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Abstract: By using AFM as a nanografting tool, we grafted micrometer-sized DNA platforms into
inert alkanethiol SAMs. Tuning the grafting conditions (surface density of grafting lines and scan rate)
allowed us to tailor the molecular density of the DNA platforms. Following the nanografting process,
AFM was operated in the low perturbative Quantitative Imaging (QI) mode. The analysis of QI AFM
images showed the coexistence of molecular domains of different heights, and thus different densities,
within the grafted areas, which were not previously reported using contact AFM imaging. Thinner
domains corresponded to low-density DNA regions characterized by loosely packed, randomly
oriented DNA strands, while thicker domains corresponded to regions with more densely grafted
DNA. Grafting with densely spaced and slow scans increased the size of the high-density domains,
resulting in an overall increase in patch height. The structure of the grafted DNA was compared to
self-assembled DNA, which was assessed through nanoshaving experiments. Exposing the DNA
patches to the target sequence produced an increase in the patch height, indicating that hybridization
was accomplished. The relative height increase of the DNA patches upon hybridization was higher
in the case of lower density patches due to hybridization leading to a larger molecular reorganization.
Low density DNA patches were therefore the most suitable for targeting oligonucleotide sequences.

Keywords: nanoshaving; nanografting; AFM; quantitative imaging (QI); DNA; hybridization; biosensor

1. Introduction

The search for increasingly sensitive and reliable methods for the early diagnosis
of pathological conditions has stimulated intensive research aimed at developing func-
tional biosensing platforms [1,2]. Large attention has been focused on hybrid interfaces
obtained by surface immobilization of probe molecules capable of selectively detecting tar-
get biomarkers [3]. Different analytical methods have been exploited to monitor biomarker
recognition, including optical detection via surface plasmon resonance (SPR) [4–6] or
spectroscopic ellipsometry (SE) [7–9], electrochemical [10–12] or spectrochemical meth-
ods [13–16], mass sensitive methods such as quartz crystal microbalance (QCM) [17,18] or
nanomechanical resonators [19], and AFM-based nanolithography methods [20–24].

In recent years, we have developed a multi-technique analytical approach to evaluate
the sensing properties of hybrid interfaces by coupling AFM, SE, EIS, and
QCM [7,25–28]. We focused on the study of self-assembled monolayers (SAMs) of thiol-
terminated molecules on gold, from simple alkanethiols to DNA strands and proteins. The
combined use of multiple analytical methods [25,28–32] which probe different interfacial
properties, is particularly effective for analyzing ultrathin organic films, as it increases the
degree of confidence in the obtained results.

AFM is a well-suited method for the analysis of ultrathin, flat samples such as SAMs on
ultraflat gold. Following the pioneering work of Liu [21,33], it became clear that AFM can be
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used not only as a high-resolution imaging tool, but also as a nanolithography tool capable
of patterning ultrathin organic films at the nano/micrometer scale [20]. In nanoshaving
mode, the tip of the AFM works as a shaver capable of removing molecules from selected
areas of the sample. We previously applied this method to SAMs of alkanethiols [26],
amino phosphonates [34,35], thiolated DNA [36], and protein films [37] to evaluate the
thickness of organic films by studying the difference in height between the film and the bare
substrate where the molecules were removed. In the multi-technique approach we have
developed, the AFM evaluation of the film thickness is an important point for the analysis
of the correlated optical data. In a previous study of SAMs of alkanethiols bearing ethylene
glycol groups as end-groups, the combined AFM and SE analysis allowed us to evaluate
the vertical density profile of the SAM related to the degree of hydration of the film [26].
Combined AFM nanoshaving and SE analysis allowed for evaluation of the effect of buffer
ionic strength on the density of DNA SAMs [28]. Furthermore, by comparing AFM, SE, and
QCM measurements, we could monitor the hybridization process of surface-immobilized
DNA and provide evidence of DNA hypochromism in DNA SAMs [7].

Nanografting represents a step forward towards the use of AFM as a nanolithography
tool. In this case, the AFM tip is scanned over a thiolated SAM in the presence of another
thiol molecule. The high force applied by the tip allows for the exchange of thiolated
molecules between the surface and the solution over the scanned regions, thus leading
to the formation of patterned SAMs. Nanografting was initially applied to alkanethiol
SAMs [33,38], and has been successfully exploited to produce DNA nano/micropatterns
in alkanethiol SAMs [20,21,39–44]. Selective hybridization of the nanografted regions
with complementary DNA has been used to anchor functional peptides/proteins to the
nanografted platforms by exploiting DNA-directed immobilization [22–24,45].

Several reports have focused on the influence of the grafting parameters on the struc-
ture of the nanografted patches, showing that the patch height, and hence its molecular
density, can be tuned by modulating the molecular concentration of the grafting solution,
the tip load, and the density of scan lines [21,24,42,46–48]. Following Mirmomtaz et al. [41],
the latter parameter can be described by the S/A ratio, where S is the scanned area and
A is the actual area of the final patch. This ratio can be expressed as S/A = R·N/L, where
R is the radius of the contact region and N is the number of scan lines (in the slow scan
direction) divided by the length of the patch L (in the same direction). In this scheme,
S/A = 1 indicates that the nanografted lines do not overlap with each other, while S/A = n
indicates that each spot in the nanopatch has been nanografted n times over.

In the present work, we investigated the combined effect of the tip scan rate and
S/A ratio on both the grafting process and the hybridization of grafted DNA patches.
After grafting, we operated the AFM in the quantitative imaging (QI) mode [49]: a non-
perturbative mode based on force spectroscopy. In QI, a force–distance curve is acquired
in each pixel. By avoiding dragging forces, QI greatly reduces the risk of deformation of
the organic film during the measurement, thus allowing reliable evaluation of its thick-
ness. By analyzing QI images, we were able to observe the coexistence of molecular
domains of different heights, and thus different densities, within the grafted areas. De-
creasing the tip scan rate and increasing the S/A ratio led to an increase in high-density
domains within the grafted area, resulting in an overall increase in patch height. The struc-
ture of grafted DNA was compared to that of the self-assembled DNA assessed through
nanoshaving experiments.

The experience gained from producing and characterizing grafted interfaces will be
utilized in future experiments, in combination with spatially resolved SE, to develop a
multiplexing platform for the optical detection of different nucleotide sequences.
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2. Materials and Methods
2.1. Materials
2.1.1. Chemicals

HPLC purified 22-mer ssDNA sequences (thiolated probe sequence: HS-(CH2)6-5′-
CTTCACGATTGCCACTTTCCAC-3′ (pDNA), designed to be fully complementary to the
target sequence, and target sequence: 5′-GTGGAAAGTGGCAATCGTGAAG-3′ (tDNA))
were purchased from Biomers (Ulm, Germany) and used as received.

