches. DNA nanografting was performed in the 

presence of a 4µM thiolated DNA nanografting solution A high loading force and a S/A-

number equal to 5 were chosen for nanografting the DNA inside the mercaptohexanol 

patches. Images, before and after hybridization, were recorded in TE-buffer using a “soft” 

CSC38 cantilever (MikroMasch, tip radius < 10 nm) with a nominal spring constant of about 

0.05 N/m. 

 

 

1.7 References  

[1]  Todd, R. and D.H. Margolin, Challenges of Single-Cell Diagnostics: Analysis of Gene 

Expression. Trends. Mol. Med., 2002. 8(6): p. 254-257. 

[2]  Nygaard, V. and E. Hovig, Options Available for Profiling Small Samples: a Review 

of Sample Amplification Technology When Combined with Microarray Profiling. 

Nucl. Ac. Res., 2006. 34(3): p. 996-1014. 

[3]  Mischel, P. S., T.F. Cloughesy, and S.F. Nelson, DNA-Microarray Analysis of Brain 

Cancer: Molecular Classification for Therapy. Nat. Rev. Neurosci., 2004. 5: p. 782-

792. 



50

[4]  Hesse, J., J. Jacak, M. Kasper, G. Regl, T. Eichberger, M. Winklmayr, F. Aberger, M. 

Sonnleitner, R. Schlapak, S. Howorka, L. Muresan, A.M. Frischauf, and G.J. Schütz, 

RNA Expression Profiling at the Single Molecule Level. Gen. Res., 2006. 16: p. 1041-

1045. 

[5]  Galvin, J. E., and S.D. Ginsberg, Expression Profiling in the Aging Brain: A 

Perspective. Ageing Research Reviews, 2005. 4: p. 529-547. 

[6]  Evans, S.J., S.J. Watson, and H. Akil, Evaluation of Sensitivity, Performance and 

Reproducibility of Microarray Technology in Neuronal Tissue. Integr. Comp. Biol., 

2003. 43: p. 780-785. 

[7]  Draghici, S., P. Khatri, A.C. Eklund, and Z. Szallasi, Reliability and reproducibility 

issues in DNA microarray measurements. Trends in Genetics, 2006. 22: p. 101-109. 

[8]  Reed, J., B. Mishra, B. Pittenger, S. Magonov, L. Troke, M.A. Teitell, and J.K. 

Gimzewski, Single Molecule Transcription Profiling with AFM. Nanotechnology, 

2007. 18: p. 044032-044047. 

[9]  Drummond, G., M.G. Hill, and J.K. Barton, Electrochemical DNA sensors. Nat. 

Biotech., 2003. 21: p. 1192 – 1199. 

[10]  Wang, J., and A.J. Bard, Monitoring DNA Immobilization and Hybridization on 

Surfaces by Atomic Force Microscopy Force Measurements. Anal. Chem., 2001. 73: 

p. 2207-2212. 

[11]  Fang, S., H. J. Lee, A.W. Wark, and R.M. Corn, Attomole Microarray 

Detection of MicroRNAs by Nanoparticle-Amplified SPR Imaging Measurements of 

Surface Polyadenylation Reactions. J. Am. Chem. Soc., 2006. 128: p. 14044-14046.   

[12]  Bally, M., M. Halter, J. Vörös, and H.M. Grandin, Optical Microarray Biosensing 

Techniques. Surf. Interf. Anal., 2006. 38: p. 1442–1458. 

[13]  Wang, J., From DNA Biosensors to Gene Chips. Nucl. Ac. Res., 2000. 28: p. 3011-

3016. 



51

[14]  Herne, T.M. and M.J. Tarlov, Characterization of DNA Probes Immobilized on Gold 

Surfaces. JACS, 1997. 119: p. 8916-8920. 

[15]  Peterlinz, K.A., R.M. Georgiadis, and M.J. Tarlov, Observation of Hybridization and 

Dehybridization of Thiol-tethered DNA Using Two-Color Surface Plasmon Resonance 

Spectroscopy. JACS, 1997. 119: p. 3401-3402. 

[16]  Peterson, A.W., R.J. Heaton, and R.M. Georgiadis, The effect of surface probe density 

on DNA hybridization. Nucl. Ac. Res., 2001. 29(24): p. 5163-5168. 

[17]  Petrovykh, D.Y., H. Kimura-Suda, M.J. Tarlov, and L.J. Whitman, Quantitative 

Characterization of DNA Films by X-ray Photoelectron Spectroscopy. Langmuir, 

2004. 20: p. 429-440. 

[18]  Steel, A.B., R.L. Levicky, T.M. Herne, and M.J. Tarlov, Immobilization of Nucleic 

Acids at Solid Surfaces: Effect of Oligonucleotide Length on Layer Assembly. 

Biophysical Journal, 2000. 79: p. 975-981. 

[19]  Liu, M., N.A. Amro, C.S. Chow, and G.-Y. Liu, Production of Nanostructures of 

DNA. Nanoletters, 2002. 2(8): p. 863-867. 

[20]  Liu, M. and G.-Y. Liu, Hybridization with Nanostructures of Single-Stranded DNA. 

Langmuir, 2005. 21: p. 1972-1978. 

[21]  Xu, S. and G.-Y. Liu, Nanometer-Scale Fabrication by Simultaneous Nanoshaving 

and Molecular Self-Assembly. Langmuir, 1997. 13: p. 127-129. 

[22]  Liu, G.-Y., S. Xu, and Y. Qian, Nanofabrication of self-assembled monolayers using 

scanning probe lithography. Acc. Chem. Res., 2000. 33: p. 457-466. 

[23]  Krämer, S., R.R. Fuierer, and C.B. Gorman, Scanning Probe Lithography Using Self-

Assembled Monolayers. Chem. Rev., 2003. 103: p. 4367-4418. 

[24]  Ryu, S. and G.C. Schatz, Nanografting: Modeling and Simulation. J. Am. Chem. Soc., 

2006. 128: p. 11563-11573. 



52

[25]  Zhou, D., K. Sinniah, C. Abell, and T. Rayment, Use of Atomic Force Microscopy for 

Making Addresses in DNA Coatings. Langmuir, 2002. 18: p. 8278-8281. 

[26]  Sinensky, A.K. and A.M. Belcher, Label-free and high-resolution protein/DNA 

nanoarray analysis using Kelvin probe force microscopy. Nature Nanotechnology, 

2007. 2: p. 653-659. 

[27]  Gupta, P., K. Loos, A. Korniakov, C. Spagnoli, M. Cowman, and A. Ulman, Facile 

Route to Ultraflat SAM-Protected Gold Surfaces by “Amphiphile Splitting”. Angew. 

Chem. Int. Ed. 2004. 43: p. 520-523. 

 

 

 

 

 

 

 

 



53

Chapter 2: Control of Steric Hindrance on Restriction 

Enzyme Reactions with Surface-Bound DNA 

Nanostructures.* 

 

 

 

 

 

 

                                                
* The work presented in this chapter was done with the collaboration of Slobodanka Radovic, Michele Morante 

and Christian Grunwald, and will be submitted for publication very soon. 
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2.1 Abstract 

To design innovative gene detection protocols based on arrays of surface bound DNA 

nanostructures, we need to address the role played by those variables which are intrinsic of 

the nanometric confinement of the DNA structures (i.e. molecular packing, planar geometrical 

shape and size) on the biochemical activity of the DNA molecules. 

We have focused on the study of restriction enzyme digestion reactions (Dpn II) 

within DNA nanostructures on flat gold substrates by Atomic Force Microscopy (AFM). 

Typically we work with a few patches of Self Assembled Monolayers (SAMs) DNA that are 

hundred nm in size and are fabricated within alkylthiol SAMs on gold films by means of an 

AFM based lithographical technique known as Nanografting. We start by nanografting a few 

patches of a single stranded DNA (ssDNA) molecule of 44 base pairs (bps) with a recognition 

sequence of 4 bps (specific for the Dpn II enzyme) in the middle. Afterwards, to obtain 

reaction ready DNA, the nanopatches are hybridized with a complementary ssDNA sequence 

of the same length.  

The enzymatic reactions were carried out over nanopatches with different molecular 

density and different geometries. Using nanopatch height measurements carried out with an 

AFM we are able to show that the capability of the Dpn II enzyme to reach and react at the 

recognition site significantly depends on the geometry and the molecular density of the 

nanopatches. In general it was found that the digestion of the DNA by the enzyme it is 

strongly inhibited at a relatively low dsDNA density. Reference experiments were similarly 

carried out with nanopatches of a DNA sequence without the recognition site and it was found 

that in that case the enzymatic reaction didn’t lead to digestion of the nanopatches.  

