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Abstract
Staphylococcus aureus is one of the main causative bacteria for polyurethane catheter and artificial graft infection. Recently, 
we developed a unique technique for coating diamond-like carbon (DLC) inside the luminal resin structure of polyurethane 
tubes. This study aimed to elucidate the infection-preventing effects of diamond-like carbon (DLC) coating on a polyurethane 
surface against S. aureus. We applied DLC to polyurethane tubes and rolled polyurethane sheets with our newly developed 
DLC coating technique for resin tubes. The DLC-coated and uncoated polyurethane surfaces were tested in smoothness, 
hydrophilicity, zeta-potential, and anti-bacterial properties against S. aureus (biofilm formation and bacterial attachment) 
by contact with bacterial fluids under static and flow conditions. The DLC-coated polyurethane surface was significantly 
smoother, more hydrophilic, and had a more negative zeta-potential than did the uncoated polyurethane surface. Upon expo-
sure to bacterial fluid under both static and flow conditions, DLC-coated polyurethane exhibited significantly less biofilm 
formation than uncoated polyurethane, based on absorbance measurements. In addition, the adherence of S. aureus was 
significantly lower for DLC-coated polyurethane than for uncoated polyurethane under both conditions, based on scanning 
electron microscopy. These results show that applying DLC coating to the luminal resin of polyurethane tubes may impart 
antimicrobial effects against S. aureus to implantable medical polyurethane devices, such as vascular grafts and central 
venous catheters.
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Introduction

Polyurethane is widely used in several medical devices that 
is implanted in the body, such as in drip tubes, indwell-
ing needles, central venous catheters, and artificial blood 
vessels, owing to its high biocompatibility, low biodegra-
dability, and appropriate bending resistance [1] However, 
polyurethane artificial blood vessels are more vulnerable 
to infection than extended polytetrafluoroethylene (ePTFE) 
[2, 3]. Therefore, polyurethane’s susceptibility to infection 
is an important issue that requires attention.

Diamond-like carbon (DLC) films are amorphous 
carbon-based films containing intermingled sp3 and sp2 
carbon–carbon bonds. They are known for their high 
biocompatibility [4], hardness, low friction coefficients, 
chemical inertness, and smooth surface finish [5]. DLC 
was originally used for metals; however, it is now used as 
a resin coating because of recent developments in coat-
ing technology. Recently, we have developed a unique 
technique for coating DLC inside the luminal structure of 
resin tubes DLC using an alternative current high-voltage 
methane plasma chemical vapor deposition method with 
an originally developed DLC coating system [6].

Staphylococcus aureus is one of the main causative bac-
teria of catheter and artificial graft infections [7]. Previous 
studies have shown that DLC coating decreases S. aureus 
attachment to the surface of ultra-high molecular weight 
polyethylene [8] and inhibit colony formation on silicon 
surfaces [9, 10]. In addition, several reports describe the 
preventative effects of DLC against various bacteria infec-
tions, with or without a doping substance [11–17]. Better 
clinical results for catheters or artificial graft implantation 
could be achieved if a DLC coating for the inner surface 
of resin tubes could be developed to prevent S. aureus 
infection; however, this has not yet been investigated to 
date. Therefore, our study aimed to elucidate the effects 
of DLC coatings on polyurethane surfaces in preventing 
S. aureus infection.

Materials and methods

DLC coatings for polyurethane tubes and sheets

Polyurethane tubes (5 mm diameter, Uxcell, Hong Kong, 
China) and sheets (0.15 mm thickness, JINYANG URE-
THANE CO., LTD, Seoul, Korea) were first washed with 
70% ethanol to prepare the coating. The internal sur-
faces of the 5 mm polyurethane tubes were coated with 
DLC using an alternative current high-voltage methane 
plasma chemical vapor deposition method [6]. The interior 

chamber of this system was adjusted to < 7 × 10−3 Pa. 
Methane gas was used as the source gas, with a flow rate 
of 96 standard cubic cm/min using a mass flow controller. 
The operational pressure was 39 Pa with a constant AC 
voltage of 5 kV and a frequency of 10 kHz. The coat-
ing duration was 10 min. Regarding the coating of the 
polyurethane sheet, the sheet is rolled into a cylindrical 
shape, placed in a coating apparatus, and coated under 
the same conditions. Therefore, the coating methods of 
polyurethane tubes and polyurethane sheets are equivalent. 
The existence of coated DLC was confirmed by Raman 
spectroscopy as described previously [6].

