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Abstract

Background: Minimally invasive surgery is performed using an endoscope and other instruments including the
electrosurgical units. However, concerns including surgical smoke, tissue sticking, and thermal injury are remaining in
electro surgery.

Aims: Accordingly, a newly developed electrosurgical electrode coating with hydrogenated Cu-incorporated
diamond-like carbon (DLC-Cu) film is purposed to improve the instrument performance.

Methods: The morphologies of DLC-Cu surfaces were characterized using transmission electron microscopy,
scanning electron microscopy and atomic force microscopy. In this study, lesions were made on the liver lobes of adult
rats, using a monopolar electrosurgical unit equipped with untreated stainless steel electrodes or treated-electrodes.
Animals were sacrificed for evaluations at 0, 3, 7, and 28 days post-operatively.

Results: Treated-electrodes generate less sticking tissues and adhesive blood cells. Thermography revealed the
surgical temperature in liver tissue from the treated -electrode was significantly lower than the untreated-electrode.
Total injury area of livers treated with treated-electrodes was significantly smaller than the untreated-electrodes
treatment. Moreover, treated-electrodes caused a relatively smaller area of lateral thermal injury, a smaller area of
fibrotic tissue, and a faster process of remodeling than the untreated-electrodes. Western blot analysis showed that
rats treated with treated-electrode expressed lower levels of NF-kB, caspase-3, and MMP-9 than untreated-electrode.
Immunofluorescence staining for caspase-3 revealed the untreated-electrode caused more serious injury.

Conclusions: This study reveals that the plating of electrodes with hydrogenated Cu-incorporated diamond-like
carbon film is an efficient method for improving the performance of electrosurgical units. However, more tests must be

carried out to confirm these promising findings in human patients.
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Introduction

Many traditional open surgical approaches are replaced by
minimally invasive surgery (MIS) in a number of disciplines including
general surgery, surgical oncology, colorectal surgery, pediatric surgery,
thoracic surgery, upper and lower gastrointestinal tract surgery, obesity
surgery, hepatobiliary surgery, and in other solid organs [1]. Compared
with the open surgery, a MIS has the advantages such as reduced pain,
less tissue injury, quicker return of oral intake, shorter hospitalization,
and improved cosmetic appearance [2]. Some studies focused on the
stress response to MIS, and an improved immune response was found
for the procedures [3]. Moreover, MIS also increases operating room
efficiency [4]. Hence MIS is growing remarkably over the past two
decades, and the growth is continuously.

MIS is generally performed in company with an endoscope or
laparoscope, and other instruments are inserted into the patient body
through small incisions. An endoscope with multitasking platform was
also developed [5]. Electrosurgery is one of the widely used endoscopic
tools in MIS [6]. Monopolar or bipolar electrosurgical unit equipped
with various types of electrodes can achieve desired surgical effects
such as incision, ablation, cauterization, or coagulation. However,
several concerns including tissue sticking, thermal injury, and surgical
smoke are remaining in electrosurgery [7]. During an electrosurgical
procedure, the heated tissues may adhere to the hot electrode. This
increases the electrical resistance and hinders energy delivery to the

targeted tissue, as well as making the process less accurate and more
time-consuming. Adherent tissue that is not removed will eventually
become carbonized charred tissue, and the surgeon may have to
periodically suspend the operation to clean the electrode. In addition,
when the electrode is removed for cleaning, the sticking tissue may
tear adjacent tissue, resulting in unnecessary bleeding. The lateral
spread of thermal energy from electrosurgical procedures can also
affect surrounding tissues, leading to inadvertent damage to vital
structures, delayed wound healing, and increased postoperative pain.
Surgical smoke is another problem caused by heated electrodes [8,9].
Surgical smoke is generated when tissue is heated and cellular fluid is
vaporized by the delivering energy of the electrosurgery, which may
reduce the visibility of internal operating field [10]. The smoke has also
been shown to contain noxious chemicals which are hazard to patients
[11,12]. Other pitfalls including direct coupling, insulation failure, and
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capacitive coupling are reported for using monopolar electrosurgery
during MIS [13].

