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Bacterial infections caused by the formation of a biofilm on the implant after
surgery is a severe problem affecting the implants long term function and often
leading to implant failure. Copper is a natural trace element found in the human
body, and has recently become a possible alloying element with strong
antibacterial properties. In this master thesis, copper bearing titanium alloys with
different concentrations of Cu (1, 3, 5 and 10 wt.% Cu) were prepared using two
different heat treatments (T1 and T2) in order to kill the bacteria and prevent the
formation of biofilms causing these infections. The antibacterial performance and
Cu ion release rate of the Ti-Cu alloys were investigated in order to determine their
applicability as a biomaterial. The results from the experimental investigations
showed that the addition of Cu provided the alloys with an antibacterial effect
against Staphylococcus epidermidis. The alloys with 5 and 10 wt.% Cu had
improved antibacterial properties, and the alloys with highest Cu content exhibited
the strongest antibacterial ability with an antibacterial rate of 42% for the 10Cu(T2) alloy and 48% for the 10-Cu(T1) alloy, after 6 hours. The Cu ion release
rate of the Ti-Cu alloys with 1, 3 and 5 wt.% Cu were far below the daily
recommended allowance according to WHO, while the alloys with 10 wt.% Cu
showed Cu ion release rates substantially over the daily limit. For this reason, TiCu alloys with less Cu content (>10 wt.%) are recommended. Nevertheless, Ti-Cu
alloys have a promising future as a medical implant with antibacterial properties.
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Ti-Cu legeringar för medicinska tillämpningar
Andreas Eriksson
Det existerar en mängd av material som används inom medicinska tillämpningar.
Benämningen på dem är biomaterial och dem kan vara naturliga eller syntetiska, de
är material som integrerar med biologiska system i kroppen. Biomaterial definieras
alltså som material vilket används för att ersätta, stödja eller förbättra en befintlig
biologisk struktur. De kan vara material som används för tandimplantat, syntetiska
ben, leder eller för leverans av läkemedel. Medicinska implantat representerar
artificiella tillverkade objekt, i motsats till transplantation vilket motsvarar en
överföring/flytt av ett biomedicinsk organ eller vävnad.
Biomaterial klassificeras in i tre grupper: metaller, keramer och polymerer. Det här
examensarbetet fokuserar på koppar-bärande titanlegeringar (Ti-Cu) som tillhör
metallgruppen vilket representerar uppemot 80% av dagens biomaterial.
Kommersiellt rent titan och titanlegeringar utgör den mest använda gruppen
biomaterial som utnyttjas till implantat inom tandkirurgi. På senaste tiden har dem
även börjat användas inom andra medicinska tillämpningar såsom benskruvar,
benplattor, knä- och höftimplantat. Titan fungerar som ett bra biomaterial på grund
av sin överlägsna biokompatibilitet, utmärkta korrosionsbeständighet och goda
mekaniska egenskaper. Den primära nackdelen vilket begränsar titan som ett
implantatmaterial är materialets dåliga nötningsbeständighet. Då titan gnids och nöts
mot sig självt eller andra material erhålls tydliga slitage vilket innebär att titan har en
dålig slitstyrka.
Efter kirurgiska operationer av implantat så uppkommer ofta bakterieinfektioner. Det
är bakterier som fäster i varandra och bildar en biofilm, ett tunt skikt omkring
implantatet som framkallar en ökad utveckling av infektioner. Dessa infektioner
påverkar implantatet på lång sikt och medför ofta att implantatet misslyckas. Många
åtgärder har prövats för att hindra formationen av biofilmer runt implantatet, ofta
används antibiotika men på senaste tiden har det förekommit en ökning av
antibiotikaresistens och det finns därför ett behov av en alternativ antibakteriell
lösning.
Koppar är ett naturligt ämne som finns i människokroppen och har nyligen blivit ett
välkänt legeringselement med starka antibakteriella egenskaper. På senaste tiden
har utvecklingen av koppar bärande titanlegeringar producerat med syfte att
motverka formationen av biofilmer. Genom legera koppar med titan har man kunnat
framställa legeringar som besitter en stark antibakteriell effekt, men även en
förbättring av materialets mekaniska egenskaper såsom hårdhet, styrka och
nötningsresistens. Tidigare studier har även visat genom att integrera en

värmebehandling vid förberedelsen av Ti-Cu legeringen kan man få en ännu större
förbättring av de mekaniska egenskaperna som nämnts ovan.
I denna studie framställs Ti-Cu legeringar med olika koncentrationer koppar (1, 3, 5
och 10 vikt% Cu) genom olika värmebehandlingar, för att döda bakterierna och
förhindra bildandet av biofilmer som orsakar dessa infektioner. Experimentella
undersökningar där antibakteriella prestandan och mängden Cu-joner som friges
från den olika legeringarna bestämdes för att avgöra deras lämplighet som ett
biomaterial. Ett 7 timmar bakterietest genomfördes för att bestämma deras
antibakteriella effekt i jämförelse med vanligt rent titan (CP-Ti). Mängden Cu-joner
som friges från legeringarnas yta kunde bestämmas med hjälp av ICP-OES.
Resultaten från denna studie visar att tillsatsen av koppar gav legeringarna en ökad
antibakteriell effekt mot Staphylococcus Epidermidis. Resultaten visade även att den
antibakteriella effekten ökade med ett ökat innehåll koppar. Kopparhalten påverkade
också legeringarnas frisättning av Cu-joner, en högre mängd av frisläppta Cu-joner
kunde registreras för legeringar med högre halt Cu. Således måste alltså de
antibakteriella egenskaperna hos legeringarna vara relaterade till mängden Cu-joner
som frisläpps.
Utifrån resultaten i denna studie så bör kopparhalten i Ti-Cu legeringarna åtminstone
vara 5 vikt.% för att uppvisa en antibakteriell effekt mot Staphylococcus Epidermidis.
Legeringarna med högst kopparhalt (10 vikt% Cu) uppvisa starkast antibakteriell
förmåga och hade en förbättrad antibakteriell grad på 42% för 10-Cu(T2) legeringen
och 48% för 10-Cu(T1) legeringen i jämförelse med rent titan. ICP-OES testerna
visade att Ti-Cu legeringarna med 1, 3 och 5 vikt% Cu hade Cu-jon nivåer långt
under den rekommenderade dagliga intaget enligt World Health Organization
(WHO). Medan 10-Cu legeringarna som uppvisa starkast antibakteriella egenskaper
hade Cu-jon nivåer över det dagliga rekommenderade intaget.
Av denna anledning rekommenderas Ti-Cu legeringar med mindre halt Cu (>10
vikt%). Sammanfattningsvis visar resultaten från denna studie en lovande framtid för
Ti-Cu legeringar som ett antibakteriellt biomaterial, vilket stämmer överens med den
senaste forskningen.
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Abbreviations
FBS
PBS
SBF