Surface roughness measurement

Nine 1-cm-square pieces of DLC-coated and uncoated poly-
urethane sheets were used because plane surface is required 
for the accurate measurement. The surface roughness of the 
DLC-coated and uncoated polyurethane sheet surfaces was 
quantified by 3D non-contact surface scanning using a New 
View 5320 scanner (Zygo Corporation, Middlefield, OH, 
USA) and expressed as maximum profile valley depth (PV), 
root mean square deviation (Sq), and arithmetical mean 
height (Sa).

Water contact angle measurement

Ten 1 cm2 pieces of DLC-coated and uncoated polyurethane 
sheets were used because a planar surface is required for 
the accurate measurement. The hydrophilicity of the DLC-
coated and uncoated polyurethane sheets was assessed by 
measuring the static contact angle between a 2 μL deionized 
water drop and the surface of each sheet using DropMas-
ter500 (Kyowa Interface Science, Saitama, Japan).

Zeta‑potential measurement

Three pairs of flat DLC-coated and uncoated polyurethane 
sheets were used to measure the zeta-potential because a 
planar surface was required for the accurate measurement 
which were obtained using an ELSZ-1000 analyzer (Otsuka 
Electronics Co., Ltd., Osaka, Japan). The zeta-potential of 
the surface of a solid sample was determined by measuring 
the electric mobility at different points in a flat cell of the 
ELSZ-1000 and analyzing the electroosmotic flow using the 
Mori–Okamoto equation [18]. A measurement sample of 
25 mm × 7 mm was set in the plating cell, and 100 mL dis-
tilled water and 500 μL monitoring particles (Otsuka Elec-
tronics Co., Ltd., Osaka, Japan) were adjusted for measure-
ment. The polyurethane sheet was attached to a chamber of 
the ELSZ-1000, and the chamber was filled with a 10 mM 
NaCl solution, where monitoring particles were suspended. 
Then, electrophoresis of the particles was conducted, and 
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the apparent velocity distribution in the chamber was deter-
mined. The electrophoresis conditions were as follows: mean 
electric field intensity, 17.33 V/cm, and average current, 
1.02 mA. The measurement was performed three times for 
three each sample and averaged in DLC-coated and uncoated 
polyurethane sheet.

Bacterial strains and culture conditions

A clinically isolated S. aureus strain (ATCC 29213) was 
used because of its high biofilm-forming capacity. Frozen 
stock of the S. aureus strain was grown overnight in 10 mL 
Luria–Bertani broth (Nacalai Tesque, Kyoto, Japan) at 
37 °C. It was then diluted 1:100 with a fresh medium sup-
plemented with magnesium sulfate (0.246 g), 0.2% glucose 
(0.2 g), 0.4% casamino acid (0.4 g), and 100 mL of normal 
saline. The S. aureus was then incubated overnight at 37 °C 
with agitation. This fresh medium-diluted mixture was used 
for static and perfusion conditions because it is less prone to 
planktonic growth and creates a more robust biofilm [19].

Exposure to S. aureus under static condition

Three pairs of DLC-coated and uncoated polyurethane 
tubes were used. Five 1-cm-length tubes were created 
from each DLC-coated or uncoated polyurethane tube for 
this study. These tubes were placed vertically in microwell 
plates with 1500 μL of bacterial solution and incubated 
at 37 °C for 24 h with agitation at 60 beats/min, using a 
WAVE-SI shaking system (TAITEC, Saitama, Japan). In 
all tubes, 0.75 cm out of the 1-cm-length was immersed in 
the bacterial solution. Four of the five 1-cm-length tubes 
from a tube were used for biofilm quantification and the 

remaining 1-cm-length tube was used for scanning elec-
tron microscope (SEM) observation.

