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relative concentration of the characteristic bands (D).

FIGURE 3 | XPS high resolution C (1s) spectra of CFx film (A) and CFx films treated with 30 s (B) and 90 s (C) methanol plasma treatment and histogram of the

FIGURE 4 | AFM topography images of the topmost part of CF,-A (a), CF«-B (b), and CF,-C (c) samples after application of 25% deformation.

4.3. Nanomechanical Characterizations
4.3.1. Elastic Modulus

A typical result of the characterization of CF, samples
using HarmoniX™ is shown in Figure 5, where topography
(Figure 5A), phase image (Figure5B), map of the (not
calibrated) indentation modulus (Figure 5C), and map of the
(not calibrated) tip-sample adhesion force (Figure 5D) obtained
on the sample CF,-C are shown. Morphological reconstruction
shows the presence of ripples on the surface, indicating that
the film reproduces the features typical of the stainless-steel
substrate. These features are observed also in phase, indentation
modulus, and adhesion maps, and can be ascribed to the

modulation of the local value of the tip-sample contact area (Stan
and Cook, 2008) and to the variation of the local inclination of
the surface with respect to the tip axis (Passeri et al., 2013b).
Calibration of the indentation modulus maps was performed
on the PS/LDPE reference sample (Passeri et al., 2013a). More
specifically, the PS regions were used for calibration purposes,
while LDPE regions were used to check the calibration range
by comparing the obtained value to the one indicated by
the vendor (100 MPa). In Figure 6, the histograms of the
indentation modulus of the investigated CF, samples and those
of the reference sample are reported. The obtained value of
the indentation modulus of the LPDE is compatible with that
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FIGURE 5 | Example of nanomechanical mapping of the CF,-C sample using HarmoniX™: (A) height, (B) phase, (C) not calibrated indentation modulus, (D) not

calibrated adhesion force.
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FIGURE 6 | Distribution of the values of indentation modulus of the three CF,
samples and of the PS/LDPE reference, measured using HarmoniX™.

expected but lower (51 £ 1 MPa), indicating a not perfect
calibration in low modulus range. Nevertheless, the moduli
of CF, samples are comparable to those of PS, and thus the
calibration can be considered accurate enough in the range of
interest. Indentation modulus values with the corresponding
uncertainty were obtained by Gaussian fitting of data in Figure 6
and are reported in Table 1.

CR-AFM was first used to evaluate mechanical properties
of the CF, thin films in elastic approximation. After

characterization of the free cantilever resonance in air, the
tip was brought in contact with the sample which was made
oscillate by the piezoelectric transducer coupled with its back
side. Values of f; and f; were obtained from statistics on the
corresponding CRFs maps acquired simultaneously to the
topographical images. For calibration purposes, CRFs maps
on the reference sample were acquired before and after each
measurement session. To limit the effect of tip wear, CF, samples
were purposely analyzed following the decreasing order of their
expected stiffness, i.e., starting from the sample expected to be
the stiffer one. Table 1 reports the values of f; and f3 measured
on the CF, samples and the corresponding value of k* calculated
using the model in Figure 1B. The corresponding values of
indentation modulus calculated through the “single reference”
approach (M{") are then reported. The measured values of
CRFs confirm that the mechanical properties of the CF, samples
are close to those of the reference PS film (fi = 121—123 kHz
and f; = 704—715kHz), encouraging the use of the “single
reference” approach. Conversely, CRFs measured on LDPE
seemed too low use LDPE as a second reference sample
(i =111—-112 kHz and f; = 660— 685 kHz). To verify the
accuracy of the method, experimental data were analyzed
through a numerical simulation (the “apparent stiffness”
method). CR-AFM experiment was first simulated using the
model in Figure 1A to obtain as output the pairs of CRFs f; and
f3 with a code which received as input mechanical properties
of the cantilever and the tip, their geometrical parameters, and
the mechanical properties of the sample (Passeri et al., 2013b).
The characteristic parameters of the system were optimized
in order to simultaneously match f; and f; experimentally
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TABLE 1 | Result of the nanomechanical characterizations using HarmoniX™ and CR-AFM: indentation modulus obtained with HarmonixX™ (Ms); first and third flexural
CRFs (fy and f3, respectively); calculated contact stiffness k*; indentation modulus calculated using the “single reference” method and the “apparent stiffness” method

(MZ" and M2, respectively).

HarmoniX™ CR-AFM
Sample M; (GPa) f; (kHz) f3 (kHz) k* (N/m) Mz " (GPa) MZ~s (GPa)
CFx-A 1.18£0.19 120.2+0.4 711.5+1.1 84 1.26£0.13 1.27+0.14
CFx-B 1.22 +£0.20 121.2+£0.1 7182+15 91 1.43+0.15 146 £0.16
CFx-C 1.561+£0.28 121.8+0.3 7162+0.8 97 1.57 £0.16 1.59+0.18
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FIGURE 7 | (A) Values of the CRFs f; and f3 calculated as a function of the sample indentation modulus Ms using the model depicted in Figure 1A (solid lines) and
values of fy and f3 measured on the PS reference material (symbols). (B) Real and apparent contact stiffness (black and red solid line, respectively) as a function of the
sample indentation modulus, and values corresponding to the CF, and PS samples (symbols).