Tris[hydroxymethyl]amino-methane (Tris base), ethylenediaminetetraacetic acid
(EDTA), and 6-Mercapto-1-hexanol (HS–(CH2)6–OH, MCH) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Sodium chloride (NaCl) was purchased from Merck (Darm-
stadt, Germany).

All DNA and MCH solutions were prepared using ultrapure water from Millipore
(resistivity 18.2 MΩ·cm). The experiments were performed in TE buffer (10 mM Tris,
1 mM EDTA, 1 M NaCl, pH adjusted to 7.2 using HCl (Fluka, Buchs, Switzerland)). EDTA
was used to chelate metal cations, such as Mg2+, which are involved in the activation of
DNase [50]. The presence of EDTA blocks DNase activity, preventing DNA degradation.

2.1.2. AFM Gold Substrate Preparation

Ultraflat gold substrates (RMS roughness = 0.3 nm in 2 µm× 2 µm scans), also known as
Ulman-type gold, were prepared following the protocol described by Gupta et al. [51]. Ulman
substrates do not require cleaning procedures because the capping silicon slide is removed
from the gold surface immediately prior to exposure to the self-assembling solution.

2.2. Methods
2.2.1. Nanoshaving and Nanografting

For nanoshaving measurements, samples were prepared according to the following
three-step deposition protocol: 3 h immersion in a 1 µM solution of pDNA in TE buffer,
rinsing in TE buffer, 1 h immersion in a 5 µM solution of MCH in TE buffer, rinsing in TE
buffer, 1 h immersion in 1 µM solution of tDNA in TE buffer for hybridization, and rinsing
in TE buffer. Nanoshaving experiments were performed after each deposition step in at
least six areas per sample to ensure sample uniformity.

For nanografting experiments, gold substrates were first soaked overnight in a 300 µM
MCH solution to ensure the deposition of a MCH SAM. ssDNA grafting was performed in
a 5 µM pDNA solution, and hybridization was performed using a 50 nM tDNA solution.
Nanografting was performed in triplicate for each S/A and scan rate condition.

2.2.2. Atomic Force Microscopy

AFM measurements were performed using a JPK Nanoscope IV microscope, Bruker
(Billerica, MA, USA) in TE Buffer. Nanoshaving and nanografting experiments were per-
formed in contact mode using aluminium coated silicon cantilevers (OTESPA-R3, Bruker)
with a nominal elastic constant of 26 N/m and a nominal tip curvature radius of 10 nm.
A force of a few hundred of nN was applied to remove the chemisorbed molecules (for
shaving) and to replace MCH with pDNA molecules (for grafting) over selected regions
that were a few micrometers in size. A schematic of nanoshaving and nanografting is
reported in Figure 1.

Imaging on larger areas was then performed in quantitative imaging (QI) mode
using gold-coated silicon cantilevers (DNP-10, Bruker) with a nominal elastic constant of
0.24 N/m and a nominal tip curvature radius of 20 nm. QI mode is an imaging mode
based on force spectroscopy. A force–distance curve was acquired for each pixel, avoiding
dragging forces and preventing tip and sample damage. By measuring the z position of the
tip at a specific force load, it was possible to obtain both topography data and information
on the mechanical properties of the sample.
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Figure 1. Schematic of nanoshaving and nanografting.

The data were analyzed using Gwyddion (v2.61) and JPKSPM data processing soft-
ware (v7.0.162).

3. Results and Discussion

As a reference for the comparative analysis of grafted DNA patches and self-assembled
DNA SAMs, we performed nanoshaving experiments on pDNA SAMs. Figure 2 shows
QI AFM images acquired after nanoshaving on a pDNA SAM before (Figure 2a) and after
exposure to MCH (Figure 2b) and to tDNA (Figure 2c). After removal of chemisorbed
molecules on the selected area using hard contact scans, the gold substrate was exposed
(darker regions in Figure 2a–c), thus allowing the thickness of the DNA film (the surround-
ing brighter region) to be measured. Representative z profiles along horizontal sections of
the images are shown in Figure 2d, where the profiles were aligned by setting the zero at
the gold surface. Figure 2e shows the height histograms of the images in Figure 2a–c. For
each histogram, the peak centred at 0 nm refers to the gold substrate, and the second peak
is related to the SAM. For each histogram, the distance between the two peaks provides the
thickness of the film.

The SAM thickness values measured after the three deposition steps are reported in
Table 1. The errors were calculated as the semi-difference between the highest and the
lowest measured values.

Table 1. Thickness values obtained from shaving experiments for different SAM deposition steps.

pDNA pDNA + MCH dsDNA + MCH

Thickness (nm) 2.6 ± 0.4 3.6 ± 0.6 5.6 ± 1.0
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Figure 2. QI AFM images of shaved areas of: (a) pDNA, (b) pDNA + MCH, and (c) dsDNA + MCH
(data scale = 13 nm). (d) Height profiles obtained along the colored lines, and (e) height histograms
of the three steps: pDNA in red, pDNA + MCH in blue, and dsDNA + MCH in green. The zero level
was set at the gold surface.

These results indicate that significant molecular reorganization occurred after each
deposition step. The film thickness measured after the pDNA deposition step was signifi-
cantly smaller than the thickness expected for a SAM of extended pDNA strands upright
on the surface (a total molecular length of 8.5 nm would be expected, considering a length
of 0.34 nm per base [52] and a length of 1 nm for the thiolated linker, determined using
nanoshaving experiments [14], see Section S1). At a high ionic strength, as was the case
in the present study, the persistence length of ssDNA is approximately 10 Å [53]. A par-
tially folded conformation was therefore expected for pDNA, which explains the low film
thickness. Moreover, due to the significant interaction between nitrogenous bases and
the gold surface [54,55] some pDNA strand may have been partially lying on the surface.
Introducing MCH improves the film organization [56] by partially reorienting the pDNA
strands, as inferred from the increased film thickness. Finally, hybridization with tDNA
helps to stretch the chains and organize them on the surface, leading to a further increase in
the film thickness. We note that the dsDNA film thickness was shorter than the extended
molecular length, implying that the chains were not completely upright and straightened.

An estimation of the surface molecular density can be derived from the SAM height
using a simple molecular model [21]. We modeled the pDNA and dsDNA as cylinders
with a height of 8.5 nm (see above), a diameter of 1.7 nm for ssDNA [57], and a diameter of
2.9 nm for dsDNA [58] (in both cases, the diameter was larger than the geometrical one to
account for the contribution of counterions and hydration water). We estimate a pDNA
density of approximately 1.4 × 1013 molecules/cm2 (see Section S2 for details), which is in
agreement with the literature [59–61]. Using the same model, a hybridization efficiency of
approximately 45% was estimated based on the height of the dsDNA film, in agreement
with the result we obtained from QCM-D analysis on another 22-mer oligonucleotide
sequence [7].