In order to improve the performance of electrosurgical unit,
many commercial electrodes are treated with surface modification to
improve the thermal conductivity and anti-adhesive property. The
plating materials include gold or silver (Conmed, Utica, NY), ceramic
(ERBE, Marietta, GA), silicide (Valletlab, Tyco, Boulder, Co), Teflon/
Cr (Megadyne, Draper, UT), fluoride (Valletlab, Tyco, Boulder, Co)
etc. Compared with the prototype electrode (stainless steel), surgeons
with these modified electrodes have an improvement in anti tissue-
adhesion, clearance and durability. Therefore, the surface modification
for the electrode can improve the instrument performance efficiently.

Diamond-like carbon (DLC) film is a substance with well
smoothness, high hardness, low frictional coefficient, resistance to
oxidation and corrosion, high thermal conductivity, and mechanical
stability in biological environments [14]. DLC can be easily doped and
alloyed with different elements because of its amorphous structure. In
addition, DLC has well biocompatibility [15]. These properties make
DLC applied in biomedical felids widely in recent years [16]. Singh
et al. reported the anti-adhesive property for DLC against glial cell
and fibroblast [17]. Zhang et al. also showed a remarkable decrease
of platelet adhered on the DLC film compared to the Chrono flex or
glass [18]. In particular, our latest research [19] demonstrated that
the embedded nano-Cu particles did not change the microstructure
transformation behavior of the hydrogenated Cu-incorporated
diamond-like carbon (DLC-Cu) films. Moreover, DLC-Cu films
were nontoxic to osteoblast cells (MG-63) and fibroblast cells (NIH-
3T3) and were biocompatible. Nano-Cu particles have an important
role in the antibacterial mechanisms of DLC-Cu films. Metallic Cu
elements (probably Cu* ions or nano-Cu particles) can diffuse from
the film and efficiently kill bacteria by destroying their cell walls and
membranes thereby causing their cytoplasm to leak. a-C:H films with
a Cu content of 27.8 + 3.4 at % and above have superior antibacterial
properties against both Gram-positive bacterium Staphylococcus
aureus ATCC6538P and the Gram-negative bacterium Escherichia
coli ATCC8739. Therefore, the DLC-Cu film can be considered a
promising antibacterial coating for use in biomedical applications and
for minimally invasive surgery devices. In this study, DLC-Cu film
was proposed to deposit on the surface of electrode using a thin film
coating technology. The electrode coated with the DLC-Cu thin film
(DLC-Cu-SS) and untreated standard stainless steel (SS) electrodes
induced lateral thermal injury characteristics were investigated clearly
in rat liver by monopolar electrosurgery.

Materials and Methods

Properties evaluation of the DLC-Cu-SS surface

The atomic force microscopy transmission electron microscopy
(TEM; JEM-2100), scanning electron microscopy (SEM; JEOL JSM-
6500F) and (AFM; Nanosurf-Mobil S) were employed to analyze the
surface morphologies, roughness of the DLC-Cu-SS surfaces. Hardness
of the DLC surface was measured by nano-indentation with a diamond
Berkovich indenter (Asmec-UNAT-M); the average of the values
obtained in ten tests was used in order to get good statistical averages.
Moreover, wettability examinations were performed using the sessile
drop method using a GBX DGD-DI contact angle goniometer.
The liquid deionized water was adopted in the test. Contact angle
measurements were measured using at least five drops for each sample
in order to get good statistical averages.

Procedure of DLC-Cu coating

DLC-Cu film was deposited in a radio frequency magnetron
sputtering system. The procedure of deposition has been described
elsewhere [19,20]. The commercially available SUS 304 stainless steel
electrodes (blade types) were used as substrates. The substrates were
degreased in an acetone bath at 80°C, rinsed ultrasonically in ethanol,
rinsed again in a deionized water bath, and air dried before being loaded
into the chamber. After evacuating the chamber to a pressure of 2.0 x
10°° torr, the argon gas was introduced. The substrates were biased and
argon ion bombarded for 5 minutes to remove surface contaminants.
Subsequently, the CH,/Ar mixture gas was fed into the chamber. The
CH, was used as the carbon source. The glow discharge plasma was
generated by applying a radio-frequency input power of 225 W on a
Cu (99.999% purity) sputtering target to dope Cu and synthesize the
DLC-Cu films simultaneously. The Cu target was fixed at a distance of
60 mm directly above the substrate.