These findings suggest that, due to the enzyme size, it is possible to tune the efficiency 

of an enzymatic reaction on a surface by modulating the steric hindrance inside the DNA 

nanopatches. 
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2.2 Introduction 

A significant challenge in the fields of nanoscience and nanotechnology is to develop 

innovative bio-sensors for the routine detection of extremely small amounts of genetic 

material.[1-3] Among the different approaches proposed so far,[4-12] enzyme-utilizing devices 

based on arrays of surface-bound molecular nanostructures seem to have the potential to be 

the answer in this field.[4, 8, 13-17] In fact, their extreme miniaturization (down to a few 

thousand molecules per structure) should provide us with highly sensitive, label free [8, 9, 13] 

and PCR amplification free detection capabilities.[4, 6, 8] To explore and exploit innovative 

gene detection protocols that involve this kind of systems, we need to address the role played 

by the finite size of the nanostructures on their biochemical activity.[17-20] For instance, when 

an enzyme approaches a DNA nanospot on a surface to react with it, would the reaction 

proceed from the surface of the spot or from its sides or both?[21, 22] Furthermore, how would 

the surface density (coverage) of DNA in the spots influence the reaction?[23, 24] More 

generally, this problem interestingly links to the study of several biochemical mechanisms in 

which biomolecules are brought in interaction within dense/finite size molecular aggregates, 

as it occurs inside living cells,[25] or, oppositely, within single molecule-based devices,[26] or 

within supramolecular DNA-based architactures.[27] 

Nanografting, a well known AFM-lithographic technique,[28-30] was shown, in the 

previous chapter to allow the fabrication of ordered patches of short, thiolated, DNA probe 

molecules of controllable (and when necessary high) density which, contrary to what happens 

in dense Self-Assembled Monolayers (SAMs), show very high hybridization efficiency.[31, 32] 

In the present chapter we investigate, an enzymatic reaction (Dpn II restriction digestion) over 

DNA nanopatches of variable density (surface coverage) by using nanografting in 

combination with precise, differential, height measurements by AFM, to understand the effect 

of molecular packing on the accessibility of the DNA molecules to the cutting action of the 

enzyme. We demonstrate that the enzymatic reaction is highly efficient for DNA densities 
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lower than a certain (relatively low) threshold and, surprisingly, in a step-wise fashion, is 

inhibited above it. 

 

2.3 Experiments and Discussion 

In our experiments, we start by nanografting into a bioresistant TOEG3 SAM[33] a few 

patches of single stranded DNA (ssDNA) molecules containing 44 base pairs (bps) with a 

recognition sequence of 4 bps (specific to the Dpn II restriction enzyme) in the middle. The 

resulting nanopatches are then hybridized with a complementary ssDNA sequence of the 

same length to give restriction-ready double stranded (ds)DNA (see figure 2.SI in the 

Supplementary Information). 

Several samples of different DNA surface densities were prepared by sweeping the tip 

of the AFM a variable number of times on the surface at force values sufficient for the 

nanografting process to take place. For the first several times the amount of DNA laid down is 

proportional to the number of times the tip of the AFM sweeps the surface, much in the same 

way as when painting a surface, covering the same area with a variable number of strokes. To 

be more quantitative we have defined a “nanografting coverage” parameter S/A where S is the 

total area scanned by the tip (i.e. the number of scanning lines times the estimated tip width, 

with the result being larger or smaller than the actual area of the nanografted patch) while A is 

the the patch of nanografted area itself (see fig. 2.1A and 2.1B). In general, saturation 

densities, (indicated by height saturation that for our 44bps DNA means approx. 13 nm with 

respect to the TOEG3 SAM) were obtained for S/A = 2.5 and DNA concentrations C = 6 µM.  
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Figure 2.1 

A) Upper part, an AFM topographic image shows a nanopatch of 44 bps dsDNA surrounded by a TOEG3 SAM 

on a gold film. The patch was obtained from  ss-DNA grafting at S/A=2.5 at a concentration of 6µM followed by 

in-situ hybridization. The DNA patch is a continuous monolayer because the tip over-covered the patch as it is 

depicted in the scheme at the bottom. B) Upper part, an AFM topographic image shows a nanopatch of 44 bps 

dsDNA obtained from DNA grafting at 6µM and S/A=0.13. Since the tip did not completely cover the patch area 

(see scheme in the bottom part of the figure) the DNA patch is made of adjacent grafted lines that were written at 

each single stroke of the tip during nanografting. Due to the size of the grafting tip, each DNA line is constrained 

to be as large as a few DNA molecules (tip size ~ 10 nm, see the AFM image on the top). 

 

After the ds-DNA patch has been prepared, and after washing the surface, the solution 

containing the enzyme is brought in contact with the sample. Nanopatches heights are 

measured by AFM before and after the reaction relative to the TOEG3 SAM. If a significant 

reduction of the height to about half of its original value for each patch is measured, the 
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reaction has occurred, while if no change in height is measured the reaction is found to be at 

least hindered if not impeded.  

            Figure 2.2A and 2.2B are AFM images of a dsDNA patch grafted at S/A = 2.5 and 

DNA concentration of 6µM before and, respectively, after reacting with Dpn II, while figure 

2.2C shows the corresponding profiles. Since the patch height does not change the restriction 

reaction did not occur. On the contrary figures 2.2D-2.2F demonstrate that the reaction occurs 

when the original ss-DNA nanopatch is grafted at the same S/A value (2.5) but at a lower 

concentration (2µM). In fact the nanopatch height decreases after the reaction, as expected, to 

about 50% of the initial value (see fig 2.2F). A similar result is shown in figures 2.2G-2.2I 

where a patch is grafted at S/A= 0.13 and C = 6 µM. 

 

Figure 2.2 
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A), D) and G) show AFM topographic images of three different 44 bps dsDNA patches that were grafted into 

TOEG3 SAM on gold films at the conditions reported above each. B) E) and H) show the same patches after 

having been incubated in the Dpn II restriction enzyme for three hours. C) F) and I) display the relative height 

profiles from the AFM topographies depicted above, before (in blue) and after (in red) the reaction. Dashed lines 

help to see the height decreases due to Dpn II reaction (in red) from initial values (in blue). 

 

At this point it becomes evident that we need to isolate the effect of changing the 

surface density by changing the concentration of the DNA when grafting the nanopatches 

from the effect of changing the surface density as it appears by changing the S/A grafting 

parameter.  We also need to conduct, of course, control experiments using a DNA sequence 

that will not react with the Dpn II enzyme. 

This is exactly what we want to show by using the data reported in Figure 2.3, that 

have been obtained by nanografting DNA at 0.13< S/A< 2.5, and C = 6 µM.  The data plotted 

in figure 2.3A show the absolute heights of several patches before (blue dots) and after (red 

squares) the restriction reaction. Fig. 2.3B shows instead the height values after the reaction 

normalized with respect to the height values before. For S/A < 1.5 the reaction is likely 

complete as indicated by the DNA height decreasing by ~50%. For S/A > 1.5 the reaction 

becomes inhibited in a step-wise fashion. 
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Figure 2.3 

A) Plots on the left are absolute heights of 44 bps dsDNA patches, before (blue dots) and after (red squares) the 

restriction reaction. On the right, there’s a schematic of the DPNII reaction. Here, the DPNII restriction site is 

explicitly typed. B) The height values after the restriction reaction (red squares in fig. 2.3A) are here reported in 

percentage amount with respect to the initial values (blue dots in fig. 2.3A). The reaction occurs for patches with 

S/A < 1.5 (as it appears from the corresponding 50% of height decrease), while it is fully inhibited for S/A ≥ 1.5 

C) Graph on the left reports absolute heights control dsDNA patches before (open black circles) and after the 

reaction (open red squares). Control DNA has the same length of the specific one but differs for a single base 

that neutralizes the affinity for DPNII enzyme (see the bases typed in red on the right hand side). As expected, 
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the heights of the control DNA patches start from the same values of the specific ones (blue dots) and do not 

change upon Dpn II reaction. 

  

In figure 2.3C we show the results of an experiment that is completely analogous to 

the one reported in fig. 2.3A and 2.3B, but in which a control DNA sequence was used. This 

DNA has the same length of the specific one (fig. 2.3A) but differs from it for a single base 

among those four that make up the restriction site (see the base pair highlighted in red in the 

schemes on the right in fig. 2.3C). The heights of control dsDNA patches before the reaction 

(open black circles) are, as expected, in very good agreement with the values previously 

measured for the specific sequence that are also reported in fig. 2.3C as blue dots. After the 

reaction (open red squares) the height of control patches did not change thus demonstrating 

the specificity of our experiment.  

While for patches fabricated at C = 2µM the reaction successfully occurs over patches 

in the S/A range under study (see fig. 2.2B - complete data not shown), the step-wise fashion 

in which the reaction becomes inhibited, apparent from fig. 2.3B, clearly suggests that there is 

a significant correlation between the Dpn II enzymes capability of reacting with the DNA 

molecules and the space around each molecule within the patches. In particular fig. 2.3B 

indicates that, for patches fabricated at C = 6µM, the cutting reaction occurs mostly for 

patches that are under-covered (S/A < 1, see fig. 2.1B) and that a critical packing at which the 

reaction is inhibited is sharply reached as soon as the patches are uniformly covered (S/A > 

1). This fact suggests that, for patches grafted at C = 6µM, the enzyme cannot bind to DNA 

molecules by accessing from the topmost interface of patches when they are homogeneous.  

