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Abstract

The antibacterial mechanism of the Cu-containing materials has not been fully understood
although such understanding is crucial for the sustained clinical use of Cu-containing antibacterial
materials such as bone implants. The aim of this study is to investigate the molecular mechanisms
by which the Gram-positive Staphylococcus aureus (S.aureus) is inactivated through Cu-bearing
titanium alloys (Ti6Al4V5Cu). Cu ions released from the alloys were found to contribute to lethal
damage of bacteria. They destroyed the permeability of the bacterial membranes, resulting in the
leakage of reducing sugars and proteins from the cells. They also promoted the generation of
bacteria-killing reactive oxygen species (ROS). The ROS production was confirmed by several
assays including fluorescent staining of intracellular oxidative stress, detection of respiratory chain
activity, and measurement of the levels of lipid peroxidation, catalase and glutathione.
Furthermore, the released Cu ions showed obvious genetic toxicity by interfering the replication of
nuc (species-specific) and 16SrRNA genes, but with no effect on the genome integrity. All of these
effects lead to the antibacterial effect of Ti6AI4V5Cu. Collectively, our work reconciles the
conflicting antibacterial mechanisms of Cu-bearing metallic materials or nanoparticles reported in
the literature, as well as highlight the potential use of Ti6AI4V5Cu alloys in inhibiting bacterial
infections.
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1. Introduction

Titanium (Ti) and its alloys are widely used in clinics as the preferred metallic materials in
the form of human surgical implants, such as the dental implants, bone trauma repair
materials and joint prosthesis. [2-3] However, Ti alloys tend to be highly susceptible to
bacterial adhesion and infection because of compromised host defense. [4 51 With sterile
operation and perioperative antibiotic defenses, the risk of infection after internal fixation
ranges between 0.4% and 16.1% depending on the extent of fracture. [6] To be more precise,
the infection rates of periprosthetic joint infections (PJls) are 0.5-2%, [71 2-9% [8] and 0.3—
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1.7% (9] after total joint replacement of the knee, hip and ankle, respectively. Staphylococcus
aureus (S.aureus) is one of the most frequent microorganisms causing implant infections,

and implant associated infection is considered to be the most serious complications of
prosthetic implants. Such infection sometimes results in long-term hospitalization, revision
surgeries, and even definitive failure of the implants. [19] Even more, the emergence of drug-
resistant bacteria caused by antibiotics abuse brings more obstacles for the treatment of
implant associated infections. More seriously, once these infections associated with metal
implants occur, implant removals cannot be avoided. Hence, there is a pressing need in the
development of antibacterial metallic implant materials. [11]

Several metal ions, like silver (Ag), zinc (Zn), and copper (Cu), have been described as a
potent antibacterial agent with a very broad spectrum against numerous bacteria. [12: 131
Compared with Ag and Zn, Cu is an essential element of several enzymes and a
metabolizable agent. Furthermore, Cu represents a more promising metal ion to be included
in antibacterial metallic implants because of its lower toxicity and higher

biocompatibility. [14] Therefore, Cu was employed as the antibacterial agent in the alloys in
this study. Previously, we fabricated Cu-bearing medical Ti6Al4V alloys (Ti6Al4V5Cu) and
discovered their antibacterial effect for two types of bacteria including Escherichia coli
(E.coli: Gram-negative) and S.aureus (Gram-positive). [1°] However, we do not know their
antibacterial mechanism. We hypothesize that it is the Cu ions released from the alloys that
resulted in their antibacterial property. The antibacterial mechanisms of Cu ions have not
been elucidated up to date and the molecular mode remains controversial. [16. 171 For
example, Santo et a/ suggested that the metallic Cu was not genotoxic and did not kill
bacteria via DNA damage, however, bacterial membranes were was damaged. [18] Keevil
and coworkers reported that DNA inside Cu-exposed S.aureus cells was degraded causing
cell death. Yet, only little negative effect on cytoplasmic membrane integrity was

observed. [191 Hence, we made an attempt to clarify the antibacterial mechanism of Cu ions
released from the Ti6AlI4V5Cu alloy in this study.

Specifically, in this study we aim to investigate the mechanism of Cu-releasing Ti6Al4V5Cu
alloys against S.aureus with a focus on cellular respiration and DNA damage of the bacteria
when the bacteria are in contact with experimental samples. We found that the antibacterial
activity of Ti6Al4V5Cu alloys was exerted via the destruction of bacterial cell integrity, the
production of ROS and genotoxicity (Figure 1), which were all confirmed by a variety of
biological assays carried out in this study. This study will also lay foundation for the
application of Cu-bearing titanium alloys as a new type of antibacterial orthopedic implants.