Denser molecular packing can be achieved through grafting experiments. Figure 3
shows the results of a typical nanografting experiment. The brighter squares correspond to
the regions where pDNA was grafted into the MCH SAM (the darker surrounding region).
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pDNA patches were grafted using different tip scan rates and different S/A ratios [41].
We grafted 1.5 µm-wide patches with scan rates of 2 Hz and 8 Hz (corresponding to
6.2 µm/s and 27.5 µm/s tip velocities, respectively) and the following values for the S/A
parameters: 0.5, 1, 2, and 4. The AFM images in the upper row of Figure 3a show the pDNA
patches grafted with the different S/A values at a scan rate of 8 Hz (see Figure S2 for the
corresponding results obtained at 2 Hz).

Figure 3. (a) QI AFM images of: (upper row) pDNA patches grafted with increasing S/A (from left
to right S/A = 0.5, S/A = 1, S/A = 2 and S/A = 4) at scan rate = 8 Hz; (lower row) same patches after
hybridization with 50 nM tDNA.Data scale = 13 nm. (b) Height (referred to the gold surface) vs. S/A
of pDNA patches grafted at a 2 Hz scan rate (dots) and 8 Hz scan rate (triangles), before (red) and
after (green) hybridization with tDNA. SAM height values derived from shaving are reported with a
cross for comparison. Error bars were calculated as the semi-difference between the maximum and
the minimum height values of patches grafted using same scan parameters.

Visual examination of AFM images indicated that the S/A ratio had a significant
effect on the height of the pDNA patches. Larger height differences between the pDNA
patch and the surrounding MCH SAM were observed for higher S/A ratios. For a more
quantitative evaluation, we derived the height of the pDNA patches relative to the MCH
film by analyzing the height histograms. The graph in Figure 3b reports the heights of the
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pDNA patches grafted at 2 Hz (red circles) and 8 Hz (red triangles) as a function of S/A.
The height values reported in Figure 3b represent the total patch height relative to the gold
surface, calculated as the sum of the measured patch height and the 1 nm thickness of the
MCH SAM (derived from nanoshaving experiments, see Section S1). The plot indicates
that the pDNA patch height increased with the S/A ratio. Since the S/A value is related
to the spatial density of the scan lines, it is reasonable to assume that a larger amount
of MCH molecules is displaced at higher S/A ratios and thereafter replaced by pDNA,
thus leading to denser pDNA patches. The scan rate also influences the patch height,
although to a lesser extent. For each S/A value, the patches grafted at 2 Hz were taller
than the ones grafted at 8 Hz, indicating that lower scan rates resulted in more efficient
molecular grafting.

The combined analysis of nanoshaving and nanografting experiments allowed us to
compare the height of grafted pDNA patches with the thickness of self-assembled pDNA
films. At low S/A ratios, grafted and self-assembled pDNA samples had a similar thickness,
while patches grafted at high S/A ratios were thicker than DNA SAMs. As first reported for
alkanethiols [62], nanografting creates a spatially confined, transient environment, which
accelerates the kinetics of the self-assembly and guides the thiolated molecules towards
high-density packing. The higher the S/A ratio, the more efficient the DNA grafting, and
the higher the molecular density. The molecular densities of the grafted pDNA derived
from the patch height [21] are reported in Table S1 as a function of the grafting conditions.
At high S/A ratios, the nanografting produced DNA patches that were thicker and denser
than DNA SAMs, as reported in the literature for closely related systems [41].

The height values discussed so far were the average values derived from the height his-
togram analysis. This approach, in line with previous nanografting experiments on related
systems [20,21,42], focuses on the average height of grafted patches. Indeed, the analysis
of the AFM images acquired in the low-perturbative QI mode revealed the coexistence of
different molecular domains within the DNA patches, providing novel insights into DNA
grafting. Darker, i.e., thinner, domains, 0.5 nm ÷ 0.7 nm in height (i.e., 1.5 nm ÷ 1.7 nm,
referred to the gold surface), coexisted with brighter, i.e., thicker domains. The height of
the brighter domains increased from ~2.5 nm for S/A = 0.5 to ~5 nm for S/A = 4 (i.e., from
3.5 nm to 6 nm, referred to the gold surface). The dark domains corresponded to regions
characterized by low density DNA grafting into the MCH SAM, where loosely packed
DNA strands were randomly lying on the MCH film. Conversely, the bright domains
corresponded to regions where the DNA had been more densely grafted, with the grafting
efficiency increasing with an increasing S/A ratio. The percentage of brighter areas, i.e., the
relative coverage of thicker domains, increased with the S/A ratio, as shown in Figure 4.
The bright area percentage was comparatively higher at lower scan rates, confirming that
the grafting efficiency was higher at lower scan rates. The difference between the values
obtained at the two scan rates vanished when the S/A ratio increased. This behaviour
suggests that, although grafting at high scan rates was less efficient than slow grafting,
increasing the S/A ratio promotes the grafting process and compensates for the low yield
of fast grafting.

A comparison of grafted DNA patches (Figure 3a) with DNA SAMs (Figure 2a) em-
phasizes the higher uniformity of self-assembled DNA compared to grafted DNA layers.
This finding is likely related to the different mechanism of DNA deposition in the two cases.
While self-assembled DNA layers represent an equilibrium state reached after a relatively
long incubation, grafted DNA layers are the result of an out-of-equilibrium, kinetically
controlled process that is driven by the application of an external force from the scanning
tip [62,63]. As reported in the literature for alkanethiols, in the case of nanografting, the
kinetics of self-assembly are much faster than those associated with the ‘classical’ equilib-
rium self-assembly on uniform surfaces [38]. The origin of the low uniformity of grafted
patches resides in the complexity of the process, which is the result of the subtle interplay
between kinetically controlled factors and surface heterogeneity. Structural defects in the
underlying gold surface could lead to heterogeneity in the MCH SAM structure. Loosely
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bound MCH molecules could be more easily removed by the scanning tip, thus favoring
DNA grafting. The kinetically controlled rate of molecular replacement could explain the
observed dependence of the grafting efficiency on the scan rate and the S/A ratio.
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After we characterized the grafted DNA patches, we focused on hybridization. The
AFM images in the lower row of Figure 3a were acquired over the corresponding patches of
the upper row after exposure to a 50 nM solution of complementary tDNA. The comparison
of the AFM images in the upper and lower rows clearly shows an increase in the patch
height, indicating successful hybridization with tDNA. The average patch heights (referred
to the gold surface) after hybridization are reported in Figure 3b (green symbols) as a
function of S/A for both scan rates. Similar to what was observed for pDNA patches,
the height of dsDNA patches increased when the S/A value used for pDNA grafting
increased, with higher values observed for patches grafted at slower scan rates. Upon
hybridization, pDNA patches grafted at S/A = 4 reached a total height between 7 nm
and 7.5 nm depending on the grafting scan rate. These height values suggest that, upon
hybridization, densely grafted pDNA reaches a stretched configuration, with dsDNA
helices oriented almost perpendicular to the surface. Hybridization also led to a significant
height increase for less densely grafted ssDNA patches obtained for lower S/A values.
However, in these cases, less dense dsDNA helices likely adopted a more tilted orientation.
Comparable height increases were observed in ancillary experiments carried out using
higher (up to 1 µm) tDNA concentrations, suggesting a saturation in the hybridization
efficiency at a 50 nM target concentration. On the other hand, preliminary experiments at
lower tDNA concentrations showed lower height increases upon exposure to tDNA. Future
experiments will focus on the signal to concentration correlation to define the system LOD.