Exposure to S. aureus under flow condition

Two pairs of 5-cm DLC-coated and uncoated polyurethane 
tubes were used. The continuous-flow circuit used in this 
experiment is shown in Fig. 1. A pair of DLC-coated and 
uncoated polyurethane tubes were placed in the cham-
bers of the silicone tube circuit. The bacterial fluid was 
perfused in the circuit exposing the luminal surface of 
the polyurethane tube to the bacterial fluid. The bacte-
rial fluid was supplied at a flow rate of 60 mL/min using 
a roller pump. The silicone chambers were immersed in 
37 °C a constant-temperature bath. Each polyurethane tube 
was divided and used for biofilm quantification and SEM 
observations.

Quantification of the biofilm with absorbance 
measurement

Biofilm formation by S. aureus was evaluated on crystal 
violet staining as described previously [19]. Polyurethane 
tubes obtained from the static and flow conditions were 
then lightly washed with saline, immersed into 2000 μL 
of 0.1% crystal violet solution for 10–15 min and washed 
lightly again with saline. They were then immersed in 
2000 μL of 30% acetic acid for 30 min to remove the 
adsorbed crystal violet stain. The absorbance of the stain 
was measured using a Promega detection system (Glo-
Max® Multi+, Sunnyvale, USA) with 560 nm wavelength.

Fig. 1   Circuit for perfusion 
condition. A pair of DLC-
coated and uncoated polyure-
thane tubes were placed in the 
chambers of the silicone tube 
circuit. The bacterial fluid was 
perfused in the circuit to expose 
the surface of the polyurethane 
tube to the bacteria. The bacte-
rial fluid was supplied at a flow 
rate of 60 mL/min using a roller 
pump. The silicone chambers 
were immersed in a constant-
temperature bath at 37 °C
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Bacterial adhesion assays (SEM observation)

The bacterial adhesion assays consisted of counting bacteria 
and visualizing the adhered bacterial cells using SEM in the 
DLC-coated and uncoated polyurethane tubes. The polyure-
thane tubes from the static and flow conditions (three tubes 
and two tubes from each group, respectively) were fixed with 
10% formaldehyde in phosphate-buffered saline overnight at 
4 °C. They were post-fixed in 1% osmium tetroxide (OsO4) 
and dehydrated using an ethanol series. The tubes were criti-
cally dried, cut in half in the sagittal direction, mounted on 
stubs lumen side up for observation, and deposited in OsO4. 
The tubes were mounted in the SEM to obtain micrographs 
using a HITACHI S-4800 SEM (Hitachi High-Tech Corpora-
tion, Tokyo, Japan). The number of attached bacteria in each 
tube was counted in 10 randomly selected fields of view at 
a magnification of 2000× and averaged.

Statistics

All data were analyzed using SPSS Statistics version 28 
(IBM Corp, Armonk, NY, USA). Differences in the number 

of bacterial counts and absorbance between the DLC-
coated and uncoated polyurethane tubes were evaluated 
using a paired t-test. All P-values were two-sided, and a 
P-value < 0.05 indicates statistical significance. Continuous 
values are represented as mean ± standard deviation.

Results

Raman spectroscopy

The results of Raman spectroscopy are shown in Fig. 2a. The 
black and red lines express the fitting data of DLC-coated 
polyurethane with Voigt function and raw data of uncoated 
polyurethane, respectively. A large peak characteristic of 
polyurethane was observed near 1619 cm−1 on the uncoated 
polyurethane surface [20]. The intensity was increased on 
the surface of DLC-coated polyurethane from uncoated pol-
yurethane. The success of the DLC coating was confirmed 
with typical D and G bands. Visible Raman spectra of DLC 
are dominated by scattering from sp2 the sites. The spectra 
typically have two main peaks, the D peak around 1350 cm 

Fig. 2   Comparison of surface properties between DLC-coated and uncoated polyurethane surface: a results of Raman spectroscopy, b results of 
surface roughness measurements; PU, polyurethane, c results of water contact angle, and d results of zeta-potential measurements
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and the G peak around 1580 cm which correspond to the 
breathing mode of the aromatic rings and the sp2 stretching 
mode of pairs of sites in the aromatic rings or the olefinic 
chains [5, 21–23].