2.1. Characterization studies

Microstructures of Ti6Al4V and Ti6Al4V5Cu alloys were shown in Figure 2A and 2B,
respectively. Metallurgical structures of annealed Ti6AlI4V5Cu alloys exhibited the typical
biphasic microstructure, which was similar to that of Ti6AI4V alloys. Both Ti6Al4V and
Ti6Al4V5Cu alloys were found to show equiaxed a phase uniformly distributed in the
matrix of B phase. XRD patterns of Ti6Al4V and Ti-6Al4V5Cu alloys (Figure 2C) indicated
that the two profiles were similar and the reflection peaks belonging to a and g phase could
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be indexed. However, unlike Ti6Al4V alloys, there are two reflection peaks at around 44°
and 52.8° in the profile of Ti6Al4V5Cu alloys, which can be identified as (110) and (006) of
intermetallic Ti,Cu phase.

Figure 3 displayed the cumulative concentration of Cu ions released from Ti6Al4V5Cu
alloys and the average release rate. The data indicated that the Cu ions were continuously
released from Ti6Al4V5Cu alloys in saline and the accumulated concentration was increased
with time in 24 h, but not in a linear trend. At the beginning, the Cu ions kept a high
releasing rate, however, the rate slowed down with time.

2.2. Antibacterial effect

The viable/inviable bacteria after co-cultured with Ti6Al4V or Ti6Al4V5Cu samples for 6 h,
12 h and 24 h were determined by the Live/Dead staining method. Green fluorescent SYTO9
was able to enter viable cells and used for assessing live cell counts, whereas red fluorescent
propidium iodide (PI) enters only cells with damaged cytoplasmic membranes. Therefore,
the viable and nonviable cells can be distinguished under the fluorescence microscope. Our
fluorescence microscopic images (Figure 4) showed that bacterial cells of Ti6Al4V group
were intensely stained with SYTO9 and produced green fluorescence, whereas the
Ti6Al4V5Cu group was found to be PI positive and produced red fluorescence during the
process of co-culture, demonstrating that Ti6Al4V5Cu showed strong antibacterial abilities
against S.aureus. With the extension of incubation time, the antibacterial role of
Ti6Al4V5Cu was boosted and peaked at 24 h. Previous study also indicated that the Live/
Dead staining kit allowed rapid evaluation of the integrity of cell membranes.[20] Therefore,
our results also suggested that bacteria cells of Ti6AI4V5Cu group may lose their plasma
membrane integrity during the process of co-culture.

2.3. Effect of Ti6AI4V5Cu on the membrane leakage of proteins and reducing sugars

Figure 5A revealed that Ti6Al4V5Cu could enhance the membrane leakage of proteins.
Initially, almost no proteins were detected due to the leakage from bacterial cells in blank
control group at 6 h, and the differences between Ti6Al4\V5Cu group and Ti6Al4V or blank
control group were not significant. The leakage amount of proteins from bacterial cells co-
cultured with Ti6Al4V5Cu increased significantly (p < 0.01) comparing to those in control
and Ti6Al4V group. The leakage amount from Ti6Al4V5Cu samples reached 0.22 ng/mL
and 0.56 ng/mL at 12 h and 24 h, respectively. Similarly, Ti6AI4V5Cu also elevated the
leakage of reducing sugars through the membrane of S.aureus (Figure 5B). The leakage of
reducing sugars in S.aureus treated with Ti6AI4V5Cu for 24 h reached 0.169 mg/mL, which
was 97+8.02 % more than the blank control group. No significant differences were identified
between the Ti6Al4V group and blank control group. These results showed that
Ti6Al4V5Cu accelerated the leakage of the proteins and reducing sugars from bacterial
cytoplasm, suggesting that the Cu-bearing titanium alloys could apparently enhance the
permeability of membrane.

2.4. Oxidative stress markers

2.4.1. ROS generation—Figure 6A shows the quantification of ROS production through
2’7’ -dichlorofluorescin (DCF) fluorescence intensities after bacteria were co-cultured with
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Ti6Al4V or Ti6Al4V5Cu samples. No significant change was observed in the probe
fluorescence emission from either the adherent bacteria or the suspended bacteria in
Ti6Al4V group. On the contrary, the percentage of quantified fluorescence produced as an
indicator free radical formation in Ti6AI4V5Cu group was slightly increased, and became
more evident with longer exposure times. Besides, the microscopic images of DCF
fluorescence in Figure 6B showed noticeable increase in the fluorescence of the ROS
generating bacterial cells in the Ti6Al4V5Cu group.

2.4.2. Respiratory chain dehydrogenases activity—The effects of Cu-bearing
titanium alloy samples on respiratory chain dehydrogenases of S.aureus were shown in
Figure 7A. The activity of respiratory chain dehydrogenases in the blank control group
increased with the extension of incubation time. The differences between Ti6Al4V group
and blank control group were not significant and the activity had nearly no change in the
negative control group. However, the enzymatic activity of S.aureus treated with
Ti6Al4V5Cu fell down rapidly with the increase of cultivation time and reached the lowest
level at 24 h. These results indicated that the respiratory chain dehydrogenases activity of
S.aureuswas inhibited by Ti6AI4V5Cu samples.

