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Abstract: The morphological and mechanical properties of thiolated ssDNA films self-assembled at
different ionic strength on flat gold surfaces have been investigated using Atomic Force Microscopy
(AFM). AFM nanoshaving experiments, performed in hard tapping mode, allowed selectively
removing molecules from micro-sized regions. To image the shaved areas, in addition to the soft contact
mode, we explored the use of the Quantitative Imaging (QI) mode. QI is a less perturbative imaging
mode that allows obtaining quantitative information on both sample topography and mechanical
properties. AFM analysis showed that DNA SAMs assembled at high ionic strength are thicker
and less deformable than films prepared at low ionic strength. In the case of thicker films, the difference
between film and substrate Young’s moduli could be assessed from the analysis of QI data. The AFM
finding of thicker and denser films was confirmed by X-Ray Photoelectron Spectroscopy (XPS)
and Spectroscopic Ellipsometry (SE) analysis. SE data allowed detecting the DNA UV absorption on
dense monomolecular films. Moreover, feeding the SE analysis with the thickness data obtained by
AFM, we could estimate the refractive index of dense DNA films.

Keywords: AFM; Spectroscopic Ellipsometry; DNA; self-assembled monolayers; ionic strength;
molecular absorption

1. Introduction

Nucleic acid microarrays are largely employed in biosensing: the parallel detection of DNA or
RNA hybridization allows for the simultaneous multiple detection of biomarkers [1,2]. The key feature
of these devices is the highly specific biorecognition deriving from Watson–Crick base pairing that can
be exploited for the selective detection of different analytes from oligonucleotides up to cells [3].

Hybridization can be exploited for biosensing on a two-fold level. It can be used for the direct
recognition of specific target sequences, with applications in molecular biology and molecular diagnostics,
since particular diseases can be identified based on the identification of specific nucleic acid sequences.
Examples are the detection of methicillin-resistant Staphylococcus aureus (MRSA) [4], mi-RNA sequences
related to tumor or cardiovascular diseases [5,6], or coronavirus-related sequences [7,8]. In this respect,
in response to the pandemic COVID-19 emergency, the selective recognition of SARS-CoV-2 sequences
has been recently demonstrated using a thermoplasmonic approach based on DNA hybridization [9].
On the other hand, in a supramolecular scheme, hybridization can be exploited for the immobilization
of selective and functional sensing molecules: in DNA-directed molecular anchoring, complementary
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DNA bearing the sensing molecule can hybridize with immobilized DNA. In this way, the sensing
molecules can be anchored to the surface, but they are uncoupled from it by the DNA layer, and therefore
maintain their functionality and selectivity toward specific molecular biomarkers [10–12]. The detection
of molecular binding events often involves the use of fluorescent labels [13,14]. Our aim is to
develop a label-free detection scheme, by combining Atomic Force Microscopy (AFM) nanolithography
and Spectroscopic Ellipsometry (SE).

The design of a robust and reliable DNA biosensor passes through the careful characterization
of the DNA monolayer. Compared to the self-assembly of simpler molecules such as alkanethiols,
the chemisorption of thiolated DNA strands on gold is a more complex process, since electrostatic
interactions as well as conformation-dependent steric hindrance play a role in the process. This explains
the role of the ionic strength in DNA conformation [15,16] and self-assembly [17–20], and motivates,
for instance, the use of spacer molecules to promote the molecular organization of the DNA strands [17,21,22].
Different experimental approaches have been employed to investigate DNA self-assembly on gold,
from electrochemical methods [18,22–24], to optical [20,25,26], infrared [22,27,28], and X-ray [17,28,29]
spectroscopy. An aspect that has not been addressed so far is related to the mechanical properties of DNA
Self-Assembled Monolayers (SAMs). The evaluation of the mechanical properties of ultrathin films such
as SAMs is a challenging task, since a high sensitivity is required to disentangle the film contribution from
the substrate one. Indeed, the evaluation of the mechanical properties of thin and ultrathin organic layers is
an important issue for the development and optimization of biosensors, since it has been demonstrated that
the interaction between substrates and biosamples, in particular cells, is strongly influenced by the sample
stiffness [30]. Here, we employ scanning probe microscopy to investigate the morphological and mechanical
properties of DNA SAMs, showing that the method is sensitive enough to discriminate between DNA
layers self-assembled at different ionic strengths. Scanning probe nanolithography methods are versatile
tools that allow for a precision patterning of ultrathin organic monolayers [31,32]. Since the first reports by
Liu and coworkers [33,34], scanning probe nanolithography has been successfully employed to produce
patterned organic/inorganic interfaces for the precise immobilization of nano-objects (from nanoparticles to
biomolecules) [35] as well as to develop sensing platforms that are able to detect molecular recognition
events [36–38].

In parallel to patterning, nanoshaving experiments can be advantageously employed to measure
the thickness of molecular layers down to the subnanometer level, thus allowing monitoring film
thickness changes following supramolecular multi-step assembly. At variance with previous reports
that used the hard contact mode to displace molecules [34,39–42], we explore the use of the hard tapping
mode to move the AFM tip as a shaver that selectively displaces molecules from the surface [43].

In addition to the more commonly used soft contact mode, imaging of the shaved
areas was performed in Quantitative Imaging (QI) mode. QI is a force-distance curve-based microscopy
mode that allows acquiring a height image and a map of different sample properties, simultaneously,
with nanometer resolution. In particular, the analysis of the force curves allows evaluating local
mechanical parameters such as the adhesion and the Young’s modulus [44].

To correlate structural, chemical, and optical properties of the DNA SAMs and to investigate their
dependence on the ionic strength of the self-assembly solution, we couple nanoshaving experiments
with spectroscopic measurements. X-rays Photoelectron Spectroscopy (XPS) allowed to detect
the relevant molecular signals and to correlate their intensities to the molecular coverage. Optical
spectroscopy measurements in the UV-VIS range provided information on the optical properties of
the DNA films. Spectroscopic Ellipsometry is a reliable, rapid, highly sensitive, and not-perturbative
optical technique that measures the variation in polarization of a light beam upon reflection from
a surface, providing information on the thickness and optical properties of thin and ultrathin films.
For ultrathin films, the thickness and refractive index are correlated parameters. We exploit the thickness
data obtained from AFM nanolithography measurements to disentangle this correlation [40,45]. Indeed,
the cross-fertilization between the two methods (scanning probe microscopy and Spectroscopic
Ellipsometry) can be advantageously employed to obtain quantitative and consistent data on
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thickness and refractive index of monomolecular films, once a proper optical model of the system is
provided. Moreover, through the analysis of ellipsometry difference spectra, we can detect the spectral
features of the DNA absorption at the monolayer level and its dependence on the ionic strength.