Surface roughness

Figure 2b shows an example of the surface roughness meas-
urements. The statistical comparison of the DLC-coated 
and uncoated polyurethane surface showed that PV was sig-
nificantly smaller (13.7 ± 4.2 nm [range 10.0–22.0 nm] vs. 
18.3 ± 3.3 nm [range 14.0–25.0 nm] vs, P = 0.006], the Sq 
was significantly smaller (2.2 ± 0.4 nm [range 2.0–3.0 nm] 
vs. 4.0 ± 1.3 nm [range 3.0–7.0 nm], P = 0.007), and the Sa 
was significantly smaller (1.9 ± 0.3 nm [range, 1.0–2.0 nm] 
vs. 3.2 ± 1.1 nm [range, 2.0–6.0 nm], P = 0.01) in DLC-
coated polyurethane surface than in uncoated polyurethane 
surface. These results indicate that the DLC-coated polyu-
rethane surface was significantly smoother than uncoated 
polyurethane surface. The DLC-coated surface exhibit 25% 
decrease in PV, 45% decrease in Sq, and 41% decrease in Sa.

Water contact angle

The water contact angle was significantly lower for DLC-
coated polyurethane than for uncoated polyurethane 
(74.5° ± 2.05° [range 71.6°–78.7°] vs. 90.0° ± 1.95° [range 

86.3°–92.4°], P < 0.001), confirming an increased hydrophi-
licity (Fig. 2c).

Zeta‑potential

The zeta-potential values were significantly lower in 
DLC-coated polyurethane than uncoated polyurethane 
(−10.21 mV, −10.30 mV, and −10.66 mV in DLC-coated 
polyurethane vs. −3.14 mV, −4.10 mV, and −4.37 mV in 
uncoated polyurethane, P = 0.018) (Fig. 2d).

Biofilm formation and bacterial attachment 
under static condition

In the static condition, absorbance measurements with crys-
tal violet staining showed that DLC-coated polyurethane sig-
nificantly suppressed biofilm formation when compared with 
uncoated polyurethane (0.392 ± 0.142 [range 0.187–0.557] 
vs. 0.475 ± 0.160 [range 0.248–0.625], P < 0.001) (Fig. 3a). 
The proportion of attached bacteria was significantly lower 
in DLC-coated polyurethane than in uncoated polyurethane 
(118 ± 60/field [range 40–264/field] vs. 250 ± 166/field 
[range 68–693/field], P < 0.001) (Fig. 3b). SEM observa-
tion showed that S. aureus adhesion was suppressed in DLC-
coated polyurethane compared with uncoated polyurethane 
(Fig. 3c).

Fig. 3   Results of the static condition: a results of absorbance measurement for biofilm, b results of attached bacteria counts, c scanning electron 
microscope analysis of DLC-coated and uncoated polyurethane surfaces
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Biofilm formation and bacterial attachment 
under flow condition

In the flow condition, DLC-coated polyurethane significantly 
suppressed biofilm when compared with uncoated polyure-
thane (0.250 ± 0.033 [range 0.218–0.305] vs. 0.313 ± 0.042 
[range 0.256–0.370], P < 0.001) (Fig. 4a). The proportion 
of attached bacteria was significantly lower in DLC-coated 
polyurethane than in uncoated polyurethane (31 ± 8/field 
[range 0–110/field] vs. 236 ± 44/field [range 43–700/field], 
P < 0.001) (Fig. 4b). SEM observation showed that S. aureus 
adhesion was suppressed in DLC-coated polyurethane com-
pared with uncoated polyurethane (Fig. 4c).

Discussion

Some reports have described the anti-bacterial effects of 
DLC-based hybrid or metal atom-doped coating against S. 
aureus [11–13, 24]. However, as far as we searched, there 
are only two studies describing the anti-bacterial effects of 
DLC by itself against S. aureus. Del Prado et al. showed 
that DLC coating decreased S. aureus attachment on the 
surface of ultra-high molecular weight polyethylene (UHM-
WPE) [8]. Levon and Myllymaa et al. showed that DLC 
coating inhibited S. aureus colony and biofilm formation 
on silicon surfaces [9, 10]. However, no studies have yet 
reported the effects of DLC coating of polyurethane surfaces 

in preventing S. aureus adhesion and biofilm formation. In 
this study, DLC coating was proven to suppress the adhesion 
and biofilm formation of S. aureus on polyurethane surface 
as demonstrated with UHMWPE and silicon.