Whole blood adhesion test

Fresh whole blood was obtained from six healthy, non-smoker
volunteers (mean age 25, range 23-29 y/o) with informed consent who
had not taken any regimen 2 weeks prior to donation. Blood samples
obtained from each donor were used to evaluate the blood adhesion
test separately.

Unmodified stainless steel blade and DLC-Cu-blade were incubated
with heparinized whole blood (0.5 U/ml) at 37°C for 5 min [21]. The
electrodes were then washed gently using phosphate buffered saline
(PBS). The adhered blood cells on blades were analyzed by using image
analysis software (SPOT basic software, SPOT imaging solutions, MI,
USA). Other blades were fixed in a 2.5% glutaraldehyde solution in
PBS, followed by dehydration in a graded ethanol series, critical point
drying (Sousimis, PVT-3B critical point dryer), sputter-coating with
gold ion by an ion sputter (Joel, JFC-1100E Ion sputtering device,
1100E), and examined using a scanning electron microscope.

Animals

The protocols for animal experiments were reviewed and approved
by the Institutional Animal Care and Use Committee for Taipei
Medical University (LAC-98-0009). Twenty-seven Sprague-Dawley
rats (200-300 g, BioLASCO, Taiwan) were maintained in accordance
with the guidelines for the care and use of laboratory animals. The
animals were fed ad libitum and housed in an environment controlled
for temperature, humidity, and light. Rats were marked to permit
individual identification and were kept in their cages for 14 days prior
to experimentation to allow for acclimatization to the laboratory
conditions.

Surgical procedure

Conventional SS-blade electrodes and DLC-Cu-SS blade electrodes
were used with an electrosurgical unit (ICC300H, EBRE, USA) in the
animal study. The operation was performed under general anesthesia
of isoflurane inhalation. Operations were performed under general
anesthesia with inhaled isoflurane. After adequate skin preparation and
sterilization, the liver was exposed through midline laparotomy with a
retractor to avoid the liver injury. A DLC-Cu-SS blade or a SS blade was
inserted to the liver lobe (3 mm in depth) to create an anterior lesion,
using a fixed power setting (40 W) with a fixed activation times (4
seconds). The power setting and activation time were commonly used
parameters and based on settings from a previous study [22]. Other 3
rats received laparotomy were served as a sham group.
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Thermography

The effects of the SS and DLC-Cu-SS electrodes on temperatures
across the live lobe surface were determined from thermographs
obtained with a thermal-imaging infrared camera (Advanced Thermo
TVS-500EX, NEC Avio Technologies, Tokyo, Japan). The highest
temperature was recorded for every test. After the thermography
was recorded; the surgical wound was closed in layers. No anti-
inflammatory regimen was treated after surgery.

Weight of sticking tissue

The weights of each SS blade and DLC-Cu-SS blade were recorded
perioperatively, and the weight of sticking tissue was calculated as
the weight of blade post-operation minus the weight of blade pre-
operation.

Postoperative pain assessment

General physical conditions of rats were observed. Daily dietary
intakes and weekly body weight changes were recorded to determine
the postoperative pain indirectly.

Injury area and histologic examination

Animals were sacrificed on days 3, 7, 14, and 28 post-operation.
The livers were removed and fixed in 10% formalin of neutral buffer.
The samples were then dehydrated in a graded series of ethanol and
embedded in paraffin wax. Consecutive sections were cut from the
paraffin blocks into 5 um slide and deparaffinized. The sections
were stained with hematoxylin and eosin (H&E, 3008-1 and 3204-2,
Muto, Japan) and Masson’s trichrome staining to analyze the general
morphology and fibrosis using a microscope (BX51, Olympus,
Japan). The total injury areas caused by the SS or DLC-Cu-SS blades
were measured using image analysis software. In addition, different
histologic features were observed in the injury site.