Fetal bovine serum
Phosphate-buffered saline
Simulated body fluid

TSB

Tryptic soy broth

EDS or EDX
ICP-OES
SEM
XPS or ESCA

Energy-dispersive X-ray Spectrometry
Inductively coupled plasma optical emission spectrometry
Scanning Electron Microscope
X-ray Photoelectron Spectroscope

T1 - Two step heat treatment process: Tx °C for S1 hours followed by Ty °C for S2
hours and at last quenched in salt brine water
T2 - Three step heat treatment process: Tx °C for S1 hours followed by Ty °C for S2
hours and at last Tz °C for S3 hours before it got quenched in salt brine water
S1-S2-S3 (hours)
Tx-Ty-Tz (temperature)

Nomenclature
R
Sa
Vs

Antibacterial rate
Exposed surface area of the sample (in mm2)
Volume of the calculated solution (in mm3)
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1

Introduction

This master thesis project was performed at Uppsala University in the materials in
medicine group, which is a part of the division of Applied Materials Science, located
at the Ångström Laboratory. The project was carried out during 20 weeks,
corresponding to 30 credits.

1.1

Background

Commercial pure titanium (CP-Ti) and titanium alloys have been used for biomedical
devices for a long time. They can be found as cardiovascular stents used to keep
arteries open in order to facilitate blood flow, but also as spinal fixation devices to
provide stability and reduces deformities in treatment of vertebral fractures. [1]
The main reason pure titanium and titanium alloys are used as biomaterials are
because of their biocompatibility, high corrosion resistance due to a thin oxide layer
on the surface and good mechanical properties. The titanium alloys most commonly
used as biomaterials are commercial pure titanium (CP-Ti) and the Ti-6Al-4V alloy,
which are used to mend broken bones (e.g. plates, screws), as dental and
orthopaedic implants (hip or other joints). [2]
Metals are dominating the biomaterial industry and represent approximately 70%80% of the market, with an growth of 20%-25% yearly [3].
Every year over 1000 tonnes of biomedical devices made out of titanium are
implanted in patients over the globe in order to help patients [4]. By implantation of a
biomedical device in the body potential risks occurs. One problem is corrosion of the
implanted material caused by body fluids. This corrosion can cause release of
undesirable ions. Too high concentrations of unwanted ions can be toxic to
mammalian cells and the human body. Titanium by itself is biocompatible, and
therefore considered to be inert and resistant to corrosion in the human body. [4]
Titanium is by far the most broadly used metal in the dental/oral sector, most often
used as dental screws. Generally it is a very successful procedure but it can result in
complications. Bacterial infections around medical implants after surgery has
become a more common difficulty, which can result in failure of the implant leading
to high costs and suffering for patients. It is the formation of biofilms by bacteria
sticking to each other producing a thin film on the surface of the implant that causes
inflammation. The inflammation around the surface of the implant, affects the hard
and soft tissue that surrounds the implant. It can cause the gingiva to retract and the
bone tissue to resorb. Especially the latter will influence the implant badly in the long
term, making the implant to lose its function and fail.
Thus, it’s critical to find a way to kill the bacteria before they start forming these
biofilms to avoid implant failure. A variety of actions are done to prevent it such as
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thorough disinfection and strict protocol during surgery, though the bacterial
infections are most likely to occur after the surgery. [9]
Antibiotics have for long been the go to solution when it come to infections. However,
the use of antibiotics is becoming a challenge since with the heavy use of antibiotic
drugs in the healthcare, the growth of antibiotic resistance is continuously increasing
and there is a need for an alternative antibacterial solution. Development of
antibacterial alloys could be an option in order to find a practical long-term solution to
the problem. [5]

Figure 1: Bacteria sticking together forming a biofilm on the surface of pure titanium
and Cu2+ ions from the Ti2Cu+Ti(Cu) killing the bacteria in order to prevent the
formation of biofilms.