Other experiments performed using a non-target sequence did not show an increase
in the height of the pDNA-grafted patches, confirming that the height increase measured
after exposure to tDNA was due to hybridization and not to nonspecific adsorption.

It is worth noting that, although lower S/A values corresponded to lower DNA
densities, the relative increase in patch height following hybridization was higher at low
S/A ratios. Table 2 reports the hybridization-induced relative increase in the patch height,
referred to as the MCH SAM, as a function of S/A and scan rate:

percentage increase (%) =
hdsDNA − hpDNA

hpDNA
× 100

The larger relative increase in patch height measured at low S/A ratios indicates that
hybridization resulted in a larger molecular reorganization for patches grafted at a low
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density compared to denser and more ordered pDNA patches grafted at a high S/A ratio,
in agreement with previous reports on similar systems [24].

Table 2. Relative percent increases in the patch height upon exposure to complementary DNA as a
function of S/A. Associated errors are 15% of the reported values.

2 Hz 8 Hz

S/A = 0.5 180 230

S/A = 1 120 200

S/A = 2 100 110

S/A = 4 80 100

These considerations regarding the pDNA reorganization upon hybridization derived
from the height analysis averaged on the entire patches can be substantiated by the spatially
resolved analysis on individual patches as shown on the example of Figure 5. The images
in Figure 5 show a pDNA patch grafted at 2 Hz, with S/A = 0.5. A careful comparison of
AFM images acquired before (Figure 5a) and after (Figure 5b) exposure to tDNA shows
a co-localization of brighter (and darker) regions before and after hybridization. The z
profiles of the red (before hybridization) and green (after hybridization) lines (Figure 5c)
show that the regions inside the patch that were lower in height before hybridization were
also lower after hybridization. However, their relative height increase was larger than the
relative increase of higher regions, which was reasonably related to the higher molecular
reorganization following hybridization of low-density pDNA strands. This finding is
in agreement with previous works [24,41] that report a negligible height increase upon
hybridization for densely packed DNA patches, in which pDNA is characterized by an
elongated and ordered molecular structure which undergoes minor reorientation upon
hybridization.
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DNA areas, and light grey regions refer to lower-density domains.



Sensors 2023, 23, 4557 10 of 13

Several reports in the literature have addressed the issue of hybridization of im-
mobilized pDNA. Previous SPR [64] and electrochemical [59] investigations examined
the dependence of the hybridization efficiency on the pDNA coverage in uniform self-
assembled DNA SAMs. More recent studies have focused on grafted DNA patches in
which higher DNA packing densities could be achieved compared to self-assembled DNA
SAMs [20,21,42]. Hybridization of DNA SAMs confined to arrays of oscillating micrometer-
sized pillars was addressed using optical detection methods [65]. Although it is not
straightforward to directly compare the hybridization efficiency of the different systems
due to the differences in the experimental protocols employed, a general consensus emerges
that there is an upper limit to the efficiency of hybridization, which is intrinsically limited
by molecular and electrostatic crowding [66].

Following the previous reports and based on our observations (see Table 2), we can
conclude that low-density patches grafted at lower S/A ratios were better suited than high
density patches for tDNA recognition when the patch height was selected as the indicator
of target sequence recognition; in fact, low density patches underwent a larger relative
height increase upon hybridization.

4. Conclusions

Through a combined nanoshaving and nanografting approach, we investigated the
structure of micrometer-sized DNA patches grafted at different S/A ratios and scan rates
and compared them with self-assembled DNA films. Tuning the grafting conditions
allowed us to tailor the molecular density of the grafted DNA. Employing the low pertur-
bative quantitative imaging mode, we observed the coexistence of molecular domains of
different heights, and thus different densities, within the grafted areas. Thinner domains
corresponded to low-density DNA regions characterized by loosely packed, randomly
lying DNA strands, while thicker domains corresponded to denser DNA patches that were
significantly denser than the self-assembled DNA layers. Grafting with densely spaced and
slow scans increased the size of the high-density domains, resulting in an overall increase
in the patch height.

Exposing the DNA patches to a 50 nM target sequence solution produced an increase
in the patch height, indicative of successful hybridization. The relative height increase of
the DNA patches upon hybridization was higher in the case of lower density patches since,
in this case, hybridization led to a larger molecular reorganization. Low density DNA
patches were therefore the most suitable for target sequence detection. Preliminary results
showed a measurable increase in the height of low density DNA patches after exposure to
target DNA solutions with concentrations as low as 1 nM.

Careful tuning of the grafting conditions is prospectively interesting for successful
targeting of short oligonucleotide sequences. The experience gained in the production and
characterization of grafted interfaces will be utilized in combination with spatially resolved
SE in future experiments. We previously reported the application of SE analysis for uniform
DNA-sensing interfaces for the specific and reversible detection of target sequences [7]. As a
further development, the miniaturization of the sensing platforms, combined with spatially
resolved SE, will help us to develop a multiplexing platform for the optical detection
of different oligonucleotides, thus allowing for parallel detection of reduced amounts of
target sequences.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/s23094557/s1, Section S1: MCH Shaving; Section S2: Molecular
Density Evaluation of DNA SAMs; Section S3: DNA Nanografting at 2 Hz Scan Rate. Figure S1:
(a) AFM height image of shaved MCH SAM (data scale = 4 nm). (b) Height profile obtained averaging
horizontal lines that include the shaved area. Zero is set at the gold level. Figure S2: Upper row: QI
AFM images of pDNA patches (upper row) obtained at different S/A (from left to right S/A = 0.5,
S/A = 1, S/A = 2 and S/A = 4) and scan rate = 2 Hz. Lower row: QI AFM images of the same patches
after hybridization with 50 nM tDNA. Data scale = 13 nm. Table S1: Estimated molecular density
(molecules/cm2) as a function of scan rate and S/A.

https://www.mdpi.com/article/10.3390/s23094557/s1
https://www.mdpi.com/article/10.3390/s23094557/s1


Sensors 2023, 23, 4557 11 of 13

Author Contributions: Conceptualization, O.C. and M.C.; methodology, O.C.; formal analysis,
S.M.C.R., P.C. and E.A.; funding acquisition, O.C. and M.C.; investigation, S.M.C.R.; writing—original
draft preparation, O.C. and S.M.C.R.; writing—review and editing, S.M.C.R., P.C., E.A., M.C. and
O.C.; visualization, S.M.C.R. and P.C.; supervision, O.C. All authors have read and agreed to the
published version of the manuscript.