Previously, we reported that DLC coating made by the 
same method as in this study inhibited the adhesion of Pseu-
domonas aeruginosa and Escherichia coli, as well as the 
biofilm formation of P. aeruginosa on the inner surface of 
the silicon tube under flow conditions with artificial urine. 
However, these effects could not be obtained against S. 
aureus [14]. This is probably because artificial urine was 
used as the culture medium and the substrate also differed 
from this study. The differences of flow condition and length 
of incubation time also might affect the outcomes. This kind 
of variability in results is seen in studies investigating the 
antimicrobial properties of DLC against Candida albicans, 
whether it is polyurethane-based or silicone-based [25, 26]. 
Establishing protocols to evaluate anti-infective properties 
according to use will be important for accelerating the devel-
opment of antimicrobial coatings for implantable medical 
devices.

This study showed decreased adhesion and biofilm for-
mation of S. aureus using DLC-coated polyurethane tubes, 
compared with uncoated polyurethane tubes. These effects 
were observed under both static and perfused conditions, to 
replicate exposure to the human bloodstream. These kinds of 
antibacterial tests are usually performed under static condi-
tions; however, in the static condition, there is a difference in 

Fig. 4   Results of perfusion condition: a results of absorbance measurement for biofilm, b results of attached bacteria counts, c scanning electron 
microscope analysis of DLC-coated and uncoated polyurethane surfaces
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bacterial concentration between the deep and surface layers, 
and the air may affect the bacteria activity and the ability 
of bacteria to attach to the testing material surface [19]. In 
addition, solution flow may affect bacterial adhesion under 
the perfused conditions [24, 27]. As we envisioned that this 
coating will be in contact with the bloodstream, we added 
the experiment assessing flow conditions. Subsequently, 
the results of the flow studies reinforced the validity of the 
results under static conditions.

The physical properties of polyurethane surface were 
significantly changed by DLC coating. The DLC-coated 
polyurethane surface had a significantly decreased water 
contact angle, smoother surface, and a lower zeta-potential 
than the uncoated surface. The decreased water contact 
angle from 90.0° to 74.5° indicates increased hydrophilic-
ity and surface free energy. Generally, a surface with mod-
erate hydrophilicity increases bacterial attachment [28, 29]. 
Yuan et al. described that a water contact angle of 90° was 
the least optimal for bacterial attachment prevention [30]. 
The increased hydrophilicity on DLC-coated polyurethane 
tube reduced the S. aureus adhesion. In addition, DLC-
coated polyurethane surface was smoother than that of the 
uncoated surface, as determined by calculating the PV, Sq, 
and Sa values. Increased smoothness is associated with low 
friction [17], whereas a larger surface area provides more 
area for bacterial adherence, eventually supporting bacte-
rial growth [31–34]. Because of this, it is possible that the 
increased surface smoothness suppresses the adhesion of 
S. aureus. Furthermore, the zeta-potential of DLC-coated 
polyurethane was lower than uncoated polyurethane. In gen-
eral, for most bacteria, the net surface charge is negative and 
balanced by oppositely charged counter-ions present in the 
surrounding media [35]. In fact, the average zeta-potential 
of the untreated S. aureus was found to be − 35.6 mV [36]. 
DLC-coated polyurethane may prevent bacterial adhesion 
because of the repelling effect of the more negative zeta-
potential on the negatively charged S. aureus. Although the 
individual effects may not be conclusive, it is likely that the 
combination of these beneficial properties of DLC-coated 
surfaces facilitate the inhibition of S. aureus adhesion and 
biofilm formation.

Clinically, polyurethane is often used for catheters and 
vascular grafts. Polyurethane and ePTFE are both the main 
biomaterials as vascular grafts for hemodialysis; there-
fore, they have sometimes compared the features in this 
function. Polyurethane vascular grafts are reportedly more 
vulnerable to bacterial infection than ePTFE artificial 
blood vessels [2.3]. Thus, the usefulness of polyurethane 
for catheter and vascular prostheses would increase with 
improved antimicrobial properties. As S. aureus is one of 
the most prominent bacterial species in catheters or arti-
ficial vascular graft-related infections [7], DLC coating 
could prove beneficial. In addition, DLC can be used in 

metallic parts of blood contact devices [37, 38]; therefore, 
the DLC for resin tubes is also expected to be bio-com-
patible enough to be used in artificial blood vessels and 
catheters. We are currently conducting a demonstration 
experiment on this topic.

