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Abstract: This article reviews the present state of the art in the field of flexible antibacterial coatings
which efficiently kill bacteria on their surfaces. Coatings are formed using a reactive magnetron
sputtering. The effect of the elemental composition and structure of the coating on its antibacterial and
mechanical properties is explained. The properties of Cr—Cu-O, Al-Cu-N, and Zr-Cu-N antibacterial
coatings are used as examples and described in detail. The efficiency of killing of bacteria was tested
for the Escherichia coli bacterium. The principle of the formation of thick, flexible antibacterial
coatings which are resistant to cracking under bending is explained. It is shown that magnetron
sputtering enables production of robust, several-micrometer thick, flexible antibacterial coatings for
long-term use. The antibacterial coatings produced by magnetron sputtering present huge potential
for many applications.

Keywords: antibacterial coatings; efficiency of bacteria killing; physical properties; mechanical
properties; resistance to cracking; magnetron sputtering

1. Introduction

In recent years, a great effort has been devoted to the development of antibacterial coatings which
efficiently kill bacteria on their surfaces. Main attention has been concentrated on the development
of coatings with the highest possible killing activity in the shortest times and without the need for
an inducing radiation. Mainly, coatings containing silver and copper have been investigated in detail [1-33].
However, no attention has been devoted to mechanical properties of antibacterial coatings which
decide their lifetime. For antibacterial coatings, a long lifetime is a key requirement in many practical
applications when these coatings are deposited on contact surfaces of rigid or flexible substrates
and must simultaneously exhibit two functions: antibacterial and protective. Recently, it has been
shown that flexible antibacterial coatings can provide good mechanical protection of substrates [34-38].
The formation of antibacterial coatings with a high efficiency of killing of bacteria that simultaneously
demonstrates good mechanical properties is, however, quite a difficult task [13,24,39-41]. High efficiency
of bacteria killing requires high contents of Ag or Cu in the coating and this fact almost always results
in a strong reduction of its hardness and thus of its protection ability [29]. When such coatings are
deposited on flexible substrates, they easily crack and /or delaminate from protective surfaces. Therefore,
it is vitally important to develop flexible antibacterial coatings resistant to cracking.

Flexible antibacterial coatings represent a new generation of protective coatings. In this article,
the principle of the formation of flexible, protective, and antibacterial coatings is explained in detail.
It is shown that the key to forming a flexible antibacterial coating is the optimization of (i) its elemental
composition and (ii) the energy delivered to the coating during its growth. The mechanical properties of
the coating, e.g., the hardness (H), the effective Young’s modulus (E*), the elastic recovery (W,), and the
H/E* ratio, which ensure its enhanced resistance to cracking, i.e., its flexibility, were found [34-36].
These new properties were demonstrated on reactively sputtered several-micrometer-thick flexible,
antibacterial and protective Al-Cu—N [37] and Zr—Cu-N [38] coatings in a dual-magnetron system
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with a closed magnetic field [42]. It is shown that the Al-Cu-N and Zr-Cu-N coatings with enhanced
resistance to cracking very effectively kill the Escherichia coli bacteria in the daylight as well as in
the dark. The 100% efficiency of killing of the E. coli bacteria is reached already after 3 h of bacteria
contact with the surface of the Al-Cu-N coating containing 9.6 at.% Cu [37]. The 2-3 um thick
flexible, antibacterial, and protective coatings with a long lifetime represent a huge potential for many
applications. At present, these coatings could be industrially deposited on contact surfaces of both
rigid and flexible substrates. For instance in hospitals; transport means such as airplanes, buses, trains,
and trams; cash and ticket machines; furniture in restaurants, theatres, schools; and other objects, and
could efficiently prevent bacteria transfer from their surfaces to humans.

2. Antibacterial Cr-Cu-O Oxide Coatings

The Cr—Cu-O coatings were reactively sputtered in a dual-magnetron system in an Ar + O,
sputtering gas mixture. Both magnetrons were equipped with the same Cr/Cu targets (J 50 mm) each
composed of a Cr (99.9 at.%) circular plate fixed to the cathode body with a Cu (99.9 at.%) fixing ring
with inner diameter &J; c;. The concentration of Cu in the Cr—-Cu—-O coating was controlled by the inner
diameter & ¢y of the Cu fixing ring and the partial pressure of nitrogen, pop. The dual magnetron was
powered by a floating DC pulsed power supply RMP-10 (Huttinger Electronics, Inc., Freiburg, Germany)
operated in a bipolar mode at a repetition frequency fr = 1/T = 20 kHz (T = 50 ps); here T is the period of
pulses [29].

2.1. Antibacterial Activity of Cr—Cu—O Coatings

The antibacterial activity of a coating strongly depends on its elemental composition and structure,
see, for instance, reference [29]. These facts are demonstrated by dependences of the killing of E. coli
bacteria on the surface of the Cr-Cu-O coating, see Figure 1. Generally, it is accepted to characterize
the antibacterial function by the number of the so-called colony-forming units (CFUs) at the tested
coating surface. For every antibacterial coating, the time necessary to kill the bacteria on its surface is
also very important. This time strongly depends on the Cu content in the coating as well, see Figure 2.