Funding: Financial support was received from the Università degli Studi di Genova and Italian
Ministry of Education (grant RBAP11ETKA-005).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon request.

Acknowledgments: The authors would like to thank Loredana Casalis and Pietro Parisse for their
introduction to nanografting methods, and Flavio Gatti for use of the gold evaporation facility. This
work was performed under the project “Dipartimenti di Eccellenza 2018–2022” of the Italian Ministry
of Education. Financial support from Università degli Studi di Genova and Italian Ministry of
Education (grant RBAP11ETKA-005) is also acknowledged. P.C. and M.C. are not relatives.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maduraiveeran, G. Bionanomaterial-based electrochemical biosensing platforms for biomedical applications. Anal. Methods 2020,

12, 1688–1701. [CrossRef]
2. Flores-Contreras, E.A.; González-González, R.B.; Rodríguez-Sánchez, I.P.; León, J.F.Y.-D.; Iqbal, H.M.N.; González-González,

E. Microfluidics-Based Biosensing Platforms: Emerging Frontiers in Point-of-Care Testing SARS-CoV-2 and Seroprevalence.
Biosensors 2022, 12, 179. [CrossRef]

3. Sreekanth, K.V.; Alapan, Y.; ElKabbash, M.; Ilker, E.; Hinczewski, M.; Gurkan, U.A.; De Luca, A.; Strangi, G. Extreme sensitivity
biosensing platform based on hyperbolic metamaterials. Nat. Mater. 2016, 15, 621–627. [CrossRef]

4. Qu, J.-H.; Dillen, A.; Saeys, W.; Lammertyn, J.; Spasic, D. Advancements in SPR biosensing technology: An overview of recent
trends in smart layers design, multiplexing concepts, continuous monitoring and in vivo sensing. Anal. Chim. Acta 2019, 1104,
10–27. [CrossRef] [PubMed]

5. Souto, D.E.; Volpe, J.; Gonçalves, C.D.C.; Ramos, C.H.; Kubota, L.T. A brief review on the strategy of developing SPR-based
biosensors for application to the diagnosis of neglected tropical diseases. Talanta 2020, 205, 120122. [CrossRef] [PubMed]

6. Pollet, J.; Delport, F.; Janssen, K.P.; Jans, K.; Maes, G.; Pfeiffer, H.; Wevers, M.; Lammertyn, J. Fiber optic SPR biosensing of DNA
hybridization and DNA–protein interactions. Biosens. Bioelectron. 2009, 25, 864–869. [CrossRef]

7. Pinto, G.; Dante, S.; Rotondi, S.M.C.; Canepa, P.; Cavalleri, O.; Canepa, M. Spectroscopic Ellipsometry Investigation of a Sensing
Functional Interface: DNA SAMs Hybridization. Adv. Mater. Interfaces 2022, 9, 2200364. [CrossRef]

8. Al Rubaye, A.; Nabok, A.; Catanante, G.; Marty, J.-L.; Takacs, E.; Szekacs, A. Detection of ochratoxin A in aptamer assay using
total internal reflection ellipsometry. Sensors Actuators Chem. 2018, 263, 248–251. [CrossRef]

9. Wenmackers, S.; Pop, S.D.; Roodenko, K.; Vermeeren, V.; Williams, O.A.; Daenen, M.; Douhéret, O.; D’Haen, J.; Hardy, A.; Van
Bael, M.; et al. Structural and Optical Properties of DNA Layers Covalently Attached to Diamond Surfaces. Langmuir 2008, 24,
7269–7277. [CrossRef]

10. Cui, F.; Zhou, Z.; Zhou, H.S. Review—Measurement and Analysis of Cancer Biomarkers Based on Electrochemical Biosensors. J.
Electrochem. Soc. 2019, 167, 037525. [CrossRef]

11. Hasan, M.; Ahommed, M.; Daizy, M.; Bacchu, M.; Ali, M.; Al-Mamun, M.; Aly, M.S.; Khan, M.; Hossain, S. Recent development in
electrochemical biosensors for cancer biomarkers detection. Biosens. Bioelectron. X 2021, 8, 100075. [CrossRef]

12. Kikkeri, K.; Wu, D.; Voldman, J. A sample-to-answer electrochemical biosensor system for biomarker detection. Lab A Chip 2021,
22, 100–107. [CrossRef] [PubMed]

13. Freitas, D.L.D.; Câmara, I.M.; Silva, P.P.; Wanderley, N.R.S.; Alves, M.B.C.; Morais, C.L.M.; Martin, F.L.; Lajus, T.B.P.; Lima, K.M.G.
Spectrochemical analysis of liquid biopsy harnessed to multivariate analysis towards breast cancer screening. Sci. Rep. 2020,
10, 12818. [CrossRef] [PubMed]

14. Paraskevaidi, M.; Morais, C.L.M.; Lima, K.M.G.; Snowden, J.S.; Saxon, J.A.; Richardson, A.M.T.; Jones, M.; Mann, D.M.A.; Allsop,
D.; Martin-Hirsch, P.L.; et al. Differential diagnosis of Alzheimer’s disease using spectrochemical analysis of blood. Proc. Natl.
Acad. Sci. USA 2017, 114, E7929–E7938. [CrossRef]