In turn, the reaction occurs when the DNA structures consist of adjacent DNA lines that are as 

large as few nanometers (see fig. 2.2B). In these cases the spatial separation between lines 

likely facilitates the enzyme access to DNA molecules.  
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In general, measuring the packing of molecules inside a SAM of DNA is a difficult 

task as demonstrated by the existence of much discordant literature on the subject.[28, 32, 34-38] 

In our case, however, a few features of the nanografting technique make the task somewhat 

easier for the following reasons: 1) As it was demonstrated in the previous chapter,[31] DNA 

nanografting produces structures that are more ordered than those produced by self-assembly, 

in turn the hybridization itself is very efficient and AFM height measurements are very 

reproducible before and after hybridization. 2) dsDNA molecules, as long as those used in this 

work, have a rigid conformation and are here tethered to the surface by thiol linkers having a 

negligible length (15 times shorter than dsDNA) that in this way cannot significantly affect 

the DNA height. 
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Figure 2.4 

A) A simplified geometrical model correlates the spacing between 44 bps DNA molecules in the patches to their 

heights. This model can used to interpret the behaviour of the height of under-covered patches as a function of 

tip coverage (S/A). In fact, in these cases the spacing between DNA molecules is mostly due to the distance 

between adjacent DNA lines (see fig. 2.1B) that is inversely proportional to S/A. B) The model in fig. 2.4A fits 

quite well the heights of under-covered patches that favour the DPNII reaction (S/A < 1.5, see fig. 2.3B). Inner 

graph in this figure shows the correlation between DNA spacing and S/A that results from the data analysis. The 

minimum spacing between surface-bound molecules to allow Dpn II reaction is about 12 nm (see dashed line). 
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These two points allow to reasonably model dsDNA molecules in the patches that are 

relevant for our Dpn II restriction experiments.  Molecules are like rigid rods that are pinned 

to the surface and can freely move by tilting within a certain angular range that, on average, 

cannot exceed half of the average distance between two neighbouring molecules, (see Figure 

2.4A). Moreover, for S/A < 1, we have two relevant average distances: One is the spatial 

separation between DNA molecules that belong to the same line, and the other is the spatial 

separation between adjacent lines (see fig. 2.2B). The larger of two is, of course, the relevant 

one for the restriction reaction, i.e., for S/A < 1, the spatial separation between adjacent lines. 

Figure 2.4B shows that this model successfully fits the height plots of fig. 3C (C = 6µM) as a 

function of S/A in the relevant S/A range. The inset graph shows the relationship between 

DNA spatial separation and S/A that results from the fit. The left side of the curve shows that 

at S/A = 0.13 the distance between adjacent DNA lines is about 30 nm (see fig. 2.2B) which 

is about 5 times the diameter of the restriction enzyme.[39, 40] The right side of the inset curve 

in fig. 2.4B indicates that when the reaction stops  (S/A < 1.5 and C = 6µM) we have a spatial 

separation between DNA molecules of about 12 nm (see dashed line), which is very closed to 

twice the average diameter of the enzyme[39, 40]  and corresponds to a DNA density of 0.8 × 

1012 molecules/cm2. This value, combined with the fact that Dpn II is known to work as a 

dimer[39, 40] fits extremely well with the size of the DNA-Dpn II complex, the formation of 

which being necessary for the completion of the cutting reaction. 

In our experiments at C = 6µM we demonstrated that the enzymatic reaction occurs 

when there is a certain spatial separation in between DNA lines. However, because 

unfortunately at this concentration the transition between reaction-allowed and reaction-

inhibited is around S/A = 1, and because of the uncertainty of the size of the tip, we cannot be 

sure if at S/A < 1 and at this concentration the enzymes react exclusively from the sides of the 

lines or from the top too. To answer to this point, we need to increase the grafting 

concentrations. If at C >> 6µM we still find that the reaction progresses at S/A < 1, we will be 



65

sure that the reaction mostly proceeds from the sides rather than from the top of the 

nanostructures. 

 

2.4 Summary and conclusions 

In summary, our results reveal an important biochemical application of ordered 

surface-bound DNA nanostructures like those obtained by nanografting. We have shown that 

the behaviour of a restriction enzyme reaction (Dpn II), that cuts dsDNA molecules in half, 

inside surface-bound nanostructures, is extremely sensitive to DNA packing. In particular the 

reaction is inhibited in a step-wise fashion when the packing is higher than a certain 

(relatively low) critical value. Below this critical value the reaction rapidly reaches maximum 

efficiency. Similar experiments with control DNA demonstrate the specificity of our 

reactions. Due to the high level of order inside nanografted DNA nanostructures, our results 

can be explained with a very simplified model that takes in account only the steric effects due 

to the DNA packing: Since the reaction, is allowed by the presence of a certain amount of 

space by which enzymes access to the middle parts of DNA molecules, when, on average, the 

maximum distance between neighbouring DNA molecules is lower than a certain threshold 

(nearly twice the enzyme diameter), the reaction results to be inhibited. 

In conclusions we have demonstrated that we are able to fabricate highly order DNA 

nanostructures the height of which extremely sensitively depend on the structures of DNA 

molecules and lateral size of which can controllably reduced down to few DNA molecule 

diameters. Moreover, over this kind of DNA nanostructures we are able to carry out highly 

efficient enzymatic reactions or, upon our choice, to totally inhibit the reaction progress, just 

by modulating the level of packing inside our structures and without introducing any further 

physical or chemical variable. Applications of our findings to DNA sensing can be clearly 

foreseen and will be reported in the near future.  
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2.5 Supporting Information 

 

Sample preparation 

Bioresistant SAMs on ultra flat gold films were repared in the following way: About 

100nm thick gold film is deposited by electron beam evaporation in a vacuum chamber 

(pressure about 10-5 mbar) on a freshly cleaved mica sheet (Mica New York Corp., clear ruby 

muscovite) at a rate of 0.1 nm/sec. The obtained gold on mica sheet is cut in slides of a few 

millimeters in size. A drop of SU8-100 (negative tone photoresist, MicroChem) was disposed 

over each slide gold face and then cured to form a solid SU8 substrate smaller than the slide. 

The gold-mica interface of a slide is opened mechanically and then the obtained gold surface 

is incubated in a 100µM ethylene-glycol terminated alkylthiol (TOEG3, i.e. HS-(CH2)11-(O-

CH2-CH2)3-OH, Prochimia) solution in pure ethanol (Fluka, purity ≥ 99.8%). Typically, 

obtained SAMs have AFM-measured-roughness of just few Å.  

 

Materials and methods 

All AFM experiments were carried out with a XE-100 PARK System AFM in liquid 

cell. All nanografting experiments were performed with “hard” silicon cantilevers 

(MikroMasch, nominal spring constant 0.6 Nm-1, tip radius <10 nm) (applied force = 80-150 

nN, tip speed = 500nm/sec) while topographic images of DNA patches were taken with “soft” 

silicon cantilever (MikroMasch, nominal spring constant 0.03 Nm-1, tip radius <10 nm) in 

NEB*-buffer (100mM NaCl, 10mM MgCl2, 50mM Bis-Tris•HCl, pH 6.0) in MilliQ water. 

All DNA strands used were purchased from both Sigma Genosys and Biomers (HPLC 

purification). Nanograftings were performed in thiol-DNA containing 3:2 mixtures (v/v) of 

1M NaCl TE-buffer (10mM Tris•HCl, 1mM EDTA, pH 7.2) in MilliQ water (resistance > 
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18MΩcm) and ethanol (SH-(CH)2-5’-

AAAAAAAAAAAAAAAAGATCATGAAGCACATCAGAGTCTCCTAC-3’ for positive 

experiments and SH-(CH)2-5’-

AAAAAAAAAAAAAAAAGAACATGAAGCACATCAGAGTCTCCTAC-3’ for control 

experiments). After nanofabrication processes, surfaces were copiously washed with a 3:2 

mixture (v/v) of 1M NaCl TE-buffer and ethanol. Hybridization of DNA patches was 

performed by incubating surfaces in 2µM solutions of complementary DNA, (3’-

TTTTTTTTTTTTTTTTCTAGTACTTCGTGTAGTCTCAGAGGATG-5’ for positive 

experiments, and 3’-TTTTTTTTTTTTTTTTCTTGTACTTCGTGTAGTCTCAGAGGATG-

5’ for control experiments) in 4M NaCl TE-buffer. After hybridization, surfaces were 

copiously washed with 4M NaCl and 1M NaCl TE-Buffers. 

Restriction digestion enzyme reactions (Dpn II, New England Biolabs - NEB) were carried 

out by incubating surfaces in 0.2 Dpn II Units/µL in NEB*-buffer for 3 hours. After enzyme 

reactions, surfaces were copiously washed with NEB*-buffer and 1M NaCl TE-buffer. 

 

Fabrication of DNA nanostructures 

In our experiments, we start by nanografting into a bioresistant TOEG3 SAM a few 

patches of single stranded DNA (ssDNA) molecules containing 44 base pairs (bps) with a 

recognition sequence of 4 bps (specific to the Dpn II restriction enzyme) in their middle. 

Images of the patches are taken at low force with a soft cantilever (see black squares in the 

graph of Figure 2.SI). The resulting nanopatches are then hybridized with a complementary 

ssDNA sequence of the same length to give restriction-ready double stranded (ds)DNA. The 

heights of the patches are then measured again with the same cantilever that was used before 

the hybridization (see blue dots in graph of fig. 2.SI). Fig. 2.SI shows that the heights of the 

DNA patches are greatly increased upon hybridization (nearly constantly about 50%). This 

fact is due to the stiffening of DNA molecules in turn of duplexes formation. These heights 
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increases reveal that DNA hybridization is likely complete for all the patches fabricated in our 

experiments. 