Western blot analysis

The tissues surrounding the injury site of retrieved liver were
harvested and examined separately for every rat. Samples were
homogenized and lysed in an ice-cold protein lysis buffer and
centrifuged at 13000 rpm for 15 minutes at 4°C. Protein concentrations
of the lysates were determined using a Bio-Rad protein assay (Bio-Rad
Laboratories, Hercules, CA, USA). Thelysates (20 pg/lane) were resolved
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) in 10% gels and electroblotted onto a nitrocellulose membrane
(Hybond™-C Extra, Amersham Biosciences Corp., Hong Kong,
China). The membrane was blocked for 30 minutes at room temperature
in 3% nonfat milk in Tris-buffered saline with 0.05% Tween 20, and
then incubated overnight at 4°C with the indicated primary antibodies
against NF-xB (1:500, MAB3026, Chemicon, Millipore, Temecula,
CA), or caspase-3 (1:200, AB1899, Millipore, Temecula, CA), or
MMP-9 (1:500, Santa Cruz, CA) and then incubated with horseradish
peroxidase-conjugated secondary antibodies for 2 hours at room
temperature. After washing, the membrane was developed using
chemiluminescent substrates (WBLUCO0100, Millipore, Temecula,
CA). Densiometric analysis of the gels was performed using Gel-Pro
analyzer software, and the results were expressed relative to the density
of B-actin (1:500, MAB1501, Chemicon, Millipore, Temecula, CA).

Immunofluorescence staining

For immunofluorescence staining, liver tissues were embedded in
Cryomatrix (Thermo Shandon, Pittsburgh, PA, USA) and stored at

-80°C. Cryostat sections (5-7 mm thickness) were fixed in a mixture of
methanol and acetone (1:1) at -20°C for 5 minutes and incubated in 1%
Triton X-100 for another 5 minutes. Nonspecific activity was blocked
by incubating the sections with 10% horse serum in a buffer containing
0.02% Tween 20 in PBS for 30 minutes. Sections were then incubated
overnight with primary anti-Caspase-3 at 4°C. Antigen localization
was indicated by a Cy5 dye (red fluorescence, 111-176-003, Jackson
ImmunoResearch, West Grove, PA). Finally, samples were stained
with 4',6-diamidino-2-phenyl-indole (DAPI, sc-3598, Santa Cruz
Biotechnology, CA) for 7 minutes and examined using a fluorescent
microscope. Normal liver tissues obtained from sham group were
undergone identical procedures. Negative controls were processed
identically, except that the primary antibodies were replaced with IgG.

Statistical analysis

Data were expressed as mean + standard error of the mean (SEM).
All statistical analyses were performed using SPSS version 12.0 (SPSS,
Inc, Chicago, IL). Values of p<0.05 were considered significant.

Results

Characteristics of the DLC-Cu-SS treated surface

Figure 1A and 1B shows a cross section of the DLC-Cu-SS thin
film and the thickness was found to be approximately 250 nm. From
the TEM observation, it was evident that a homogenous and smooth
surface with tiny nano Cu particles was deposited onto the surface of
the substrate as depicted in Figure 1C; the average diameter of these
nano Cu particles was found to be approximately 20-50 nm. As Cu
was doped, sphere-like nanoparticles with twins became embedded
in the film as shown in Figure 1D. Figure 1E and 1F showed the 2D
and 3D surface morphologies of the DLC-Cu-SS surface using an
AFM, which were acquired in a scanned range of 5 x 5 um’ The
average surface hardness values were significantly difference between

Figure 1: SEM (a) cross-section and (b) top view images of the DLC-Cu thin
film (c) TEM and (d) the selected area electron diffraction pattern; AFM (e) 2D

and (f) 3D images of the DLC-Cu thin film.
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groups (p<0.05) as shown in Figure 2A. The contact angle of the DLC-
Cu-SS treated surface was presented in Figure 2B. The SS surfaces
showed the lowest value (75.47 + 2.55), whereas DLC-Cu-SS surfaces
exhibited comparative hydrophobicity, with a value of 97.25 + 1.87.
ANOVA revealed a significant difference between the SS and DLC-
Cu-SS (p<0.05). Clearly, the DLC-Cu-SS treated surface exhibited low
roughness (~2.57 nm) features to than that of untreated surface as
shown in Figure 2C.

