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Antimicrobial properties of copper plasma-modified polyethylene
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Abstract

Copper plasma immersion ion implantation is utilized to produce an antibacterial surface on polyethylene. XPS analysis of the plasma-treated
materials reveals that a relatively large amount of copper, about 11% relative to carbon, is implanted into the near surface region. At the same
time, about 3% copper is found to be also deposited on the surface. The implanted copper is observed to have the zero valence state indicating
that the implanted Cu does not bind chemically with the atoms in the polymer. On the other hand, the copper atoms close to the surface are found
to have the divalent state due to surface oxidation. Formation of C=C bonds is also observed due to dehydrogenation following copper plasma
implantation. Based on the results of atomic force microscopy and contact angle measurements, the surface hydrophilicity and roughness are not
significantly altered. Our antibacterial experiments indicate that the copper implanted polyethylene exhibits excellent antibacterial effects against

Escherichia coli and Staphylococcus aureus, and the effectiveness is 96.2% and 86.1%, respectively.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Medical polymers are used widely in nosocomial therapy
such as artificial heart valves and artificial blood vessels
because of their excellent mechanical properties and moderate
biocompatibility [1—3]. However, infection of medical devices
is a life threatening complication and can lead to significant
morbidity and mortality. Therefore, it is of importance to im-
prove the antibacterial properties of polymers [2—6]. It has
been reported that the antimicrobial properties of medical
polymers can be enhanced by the incorporation of biocide
into bulk polymers or by the application of surface coatings
comprising antimicrobial agents [7—10]. The main drawback
of these two approaches is that the antimicrobial properties
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are typically unstable and short-lived. Medical devices such
as artificial heart valves and vascular grafts are now designed
for a life time and so better techniques are needed to improve
the antimicrobial properties of medical polymers.

Plasma immersion ion implantation (PIII) has evolved to be
a useful surface treatment technique in many applications in
microelectronics, nanotechnology, and biomedical engineering
[11,12]. Its advantages include hardware simplicity, high effi-
ciency, and conformal treatment of large and irregular-shaped
objects. However, the use of PIII in surface modification of
polymers is relatively scarce, particularly that pertaining to
surface antimicrobial properties. In the work described here,
we use PIII to introduce an inorganic antibacterial element,
Cu, into a medical polyethylene (PE). Our results show that
low-energy (several keV) plasma implantation can introduce
a large amount of Cu into the near surface region to achieve
excellent and long lasting antibacterial properties while
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plasma and ion beam induced substrate damage can be kept to
a minimum [13—17].

2. Experimental details

Medical-grade polyethylene (PE) samples (LDPE, 51215B
Beijing Huaer Co., Ltd.) with dimensions of 2 cm x 2 cm X
0.2cm were laid on stainless steel substrates and inserted
into the plasma immersion ion implanter equipped with a cop-
per cathodic arc plasma source [11—13,18]. The arc was
ignited using a pulse duration of 300 ps, repetition rate of
30 Hz, and arc current of 1 A. The copper plasma was guided
into the vacuum chamber by an electromagnetic field via a
curved magnetic filter to eliminate deleterious macro-particles.
Cu plasma implantation was conducted by applying an in-
phase bias voltage of —5 kV with a repetition rate of 30 Hz
and pulse width of 300 us to the PE samples. The working
pressure in the vacuum chamber was 1—2 x 10~* torr and
the implantation time was 10 min [11,12].

The elemental depth profiles and chemical states were
determined by X-ray photoelectron spectroscopy (XPS) using
a Physical Electronics PHI 5802 [14,19]. A monochromatic
aluminum X-ray source was employed and the elemental
depth distributions were determined using argon ion sputter-
ing. The sputtering rate of 1 nm/min was approximated based
on the sputtering rate derived from silicon oxide under similar
conditions. Static contact angles using distilled water or glyc-
erin as the medium were measured by the sessile drop method
on a Ramé-Hart (USA) instrument at ambient humidity and
temperature. All the contact angles reported here are the mean
values of six measurements on different parts of the surface
[14]. Contact mode atomic force microscopy (AFM) was
conducted on a Park Scientific Instrument (PSI) Autoprobe
Research System to evaluate the surface morphology and the
scanned area was 15 um x 15 pm.

