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1. Introduction 

For utilizing biological molecules as nanomachines, it is usually necessary to immobilize 

them on a solid surface of abiological materials. Covalent modification or physical 

adsorption is used for retaining the target molecules on the solid surface. The following 

four properties are required for successful immobilization: 1) the surface enables the 

immobilization with high enough surface density of the target molecules to exert their 

functions, unless an overly high density prevents interaction as in the case of 

hybridization; 2) such exerted functions are not significantly perturbed by non-target 

substances adsorbed on the same surface during use; 3) the surface is suitable for stable 

immobilization of many kinds of biological materials with high enough mechanical 

stiffness; 4) the perturbation caused by immobilization does not alter the functions of the 

immobilized molecules. Immobilization inevitably diminishes the accessibility to the 

immobilized molecules and changes the dynamic structure of water molecules 

surrounding the target biomolecules, affecting their structure and conformation as well as 

their interactions with other substances. Soluble proteins are generally much softer than 

structured nucleic acids, and thus some are easily flattened in the close vicinity of a 

hydrophobic surface due to the surface tension. In contrast to proteins, small molecules 

and structured nucleic acids tend to maintain their native structures, but the limitation of 

accessibility becomes significant in the close vicinity of the surface. The most problematic 

consequence of immobilization is the alteration of the function, while the loss of function, 

to a certain extent, is usually tolerable as long as a significant fraction of homogeneously 

active molecules is still present on the surface. Therefore, a direct fixing on a solid support 

often leads to denaturation of proteins due to the surface tension. To avoid these 
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detrimental perturbations, linkers and porous intervening layers may be introduced onto 

the solid support to buffer the surface effects.  

Here, we present an example of such an intervening layer, namely an aminosilane layer 

formed on a diamond surface. One of the useful characteristics of this layer is that its 

stiffness can be controlled by changing the solvent used for the deposition. To clarify the 

mechanism causing the varying stiffness, we used Atomic Force Microscopy (AFM) 

nanoindentation. Our method does not require sophisticated equipment and is suitable for a 

typical wet biochemical lab, which enables the immobilization to be easily performed in the 

same lab where biological material is purified and used. 

2.1. Functionalization of diamond surface 

The material for immobilization of biomolecules on its surface is selected according to its 

properties, such as mechanical, chemical, electrical, and optical properties, as well as 

availability. Diamond is at present drawing attention as a material for biological 

applications because of its hardness, absence of toxicity, and potential conductivity. It is 

now used for electrodes and biosensors, DNA and protein chips, and for coating of implants 

[1-3]. Though it is known to be chemically inert, there are many approaches, which allow 

modification of its surface [2,4,5]. The effects of immobilizing biomolecules on their 

activities have also been discussed [6,7].  

Diamond has always been an expensive material, but the chemical vapor deposition (CVD) 

method, developed several decades ago for the synthesis of nano- and polycrystalline 

diamond films on silicon and other substrates on a large scale and at a reasonable cost, 

increased the commercial availability of diamond and facilitated its use in research and 

development [2]. Nonetheless, diamond surface modification often requires sophisticated 

equipment and facilities. 

To introduce any chemical groups onto the diamond surface, at first, the entire surface must 

be either hydrogenated or oxidized, hereafter H- or O-terminated. The H2 plasma treatment, 

used in the CVD method in a diamond film synthesis, automatically results in H-

termination [5]. According to our observation, the water contact angle on an H-terminated 

surface gradually decreased at room temperature, probably because of the local oxidation to 

generate an inhomogeneous surface, or because of the contamination of the surface. The 

uniform oxidation of the diamond surface can be achieved by various processes, such as 

anodic polarization [8], treatment with oxygen plasma [9], treatment with thermally 

activated oxygen [10], UV irradiation in the presence of ozone [11], or treatment with acids 

[12-14].  

An H-terminated surface can be directly functionalized, either photochemically by UV 

irradiation in halogen gases or alkenes [15-17], or chemically by thermal decomposition of 

benzoyl peroxide, activated by argon gas [18], or by electrochemical diazonium salts 

reduction in an inert atmosphere [19,20]. In contrast, an O-terminated surface can be 

chemically modified by silanization or by esterification [4], or, as recently reported, 

aminated by NH3-plazma treatment [1]. 
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Biological molecules can be covalently immobilized on a diamond surface either directly, or 

indirectly through an intervening layer. The former may be suitable for structured nucleic 

acids, if their lying down in parallel to the surface is prevented. Alternatively, their 

unstructured part can play as a linker, increasing the accessibility of the rest of the part of 

the molecule. In contrast, direct attachment is generally unadvisable for proteins, especially 

enzymes, which tend to lose their activities due to deformation caused by immobilization, 

though it has been actualized for particular proteins in several studies [1,21]. Diamond may 

be more biocompatible for direct protein immobilization than, for example, metal surfaces 

[22]. However, from our experience of single-molecule dynamics [23,24], as well as that of 

others’ [10,25-30], we still recommend the use of an intervening layer for preserving 

enzymatic activities. Polymer layers have a distinct advantage compared with flat solid 

surfaces in terms of retaining protein activity. Their porous or mesh-like structure allows an 

easier access of water to the immobilized biological molecules, maintaining their 

conformations and accessibilities. 