From these figures it is seen that:

1.  The number of CFUs of the E. coli bacteria (black dots) decreases with increasing Cu content in
the coating and at the surface of the Cr—-Cu-O coatings with >15 at.% content of Cu practically all
bacteria are killed; here CFU is the colony forming unit.

2. Figure 1 shows that (i) no E. coli bacteria are killed on the surface of a pure Si (the surface of Si is
fully covered with black dots, i.e., the CFU of E. coli bacteria); (ii) the complete killing of the E. coli
bacteria is achieved on the surface of the as-deposited coatings with a high (>15 at.%) Cu content
(Figure 1a) and the coatings with 20 at.% Cu content thermally annealed up to ~400 °C (Figure 1b);
(iii) the efficiency of bacteria killing (Ey) gradually deteriorates with increasing of the annealing
temperature (T,) and is the lowest at T, ~ 650 °C and (iv) the full killing of bacteria is again
achieved on the surface of the Cr-Cu-O coating thermally annealed at 700 °C. These changes
in the efficiency Ey of E. coli bacteria killing are caused by the variation of the coating structure
with annealing temperature T, (Figures 1b and 2b). The change of Ey with increasing T, is due
to the change of the coating structure from X-ray amorphous at T, < 550 °C to the following
crystalline phases at T, > 550 °C. The coatings annealed at T, ranging from 550 °C to 650 °C are
multi-phase coatings composed of a mixture of two crystalline CuO and CuCr,O4 oxide phases
with admixture of the delafossite CuCrO, phase at T, = 650 °C. The CuO and CuCr,Oy4 phases
disappear at T, = 700 °C when a single-phase Cr—-Cu-O coating with the pure delafossite CuCrO,
phase is formed. The evolution of the structure of the Cr—Cu-O coating with increasing Tj is
given in [29].

3. The efficiency Ey of the E. coli bacteria killing strongly depends on the time of contact of the
bacteria with the surface of antibacterial coating. The efficiency Ek increases from 0 to more than
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50% during 1 h and reaches ~100% after ~3 h contact of the E. coli bacteria with the surface of the
Cr—Cu-O coating with high (>15 at.%) Cu content (Figure 2a).

4.  The efficiency Ey of E. coli bacteria killing on the surface of the Cr—Cu-O coating with > 15 at.%
Cu content is the same both in the daylight and in the dark at the contact time t = 5 h (Figure 2a,b).
It means that no special irradiation, not even daylight irradiation, is necessary to kill E. coli
bacteria settled on the surface of the Cr-Cu-O coating.

Effect of Cu content Effect of Cr—Cu-O structure

as-dep. 400°C 500°C

550°C 650°C

(b)

Figure 1. Photos of Petri dishes with evolution of colony-forming units (CFUs) of the Escherichia coli
bacteria cultivated on Endo agar covered with bacterial suspension, which was in contact with (a) the
pure Si substrate and the as-deposited Cr-Cu-O coating with increasing Cu content on Si substrate and
(b) the thermally annealed Cr—Cu-O coating with 20 at.% Cu as a function of the annealing temperature,
in the dark for 5 h. Reprinted from [29], Copyright 2013, with permission from Elsevier.
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Figure 2. Antibacterial efficiency Ey of the E. coli bacteria killing of (a) the as-deposited Cr-Cu-O
coatings with various Cu contents (b) the Cr-Cu-O coatings with 20 at.% Cu and various structures
induced by post-deposition rapid thermal annealing (RTA) to different temperature T, as a function of
the contact time t in the daylight and in the dark. Reprinted from [29], Copyright 2013, with permission
from Elsevier.

2.2. Mechanical Properties of Cr—Cu—O Coatings

The mechanical properties of a coating are its hardness, H; the effective Young’s modulus
E*=E/(1 — v?) and the elastic recovery W,; here E is the Young’s modulus and v is the Poisson’s ratio.
The mechanical behavior of the coating is characterized by the elastic recovery W, the ratio H/E*
which is proportional to the strain to failure [43,44], and the ratio H?/E*? which is proportional to the
resistance of the material to plastic deformation [45]. The plastic deformation is reduced in highly
elastic materials with high hardness H and low effective Young’'s modulus E* [34]. It means that a low
modulus E* is very desirable as it allows the given load to be distributed over a wider area and to
increase the resistance of coating against cracking.
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The hardness H, effective Young’s modulus E* and elastic recovery W, of the as-deposited Cr-Cu-O
coatings with different Cu content are displayed in Figure 3a,b. From these figures is seen that (i) the
hardness H and the effective Young’s modulus E* decrease with increasing Cu content up to ~22 at.%
Cu, slightly increase in the narrow interval between 22 and 25 at.% Cu and remain almost constant in
the interval between 25 and 30 at.% Cu; (ii) the elastic recovery W, is low and decreases from 48% to
36% with increasing Cu content from ~10 at.% to ~30 at.% Cu; and (iii) the ratio H/E* of the Cr—Cu-O
coatings in the whole range of added Cu is very low <0.07. It means that all Cr-Cu-O coatings exhibit
a low resistance to cracking due to low ratio H/E* < 0.1) and low elastic recovery W, < 50%.