TABLE 2 | Measured values of the contact resonance frequency and quality factor of the third mode of the cantilever (fs and Qs, respectively), calculated values of the
normalized contact stiffness («) and the normalized damping (8) and calculated values of the loss tangent tan §, storage modulus (E’) and loss modulus (E”).

Sample f5 (kHz) Q; p B tan § E' (GPa) E’ (MPa)
CFx-A 7115+ 1.1 M1£7 724 0.057 7.37 x 1073 1.26 9.31
CFx-B 7132415 137 £6 792 0.051 5.75 x 1073 1.45 8.31
CFx-C 7152408 8845 833 0.011 1.21 x 1078 1.56 1.88

obtained in contact with the PS film. Pair of fi and f; were
than calculated as a function of My by varying M; in the range
0.5—1.7 GPa, obtaining the curves reported in Figure 7A, where
the values of CRFs corresponding to the PS reference sample are
indicated (symbols). Then, assuming the model in Figure 1B,
for each M; the values of f; and f;3 were used to calculate k¥,
which represents the “apparent” value of the tip-sample contact
stiffness. Values of the apparent contact stiffness as a function
of M are shown in Figure 7B (red solid line). For comparison,
the values of real contact stiffness calculated as k* ~ /6RFNyM?
(black solid line), where Fy is the static normal load applied
by the cantilever during the contact and M; is used instead of
the reduced modulus as M, <« M;. As expected, the apparent
value of k* is bigger than the real one as a result of neglecting
lateral forces (Passeri et al., 2013b). Finally, the values of k* were
calculated for the CF, samples using the model in Figure 1B
and the curve of the apparent stiffness was used to determine
the corresponding values of M, (symbols in Figure 7B). The

procedure was repeated using the CRFs measured on the PS
reference before and after the analysis of the CF, samples and
the corresponding values of indentation modulus calculated
using the “apparent stiffness” method (MZ™®) are reported
in Table 1.

4.3.2. Viscoelastic Modulus

To characterize the viscoelastic response of the CF, films using
CR-AFM, maps of the quality factor of the third mode (Q3) have
been acquired in addition to those of f3 which are reported in
Table 2. First, by approximating the samples as elastic, f; and f3
were used as described in section 4.3.1 to determine the value
of r, which was eventually used to calculate o« and S using a
in-house written Matlab code (Passeri et al., 2013c) which are
reported in Table 2 together with the values of tan§ calculated
using Equation (7). The values of 8 were used to calculate E’
through the “single reference” approach after determining 8 on
the PS reference sample and the values of E” were determined as
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E' x tan§. E' and E” calculated for the CF, samples are reported
in Table 2.

5. DISCUSSION

CF, materials are attractive for the use as stent coatings, in
particular after oxidative methanol plasma treatment which has
been demonstrated to modulate the hydrophobicity of their
surface in order to improve their performances, e.g., as far as
blood contact behavior is regarded, without altering integrity,
uniformity, and morphology (Montaiio-Machado et al., 2019).
Mechanical properties of CF, coatings can undergo significant
changes when changes in the chemical composition and in the
thickness occur. Indeed, it has been shown that fluorocarbon
coatings thicker than 100 nm do not exhibit the required
cohesion and adhesion properties to resist during stent expansion
(Lewis et al., 2008). Furthermore, the elastic modulus of CF,
coatings has been demonstrated to be strongly dependent on
fluorine and crosslinking C-C units content (Tang et al., 2005).
We showed that our methanol plasma treatment produces
a significant increase of coating thickness and the decrease
of fluorine content at the surface, which could significantly
affect adhesion, cohesion and elastic modulus of the coatings.
A comprehensive mechanical characterization was therefore
necessary in order to evaluate the effect of methanol plasma
treatment on the mechanical properties of the modified coatings.

Small punch tests have demonstrated that the innovative
methanol plasma treatment does not undermine interfacial
adhesion and cohesion to be employed as stent coatings as
no delamination or cracks were observed even at plastic
deformations as high as 25%, corresponding to the estimated
maximum deformation which a stent may undergo during
deployment (Migliavacca et al., 2005).

The effect of plasma treatment on mechanical properties
of CF, films is another key issue that must be assessed to
evaluate the suitability of CF, thin films as stent coatings. Indeed,
depending on the polymerization and the post-deposition
treatments, elastic modulus of CFy film is reported to vary from
hundreds of megapascals like that of polytetrafluoroethylene
(PTFE) (lanev and Schwesinger, 2001), to a few gigapascals
(Sirghi et al., 2009) and up to tens of gigapascals (Tang et al., 2005;
Li et al., 2008; Koumoulos et al., 2012). Results reported in the
present work show a good agreement between HarmoniX™ and
CR-AFM. In particular, no discrepancies were observed between
the two different methods for CR-AFM data analysis, i.e., the
“single reference” approach and the simulation of the actual CRFs
using the more comprehensive model depicted in Figure 1A and
calculating the “apparent stiffness” using the simpler model in
Figure 1B. The agreement between the two different approaches
can be rationalized observing that all the investigated materials
(CFy and PS) correspond to a region of the curve in Figure 7B
in which k* is proportional to M, ie., k* cM; being
¢ = 66 nm. It must be observed that if softer materials were
included among the investigated samples, the use of the single
reference method using PS would imply an overestimation of
their indentation modulus. Notably, considering the relatively