DLC-Cu electrode and whole blood adhesion test

The commercial SS and DLC-Cu-SS electrosurgical devices are
shown in Figure 3. Blood cells adhered on blades were analyzed,
and results show SS (33562 + 5347 pix, n=5) had significantly higher
amount of blood cells than that of DLC-Cu-SS (23040 + 2448 pix, n=>5,
p<0.01). SEM further reveals the surface of SS blade had more adhesive
red blood cells and fibrins than on the DLC-Cu-SS device.

Electrosurgical procedure and thermography

Figure 4 represents the electrosurgical procedure and the
thermograph of SS and DLC-Cu-SS blades applied in liver lobes. The

Figure 3: DLC-Cu-SS plated blade for whole blood adhesion tests and SEM
reveals the surface of SS-blade had more adhesive red blood cells and
fibrins than on the DLC-Cu-blade.

Figure 2: Statistics analysis of (a) hardness, (b) contact angel and (c)

Figure 4: (a) Surgical smoke was noticed when using a SS-blade was used.
(b) No surgical smoke generated in DLC-Cu-SS group. (c) The highest
recorded temperature was 161.83 + 18.47°C for the SS-blade group and (d)

roughness in of the DLC-Cu thin film.

134.12 £ 9.41°C for DLC-Cu-blade group.

surgical smoke was noticed when using a SS blade, and the smoke still
existed even when the electrode was removed (Figure 4A). However,
the surgical smoke was not generated during the entire procedure for
DLC-Cu-SS blade group (Figure 4B). The highest temperature recorded
while applying an SS-blade was 161.83 + 18.47°C (Figure 4C). The
highest temperature recorded during DLC-Cu-SS blade application
was 134.12 + 9.41°C (Figure 4D), which was significantly lower than
that in the SS-blade group.

Weight of sticking tissue

The surface of the used SS blade (Figure 5A) shows a higher
amount of adhesive tissue than that of DLC-Cu-SS blade (Figure 5B).
When observing in stereomicroscope, the surface of SS-blade (Figure
5C) shows more charring tissues than that of DLC-Cu-SS blade (Figure
5D). The average weight of tissue sticking on the SS blade (4.37 + 0.52
mg) was significantly higher than the DLC-Cu-SS blade (1.02 + 0.21
mg, n=8, p<0.01) (Figure 5E).

Postoperative pain assessment

The body weight changes reveal that all rats gained weight
gradually (Figure 6). However, the body weight did not increased
obviously during day 0 to day 10 for all groups. There was no significant
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Figure 5: (a) Used SS electrode shows a higher amount of adhesive tissue
than that of (b) DLC-Cu-SS electrode. (c) Surface of SS electrode shows
more charring tissues than that of (d) DLC-Cu-SS electrode when observed
using a stereomicroscope. (e) The weight of tissue sticking on the SS
electrode was significantly higher than that on the DLC-Cu-SS electrode.

difference in body weight between groups. Daily dietary intakes also
show the appetite of rats was decreased post-operatively (data not
shown), and the oral intake of rats became normal after day 7. These
results reveal that rats received sham operation, SS electrode, or DLC-
Cu-SS electrode treatments had same postoperative pain scores.

Injury area and thermal injury assessment

There was a significant difference in the total injury area caused
by the SS and DLC-Cu-SS blades. The injury site in SS-blade group
was significantly larger than that of DLC-Cu-SS blade at day 3 (Figure
7A). Although the total injury area for the SS group was decreased at
day 7, the area was still significantly larger than the DLC-Cu-SS group.
At days 14 and 28, the injury sites for both groups were decreased, but
the area of injury for SS group remained significantly larger than the
DLC-Cu-SS group. The total injury site was summarized in Figure 7B.