Copper (Cu) is a natural element found in the human body, which has recently
become a possible alloying element with strong antibacterial properties. Studies
regarding successfully fabricated stainless steel alloyed with Cu which exhibit a
strong antibacterial effect has been reported by Zhang et al. [6]
According to recent studies Ti-Cu alloys could be an efficient answer to the periimplantatis problem. Zhang et al [7], reported that addition of Cu to Ti increased the
strength, corrosion resistance and antibacterial effect. Heat treatment of Ti-Cu alloys
was found to further improve the antibacterial rate significantly. The heat treatment
also further enhanced the strength and corrosion resistance of the alloy. A higher
concentration of Cu would provide an increased antibacterial ability at the expense of
6

the ductility of the Ti-Cu alloys. Furthermore, the research indicated that the existing
form of Cu in the Ti-Cu alloy played a decisive role in the materials antibacterial
properties. It was hypothesised that Ti2Cu phase assisted to a good antibacterial
effect. [7]
Additionally in a study by Liu et al.[6], it was confirmed that Cu exhibit a strong
antibacterial effect, and alloyed with titanium has not only shown improved
antibacterial properties but also an improvment of the alloys mechanical properties.
[6]
Results from recent studies indicate that the preparation of the material plays an
important role and that the antibacterial mechanism is related to the Cu-ion release
rate from the Ti-Cu alloy [8]. The antibacterial properties of the Ti-Cu alloy increased
with a higher content of Cu, however an increased Cu content leads to a higher risk
of toxicity for the human body. [7]
Thus it is essential to find a balanced amount of Cu content in the Ti-Cu alloy, giving
good antibacterial properties without being toxic. For present and future research to
design an ideal Ti-Cu alloy for medical applications the search for an optimal
Cu-content in the alloy is important. According to the World Health Organization
(WHO), the recommended daily intake allowance of Cu is 2-3 mg/day [10]. Hence, it
is important to fabricate Ti-Cu alloys limited to Cu-ion release rates below the daily
allowance. Nevertheless, copper-bearing titanium alloys (Ti-Cu) show a promising
future in the biomedical field.
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1.2

Project description

The aim of this master thesis was to produce copper bearing titanium alloys (Ti-Cu)
with different concentrations of Cu content (1, 3, 5 and 10 wt.% Cu) in an arc furnace
followed by heat treatments and rapid quenching. The antibacterial properties of the
Ti-Cu alloys was investigated through an direct contact test and their Cu ion release
rate was determined by using ICP-OES. It is of importance to find an ideal amount of
Cu content in the alloy in order to keep a strong antibacterial effect while avoiding
too high concentrations of copper in the human body since it can be toxic to
mammalian cells.
The scientific questions to be answered in this thesis work were the following:
● Will the addition of Cu element provide an antibacterial ability?
● Will the antibacterial effect increase with an increased concentration of Cu
content?
● What is the antibacterial rate of the Ti-Cu alloys compare to pure titanium?
● Determine the Cu ions release rate from the Ti-Cu alloys, in order to
investigate if the levels are below the daily recommended allowance.
● Will Ti-Cu alloys have a future as an biomaterial for medical applications?
● Analyse the surface of the alloys after immersed in PBS for 120 hours.

Limitation: The master thesis project was done during 20 weeks.
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2

Theory

The following section discloses the theory behind the analysis and test methods
used in this project.

2.1

Inductively coupled plasma optical emission spectrometry

Inductively coupled plasma optical emission spectrometry also referred to as ICPOES, is an analysis technique used to detect and identify which chemical elements
are present in a solution and at what concentrations. Because of its excellent
reliability and its efficiency to analyse multi-elements, it has become a well-known
method in order to trace elements. The method has been commercially available
since 1974. [1]
The ICP-OES is an atomic spectrometry technique that involve emission and
absorption of electromagnetic radiation through charged atoms and ions. The
sample (solution) is exposed to high energy in form of high temperatures with the
use of a plasma. This cause the atoms to absorb the added energy and an excitation
takes place. When an atom is excited an electron jumps from a lower energy level to
a higher one, the atom is in a excited state. An atom in this state is less stable and
want to fall back to its ground state. When the atom fall back to the ground state
energy will be emitted as a photon. During this process the intensity of the emitted
electromagnetic radiation (light) is measured at unique given wavelengths, in order
to establish the present element and its concentration. This method is very useful
since each and every element possess its own specific absorption and emission
wavelengths. [17] The excitation process can be seen in Figure 2.

Figure 2: The excitation of an atom by the use of a plasma. [11 - reprinted from
ThermoFisher]
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2.2

Bacteria luminescence

Bacteria luminescent or bioluminescence is a feature of bacteria and living organism
to emit and produce light by transforming chemical energy to light energy through a
chemical reaction. This chemical reaction is induced by luciferase an enzyme that in
the presence of oxygen catalyses (process to increase the speed of a chemical
reaction) the oxidation of the molecule luciferin which emits visible light.
Bacteria luminescence with the use of luciferin is useful in many different in vitro and
in vivo analysis techniques including drug screening, bioimaging and primarily within
examinations of diseases such as cancer. The bacteria can be gene modified in
order to make them luminescent, which is the case in this study [26]. Experimental
measurements of bacteria luminescence are usually performed in the dark to avoid
interference from light and fluctuations in temperature. [18] Bacteria luminescence
can be used in order to measure the amount of living bacteria in a solution, which is
useful in this project when the antibacterial rate of the alloys is determined in a 7
hours direct contact test.
The antibacterial rate (R) of each alloy was calculated after 2 hours and 7 hours by
using Equation (1). Ncontrol is the relative luminescence of the control CP-TI sample
and Nsample is the relative luminescence of the Ti-Cu alloy.

!=

2.3

!"#$%&#'!!"#$%&'
!"#$%&#'

× 100

(1)

Scanning electron microscopy

Scanning electron microscopy also known as SEM, is an electron microscope
providing high resolution images of the surface of a sample. The SEM can supply
information about the surface topography and the composition of the sample, with
magnification ranging from 10x to 100.000x and a resolution of about 20-50 Å. SEM
has a large depth of field and with the broad range of magnification it has become a
well-known method in order to study surfaces. [19]
There are a lot of different designs, one can be seen in Figure 3.
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Figure 3: Schematic drawing of a conventional SEM - Scanning Electron Microscope
Optics and Spectrometers 2010.

