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On the Adhesion of Protein in Nitrided Metallic Coatings for Electrosurgical Electrodes of
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In this study, it is investigated the anti-adhesive effectiveness of ZrN/Ti and TiN/Ti, deposited by
magnetron sputtering, as coating materials of electrosurgical electrodes of steel in protein adhesion
tests. Stoichiometry and the thickness of the systems were assessed with Rutherford backscattering
spectrometry measurements. Vertical surface deviations were evaluated with the five-point mean
height and the arithmetic average height and correlations between the amount of adhered protein in the
electrosurgical electrodes and measurements of wettability and electrical resistivity were investigated.
The quality of both coatings was put to the test through protein adhesion tests at high temperatures.
Cuts with electrosurgical electrodes were performed in an abdominal flap for different electric power
and cutting times. The results indicate less adhesion of protein on both proposed coatings, compared to
the traditional electrodes of stainless steel, proving to be cheaper alternatives for the surgical industry
than other massive anti-adherent electrodes as Au and Ti.
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1. Introduction

Electrosurgery, or radio frequency surgery, is a term
used to describe a surgical procedure using an electrical
current applied to a biological tissue for healing purposes.
The surgical benefits are substantial as destroy benign and
malignant lesions, cut or excise tissues, and control bleeding'.

Currently, there are two modalities of electrosurgery, the
monopolar and the bipolar. In the monopolar electrosurgery,
an active electrode is used to conduct the current to the desired
tissue which ends in a return pad. In the bipolar technique, two
identical electrodes, similar to a forceps, are used to form a
single bipolar instrument and the current only passes through
the tissue in the region between the two arms of the forceps?.

In both modalities, surgeons have faced many complications
as the creation of electric sparks between the forceps tips and,
manly, difficulties with the removal of clots and carbonized
tissues as a result of the higher working temperature of the
electrodes™*.

To get around the problem, two ways are reported in
the literature, chemical approaches and physical tactics>®.
The physical tactic is related to surface modifications of
the electrode, generally by creating micro/nanostructures
which reduce the contact area of the electrode with the
tissue. However, as reported by Han et al.?, these small
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forms can be easily damaged compromising the quality
of the electrode in the long term. Alternatively, one could
apply a thin-layer coating of an anti-adhesive material to
prevent protein adhesion or reducing van der Waals forces’.

Some traditional materials have already been tested as
electrode constituent materials as Ag, Ti, stainless steel, and
Au. The latter showed the best performance, less tendency
for adherence of tissue on coagulation and more uniform
histological changes on coagulation®. However, none of
the materials proved to be truly free from sticking. At low
powers and short coagulation times, it is hard to see any
difference between the amount of coagulum and tissue
adhesion. Another issue, especially related to Au, it is the
damage to the tips. Any roughness or scratch on the surface
of the Au tips could lead to sticking” which makes it the
most susceptible to this type of wear. On the face of it, the
search for new materials/technologies to coat or manufacture
electrodes is still an open challenge.

Transition metals as Ti and Zn are known to be more
durable and resistant to corrosion and oxidation than Au,
making them good coating materials for stainless steel.
Bio-compatibility with human tissue is another remarkable
advantage'*!'. However, their tribological properties might
limit their long-term applications. To improve the wear
resistance, zirconium nitride (ZrN) and titanium nitride
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(TiN), have proved to be good and cheap alternatives to
these transition metals.

Some issues also can limit the application of ZrN and
TiN coatings as the amount of open porosity between the top
layer and the substrate'?. In physical vapor deposition (PVD)
techniques, as DC-Magnetron sputtering, defects such as
voids, pinholes, pores, cracks, and even delamination cannot
be completely ruled out, and the open paths between the
substrate and the corrosive environment could compromise
the durability of the electrodes'®. As a solution, some authors
proposed the deposition of an interlayer between the substrate
and the top layer'®, forming a multilayer system.

The success of multilayer adhesion strongly depends
on the selection of a suitable pair of materials. There are
numerous possibilities in the literature, and the choice
depends on the property one wishes to obtain'>*. If one
would like to decrease the adhesion of fluids and increase
the corrosion resistance of the electrode tips, TiN and ZrN
might be good choices. However, TiN and ZrN alone are
hard and brittle coatings and a combination with a softer
metal in the interlayer, such as Ti, is recommended to
manage interfacial stress and to arrest crack growth?'?2. The
effectiveness of Ti as interlayer of ZrN and TiN has also been
documented in simulations involving pseudo-potentials and
density functional theory (DFT), in a recent work published
by Zavodinsky and Kabaldin?.