Diamond technology is still immature, and the biologically active interfaces on a diamond 

have not yet been extensively studied. Several pioneering works, reporting the properties of 

polymer layers, formed on a diamond surface, describe testing of the layers on H-

terminated diamond by scratching with an AFM cantilever [28,29,31,32]. Since different 

proteins require different treatments for maintaining their activities, an intervening layer 

needs the adjustment of thickness, roughness, and stiffness. Therefore, control over the 

properties of the layer is important. 

2.2. Deposition of aminosilane on the diamond surface 

The most common functionalization used for immobilizing biological molecules is the 

introduction of amine residues on the surface or the use of an amine-rich intervening layer, 

which is fixed on the surface. The utility of amine residue arises from its activity as a 

nucleophile in coupling chemistries under moderate aqueous conditions [29,33]. Silanization 

is commonly used in a wide variety of both industrial and research-oriented applications as 

a coupling agent for creating intervening silane layers on different kinds of surfaces. The 

chemical formula of a typical silane molecule is X3Si-R, where X is the group leaving during 

its polymerization, and R is the hydrocarbon-containing functional group, which remains 

after the reaction. A wide range of various silanes, such as aminosilanes (-NH2), 

mercaptosilanes (-SH), and glycidoxytrimethoxysilanes (epoxide), is commercially available, 

allowing different chemical functionalities to be incorporated on the surfaces [34]. 

Formation of aminosilane layers on a diamond surface has been reported in several studies 

[10,26,27]. In our work, we used 3-aminopropyltriethoxysilane (APTES), which is one of the 

commonly used aminosilanes. 

Some silanes form uniform monolayers, while APTES tends to form multilayers on various 

substrates, and the layer’s thickness increases during deposition [35,36]. In several studies, 

APTES monolayers have been reported, including those on GaN [37], silicon oxide [38], and 

porous silicon [39]. However, it is difficult to distinguish a monolayer from dispersed 
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molecules of APTES deposited in a limited time [40,41]. Thus, in a long enough time period, 

a multilayer is expected to be formed. Such a multilayer is likely to have a disordered mesh-

like structure as a consequence of the flexibility of APTES polymer molecules, which is 

suitable for protein attachment as it is. 

It is generally recognized that aqueous conditions and a sufficient accessibility of water 

molecules to the protein are important for the functions of many soluble proteins which 

tend to be adsorbed on hydrophobic surfaces [42]. Therefore, the rough and disordered 

surface of an APTES multilayer is suitable for protein attachment as it creates an 

environment of high water accessibility for protein molecules. Using APTES for protein 

immobilization is also often considered to be a means of introducing linkers, intended to 

reduce steric hindrance, thus providing a greater freedom of movement to immobilized 

biological molecules [34]. Thus, the introduction of the APTES multilayer to the diamond 

surface contributes to keeping immobilized molecules active. The disordered mesh-like 

structure might not be the best choice in all cases. For example, in microfabrication of 

arrays for DNA attachment, a regular array could not be prepared with the mesh-like 

structured APTES, whereas another silane gave much better regularity and spatial 

resolution [35]. 

To model the reaction of protein immobilization, we attached biotin and then streptavidin 

onto the APTES layer (Fig. 1), which has formed on the O-terminated diamond surface by a 

wet method, which is described later. To enhance specificity of binding, we pretreated the 

surface with a mixture of polyethylene glycol (PEG) with different chain lengths according 

to a previously established method for preventing non-specific adsorption [43]. The best 

specificity of attachment was achieved, when APTES was consequently treated first with a 

long NHS-PEG-biotin and then with a short NHS-PEG.  

We then immobilized fluorescently labeled streptavidin on an APTES layer and measured 

the density of its immobilization. By the measured density, we estimated the average 

distance between flanking streptavidin molecules. On the two layers with the highest 

densities this distance was estimated to be 5.6 and 5.3 nm. Since the size of the streptavidin 

tetramer, derived from the crystallographic data, was 5.4 × 5.8 × 4.8 nm3 [44], the 

streptavidin on these layers was immobilized in a state proximate to the hexagonal closest 

packing, if streptavidin molecules were assumed to distribute in a flat plane.  

There is a strategic problem as to whether one should use the most refined methods or 

the just-satisfactory methods in an experiment. For the combination of two or more 

lineages of technologies, we chose the latter strategy, because preparing a new pure 

protein in the lab already requires a number of techniques. In this way, rather than 

absolute accuracy of the measurements by sophisticated instruments, we preferred 

familiar and common technologies giving a sufficient accuracy: we formed an APTES 

layer in a wet process and performed nanoindentation by AFM. Therefore, the developed 

method can be performed in a standard biological laboratory where target biomolecules 

are prepared, and does not require any commercially unavailable reagents or 

sophisticated equipment. 
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Figure 1. Immobilization of streptavidin on an APTES multilayer. A. The steps of the PEG treatment. B. 

Elution of streptavidin from the multilayer for measuring the immobilization density. C. The 

immobilization densities observed for the multilayer deposited in one or more steps in different 

solvents. 