H 15.04 r1s0 E* W, 60 0.150 H/E*
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Figure 3. (a) Hardness (H), effective Young’s modulus (E*) and (b) elastic recovery (W,) and H/E*
ratio of as-deposited Cr—Cu-O films as a function of Cu content. Reprinted from [29], Copyright 2013,
with permission from Elsevier.

This experiment clearly shows that the antibacterial Cr-Cu-O coatings with >20 at.% Cu
are quite hard (~4.5 GPa) and thus can avoid being destroyed under external loading such as
fretting. However, these coatings exhibit a low resistance to cracking and therefore crack very easily.
This is a great drawback of oxide antibacterial coatings and the reason why it is urgently needed to
develop flexible antibacterial coatings with enhanced resistance to cracking and thereby widen their
application potential.

3. Flexible Antibacterial Coatings

The flexible antibacterial coatings represent a new generation of the antibacterial coatings.
These coatings simultaneously fulfill three functions: (1) the antibacterial function, i.e., high efficiency
of bacteria killing; (2) the flexible function, i.e., high flexibility of coating; and (3) the protection function
against fretting (wear), i.e., several-micrometer thick and robust coatings with enhanced hardness H
and wear resistance, and long lifetime of operation have been developed. The antibacterial function
is controlled by Cu content in the coating and its structure. The flexible function is controlled by
(i) the low value of the effective Young’s modulus E* ensuring that the coating exhibits high ratio
H/E* > 0.1 and high elastic recovery W, > 60%, (ii) the microstructure of coating which must be dense
and void-free, and (iii) the macrostress (') generated in the coating during its growth. Therefore, the
formation of such coatings is a very difficult but possible task. To form flexible antibacterial coatings
the hardness H, H/E* ratio, elastic recovery W, and Cu content in the coatings must be optimized
and the elemental composition of the antibacterial Me—Cu—X correctly selected; here Me = Cr, Tij, etc.
and X = O, N, etc. One very effective way which makes it possible to form the flexible antibacterial
coatings is to replace oxygen in the coating with nitrogen and to form nitride coatings instead of
oxide coatings. More details are given in [37,38]. Some important properties of flexible antibacterial
Al-Cu-N and Zr-Cu-N are briefly given below.

In summary, it can be concluded that the flexible antibacterial coatings must exhibit simultaneously
the following properties [34-38]: (1) sufficiently high Cu content to kill efficiently bacteria on its
surface; (2) low E*, H/E* > 0.1 and W, > 60%, dense, void-free microstructure, and compressive
macrostress [46]; and (3) high hardness H of about 15 GPa or greater. Antibacterial coatings based
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on nitrides, for instance, the Al-Cu-N [37] and Zr—Cu-N [38] coatings exhibit such properties.
The substitution of O with N results in an enhanced resistance of the Zr-Cu-N nitride coating to
cracking due to a strong increase of H, W,, and ratio H/E¥, and also in a strong reduction of Cu content
in the coating needed for 100% killing of the E. coli bacteria on its surface.

4. Flexible Antibacterial A1-Cu-N and Zr—-Cu-N Coatings

The Al-Cu-N and Zr—Cu-N coatings were reactively sputtered in a dual-magnetron system
in Ar + Nj sputtering gas mixture. Both magnetrons were equipped with the same Me/Cu targets
(© 50 mm) composed of Me (99.9 at.%) circular plates fixed to the cathode body with a Cu (99.9 at.%)
fixing ring with inner diameter @i Cu. The concentration of Cu in the Me-Cu-N coating was controlled
by the inner diameter Ji Cu of Cu fixing ring and the partial pressure of nitrogen pn2. The dual
magnetron was powered by a floating DC pulsed power supply RMP-10 (Huttinger Electronics, Inc.)
operated in a bipolar mode at (i) the repetition frequency fr = 1/T =20 kHz (T = 50 ps) in sputtering of
the Al-Cu-N coating and (ii) the repetition frequency fr = 1/T =40 kHz (T = 25 ps) in sputtering of
the Zr-Cu-N coating; here DC is the direct current and T is the period of pulses. More details on the
formation of the antibacterial Zr-Cu-N coatings are given in [38].

4.1. Antibacterial Function

The antibacterial activity of the surface of the AI-Cu-N coating was investigated as a function
of Cu content in the coating and as a function of contact time during which the E. coli bacteria were
settled on the surface of Al-Cu-N coating. Results of these experiments are displayed in Figures 4 and 5.
The main results of these experiments are the following;:

1.  The efficiency (Ey) of the E. coli bacteria killing on the surface of AI-Cu-N coating increases
with increasing Cu content similarly as was found for the Cr—Cu-O coatings. However, there is
a substantial difference in the minimum Cu content necessary to kill all bacteria: ~10 at.% Cu for
the AlI-Cu-N nitride coatings and ~20 at.% Cu for the Cr—Cu-O oxide coatings. It is a result of
the replacement of oxygen O with nitrogen N in the antibacterial Me-Cu-X coating.