Motivated by the difficulties faced by surgeons with the
removal of carbonized tissues adhered to electrosurgical
electrodes, in this study, it is proposed the application of TiN/
Ti and ZrN/Ti as coating materials of electrodes of stainless
steel (AISI 302). Most studies found in literature deals with
the adhesion of platelets and proteins at room temperature,
without check performance at higher temperatures, similar
to the one experienced by surgeons in a real environment*%".
Particularly, for the electrosurgical electrodes, it was found
only one study® correlating morphological and structural
properties of the constituent materials of the electrode
to protein adhesion tests. Although this related work is a
relevant scientific contribution, the findings are limited to
the use of classical materials of commercial electrodes as
Au, Ti, and steel, and no alternative material is proposed for
new industrial applications. In addition, the experimental
adhesion tests proposed here are performed in a human
abdominal flap instead of the femoral arteries of Wistar rats.

To carry on the analyzes proposed here, rectangular
thin films systems of TiN/Ti and ZrN/Ti were previously
prepared for different deposition temperatures of the Ti
interlayer to verify the influence of this parameter on the
rugosity, wettability, and electrical resistivity as well as to
correlate with the protein adhesion to the electrosurgical
electrodes.

Then, commercial electrosurgical electrodes of stainless
steel (AISI 302) were coated with layers of TiN/Ti and
ZrN/Ti, in similar conditions of the thin film systems. The
effectiveness of the nitrided coated electrodes was compared
with stainless steel electrodes in protein adhesion tests. The
tests were performed by cutting a human abdominal flap for
different electric power and cutting times, well discussed in
the last section of the manuscript.
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2. Materials and Methods

ZrN and TiN thin films with a buffer interlayer of
Ti were deposited on substrates of C (Carbono Lorena
Ltda) and stainless steel (AISI 302) by using a magnetron
sputtering. Prior to deposition, all substrates were cleaned
by ultrasonic acetone bath and immediately loaded in the
sputtering vacuum chamber, which was pumped down to
a base pressure of 5.0x10 Pa. The targets were sputtered
6.0 cm away from the substrates which were at a bias voltage
of-150 V. Also, an input DC power of 100 W was employed
to the Ti interlayer and the ZrN top layer. For TiN, 70 W of
RF power was used. The ZrN coating was generated with
reactive magnetron sputtering while the TiN coating was
made from a target of this material.

To investigate the influence of the temperature on
properties of the systems, the deposition of the Ti interlayer
was carried out at temperatures of 100°, 200° and 300° C. To
get a better stoichiometry, the top layers were deposited at
different temperatures, 400°C for ZrN and 100°C for TiN.
The depositions were performed by using Ar as an inert gas,
with a constant partial pressure of 5.0x10"! Pa. The deposition
times for each layer were 30 min for TiN, 15 min for ZrN,
and 1 min for the interlayer of Ti.

To determine the wettability of the samples, the sessile
drop technique was employed by using a goniometer Model
300, SEO Phoenix, South Korea. For each sample, three drops
of distilled water in the micrometer scale were created, and
for each drop, ten measurements were performed.

Surface roughness was measured using a Taylor Hobson
device, model 112/2009 with a tip radius of 2 um and a cone
angle of 90°. To improve the reliability of the results, the
five-point mean roughness profile (R ) was measured in three
distinct regions of the samples and the results were expressed
in terms of the averages and the standard deviation. The
electrical resistivity was determined with the sheet resistance
method by using an in-line four-point probe device with
tungsten tips. The equipment was connected to a current
source, operating at 20 mA, and the sample voltage was
measured with a 5.5 digit multimeter. All the measurements
were performed in the center of the samples, repeated five
times, and expressed in terms of averages and the standard
deviations. The Rutherford Backscattering Spectrometry (RBS)
was performed with a 2 MeV He" ion impinging along the
normal surface of the samples with a scattered angle of 165°.
The accuracy of the energy peaks, i.e. a channel to energy
conversion, was obtained from a calibration curve with heavy
elements®?. In order to avoid a mixture of peaks and low
count of certain elements, substrates of C were preferred
for RBS. For surface roughness, wettability, and electrical
resistivity substrates, steel and C, were preferred due to the
little influence of them in these superficial measurements.