There is a consensus on the basic mechanisms of APTES polymerization. The reaction 

begins with the hydrolysis of silane molecules, resulting in siloxane bonds forming and 

attaching APTES molecules to the surface. Hydrolysis may occur both at the surface of the 

substrate, or in solution, depending on the water concentration. If water is predominantly 

present in solution, the polymerization will occur predominantly in the solution, resulting 

in formation of aggregates of APTES, which otherwise form covalent bonds with the 
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substrate [40,41]. Therefore, a distribution of water can determine the size of aggregates 

and the degree of covalent linking to the surface. In our study, we used several solvents 

with different isoelectric constants for APTES deposition and found that the layers, formed 

in different solvents, showed various morphology and nanoscopic hardness, which is 

discussed below. 

2.3. Nanoindentation 

Nanoindentation is a powerful and useful method for assessing the mechanical properties of 

a material. In a typical indentation test, a load is applied to the sample examined with a 

hard indenter, and the analysis of the load-depth curve and the morphological changes in 

the indented material allow the measurement of such properties as hardness, Young’s 

modulus, and stress relaxation data [45-47]. 

Over the recent few decades, AFM, initially invented as an imaging tool, has been 

extensively used for nanoindentation, especially on soft materials. The conventional 

nanoindention instruments, which utilize the Oliver and Pharr’s procedure [48], are 

preferentially used for hard materials. However, they cannot offer a wide enough range of 

loads necessary for soft materials, which must be indented with less force [49]. AFM is a 

very useful tool to study the properties of biologically relevant materials [50,51]. By using 

AFM cantilevers as indenters, it is possible to measure nanomechanical properties with high 

force and depth resolutions. Imaging can be performed with the same tool right after the 

indentation, without resetting the sample. Furthermore, AFM can detect pile-up or sink-in 

effects, which conventional indenters cannot [52-54].  

Several serious reservations have been asserted regarding the problem of whether or not 

AFM measurements are sufficiently quantitative in indentation [55]. Because the cantilever’s 

apex is deformed in the indentation process, and may not be exactly vertical, the AFM 

cantilever requires more corrections of measurements compared with conventional 

indenters [54]. However, we still hold the view that AFM is usable for our purpose, 

according to our strategy, by taking into account the distortion of the apex.  

2.4. Scratching manipulation and AFM nanoindentation 

In our experiments, single-crystalline synthetic (100) type Ib diamond (Sumimoto Electric 

Industries) was etched with acids to prepare an O-diamond surface and then APTES was 

deposited. Then we performed the imaging with scratching manipulation [29] on ous 

APTES layers (Fig. 2), prepared under different deposition conditions. We used AFM 

(SPI3700, Seiko Instruments) for both topographic imaging and nanoindentation. We 

calibrated silicon AFM cantilevers (SI-DF-3) with the Cleveland method [56] and selected 

tips with a spring constant of 1.2-1.4 N/m. 

We found that one can control the roughness of the layer by changing the polarity of the 

solvent. Deposition of APTES in the nonpolar solvents resulted in a rougher surface, and the 

use of polar solvents resulted in a smoother surface. 



 
Nanoindentation as a Tool to Clarify the Mechanism Causing Variable Stiffness of a Silane Layer on Diamond 167 

  

Figure 2. Scratching manipulation (Modified from [57]). 

In the scratching manipulation, the stiffness was indexed by the minimum force essential to 

disrupt the layer and to remove it from the diamond support. The lower the dielectric 

constant of a solvent, the greater the force had to be applied to remove the layer: only 1 nN 

for the layers prepared in ethanol mixture or acetone, 100 nN for octanol, and even greater 

forces for more nonpolar solvents. In this way, we could draw arbitrary nanopatterns 

composed of lines and squares on softer layers, though we could not scratch the harder 

layers even at forces greater than 500 nN (Fig. 3). The composed patterns remained stably on 

the diamond surface. Therefore, both roughness and stiffness increased relative to the 

decreasing polarity.  

It is important to clarify the relationship between scratching, which is terminologically a 

macroscopic examination, and microscopic nanoindentation. In the macroscopic world, 

scratching means scraping or removing a part of a substance by disrupting it with a sharp 

edge, which is a macroscopic process and is on a different level from molecular events. 

Therefore, the force, essential to break the APTES layer with the edge, is dependent on the 

sharpness and the shape of the edge, as well as its velocity and moving direction. 

However, the scratching manipulation in our experiment includes breaking molecular 

bonds between APTES and the diamond by vertical pressing with the cantilever, which we 

consider to be close to nanoindentation and a microscopic process. In the microscopic 

model, the break should be independent of the shape of the apex and dependent solely on 

the work of the pressing force. In other words, the macroscopic model predicts that the 

force breaking the layer depends on the sharpness of the edge and, thus, the horizontal 

movements in case of a pyramidal cantilever. Alternatively, the microscopic model asserts 

the independence of the cantilever used, its shape, and the horizontal direction of its 

movement (Fig. 4). 

The experimental results demonstrated that an APTES layer could be scratched and 

removed from the diamond surface with a common pressuring force within one  

order of magnitude in different examinations and was independent of cantilevers used 

(Seiko SI-DF-3, SI-DF-20S, and Olympus OMCL-AC240TS-C3), the velocity of 

scratching, and the horizontal direction of scratching. These results indicate that the 

microscopic model is more accurate in describing the mechanism of scratching of the 

APTES layer. 
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Figure 3. The results of the scratching manipulation of APTES multilayers formed in various solvents 

(Modified from [57]). 