15. Alves, M.V.S.; Maciel, L.I.L.; Passos, J.O.S.; Morais, C.L.M.; dos Santos, M.C.D.; Lima, L.A.S.; Vaz, B.G.; Pegado, R.; Lima,
K.M.G. Spectrochemical approach combined with symptoms data to diagnose fibromyalgia through paper spray ionization mass
spectrometry (PSI-MS) and multivariate classification. Sci. Rep. 2023, 13, 4658. [CrossRef] [PubMed]

https://doi.org/10.1039/D0AY00171F
https://doi.org/10.3390/bios12030179
https://doi.org/10.1038/nmat4609
https://doi.org/10.1016/j.aca.2019.12.067
https://www.ncbi.nlm.nih.gov/pubmed/32106939
https://doi.org/10.1016/j.talanta.2019.120122
https://www.ncbi.nlm.nih.gov/pubmed/31450437
https://doi.org/10.1016/j.bios.2009.08.045
https://doi.org/10.1002/admi.202200364
https://doi.org/10.1016/j.snb.2018.01.220
https://doi.org/10.1021/la800464p
https://doi.org/10.1149/2.0252003JES
https://doi.org/10.1016/j.biosx.2021.100075
https://doi.org/10.1039/D1LC00910A
https://www.ncbi.nlm.nih.gov/pubmed/34889339
https://doi.org/10.1038/s41598-020-69800-7
https://www.ncbi.nlm.nih.gov/pubmed/32733086
https://doi.org/10.1073/pnas.1701517114
https://doi.org/10.1038/s41598-023-31565-0
https://www.ncbi.nlm.nih.gov/pubmed/36949149


Sensors 2023, 23, 4557 12 of 13

16. Passos, J.O.S.; Alves, M.V.D.S.; Morais, C.L.M.; Martin, F.L.; Cavalcante, A.F.; Lemos, T.M.A.M.; Moura, S.; Freitas, D.L.D.; Mariz,
J.V.M.; Carvalho, J.L.; et al. Spectrochemical analysis in blood plasma combined with subsequent chemometrics for fibromyalgia
detection. Sci. Rep. 2020, 10, 11769. [CrossRef]

17. Lim, H.J.; Saha, T.; Tey, B.T.; Tan, W.S.; Ooi, C.W. Quartz crystal microbalance-based biosensors as rapid diagnostic devices for
infectious diseases. Biosens. Bioelectron. 2020, 168, 112513. [CrossRef]

18. Xi, X.; Niyonshuti, I.I.; Yu, N.; Yao, L.; Fu, Y.; Chen, J.; Li, Y. Label-Free Quartz Crystal Microbalance Biosensor Based on
Aptamer-Capped Gold Nanocages Loaded with Polyamidoamine for Thrombin Detection. ACS Appl. Nano Mater. 2021, 4,
10047–10054. [CrossRef]

19. Stachiv, I.; Kuo, C.-Y.; Li, W. Protein adsorption by nanomechanical mass spectrometry: Beyond the real-time molecular weighting.
Front. Mol. Biosci. 2023, 9, 1058441. [CrossRef]

20. Zhou, D.; Sinniah, K.; Abell, C.; Rayment, T. Label-Free Detection of DNA Hybridization at the Nanoscale: A Highly Sensitive
and Selective Approach Using Atomic-Force Microscopy. Angew. Chem. Int. Ed. 2003, 42, 4934–4937. [CrossRef]

21. Liu, M.; Liu, G.-Y. Hybridization with Nanostructures of Single-Stranded DNA. Langmuir 2005, 21, 1972–1978. [CrossRef]
[PubMed]

22. Bano, F.; Fruk, L.; Sanavio, B.; Glettenberg, M.; Casalis, L.; Niemeyer, C.M.; Scoles, G. Toward Multiprotein Nanoarrays Using
Nanografting and DNA Directed Immobilization of Proteins. Nano Lett. 2009, 9, 2614–2618. [CrossRef] [PubMed]

23. Ambrosetti, E.; Paoletti, P.; Bosco, A.; Parisse, P.; Scaini, D.; Tagliabue, E.; de Marco, A.; Casalis, L. Quantification of Circulating
Cancer Biomarkers via Sensitive Topographic Measurements on Single Binder Nanoarrays. ACS Omega 2017, 2, 2618–2629.
[CrossRef]

24. Olulana, A.F.A.; Soler, M.A.; Lotteri, M.; Vondracek, H.; Casalis, L.; Marasco, D.; Castronovo, M.; Fortuna, S. Computational
Evolution of Beta-2-Microglobulin Binding Peptides for Nanopatterned Surface Sensors. Int. J. Mol. Sci. 2021, 22, 812. [CrossRef]

25. Bordi, F.; Prato, M.; Cavalleri, O.; Cametti, C.; Canepa, M.; Gliozzi, A. Azurin Self-Assembled Monolayers Characterized by
Coupling Electrical Impedance Spectroscopy and Spectroscopic Ellipsometry. J. Phys. Chem. B 2004, 108, 20263–20272. [CrossRef]

26. Solano, I.; Parisse, P.; Gramazio, F.; Cavalleri, O.; Bracco, G.; Castronovo, M.; Casalis, L.; Canepa, M. Spectroscopic ellipsometry
meets AFM nanolithography: About hydration of bio-inert oligo(ethylene glycol)-terminated self assembled monolayers on gold.
Phys. Chem. Chem. Phys. 2015, 17, 28774–28781. [CrossRef] [PubMed]

27. Solano, I.; Parisse, P.; Gramazio, F.; Ianeselli, L.; Medagli, B.; Cavalleri, O.; Casalis, L.; Canepa, M. Atomic Force Microscopy and
Spectroscopic Ellipsometry combined analysis of Small Ubiquitin-like Modifier adsorption on functional monolayers. Appl. Surf.
Sci. 2017, 421, 722–727. [CrossRef]

28. Pinto, G.; Canepa, P.; Canale, C.; Canepa, M.; Cavalleri, O. Morphological and Mechanical Characterization of DNA SAMs
Combining Nanolithography with AFM and Optical Methods. Materials 2020, 13, 2888. [CrossRef]

29. Larsson, C.; Rodahl, M.; Höök, F. Characterization of DNA Immobilization and Subsequent Hybridization on a 2D Arrangement
of Streptavidin on a Biotin-Modified Lipid Bilayer Supported on SiO2. Anal. Chem. 2003, 75, 5080–5087. [CrossRef]

30. Su, X.; Wu, Y.-J.; Knoll, W. Comparison of surface plasmon resonance spectroscopy and quartz crystal microbalance techniques
for studying DNA assembly and hybridization. Biosens. Bioelectron. 2005, 21, 719–726. [CrossRef]

31. Van der Meulen, S.A.J.; Dubacheva, G.V.; Dogterom, M.; Richter, R.P.; Leunissen, M.E. Quartz Crystal Microbalance with
Dissipation Monitoring and Spectroscopic Ellipsometry Measurements of the Phospholipid Bilayer Anchoring Stability and
Kinetics of Hydrophobically Modified DNA Oligonucleotides. Langmuir 2014, 30, 6525–6533. [CrossRef] [PubMed]