2. The time necessary to kill all E. coli bacteria on the surface of Al-Cu-N coating with 9.6 at.%
Cu is about three hours. However, this time is strongly reduced as much as down to one hour
when the Cu content in the AlI-Cu-N coating is greater than 10 at.% Cu and does not reduce any
further when the Cu content is increased. This finding is very important for an industrial design
of antibacterial coatings.

3. The efficiency Ey of the bacteria killing is the same in the day light and in the dark. It was
confirmed by the measurement of Ey in the dark at contact time ¢ = 5 h, see Figure 4.

4.  Similar results were obtained also for the antibacterial Zr-Cu-N coatings.

daylight dark
o fu- 100 cu
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Figure 4. Antibacterial efficiency (Ey) of the AIN and Al-Cu-N coatings with various Cu contents
sputtered on Si (100) substrate as a function of contact time (t) with their surfaces. Reprinted from [37],
Copyright 2015, with permission from Elsevier.
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Figure 5. Photos of Petri dishes with the E. coli bacteria cultivated on Endo agar covered with bacterial
suspension which was in contact with the surface of an Al-Cu-N coating containing 9.6 at.% Cu for
different contact times. Reprinted from [37], Copyright 2015, with permission from Elsevier.

4.2. Mechanical Properties

The mechanical properties of antibacterial Me—-Cu-N coatings are illustrated on mechanical
properties of the Zr-Cu-N coatings, see Figure 6. In this figure (a) the hardness H, effective Young’s
modulus E* and (b) the elastic recovery W, and the H/E* ratio are displayed as a function of Cu
content in the Zr-Cu-N coating. To see the interrelationship between the mechanical and antibacterial
properties of Zr—Cu-N coatings, the region of Cu content in which the coatings exhibit a strong
antibacterial activity (100% killing of all E. coli bacteria) is marked by dashed lines and in green.

The three main observations which follow from results displayed in Figure 6 are the following:

1.  The hardness H and the effective Young’s modulus E* decrease with increasing Cu content from
~30 GPa to ~17 GPa and from ~260 to ~170 GPa, respectively. Despite this fact, the Zr-Cu-N
coatings exhibit high ratio H/E* > 0.1, high elastic recovery W, > 60%, and also compressive
macrostress (o < 0) as shown in [38]; thereby they also show an enhanced resistance to cracking
for all Cu contents ranging from 0 to 19 at.% Cu. Besides, the hardness H of the Zr—Cu-N coatings
ranging from ~25 to ~17 GPa is quite high and it makes possible to prevent the coating from
being removed from the surface of a substrate by fretting (wear).

2. The efficiency Ey of killing of E. coli bacteria, however, strongly depends on the Cu content.
Only the Zr-Cu-N coatings with Cu content >10 at.% kill bacteria very efficiently.

3. Only the Zr—Cu-N coatings with >10 at.% Cu are three-functional-flexible/antibacterial /hard
coatings. Similar results were obtained also for the flexible antibacterial hard Al-Cu-N nitride
coatings [38].
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Figure 6. (a) Hardness H, effective Young’s modulus E*; and (b) elastic recovery W, and H/E* ratio of
Zr-Cu-N coatings sputtered on Si (100) substrates as a function of Cu content. Reprinted from [38],
Copyright 2015, with permission from AIP Publishing LLC.
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4.3. Resistance to Cracking

The resistance of sputtered Me-Cu-N coatings against cracking was assessed by the bending
and indentation tests [35]. For the bending test, the Me—Cu—-N coatings were sputtered on a thin Mo
strip (50 x 10 x 0.15 mm?) and the coated strip was bent around a fixed cylinder with radius rg.
Two Zr-Cu-N coatings with different mechanical properties, i.e., (i) low ratio H/E* = 0.082 and low
elastic recovery W, = 56% and (ii) the high ratio H/E* = 0.112 and high elastic recovery (W, = 70%),
were compared, see Figure 7. The same results were obtained when the resistance to cracking of the
same Zr-Cu-N coatings was assessed by the indentation test, see Figure 8. In the indentation test,
the coatings were loaded by the diamond indenter at a high load L = 1 N perpendicularly to the
coating surface; more details are given in [35]. The cracks in the Zr—-Cu-N coating with the low ratio
H/E* = 0.082 and the low elastic recovery W, = 56% are clearly seen.

(@) - direction of bending ~ ~ §(b) _ direction‘of bending
S — _—

e~

Figure 7. Optical microscope (OM) images of the surface morphology of the Zr—-Cu-N coating with
(a) a low resistance to cracking (H/E* = 0.082 and W, = 56%) and (b) an enhanced resistance to cracking
(H/E* = 0.112 and W, = 70%) sputtered on Mo strip after bending around a fixed cylinder of radius
rf. = 10 mm. Reprinted from [38], Copyright 2015, with permission from AIP Publishing LLC.