A SEM can be divided into smaller parts all operating under vacuum. The electron
gun placed on the top acts as an electron source, accelerating electrons with
energies of 1-30 keV. [20] An anode is placed under the electron gun with the
function to direct the electron beam in the correct direction. The electron beam is
focused into the objective lens with the help of one or two condenser lenses (varies
between different designs). The objective lens contains deflector/scanning coils
which have the ability to move the electron beam across the specimens surface. By
the time the electron beam reaches the surface an activated volume is created, seen
in Figure 4. [21] The electrons from the electron beam interact with the electrons and
nucleus of the sample creating a multitude of different signals originating from
different depths: Auger electrons emerge from the top layer of the activation volume
at around 10 Å. Secondary electrons (SE) originate from depths of maximum 50-100
Å. Backscattering electrons (BSE) from a depth of 0.5-3 µm and characteristic x-ray
can be found in a depth of 1-6 µm. The SE and BSE are detected with SE and BSE
detectors. It is also common that a SEM is combined with energy-dispersive X-ray
spectroscopy (EDS) and a detector to collect the characteristic x-rays. These
detectors are the most important parts in a SEM. Since the secondary electrons
originates closer to the surface of the sample the SE detector gives better
information of the topography. But the backscattered electrons gives better
information of the samples composition. Regions with heavy elements (high atomic
number) becomes brighter than light elements with low atomic number. There are
some limitations with SEM, the samples analyse must be able to cope with vacuum,
be electrically conductive, non-magnetic and be able to manage the electron beam.
To enhance the electrical conductivity samples can be coated with palladium/gold.
[19]
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Figure 4: The activated volume created by the electron beam - Scanning Electron
Microscope Optics and Spectrometers 2010.

2.4

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), also referred to as electron spectroscopy
for chemical analysis (ESCA) is a sensitive analysis technique used to measure the
elemental composition on the surface of a specimen. The best information depth of
the XPS is between 1-5 nm with a lateral resolution of >10 µm [22].
XPS is based on the photoemission process and in order to receive an XPS spectra,
the specimen surface is irradiated by a beam of x-rays. The photoemission process
involves the ejection of an electron (photoelectron) due to absorption of an x-ray
photon (hv) by an atom or molecule. This process can be seen in Figure 5.
By measuring the number of electrons emitted and their kinetic energy, a
photoelectron spectra can be obtained. The XPS spectrum shows peaks from the
emitted photoelectrons with a certain characteristic energy. The intensities and
energies from the specific photoelectron peaks make it possible to detect and
identify most of the present elements on the surface, except hydrogen (H) and
helium (He). Because hydrogen and helium are usually not present as a solid and
their photoelectron cross section for photoemission is very small. [24]
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Figure 5: Schematic image of the photoemission process - Principle of X-ray
photoelectron spectroscopy (XPS) Mathias Laurin 2009 [23].

2.5

Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS), also known as EDX is an analysis
technique used to examine and characterize the elements present in a sample. The
technique is similar to XPS, but EDS gives information of the bulk concentration of
the elements in a sample and XPS gives information closer to the surface. This is
related to the information depth of the techniques, EDS has an information depth of
0.5-2 µm which is deeper than the depth of XPS (1-5 nm) [22]. EDS is for that reason
not as surface-sensitive as XPS. EDS is also based on absorption of X-rays through
the photoelectric effect. The kinetic energy of ejected electrons (photoelectrons) is
measured in order to determine its binding energy. Every element has their own
unique atomic structure and hence showing unique sets of peaks on the EDS
spectrum. EDS is often used in combination with SEM and can be used as a
complementation technique to XPS. [25]

3

Experimental procedure

The methods used to produce the samples, perform the testing and analyse the
samples in this project are described in this section.

3.1

Material preparation

The copper-bearing titanium alloy samples were prepared by an arc melting method
using commercial pure Titanium (CP-Ti) grade 4 from Sandvik AB and high purity
99.99% Cu rods 365327-21.5G from Sigma Aldrich. Ti-Cu alloys with 1, 3, 5, 10
13

wt.% Cu were prepared in an arc furnace. Each sample was melted repeatedly five
times to obtain a homogenous composition. The chamber was purified using argon
(Ar) five repeatedly times before the melting process of the alloys. The annealing of
the samples was done in vacuum sealed quartz-ampoules placed in a conventional
furnace. The samples were heat treated at different temperatures, half of the
samples were subjected to a two step heat treatment process T1. The remaining half
of the samples were aged and subjected to a three step heat treatment process T2.
Subsequently, the samples were cut and punched into thin disks with a diameter of 5
mm and a width of 0.5 mm. All samples were prepared and cleaned before all tests.
Samples were polished with SiC sandpapers down to a grain size of 15 µm. They
were also washed with acetone and cleaned in isopropanol for 5 min in a ultrasonic
bath. The prepared samples and heat treatment parameters used in this study are
listed in Table 1.

Table 1: The prepared samples investigated in this study.