32. Adam, S.; Koenig, M.; Rodenhausen, K.B.; Eichhorn, K.-J.; Oertel, U.; Schubert, M.; Stamm, M.; Uhlmann, P. Quartz crystal
microbalance with coupled spectroscopic ellipsometry-study of temperature-responsive polymer brush systems. Appl. Surf. Sci.
2017, 421, 843–851. [CrossRef]

33. Xu, S.; Liu, G.-Y. Nanometer-Scale Fabrication by Simultaneous Nanoshaving and Molecular Self-Assembly. Langmuir 1997, 13,
127–129. [CrossRef]

34. Canepa, P.; Gonella, G.; Pinto, G.; Grachev, V.; Canepa, M.; Cavalleri, O. Anchoring of Aminophosphonates on Titanium Oxide
for Biomolecular Coupling. J. Phys. Chem. C 2019, 123, 16843–16850. [CrossRef]

35. Canepa, P.; Gregurec, D.; Liessi, N.; Rotondi, S.M.C.; Moya, S.E.; Millo, E.; Canepa, M.; Cavalleri, O. Biofunctionalization of
Porous Titanium Oxide through Amino Acid Coupling for Biomaterial Design. Materials 2023, 16, 784. [CrossRef]

36. Pinto, G.; Parisse, P.; Solano, I.; Canepa, P.; Canepa, M.; Casalis, L.; Cavalleri, O. Functionalizing gold with single strand DNA:
Novel insight into optical properties via combined spectroscopic ellipsometry and nanolithography measurements. Soft Matter
2019, 15, 2463–2468. [CrossRef]

37. Cavalleri, O.; Natale, C.; Stroppolo, M.E.; Relini, A.; Cosulich, E.; Thea, S.; Novi, M.; Gliozzi, A. Azurin immobilisation on thiol
covered Au(111). Phys. Chem. Chem. Phys. 2000, 2, 4630–4635. [CrossRef]

38. Liu, G.-Y.; Xu, S.; Qian, Y. Nanofabrication of Self-Assembled Monolayers Using Scanning Probe Lithography. Acc. Chem. Res.
2000, 33, 457–466. [CrossRef]

39. Liu, M.; Amro, N.A.; Chow, C.S.; Liu, G.-Y. Production of Nanostructures of DNA on Surfaces. Nano Lett. 2002, 2, 863–867.
[CrossRef]

40. Zhou, D.; Sinniah, K.; Abell, C.; Rayment, T. Use of Atomic Force Microscopy for Making Addresses in DNA Coatings. Langmuir
2002, 18, 8278–8281. [CrossRef]

https://doi.org/10.1038/s41598-020-68781-x
https://doi.org/10.1016/j.bios.2020.112513
https://doi.org/10.1021/acsanm.1c01350
https://doi.org/10.3389/fmolb.2022.1058441
https://doi.org/10.1002/anie.200352178
https://doi.org/10.1021/la047586d
https://www.ncbi.nlm.nih.gov/pubmed/15723497
https://doi.org/10.1021/nl9008869
https://www.ncbi.nlm.nih.gov/pubmed/19583282
https://doi.org/10.1021/acsomega.7b00284
https://doi.org/10.3390/ijms22020812
https://doi.org/10.1021/jp047141y
https://doi.org/10.1039/C5CP04028K
https://www.ncbi.nlm.nih.gov/pubmed/26445913
https://doi.org/10.1016/j.apsusc.2016.10.195
https://doi.org/10.3390/ma13132888
https://doi.org/10.1021/ac034269n
https://doi.org/10.1016/j.bios.2005.01.006
https://doi.org/10.1021/la500940a
https://www.ncbi.nlm.nih.gov/pubmed/24823835
https://doi.org/10.1016/j.apsusc.2017.02.078
https://doi.org/10.1021/la962029f
https://doi.org/10.1021/acs.jpcc.9b04077
https://doi.org/10.3390/ma16020784
https://doi.org/10.1039/C8SM02589D
https://doi.org/10.1039/b003603j
https://doi.org/10.1021/ar980081s
https://doi.org/10.1021/nl025626x
https://doi.org/10.1021/la0258547


Sensors 2023, 23, 4557 13 of 13

41. Mirmomtaz, E.; Castronovo, M.; Grunwald, C.; Bano, F.; Scaini, D.; Ensafi, A.A.; Scoles, G.; Casalis, L. Quantitative Study of
the Effect of Coverage on the Hybridization Efficiency of Surface-Bound DNA Nanostructures. Nano Lett. 2008, 8, 4134–4139.
[CrossRef] [PubMed]

42. Bosco, A.; Bano, F.; Parisse, P.; Casalis, L.; DeSimone, A.; Micheletti, C. Hybridization in nanostructured DNA monolayers probed
by AFM: Theory versus experiment. Nanoscale 2011, 4, 1734–1741. [CrossRef] [PubMed]

43. Ngavouka, M.D.N.; Bosco, A.; Casalis, L.; Parisse, P. Determination of Average Internucleotide Distance in Variable Density
ssDNA Nanobrushes in the Presence of Different Cations Species. Macromolecules 2014, 47, 8748–8753. [CrossRef]

44. Gil, P.S.; Lacks, D.J.; Parisse, P.; Casalis, L.; Ngavouka, M.D.N. Single-stranded DNA oligomer brush structure is dominated by
intramolecular interactions mediated by the ion environment. Soft Matter 2018, 14, 9675–9680. [CrossRef]

45. Alsadig, A.; Abbasgholi-Na, B.; Vondracek, H.; Medagli, B.; Fortuna, S.; Posocco, P.; Parisse, P.; Cabrera, H.; Casalis, L. DNA-
Directed Protein Anchoring on Oligo/Alkanethiol-Coated Gold Nanoparticles: A Versatile Platform for Biosensing Applications.
Nanomaterials 2022, 13, 78. [CrossRef]

46. Castronovo, M.; Radovic, S.; Grunwald, C.; Casalis, L.; Morgante, M.; Scoles, G. Control of Steric Hindrance on Restriction
Enzyme Reactions with Surface-Bound DNA Nanostructures. Nano Lett. 2008, 8, 4140–4145. [CrossRef]

47. Liang, J.; Castronovo, M.; Scoles, G. DNA as Invisible Ink for AFM Nanolithography. J. Am. Chem. Soc. 2011, 134, 39–42.
[CrossRef]

48. Olulana, A.F.A.; Choi, D.; Inverso, V.; Redhu, S.K.; Vidonis, M.; Crevatin, L.; Nicholson, A.W.; Castronovo, M. Noncanonical DNA
Cleavage by BamHI Endonuclease in Laterally Confined DNA Monolayers Is a Step Function of DNA Density and Sequence.
Molecules 2022, 27, 5262. [CrossRef]