Masson’s trichrome staining was used to examine the formation
of fibrotic tissue. Minor fibrotic tissue was noticed in SS blade group
in the boundary between thermal injury area and normal liver at day
3 (Figure 8A). No fibrotic tissue was evident for the DLC-Cu-SS blade
group. At day 7, the fibrotic tissues were clearly found, and the fibrotic
area (purple-blue color) of SS blade group was larger than that of DLC-
Cu-SS blade group. Liver neogenesis was observed and the fibrotic area
decreased at day 14 in DLC-Cu-SS blade group. However, SS blade
group still shows large apoptosis area. The nodular foci of hepatocytes
were formed in the apoptotic area for both groups at day 28, and the SS
group still had a larger fibrotic area relative to the DLC-Cu-SS group.

The predominant injury area that resulted from the use of SS blades
was different from the DLC-Cu-SS blades. Both types of blade caused

tissue sticking and bleeding, direct injury, and thermal injury at day 3.
The area of blade adhesion and bleeding (red color) in SS group was
significantly larger (p<0.05) than that of DLC-Cu-SS group, and the SS
blade also induced larger (p<0.05) thermal injury areas (yellow color)
than DLC-Cu-SS group at day 3 (Figure 8B). Some regions within the
direct injury area (blue color) became apoptosis (orange color) in the
SS group; and the characteristic of apoptosis was also observed in DLC-
Cu-SS group at day 7 (Figure 8C). The thermal injury areas (yellow
color) were replaced by fibrotic tissues (purple color), and the fibrotic
areas in SS group were larger than DLC-Cu-SS group (p<0.0I). On
day 14, most of the direct injury areas (blue color) became apoptosis;
the apoptotic tissues were predominant in SS group and the size was
larger (p<0.01, Figure 8D) than DLC-Cu-SS group. The areas of direct
injury and apoptosis were replaced by neogenesis area (pink color) in
DLC-Cu-SS group. However, neogenesis area was rarely found in SS
group ay day 14. Most apoptotic areas were replaced by regenerative
hepatocyte foci in DLC-Cu-SS group at day 28. However, rats treated
with SS blades still showed a large area of apoptotic tissues (Figure 8E).

Figure 6: The body weight changes reveal that all rats gained weight
gradually. There was no significant difference in body weight between
groups. The result revealed that rats received sham operation, SS-electrode,
or DLC-Cu-SS electrode treatments had same postoperative pain scores.

Figure 7: (a) The total injury area in SS electrode group was significantly
larger than that for the DLC-Cu-SS blade group at day 3, day 7, day 14, and
day 28. The total injury site was summarized in (b).
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A)

B)

)

D)

E)

Figure 8: (a) Masson’s trichrome staining showed minor fibrotic tissue in the
boundary between thermal injury area and normal liver in the SS electrode
group. No fibrotic tissue was evident for the DLC-Cu-SS blade group at day
3. At day 7, the fibrotic tissues were clearly found in the SS electrode group,
and the fibrotic area was larger than that of the DLC-Cu-SS electrode group.
Liver neogenesis was minor with large area of apoptosis in the SS electrode
group at day 14. DLC-Cu-SS electrode group had large area of neogenesis.
Nodular foci of hepatocytes were formed in the apoptotic area for both
groups at day 28, and the SS electrode group still had a larger fibrotic area
relative to the DLC-Cu-SS electrode group. Classification of the injury site by
type at (b) day 3, (b) day 7, (d) day 14, and (e) day 28.

Western blot analysis

Figure 9A represents the results of western blot and shows that
the NF-kB was highly expressed in SS group at day 7 and day 14, and
highly expressed in DLC-Cu-SS group at day 7. Densitomeric analysis
of the gels revealed the expression of NF-kB protein in SS group was
higher than that in DLC-Cu-SS group at day 3 and day 14 (Figure 9B).
Caspase-3 was highly expressed at day 7 in both groups (Figure 9C).
MMP-9 was highly expressed in SS blade relative to the DLC-Cu-SS
group at day 14 (Figure 9D).

Immunofluorescence staining

Figure 10A shows tissues from rats treated with SS or DLC-Cu-SS
blade, and normal live tissue sections. In the SS group, most caspase-3
positive cells were identified surrounding the injury site at day 3
(Figure 10B) and day 7 (Figure 10C). The caspase-3 positive cells were
also identified surrounding the injury site at day 3 (Figure 10B) and day
7 (Figure 10D) for DLC-Cu-SS group. There were also few caspase-3
positive cells identified in normal rat liver (Figure 10E).