3.2

Material (Group)

Weight % Cu

CP-Ti (99.9% Ti)

0

1-Cu(T1) and 1-Cu(T2)

1.0

3-Cu(T1) and 3-Cu(T2)

3.0

5-Cu(T1) and 5-Cu(T2)

5.0

10-Cu(T1) and 10-Cu(T2)

10.0

Inductively coupled plasma optical emission spectrometry

In this study the determination of Cu-ion release rate from the Ti-Cu alloys was
conducted with the use of ICP-OES. Multiple ICP-OES tests with different solutions
were done in this project. The copper bearing titanium alloys with different
concentrations (1, 3, 5, 10 wt.% Cu) and the CP-Ti that served as a reference
material were immersed in 2% HNO3, Milli-Q water, simulated body fluid (SBF) or
fetal bovine serum (FBS), for 120 hours at 37 °C. The samples were tested in
triplicates in order to verify variability. At first, the samples were submerged in the
solutions for 24 hours. However, this gave a low signal and the period was extended
to 120 hours. The amount of solution used in the tests was determined according to
Equation 2 from the international standard ISO-23317:2014(E) [27].
Vs = 100 mm Sa

(2)

Where Vs is the volume of the solution (in mm3) and Sa is the exposed surface area
of the sample (in mm2).
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Table 2: The solutions used for each ICP-OES test.
Name

Abbreviation Definition

2% Nitric acid

2% HNO3

Milli-Q water

-

Simulated
body fluid

SBF

Fluid with similar ion concentrations to the blood
plasma in the human body

Fetal bovine
serum

FBS

Growth supplement used for cell culture media,
coming from animals (cows). It contains relevant
proteins to what is found in the body.

3.3

A corrosive mineral acid
Purified water

Bacteria Luminescence

The antibacterial properties of the samples was determined by a bacteria direct
contact test. The bacteria direct contact test in this study was based on the test
developed by Weiss et al [12], although the test period of 18 hours was decreased to
7 hours in this study. The bacteria used in this study was XEN43 Staphylococcus
epidermidis from Perkin Elmer. This test was done to evaluate the antibacterial rate
(R) for the Ti-Cu alloys.
Firstly, all materials used in this study were autoclaved in order to ensure
sterilization. One colony of Staphylococcus epidermidis bacteria was incubated with
10 ml of tryptic soy broth (TSB) for 12 hours in an oven at 37 °C. The TSB medium
contributes as a culture broth which is highly nutritional and makes the bacteria
grow. After 12 hours, the bacteria were tested in a UV spectrophotometer
(Shimadzu, Model UV -1800) in order to assure that the optical density was 1 at a
wavelength of 600 nm. The tested samples were put in a 96-well plate (VWR North)
and 10 µl of the bacteria was placed on each samples surface. The 96-well plate
was placed in an oven at 37 °C for 20 min to evaporate. This is done to ensure
contact between the bacteria and the surface of the samples. After the evaporation,
170 µl of TSB was added to each well, and the luminescence of the bacteria was
recorded every hour for 7 hours (7 recordings in total) to examine the growth of the
bacteria over time with the software MikroWin (version 4.34 Mikrotek Laborsysteme
GmbH).
In order to get an accurate result, the samples of each Ti-Cu alloy were tested in
triplicates. The tested samples can be seen in table 3.
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Table 3: The samples used in the bacteria direct contact test
Samples

Number of
samples

CP-Ti

3

1-Cu(T1) & 1-Cu(T2)

3&3

3-Cu(T1) & 3-Cu(T2)

3&3

5-Cu(T1) & 5-Cu(T2)

3&3

10-Cu(T1) & 10-Cu(T2)

3&3
Total = 27

3.4

Scanning Electron Microscopy

A ZEISS LEO 1550 SEM was used to study the microstructure and potential
changes on the surface of the samples. All samples were coated with palladium and
gold by sputtering using a Polaron SC7640 ThermoVG scientific. The images were
taken with the in-lens and backscatter detector (BSD), using an acceleration voltage
of 5 kV and a working distance of 1.5-2.6 mm. Only a 1-Cu(T1) sample and 10Cu(T1) sample from the 120 hours PBS (phosphate-buffered saline) test were
examined in the SEM, due to lack of time and resources. The SEM observation were
focused to study changes on the surface such as particles and possible defects
(mostly cracks).

3.5

X-ray Photoelectron Spectroscopy

XPS was used for a more surface sensitive analysis of the samples. In order to
determine the elemental compositions on the surface after being exposed to PBS for
120 hours, and to see if any compositional changes occurred. The sample analysed
was the 5-Cu(T1) alloy.

3.6

Energy-dispersive X-ray Spectrometry

To further study the microstructure of the Ti-Cu alloys, the EDS were used for an
elemental analysis of the samples. This was also done to ensure homogeneity and
to confirm the original composition of the sample. A Cu element mapping was done
on a random selected area of the 10-Cu(T2) alloy immersed in SBF for 120 hours.
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4

Results

This section presents the results from the various experiments and analysis of the
samples surface.

4.1

Release rate of Cu

2+

ions from the Ti-Cu alloys

The release of Cu2+ ions from the Ti-Cu alloys in SBF, Milli-Q water, 2% HNO3 and
FBS can be seen in Table 4, 5, 6 and 7. The relative standard deviation (RSD) is
stated for every measurement. The alloys studied in SBF for 120 hours was the (T1)
samples and the reference sample, which include CP-Ti, 1-Cu(T1), 3-Cu(T1), 5Cu(T1) and 10-Cu(T1). The alloys studied in Milli-Q water, 2% HNO3 and FBS were
the 1-Cu(T1), 10-Cu(T1) and the 1-Cu(T2), 10-Cu(T2) samples. For the FBS test a
sample with 99 wt.% Cu was also tested. The data from that test shows that the Cu2+
ions released from the 99 wt.% Cu sample was much higher than that from the
titanium alloys with 1 to 10 wt.% Cu. The results show levels of Cu ions released
from the pure titanium (CP-TI) similar to the Ti-Cu alloys in SBF. This is not possible
since pure titanium does not contain any form of copper. The levels of Cu ions
released after 120 hours was smallest in Milli-Q water and largest in FBS. According
to the results less concentrations of Cu ions were released in the samples subjected
to the T1 heat treatment.
The Cu ions released from the Ti-Cu alloys in 2% HNO3 was lower than expected,
since in 2% HNO3 is known to be a corrosive solution.
Table 4: ICP-OES test results of Cu2+ ions released from the Ti-Cu alloys in SBF
buffer solution over 120 hours.
Samples