Current thought is that the effects of DLC coating will 
change depending on the properties and steric structure 
of the substrate. Thus, detailed investigations according 
to use are indicated for each combination of material and 
bacteria to confirm the effects of DLC. Further study will 
be necessary to determine if these results have clinical sig-
nificance. However, as DLC itself is non-toxic and hypoal-
lergenic for humans, DLC may prove superior in terms of 
safety for developing new coatings to enhance the clinical 
performance of biomaterials.

Study limitation

This study has six main limitations. First, the number of 
polyurethane tubes in each group was small. However, the 
results of this experiment were largely determined by the 
engineering conditions under which the DLC was made 
which can be strictly controlled. In addition, we used the 
paired comparisons for each experiment and obtained 
highly reproducible results. Second, as the concentrations 
of prepared bacterial solutions were not measured, they 
may have differed between experiments. To minimize this 
limitation, we used the same bacterial solution for each 
paired comparison of DLC-coated and uncoated; there-
fore, this limitation is not anticipated to affect the results 
substantially. Third, we performed in vitro studies only; S. 
aureus attachment or biofilm formation may behave differ-
ently in vivo. Future in vivo studies are warranted before 
commercialization of DLC coatings. Fourth, the perfu-
sion studies used steady flow rather than pulsatile flow. 
Bacterial attachment and biofilm formation in pulsatile 
flow conditions might differ from those in continuous-flow 
conditions. Fifth, under flow conditions, the outer surface 
of the tube not coated with DLC is in contact with the 
bacterial solution, so the difference in absorbance values 
for biofilm measurements should be underestimated. How-
ever, this limitation does not affect the outcome. Finally, 
the DLC-coated sheet was used to verify the water contact 
angle, smoothness, and zeta-potential because the flat sur-
face was needed for these examinations. As the DLC coat-
ing method for the polyurethane sheets was the same as 
that of DLC-coated tubes, the influence of this limitation 
on the results should be minimal because if the structure 
of DLC is the same, even if the steric structure of the sub-
strate changes, it is expected that the direction of change 
will be the same.
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Conclusion

DLC coating on the inner surface of polyurethane tubes 
inhibited the adhesion and biofilm formation of S. aureus. 
These results indicate that applying DLC coating will pro-
vide anti-bacterial protection against S. aureus to implant-
able polyurethane medical tubular devices such as vascular 
grafts and central venous catheters.

Acknowledgements  We would like to thank Editage (www.​edita​ge.​jp) 
for English language editing. This study was financially supported by 
the Japan Society for the Promotion of Science Grants-in-Aid for Sci-
entific Research (KAKENHI; Grant Number 19K16979). The funding 
sources were not involved in the study design, data collection, analysis 
and interpretation of data, report writing, or decision to submit the 
article for publication.

Funding  Open access funding provided by Okayama University.

Data availability  The datasets generated and/or analyzed during the 
current study are available from the corresponding author on reason-
able request.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Marois Y, Guidon R. Biocompatibility of polyurethanes. Mad-
ame Curie Bioscience Database. https://​www.​ncbi.​nlm.​nih.​gov/​
books/​NBK64​22/. Accessed 27 Sep 2022.

	 2.	 Maya ID, Weatherspoon J, Young CJ, Barker J, Allon M. 
Increased risk of infection associated with polyurethane dialysis 
grafts. Semin Dial. 2007;20:616–20.

	 3.	 Kakisis JD, Antonopoulos C, Mantas G, et al. Safety and effi-
cacy of polyurethane vascular grafts for early hemodialysis 
access. J Vasc Surg. 2017;66:1792–7.

	 4.	 Nakatani T. Application of bio-compatible DLC coatings to 
medical devices. J Surf Finish Soc Jpn. 2016;67:279–83.

	 5.	 Ferrari AC, Robertson J. Interpretation of Raman spectra of 
disordered and amorphous carbon. Phys Rev B. 2000;61:14095.

	 6.	 Nakatani T, Imai Y, Fujii Y, Koyama T, Ozawa S. Novel DLC 
coating technique on an inner wall of extended polytetrafluoro-
ethylene vascular grafts using methane plasma produced by AC 
HV discharge. J Photopolymer Sci Technol. 2018;31:373–7.