 

Figure 2.SI 

The Plots on the left are absolute heights of patches of 44 bps ssDNA as a function of S/A before (black squares) 

and after hybridization (blue dots). DNA height increases indicate efficient hybridization. The dashed line 

indicates maximum height for patches of 44 bps long DNA. On the right two schemes depict ssDNA and dsDNA 

for S/A values relative to the height saturation regime of dsDNA. The restriction site of the DNA is explicitly 

typed. 
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Conclusions and Outlook 

 

This thesis has been focused on the demonstration that measuring the mechanical 

properties (height and compressibility) of nanostructures made of surface bound DNA 

molecules, allows for the precise monitoring of important biochemical reactions such as DNA 

hybridization and reaction with a restriction ezyme (DpnII). Our DNA nanostrutures were 

spotted inside self-assembled monolayers (SAMs) on very flat gold films, with the use of an 

AFM-based nanolithographic techinique called nanografting. The heights of our DNA 

nanostrutures were measured by AFM before and after different biochemical reactions, which 

became detectable because of the changes in the molecular flexibility and/or the length/height of 

the molecules due to the doubling of the strands following hybridization, or the height change 

due to the cutting action of the restriction enzyme. 

Our most important finding is that we found that, contrary to current understanding of 

DNA monolayer behavior, the hybridization inside of our nanostrutures proceeds unhindered 

even at high DNA packing densities.1 We attribute this fact to the higher level of order present 

in our nanografted structures with respect to DNA SAMs, due to which the quenching of the 

hybridization reaction present in spontaneously adsorbed maximum density monolayers 

(likely because of molecular entanglement) is avoided. Dpn II restriction reactions were found 

to be easily controllable by modulating the DNA packing inside the nanostrucures. The 

resulting behavior of the reaction follows a step-wise fashion. We found strong indications 

that inside our ordered DNA nanostructures the enzyme (that works as a dimer) can operate 

down to the limit in which the space between adjacent DNA molecules is equal to the size of 

the DNA/Enzyme complex.  
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These findings are opening the door to important and innovative applications to both 

the fields of biosensing and fundamental biophysics. DNA/RNA sensors based on such 

ordered and reproducible nanostructures with high hybridization efficiency and controllable 

enzymatic accessibility are good candidates for the fabrication of nucleic acids microarrays of 

improved sensitivity (smaller size) and reproducibility (quantitative hybridization).2-4 There 

are of course some limitations the most important of which is probably the fact that 

nanografting is intrinsically a serial fabrication method. To scale up the number of nanospots 

per array and to speed up the fabrication rate, it is likely that a grafting system based on 

multiple cantilevers.5, 6 and that a chip copying methodology of the type supramolecular 

nanostamping7, 8 should be implemented.  

A significant limitation of the experimental procedure that followed in our work is the 

fact that DNA nanografting was carried out only by using a mixture containing water and 

ethanol. The ethanol was needed to remove efficiently thiols of the matrix SAM from the 

surface during nanografting. Many experimental run were unsuccessful due to the fragile 

equilibrium of the exact ratio between DNA, water and ethanol inside the liquid cell due to the 

fact that it is extremely difficult to seal liquid cells such as those of AFM microscopes from 

the ethanol vapors. In turn it is desirable to work with SAMs made of molecules that are to be 

completely watersoluble. This is necessary for implementing highly multiplexed nanografting 

systems such as those that are required to fabricate DNA nanoarrays. In fact water-soluble 

matrix SAMs will allow to nanograft inside small buffer droplets disposed on the surface by a 

micro-injector9 and kept in equilibrium just by saturating the relative humidity in the 

experimental chamber.  

The capability to control biochemical reactions by modulating steric hindrance 

suggests that our nanografting approach is, of course, also desirable for fundamental 
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biophysics studies. In most of AFM-based Single molecules studies, biomolecules of interest 

are bound to surfaces and are picked up with specificity by functionalized probes. In this 

scheme it is impossible to control the chemical state and the molecular conformation of 

molecules before being picked up by the tip. This limitation results in the need to produce 

huge amounts of data that have to be statistically analyzed. We believe that structurally 

controlled nanofeatures like our DNA patches can be applied not only to increase the control 

of molecule-molecule interactions but may also have applications in single molecule studies, to 

increase the level of control of tipmolecules interactions providing higher specificity and 

reproducibility.10, 11  

Last but not least we would like to point out that there is a small but finite probability 

that the order present in a nanorafted patch of DNA (or a nanografted protein12) be of crystal 

like quality. It follows that it would be probably a good idea to expose a macroscopic area of a 

monolayer treated in situ by a multiple tip device of the type just referred to above5 to a beam 

of x-rays in a grazing incidence geometry to see if the eventual coherence between the 

scattered photons is sufficient to produce a diffraction pattern. In spite of the fact that the 

chances for success may not be very high the importance of a positive outcome of such a test 

makes it certainly worthwhile the not too large investment of time necessary to carry out such 

an experiment.  
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APPENDIX A: Mechanical Stabilization Effect of 

Water on a Membrane-Like System.* 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
* The content of Appendix A was published in March 2007 in the form of article on the 

Journal of the American Chemical Society, 129, 9, 2636-2641. 
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A.1 Abstract  

The penetration resistance of a prototypical model-membrane system (HS-(CH2)11-OH 

self-assembled monolayer (SAM) on Au(111)) to the tip of an Atomic Force Microscope 

(AFM) is investigated in the presence of different solvents.  

The compressibility (i.e.: height vs. tip load) of the HS-(CH2)11-OH SAM is studied 

differentially, with respect to a reference structure. The reference consists of hydrophobic 

alkylthiol molecules (HS-(CH2)17-CH3) embedded as nano-sized patches into the hydrophilic 

SAM by nanografting, an AFM-assisted nanolithography technique. We find that the 

penetration resistance of the hydrophilic SAM depends on the nature of the solvent and is 

much higher in the presence of water than in 2-butanol. In contrast, no solvent dependent 

effect is observed in the case of hydrophobic SAMs. We argue that the mechanical resistance 

of the hydroxyl terminated SAM is a consequence of the structural order of the solvent-SAM 

interface, as suggested by our molecular dynamics simulations. The simulations show that in 

the presence of 2-butanol the polar head groups of the HS-(CH2)11-OH SAM, which bind only 

weakly to the solvent molecules, try to bind to each other, disrupting the local order at the 

interface. On the contrary, in the presence of water the polar head groups bind preferentially 

to the solvent that, in turn, mediates the release of the surface strain, leading to a more ordered 

interface. We suggest that the mechanical stabilization effect induced by water may be 

responsible for the stability of even more complex, real membrane systems. 

 

A.2 Introduction  

It is a matter of fact that the energetic stability of biological membranes is mediated by 

the presence of polar, hydrogen bonding solvents and, in particular, of water. Nevertheless a 

deeper understanding of the physical properties of these systems and, in particular, of the 

mechanical, as distinct from the energetic, stability, as they depend on the chemical nature of 

the solvent (e.g. water vs. alcohol) is still missing. Atomic Force Microscopy (AFM) seems to 
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be an almost ideal method to address such an issue. One of the limitations, however, in using 

AFM in situ on a real biological membrane is due to the relatively poor mechanical stability 

of cells and other similar systems such as liposomes and micelles compared with the average 

force sensitivity of the AFM in liquid environments.1–5 This difficulty can be overcome by 

using solid-supported systems such as Langmuir-Blodgett monolayers or solid-supported lipid 

bilayers. Such layers are, however, not easily confined laterally as their molecules may “flow” 

laterally to escape the tip pressure causing unwanted disruptions of the local membrane-like 

phase of the films.1,6–8 To avoid this problem, Self-Assembled Monolayers (SAMs) of thiols 

on gold (111) surfaces can effectively be used. In fact, by controlling the chemical nature of 

the terminal group of the molecules of a SAM it is possible to impart completely hydrophilic 

character to the top-most interface of the SAM obtaining in this way a model membrane 

system.8–11 Moreover, the crystal-like order of the SAM12,13 reduces the mobility of the 

molecules that start “flowing” at much higher forces exerted by the AFM tip. While this 

difference sets membrane-like SAMs further apart from the systems that we want to model, it 

has allowed us, as we hope to show below, to separate the mechanical stabilization effect of 

water on such systems from the purely energetic hydrophilic/hydrophobic stabilization that 

has been so far studied and understood much more extensively. 

In this work we focus on SAMs of hydroxyl terminated alkylthiols HS-(CH2)11-OH 

(C11OH) on Au(111) films which, like membranes, consist of hydrophobic chains and polar 

head groups. We have used contact mode AFM to study the compressibility of these SAMs in 

the presence of either water or, for comparison, 2-butanol as a function of the applied load. 

All measurements were taken differentially, using as a reference the behaviour of 100 nm 

sized nanopatches of hydrophobic alkylthiols (HS-(CH2)17-CH3 or C18) produced by 

Nanografting14–19. Since the compressibility of a C18 patch is not expected to change 

significantly when measured either in presence of water or 2-butanol as a function of the 

applied load, it can provide us with a reference behaviour. By measuring side by side the 
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relative height between C18 and C11OH it is possible to measure the relative mechanical 

behaviour of the two systems. We find that the mechanical resistance of the C11OH SAM in 

the presence of water is much higher than in case of 2-butanol. This result is explained by 

showing through molecular dynamics simulations that the water molecules can mediate the 

interaction between the OH head-groups10,11, relaxing the surface strain present in the case of 

2-butanol and allowing the SAM hydrocarbon chains to form a better ordered crystal. 