Discussion

Despite the widespread use of electrosurgical devices in MIS, the
issues of surgical smoke, thermal injury and tissue sticking remain
as disadvantages. Compared to the complex irrigation or automatic
thermal control, coating a DLC-Cu film to modify the surface property
of electrosurgical electrode is a relative simple and economical
approach to improve the instrument performance. There is no need to
modify the design of radio frequency (RF) generator or electrodes, but
to deposit a DLC-Cu film on the electrodes using the thin film coating
technology. Therefore, the surface modification for electrodes could be
used in all types of electrosurgical devices for MIS.

To evaluate the anti-adhesive property for the DLC-Cu plating
electrodes, whole blood test was used. Results obtained from SEM
and image analysis reveal the DLC-Cu-SS electrode had less adhesion
of blood cells relative to the SS-electrode. Moreover, the modified

Figure 9: (a) Western blot analysis shows high expression of NF-kB at days
7 and 14, high expression of caspase-3 at day 7, and high expression of
MMP-9 at day 14 in the SS electrode group. DLC-Cu-SS electrode group had
high expressions of NF-kB and caspase-3 at day 7. (b) Densiometric analysis
revealed the expression of NF-kB protein in SS electrode group was higher
than that in DLC-Cu-SS electrode group at days 3 and 14. (c) Caspase-3
was highly expressed at day 7 for both groups. (d) The expression of MMP-9
in SS electrode group was higher than that in DLC-Cu-SS electrode group
at day 14.
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Figure 10: Most caspase-3 positive cells were found surrounding the injury
site in (a) the SS and (b) DLC-Cu-SS electrode group at day 3. Caspase-3
positive cells were found also surrounding the injury site in (c) the SS and (d)
DLC-Cu-SS electrode group at day 7. (e) A few cells were also positive for
caspase-3 staining in normal rat liver.

electrode also caused a decrease in tissue adhesion compared with
the unmodified electrode when used to make incisions on liver lobes.
Mikami et al. described the properties of Au-PTFE film and Au-
coating surface [23]. They found the water contact angle of Au-PTFE
was larger than that for Au-coating, and the hydrophobic Au-PTFE
film was less prone to tissue sticking. The same group analyzed the
coagulation performances of gold, titanium, and SS bipolar forceps by
comparing the amount of protein in the adhered coagulum on the tips.
The surfaces of Au-plated tips were smoother than those of SS tips, and
Au tips also caused less tissue adhesion [24]. Therefore, the DLC-Cu-
SS electrode has a smooth and hydrophobic surface shall benefit to the
anti-adhesion demand.

During the electrosurgical procedure, the surgical smoke was
found when using a SS-electrode. Tissue thermographs showed that
temperatures recorded for DLC-Cu-SS electrodes were significantly
lower than those produced by SS-electrodes under the same RF
power setting. This can be attributed to the higher electric/thermal
conductivity of cupper compared to SS [25]. The modified electrode
can deliver electrical energy/heat to the targeting tissue more efficiently.
This property can deliver electrical energy to the target tissue more
efficiently. This can prevent the overheating of the electrode and the
incidence of thermal injury. However, rats received sham operation
(laparotomy only), and electrosurgery with SS-electrode or DLC-Cu-
SS electrode had no difference in postoperative pain score.

A typical injury healing process is achieved through hemostasis,
inflammation, proliferation, and remodeling [26]. The SS-electrode
caused a larger total injury area as well as a larger thermal area than
that of the DLC-Cu-SS electrode at day 3. The size of adhesion and
bleeding area was coincided with the adhesive tissues on electrodes,
that is, un-modified SS-electrodes generated larger amount of sticking
tissues also caused a larger adhesion and bleeding area. Histologic
examinations showed a few blood cells infiltration in the adhesion
and bleeding area which represented the late stage of hemostasis.