2. Materials and Methods

2.1. Materials and Chemicals

Thiolated 22-mers SH-(CH2)6-5′-TAATCGGCTCATACTCTGACTG-3′ (C6-ssDNA) were
purchased from Biomers (Ulm, Germany) and used as received. Single-stranded oligonucleotides
functionalized with a thiolated alkyl chain can self-assemble more easily and form more stable films
than no-thiolated oligonucleotides thanks to the formation of the S-Au bond [17,26].

Tris[hydroxymethyl]amino-methane (Tris base) and ethylenediamine-tetraacetic acid (EDTA)
were purchased from Sigma Aldrich (St. Louis, MO, USA). Sodium chloride (NaCl) was purchased
from Merck (Darmstadt, Germany). Sulfuric acid (H2SO4) and 30% hydrogen peroxide (H2O2) were
purchased from Carlo Erba (Val de Reuil, France). Milli-Q water from Millipore (resistivity ≥18 MΩ·cm)
was used in all the experiments.

Experiments were performed using TE buffer (10 mM Tris, 1 mM EDTA and NaCl, pH adjusted at
7.2 using HCl (Fluka, Buchs, Switzerland)). Two NaCl concentrations were used, 1 mM NaCl (1 mM
NaCl buffer) or 1 M NaCl (1 M NaCl buffer). The two salt concentrations (1 mM and 1M) were chosen
as extreme values to evaluate the effect of salt. Below 1 mM NaCl, because of the very low density of
deposited molecules, AFM, X-Ray Photoelectron Spectroscopy (XPS), and SE data lose their reliability
due to the significant experimental uncertainties. On the other hand, based on previous reports [17–19],
1 M NaCl was chosen as a sufficiently high concentration to guarantee a full coverage molecular layer.

Flat gold substrates purchased from Arrandee (root mean square (RMS) roughness = 2.4 nm
in 2 µm× 2 µm scan, (Werther/Westfalen, Germany) were used for ellipsometric and XPS measurements.
Ultraflat gold substrates (RMS roughness = 0.3 nm in 2 µm × 2 µm scan) prepared according to Gupta
et al. [46] (often called Ulman-type gold) were used for AFM measurements.

2.2. Samples Preparation

Arrandee substrates were cleaned with piranha solution (4:1 H2SO4:30% H2O2) for 3 min,
thoroughly rinsed with Milli-Q water, and dried under a nitrogen stream (CAUTION—Piranha should
be handled with extreme care: it is extremely oxidizing, reacts violently with organics, and should
only be stored in loosely tightened containers to avoid pressure buildup). No cleaning procedures
were necessary for ultraflat gold substrates, since the capping silicon slide was removed from the gold
surface immediately prior to use.

Oligonucleotide self-assembly was carried out by keeping the clean gold substrates in 1 µM
C6-ssDNA solution in TE buffer for 24 h at ambient temperature.

After C6-ssDNA self-assembly, samples were rinsed and characterized in situ by AFM in TE buffer.
For each sample, at least four areas have been shaved to check for sample uniformity.

For SE measurements on ultrathin organic films, in order to emphasize the film contribution
to the SE data, we followed a difference spectra analysis method that has been previously applied
to organic monolayers [40,47,48]. Therefore, cleaned Arrandee samples were first characterized
in situ in TE buffer, subsequently incubated in the C6-ssDNA solution for 24 h, and then rinsed
and characterized by SE in situ in TE buffer.

After SE analysis, samples were dried and characterized by XPS acquiring survey
and high-resolution spectra. For each sample, at least three regions were analyzed to check for
sample uniformity.
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2.3. Atomic Force Microscopy (AFM)

AFM experiments were carried out using a JPK NanoWizard IV microscope (Bruker, Billerica, MA,
USA). Samples were analyzed in 1 mM or 1 M NaCl buffer depending on the solution used for
the C6-ssDNA self-assembly. Gold-coated Si cantilevers (DNP-S10, Bruker) with an elastic constant of
0.24 N/m and a tip radius of curvature of 10 nm were used for both shaving and imaging operation
mode. Nanoshaving experiments were performed by scanning a selected area (typically a few µm
wide) in hard tapping mode (setting a very small oscillating amplitude, typically 0.01 nm, with a free
oscillation amplitude of 70–80 nm) to selectively displace molecules and obtain an exposed gold region.
After the shaving, an image with larger scan size was acquired in both soft contact and Quantitative
Imaging mode. QI mode is an imaging mode based on force spectroscopy: through the acquisition
of a large set of force–distance curves, it allows reconstructing the sample topography from the z
position of the tip at a specific force load. Since the tip is withdrawn from the surface between
each pixel, there are almost no lateral forces, and dragging is avoided. The combination of imaging
and force spectroscopy provides quantitative data on mechanical properties of the sample in addition
to the height measurements.

Data have been analyzed with Gwyddion (v2.55) and JPKSPM Data Processing software.

2.4. Spectroscopic Ellipsometry (SE)

Spectroscopic Ellipsometry measurements were performed using a rotating compensator
instrument (M-2000, J.A. Woollam Co., Lincoln, NE, USA, 245–1700 nm) equipped with a 75 W
Xe lamp. Spectra have been collected in situ using a commercial liquid cell (J.A. Woollam Co., 0.5 mL).

To emphasize the contribution of the ultrathin organic layer, we analyzed difference spectra, which
were obtained as the difference between the spectra acquired after the film deposition and the spectra
measured on the substrate just prior to molecular deposition [40,47,49].

3. Results and Discussion

Figure 1 reports the results of two shaving experiments carried out on C6-ssDNA SAMs prepared
in 1 mM NaCl buffer (a–c) and 1 M NaCl buffer (d–f), respectively. In a shaving experiment, molecules
are selectively removed from specific regions by scanning over those regions with a high tip load.
In particular, in the present experiments, C6-ssDNA molecules were removed by scanning over
the selected region in hard tapping mode while QI mode, together with the standard soft contact mode,
was exploited to image shaved areas. Both shaving and imaging were carried out in the same TE
buffers used for the C6-ssDNA self-assembly.

The C6-ssDNA SAM thickness can be inferred from the analysis of height images through
the evaluation of the height difference between the SAM region and the shaved region, i.e., the gold
substrate. AFM height images acquired in soft contact mode on samples prepared in 1 mM NaCl
buffer (1 mM NaCl C6-ssDNA SAMs) and 1 M NaCl buffer (1 M NaCl C6-ssDNA SAMs) are reported
in Figure 1a,d, respectively. The corresponding QI height images are reported in Figure 1b,e, respectively.
The darker squared regions correspond to the shaved areas where molecules have been removed.
The SAM thickness can be evaluated from the profiles of the height images: Figure 1c,f show z profiles
measured on the soft contact images (light, continuous curves) and on the QI images (dark, dashed
curves), which were acquired on samples prepared in 1 mM (blue curves) and 1 M NaCl buffer (red
curves), respectively.