 

A.3 Experimental section  

Au(111) surfaces were produced by thermal evaporation of approximately 150 nm of 

gold at a rate of 0.02 - 0.03 nm/sec at a background pressure of 10-8 mBar on freshly cleaved 

mica substrates (see Figure A.1A). The mica was first annealed for 24 hours and then baked 

during the evaporation at 320 °C. Well packed C11OH monolayers were obtained by 

immersing the Au(111) films into 100 µM solutions of 11-mercapto-1-undecanol (C11OH) 

(Sigma Aldrich, 97% purity), in absolute ethanol (Fluka, purity ≥ 99.8%), for at least 48 

hours.20 Afterwards, we confined 100 nm wide nanopatches of octadecanethiol [HS-(CH2)17-

CH3 or C18] SAMs, within the C11OH film, in correspondence of flat terraces, by using an 

AFM-based nanolithography technique called Nanografting14–19: The protocol of 

Nanografting involves scanning the tip of the AFM at a relatively large force (70-80 nN at 4 

Hz) in the presence of a C18 solution, causing the thiols of the C11OH SAM to be replaced 

locally by C18 molecules. The AFM used in this work was a XE-100 microscope (Park 

Scientific Instruments Advanced Corp.) which mounts a custom liquid cell with a xy 

accessible area of 49.5 µm × 49.5 µm. All the nanograftings and the other experiments were 

carried out using silicon rectangular cantilever (MikroMasch, spring constant: 0.6-1.0 Nm-1) 

freshly oxidized with piranha solution (sulphuric acid/hydrogen peroxide, 3/1, extremely 

oxidizing). 
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Figure A.1 

A) Thermal gold evaporator working at 10-8 mBar that was used to produce the gold on mica films used in 

Appendix A and B. B) Electron beam gold evaporator working at 10-6 mBar that was used to produced gold film 

for mechanically template stripped ultra flat gold surfaces used in chapter 1 and chapter 2. 

 

Figure A.2 

A) The Park Systems XE-100 AFM head. XY scanners and Z scanner are unconnected. B) and C) The AFM is 

installed inside the acoustic enclosure (PUMA S.r.l)  and over an home made antivibrating table. D) The liquid 
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cell scheme: The probe hand close from the top the cell (that is like a pool, see E). The volume to fill up the cell 

is about 300µL. 

  

 All the measurements were taken within a few hours from the preparation of the patches to 

prevent SAM degradation. The compressibility measurements were carried out by scanning at 

constant speed (500 nms-1) and load. The load was increased from the pull-off force (referred 

as 0 nN) to approximately 70-80 nN at which a significant damage of the system was induced. 

 

A.4 Molecular modelling section  

The C11OH SAM was modelled as a two-dimensionally replicated patch of 

CH3(CH2)9CH2-OH molecules arranged according to a full-coverage of alkylthiols on 

Au(111) surface (with lattice constant a = 0.51144 nm). The simulations were carried out with 

the sander module of the Amber package21, using a stochastic Berendesen thermostat22 to 

control the temperature and an integration time step for the equations of motion of 1.5 fs. The 

carbon atoms of the CH3 ends were constrained according to a Au(111) surface. Simulations 

in water and 2-butanol were performed covering the monolayer, respectively, with a 3.5 nm- 

and a 8.0 nm-thick solvent layer (2769 and 1324 molecules, respectively). For both 

CH3(CH2)9CH2-OH  and 2-butanol the OPLS force field23 was employed, where as for water 

SPC/E model24 was used. All of the simulations were started with the alkylthiols oriented 

perpendicularly to the hypothetical gold surface. This configuration spontaneously evolves in 

few tens of picoseconds into the (√3×√3)R30° phase. During this time, the solvent promptly 

follows the monolayer reorganization. For both solvents, statistical analysis was performed on 

a 1 ns-long trajectory after an equilibration period of 0.5 ns. Starting from a different initial 

configuration or using a different water model leads substantially to the same results (data not 

shown). 
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A.5 Results and discussion  

 

Mechanical behaviour of a reference system.  

Before showing and discussing our results it is appropriate to discuss our expectations 

for the compressibility of the reference system. To understand the behaviour of a system that 

like C18 is terminated with a hydrophobic group, we grafted C18 patches into a C10 SAM 

and measured the height difference as a function of the applied force in the presence of either 

2-butanol or water. Both surfaces are hydrophobic and the only difference between the patch 

and the SAM is the chain length of the molecules. Moreover, the chain length of C10 is very 

close to that of C11OH. A low load results in a height difference of 0.9 nm, while at higher 

load (> 45 nN) the difference decreases (data not shown), regardless of the solvent used. This 

can be explained as follows: At low load both the C18 and the C10 molecules are self 

assembled forming the typical alkylthiol low energy hexagonal phase with the usual tilting 

angle of 30°-35° from the surface normal2,20 (expected height difference 0.87 nm, in good 

agreement with the value reported above). As the load increases, if the height difference 

between the C18 and the C10 decreases, both of the films have to be necessarily compressed 

because it is highly unlikely that the longer chain system would collapse before the shorter 

one which is energetically less stable25. The relative behaviour between the C18 and C10 

indicates that in spite of their different molecular lengths the two SAMs have the same 

mechanical resistance under the load of the AFM tip below 45 nN. This information 

significantly simplifies the study of the relative mechanical behaviour of the C18/C11OH 

system, since it allows us to conclude that in the range of forces mentioned above the 

difference in molecular lengths between the two SAMs does not contribute to their relative 

mechanical resistance. Thus, we will be able to argue that the fact that in the presence of 2-

butanol the height difference between patch and monolayer did sharply increase at very low 

values of the load instead of decreasing at much higher values (like in the case of the 
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hydrophobic reference system, as will be shown below), can only be due to the hydrophilic 

termination of the C11OH SAM. 

 

AFM results 

The results of a systematic study are reported in figure A.3A where we show the plots 

of height difference vs. force in the presence of the two solvents. Figure A.4 shows two 

typical images with two typical height profiles.  

 

Figure A.3 
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A) Plots of the relative height between C18 patches and C11OH SAM vs. applied load. B) Plots of the relative 

height between C11OH patches and C18 SAM vs. applied load. A molecular modelling of the system at different 

loads is shown at the bottom of both figures. In both systems, in the low force regime, the mechanical resistance 

of C11OH under the load of the AFM tip is greatly enhanced in the presence of water with respect to 2-butanol. 

 

 

Figure A.4 

A patch of C18 grafted into the C11OH matrix on an atomically flat Au(111) terrace. Images are taken in the 

presence of water (A) and 2-butanol (B) at a force of 10 nN. In the case of water the relative height measured 

between the C18 and the C11OH (see the profile in A) is approximately 0.7 nm. This value fits well with the one 

calculated by assuming that both C18 and C11OH are self assembled in the unperturbed phase. In the case of 2-

butanol the relative height is about 1.2 nm – higher than in the case of water. Since the mechanical resistance of 

C18 is not likely to change as an effect of the solvent, the mechanical resistance of C11OH under the tip load 

should be lower in 2-butanol than in water. 

 

In the presence of water the relative height between C18 and C11OH slowly increases 

to reach the value of 1.2 nm at approximately 30 nN. This is to be contrasted with the fact that 
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in the presence of 2-butanol a force threshold is found at 5 nN, at which the relative height 

between the C18 and the C11OH changes in a single step from 0.6 nm to 1.2 nm. No 

hysteresis is found in this range of forces. As described above, since we do not expect the C18 

layer to change its height below load values of 45 nN, the sudden increase in height 

difference, experienced in the presence of 2-butanol at approximately 5 nN, can only be 

explained as a lowering of the topmost layer of the C11OH SAM at that critical force value. 

Step-wise changes of the height of SAMs under increasing tip loads have been previously 

reported by E. Barrena and co-workers.26,27 They imaged at controlled relative humidity 

homogeneous nanoislands of methyl terminated alkylthiols adsorbed on Au(111) films at a 

coverage below the full monolayer, measuring the absolute height of the patches as a function 

of the tip load. The interpretation of the discontinuous behaviour of the height vs. load curve 

was based on the fact that the hydrocarbon chains of the SAM are interlocked for optimum 

Van der Waals interaction.28 In principle, the interlocking condition can be satisfied only by 

certain tilting angles of the chains with respect to the surface normal. In turn, only certain 

values of the height of the SAM can be measured. Their results were explained by the fact 

that, under an increasing load, the tilting angle of the chains increases in single steps in 

correspondence with which the height of the SAM decreases. The expected angles of 43°, 55° 

and 59° were shown to explain the plateaus of the height curve.27 

In view of that work, our data can be interpreted as follows. In the presence of 2-

butanol (see the scheme in fig. A.3A), before the threshold at 5 nN, both the C18 and the 

C11OH molecules are tilted at 30°, being nearly unperturbed. The increase of the relative 

height above the threshold is due to a compression of the C11OH molecules  (from 30° to 

59°). Other important features in the relative height vs. force behaviour shown in fig. A.4A 

are the ones described in what follows: 

1) In the presence of 2-butanol, the height difference remains constant at the value of 

~1.2 nm between 5 nN and 45 nN; at 45 nN a second threshold is found and the height 
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increases step-wise from 1.2 nm to 1.5 nm. This value can be explained by assuming that the 

C18 tilts to 43° while the C11OH is forced to the lying down phase.29 At this point the tip 

starts damaging the C11OH SAM and thus the C11OH does not follow reversibly the height 

curve.14,26  

2) In the presence of water the relative height increases more or less continuously and 

slowly form 0.7 nm up to 1.2 nm, in the range of forces between 0 and ~30 nN. The 

molecules of the C11OH SAM seem to tilt from 30° to ∼59° under the increasing load of the 

tip by going through intermediate values that were not obtained in the presence of 2-butanol. 