As a control for checking whether or not the result is independent of AFM instruments, we 

performed a scratching manipulation with our instrument on a layer of ω-unsaturated 10-

trifluoroacetic amide-dec-1-ene (TFAAD), photo-chemically attached to the diamond 

surface, which had been inspected with the same manipulation [29]. The measured force 

was well aligned with the value (~100 nN) previously obtained. When toluene was used for 

the APTES deposition, the forces obtained in the scratching manipulation were greater than 

500 nN, the upper limit of our instrument. The attachment of APTES to the diamond, 

therefore, is stronger than that of TFAAD, which is generally recognized to be covalently 

bound to diamond [29], suggesting that APTES is also covalently bound to the diamond. 

This circumstantial evidence for the microscopic model led us to compare the results of the 

scratching manipulation and the AFM indentation. The nanoindentation with no horizontal 

movements was performed by pressing the APTES layer in the contact mode. The image of 

the contact area was then obtained in the noncontact mode. 

The results of nanoindentation showed an agreement of forces with the scratching 

manipulation within the same order of magnitude. The layer could not be scratched even at 

500 nN, showing no trace after the indentation at 500 nN. Indentation of the softest and 

smoothest layer, which had been formed in the ethanol mixture, showed a force < 1 nN in 

the scratching manipulation. This semi-quantitative agreement again suggests that the 

microscopic model is more appropriate than the macroscopic one. Therefore, the force 
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measured in the indentation test can be used for scratching and nanopatterning of the 

surface of a material. The indentation test sometimes required pressing for up to 10 min to 

yield reproducible results. This hysteresis indicates that the APTES layer is elastic in 

nanoscale when a force is rapidly removed. 

2.5. Interpretation of the results 

As discussed above, the result of the scratching manipulation suggests the existence of 

covalent bonds between APTES and diamond, at least for the multilayers deposited in 

nonpolar solvents. If APTES were physically adsorbed on the surface, the changes of the 

breaking force of more than 100-fold could not be explained, since more than a 100-fold 

change of the contacting area is unlikely for such a soft material as APTES polymer which is 

easily flattened. The likely explanation is the change in the surface density of the covalent 

bonds between APTES and diamond, although its evidence is required. Since the shape of 

the apex of the silicone cantilever used in the indentation should be deformed significantly 

at forces in the order of magnitude of 100 nN as shown in Fig. 4, a detailed analysis of the 

force curve of AFM indentation is not very informative.  

 

Figure 4. Schematic illustration of a force-position curve during AFM indentation. 

However, the following consideration of energetics is still possible. The force giving the 

plateau (Fig. 4) is about 500 nN for chloroform and greater than 500 nN for heptane and 

toluene. The distance D is the thickness of the compressed multilayer and is close to 1 nm. 

This value was obtained from the AFM imaging of the surface with uncoated holes with 

exposed diamond. During this period when the force is constant, the energy is used for 

breaking the covalent bonds connecting between APTES and diamond for squeezing the 

layer out of its original position. Since a Si-O bond is stronger than a C-O bond, the energy is 

used for breaking the C-O bonds, which costs 6 x 10-19 J/bond [58]. A part of the energy may 

be used for frictional dissipation and eventual bond breakage within the APTES multilayer, 

too. Therefore, the work done by the force F is FD, and FD must satisfy Eq. 1, where S is the 

area of the place where APTES was removed. 
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where E is Young’s modulus of silicone, 150 Gpa. It is noted that Eq. 2 is independent of F 

and S, which indirectly contribute through the strain.  

As illustrated in Fig. 5, the strain is overestimated if the shape of the apex is substituted by 

an inscribing pyramid with the same base, while the strain is underestimated if it is 

substituted by another circumscribing pyramid with the same base. Therefore, the two 

pyramids give the maximum and the minimum values of the strain, respectively. If their 

values are within the same magnitude, the actual one should also be within it. Therefore, 

this approximation is sufficient in estimating the order of the strain and the density. 

Therefore, we consider the distortion of a pyramidal cantilever (Fig. 6). 

 

Figure 5. The relationship among the actual shape of the apex, the maximum pyramid, and the 

minimum pyramid. If the heights of two pyramids agree within the factor of 3.2, the actual value of the 

strain also agrees within the factor. Because a force is parallel to the square of the height, the factor 3.2 

maintains the value of the force or the density within a factor of 10. This condition is likely to be 

established because of the use of different cantilevers and because of the loss of sharpness of the apexes 

used repeatedly. 
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The strain obtained for the present parameters (L=4.5 µm, l=10 µm, and F=500 nN) is the 

order of magnitude of 10-4, leading to the order-estimated maximum value of the density to 

be 3 C-O bonds in a square of 10 nm x 10 nm. Since there are about 10 carbon atoms per 

(nm)2 of (100) plane, APTES is covalently linked to a maximum 0.3 % of the surface carbon. 

This value is for the APTES multilayer deposited in chloroform, while the one in toluene is 

more densely bound to the diamond surface. 