The superposition of dashed and continuous curves indicates that the height estimation obtained
in contact mode is slightly lower than the height value inferred from QI measurements. This difference
can be attributed to the different operation mode: in contact mode, the continuous tip–sample
interaction can result in drag forces that can perturb the monolayer, leading to a height underestimation.
Therefore, it is important to minimize as much as possible the tip load. In QI mode, the intermittent
tip–sample interaction avoids drag effects and results in a less perturbative operation mode. Therefore,



Materials 2020, 13, 2888 5 of 14

a comparative analysis in soft contact and QI modes can increase the reliability of the SAM height
estimation measured by AFM.Materials 2020, 13, x FOR PEER REVIEW 5 of 15 
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lines) and QI images (dark, dashed lines). 
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Figure 1. Shaving experiments on C6-ssDNA SAMs prepared in (a–c) 1 mM NaCl and (d–f) 1 M NaCl
buffer. Height images of the shaved areas acquired in (a,d) contact mode and in (b,e) Quantitative
Imaging (QI) mode (data scale: 9 nm). (c,f) z-profiles relative to contact images (light, continuous lines)
and QI images (dark, dashed lines).

It is worth noting that the agreement between the z-profiles obtained in contact and QI modes is
slightly better for films prepared at high ionic strength, indicating that these films are less vulnerable
to the AFM tip perturbation. This finding is reasonably related to the fact that SAMs prepared at high
salt concentration are thicker and therefore denser and more compact with respect to SAMs prepared
at low salt concentration.

From the statistical analysis of z-profiles obtained analyzing different shaved areas in several
samples, we obtained an average C6-ssDNA SAM thickness of (1.0 ± 0.3) nm for samples prepared
in 1 mM NaCl buffer and of (3.3 ± 0.5) nm for samples prepared in 1 M NaCl buffer.

In addition to film thickness, AFM measurements can provide information on the film mechanical
properties. In Figure 2, we report the lateral deflection, slope, and Young’s modulus maps referred to
the same shaving experiments analyzed in Figure 1.

Contact mode AFM can measure the cantilever lateral deflection, which gives information on
the local friction between tip and sample surface. Therefore, we expect to measure a different lateral
deflection when the tip scans over the C6-ssDNA SAM or over the gold substrate. The lateral deflection
images reported in Figure 2 show that the difference in lateral deflection is very low in case of 1 mM
NaCl C6-ssDNA SAMs (Figure 2a), while it is definitely higher for 1 M NaCl C6-ssDNA SAMs
(Figure 2e). These results can be interpreted on the base of the height measurements reported above.
C6-ssDNA SAMs prepared at low ionic strength have a subnanometer thickness: this indicates a
low density molecular packing with almost lying down molecules. On such a layer, it is difficult
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to decouple the tribological properties of the film and of the gold substrate. Instead, at high salt
concentration, a better organized and more compact layer is obtained: in this case, a definitely larger
difference in lateral deflection is detected when the tip scans over the gold substrate (light square) or
over the SAM.Materials 2020, 13, x FOR PEER REVIEW 6 of 15 
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buffer. (a,e) Lateral deflection images acquired in contact mode (data scale: 20 mV). (b,f) Slope images 
acquired in QI mode (data scale: 250 N/m). (c,g) Young’s modulus images obtained from QI force 
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Figure 2. Shaving experiment on C6-ssDNA SAMs prepared in (a–d) 1 mM NaCl and (e–h) 1 M NaCl
buffer. (a,e) Lateral deflection images acquired in contact mode (data scale: 20 mV). (b,f) Slope images
acquired in QI mode (data scale: 250 N/m). (c,g) Young’s modulus images obtained from QI force
curves (data scale: 150 MPa) and (d,h) related histograms.

The application of QI mode provides information not only on the sample morphology, but also on
its mechanical properties. It is important to note that the evaluation of the mechanical properties of
ultrathin films such as DNA SAMs is a challenging task, since it is difficult to uncouple the contribution
of the substrate from that of the film. From the analysis of QI data, we could detect differences
in the mechanical response of the films and of the gold substrate. In QI mode, the stiffness of
the analyzed region can be inferred from slope maps obtained by calculating, for each acquired
force–distance curve, the slope of a linear fit of the contact region close to the sample surface
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(see Figure S1 in Supplementary Materials). Assuming that the AFM probes have the same elastic
constant and tip radius, the more rigid is the sample, the higher is the slope. On the other hand,
on soft regions, the cantilever can deform the sample leading to a smaller deflection and therefore
to a lower slope in the force–distance curve. In our experiments, the DNA region appears slightly
darker (Figure 2b) and definitely darker (Figure 2f) for C6-ssDNA SAMs prepared at low and high
ionic strength, respectively. Lower values of the slope over the film indicate that, as expected, the DNA
film is softer than the gold substrate. We can also note that, as observed for lateral deflection images,
the effect is faint at low salt concentration, while in the case of high ionic strength the difference
between the stiffness of film and gold is definitely larger.

An additional analysis of QI data allows evaluating the Young’s modulus of the analyzed region
(see Figure S1 in Supplementary Materials). Figure 2c,g show the 2D maps of the Young’s modulus
values relative to the C6-ssDNA shaving experiments at low and high ionic strength, respectively.
As expected, the gold substrate presents a definitely higher modulus with respect to the C6-ssDNA
film in case of SAMs prepared in 1 M NaCl buffer, while at low salt concentration there is no significant
difference between substrate and film. When present, the difference in the Young’s modulus values of
C6-ssDNA film and gold substrate can be better appreciated by analyzing the histograms of the Young’s
modulus maps reported in Figure 2d,h. The histogram in Figure 2d can be reproduced with a
single Gaussian profile centered at 100 MPa, which means that in the case of SAMs deposited at low
ionic strength, no significant difference can be detected between the Young’s modulus of the bare
and SAM covered substrate. Conversely, at high ionic strength, two Gaussian profiles must be used to
reproduce the histogram envelope (Figure 2h, black curve). A difference of about 40 MPa is detected
between the two peaks, which correspond to the SAM (brown Gaussian profile, centered at 57 MPa)
and to the substrate (yellow Gaussian profile, centered at 100 MPa). In agreement with the slope
analysis results, the Young’s modulus values of the biofilm result, as expected, lower than those of
the gold substrate.