For higher forces the curves obtained in water and 2-butanol are similar. These findings prove 

that the mechanical stability of the C11OH SAM under the tip load is higher in the presence 

of water as opposed to 2-butanol, and that such mechanical resistance is also always lower 

than for all methyl terminated SAMs (e.g. C10 one and longer). The findings reported above 

were obtained for a patch of C18 into a C11OH SAM. The question that naturally arises is 

whether or not a patch of C11OH into a C18 SAM behaves in an equivalent way or at least 

similar. For that reason we performed side by side compressibility experiments on 

nanopatches of C11OH grafted into C18 SAMs. Results are summarized in figure A.3B. In 2-

butanol in the low force regime the height difference behaves like in the reverse experiment, 

with evidence of a threshold at 3.0 nN. In figure A.5 two images, one below and one at the 

threshold load are shown.  
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Figure A.5 

A patch of C11OH grafted into a C18 SAM. Both images are taken in the presence of 2-butanol at two different 

forces: 0.3 nN A) and 3.0 nN B). This second value corresponds to the low force threshold in figure A.3B. 

 

Two remarkable differences are found for forces higher than 20 nN. In the case of 2-

butanol the relative height decreases suddenly from nearly 1.2 nm to 0.8 nm at about 35 nN. 

This behaviour can be explained by assuming that the C18 tilts to 43° (as found in the reverse 

experiment) while the C11OH remains tilted at 59°, never reaching the lying down phase 

found in the reverse experiment (see the scheme in fig. A.3B). In the presence of water the 

relative height remains constant at a mean value of 0.6 nm up to 20 nN of applied load, 
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increasing gradually to reach the value of 0.8 nm at nearly 35 nN, corresponding to tilts of 59° 

and 43° for C11OH and C18 respectively. For higher loads the behaviour in the case of water 

is similar to that of 2-butanol. 

The diverse behaviour of the height difference curves between nanografting either the 

C18 or the C11OH that only apparently can be seen to complicate the data analysis will be 

discussed at the end of the paper after having understood, with the help of theory, the 

relationship between the molecular tilting and the order of the monolayer. 

 

Molecular dynamics simulations.  

In order to rationalize the above-reported mechanical properties, molecular dynamics 

simulations of a model of C11OH SAM in water and 2-butanol were performed at room 

temperature. These simulations indicate that both solvents strongly interact via H-bonding 

with the OH monolayer heads. As a consequence the solvent structure in the vicinity of the 

monolayer is largely perturbed. This is clearly indicated by the peaks present in the solvent 

density profiles reported in Figure A.6A.  
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Figure A.6 

Molecular dynamics simulation results. A) Density profiles of water (blue line) and 2-butanol (red line) shown 

as a function of the height above the C11OH SAM surface. B) A schematic representation of a typical 

configuration of 2-butanol. The interactions between the first and second layer are mostly hydrophobic. In fact, 

the first layer of solvent (red sticks) strongly interacts via H-bonds with the monolayer OH heads (orange 

ellipses) and orients the apolar alkyl chains (red sticks) toward the bulk (blue sticks). 
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The perturbation extends to the second solvent layer in the case of water and to the 

third solvent layer in the case of 2-butanol. We also remark that the H-bonds between 2-

butanol and monolayer are stronger than those between water and the monolayer. This is 

suggested by longer H-bond average life-times (29±3 ps vs. 17±1 ps) and the more 

pronounced first minimum in the 2-butanol density profile. The analysis of the in-plane O-O 

radial distribution functions (RDFs), shown in Figure A.7A, reveals marked differences 

between the SAM structures in the two solvents.  

 

 

Figure A.7 
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A) In-plane oxygen-oxygen Radial Distribution Functions (RDFs) in the C11OH SAM calculated in the presence 

of water (blue line), 2-butanol (red line) and in vacuum (green line). In the case of 2-butanol the RDF is 

characterized by a marked first peak at 0.28 nm, which corresponds to a preferential formation of hydrogen 

bonds between the nearest-neighbour SAM heads, that is much higher than in the case of water. In the case of 

water, the regular sequence of peaks suggests a long-range (√3×√3)R30° phase. These results are clearly 

understandable from figures B) and C) where the average monolayer oxygen-atom position in the presence of 

water and 2-butanol respectively are shown; to better appreciate the level of order/disorder in the two solvents, 

atoms closer than 1.1 cell constants are connected by a line. 

 

Firstly, all of the RDFs are characterized by a first peak at 0.28 nm which is due to the 

H-bonding between the nearest-neighbour SAM-heads. The number of such H-bonds 

decreases when going from the vacuum (also reported in Figure A.7A) to 2-butanol and 

dramatically all but disappears in water. Secondly, while in the RDF relative to water the 

regular sequence of peaks, roughly spaced by a lattice constant, is suggestive of a long-range 

ordered (√3×√3)R30° phase, in 2-butanol no long-range order is found. This different 

behaviour can be understood in terms of different H-bonding patterns as follows: Because of 

the bulkier nature of 2-butanol, only few oxydril groups face the SAM surface and therefore 

the SAM is largely exposed to a hydrophobic environment (see Figure A.6B). Hence, the 

polar head groups are mostly H-bonded to each other in order to minimize the head-head 

electrostatic interaction, as it is also the case for the SAM in vacuum. Because of this inter-

head H-bonding, any attempt to form an ordered (√3×√3)R30° phase is necessarily obstructed 

by the incommensurability between the interacting dipole distances and the size of the 

aliphatic chains. Differently than 2-butanol, water has a size comparable to that of the SAM 

OH heads and this guarantees that every SAM polar head has in average one water molecule 

to which to donate (and from which to receive) an H-bond. This allows for a decrease of the 

SAM surface strain and leads to a more ordered SAM phase.30 The ordered and disordered 

nature of the (√3×√3)R30° phases can be appreciated from Figures A.7B and A.7C, where a 
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schematic representation of the average structure of the polar alkyl head sublattice 

respectively in water and 2-butanol is reported. We further remark that the nature of the 

disorder in 2-butanol is highly dynamical, with an average H-bonding life-time of 26±3 ps, 

which should be compared to the average life-time of the few inter-chain H-bonds present in 

water of 16±1 ps. It is also worth noticing that in 2-butanol the disorder largely extends up to 

C10 and then rapidly decreases because of the tight chain packing. 

Summarizing, atomistic simulations provide us with a simple macroscopic 

interpretation of the experimental results: In water, the release of the surface strain leads to an 

ordered C11OH SAM, which in turn increases the mechanical resistance of the monolayer.  

 

Differences in the mechanical behaviour of C11OH as a SAM or as a nanopatch.   

Finally we are addressing the different behaviour between confining either the C18 or 

the C11OH molecules in the nanografted patch. We have solid evidence that the nanografting 

improves the molecular packing and reduces the density of defects in the nanografted patches 

with respect to the corresponding spontaneously adsorbed SAMs.31 Based on this, we can 

now understand the two main differences between the curves in figure A.3A and figure A.3B. 

Figure A.3B represents the behaviour of the height difference between a more compact 

C11OH phase (nanopatch) and a less compact C18 phase (monolayer). The difference in 

packing explains why the C18 molecules within the monolayer tilt to 43° at a force which is 

10 nN lower than the force necessary to produce the same transition within the nanografted 

patch. This also explains why the C11OH molecules lie down horizontally at a higher force 

than the value that is found in figure A.3A. In the low force range we attribute the slightly 

earlier lowering of the C11OH from 30° to 59° to two factors: 1) the reproducibility of the 

measurements and 2) the fact that such tilting requires less extra space than the one from 59° 

to 90°. The behaviour above 60 nN is irregular and not reported in the figures since it refers to 

the range of forces where the SAMs collapse under the load of the tip. 
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A.7 Conclusions  

This work demonstrates by AFM measurements and molecular dynamics simulations 

that the mechanical resistance to compression of a membrane-model system like a hydroxyl 

terminated alkylthiol SAM is affected by the presence of water. As opposed to 2-butanol, 

water is shown to relax the surface strain of the alcoholic interface of the SAM, leading to a 

phase of the SAM characterized by higher mechanical stability. Further work is necessary to 

find out if these results may also apply to real biological membranes. If this were to be the 

case it would imply that the stabilizing action of water for biological membranes has a double 

nature. 

 

A.8 References  

(1) Butt H. J.; Cappella B.; Kappl M. Surf. Sci. Rep. 2005, 59, 1-152.  

(2) Vinckier A.; Semenza G. FEBS Lett. 1998, 430, 12. 

(3) Lehenkari P. P.; Charras G. T.; NykaKnen A.; Horton M. A. Ultramicroscopy 2000, 

82, 289. 

(4) Higgins M. J.; Riener C. K.; Uchihashi T.; Sader J. E.; McKendry R.; Jarvis S. P. 

Nanotechnology 2005, 16, S85. 

(5) Higgins M. J.; Polcik M.; Fukuma T.; Sader J. E.; Nakayama Y.; Jarvis S. P. Biophys. 