These sparse covalent bonds on diamond can be explained by the sparseness of the reactive 

carbon of the diamond surface. The diamond surface used in this experiment is (100) crystal 

plane, and the carbon atoms on (100) plane have two dangling bonds. On the O-terminated 

surface, they form bridge-bonded ether bonds with their nearest surface carbon atoms, or 

become carbonyl carbon atoms [10]. The reactive carbon atom must have a single dangling 

bond, which is converted into the hydroxyl form during the O-termination [27,59]. Such 

carbon atoms will exist at defects of (100) plane, the edge of steps between two (100) planes, 

for example. The steps can be seen in Fig. 2 as stripes on the surface of uncoated O-diamond. 

Since APTES is known to react with a hydroxyl residue [40], a covalent bond between 

APTES and the O-diamond surface is limited to the carbon atoms with single dangling 

bonds. 

 

Figure 6. Pyramidal approximation of the apex of the cantilever.  

In the above consideration, we assumed that the effect of different shapes of apexes is 

smaller than an order of magnitude. Such a difference was reported to be 2-3 fold in the 

scratching manipulation using dull apexes at 10-40 nN [62]. Since the effect becomes smaller 

at a larger force, the assumption is likely to be reasonable at a force larger than 100 nN. The 

estimation by an order of magnitude, therefore, is a productive criterion almost independent 

of the shape of the apex.  
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In our consideration, we took into account only C-O bond between diamond and APTES, 

but not the Si-O bonds crosslinking between APTES molecules. The contribution of the Si-O 

bonds could be significant in the scratching manipulation but not in the nanoindentation, 

because scratching may rip the APTES layer. However, the work consumed in ripping the 

layer must be done by a horizontal force, which is the driving force of the AFM stage, and 

would not be included in the vertical force required. Actually, the results of the scratching 

manipulation and the nanoindentation agreed with each other at the accuracy of an order of 

magnitude. Furthermore, we observed that a similar ripping happens also after the 

measurement of nanoindentation, namely when the force applied to the cantilever is 

removed. As Fig. 7 shows, a hole much larger than the apex of the cantilever was formed on 

the APTES layer deposited in ethanol. The APTES layer, which had been covering the hole, 

was ripped from the surface and remained around the hole. In conclusion, these results 

indicate that the observed variation of the stiffness is due to the various densities of the 

covalent bonds between APTES and diamond. 

 

Figure 7. The trace after AFM nanoindentation of a multilayer deposited in ethanol at 500 nM. The trace 

is as great as 50 nm, which is much greater than the apex of the cantilever, ~ 10 nm.  

2.6. Mechanism yielding the dependence of the stiffness on solvent polarity 

The last problem to be addressed is why the density of the covalent bonds varies by 100-fold 

depending on the solvent used in the deposition. As already mentioned above, the 

polymerization of the APTES layer proceeds by reacting with water, indicating that there 

are two places for the polymerization as shown in Fig. 8: in the solvent and on the surface 

where water molecules are trapped. In a polar solvent like ethanol, water is homogeneously 

dispersed in the solvent but there is less water distributed on the surface. Therefore, 

homogeneous polymerization occurs in the bulk, while infrequent polymerization occurs on 
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the surface. Thus, the size of aggregates is uniform, which makes a smooth surface of the 

multilayer, but it is sparsely bound to the diamond surface, making the stiffness less. In 

contrast, in a nonpolar solvent, water content is small and with water tending to exist as 

water clusters or small droplets. Since the C-OH is more hydrophilic than the solvent, it 

holds a water droplet. Therefore, APTES aggregates are much fewer, and their size is 

inhomogeneous, making a rough surface of the multilayer. Instead, more C-OH carbons are 

covalently bound to APTES, making the stiffness greater. In this case, a longer period would 

be required for deposition. In fact, the deposition in ethanol-water mixture lasts for 1 h, 

while the deposition in toluene requires longer than 10 h to cover the surface. This proposed 

mechanism [57] explains not only the variation of the stiffness but also the roughness and 

the required time period for deposition.  

 

Figure 8. Mechanism yielding the dependence of stiffness on the solvent polarity. 

Thus, when a stiff multilayer is required, we must deposit APTES in a nonpolar solvent, a 

time-consuming process. The proposed mechanism suggests that the time required will be 

shortened if we increase the number of water droplets in a nonpolar solvent. Therefore, we 

used water-saturated toluene, which may be a rare treatment of a nonpolar solvent in 
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chemistry. In this way, we accelerated the deposition in toluene from overnight to an hour. 

This success supports our proposed model for APTES deposition. If the second deposition is 

made in ethanol-water, a smoother multilayer is obtained. 

2.7. Efficient deposition of APTES multilayer with a great stiffness and on 

diamond 

According to the described mechanism, a method for preparing a stiff APTES multilayer on 

a diamond surface has been developed. The 2-step deposition in toluene and ethanol has 

been repeated in quick steps, followed by baking to remove the water remaining inside the 

layer after each step. This procedure has yielded the best results so far of any tried in our lab 

in terms of stiffness, which is essential for long-term stability in practical use (Fig. 9). 

 

Figure 9. An efficient procedure forming a stiff APTES multilayer on diamond. 