Calib.
Conc. (mg/L)

RSD
(%)

CP-TI

0.020

1.6

1-Cu(T1)

0.017

4.8

3-Cu(T1)

0.023

2.6

5-Cu(T1)

0.011

4.7

10-Cu(T1)

0.020

1.9

Table 5: ICP-OES test results of Cu2+ ions released from the Ti-Cu alloys in Milli-Q
water over 120 hours.
Samples

Calib.
Conc. (mg/L)

RSD
(%)

1Cu(T1)

0.002

22.3
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1-Cu(T2)

0.009

1.8

10-Cu(T1)

0.002

79.2

10-Cu(T2)

0.012

3.9

Table 6: ICP-OES test results of Cu2+ ions released from the Ti-Cu alloys in 2%
HNO3 over 120 hours.
Samples

Calib.
Conc. (mg/L)

RSD
(%)

1-Cu(T1)

0.003

35.3

1-Cu(T2)

0.010

15.5

10-Cu(T1)

0.130

1.0

10-Cu(T2)

0.194

3.8

Table 7: ICP-OES test results of Cu2+ ions released from the Ti-Cu alloys in FBS
over 120 hours.
Samples

Calib.
Conc. (mg/L)

RSD
(%)

1-Cu(T1)

0.20

5.5

1-Cu(T2)

0.10

12.5

10-Cu(T1)

0.21

7.0

10-Cu(T2)

0.23

1.2

99 wt.% Cu

67.67

1.3

4.2

Antibacterial properties

Figure 6 shows the growth of bacteria on the different sample surfaces over time.
Initially after 1 hour a remarkable growth of bacteria can be seen, but a reduction of
bacteria is later seen over time. After 2 hours of contact between the bacteria and
the alloy surfaces, no significant differences in bacterial rate were found among the
different alloys. However after 7 hours, an increase in antibacterial rate (R) was seen
for the (T1) and (T2) heat treated samples with 5 respectively 10 wt.% Cu (5-Cu(T1),
10-Cu(T1), 5-Cu(T2) and 10-Cu(T2)). No antibacterial ability was found in neither of
the alloys with 1 and 3 wt.% Cu. The antibacterial rate of the (T1) heat treated Ti-Cu
alloys was -21%, -13%, 10% and 48% for the 1-Cu, 3-Cu, 5-Cu and 10-Cu,
respectively. For the (T2) heat treated Ti-Cu alloys the antibacterial rate was -18%, 12%, 11 and 42% for the 1-Cu, 3-Cu, 5-Cu and 10-Cu, respectively. The
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antibacterial rate (R) of the Ti-Cu alloys can also be seen in Figure 7. Only four out
of the eight alloys showed an reduction in bacterial growth in this study, the 5Cu(T1), 5-Cu(T2), 10-Cu(T1) and 10-Cu(T2).
The two different heat treatments did not show any noticeable differences in terms of
antibacterial ability. Both of the Ti-Cu alloys with 10 wt.% Cu showed the greatest
antibacterial rate and in order to obtain an improved antibacterial ability the Cu
content should be above 5 wt.% Cu. It was also shown that the antibacterial rate
increased with an increased content of Cu.

a)

b)

Figure 6: Shows the growth of bacteria over time for the samples subjected to the
(a) T1 heat treatment and (b) T2 heat treatment.
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a)

b)

Figure 7: Antibacterial rate (R) against Staphylococcus Epidermidis for (a) the T1
samples and (b) the T2 samples.
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4.3

Scanning electron microscopy

The surface of a 1-Cu(T1) and a 10-Cu(T1) sample was analysed using scanning
electron microscopy, after being exposed to phosphate-buffered saline (PBS) for 120
hours. By the look of the SEM-images a layer has formed on both samples. A lot of
cracks and small particles were found throughout the whole surfaces. The particles
are most likely salts from the PBS solution. Figure 8 shows SEM-images of the 1Cu(T1) sample and Figure 9 of the10-Cu(T1) sample.

a)

b)

Figure 8: The surface of the 1-Cu(T1) sample showing (a) cracks and (b) a particle.
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a)

b)

Figure 9: The surface of the 10-Cu(T1) sample showing (a) cracks and (b) a
particle.

4.4

X-ray photoelectron spectroscopy

The XPS was used to analyse the elemental composition of the film formed on the
surface of the 5-Cu(T1) alloy, immersed in PBS for 120 hours. A XPS spectrum of
the sample is shown in Figure 10. The XPS spectrum indicates trace of sodium (Na),
calcium (Ca) and phosphorus (P) on the surface. Which most likely comes from the
PBS buffer, containing salts with high concentrations of these elements. This support
the statement about the particles seen in the SEM-images.
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Figure 10: Spectrum of the 5-Cu(T1) alloy after it was immersed in PBS for 120
hours.

4.5

Microstructure study by EDS

A Cu element mapping of a random selected location on the 10-Cu(T2) alloy in SBF
for 120 hours is shown in Figure 11. The distribution of the Cu element was relatively
homogeneous on this location and no major variation in Cu was found across this
area. The identified elements with relative proportions (in wt.%) are shown in Table
8.

Figure 11: Cu element mapping of 10-Cu(T2).
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Table 8: Chemical composition of the 10-Cu(T2) alloy according to the EDS analysis.
Element

Ti

Cu

O

Cl

Na

Ca

P

wt.%

79.6

9.6

8.7

1.1

0.8

0.1

0.1

5

Discussion

The discussion is divided into three parts, the first discusses the antibacterial
properties of the Ti-Cu alloys, the second the results from the ICP-OES study and
the third the results from the microstructure analysis.