In protein adhesion tests, three commercial stainless steel
monopolar knife straight electrodes, with 2.38 mm-wide tips
(model EF21, WEM), were connected to the electrosurgical
unit (EMAI Model BP-150). Then, two electrodes were
coated, following similar deposition procedures used for
the thin film systems, with bi-layers of TiN/Ti and ZrN/Ti.
For both electrodes, it was adopted an interlayer thickness
of ~15 nm and top layers thickness of 80 nm for TiN and
150 nm for ZrN. Before the depositions, both electrodes



On the Adhesion of Protein in Nitrided Metallic Coatings for Electrosurgical Electrodes of Stainless Steel 3

were submitted to a physical etch attack with atoms of Ar®°,
in order to remove the impurities and improve the adhesion
of the coating layers to the substrate. To remove undesired
substances before each surgical procedure (cut), the electrodes
were washed with deionized water and then, carefully dried.
Then, the amount of protein during the adhesion tests was
measured from the difference in weight of each electrode
before and after a cut with an analytical balance (Shimadzu,
ATY224) with a resolution of 0.0001 g.

3. Results and Discussion

3.1. Stoichiometry and sample thickness

Figure 1 shows the composition results obtained from
RBS measurements for ZrN/Ti, and TiN/Ti as a function
of the deposition temperature of the interlayer of Ti. The
experimental RBS spectra are depicted as black dots with the
arrows indicating the location of each element. The area under
the curves is filled to highlight the visualization of the data.

The left side of Figure 1, frames (a), (b), and (c), shows
a similar energy range for Zr (1600—1700 keV) and N
(575-630 keV) for all the deposition temperatures of the
interlayer. This result indicates a similar thickness of the
elements of the top layer (ZrN) and little influence of the
deposition temperature in the manufacturing process.

Also in Figure 1, it is remarkable that the Ti signal on the
left side is less prominent than on the right side, indicating
a lower concentration of Ti in ZrN/Ti than in TiN/Ti. This
is because, differently of ZrN/Ti, TiN/Ti has Ti in both the
interlayer and the top layer.

The full width at half maximum (FWHM) of each element
peak is proportional to the product of the stopping power
factor and the thickness of each element®'. Thus, to estimate
the thickness of the layers and the chemical composition of
the elements, a simulation over the experimental RBS spectra
was carried out using the SIMNRA software®?. The results
of the simulations are depicted in Figure 1 as full red lines.
The estimated thickness and the chemical compositions of
the top layer and the interlayer, as a function of deposition
temperature of Ti, are displayed in Table 1.

As one can see, the interlayer of ZrN/Ti and TiN/Ti leads
to about the same thickness, but with is a discrepancy in the
top layer. Following the arguments of Vega et al.'?, TiN/Ti
could improve its resistance to corrosion when there is a
similar proportion of material between the interlayer and
the top layer. On the other hand, better results are obtained
when the top layer of ZrN/Ti is thick enough and tight®.

To allow a deeper analysis of the origin of the O
contamination, the percentage values exhibited in Table 1
were calculated independently for each layer. As one can

Table 1. Thickness and composition of systems layers obtained by SIMNRA simulations. The uncertainties associated with the thicknesses

values are not greater than 5%.