Figure 8. Scanning electron microscopy (SEM) images of the surface morphology of the Zr-Cu-N
coating with (a) a low resistance to cracking (H/E* = 0.082 and W, = 56%) and (b) an enhanced
resistance to cracking (H/E* = 0.112 and W, = 70%) sputtered on Si (100) substrate after indentation by
the diamond indenter at high load L = 1 N. Reprinted from [38], Copyright 2015, with permission from
AIP Publishing LLC.5. Comparison of Antibacterial Cr—Cu-O and Zr-Cu-N Coatings

In this section, basic properties of the Cr-Cu-O oxide and the Al-Cu-N nitride antibacterial
coatings are briefly summarized. Two typical antibacterial oxide and nitride coatings were compared:
(i) the Cr—Cu-O coating with 19.5 at.% Cu and (ii) the AI-Cu-N coating with 9.6 at.% Cu. The mechanical
properties of both coatings strongly differ, see Table 1. Main differences are the following:

1. The Cr-Cu-O coating exhibits low hardness H = 3.2 GPa, low elastic recovery W, = 36%, low ratio
H/E* = 0.046, and almost zero macrostress o ~ 0, which is typical for coatings with a columnar
microstructure and a low resistance to cracking in bending and brutal mechanical loading.
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2. The Al-Cu-N coating exhibits high hardness H = 21.9 GPa, high elastic recovery W, = 74%,
high ratio H/E* = 0.122, and a compressive macrostress ¢ = —1.7 GPa, which is typical for coatings
with a dense, void-free microstructure and enhanced resistance to cracking.

3. The antibacterial Cr-Cu-O coating is brittle. On the other hand, the antibacterial Al-Cu-N
coating is flexible.

Table 1. Mechanical properties of ~2500 nm thick antibacterial Cr-Cu-O and Al-Cu-N coatings with
100% killing of E. coli bacteria sputtered at the substrate temperatures Ts = 500 °C and 400 °C, respectively,
and assessment of their resistance to cracking by bending around a cylinder of radius r¢. = 10 mm.

Coating Cu(at.%) H(GPa) E*(GPa) W, (%) H/E* o Cracks in Bending

Cr—Cu-O 19.5 32 70 36 0.046 0.1 yes
Al-Cu-N 9.6 219 180 74 0.122 1.7 no

These conclusions were fully confirmed in bending of both coatings deposited on thin Mo strip,
see Figure 9. In this test, the coated Mo strip was bent around a cylinder of radius r¢, = 10 mm. Clear cracks
perpendicular to the bending direction are created in the Cr-Cu-O coating which demonstrate that this
coating is brittle. On the other hand, no cracks are formed in the flexible AI-Cu-N coating, see Figure 9.

Cr-Cu-O cracks Al-Cu-N no cracks

@ (b)

Figure 9. SEM images of the surface morphology of (a) the Cr-Cu-O coating with low H/E* ratio
(H/E* = 0.046) and low elastic recovery (W, = 36%), and (b) the Al-Cu-N coating with high H/E* ratio
(H/E* = 0.122) and high elastic recovery (W, = 74%) deposited on a thin Mo strip (55 x 15 x 0.15 mm?)
after bending around cylinder of radius rg, = 10 mm.

5. Conclusions

In summary, it can be concluded that robust, several-micrometer thick, antibacterial/ protective/
flexible three-functional nitride coatings with enhanced resistance to cracking and a long lifetime
can be prepared using magnetron sputtering. These coatings can be used for the protection
of many contact surfaces to prevent transfer of bacteria from these surfaces to healthy people.
The antibacterial / protective/flexible three-functional nitride coatings can be deposited on both rigid
and flexible substrates. These films represent a huge potential for many applications, for instance
in hospitals; transport means such as airplanes, buses, trains, and trams; cash and ticket machines;
furniture in restaurants, theatres, schools; and other objects. The magnetron technology, which is now
well mastered, can be immediately implemented for the industrial production of these coatings. It can
be expected that, in the near future, new flexible/antibacterial / protective/three-functional coatings,
which will exhibit the best compatibility with materials of the objects whose surface should efficiently
kill bacteria settled on it, will be developed.

Acknowledgments: This work was supported in part by the project LO 1506 of the Czech Ministry of Education,
Youth, and Sports under the program NPU I.

Conflicts of Interest: The author declares no conflict of interest.



Molecules 2017, 22, 813 90f 10

References

1.

10.
11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

Brook, L.A.; Evans, P; Foster, H.A.; Pemble, M.E ; Steele, A.; Sheel, D.W,; Yates, H.M. Highly bioactive silver
and silver/titania composite films grown by chemical vapour deposition. J. Photochem. Photobiol. A Chem.
2007, 187, 53-63. [CrossRef]

Musil, J.; Louda, M.; Cerswy, R.; Baroch, P; Ditta, I.B.; Steele, A.; Foster, H.A. Two-functional direct current
sputtered silver-containing titanium dioxide thin films. Nanoscale Res. Lett. 2009, 4, 313-320. [CrossRef] [PubMed]
Foster, H.A.; Sheel, D.W.; Sheel, P; Evans, P; Varghese, S.; Rutschke, N.; Yates, H.M. Antimicrobial activity of
titania/silver and titania/copper films prepared by CVD. J. Photochem. Photobiol. A Chem. 2010, 216, 283-289. [CrossRef]
Jones, C.M.; Hoek, EM.V. A review of the antibacterial effects of silver nanomaterials and potential
implications for human health and the environment. J. Nanopart. Res. 2010, 12, 1531-1551. [CrossRef]
Foster, H.A.; Ditta, L.B.; Varghese, S.; Steele, A. Photocatalytic disinfection using titanium dioxide: spectrum
and mechanism of antimicrobial activity. Appl. Microbial. Biotechnol. 2011, 90, 1847-1868. [CrossRef] [PubMed]
Hsieh, ].H.; Yeh, TH.; Hung, S.Y;; Chang, S.Y.; Wu, W.; Li, C. Antibacterial and tribological properties of TaN-Cu,
TaN-Ag, and TaN-(Ag, Cu) nanocomposite thin films. Mater. Res. Bull. 2012, 47, 2999-3003. [CrossRef]