The antibacterial performances against Staphylococcus
aureus ATCC6538 (S. aureus, Gram-positive) and Escherichia
coli ATCC10536 (E. coli, Gram-negative) were determined by
the method of plate-counting [13,20,21]. Ethanol (70%) was
first employed to sterilize the samples and then a 0.04 ml
solution of bacteria (1—2 x 10® CFU/ml) was added onto the
modified surface and covered by a polyethylene (PE) film
(15 mm x 15 mm). At a relative humidity (RH) of higher
than 90% and temperature of 37 = 1 °C, the bacteria on the
samples were incubated for 24 h. Afterwards, they were thor-
oughly washed with 10 ml of 0.87% NacCl solution that con-
tained Tween 80 with a pH of 7.0 £ 2. To observe the living
bacteria, 0.2 or 0.02 ml of the washing solution was added
into the different dishes containing the nutrient agar. After
24 h of incubation under similar conditions, the active bacteria
was counted and the antibacterial effect was quantitatively
determined using the following relationship:

R(%) = (B~ C)/B)100,

where R is the antibacterial effect (%), B is the mean number
of bacteria on the control samples (CFU/sample), and C is the

mean number of bacteria on the modified samples (CFU/
sample).

3. Results and discussion
3.1. Chemistry of the modified surfaces

XPS was employed to determine the in-depth copper distri-
bution in the PE substrate [19]. Fig. 1 shows that Cu plasma
implantation is successful and the implanted copper is located
in the near surface region due to the low implantation energy.
The amount of implanted copper at the peak is about 11% rel-
ative to C (that is, by comparing the ratio of copper to carbon).
In spite of the in-phase operation between the cathodic arc and
sample bias, some surface deposition occurs and the surface
Cu concentration is about 3%. The presence of surface Cu is
helpful in killing bacteria that are in direct contact with the
materials surface [4,22]. Based on the metal ion antimicrobial
mechanism, Cu ions are consumed during the antibacterial re-
action. Hence, in principle, the higher the amount of surface
Cu, the better is the antibacterial efficacy. However, a high
amount of Cu ion deposited on the surface will also produce
side effects because they also affect cells that are in contact
with the materials surface [23]. Therefore, the best scenario
is to have some surface Cu for immediate antibacterial effects
in conjunction with stored or embedded Cu that constantly
diffuses out to replenish surface Cu to prolong the antibacterial
action. This can be achieved by our plasma immersion ion
implantation process.

In order to investigate the Cu chemistry and chemical state,
the Cu2p and Cls peaks are acquired by high resolution XPS
spectra at different sputtered depths (series) and the corre-
sponding composite profiles are presented in Figs. 2 and 3
[19]. The montages illustrate the change in the XPS peak
shape and position at different stages of the depth profiling
analysis (larger series number representing longer sputtering
time or larger depth). The series 1 and 2 curves in Fig. 2
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Fig. 1. Elemental depth profiles acquired by XPS from the Cu PIII PE.
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Fig. 2. Cu2p XPS spectra as a function of sputtered depths obtained from the
Cu PIII PE.

show that Cu on the surface is in the divalence state, while the
series 3—25 curves imply that the embedded or implanted Cu
atoms are in the zero valence state, that is, forming no chemical
bond with other elements in the polymer. This observation fur-
ther corroborates that implantation does not modify the chem-
ical state of Cu. The surface Cu atoms appear to be in the
oxidized state due to exposure to air after plasma implantation.

As shown in Fig. 3, the difference between series 1 and 2
and series 10—25 also illustrates that the chemical state of
Cls close to the surface is very different from that at a larger
depth. To further analyze the situation, the spectra of series 1
and 15 are fitted by XPS software and the results are shown in
Fig. 4A and B [19,24]. The presence of C=C bond in Fig. 4B
implies that Cu PIII into polyethylene leads to dehydrogena-
tion. On the contrary, C=C bond is not observed in series 1.
C=0, C—0, and O—C=0 bonds are observed close to the

25000
series 25
series 15
20000
series 10
8 series 1, 2
o
+£ 15000
=}
o)
L
2
Z’ 10000
9 series 3
£
5000
0

T T T T
295 290 285 280
Binding energy/ev

Fig. 3. Cls XPS spectra as a function of sputtered depths obtained from the
Cu PIII PE.
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Fig. 4. Binding energies of the Cls peak at different sputtering time for the Cu
PIII PE (A: series 1; B: series 15).

surface. This may be because after Cu plasma implantation,
the carbon chain in the PE undergoes dehydrogenation form-
ing active radical groups that further undergo oxygenation
when the sample surface is exposed to air. The C results are
in general consistent with the Cu XPS results.