	 7.	 Kolakowski S Jr, Dougherty MJ, Calligaro KD. Does the timing 
of reoperation influence the risk of graft infection? J Vasc Surg. 
2007;45:60–4.

	 8.	 Del Prado G, Terriza A, Ortiz-Pérez A, et al. DLC coatings 
for UHMWPE: relationship between bacterial adherence and 
surface properties. J Biomed Mater Res A. 2012;100:2813–20.

	 9.	 Levon J, Myllymaa K, Kouri V, et al. Patterned macroarray 
plates in comparison of bacterial adhesion inhibition of tan-
talum, titanium, and chromium compared with diamond-like 
carbon. J Biomed Mater Res A. 2010;92:1606–13.

	10.	 Myllymaa K, Levon J, Tiainen VM, et al. Formation and reten-
tion of staphylococcal biofilms on DLC and its hybrids com-
pared to metals used as biomaterials. Colloids Surf B Biointer-
faces. 2013;101:290–7.

	11.	 Cazalini EM, Miyakawa W, Teodoro GR, et al. Antimicrobial 
and anti-biofilm properties of polypropylene meshes coated 
with metal-containing DLC thin films. J Mater Sci Mater Med. 
2017;28:97.

	12.	 Jelinek M, Kocourek T, Zemek J, et al. Chromium-doped DLC 
for implants prepared by laser-magnetron deposition. Mater Sci 
Eng C Mater Biol Appl. 2015;46:381–6.

	13.	 Arslan ME, Kurt MŞ, Aslan N, et al. Structural, biocompatibil-
ity, and antibacterial properties of Ge-DLC nanocomposite for 
biomedical applications. J Biomed Mater Res B Appl Biomater. 
2022;110:1667–74.

	14.	 Watari S, Wada K, Araki M, et al. Intraluminal diamond-like 
carbon coating with anti-adhesion and anti-biofilm effects for 
uropathogens: a novel technology applicable to urinary cath-
eters. Int J Urol. 2021;28:1282–9.

	15.	 Gorzelanny C, Kmeth R, Obermeier A, et al. Silver nanopar-
ticle-enriched diamond-like carbon implant modification as a 
mammalian cell compatible surface with antimicrobial proper-
ties. Sci Rep. 2016;6:22849.

	16.	 Harrasser N, Jüssen S, Banke IJ, et al. Antibacterial efficacy 
of titanium-containing alloy with silver-nanoparticles enriched 
diamond-like carbon coatings. AMB Express. 2015;5:77.

	17.	 Yao SH, Su YL, Lai YC. Antibacterial and tribological per-
formance of carbonitride coatings doped with W, Ti, Zr, or 
Cr deposited on AISI 316L stainless steel. Materials (Basel). 
2017;10:1189.

	18.	 Mori S, Okamoto H. A unified theory of determining the 
electrophoretic velocity of mineral particles in the rectangu-
lar micro-electrophoresis cell. Fusen. 1980;27:117–26 ((in 
Japanese)).

	19.	 O’Toole GA. Microtiter Dish Biofilm Formation Assay. J Vis Exp. 
2011;47:2437.

	20.	 Martín-Alberca C, Ortega-Ojeda FE, García-Ruiz C. Analytical 
tools for the analysis of fire debris. A review: 2008–2015. Anal 
Chim Acta. 2016;928:1–19.

	21.	 Robertson J. Diamond-like amorphous carbon. Mater Sci Eng R. 
2002;37:129–281.

	22.	 Casiraghi C, Ferrari AC, Robertson J. Raman spectroscopy of 
hydrogenated amorphous carbons. Phys Rev B. 2005;72: 085401.

	23.	 Ferrari AC, Robertson J. Resonant Raman spectroscopy of disor-
dered, amorphous, and diamondlike carbon. Phys Rev B. 2001;64: 
075414.

	24.	 Soininen A, Levon J, Katsikogianni M, et  al. In vitro adhe-
sion of staphylococci to diamond-like carbon polymer hybrids 
under dynamic flow conditions. J Mater Sci Mater Med. 
2011;22:629–36.