Hsieh, ].H.,; Yeh, TH.; Li, C,; Chang, S.Y.; Chiu, C.H.; Huang, C.T. Mechanical properties and antibacterial behaviors
of TaN-(Ag, Cu) nanocomposite thin films after annealing. Surf. Coat. Technol. 2013, 228, S116-5119. [CrossRef]
Hsieh, J.H.; Chiu, C.H,; Li, C.; Wu, W.; Chang, S.Y. Development of anti-wear and anti-bacteria TaN-(Ag, Cu)
thin films—A review. Surf. Coat. Technol. 2013, 233, 159-168. [CrossRef]

Hsieh, J.H.; Yeh, TH.; Li, C.; Chiu, C.H.; Huang, C.T. Antibacterial properties of TaN-(Ag, Cu) nanocomposite
thin films. Vacuum 2013, 87, 160-163. [CrossRef]

Chu, PK. Surface engineering and modification of biomaterials. Thin Solid Films 2013, 528, 93-105. [CrossRef]
Huang, H.L.; Chang, Y.Y.; Weng, ].C.; Chen, Y.C.; Lai, C.H.; Shieh, T.M. Anti-bacterial performance of zirconia
coatings on titanium implants. Thin Solid Films 2013, 528, 151-158. [CrossRef]

Huang, H.L.; Chang, Y.Y.; Chen, Y.C.; Lai, C.H.; Chen, M.Y.C. Cytocompatibility and antibacterial properties
of zirconia coatings with different silver content on titanium. Thin Solid Films 2013, 549, 108-116. [CrossRef]
Chen, Y.-H.; Hsu, C.-C.; He, J.-L. Antibacterial silver coating on poly(ethylene terephthalate) fabric by using
high power impulse magnetron sputtering. Surf. Coat. Technol. 2013, 232, 868-875. [CrossRef]

Rtimi, S.; Baghriche, O.; Ehiasarian, A.; Bandorf, R.; Kiwi, ]. Comparison of HIPIMS sputtered Ag- and Cu-surfaces
leading to accelerated bacterial inactivation in the dark. Surf. Coat. Technol. 2014, 250, 14-20. [CrossRef]
Borkow, G.; Gabbay, J. Copper as a biocidal tool. Curr. Med. Chem. 2005, 12, 2163-2175. [CrossRef] [PubMed]
Tian, X.B.; Wang, Z.M.; Yang, 5.Q. Antibacterial copper-containing titanium nitride films produced by dual
magnetron sputtering. Surf. Coat. Technol. 2007, 201, 8606-8609. [CrossRef]

Kuo, Y,; Lee, J.; Wang, C.; Chang, Y. The effect of Cu content on the microstructures, mechanical and
antibacterial properties of Cr-Cu-N nanocomposite coatings deposited by pulsed DC reactive magnetron
sputtering. Surf. Coat. Technol. 2007, 202, 854-860. [CrossRef]

Liu, P.C.; Hsieh, J.H.; Li, C.; Chang, YK,; Yang, C.C. Dissolution of Cu nanoparticles and antibacterial
behaviors of TaN-Cu nanocomposite thin films. Thin Solid Films 2009, 517, 4956-4960. [CrossRef]

Ondok, V.; Musil, J.; Meissner, M.; Cerstvy, R.; Fajfrlik, K. Two-functional DC sputtered Cu-containing TiO,
thin films. J. Photochem. Photobiol. A Chem. 2010, 209, 158-162. [CrossRef]

Chiu, TW.; Yang, Y.C.; Yeh, A.C.; Wang, Y.P; Feng, Y.W. Antibacterial property of CrCuO, thin films prepared
by RF magnetron sputtering. In Proceedings of the 11th International Symposium on Sputtering and Plasma
Processes (ISSP 2011), Kyoto, Japan, 6-8 July 2011; pp. 495-498.

Chiu, TW.; Yu, B.S.; Wang, Y.R.; Chen, K.T.; Lin, Y.T. Synthesis of nanosized CuCrO, porous powders via
a self-combustion glycine nitrate process. J. Alloy. Compd. 2011, 509, 2933-2935. [CrossRef]

Chan, Y.-H; Huang, C.-F,; Ou, K.-L.; Peng, P.-W. Mechanical properties and antibacterial activity of copper
doped diamond-like carbon films. Surf. Coat. Technol. 2011, 206, 1037-1040. [CrossRef]

Strandk, V.; Wulff, H.; Rebl, H.; Zietz, C.; Arndt, K.; Bogdanowicz, R.; Nebe, B.; Bader, R.; Podbielski, A.;
Hubi¢ka, Z.; et al. Deposition of thin titanium-copper films with antimicrobial effect by advanced magnetron
sputtering methods. Mater. Sci. Eng. C 2011, 31, 1512-1519. [CrossRef]