Nanoshaving experiments indicate that the buffer ionic strength strongly influences the C6-ssDNA
deposition. At low ionic strength, the highly charged DNA strands assume an elongated conformation
and repel each other. A thin, low-density SAM of almost lying down molecules is formed. Conversely,
at high ionic strength, the screening of the DNA charges leads to a more coiled strand conformation
and reduces inter-strand repulsion. A thicker, higher coverage SAM formed by almost upright
molecules is obtained in these conditions. This picture (Figure 3) is in agreement with the observation,
for a set SAM molecular density, of elongated DNA strands at low ionic strength and mushroom-like
strands at high ionic strength [50,51].
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Figure 3. Sketches of C6-ssDNA SAMs immobilized in (a) 1 mM NaCl and (b) 1 M NaCl TE buffer.

Further evidence of the higher film coverage at high salt concentration was obtained by XPS
measurements (see Figures S2 and S3 in Supplementary Materials). High-resolution XPS spectra
indicate the presence of all the relevant molecular signals, which can be deconvoluted to identify
the different molecular groups present in the SAMs. The comparative XPS analysis of C6-ssDNA films
prepared in high and low ionic strength buffers indicates the presence of the same molecular species
in the two systems, but the intensity ratio between molecular and gold signals is almost three times
higher in SAMs prepared using 1 M NaCl buffer. Even though the increase in the intensity ratio of
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the XPS signals cannot be directly translated into the increase of the layer thickness, the XPS finding is
in good agreement with the AFM data, which indicates that SAMs prepared at high ionic strength are
about three times thicker than SAMs assembled at low ionic strength.

We note that the ionic strength plays a similar role on the molecular density of DNA self-assembled
on nanoparticles [52], which is a widely exploited system for biosensing purposes. However,
self-assembly on nanoparticles is more complex than self-assembly on planar surfaces since additional
parameters, such as the nanoparticle radius of curvature, come into play.

The AFM/XPS results have been confirmed by SE analysis. Indeed, information on the film
compactness could be inferred from SE data through the estimation of the film refractive index.
As discussed below, the coupling between AFM and SE is particularly useful in the analysis of
ultrathin layers, such as the DNA films.

Difference ellipsometric spectra of C6-ssDNA SAMs are reported in Figure 4. A remarkable
spectral feature of the SE curves is the presence of a deep minimum around 270 nm in δ∆ (Figure 4a)
and a corresponding dip around 290 nm in δΨ (Figure 4b). These dips are well defined at high ionic
strength (red curves), but they are present, even though weaker, also at low ionic strength (blue curves).
Considering that the UV-Vis absorption of DNA in solution exhibits an absorption band located at
260 nm (confirmed by UV-Vis absorption spectroscopy, data not shown) and that transparent films
present a very different behavior in this spectral region [53], we recognize these features as fingerprints
of molecular DNA absorption. With a similar approach, we could previously identify molecular
related UV-Vis absorptions by the analysis of difference SE spectra of biomolecular SAMs [49,54].
Recent papers focused on the optical properties of DNA thin solid films [55–57], but to the best of our
knowledge, this is the first experimental observation in SE difference spectra of molecular absorption
on DNA monolayers chemisorbed on gold.
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δ∆ and δΨ spectra exhibit also some typical properties of difference spectra of thiolate SAMs
on gold [58]. In particular, δ∆ spectra present a relative maximum (Figure 4a) around 500 nm,
at the high reflectivity threshold of gold; in the same wavelength region, δΨ spectra (Figure 4b) show
a well-defined transition to lower values with a minimum around 600 nm [59,60]. We previously
associated the negative δΨ values in NIR region to an interface-related effect that characterizes
the formation of organic films strongly anchored to the substrate [53,59].

SE data confirm that the ionic strength of the buffer plays a significant role in the SAM formation.
As can be observed in Figure 4, |δ∆| values in the NIR (far from molecular resonances) and δΨ values
in the near UV are definitely larger for C6-ssDNA SAMs deposited in 1 M NaCl buffer with respect
to SAMs deposited in 1 mM NaCl buffer. According to previous reports [45,58], these features are
associated to the film optical thickness, a quantity depending on refractive index and thickness, that is
higher for 1 M NaCl C6-ssDNA samples.
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It must be noted that for ultrathin films, as the monolayers analyzed in this study, refractive index
and thickness are highly correlated parameters. A convenient approach to disentangle this correlation
is to couple SE with another experimental method. To this end, we previously coupled SE analysis
with Electrochemical Impedance Spectroscopy to investigate alkanethiol and protein monolayers [61].
In the present study, nanoshaving experiments have been advantageously exploited to disentangle
this correlation: assuming the SAM thickness values obtained from AFM, it is possible to obtain an
estimation of the refractive index through a comparison between ellipsometric data and simulated
curves, following the approach described in Pinto et al. [45].

Limiting the analysis to the biofilm range of transparency (above 650 nm) and setting the film
thickness, we calculated difference spectra using a 4-layer model (ambient | layer | interface | substrate).
The analysis of the whole SE spectra of 1 M NaCl C6-ssDNA films will be considered in a dedicated paper,
where we will focus on the absorption features. In the near-IR region, the DNA film and the ambient
were modeled as transparent layers using the Cauchy equation (n(λ) = A + B/λ2 + C/λ4) to simulate
the dispersion of the refractive index. The coefficient A represents the NIR value of n, while B
and C account for dispersion. As concerns the ambient, starting from Krivacic results [62] and taking
into account the salt concentration [63], we chose A = 1.33, B = 0.003 µm2, and C = 0.00005 µm4

for the 1 M NaCl buffer, and A = 1.32, B = 0.003 µm2, C = 0.00003 µm4 for the 1 mM NaCl
buffer. C = 0 µm4 was chosen to simulate the DNA layer. Interface effects were included via a
Bruggeman Effective Medium Approximation (BEMA) layer, which mixes the dielectric functions
of substrate and Cauchy layer with suitable weights [64], exploiting the relative fractions of the two
mixing components (i.e., fCauchy + fAu = 1). This interface layer allows simulating the negative δΨ
values in the NIR region. The Au optical constants, which showed good agreement with literature,
were obtained by inversion of the spectra of bare substrates [65], as done in previous papers [58].