	25.	 Santos TB, Vieira AA, Paula LO, et al. Flexible camphor dia-
mond-like carbon coating on polyurethane to prevent Can-
dida albicans biofilm growth. J Mech Behav Biomed Mater. 
2017;68:239–46.

http://www.editage.jp
http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/books/NBK6422/
https://www.ncbi.nlm.nih.gov/books/NBK6422/


Journal of Artificial Organs	

1 3

	26.	 Akkam Y, Alshurman K. Fabricating ultra-smooth diamond-like 
carbon film and investigating its antifungal and antibiofilm activ-
ity. JBBBE. 2019;43:109–23.

	27.	 Stavridi M, Katsikogianni M, Missirlis Y. The influence of sur-
face patterning and/or sterilization on the haemocompatibility of 
polycaprolactones. Mater Sci Eng C. 2003;23:359–65.

	28.	 Zhang X, Wang L, Levänen E. Superhydrophobic surface for the 
reduction of bacterial adhesion. RSC Adv. 2013;3:12003–20.

	29.	 Stallard CP, McDonnell KA, Onayemi OD. Evaluation of protein 
adsorption on atmospheric plasma deposited coatings exhibiting 
superhydrophilic to superhydrophobic properties. Biointerphases. 
2012;7:1–12.

	30.	 Yuan Y, Hays MP, Hardwidge PR, Kim J. Surface characteristics 
influencing bacterial adhesion to polymeric substrate. RSC Adv. 
2017;7:14254–61.

	31.	 Dou XQ, Zhang D, Feng C, Jiang L. Bioinspired hierarchical 
surface structures with tunable wettability for regulating bacteria 
adhesion. ACS Nano. 2015;9:10664–72.

	32.	 Senesi GS, D’Aloia E, Gristina R, Favia P, d’Agostino R. Sur-
face characterization of plasma deposited nano-structured fluo-
rocarbon coatings for promoting in vitro cell growth. Surf Sci. 
2007;601:1019–25.

	33.	 Sousa C, Rodrigues D, Oliveira R, Song W, Mano J, Azeredo J. 
Superhydrophobic poly(L-lactic acid) surface as potential bacte-
rial colonization substrate. AMB Express. 2011;1:34.

	34.	 Cassie ABD, Baxter S. Wettability of porous surfaces. Trans Fara-
day Soc. 1944;40:546–51.

	35.	 Cieśla J, Bieganowski A, Janczarek M, Urbanik-Sypniewska S. 
Determination of the electrokinetic potential of Rhizobium legu-
minosarum bv trifolii Rt24.2 using Laser Doppler Velocimetry—a 
methodological study. J Microbiol Methods. 2011;85:199–205.

	36.	 Halder S, Yadav KK, Sarkar R, et al. Alteration of Zeta poten-
tial and membrane permeability in bacteria: a study with cationic 
agents. Springerplus. 2015;4:672.

	37.	 Ufukerbulut D, Lazoglu I. 8 – Biomaterials for improving the 
blood and tissue compatibility of total artificial hearts (TAH) 
and ventricular assist devices (VAD). In: Lysaght M, Webster TJ, 
editors. Biomaterials for artificial organs. Woodhead Publishing 
Series in Biomaterials. Sawston: Woodhead Publishing; 2011. p. 
207–35.

	38.	 De Scheerder I, Szilard M, Yanming H, et  al. Evaluation of 
the biocompatibility of two new diamond-like stent coatings 
(Dylyn) in a porcine coronary stent model. J Invasive Cardiol. 
2000;12:389–94.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Diamond-like carbon coating to inner surface of polyurethane tube reduces Staphylococcus aureus bacterial adhesion and biofilm formation
	Abstract
	Introduction
	Materials and methods
	DLC coatings for polyurethane tubes and sheets
	Surface roughness measurement
	Water contact angle measurement
	Zeta-potential measurement
	Bacterial strains and culture conditions
	Exposure to S. aureus under static condition
	Exposure to S. aureus under flow condition
	Quantification of the biofilm with absorbance measurement
	Bacterial adhesion assays (SEM observation)
	Statistics

	Results
	Raman spectroscopy
	Surface roughness
	Water contact angle
	Zeta-potential
	Biofilm formation and bacterial attachment under static condition
	Biofilm formation and bacterial attachment under flow condition

	Discussion
	Study limitation

	Conclusion
	Acknowledgements 
	References