Osorio-Vargas, P.; Sanjines, R.; Ruales, C.; Castro, C.; Pulgarin, C.; Rengifo-Herrera, A.-J.; Lavanchy, J.-C.;
Kiwi, J. Antimicrobial Cu-functionalized surfaces prepared by bipolar asymmetric DC-pulsed magnetron
sputtering (DCP). J. Photochem. Photobiol. A Chem. 2011, 220, 70-76. [CrossRef]


http://dx.doi.org/10.1016/j.jphotochem.2006.09.014
http://dx.doi.org/10.1007/s11671-008-9244-z
http://www.ncbi.nlm.nih.gov/pubmed/20596342
http://dx.doi.org/10.1016/j.jphotochem.2010.09.017
http://dx.doi.org/10.1007/s11051-010-9900-y
http://dx.doi.org/10.1007/s00253-011-3213-7
http://www.ncbi.nlm.nih.gov/pubmed/21523480
http://dx.doi.org/10.1016/j.materresbull.2012.04.101
http://dx.doi.org/10.1016/j.surfcoat.2012.07.022
http://dx.doi.org/10.1016/j.surfcoat.2013.05.013
http://dx.doi.org/10.1016/j.vacuum.2012.02.016
http://dx.doi.org/10.1016/j.tsf.2012.07.144
http://dx.doi.org/10.1016/j.tsf.2012.07.143
http://dx.doi.org/10.1016/j.tsf.2013.07.075
http://dx.doi.org/10.1016/j.surfcoat.2013.06.115
http://dx.doi.org/10.1016/j.surfcoat.2014.02.029
http://dx.doi.org/10.2174/0929867054637617
http://www.ncbi.nlm.nih.gov/pubmed/16101497
http://dx.doi.org/10.1016/j.surfcoat.2006.09.322
http://dx.doi.org/10.1016/j.surfcoat.2007.05.062
http://dx.doi.org/10.1016/j.tsf.2009.03.109
http://dx.doi.org/10.1016/j.jphotochem.2009.11.009
http://dx.doi.org/10.1016/j.jallcom.2010.11.162
http://dx.doi.org/10.1016/j.surfcoat.2011.07.034
http://dx.doi.org/10.1016/j.msec.2011.06.009
http://dx.doi.org/10.1016/j.jphotochem.2011.03.022

Molecules 2017, 22, 813 10 of 10

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Grass, G.; Rensing, C.; Solioz, M. Metallic copper as an antimicrobial surface. Appl. Environ. Microbiol. 2011,
77,1541-1547. [CrossRef] [PubMed]

Singhal, S.K.; Lal, M.; Lata; Kabi, S.R.; Mathur, R.B. Synthesis of Cu/CNTs nanocomposites for antimicrobial
activity. Adv. Nat. Sci. Nanosci. Nanotechnol. 2012, 3, 045011. [CrossRef]

Zhang, X.; Huang, X.; Ma, Y,; Lin, N.; Fan, A_; Tang, B. Bactericidal behaviour of Cu-containing stainless
steel surfaces. Appl. Surf. Sci. 2012, 258, 10058-10063. [CrossRef]

Chiu, T.-W,; Yang, Y.-C.; Yeh, A.-C.; Wang, Y.-P; Feng, Y.-W. Antibacterial property of CuCrO, thin films
prepared by RF magnetron sputtering deposition. Vacuum 2013, 87, 174-177. [CrossRef]

Musil, J.; Blazek, J.; Fajfrlik, K.; Cerstvy, R.; Proksova, S. Antibacterial Cr—-Cu-O films prepared by reactive
magnetron sputtering. Appl. Surf. Sci. 2013, 276, 660—-666. [CrossRef]

Hsieh, J.H.; Yeh, TH.; Chang, S.Y,; Li, C.; Tseng, C.C.; Wu, W. Mechanical and antibacterial behaviors of
TaN-Cu nanocomposite thin films after multi-rejuvenation. Surf. Coat. Technol. 2013, 228, S81-S85. [CrossRef]
Chen, N.-H.; Chung, C.-J.; Chiang, C.-C.; Chen, K.-C.; He, J.-L. Antimicrobial and decorative ion-plated
copper-containing ceramic coatings. Surf. Coat. Technol. 2013, 236, 29-35. [CrossRef]

Chen, H.-W.; Hsu, K.-C.; Chan, Y.-C.; Duh, J.-G.; Lee, ].-W.; Jang, S.-C.; Chen, G.-J. Antimicrobial properties
of Zr-Cu-Al-Ag thin film metallic glass. Thin Solid Films 2014, 561, 98-101. [CrossRef]

Chu, J.P; Liu, T.-Y,; Li, C.-L.; Wang, C.-H.; Jang, ].5.C.; Chen, M.-].; Chang, S.-H.; Huang, W.-C. Fabrication
and characterization of thin film metallic glasses: Antibacterial property and durability study for medical
application. Thin Solid Films 2014, 561, 102-107. [CrossRef]

Musil, J. Hard nanocomposite coatings: Thermal stability, oxidation resistance and toughness.
Surf. Coat. Technol. 2012, 207, 50-65. [CrossRef]

Musil, J. Advanced hard nanocomposite coatings with enhanced toughness and resistance to cracking,
Chapter 7. In Thin Films and Coatings: Toughening and Toughening Characterization; Zhang, S., Ed.; CRC Press:
Boca Raton, FL, USA, 2015; pp. 377-463.