In Figure 5a and in Figure 5b, data referring to C6-ssDNA SAMs prepared in 1 M NaCl
buffer are compared with difference spectra calculated by setting the thickness of the film
(dfilm = dCauchy + dEMA × fCauchy). The shaded areas represent Cauchy simulations with A-coefficient
values comprised between 1.41 (top border) and 1.43 (bottom border) (B = 0.012 µm2). Guided by
the AFM results, we set the film thickness to 3 nm, obtaining the middle curves. Curves calculated
with the same A and B values and thicknesses equal to 2 nm and 4 nm are shown for useful comparison
(upper and lower shaded regions, respectively). The curves have been calculated using a BEMA layer
with a thickness (dEMA) of 0.35 nm and a fraction of the Cauchy layer (fCauchy) of 75%. The use of
shading to present the δ∆ calculated curves provides a graphical visualization of the thickness/refractive
index correlation, which characterizes ultrathin films (Figure 5a). On the other hand, calculated δΨ
curves are almost superimposed, indicating a very low dependence of δΨ on the refractive index
and thickness in the NIR region (Figure 5b).Materials 2020, 13, x FOR PEER REVIEW 10 of 15 
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Figure 5. (a,b) Comparison between NIR SE δ-data for C6-ssDNA prepared in 1 M NaCl buffer
(red circles) and simulations (grey lines). Areas decorated with different motifs represent, for dfilm = 2 nm,
3 nm and 4 nm, simulations with Cauchy A-coefficient values comprised between 1.41 (top border)
and 1.43 (bottom border), B = 0.012 µm2. Error bars take into account the sample to sample variability.
(c) Refractive index referred to simulations with dfilm = 3 nm, B = 0.012 µm2 and A-coefficient values
comprised between 1.43 (top border) and 1.41 (bottom border).
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It can be observed that δ∆ and δΨ experimental data results can be superimposed on the calculated
curves obtained well, setting the film thickness to the AFM result (3 nm) and using an A coefficient
ranging from 1.41 to 1.43. The refractive index used to simulate the Cauchy layer representing
the DNA film is shown in Figure 5c. The estimation of the refractive index, around 1.45 at λ = 650 nm,
is in good agreement with previous works based on similar systems [66–68]; the value is also
reasonable comparing with values assumed in experiments on dry DNA thin films [69,70]. In other
reports [17,71–73], refractive index values comprised between 1.45 and 1.58 were assumed, based on
typical values reported for alkanethiols SAMs. In particular, a refractive index of about 1.45 is generally
associated to a high film density [53,74,75], confirming the compactness of 1 M C6-ssDNA SAMs.

We note that in Pinto et al. [45], SE spectra, accidentally referred to as 1 M NaCl data, were actually
1 mM NaCl data. Therefore, those spectra must not be directly compared with the ones presented
in this paper. As discussed in [45], the analysis of subnanometer thick films is critical, since building
up an optical model for such thin layers to disentangle the refractive index and thickness can may lead
to physically meaningless results. For this reason, in the present work, we focus on the analysis of 1 M
NaCl C6-ssDNA films and discard the analysis of 1 mM NaCl C6-ssDNA which, as shown if Figure 4,
is characterized by a very small optical thickness.

4. Conclusions

We investigated the role of ionic strength on the morphological and mechanical properties of
thiolated DNA SAMs on flat gold substrates. By hard tapping AFM nanoshaving, molecules have been
removed from selected areas. QI mode has been introduced, in parallel to the more commonly used
soft contact mode, to image shaved areas. The comparative analysis of the AFM results obtained with
the two imaging modes indicates that C6-ssDNA SAMs deposited at high ionic strength are thicker,
stiffer, and less prone to deformation with respect to C6-ssDNA SAMs deposited at low ionic strength.
This finding is in agreement with the XPS observation of more intense molecular signals, i.e., higher
coverage, on films prepared at high salt concentration. Further confirmation comes from the SE data,
which provided, through a combined SE/AFM analysis, an estimation of the SAM refractive index
in the NIR region, around 1.45, which is a typical value for compact organic films. Remarkably, on
the thicker films, SE data allowed clearly detecting DNA molecular absorption at the monolayer level.

The combined AFM, SE, and XPS approach can be further exploited to investigate surface-confined
molecular recognition events: in particular, we plan to use DNA SAMs deposited at high ionic
strength as suitable platforms to identify specific viral DNA/RNA sequences through detection of
helix–helix hybridization.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/13/2888/s1,
Figure S1: AFM force-distance extending curve, Figure S2: XPS survey spectra, Figure S3: high resolution XPS
spectra of P2p and N1s core level regions.

Author Contributions: Conceptualization, O.C. and M.C.; methodology, O.C., C.C. and M.C.; validation, G.P.
and P.C.; formal analysis, G.P. C.C. and P.C.; investigation, G.P.; writing—original draft preparation, G.P. and O.C.;
writing—review and editing, C.C., P.C. M.C. and O.C.; visualization, G.P., P.C. and O.C.; supervision, O.C.
and M.C.; funding, M.C. and O.C. All authors have read and agreed to the published version of the manuscript.
P.C. and M.C. are not relatives.

Funding: This work has been performed under the project DIFILAB of the Università degli Studi di Genova.
Financial support from Università degli Studi di Genova and Italian Ministry of Education (grant RBAP11ETKA-005)
is acknowledged.

Acknowledgments: The authors thank Loredana Casalis and Pietro Parisse for the introduction to nanoshaving
methods, Francesco Bisio and Michele Magnozzi for SE experimental support and Flavio Gatti for the gold
evaporation facility.

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

http://www.mdpi.com/1996-1944/13/13/2888/s1


Materials 2020, 13, 2888 11 of 14

References

1. Brittain, W.J.; Brandsetter, T.; Prucker, O.; Rühe, J. The Surface Science of Microarray Generation—A Critical
Inventory. ACS Appl. Mater. Interfaces 2019, 11, 39397–39409. [CrossRef]

2. Xiao, Q.; Wu, J.; Dang, P.; Ju, H. Multiplexed chemiluminescence imaging assay of protein biomarkers using
DNA microarray with proximity binding-induced hybridization chain reaction amplification. Anal. Chim.
Acta 2018, 1032, 130–137. [CrossRef] [PubMed]

3. Yu, S.; Chen, T.; Zhang, Q.; Zhou, M.; Zhu, X. Application of DNA nanodevices for biosensing. Analyst 2020,
145, 3481–3489. [CrossRef] [PubMed]

4. MacAskill, A.; Crawford, D.; Graham, D.; Faulds, K. DNA Sequence Detection Using Surface-Enhanced
Resonance Raman Spectroscopy in a Homogeneous Multiplexed Assay. Anal. Chem. 2009, 81, 8134–8140.
[CrossRef] [PubMed]

5. Qian, S.; Lin, M.; Ji, W.; Yuan, H.; Zhang, Y.; Jing, Z.; Zhao, J. Boronic Acid Functionalized Au Nanoparticles
for Selective MicroRNA Signal Amplification in Fiber-Optic Surface Plasmon Resonance Sensing System.
ACS Sens. 2018, 7, 929–935. [CrossRef]

6. Caneira, C.R.F.; Soares, R.R.G.; Pinto, I.F.; Mueller-Landau, H.S.; Azevedo, A.M.; Chu, V.; Conde, J.P.
Development of a rapid bead-based microfluidic platform for DNA hybridization using single-
and multi-mode interactions for probe immobilization. Sens. Actuators B Chem. 2019, 286, 328–336.
[CrossRef]