5.1

Antibacterial properties of the fabricated Ti-Cu alloys

Commercial pure titanium and titanium alloys have been widely used in medical
applications, both dental and orthopedic implant. It is due to their excellent
biocompatibility, high corrosion resistance and good mechanical properties making
them suitable for bone replacement. However, bacterial infections of medical
implants post-surgery is still a severe problem, and the main reason of implant
failure. It is the formation of a biofilm on the surface of the implant by the bacteria
that enable the growth of infections. When the formation of a biofilm has been
formed it becomes difficult to remove/kill the biofilm, since a segment of the biofilm is
in a dormant state and therefore not affected by antibiotics [5].
In recent years, development of antibacterial titanium alloys has for that reason
become recognized. Titanium alloys containing copper has previously been
successfully produced with strong antibacterial properties [5,9]. Copper (Cu) is a
natural trance element in the human body, which exhibit a strong antibacterial effect
[6]. The antibacterial ability of the Ti-Cu alloy increase with an increased content of
Cu. Copper has an ability to kill bacteria and prevent the formation of a biofilm by
breaking down its cell walls and cell membrane. [7]
In this study titanium alloys with 1, 3, 5 and 10 wt.% Cu were prepared and
subjected to heat treatment (T1 or T2) in order to investigate their antibacterial
properties. Their antibacterial properties were examined by determination of all the
alloys antibacterial rate in comparison to pure titanium (CP-Ti).
According to the results from the bacteria direct contact test in this study the 1-Cu
and 3-Cu did not show any improved antibacterial effect against Staphylococcus
epidermidis, for neither of the heat treatments (T1 and T2). Although studies
reported in 2009 by Shirai et al. [13] showed that titanium alloys with 1 wt.% Cu had
an improved antibacterial effect against Staphylococcus aureus and Escherichia coli.
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The reason for this difference could be the use of different methods, the test of Shirai
et al. was performed over 24 hours and the number of bacteria was only counted
once after the 24 hours. The bacteria used in the test was not the same either. As for
the titanium alloy with 3 wt.% Cu, Zhang et al. [7] reported an antibacterial rate as
high as 90.33%. However, the alloy was not subjected to the same heat treatment.
The difference in results could depend on multiple reasons. Zhang et al. [7] used a
larger size of the Ti-Cu alloy samples (10x10x1.5 mm versus Ø5 x 0.5 mm), another
type of bacteria Staphylococcus aureus (S. aureus) in replace of Staphylococcus
epidermidis (S. epidermidis), a longer testing period (24 hours versus 6 hours)
making them exposed to the bacteria for a longer period and a different bacteria
counting method (plate counting, which is done when the bacteria are not in contact
with the alloys surface).
The 5-Cu(T1) and 5-Cu(T2) showed a low antibacterial ability with an antibacterial
rate of 10% respectively 11%, which can be seen in Figure 7. Liu et al. [9], reported
of an antibacterial rate up to 100% against Escherichia coli bacteria (E. coli) and
Staphylococcus aureus (S. aureus) for a 5-Cu alloy, with a different heat treatment.
This difference could also be for the same reason as listed above.
The Ti-Cu alloys with the strongest antibacterial properties and hence with the best
ability to prevent implant failure was the Ti-Cu alloys with the highest concentration
of Cu, 10-Cu(T1) and 10-Cu(T2). The antibacterial rate of 10-Cu(T2) and 10-Cu(T1)
was 42% and 48% after 6 hours, as seen in Figure 7.
According to Zhang et al. [5] the antibacterial rate should be above 90% in order to
have a strong antibacterial ability. In other words, the Ti-Cu alloys should possess a
90% reduction of bacteria in comparison to pure titanium (CP-Ti). If the present study
were done using the 24 hours method, exposing the bacteria to the alloys for a
longer period, an higher antibacterial rate >90% might have been accomplished, but
this has to be confirmed in order to prove the statement. Recently reported by Liu et
al. [9], the Cu content in the Ti-Cu alloy should at least be 5 wt.% to have a stable
and satisfying antibacterial ability. There was no noticeable difference in T1 and T2,
although the Ti2Cu particles should be bigger in the T2 samples since they were
aged.
With the results of the present study the 10-Cu alloys showed the strongest
antibacterial ability and might have a promising future, considering the antibacterial
criteria. However, the results from this study only shows the antibacterial ability
against Staphylococcus epidermidis, further studies involving other groups of
bacteria has to be done in order to gain greater knowledge.
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5.2