3.2. Effects of Cu PIII on surface properties
of polyethylene

According to previous results [25,26], the antibacterial
properties are greatly influenced by surface characteristics
such as surface hydrophilicity, surface roughness, and config-
uration in addition to the chemical composition. This is
because depending on the hydrophobicity of both the bacteria
and surfaces, bacteria adhere differently onto the materials. In
general, hydrophilic materials are more resistant to bacterial
adhesion than hydrophobic materials. On the other hand,
a rough surface has a greater surface area and the depressions
or troughs may provide more favorable sites for colonization
[25]. Therefore, we investigate the effects of surface hydrophi-
licity and topography in our experiments.

Table 1 displays the water contact angle of the Cu PIII PE.
The water contact angle decreases from 87.7° to 47.2°. More-
over, the surface has a more polar chemical composition with
the surface energy increasing to 55.17 nJ/cm® [26,27]. The
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Table 1
Contact angle and surface energy calculated from Cu PIII PE and control PE
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Samples Contact angle/° Dispersion (¥4, nlfem?) Polar (yE, nJ/cm?) Surface energy (s, nl/cm?)
Distilled water Glycerin

Control 87.7 74.7 22.16 4.95 27.11

Cu PIII PE 472 54.3 5.20 49.97 55.17

(b)

pm
0.82
0.41
0.00

Fig. 5. AFM images acquired from (a) control PE and (b) Cu PIII PE.

results imply that the PIII surface is more hydrophilic than the
unimplanted PE. High surface energy is advantageous to the
inhibition of bacterial adhesion and colonization. Conse-
quently, the plasma implanted surface possesses enhanced
antibacterial effects. On the other hand, the AFM images
acquired from the Cu PIII PE and control PE in Fig. 5 show
that Cu PIII changes the surface roughness of polyethylene
[28,29]. The root-mean-square (RMS) surface roughness
over an area of 2 x 2 um? changes from 15.9 nm to 27.4 nm
after Cu PIII. Our experiments show that the role played by
surface energy appears to be larger than that of surface
roughness.

3.3. Antibacterial properties of Cu PIII sample

S. aureus and E. coli are the two main sources of nosoco-
mial infection [4—6], and thus they are used in our experi-
ments to assess the antimicrobial properties of the Cu PIII
PE [13,26]. When the bacteria concentration is 1—2 X
10° CFU/ml, the antibacterial effect of Cu PIII PE against
E. coli and S. aureus are 96.2% and 86.1%, respectively. It
demonstrates that Cu PIII can enhance the antimicrobial prop-
erties of PE. We also monitor the surface antibacterial proper-
ties with time. After the samples are left at room temperature
conditions for six weeks, their antimicrobial properties are not
evidently changed. This demonstrates the long-term effects of
Cu PIII. It may be due to continuous leaching of Cu from the
underlying region. More work is being conducted to study the
mechanism in details and we will report our findings in due
course.

4. Conclusion

The surface antibacterial properties of polyethylene are
improved by Cu plasma immersion ion implantation. At

moderately low implantation energy of 5keV, a relatively
large amount of copper of about 11% relative to C is im-
planted into the near surface region. The surface Cu concentra-
tion is about 3%, which provides immediate antibacterial
effects. After Cu plasma implantation, the carbon chain in
the polymer undergoes dehydrogenation and the implanted
Cu does not form chemical bonds with atoms in the PE sub-
strate, however, oxidation is observed on the surface. Using
atomic force microscopy and contact angle measurements,
Cu PII is found to render the surface more hydrophilic and
rougher. The copper implanted polyethylene possesses excel-
lent antibacterial properties. The antibacterial effects against
E. coli and S. aureus are at high levels of 96.2% and 86.1%,
respectively, and more importantly, the antibacterial effects
do not degrade after six weeks. Our results show that metal
plasma immersion ion implantation (PIII) is an effective ap-
proach to enhance the long-term antimicrobial properties of
medical polyethylene.
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