Top Layer Interlayer
Sample - Thick Thick

Temperature (°C) Efm?)ess %N@) %Ti@) %Zr@) %O () Efmr:)ess %Ti(at) %O (at)
ZrN/Ti— 100 121.0 43.5 - 47.5 9.0 21.0 90.0 10.0
ZrN/Ti— 200 116.0 40.0 - 50.0 10.0 22.0 90.0 10.0
ZrN/Ti - 300 138.0 40.0 - 50.0 10.0 21.0 90.0 10.0
TiN/Ti - 100 10.0 47.0 47.0 - 6.0 14.0 78.0 22.0
TiN/Ti - 200 10.0 47.0 47.0 - 6.0 13.0 85.0 15.0
TiN/Ti - 300 11.0 46.0 46.0 - 8.0 12.0 80.0 20.0
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Figure 1. RBS measurements of ZrN/Ti (left) and TiN/Ti (right) systems deposited on C substrate for three different interlayer temperatures.
For labels (a) and (d) T =100°C, (b) and (¢) T =200°C, and (c) and (f) T = 300°C. The arrows indicate the surface energy, the black dots
the experimental data, and the SIMNRA simulations are depicted as full red lines.
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see, O represents, by averaging the temperature values of T,
~10.0% and ~19% of the composition of the adhesion layer
of ZrN/Ti and TiN/Ti, respectively. Due to the location of
O in the interlayer, we believe that the source of oxidation
is due to its presence of oxygen and water vapor from the
plasma chamber walls and/or due to small leaks on the system.

As an example of the calculations displayed in Table 1,
one can consider the percentage of both, the interlayer and
the top layer, the portion of O would represent a small part
of the total chemical composition of the system. For an
isotropic distribution composed of all the chemical elements
in the system, one could estimate the average amount of O
by applying a weighted average. Then, the weighting factor
(w,) should be the ratio between the thickness of each layer
and the total thickness of the system. For instance, for ZrN/Ti
at 100°C, we could find the weighting factors: w, = 121/142
for the top layer and w, = 21/142 for the interlayer. Thus, the
average amount of O in this sample should be:

0 :i(o 09) + 21 (0.10) ==~ 0.091=9.2% .
142 142 14200

Where the values, 0.09 and 0.01, are the percentage of O in
the top layer and the interlayer, respectively.

3.2. Roughness, wettability, and electrical
conductivity

To assess the degree of unevenness of the systems surface,
the mean roughness profile depth (R)) and the arithmetic
average height (R ) of each system group, and also for a
reference substrate of steel, was evaluated with profilometry
measurements*. The results are shown in Table 2 as a function
of the interlayer deposition temperature.

As one can see, the surface roughness of all the systems is
comparable, if one takes into account the standard deviation
of the measurements. The systems also present statistical
similarities regarding the average peak-valley height, indicating
little or no gain in roughness after coating. According to
Jacobson et. al.¥, systems with similar roughness values
resemble also in wear resistance.

Figure 2 shows the wettability measurements for both
nitrided samples and stainless steel. Steel is represented by
dashed lines because it is a pure sample, without an interlayer,
and therefore independent of the deposition temperature. As
one could see, all the systems exhibit contact angles smaller
than 90° and thus a hydrophilic behavior, but the degree of

Table 2. Results from the profilometry analysis. The amplitude
parameter R_represents the mean roughness profile depth while
R, is the arithmetic average height. The label “Steel” represents
the results of the commercial electrosurgical electrode (AISI 302).

Sample - Temp (°C) R, (nm) R, (nm)
ZrN/Ti — 100 3542 256+24
ZrN/Ti — 200 37+2 285424
ZrN/Ti— 300 32+1 233434
TiN/Ti — 100 35+4 290+59
TiN/Ti — 200 36+7 254+72
TiN/Ti — 300 34+2 237432
Steel - Room Temp. 34+6 235+57
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hydrophilicity is different as the deposition temperature of
the interlayer changes. For ZrN/Ti, the contact angle ranges
from 76.5° to 64°. Statistically, for 100° and 200° C, ZrN/Ti
showed an equivalent wettability and the more hydrophobic
(closer to 90° angle) behavior between the analyzed samples.
TiN/Ti is the most hydrophilic alloy with contact angles
ranging in between 53.0° to 62.0°, showing the most near
hydrophobic behavior at the deposition temperature of
T = 200°C. This dependence of the wettability with the
temperature was observed in the studies of Sun et al.*® for
single layers of TiN and ZrN. However, their studies were
performed with a variation of the surface temperature and
not the deposition temperature of the buffer layer.

The change in the nitrided coatings nanostructures
due to the presence of the interlayer has a direct effect on
macroscopic properties, such as electrical resistivity. In the
case of an equally spaced in-line four-point probe geometry
the resistivity, p, could be calculated using the infinite 2D
sheet approach”, p = f.tR , where R , = V/I is the sheet
resistance, f=n/In 2 is the geometric factor and # is the system
thickness. The results are depicted in Figure 3.