49. Chopinet, L.; Formosa, C.; Rols, M.-P.; Duval, R.E.; Dague, E. Imaging living cells surface and quantifying its properties at high
resolution using AFM in QI™ mode. Micron 2013, 48, 26–33. [CrossRef]

50. Yagi, N.; Satonaka, K.; Horio, M.; Shimogaki, H.; Tokuda, Y.; Maeda, S. The Role of DNase and EDTA on DNA Degradation in
Formaldehyde Fixed Tissues. Biotech. Histochem. 1996, 71, 123–129. [CrossRef]

51. Gupta, P.; Loos, K.; Korniakov, A.; Spagnoli, C.; Cowman, M.; Ulman, A. Facile Route to Ultraflat SAM-Protected Gold Surfaces
by “Amphiphile Splitting”. Angew. Chem. Int. Ed. 2004, 43, 520–523. [CrossRef] [PubMed]

52. Berg, J.M.; Tymoczko, J.L.; Gatto, G.J.; Stryer, L. Biochemistry, 8th ed.; W.H. Freeman & Company, a Macmillan Education Imprint:
New York, NY, USA, 2015; ISBN 978-1-4641-2610-9.

53. Tinland, B.; Pluen, A.; Sturm, J.; Weill, G. Persistence Length of Single-Stranded DNA. Macromolecules 1997, 30, 5763–5765.
[CrossRef]

54. Kimura-Suda, H.; Petrovykh, D.Y.; Tarlov, M.J.; Whitman, L.J. Base-Dependent Competitive Adsorption of Single-Stranded DNA
on Gold. J. Am. Chem. Soc. 2003, 125, 9014–9015. [CrossRef] [PubMed]

55. Östblom, M.; Liedberg, B.; Demers, L.M.; Mirkin, C.A. On the Structure and Desorption Dynamics of DNA Bases Adsorbed on
Gold: A Temperature-Programmed Study. J. Phys. Chem. 2005, 109, 15150–15160. [CrossRef]

56. Herne, T.M.; Tarlov, M.J. Characterization of DNA Probes Immobilized on Gold Surfaces. J. Am. Chem. Soc. 1997, 119, 8916–8920.
[CrossRef]

57. Rybenkov, V.V.; Cozzarelli, N.R.; Vologodskii, A.V. Probability of DNA knotting and the effective diameter of the DNA double
helix. Proc. Natl. Acad. Sci. USA 1993, 90, 5307–5311. [CrossRef]

58. Stigter, D. Interactions of highly charged colloidal cylinders with applications to double-stranded DNA. Biopolymers 1977, 16,
1435–1448. [CrossRef]

59. Steel, A.B.; Herne, T.M.; Tarlov, M.J. Electrochemical Quantitation of DNA Immobilized on Gold. Anal. Chem. 1998, 70, 4670–4677.
[CrossRef]

60. Yao, L.; Sullivan, J.; Hower, J.; He, Y.; Jiang, S. Packing structures of single-stranded DNA and double-stranded DNA thiolates on
Au(111): A molecular simulation study. J. Chem. Phys. 2007, 127, 195101. [CrossRef]

61. Domínguez, C.M.; Ramos, D.; Mendieta-Moreno, J.I.; Fierro, J.L.G.; Mendieta, J.; Tamayo, J.; Calleja, M. Effect of water-DNA
interactions on elastic properties of DNA self-assembled monolayers. Sci. Rep. 2017, 7, 536. [CrossRef]

62. Xu, S.; Laibinis, P.E.; Liu, G. Accelerating the Kinetics of Thiol Self-Assembly on Gold—A Spatial Confinement Effect. J. Am.
Chem. Soc. 1998, 120, 9356–9361. [CrossRef]

63. Ryu, S.; Schatz, G.C. Nanografting: Modeling and Simulation. J. Am. Chem. Soc. 2006, 128, 11563–11573. [CrossRef] [PubMed]
64. Peterson, A.W.; Heaton, R.J.; Georgiadis, R. The effect of surface probe density on DNA hybridization. Nucleic Acids Res. 2001, 29,

5163–5168. [CrossRef] [PubMed]
65. Melli, M.; Scoles, G.; Lazzarino, M. Fast Detection of Biomolecules in Diffusion-Limited Regime Using Micromechanical Pillars.

ACS Nano 2011, 5, 7928–7935. [CrossRef]
66. Doni, G.; Ngavouka, M.D.N.; Barducci, A.; Parisse, P.; De Vita, A.; Scoles, G.; Casalis, L.; Pavan, G.M. Structural and energetic

basis for hybridization limits in high-density DNA monolayers. Nanoscale 2013, 5, 9988–9993. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/nl802722k
https://www.ncbi.nlm.nih.gov/pubmed/19367838
https://doi.org/10.1039/c2nr11662f
https://www.ncbi.nlm.nih.gov/pubmed/22301788
https://doi.org/10.1021/ma501712a
https://doi.org/10.1039/C8SM01743C
https://doi.org/10.3390/nano13010078
https://doi.org/10.1021/nl802370g
https://doi.org/10.1021/ja2076845
https://doi.org/10.3390/molecules27165262
https://doi.org/10.1016/j.micron.2013.02.003
https://doi.org/10.3109/10520299609117148
https://doi.org/10.1002/anie.200352249
https://www.ncbi.nlm.nih.gov/pubmed/14735551
https://doi.org/10.1021/ma970381+
https://doi.org/10.1021/ja035756n
https://www.ncbi.nlm.nih.gov/pubmed/15369348
https://doi.org/10.1021/jp051617b
https://doi.org/10.1021/ja9719586
https://doi.org/10.1073/pnas.90.11.5307
https://doi.org/10.1002/bip.1977.360160705
https://doi.org/10.1021/ac980037q
https://doi.org/10.1063/1.2786984
https://doi.org/10.1038/s41598-017-00605-x
https://doi.org/10.1021/ja981938j
https://doi.org/10.1021/ja063138b
https://www.ncbi.nlm.nih.gov/pubmed/16939280
https://doi.org/10.1093/nar/29.24.5163
https://www.ncbi.nlm.nih.gov/pubmed/11812850
https://doi.org/10.1021/nn202224g
https://doi.org/10.1039/c3nr01799k
https://www.ncbi.nlm.nih.gov/pubmed/23996015

	Introduction 
	Materials and Methods 
	Materials 
	Chemicals 
	AFM Gold Substrate Preparation 

	Methods 
	Nanoshaving and Nanografting 
	Atomic Force Microscopy 


	Results and Discussion 
	Conclusions 
	References