3. Conclusions 

We have developed a new method for forming a bioactive APTES multilayer on an O-

diamond surface with a controlled stiffness, roughness, and capacity for immobilizing 

streptavidin. This method does not require sophisticated machinery or expensive materials, 

and thus, it can be adopted for use in many biological laboratories where proteins and 

nucleic acids are prepared and immobilized. 

Using AFM nanoindentation, the scratching manipulation with AFM, and AFM imaging, we 

examined the stiffness and morphology of the APTES multilayers formed on a CVD diamond. 

The results of nanoindentation and the scratching manipulation were interpreted semi-
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quantitatively rather than fully quantitatively. This interpretation enables us to propose a model 

which explains the various levels of stiffness of APTES multilayers, its correlation with polarity 

of the solvent, and the time required for covering the surface with an APTES multilayer. The 

model also allows us to improve the method to make a stiff and smooth APTES surface.  

Author details 

Ksenia Shcherbakova 

Faculty of Life Sciences, Kyoto Sangyo University, Kyoto, Japan 

Akiko Hatakeyama and Nobuo Shimamoto 

Faculty of Life Sciences, Kyoto Sangyo University, Kyoto, Japan 

Structural Biology Center, National Institute of Genetics, Mishima, Japan 

Yosuke Amemiya 

Structural Biology Center, National Institute of Genetics, Mishima, Japan 

Acknowledgement 

The authors thank Dr. Christoph E. Nebel and Dr. Hiroshi Uetsuka, for the TFAAD-attached 

diamond, and Ms. Harriet Sallach and Ms. Sarah Stovalosky for reading the manuscript 

prior to publication.  

4. References 

[1] Wang Q, Kromka A, Houdkova J, Babchenko O, Rezek B, Li M, Boukherroub R, Szunerits 

S. Nanomolar Hydrogen Peroxide Detection Using Horseradish Peroxidase Covalently 

Linked to Undoped Nanocrystalline Diamond Surfaces. Langmuir 2012;28: 587–592. 

[2] Nebel CE, Shin D, Rezek B, Tokuda N, Uetsuka H, Watanabe H. Diamond and biology.  

J. R. Soc. Interface. 2001;4: 439-461. 

[3] Tryk DA, Tachibana H, Inoue H, Fujishima A. Boron-doped diamond electrodes: The 

role of surface termination in the oxidation of dopamine and ascorbic acid. Diamond 

Relat. Mater. 2007;16: 881–887. 

[4] Szunerits S, Boukherroub R. Different strategies for functionalization of diamond 

surfaces. J. Solid State Electrochem. 2008;12: 1205–1218. 

[5] Luong JHT, Maleb KB, Glennona JD. Boron-doped diamond electrode: synthesis, 

characterization, functionalization and analytical applications. Analyst 2009;134: 1965–1979. 

[6] Rezek B, Michalıkova L, Ukraintsev E, Kromka A, Kalbacova M. Micro-Pattern Guided 

Ahesion of Osteoblasts on Diamond Surfaces. Sensors 2009;9: 3549-3562 

[7] Hoffmann R, Kriele A, Obloh H, Tokuda N, Smirnov W, Yang N, Nebel CE. The creation 

of a biomimetic interface between boron-doped diamond and immobilized proteins. 

Biomaterials 2011;32: 7325-7332. 

[8] Notsu H, Yagi I, Tatsuma T, Tryk DA, Fujishima A. Introduction of Oxygen-Containing 

Functional Groups onto Diamond Electrode Surfaces by Oxygen Plasma and Anodic 

Polarization. Electrochem. Solid-State Lett. 1999;2: 522–524. 



 
Nanoindentation in Materials Science 176 

[9] Yagi I, Notsu H, Kondo T, Tryk DA, Fujishima AJ. Electrochemical selectivity for redox 

systems at oxygen-terminated diamond electrodes. Electroanal. Chem. 1999;473: 173–178. 

[10] Pehrsson PE, Mercer TW. Oxidation of the hydrogenated diamond (100) surface. 

Surface Science 2000;460: 49–66. 

[11] Zhang G, Umezawa H, Hata H, Zako T, Funatsu T, Ohdomari I, Kawarada H. 

Micropatterning oligonucleotides on single-crystal diamond surface by 

photolithography. Jpn. J. Appl. Phys. 2005;44: L295-L298. 

[12] Kawarada H. Hydrogen-terminated diamond surfaces and interfaces. Surf. Sci. Rep. 

1996;26: 205-259. 

[13] Ri SG, Nebel CE, Takeuchi D, Rezek B, Tokuda N, Yamasaki S, Okushi H. Surface 

conductive layers on (111) diamonds after oxygen treatments. Diamond. Relat. Mater. 

2006;15: 692-697. 

[14] Ushizawa K, Sato Y, Mitsumori T, Machinami T, Ueda T, Ando T. Covalent 

immobilization of DNA on diamond and its verification by diffuse reflectance infrared 

spectroscopy. Chem. Phys. Lett. 2002;351: 105-108. 

[15] Miller JB. Amines and thiols on diamond surfaces. Surface Science 1999;439: 21–33. 

[16] Ohtani B, Kim YH, Yano T, Hashimoto K, Fujishima A, Uosaki K. Surface Functionalization 

of Doped CVD Diamond via Covalent Bond. An XPS Study on the Formation of Surface-

bound Quaternary Pyridinium Salt. Chemistry Letters 1998;27: 953-954. 