As the sample of steel was measured only at room
temperature with no deposition, it is represented by a dashed
line for all the temperature values due to the nonexistence
of the interlayer.

The samples of TiN/Ti show a decrease in electrical
resistivity with an increase in the deposition temperature
of the interlayer. This behavior had already been reported
by Tsai et al.*® for monolayers of TiN. According to them,
this improvement in electrical resistivity is attributed to
an increase in the densities of thin films. We believe that
a similar mechanism is responsible for the increase in the
electrical conductivity of TiN/Ti since all the systems at
these temperatures have an equivalent surface roughness
(Table 2) and a similar amount of O (Table 1). ZrN/Ti
presents higher electrical resistivity than TiN/Ti and a constant
electrical resistivity as the deposition temperature changes.
The thickness of the ZrN/Ti systems is undoubtedly one of
the main reasons for this unexpected behavior since ZrN
possesses the lowest electrical resistivity in bulk among all
the transition-metal oxides®.
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Figure 2. Wettability measures as a function of the deposition

temperature of Ti. The results are averages over ten measurements.
The bar indicates the uncertainty associated with each measurement.
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3.3. Experimental results with electrosurgical
electrodes

In order to correlate the results obtained for the systems
of thin films, protein adhesion tests were performed with
electrosurgical electrodes of stainless steel. Two of them were
coated with bi-layers of TiN/Ti and ZrN/Ti, respectively,
and another one, of stainless steel, was used as a reference
electrode for comparisons. Aiming industrial applications,
the lowest temperature, 100° C, was chosen for the deposition
of'the interlayer of Ti. The appearance of the electrodes after
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Figure 3. Electrical resistivity measurements, p, for different deposition
temperatures of the Ti interlayer. These results are averages over
five different central measurements, all of them performed on a
squared thin film with surface area of ~1.0 cm?. The uncertainties
for ZrN are not displayed (~0.5%, for all samples) because they are
smaller than the symbols. The steel is represented by dashed lines.

()

the deposition process as well as the reference electrode is
shown in Figure 4a with labels (1), (2) and (3).

To perform the tests and obtain little hemostasis,
the electrosurgical unit was adjusted to the pure cutting
function. Every cut was performed in an abdominal flap,
legally acquired with approved and recognized procedures,
0f42.0 cm x 17.4 cm size (Figure 4b) maintaining the same
depth and incision angle (~35°), in a procedure similar with
that used by Mikami®.

The amount of adhered protein was measured by the
difference in weight of each electrode before and after a
cut. Due to the sensitivity of the analytical balance, every
cut was weighted three times, obtaining an average weight
per cut. In addition to this procedure, the cuts were repeated
two times to reduce experimental errors. Figure 4c shows
the wear the electrodes after the whole experimental section.
Figure 5 displayed the results for different incision times
(4s, 7s and 10s) and electric power.

The electric power in the x-axis has a nonlinear
relationship with the real power provided by the electrosurgical
unit. The conversion depends on the impedance and the
electrical conductivity of the tissue being cut. According
to the manufacturer’s manual®, if one considers a tissue
impedance of 300 €, the power scales 3, 5, and 7 would
correspond to the real power values of 139.33 W, 255.5 W,
and 312.94 W, respectively.

In general, the experiment shows consistent results with
what is expected, the greater the power and the cutting time,
the greater the protein adhesion on the tips of the electrodes.
Exceptions are found for steel in power scale 3 and cutting
times of 4s and 7s (first point in Figure 5a and 5b) where steel
shows a similar adhesion of proteins. ZrN/Ti also exhibits

(b)

Figure 4. Frame (a) shows the electrosurgical electrodes used during the protein adhesion tests. Label (1) represents the stainless steel
electrode with no coating. Labels (2) and (3) represent the coated electrodes with TiN/Ti and ZrN/Ti layers, respectively, right after the
deposition process. The frame (b) displays the human abdominal flap used during the adhesion tests. The frame (c) shows the wear of

the electrodes at the end of the experiment.
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Figure 5. Protein adhesion tests for different cutting times and equipment power. The frames (a), (b), and (c) represent the cutting times
for 4s, 7s, and 10s, respectively. The maximum dispersion in the measurements is smaller than 15 mg of protein.

an unexpected behavior with similar protein adhesion for
powers 3 and 5 in Figure 5b.