large thickness of the coatings (i.e., in the range 30—60 nm), the
similar nanometer tip-sample contact radius values typical of CR-
AFM and HarmoniX™ make the results of both the techniques
representative of the sole CF, thin films indentation modulus,
without the effect of the stainless steel substrate (Reggente et al.,
2017). This undoubtedly represents an advantage of these (and
similar) techniques over AFM-based nanoindentation, which
more extensively suffers from substrate effect in case of thin
compliant films on stiff substrates (Kovalev et al., 2004; Shulha
et al, 2004; Clifford and Seah, 2006; Passeri et al., 2011).
Nevertheless, in case of thinner films are investigated and/or
tip with larger R are used, substrate effects may affect also CR-
AFM and HarmoniX™ measurements and must be subtracted
to obtain the elastic modulus of the sole film (Passeri et al., 2008,
2015). The obtained indentation modulus values, in the range
1.0—1.6 GPa, are compatible with those obtained on analogous
materials using AFM based nanoindentation or conventional
nanoindentation. Indeed, Sirghi et al. (2009) measured by AFM
nanoindentation the elastic modulus of CF, films deposited by
PECVD using CFg as precursor and found values between
1.75 GPa and 3.2 GPa depending on the deposition parameters
(power of the RF discharge and dc bias potential). Tang et al.
(2005) studied, by nanoindentation, the hardness and the elastic
modulus of fluorocarbon coatings deposited by RF magnetron
sputtering using a PTFE target using different process parameters
(RF power, Ar and H; flux) and found a dependence of the
studied properties with the fluorine and carbon content and,
more specifically, on the content of CFx or C-C crosslinking
units. The measured elastic modulus decreased with the increase
of fluorine content (i.e., CF, units) and the decrease of carbon
(i.e., crosslinking units) content from 18 GPa (for films having
33% fluorine and 67% carbon content) to 12 GPa (for films
having 43% fluorine and 57% carbon content) (Tang et al., 2005).
Considering the significantly higher fluorine content of our
untreated CF, coating (66.9%), the value of the elastic modulus
we measured by HarmoniX™ (1.18 GPa) and CR-AFM (1.26
GPa) appears to be coherent with the results of Tang et al. (2005).
As shown in Table 1, indentation modulus of CFx films has been
found dependent on the methanol plasma treatment. Indeed, a
slight increase of the elastic modulus of the coating with the
increase of the time of methanol plasma treatment was observed.
An increase of about 30% is observed between the as prepared
sample and that treated with methanol plasma for 90 s, which is
coherent with the covering of the fluorocarbon coating by a thin
layer of carbon and oxygen species not containing fluoride.

As expected, an analogous dependence with plasma exposure
time is observed in the measured viscoelastic parameters, i.e., in
E, E’, and tan$. In particular, although the comparison with
PTFE properties is not always straightforward, we observe that
the values of E’ obtained on both untreated and plasma treated
CF, films are coherent with those reported for PTFE (Faughnan
etal., 1998; Fu and Chung, 2001; Blumm et al., 2010). Conversely,
the values of tan § ad thus of E” are definitely lower than those
observed on PTFE, indicating that the mechanical behavior of the
films is characterized by a very low viscous component. However,
it should be observed that viscoelastic parameters generally
depend on the frequency at which the mechanical response of
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the material is investigated, e.g., the viscous component may
either increase or decrease with the frequency and depends
on the specific polymer (Le Rouzic et al, 2009). Results by
standard dynamical mechanical analysis (DMA) usually reported
in literature are generally obtained for low frequency values, e.g.,
not exceeding 100 Hz, while CR-AFM investigates the sample at
much higher frequencies, e.g., from tens to hundreds kilohertz or
even a few megahertz (Hurley et al., 2013). In any case, plasma
treatment is observed to be responsible for the reduction of the
viscous component of the mechanical response of the films with
respect to the untreated sample.

6. CONCLUSION

In conclusion, mechanical characterization of methanol plasma
treated CF, ultrathin films on stainless steel demonstrated that
methanol plasma treatment does not affect cohesion of the
films and their adhesion to the substrate after deformation.
Also, nanoscale analysis of elastic and viscoelastic response
of films indicated that although these are slightly affected by
methanol plasma, which is responsible for the stiffening and
reduction of viscosity of the films. Nevertheless, such an effect
is admittedly marginal and, especially from the point of view
of the biological response, methanol plasma treatment does not
significantly modify mechanical properties of the films. Thus,
methanol plasma is a promising route to treat CFy ultrathin
stent coating, which allows the modulation of the wettability
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