J, 2006, 91, 2532. 

(6) Santos N. C.; Castanhoa M. A. R. B. Biophys. Chem. 2004, 107, 133. 

(7) Holden M. A.; Jung S. Y.; Yang T.; Castellana E. T.; Cremer P. S. J. Am. Chem. Soc. 

2004, 126, 6512. 

(8) Hochrein M. B.; Reich C.; Krause B.; Rädler J. O.; Nickel B. Langmuir 2006, 22, 

538. 



94

(9) Schwendel D.; Hayashi T.; Dahint R.; Pertsin A.; Grunze M.; Steitz R.; Schreiber F. 

Langmuir 2003, 19, 2284. 

(10) Houston J. E.; Doelling C. M.; Vanderlick T. K.; Hu Y.; Scoles G., Wenzl I.; Lee T. 

R. Langmuir 2005, 21, 3926. 

(11) Pflaum J.; Bracco G.; Schreiber F.; Colorado Jr. R.; Shmakova O. E.;  

 Lee T. R.; Scoles G.; Kahn A. Surf. Sci. 2002, 498, 89. 

(12) Porter M. D.; Bright T. B.; Allara D. L.; Chidsey C. E. D. J. Am. Chem. Soc. 1987, 

109, 3559. 

(13) Camillone N.; Chidsey C. E. D.; Liu G. Y.; Scoles G. J. Chem. Phys. 1993, 98, 3503. 

(14) Xu S.; Liu G. Y., Langmuir 1997, 13, 127. 

(15) Xu S.; Laibinis P. E.; Liu G. Y. J. Am. Chem. Soc. 1998, 120, 9356. 

(16) Xu S.; Miller S.; Laibinis P. E.; Liu G. Y. Langmuir 1999, 15, 7244. 

(17) Liu M.; Amro N. A.; Chow C. S.; Liu G. Y. Nano Lett. 2002, 2, 863. 

(18) Zhou D.; Sinniah K.; Abell C.; Rayment T. Angew. Chem. Int. Ed. 2003, 42, 4934. 

(19) Case M. A.; McLendon G. L.; Hu Y.; Vanderlick T. K. Scoles G. Nano Lett. 2003, 3, 

425. 

(20) Ulman A. Chem. Rev. 1996, 96, 1533. 

(21) Case D. A. et al. AMBER 7, University of California, San Francisco, 2002. 

(22) Berendsen H. J. C.; Postma J. P. M.; van Gunsteren W. F.; DiNola A.; Haak J. R. J. 

Chem. Phys. 1984, 81, 3684. 

(23) Jorgensen W. L.; Maxwell D. S.; Tirado-Rives J. J. J. Am. Chem. Soc. 1996, 118, 

11225. 

(24) Berendsen H. J. C.; Grigera J. R.; Straatsma T. P. J. Phys. Chem. 1987, 91 6269. 

(25) Fenter P.; Eisenberger P.; Liang K. S. Phys. Rev. Lett. 1993, 70, 2447. 

(26) Barrena E.; Kopta S.; Ogletree D. F.; Charych D. H.; Salmeron M. Phys. Rev. Lett. 

1999, 82, 2880. 



95

(27) Barrena E.; Ocal C.; Salmeron M. J. Chem. Phys. 2000, 113, 2413. 

(28) Outka D. A.; Stöhr J.; Rabe J. P.; Swalen J. D. J. Chem. Phys. 1988, 88, 4076. 

(29) Munuera C.; Barrena E.; Ocal C. Langmuir 2005, 21, 8270. 

(30) This finding is in accord with the trend previously reported by Sprik et al. [Sprik M.; 

Delamarche E.; Michel B.; Röthlisberger U.; Klein M. L.; Wolf H.; Ringsdorf H. 

Langmuir 1994, 10, 4116], who found a decreased number of head-head hydrogen 

bonding interactions in 1:1 water-covered SH(CH2)11OH SAMs with respect the dry 

monolayers. 

(31)  To confirm this we performed side by side AFM friction measurements over 

nanopatches of thiols nanografted into SAMs of the same thiols (i.e. we performed 

autografting of C10, C14, C16, C18, and C11OH) and verified that the friction on the 

patches was always lower than that on the SAMs, in particular for the shorter thiols. 

On the other hand, the friction measured with the AFM is on average inversely 

proportional to the level of order of the SAM.10,11  

 

 

 

 

 

 

 



96

APPENDIX B: Mechanical Stabilization Effect of 

Water on a Membrane-Like System: A Friction AFM 

study.* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
* In this Appendix we will present some AFM friction measurements that were carried out 

together with the compressibility measurement discussed in Appendix A. These results, that 

have not been published yet, support, at least partially, the conclusions of Appendix A. 
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B.1 Abstract   

AFM lateral force measurements (friction) over the same systems discussed in 

Appendix A are discussed in this section. The measurements here reported were carried out in 

parallel to the AFM experiments discussed in the previous Appendix. In the case of 2-butanol, 

the frictions over both C11OH and C18 increases linearly with the applied force, while in the 

case of water the friction over C11OH follows a negative power law. This fact suggests that 

the interaction between the solvent and the surface is higher than in the case of 2-butanol in 

agreement with our molecular dynamics results. 

 

B.2 Introduction  

Scanning with an AFM tip by applying variable forces over an area that contains 

nanografted patches of a certain molecule within a SAMs of a different one, not only allows 

the measurement of the relative height between the corresponding assemblies (and, in turn 

their relative compressibility), but also to directly compare the frictional properties of the 

corresponding interfaces in the same environmental conditions.  

In fact, while AFM allows to investigate the contact mechanics of surfaces with nearly atomic 

resolution,1 the comparison between the properties of two different surfaces usually requires 

complex and difficultly reproducible calibration procedures in order to exclude the many 

disturbing environmental factors that might influence the tip surface interaction, thus biasing 

the absolute measurements on the two surfaces that are then to be compared.2 Because of its 

capability to replace absolute measurements over SAMs with relative ones, nanografting has 

the potential to provide with general and significant innovations into this field.3, 4  
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B.3 Experimental methods  

In our experiment “friction” measurement were taken in the presence of 2-butanol or 

water together with the relative height measurements that have been discussed in Appendix A. 

Friction images result of the subtraction between two lateral force images obtained from the 

sweeping of the tip from left to right of the scanning area, and, respectively, from right to left. 

Lateral forces are defined as the lateral deflections of the cantilever and are measured by the 

corresponding laser displacement on the photodiode, as shown in figure B.1. 
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Figure B.1 

Lateral Force Microscopy. The AFM images in this figure depict the C18 nanopatch grafted into a C11OH SAM 

that was previously shown in fig A.4A. During the scanning, due to the cantilever elasticity, the force applied by 

the tip on the surface, causes torsion in the cantilever. In first approximation, the amount of torsion is 

proportional to the friction between the tip and the surface. The cantilever torsion results in a lateral 

displacement of the laser spot on the photodiode. The scheme in A) shows that when the tip scans from the left 

to the right, the laser spot mover onto the right hand side of the photodiode.  B) During the tip scanning, the 
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lateral displacements of the laser are recorded into an image that is shortly called Lateral Force. Similarly, in C) 

the tip scanning along the opposite direction causes the laser to move on the left hand side of the photodiode. D) 

The lateral force image that corresponds to the scheme in C) is substantially the opposite of the one in B). E) The 

friction image over the scanned area is defined as the mean between the image in B) (that is defined as being 

positive) and the opposite of the one in D) (that is defined as being negative). Although absolute values of the 

friction over the patch and the SAM are not defined in absolute values without an accurate calibration, the ratio 

between the two friction amounts is well defined in any case, as it is shown by the contrast between the friction 

over C18 and one over C11OH in fig E) (brighter colours indicate higher friction). 

 

B.4 Results and Discussions 

The friction results relative to the experiments conducted in the presence of 2-

butanol are reported in Figure B.2. On the top of the figure a graphs reports the height of C18 

patches relative to a C11OH SAM in which they have been grafted (black triangles) and the 

symmetric behaviour for a C11OH patch nangrafted into a C18 SAM (red open triangles). At 

the bottom of the figure, a graph shows the friction over the C11OH and the C18 in the two 

cases. The friction data-plots relative to the C18 as a patch (black dots) or as a SAM (red 

dots) are substantially equivalent and increase linearly with the applied load at least till 40 nN. 

For loads higher than 45nN the slope of the curves increase in a step-wise fashion (see the 

green and blue fitting lines). Furthermore, we found that also the friction curves over C11OH 

as a patch and as a SAM follow linear behaviours but the two curves are significantly 

different. It is evident that the friction over the C11OH SAM (black open circles) is always 

significantly higher than over the C11OH patch (red open circles) while both are much higher 

than the friction over C18.5 Moreover, similarly to C18, the friction data points relative to the 

C11OH SAM changes their slope at an applied force of 45 nN (see black fitting lines), while 

the friction over the C11OH patch does not (see red fitting line).  
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Figure B.2 

A) Black triangles are the relative heights of C18 patch into C11OH SAM in 2-butanol as a function of the 

applied load (see also fig. A.3A), while red open triangles are the relative heights of C11OH patch into C18 

SAM in 2-butanol (see also fig. A.3B). B) Friction measurements over  SAMs and patches relatively to the two 

cases as shown in A). The friction measurements of the C18 patch (dots) and C11OH SAM (open circles) are 

reported in black, while red points refer to the opposite case. Molecular schemes that model the height 

differences in the two circumstances are on the left. Coloured segments associate molecular phases to their 

frictional behaviour. 
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Let’s first discuss the case of the C18 patch inside a C11OH SAM. 