The hemostasis then initiated the early stage of inflammation, and
the inflammatory phase may recruit neutrophils, macrophages, and
lymphocytes to clear apoptotic cells [27]. At day 7, the outer areas
of thermal injury were replaced by fibrotic tissues and the areas of
adhesion and bleeding became apoptosis. The size of fibrotic area was
in directly proportional to the thermal injury area. The western blot
revealed that both caspase-3 and NF-«kB were highly expressed at day
7. The caspase cascade has intrinsic and extrinsic pathways to initiate
apoptosis that ultimately induce protein and DNA degradation in
cells [28]. Caspase-3, a downstream protease in the caspase cascade,
is generally considered a marker of apoptosis [29]. NF-kB also plays
an important role in apoptosis; the active NF-«kB enters the nucleus
and activates the expression of specific genes that induce the apoptosis
cascade [30]. Immunofluorescence staining for caspase-3 provided
further direct evidences for cell apoptosis. The results of western blot
in combined with the findings of histologic inspections showed that
partial direct injury areas became apoptosis at day 7 in both groups.
Relative to DLC-Cu-electrodes, SS-electrodes caused more severe
injury and accelerated the pace of apoptosis.

It is noteworthy that rats treated with SS-electrodes still had a large
apoptotic area at day 14. On the contrary, rats treated with DLC-Cu-SS
electrodes had a relative small apoptotic area but large neogenesis area.
This evidence revealed that rats in DLC-Cu-SS electrode group had
a fast injury healing progress. Simultaneously, western blot analysis
showed rats in the SS-electrode group secreted higher levels of NF-xB
compared with rats in the DLC-Cu-electrode group. In fact, the NF-
kB is reported as a positive correlation with hepatic injury, fibrosis,
and even hepatocellular carcinoma [31]. Following hepatic damage,
quiescent hepatic stellate cells will be activated and trans-differentiate
into extracellular matrix (ECM)-secreting myofibroblasts. Stellate cells,
the major cell type involved in liver fibrosis, secrete ECM proteins,
including laminins, collagens, and proteoglycans [32]. Generally, when
minor hepatic injury occurs, the regenerative process may take place
rapidly with the formation of fibrotic tissues [33]. Hepatic fibrosis
represents the liver’s wound-healing response to injury. In the later
stage of liver remodeling process, stellate cells express a combination
of matrix metalloproteinases (MMPs) that have the ability to degrade
liver matrix. The fibrotic tissues with ECM will be degraded and finally
replaced by neogenetic hepatocytes [34,35]. Rats in SS-electrode group
produced high level of MMP-9. Therefore, the smaller area of fibrotic
tissue associated with the use of DLC-Cu-SS electrodes indicates a
better condition for liver remodeling.

At day 28, in spite of some fibrotic tissues still observed in the
DLC-Cu-SS electrode group, most of the apoptotic area was replaced
by hepatocyte foci which represented the late stage of liver remodeling
[36,37]. Although the remodeling processes were similar, the total
injury area of DLC-Cu-SS electrode group was smaller than the SS-
blade group. Moreover, the survival and activation of stellate cells and
hepatic myofibroblasts are also regulated by NF-kB. Western blots
showed rats treated with DLC-Cu-SS blades expressed lower NF-«B,
revealing a decrease in the number of active stellate cells and showing
of the liver remodeling process as the tissue integrity was restored [33].
Overall, the animal study showed that DLC-Cu-SS electrodes caused a
smaller injury area with a smaller thermal injury site than SS-electrode.
The smaller thermal-injury site resulted in a decreasing fibrosis tissue
and a faster neogenesis process, which was of benefit to the liver-
remodeling process.

Conclusion

The plating of DLC-Cu film can improve the electrode performance
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of electrosurgical unit in terms of tissue sticking and thermal injury.
The DLC-Cu-SS electrode had a less amount of sticking tissue with a
lower surgical temperature during electrosurgery. The total injury area
of rats treated with DLC-Cu-SS electrode was significantly smaller than
those of treated with SS blades at each time points. Moreover, the DLC-
Cu-SS electrode caused a relative smaller area of lateral thermal injury,
a smaller area of fibrotic tissue, and a faster hepatic regeneration in rat
liver. This study reveals that the plating of DLC-Cu film on electrode
is an effective approach to improve the performance of electrosurgical
unit.
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