[17] Strother T, Knickerbocker T, Russell JN, Butler JE, Smith LM, Hamers RJ. Photochemical 

Functionalization of Diamond Films. Langmuir 2002;18: 968–971. 

[18] Tsubota T, Tanii S, Ida S, Nagata M, Matsumoto Y. Chemical modification of diamond 

surface with CH3(CH2)nCOOH using benzoyl peroxide. Physical Chemistry Chemical 

Physics 2003;5: 1474-1480. 

[19] Kuo TC, McCreery RL, Swain GM. Electrochemical Modification of Boron-Doped 

Chemical Vapor Deposited Diamond Surfaces with Covalently Bonded Monolayers. 

Electrochem. Solid-State Lett. 1999;2: 288-290. 

[20] Wang J, Firestone MA, Auciello O, Carlisle JA. Surface Functionalization of 

Ultrananocrystalline Diamond Films by Electrochemical Reduction of Aryldiazonium 

Salts. Langmuir 2004;20: 11450–11456. 

[21] Härtl A, Schmich E, Garrido JA, Hernando J, Catharino SCR, Walter S, Feulner P, 

Kromka A, Steinmueller D, Stutzmann M. Protein-modified nanocrystalline diamond 

thin films for biosensor applications. M. Nat. Mater. 2004;3: 736-742. 

[22]Iniesta J, Esclapez-Vicente MD, Heptinstall J, Walton DJ, Peterson IR, Mikhailov VA, Cooper 

HJ. Retention of enzyme activity with a boron-doped diamond electrode in the electro-

oxidative nitration of lysozyme. Enzyme and Microbial Technology 2010;46: 472-478. 

[23] Kabata H, Kurosawa O, Arai I, Washizu M, Margarson SA, Glass RE, Shimamoto N. 

Visualization of single molecules of RNA polymerase sliding along DNA. Science 

1993;262: 1561-1563. 

[24] Sakata-Sogawa K, Shimamoto N. RNA polymerase can track a DNA groove during 

promoter search. PNAS 2004;101: 14731–14735. 

[25] Matrab T, Chehimi MM, Boudou JP, Benedic F, Wang J, Naguib NN, Carlisle JA. 

Surface functionalization of ultrananocrystalline diamond using atom transfer radical 



 
Nanoindentation as a Tool to Clarify the Mechanism Causing Variable Stiffness of a Silane Layer on Diamond 177 

polymerization (ATRP) initiated by electro-grafted aryldiazonium salts. Diamond. 

Related Materials 2006;15: 639–644. 

[26] Hernando J, Pourrostami T, Garrido LA, Williams OA, Gruen DM, Kromka A, Steinmüller 

D, Stutzmann M. Immobilization of horseradish peroxidase via an amino silane on 

oxidized ultrananocrystalline diamond. Diamond. Relat. Mater. 2007;16: 138–143. 

[27] Notsu H, Fukazawa T, Tatsuma T, Tryk DA, Fujishima A. Hydroxyl Groups on Boron-

Doped Diamond Electrodes and Their Modification with a Silane Coupling Agent. 

Electrochem. Solid-State Lett. 2001;4: H1-H3. 

[28] Uetsuka H, Shin D, Tokuda N, Saeki K, Nebel CE. Electrochemical grafting of boron-

doped single-crystalline chemical vapor deposition diamond with nitrophenyl 

molecules.  Langmuir 2007;23: 3466–3472. 

[29] Yang N, Uetsuka H, Watanabe H, Nakamura T, Nebel CE. Photochemical amine layer 

formation on H-terminated single-crystalline, CVD diamond. Chem. Mater. 2007;19: 

2852–2859. 

[30] Lasseter TL, Clare BH, Abbott NL, Hamers RJ (2004) Covalently Modified Silicon and 

Diamond Surfaces: Resistance to Nonspecific Protein Adsorption and Optimization for 

Biosensing. J. Am. Chem. Soc. 2004;126: 10220-10221. 

[31] Rezek B, Shin D, Nakamura T, Nebel CE. Geometric Properties of Covalently Bonded 

DNA on Single-Crystalline Diamond. J. Am. Chem. Soc. 2006;128: 3884-3885. 

[32] Rezek B, Shin D, Uetsuka H, Nebel CE. Microscopic diagnostics of DNA molecules on 

mono-crystalline diamond. Phys. Stat. Sol. (a) 2007;204(9): 2888 –2897. 

[33] Wong SS. Chemistry of Protein Conjugation and Cross-Linking (1st Ed.). Boca Raton, FL: 

CRC Press; 1993 

[34] Davis DH, Giannoulisa CS, Johnson RW, Desai TA. Immobilization of RGD to <111> silicon 

surfaces for enhanced cell adhesion and proliferation. Biomaterials 2002;23: 4019–4027. 

[35] Moon JH, Shin JW, Kim SY, Park JW. Formation of Uniform Aminosilane Thin Layers: 

An Imine Formation To Measure Relative Surface Density of the Amine Group. 

Langmuir 1996;12: 4621-4624. 