Musil, J. Flexible hard nanocomposite coatings. RSC Adv. 2015, 5, 60482-60496. [CrossRef]

Musil, J.; Blazek, J.; Fajfrlik, K.; Cerstvy, R. Flexible antibacterial Al-Cu-N films. Surf. Coat. Technol. 2015,
264,114-120. [CrossRef]

Musil, J.; Zitek, M.; Fajfrlik, K,; Cerstv;?, R. Flexible antibacterial Zr-Cu-N thin films resistant to cracking.
J. Vac. Sci. Technol. A 2016, 34, 021508. [CrossRef]

Kusiak-Nejman, E.; Morawski, A.; Ehiasaraian, A.; Baghriche, O.; Pulgarin, C.; Mielczarski, E.; Mielczarski, J.;
Kulik, A.; Kiwi, J. E. coli inactivation by high power impulse magnetron sputtering (HIPIMS) Cu surfaces.
J. Phys. Chem. C 2011, 115, 21113-21119. [CrossRef]

Chu, J.H,; Lee, J.; Chang, C.C.; Liou, M.L; Lee, ].W,; Jang, ].5.C.; Duh, J.G. Antibacterial characteristics in
Cu-containing Zr-Based thin film metallic glasses. Surf. Coat. Technol. 2014, 259, 87-93. [CrossRef]

Ritmi, S.; Giannakis, S.; Bensimon, M.; Pulgarin, C.; Sanjines, R.; Kiwi, J. Supported TiO, films deposited at
different energies: Implications of the surface compactness on the catalytic kinetics. Appl. Catal. B Environ.
2016, 191, 42-52. [CrossRef]

Musil, J.; Baroch, P. Discharge in dual magnetron sputtering system. IEEE Trans. Plasma Sci. 2005, 33, 338-339.
[CrossRef]

Leyland, A.; Mathews, A. On the significance of the H/E ratio in wear control: A nanocomposite coating
approach to optimized tribological behavior. Wear 2000, 246, 1-11. [CrossRef]

Musil, J.; Jirout, ]J. Toughness of hard nanostructured ceramic thin films. Surf. Coat. Technol. 2007, 201,
5148-5152. [CrossRef]

Tsui, T.Y.; Pharr, G.M.; Oliver, W.C.; Bhatia, C.S.; White, R.L.; Anders, S.; Anders, A.; Brown, I.G. Nanoindentation
and nanoscratching of hard carbon coatings for magnetic disks. MRS Proc. 1995, 383. [CrossRef]

Musil, J.; Jaros, M.; Cerstvy, R.; Haviar, S. Evolution of microstructure and macrostress in sputtered hard
Ti(Al, V)N films with increasing energy delivered during their growth by bombarding ions. J. Vac. Sci.
Technol. A 2017, 35, 020601. [CrossRef]

@ © 2017 by the author. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1128/AEM.02766-10
http://www.ncbi.nlm.nih.gov/pubmed/21193661
http://dx.doi.org/10.1088/2043-6262/3/4/045011
http://dx.doi.org/10.1016/j.apsusc.2012.06.074
http://dx.doi.org/10.1016/j.vacuum.2012.04.026
http://dx.doi.org/10.1016/j.apsusc.2013.03.150
http://dx.doi.org/10.1016/j.surfcoat.2012.08.022
http://dx.doi.org/10.1016/j.surfcoat.2013.04.012
http://dx.doi.org/10.1016/j.tsf.2013.08.028
http://dx.doi.org/10.1016/j.tsf.2013.08.111
http://dx.doi.org/10.1016/j.surfcoat.2012.05.073
http://dx.doi.org/10.1039/C5RA09586G
http://dx.doi.org/10.1016/j.surfcoat.2015.01.006
http://dx.doi.org/10.1116/1.4937727
http://dx.doi.org/10.1021/jp204503y
http://dx.doi.org/10.1016/j.surfcoat.2014.05.019
http://dx.doi.org/10.1016/j.apcatb.2016.03.019
http://dx.doi.org/10.1109/TPS.2005.844996
http://dx.doi.org/10.1016/S0043-1648(00)00488-9
http://dx.doi.org/10.1016/j.surfcoat.2006.07.020
http://dx.doi.org/10.1557/PROC-383-447
http://dx.doi.org/10.1116/1.4967935
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Antibacterial Cr–Cu–O Oxide Coatings 
	Antibacterial Activity of Cr–Cu–O Coatings 
	Mechanical Properties of Cr–Cu–O Coatings 

	Flexible Antibacterial Coatings 
	Flexible Antibacterial Al–Cu–N and Zr–Cu–N Coatings 
	Antibacterial Function 
	Mechanical Properties 
	Resistance to Cracking 

	Conclusions 