7. Teengam, P.; Siangproh, W.; Tuantranont, A.; Vilaivan, T.; Chailapakul, O.; Henry, C.S. Multiplex Paper-Based
Colorimetric DNA Sensor Using Pyrrolidinyl Peptide Nucleic Acid-Induced AgNPs Aggregation for
Detecting MERS-CoV, MTB, and HPV Oligonucleotides. Anal. Chem. 2017, 89, 5428–5435. [CrossRef]

8. Kim, H.; Park, M.; Hwang, J.; Kim, J.H.; Chung, D.-R.; Lee, K.; Kang, M. Development of Label-Free
Colorimetric Assay for MERS-CoV Using Gold Nanoparticles. ACS Sens. 2019, 4, 1306–1312. [CrossRef]

9. Qiu, G.; Gai, Z.; Tao, Y.; Schmitt, J.; Kullak-Ublick, G.A.; Wang, J. Dual-Functional Plasmonic Photothermal
Biosensors for Highly Accurate Severe Acute Respiratory Syndrome Coronavirus 2 Detection. ACS Nano
2020, 14, 5268–5277. [CrossRef]

10. Wold, E.D.; McBride, R.; Axup, J.Y.; Kazane, S.A.; Smider, V.V. Antibody Microarrays Utilizing Site-Specific
Antibody–Oligonucleotide Conjugates. Bioconjug. Chem. 2015, 26, 807–811. [CrossRef]

11. Yang, Y.; Wang, S.; Zhou, Z.; Zhang, R.; Shen, H.; Song, J.; Su, P.; Yang, Y. Enhanced reusability and activity:
DNA directed immobilization of enzyme on polydopamine modified magnetic nanoparticles. Biochem. Eng.
J. 2018, 137, 108–115. [CrossRef]

12. Wang, H.; Liu, M.; Bai, W.; Sun, H.; Li, Y.; Deng, H. A convenient electrogenerated chemiluminescence
biosensing method for selective detection of 5-hydroxymethylcytosine in genomic DNA. Sens. Actuators B
Chem. 2019, 284, 236–242. [CrossRef]

13. Zhou, X.; Zhou, J. Improving the Signal Sensitivity and Photostability of DNA Hybridizations on Microarrays
by Using Dye-Doped Core−Shell Silica Nanoparticles. Anal. Chem. 2004, 76, 5302–5312. [CrossRef] [PubMed]

14. Seymour, E.; Daaboul, G.G.; Zhang, X.; Scherr, S.M.; Ünlü, N.L.; Connor, J.H.; Ünlü, M.S. DNA-Directed
Antibody Immobilization for Enhanced Detection of Single Viral Pathogens. Anal. Chem. 2015, 87,
10505–10512. [CrossRef]

15. Chen, H.; Meisburger, S.P.; Pabit, S.A.; Sutton, J.L.; Webb, W.W.; Pollack, L. Ionic strength-dependent
persistence lengths of single-stranded RNA and DNA. Proc. Natl. Acad. Sci. USA 2012, 109, 799–804.
[CrossRef]

16. Guilbaud, S.; Salomé, L.; Destainville, N.; Manghi, M.; Tardin, C. Dependence of DNA Persistence Length on
Ionic Strength and Ion Type. Phys. Rev. Lett. 2019, 122, 028102. [CrossRef]

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

18. Li, Z.; Niu, T.; Zhang, Z.; Feng, G.; Bi, S. Effect of monovalent cations (Li+, Na+, K+, Cs+) on self-assembly
of thiol-modified double-stranded and single-stranded DNA on gold electrode. Analyst 2012, 137, 1680–1691.
[CrossRef]

19. Castelino, K.; Kannan, B.; Majumdar, A. Characterization of Grafting Density and Binding Efficiency of DNA
and Proteins on Gold Surfaces. Langmuir 2005, 21, 1956–1961. [CrossRef]

http://dx.doi.org/10.1021/acsami.9b06838
http://dx.doi.org/10.1016/j.aca.2018.05.043
http://www.ncbi.nlm.nih.gov/pubmed/30143210
http://dx.doi.org/10.1039/D0AN00159G
http://www.ncbi.nlm.nih.gov/pubmed/32319463
http://dx.doi.org/10.1021/ac901361b
http://www.ncbi.nlm.nih.gov/pubmed/19743872
http://dx.doi.org/10.1021/acssensors.7b00871
http://dx.doi.org/10.1016/j.snb.2019.01.133
http://dx.doi.org/10.1021/acs.analchem.7b00255
http://dx.doi.org/10.1021/acssensors.9b00175
http://dx.doi.org/10.1021/acsnano.0c02439
http://dx.doi.org/10.1021/acs.bioconjchem.5b00111
http://dx.doi.org/10.1016/j.bej.2018.05.019
http://dx.doi.org/10.1016/j.snb.2018.12.132
http://dx.doi.org/10.1021/ac049472c
http://www.ncbi.nlm.nih.gov/pubmed/15362886
http://dx.doi.org/10.1021/acs.analchem.5b02702
http://dx.doi.org/10.1073/pnas.1119057109
http://dx.doi.org/10.1103/PhysRevLett.122.028102
http://dx.doi.org/10.1021/ja9719586
http://dx.doi.org/10.1039/c2an15716k
http://dx.doi.org/10.1021/la047943k


Materials 2020, 13, 2888 12 of 14

20. Peterson, A.W.; Heaton, R.J.; Georgiadis, R.M. The effect of surface probe density on DNA hybridization.
Nucleic Acids Res. 2001, 29, 5163–5168. [CrossRef]

21. Steel, A.B.; Levicky, R.L.; Herne, T.M.; Tarlov, M.J. Immobilization of Nucleic Acids at Solid Surfaces: Effect
of Oligonucleotide Length on Layer Assembly. Biophys. J. 2000, 79, 975–981. [CrossRef]

22. Moses, S.; Brewer, S.H.; Lowe, L.B.; Lappi, S.E.; Gilvey, L.B.G.; Sauthier, M.; Tenent, R.C.; Feldheim, D.L.;
Franzen, S. Characterization of Single- and Double-Stranded DNA on Gold Surfaces. Langmuir 2004, 20,
11134–11140. [CrossRef] [PubMed]

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

24. Keighley, S.D.; Li, P.; Estrela, P.; Migliorato, P. Optimization of DNA immobilization on gold electrodes for
label-free detection by electrochemical impedance spectroscopy. Biosens. Bioelectron. 2008, 23, 1291–1297.
[CrossRef]

25. Georgiadis, R.; Peterlinz, K.P.; Peterson, A.W. Quantitative Measurements and Modeling of Kinetics in Nucleic
Acid Monolayer Films Using SPR Spectroscopy. J. Am. Chem. Soc. 2000, 122, 3166–3173. [CrossRef]