[36]Zhang G, Tanii T, Miyake T, Funatsu T, Ohdomari I. Attachment of DNA to microfabricated 

arrays with self-assembled monolayer. Thin Solid Films 2004;464-465: 452-455. 

[37] Baur B, Steinhoff G, Hernando J, Purrucker O, Tanaka M. Chemical functionalization of 

GaN and AlN surfaces. Appl. Phys. Lett. 2005;87: 263901-1-3. 

[38] Zheng J, Zhu Z, Chen H, Liu Z. Nanopatterned Assembling of Colloidal Gold 

Nanoparticles on Silicon. Langmuir 2000;16: 4409–4412. 

[39] Ouyang H, Striemer CC, Fauchet FM. Quantitative analysis of the sensitivity of porous 

silicon optical biosensors. Appl. Phys. Lett. 2006;88: 163108-1-3. 

[40] Vandenberg ET, Bertilsson L, Liedberg B, Uvdal K, Erlandsson R, Elwing H, Lundström 

IJ. Structure of 3-aminopropyl triethoxy silane on silicon oxide. Colloid Interface Sci. 

1993;147: 103–118. 

[41] Howarter JA, Youngblood JP. Optimization of Silica Silanization by 3-

Aminopropyltriethoxysilane. Langmuir 2006;22: 11142-11147. 

[42] Sigal GB, Mrksich M, Whitesides GM. Effect of Surface Wettability on the Adsorption of 

Proteins and Detergents. J. Am. Chem. Soc. 1998;120: 3464-3473. 



 
Nanoindentation in Materials Science 178 

[43] Uchida K, Otsuka H, Kaneko M, Kataoka K, Nagasaki Y. A reactive poly(ethylene 

glycol) layer to achieve specific surface plasmon resonance sensing with a high S/N 

ratio: the substantial role of a short underbrushed PEG layer in minimizing nonspecific 

adsorption. Anal. Chem. 2005;77: 1075–1080. 

[44] Hendrickson WA, Pahler A, Smith JL, Satow Y, Merritt EA, Phizackerley RP. Crystal 

structure of core streptavidin determined from multiwavelength anomalous diffraction 

of synchrotron radiation. PNAS 1989;86: 2190-2194. 

[45]Oliver WC, Pharr GM. Measurement of hardness and elastic modulus by instrumented 

indentation: advances in understanding and refinements to methodology. J. Mat. Res. 

2004;19: 3–20. 

[46] Ahearne M, Yang Y, Liu KK. Mechanical characterization of hydrogels for tissue 

engineering applications. In: Topics in Tissue Engineering. Available from 

http://www.oulu.fi/spareparts/ebook_topics_in_t_e_vol4/abstracts/ahearne.pdf 

[47] Kurland NE, Drira Z, Yadavalli VK. Measurement of nanomechanical properties of 

biomolecules using atomic force microscopy. Micron 2012;43: 116-128. 

[48] Oliver WC, Pharr GM. An improved technique for determining hardness and elastic 

modulus using load and displacement sensing indentation experiments. J. Mater. Res. 

1992;7: 1564–83. 

[49] Jee AY, Lee M. Comparative analysis on the nanoindentation of polymers using atomic 

force microscopy. Polymer Testing 2010;29: 95–99. 

[50] Bowen WR, Lovitt RW, Wright CJ. Application of atomic force microscopy to the study of 

micromechanical properties of biological materials. Biotechnology Letters 2000;22: 893–903. 

[51] Ebenstein DM, Pruitt LA. Nanoindentation of biological materials. Nano Today 2006; 1: 

26–33. 

[52] Chowdhury S, Laugier MT. Non-contact AFM with a nanoindentation technique for 

measuring the mechanical properties of thin films. Nanotechnology 2004;15: 1017–1022. 

[53] Beegan D, Chowdhury S, Laugier MT. A nanoindentation study of copper films on 

oxidised silicon substrates. Surface and Coatings Technology 2003;176: 124-130. 

[54] Clifford CA, Seah MP. Quantification issues in the identification of nanoscale regions of 

homopolymers using modulus measurement via AFM nanoindentation. Applied 

Surface Science 2005;252: 1915–1933. 

[55] Tranchida D, Piccarolo S, Loos J, Alexeev A. Accurately evaluating Young’s modulus of 

polymers through nanoindentations: A phenomenological correction factor to the 

Oliver and Pharr procedure. Appl. Phys. Lett. 2005;89: 171905-171905-3. 

[56] Cleveland JP, Manne S, Bocek D, Hansma PK. A nondestructive method for 

determining the spring constant of cantilevers for scanning force microscopy. ReV. Sci. 

Instrum. 1993;64: 403–405. 

[57] Amemiya Y, Hatakeyama A, Shimamoto N. Aminosilane multilayer formed on a 

single-crystalline diamond surface with controlled nanoscopic hardness and bioactivity 

by a wet process. Langmuir 2008;25: 203-209. 

[58]Atkins P, de Paula J. Atkin’s physiscal chemistry (7th ed). NY: Oxford University Press; 2002. 

[59] Notsu H, Yagi I, Tatsuma T, Tryk DA, Fujishima AJ. Surface carbonyl groups on 

oxidized diamond electrodes. Electroanal. Chem. 2000;492: 31–37. 