Release rate of Cu2+ ions from the Ti-Cu alloys

Pure titanium (CP-Ti) and titanium alloys have over time turned into the preferred
option for dental implants in order to replace missing teeth. Since bacterial infections
and the formation of biofilms is the main complication in implant failure, development
of an antibacterial solution that prevent this formation is required. Copper exhibits
strong antibacterial properties and research of copper bearing titanium alloys as a
novel implant material has been introduced. The Ti-Cu alloys surface continuously
release Cu ions when in contact with the surrounding environment. These Cu ions
kills the bacteria preventing the formation of the destructive biofilms. Copper is a
natural trace element in the human body, however too high concentrations of Cu,
caused by high release rate of Cu ions, can make it harmful for the human body.
Even though an higher concentration of Cu element provide an increase in
antibacterial efficacy, the focus should be to find a balance of antibacterial ability
without being toxic to the body.
The World Health Organization (WHO) recommend a daily intake of 2-3 mg/day [10].
An adult male of 50 years with an height of 170 cm and a weight of 65 kg have a
total body water estimated to 37.80 liters [16]. The daily limit of Cu ions for this
person is 0.0794 mg/L. The Cu ion release from the 99 wt.% Cu sample in FBS was
much higher (13.53 mg/L/24h) than the recommended intake allowance, which
makes it not useable as an implant material. All the 1-Cu(T1 & T2) alloys showed Cu
ion release rates far below the daily limit (highest measured value 0.0034 mg/L/24h),
except for the 1-Cu(T1 & T2) samples in FBS for 120 hours that exceeded the limit
slightly (0.20 mg/L and 0.10 mg/L). All the 3-Cu and 5-Cu alloys also had relatively
low Cu ion release rates (highest measured value 0.0046 mg/L/24h) making them
suitable as implant materials, in sense of Cu ion release rates. The 10-Cu alloys
however showed mixed results, the Cu ion release rate was below the daily limit in
SBF (at 0.02 mg/L) and Milli-Q water (at 0.012 mg/L) for 120 hours. But in 2% HNO3
(highest measured value 0.194 mg/L) and FBS (highest measured value 0.23 mg/L)
over 120 hours the release rate was higher than the daily allowance according to
WHO. The results from the ICP-OES study showed similar concentrations of Cu ions
released from the pure titanium (CP-TI) and the Ti-Cu alloys. One must question
whether any of the results are reliable since the pure titanium does not contain any
form of copper. This could be residues from previously studied solutions and/or an
calibration error. A higher concentration of Cu ions released from the Ti-Cu alloys
can be obtained by reducing the volume of the solutions.
The Cu ion release from the surface plays an significant role in the antibacterial
properties of the alloys. Cong Liu et al. [6], reported that the antibacterial properties
are dependent on the concentration of Cu ions, a higher concentration lead to a
higher antibacterial activity.
Since it is of big importance to produce Ti-Cu alloys with lower Cu ion release rate
than the daily recommended limit to prevent harmful effects on the human body,
alloys with less Cu content than 10 wt.% are recommended according to the results
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in the present study. However, since the Cu ion release rate from 10-Cu by ICP-OES
showed mixed results further studies has to be performed in order to confirm the
findings in this study. The Cu ion release rate should also be investigated for
samples submerged for a longer period of time to examine if any changes in release
rate occur.

5.3

Microstructure

By the look of the SEM-images (Figure 8 & Figure 9) a layer has been formed on the
surfaces of both the 1-Cu(T1) and 10-Cu(T1) sample after being exposed to PBS for
120 hours. Cracks and small particles was found across the whole surface. The
particles is most likely salt from the PBS solution. The XPS results (Figure 10)
confirm this theory. The XPS spectrum showed trace of salt in the 5-Cu(T1) alloy
after being immersed in PBS for 120 hours. A Cu element mapping on the 10-Cu(T2)
alloy is shown on Figure 11. The distribution of Cu was relatively homogenous on the
analysed location with no major variation in Cu was found across the area.
The high corrosion resistance of pure titanium depends on the thin film of oxide
formed when in contact to any surrounding containing oxygen. The oxide film formed
is self healing if oxygen is present and is therefore more resistant to corrosion in
solutions containing oxide. [28]
It would be interesting to study the microstructure of pure titanium subjected to PBS
for 120 hours in order to see if any changes occurs on the surface. Unfortunately,
this was not examined in this study.

6

Conclusion

Copper bearing titanium alloys with different concentrations of Cu (1, 3, 5 and 10
wt.%) were successfully produced and heat treated. The experimental investigation
of the Ti-Cu alloys showed that the addition of Cu element provided the alloys with
an antibacterial effect against Staphylococcus epidermidis. The present results also
showed that the antibacterial performance of the alloys increased with an increase of
Cu content. The Cu content also affected the Cu ion release, a higher Cu ion release
rate was recorded for alloys with an increased Cu content. Hence, it is hypothesised
that the antibacterial properties of the alloys are related to the Cu ion release.
From the results in the present study the Cu content in the Ti-Cu alloys should at
least be 5 wt.% in order to exhibit an antibacterial effect against Staphylococcus
epidermidis. The Ti-Cu alloys with the highest Cu content (10 wt.% Cu) showed the
strongest antibacterial ability with an antibacterial rate of 42% for the 10-Cu(T2) alloy
and 48% for the 10-Cu(T1) alloy, after 6 hours.
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According to the findings in this study the Ti-Cu alloys with 1, 3 and 5 wt.% Cu had
Cu2+ ion release rates far below the daily recommended limit, making them suitable
as implants in sense of Cu ion release rates according to WHO. While the 10-Cu
alloys showed the strongest antibacterial properties, some of the recorded Cu2+ ion
release rates were substantially over the daily recommended limit. For this reason,
Ti-Cu alloys with less Cu content (>10 wt.%) are recommended.
In conclusion, Ti-Cu alloys show promising antibacterial properties as a biomaterial
for medical applications which, is in line with previous research.

7

Future aspects

Further studies on Ti-Cu alloys with 10 wt.% Cu content has to be done in order to
confirm that the 10-Cu alloy is on the threshold for Cu ion release. Since it’s
significantly important that the Ti-Cu alloys follow the fundamental requirements of
having strong antibacterial properties and at the same time being non-toxic to the
human body.
Future experimental investigations regarding in vivo antibacterial performance,
function and long-term durability has to be done to confirm present findings, but also
in order to examine the behavior of the alloys in an in vivo surrounding.
Furthermore, the antibacterial effect of the alloys against other groups of bacteria
should be studied, and for test periods longer than 120 hours in order to establish if
the Cu ion release is stable over a long-term basis.
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