26. Wolf, L.K.; Gao, Y.; Georgiadis, R.M. Sequence-Dependent DNA Immobilization: Specific versus Nonspecific
Contributions. Langmuir 2004, 20, 3357–3361. [CrossRef]

27. Kumar, K.S.; Naaman, R. Quantitative Analysis and Characterization of Self-Assembled DNA on a Silver
Surface. Langmuir 2012, 28, 14514–14517. [CrossRef]

28. Petrovykh, D.Y.; Kimura-Suda, H.; Whitman, L.J.; Tarlov, M.J. Quantitative Analysis and Characterization of
DNA Immobilized on Gold. J. Am. Chem. Soc. 2003, 125, 5219–5226. [CrossRef]

29. Howell, C.; Hamoudi, H.; Zharnikov, M. Thymine/adenine diblock-oligonucleotide monolayers and hybrid
brushes on gold: A spectroscopic study. Biointerphases 2013, 8, 6. [CrossRef]

30. Charrier, E.E.; Pogoda, K.; Wells, R.G.; Janmey, P.A. Control of cell morphology and differentiation by
substrates with independently tunable elasticity and viscous dissipation. Nat. Commun. 2018, 9, 449.
[CrossRef]

31. Liu, S.; Maoz, R.; Schmid, G.; Sagiv, J. Template Guided Self-Assembly of [Au55] Clusters on
Nanolithographically Defined Monolayer Patterns. Nano Lett. 2002, 2, 1055–1060. [CrossRef]

32. Ryu, Y.K.; Garcia, R. Advanced oxidation scanning probe lithography. Nanotechnology 2017, 28, 142003–142020.
[CrossRef] [PubMed]

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

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

35. Unruh, D.A.; Malduin, C.; Pastine, S.J.; Rolandi, M.; Fréchet, J.M.J. Bifunctional Patterning of Mixed Monolayer
Surfaces Using Scanning Probe Lithography for Multiplexed Directed Assembly. J. Am. Chem. Soc. 2010, 132,
6890–6891. [CrossRef]

36. 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]

37. 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]

38. 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]

39. 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]

40. 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]

41. 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]

http://dx.doi.org/10.1093/nar/29.24.5163
http://dx.doi.org/10.1016/S0006-3495(00)76351-X
http://dx.doi.org/10.1021/la0492815
http://www.ncbi.nlm.nih.gov/pubmed/15568868
http://dx.doi.org/10.1021/ac980037q
http://www.ncbi.nlm.nih.gov/pubmed/9844566
http://dx.doi.org/10.1016/j.bios.2007.11.012
http://dx.doi.org/10.1021/ja9930824
http://dx.doi.org/10.1021/la036125+
http://dx.doi.org/10.1021/la302999t
http://dx.doi.org/10.1021/ja029450c
http://dx.doi.org/10.1186/1559-4106-8-6
http://dx.doi.org/10.1038/s41467-018-02906-9
http://dx.doi.org/10.1021/nl025659c
http://dx.doi.org/10.1088/1361-6528/aa5651
http://www.ncbi.nlm.nih.gov/pubmed/28273046
http://dx.doi.org/10.1021/la962029f
http://dx.doi.org/10.1021/ar980081s
http://dx.doi.org/10.1021/ja101627e
http://dx.doi.org/10.1021/acsomega.7b00284
http://dx.doi.org/10.1021/nl9008869
http://dx.doi.org/10.1016/j.apsusc.2016.10.195
http://dx.doi.org/10.1021/la0258547
http://dx.doi.org/10.1039/C5CP04028K
http://dx.doi.org/10.1021/acs.jpcc.9b04077


Materials 2020, 13, 2888 13 of 14

42. Patron, A.M.; Bramer, A.M.; Santavicca, D.F.; Mullen, T.J. Nanopatterning of Cu-Ligated Mercaptoalkanoic
Acid Multilayers on Si Substrates via Atomic Force Lithography. J. Phys. Chem. C 2020, 124, 1214–1219.
[CrossRef]

43. Liang, J.; Scoles, G. Nanografting of Alkanethiols by Tapping Mode Atomic Force Microscopy. Langmuir
2007, 23, 6142–6147. [CrossRef] [PubMed]

44. Dufrêne, Y.F.; Martínez-Martín, D.; Medalsy, I.; Alsteens, D.; Müller, D.J. Multiparametric imaging of
biological systems by force-distance curve–based AFM. Nat. Methods 2013, 10, 847–854. [CrossRef]

45. 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]

46. 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]

47. Toccafondi, C.; Cavalleri, O.; Bisio, F.; Canepa, M. Yeast Cytochrome c adsorption on SiO2/Si substrates
studied by in situ spectroscopic ellipsometry. Thin Solid Film. 2013, 543, 78–82. [CrossRef]

48. Solano, I.; Parisse, P.; Cavalleri, O.; Gramazio, F.; Casalis, L.; Canepa, M. Investigating organic multilayers by
spectroscopic ellipsometry: Specific and non-specific interactions of polyhistidine with NTA self-assembled
monolayers. Beilstein J. Nanotechnol. 2016, 7, 544–553. [CrossRef]

49. Toccafondi, C.; Prato, M.; Maidecchi, G.; Penco, A.; Bisio, F.; Cavalleri, O.; Canepa, M. Optical properties
of Yeast Cytochrome c monolayer on gold: An in situ spectroscopic ellipsometry investigation. J. Colloid
Interface Sci. 2011, 364, 125–132. [CrossRef]

50. Kaiser, W.; Rant, U. Conformations of End-Tethered DNA Molecules on Gold Surfaces: Influences of Applied
Electric Potential, Electrolyte Screening, and Temperature. J. Am. Chem. Soc. 2010, 132, 7935–7945. [CrossRef]

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

52. Hill, H.D.; Millstone, J.E.; Banholzer, M.J.; Mirkin, C.A. The Role Radius of Curvature Plays in Thiolated
Oligonucleotide Loading on Gold Nanoparticles. ACS Nano 2009, 3, 418–424. [CrossRef] [PubMed]

53. Prato, M.; Moroni, R.; Bisio, F.; Rolandi, R.; Mattera, L.; Cavalleri, O.; Canepa, M. Optical Characterization of
Thiolate Self-Assembled Monolayers on Au(111). J. Phys. Chem. C 2008, 112, 3899–3906. [CrossRef]

54. Prato, M.; Alloisio, M.; Jadhav, S.A.; Chincarini, A.; Svaldo-Lanero, T.; Bisio, F.; Cavalleri, O.;
Canepa, M. Optical Properties of Disulfide-Functionalized Diacetylene Self-Assembled Monolayers on Gold:
A Spectroscopic Ellipsometry Study. J. Phys. Chem. C 2009, 113, 20683–20688. [CrossRef]

55. Zahn, D.R.T.; Silaghi, S.D. Biomolecular Layers on Silicon Studied by Optical Spectroscopy. In Advances
in Solid State Physics; Kramer, B., Ed.; Springer-Verlag: Berlin/Heidelberg, Germany, 2005; Volume 45,
pp. 45–57. ISBN 978-3-540-26041-7.