Regardless of the cutting time and electric power, the
reference electrode of steel showed lower performance than
the coated electrodes in all the adhesion tests. Further, coated
electrodes exhibited, statistically, similar adhesion of protein
for cutting times of 4s and 7s (Figures 5a and 5b). As the
whole experiment was performed in a single experimental
section, from the lowest to the highest cutting time, it was
expected more intense wear of the coating at 10s (Figure Sc).
This effect is perceived for ZrN/Ti, in Figure 5c, which
decreases its relative performance with respect to TiN/Ti
(showed in Figures 5a and 5b) reaching levels of protein
adhesion closer to stainless steel. It is believed that the
durability of the coating is related to the choice of the coating
and the interlayer materials, as TiN bonds more easily with
the interlayer of Ti than ZrN.

In addition, TiN/Ti, the most hydrophilic material
according to Figure 2, seems to promote the lowest level
of protein adhesion. The adhesion in the electrodes of TiN/
Ti was lower than ZrN/Ti for 4s (Figure 5a), similar for 7s
(Figure 5b), and lower again for 10s, especially due to the
mixture with the wear effects in the electrodes of ZrN/Ti.
This result is somehow related to the studies documented
by Jones et al.?*. In analyzes of protein adsorption on discs
of TiN, they found that the most hydrophilic surfaces did
appear to promote greater amounts of fibrinogen adsorption.

Comparing the electrical conductivity of the samples
(Figure 3) for all the scenarios of Figure 5, stainless steel

presented the better electrical conductivity but the higher
adhesion of protein. Similarly, TiN/Ti showed the lower
electrical conductivity among the analyzed samples, however,
it had the better performance for short and long cutting
times (Figures 5a and 5c) and a similar protein adhesion
for intermediate cutting times (Figures 5b and 5c). ZrN/
Ti presented a proportional relationship between electrical
conductivity and protein adhesion for short cutting times,
however, this behavior was not sustained for longer cuttings
times. On the face of it, no clear relationship between
electrical resistivity and protein adhesion on the electrodes
could be determined.

According to Figure 1, the surface roughness of electrodes
is similar, which results in comparable friction for coated and
uncoated electrodes. Nevertheless, ceramic materials such
as ZrN and TiN have greater electronegativity, that is, they
do not lose electrons as easily compared to materials with
metallic properties such as those that make up AISI 302 like
Fe, Cr, and Ni alloys*'. This greater electronegativity is due
to the stability of these transition metal nitrides in the valence
layer which protect the coated electrodes of stainless steel
reducing the loss of electrons to oxygen molecules. Some
studies indicate that when the oxides present in the surface
of steel interact with proteins, there is an enrichment of the
chromium oxide*, one of the main responsible to prevent
the oxidation of the stainless steel. This effect is related to
the protein-induced metal release, in corrosion processes,
and also with the increase of the adhesion of proteins, which
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is believed to be the main response to the higher adhesion
of protein to the stainless steel electrodes.

4. Conclusions

In this work, it was compared the performance of ZrN/Ti
and TiN/Ti, as coating materials of electrosurgical electrodes
of steel, with non-coated electrodes of stainless steel. The
analyses were carried out using thin film systems and coated
electrosurgical electrodes deposited under similar conditions
by magnetron sputtering.

Stoichiometry results, obtained from RBS measurements
and SIMNRA simulations, showed a presence of oxygen
between 6 to 10% during the deposition process. Profilometry
analyzes indicated samples with equivalent rugosity with
a non-significant dependence of the interlayer deposition
temperature. In contrast, the wettability and the electrical
resistivity measurements showed a temperature-dependent
character.

The adhesion tests in the abdominal flap showed no direct
relationship between the electrical resistivity and protein
adhesion on the electrosurgical electrodes.

Since the rugosity of ZrN/Ti, TiN/Ti, and stainless steel
electrodes were similar, the little affinity for oxygen atoms of
both nitrided coatings promoted a lower adhesion of protein
to their surface than to stainless steel.

All samples showed hydrophilic properties, with higher
contact angles of ZrN/Ti than TiN/Ti for all the interlayer
temperatures tested. Nevertheless, the most hydrophilic
material, ZrN/Ti, presented the lowest level of protein adhesion.
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