By comparing the relative height graph (black triangles in fig. B.2A) and the friction 

plots (fig. B.2B), it can be seen that the increase of the friction slopes, i.e. the friction 

coefficients over C11OH (open black circles) and C18 (black dots) corresponds well to the 

step-wise increase of their relative height  (see the scheme on the top in fig. B.2B). In fact, as 

discussed in the previous Appendix (see fig. A.3A), at 45 nN the C11OH molecules in the 

SAM change their arrangement and from an (already significantly compressed) conformation 

characterized by a tilting angle of about 59°, they are forced to reach the lying down phase 

(90°). At the same force also C18 molecules in the patch change their arrangement, and from 

the relaxed phase at 30° they tilt at 43°. It becomes evident that the step-wise increases of the 

friction coefficients over the C18 patch and the C11OH SAM are due to the rearrangements 

of the corresponding interfaces that depend on the tilting angles of molecules.6 In fact, it is 

likely that when molecules either in the SAM or in the patch are forced to higher tilting 

angles, their interface becomes more disordered. This fact, in turn, explains the increase of the 

friction coefficient.4-9 

The friction results relative to the reverse experiment, i.e the C11OH patch into the 

C18 SAM, shown in fig. B.2B, interestingly match with the behaviour of the corresponding 

relative height (red open triangles in fig. B.2A). In fact, in the previous section, the 

differences between the C18 patch - C11OH SAM and the C11OH patch - C18 SAM relative 

heights shown in fig. B.2A (black triangles and red open triangles, respectively - see also fig. 

A.3A and A.3B) at forces higher than 45 nN, led to the conclusion that the mechanical 

resistance of the C11OH patch is intrinsically higher than the one of the C11OH SAM 

(because, above 45 nN molecules in the patch do not reach they lying down phase) in 

agreement with the fact that nanografting leads to more ordered monolayers than self-

assembly. Figure B.2B, indeed directly proves these points. In fact, at forces lower than 45nN, 



103

although C11OH molecules in the patch and in the SAM are assembled with the same titling 

angle  (59°, compare the sketches on the left within the two schemes in fig. B.2B), their 

friction coefficients are significantly different and the more ordered of the two phases 

displays lower friction. Moreover, the fact that the slope of the friction vs load for the C11OH 

patch remains constant up to 65nN matches with the fact that the C11OH molecules remain 

stably assembled with a tilting angle of 59°. 

 

The friction results obtained in the presence of water are reported in Figure B.3. Here 

only the data relative to the C18 patch into the C11OH SAM are reported together with those 

obtained in the presence of 2-butanol that were already shown in fig. B.2. 
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Figure B.3 

A) The relative heights of a C18 patch with respect to a C11OH SAM in 2-butanol (black triangles) and in water 

(blue dots) are shown (see fig. A.3A). Models on the right refer to the mechanical behaviour of the systems in 

the two cases B) Friction data of C11OH and C18 in the two solvents. In 2-butanol friction coefficients of 

C11OH and C18 phases follow linear behaviour that depend on the tilting angles of molecules schematically 

shown top in fig. A). In water the friction on C11OH follows a less-than-one-exponent power law while on C18 

it follows a positive-exponent power law. 
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While in the case of 2-butanol the friction data systematically follow a linear 

behaviour (see fig. B.2B), in the case of water the curves found are not linear as a function of 

the applied load (see fig. B.3B). In particular it is evident that over both C11OH and C18 at 

any given value of applied force the friction in water is higher than the one in 2-butanol. 

However, the friction over the C18 patch increases as a function of the force with a behaviour 

that is quite similar to the one that was found in 2-butanol. On the contrarily, over the C11OH 

SAM the friction in water is completely different than in 2-butanol and increases as a function 

of the force with a power law with an exponent of about 2/3. 

For decades the most reasonable explanations of the not linear behaviour of friction 

between an AFM tip and a surface as a function of the load were essentially based upon the 

Johnson-Kendall-Roberts (JKR) model.10 These authors demonstrated that if the surface forces 

between a tip and a surface are short-range compared to the elastic deformations they cause (that 

is the case of compliant materials with strong adhesion and large tip radii), the friction between 

the two objects is expected to be proportional to the contact area.11, 12 They also demonstrated 

that in those conditions the contact area goes approximately with the 2/3 power of applied 

force10, 11, 13 (see the case of water in fig B.3B). However the JKR model is not able to explain 

why in certain circumstances the friction follows a linear behavior as a function of the applied 

load4, 13 like those that we found in the case of 2-butanol (see fig. B.2B). In these cases a JKR-

like description has to be abandoned and replaced with the simpler Amontons’ law for which FF 

= µ FN, where FF is the friction force, FN is the component of the applied force that is 

orthogonal to the contact area between the two objects, and µ is a friction coefficient that do 

not depend neither on the sliding speed nor on FN. The Amontons’ law is generally regarded as 

being based upon a macroscopic understanding of friction in which energy is dissipated in 

contacts between multiple asperities on the sliding surfaces. Intuitively this seems to be an 

unlikely model to represent the interaction between the AFM tip and a surface. However a very 

significant contribution to this debate was recently made by Gao et al.14 who conducted a 

systematic investigation of frictional forces on length scales ranging from the nanoscopic to the 



106

macroscopic. They examined the relationship between the friction force and the contact area (that 

is fundamental for the JKR-like models). They argued that the area of contact is not a 

fundamental physical quantity; although it often provides a useful guide to the density of 

intermolecular interactions at an interface, it is actually the sum of all of the molecular 

interactions at the interface that determines the strength of the frictional interaction. They 

provided evidence that the JKR model may apply to situations where sliding is adhesion-

controlled whereas Amontons’ law applies to situations in which non-adhesive sliding occurs. In 

these cases the local energy-dissipating mechanisms are not merely “mechanical”, as assumed 

in the JKR-like models, but “thermodynamic”  in nature, like miniature irreversible 

compression-decompression cycles of the trapped molecules between the surface asperities as 

they pass over each other. Gao et al. also reported a transition from JKR-type behavior to a 

linear friction-load relationship following damage in a system that initially exhibits adhesive 

sliding.14 

In view of the discussion above, our friction results can be interpreted as it follows.  

1) Friction over the C11OH. 

In the previous Appendix we established that in water, the dipoles of the -OH 

terminations of the C11OH SAM are mostly oriented along the normal of the surface and 

interact via H-bonds with water molecules. We also established that in 2-butanol the OH 

terminations interact via H-bonds mostly with each other and that in this case the interaction 

between 2-butanol and -OH terminations is mostly hydrophobic. Moreover the AFM tip is 

hydrophilic because of the natural silicon oxide coating. These facts make likely that in water the 

interaction between the tip and the C11OH interface is stronger than in the case of 2-butanol. In 

turn A) in water (see fig. B.3B) the sliding between tip and C11OH surface is mostly adhesive-

like and the behavior of the friction as a function of the applied load is well fitted by a JKR-like 

model.  B) In 2-butanol (see fig. B.3B) the sliding is mostly non-adhesive and the behavior of 

the friction as a function of the applied load is well fitted by the Amontons’ law. 

2) Friction over the C18. 

In view of this discussion the interpretation of the friction results in the presence of 2-

butanol is even easier. In this case (see fig. B.3B) the interaction between the tip and C18 is 
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totally hydrophobic and likely the tip slides in a nonadhesive way according to the linear 

behaviour of the friction. However, in spite of the fact that in water the situation should 

remain the same, the friction increases. Moreover, the friction in water seems to be likely the 

sum between the friction in 2-butanol and a nonlinear JKR-like contribution. This fact could 

be explained due to the lateral interaction between the tip and the solvent that obstacle the tip 

sliding. According to this hypothesis, the sliding hindrance in water should be stronger than in 

2-butanol and should not depend upon the mechanical behaviour of C18 under the loading tip. 

These points seem to fit well the curve found. 

 

B.5 Conclusions 

The behaviour of friction in the two solvents seems to be well explainable in view of 

the known literature. In the presence of 2-butanol the frictions over C11OH and C18 directly 

suggest that the two molecules follow two different sequences of changes of the tilting angles 

as a function of the applied force. Moreover in 2-butanol the friction is the highest over the 

most disordered surface of the two. Differences were found between the level of order 

between the C11OH SAM and the C11OH patch. In the presence of water the friction cannot 

be related so easily to the level of order of the monolayers interfaces. The friction in water is 

dramatically affected by the strength of the interactions between the tip and the monolayers. 

For example, in water the friction over C11OH is much higher than in 2-butanol, in spite of 

the fact that in 2-butanol the level of order on the C11OH in expected to be much lower than 

in water. Our findings with the friction measurements can be explained on the base of the 

mechanical resistance studies discussed in the previous Appendix only through the further use 

of a theory, that furthermore is still not well understood in the literature.13 Probably the 

investigation of the ordering effect on our membrane-like system by friction measurements 

would be greatly improved by the use of an hydrophobic probe (e.g. a Si3N4 tip or a methyl 
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functionalized tip) in the low force range. In turn, the study that was discussed in this 

Appendix requires further experimental work before leading to publishable results. 
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