56. Nizioł, J.; Makyła-Juzak, K.; Marzec, M.M.; Ekiert, R.; Marzec, M.; Gondek, E. Thermal stability of the solid
DNA as a novel optical material. Opt. Mater. 2017, 66, 344–350. [CrossRef]

57. Paulson, B.; Shin, I.; Jeong, H.; Kong, B.; Khazaeinezhad, R.; Dugasani, S.R.; Jung, W.; Joo, B.; Lee, H.-Y.;
Park, S.; et al. Optical dispersion control in surfactant-free DNA thin films by vitamin B2 doping. Sci. Rep.
2018, 8, 9358. [CrossRef]

58. Parisse, P.; Solano, I.; Magnozzi, M.; Bisio, F.; Casalis, L.; Cavalleri, O.; Canepa, M. Thickness and Beyond.
Exploiting Spectroscopic Ellipsometry and Atomic Force Nanolithography for the Investigation of
Ultrathin Interfaces of Biologic Interest. In Ellipsometry of Functional Organic Surfaces and Films; Hinrichs, K.,
Eichhorn, K.-J., Eds.; Springer International Publishing: Cham, Switzerland, 2018; Volume 52, pp. 63–93.
ISBN 978-3-319-75894-7.

59. Canepa, M.; Maidecchi, G.; Toccafondi, C.; Cavalleri, O.; Prato, M.; Chaudhari, V.; Esaulov, V.A. Spectroscopic
ellipsometry of self assembled monolayers: Interface effects. The case of phenyl selenide SAMs on gold.
Phys. Chem. Chem. Phys. 2013, 15, 11559–11565. [CrossRef]

60. Hamoudi, H.; Prato, M.; Dablemont, C.; Cavalleri, O.; Canepa, M.; Esaulov, V.A. Self-Assembly of
1,4-Benzenedimethanethiol Self-Assembled Monolayers on Gold. Langmuir 2010, 26, 7242–7247. [CrossRef]

http://dx.doi.org/10.1021/acs.jpcc.9b10364
http://dx.doi.org/10.1021/la063385t
http://www.ncbi.nlm.nih.gov/pubmed/17455963
http://dx.doi.org/10.1038/nmeth.2602
http://dx.doi.org/10.1039/C8SM02589D
http://dx.doi.org/10.1002/anie.200352249
http://dx.doi.org/10.1016/j.tsf.2013.02.117
http://dx.doi.org/10.3762/bjnano.7.48
http://dx.doi.org/10.1016/j.jcis.2011.07.097
http://dx.doi.org/10.1021/ja908727d
http://dx.doi.org/10.1039/C8SM01743C
http://www.ncbi.nlm.nih.gov/pubmed/30460961
http://dx.doi.org/10.1021/nn800726e
http://www.ncbi.nlm.nih.gov/pubmed/19236080
http://dx.doi.org/10.1021/jp711194s
http://dx.doi.org/10.1021/jp906298m
http://dx.doi.org/10.1016/j.optmat.2017.02.035
http://dx.doi.org/10.1038/s41598-018-27166-x
http://dx.doi.org/10.1039/c3cp51304a
http://dx.doi.org/10.1021/la904317b


Materials 2020, 13, 2888 14 of 14

61. 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]

62. Krivacic, J.R.; Urry, D.W. Ultraviolet and Visible Refractive Indices of Spectro-Quality Solvents. Anal. Chem.
1970, 42, 596–599. [CrossRef]

63. Berlind, T.; Pribil, G.K.; Thompson, D.; Woollam, J.A.; Arwin, H. Effects of ion concentration on refractive
indices of fluids measured by the minimum deviation technique. Phys. Stat. Sol. C 2008, 5, 1249–1252.
[CrossRef]

64. Maartensson, J.; Arwin, H. Interpretation of Spectroscopic Ellipsometry Data on Protein Layers on Gold
Including Substrate-Layer Interactions. Langmuir 1995, 11, 963–968. [CrossRef]

65. Fujiwara, H. Spectroscopic Ellipsometry: Principles and Applications; John Wiley & Sons: New York, NY, USA,
2007; ISBN 978-0-470-06019-3.

66. Gray, D.E.; Case-Green, S.C.; Fell, T.S.; Dobson, P.J.; Southern, E.M. Ellipsometric and Interferometric
Characterization of DNA Probes Immobilized on a Combinatorial Array. Langmuir 1997, 13, 2833–2842.
[CrossRef]

67. Elhadj, S.; Singh, G.; Saraf, R.F. Optical Properties of an Immobilized DNA Monolayer from 255 to 700 nm.
Langmuir 2004, 20, 5539–5543. [CrossRef]

68. Legay, G.; Markey, L.; Meunier-Prest, R.; Finot, E. Measurements of thickness dispersion in biolayers by
scanning force microscopy and comparison with spectroscopic ellipsometry analysis. Ultramicroscopy 2007,
107, 1111–1117. [CrossRef]

69. Inagaki, T.; Hamm, R.N.; Arakawa, E.T.; Painter, L.R. Optical and dielectric properties of DNA in the extreme
ultraviolet. J. Chem. Phys. 1974, 61, 4246–4250. [CrossRef]

70. Samoc, A.; Miniewicz, A.; Samoc, M.; Grote, J.G. Refractive-index anisotropy and optical dispersion in films
of deoxyribonucleic acid. J. Appl. Polym. Sci. 2007, 105, 236–245. [CrossRef]

71. Peterson, A.W.; Wolf, L.K.; Georgiadis, R.M. Hybridization of Mismatched or Partially Matched DNA at
Surfaces. J. Am. Chem. Soc. 2002, 124, 14601–14607. [CrossRef]

72. Rodenhausen, K.B.; Kasputis, T.; Pannier, A.K.; Gerasimov, J.Y.; Lai, R.Y.; Solinsky, M.; Tiwald, T.E.; Wang, H.;
Sarkar, A.; Hofmann, T.; et al. Combined optical and acoustical method for determination of thickness
and porosity of transparent organic layers below the ultra-thin film limit. Rev. Sci. Instrum. 2011, 82, 103111.
[CrossRef]

73. Jung, Y.W.; Byun, J.S.; Kim, Y.D.; Hemzal, D.; Humliček, J. Study of the interaction between HSA
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