2.4.3. Catalase (CAT) activity—Significant reduction of the CAT activity was observed
in the Ti6AI4V5Cu group at 12 h and 24 h compared with Ti6Al4V group and blank control
group (Figure 7B, p < 0.01), suggesting that the Ti6Al4V5Cu group could inhibit the CAT
activity of S.aureus. The highest inhibitory rate of the Ti6Al4V5Cu group (59£5.12 %) was
reached at 24 h. However, the differences between the Ti6Al4V group and blank control
group were no significant.

2.4.4 Glutathione (GSH) levels—GSH levels were compared between S.aureus co-
cultured with Ti6AI4V5Cu, Ti6Al4V and blank control group. As shown in Figure 7C, the
GSH level of Ti6AlI4V5Cu group exhibited a slight downward trend, and was significantly
lower than the Ti6Al4V group and blank control group at 12 h and 24 h (p < 0.01). However,
there were no significant differences between the Ti6Al4V group and blank control group
during the period of incubation, suggesting that an increased level of Cu ions could
significantly reduce the GSH level of S.aureus.

2.4.5. Lipid peroxidation (LPO) levels—The levels of LPO serve as another reliable
indicator of oxidative stress. Figure 7D showed that the Ti6Al4V5Cu group caused a time-
dependent increase in LPO levels, and the highest level was reached at 24 h. However, no
significant alteration of LPO levels was seen in the Ti6Al4V and blank control groups.

2.5 Genotoxicity study

The genome DNA image of agarose gel electrophoresis shown in Figure 8A displayed that
the bacterial genome bands were intact. There was no dispersed distribution from the front
of electrophoresis strap for the DNA of S.aureus for both the control Ti6AI4V and the
antibacterial Ti6AI4V5Cu samples, indicating that antibacterial titanium alloys led to
bactericidal effect not through the damage of genomic integrity.
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Additionally, ethidium bromide monoazide (EMA) selectively enters the membrane-
compromised cells and binds to cellular DNA, which subsequently inhibits polymerase
chain reaction (PCR) amplification of the DNA. The reduction in PCR amplification could
be used as an indicator of cell membrane leakage.[22-24] To assess the membrane integrity
and understand the molecular basis of Ti6Al4V5Cu action against S.aureus, a set of S.aureus
genes involved in the general and toxin production were selected and EMA-PCR was
performed in the gene expression study. Figure 8B showed that the expression level of
housekeeping gene (16srRNA) was not significantly up or down-regulated regardless of the
cultivation time, while the expression of nuc genes was increased along with the culture time
extension both in blank control group and Ti6AI4V group. However, the levels of 16STRNA
and nuc gene expression in the bacteria co-cultured with Ti6AI4V5Cu samples decreased
constantly within 24 h, and reached the lowest level at 24 h. These results obviously revealed
that the Ti6AI4V5Cu samples and the released Cu ions could suppress the gene replication
of S.aureus.

3. Discussion

Ti6Al4V is one of the most commonly used biomaterials for endosseous implants in
orthopaedic applications owing to its mechanical properties and biocompatibility. Despite
these advantages, a serious post-operative problem leading to the failure of implants is the
appearance of implant associated infections. Because systemic antibiotics do not often
provide effective treatment for infection, bactericidal or bacteriostatic modifications such as
surface treatments have been used to prevent bacterial colonization. [25: 261 However, the
problem of the falling off of the antibacterial coating cannot be avoided during long-time
sustained antibacterial function. In our previous study, [1> 271 a novel class of Cu-bearing
titanium alloys, Ti6Al4V5Cu biomaterials with self-antibacterial function, had been
successfully designed and fabricated. We found that this Cu-bearing titanium alloy showed
not only intense bactericidal effect, but also good cyto-compatibility with the same level of
biomedical Ti6Al4V alloy, suggesting its potential application in clinics.

Cu is a metal ion with well-known antibacterial activities against a broad spectrum of
bacteria with a low incidence of resistance. /n vitro studies have been carried out to
investigate the antibacterial effects of Cu ions from metallic copper surfacel?8] and Cu-
containing nanoparticles. [12] Although many studies have reported the bactericidal
mechanism of antibacterial nanomaterials and copolymers in the past few years, [29-31 there
have been very few reports about comprehensive mechanisms of the antibacterial effect of
Cu ions. In the present study, Ti6AlI4V5Cu with antibacterial activity was used to understand
the antibacterial mechanism. Staining-based methods had shown that bacteria attached to the
alloys present a significant loss of viability progressively, reaching its maximum damage
after 24 h of contact (Figure 4), which further demonstrated the bactericidal effect of
Ti6Al4V5Cu alloys against the S.aureus. These results were consistent with other different
methodologies based on the evaluating of the colony-forming units (CFU) in our earlier
study.[15] Ti6AI4V5Cu also apparently accelerated the leakage of membrane, favoring the
subsequent leakage of proteins and reducing sugars from bacterial cytoplasm (Figure 5).
Hence, it could be conferred that our Cu-bearing alloys would disturb the permeability of the
membrane, which was an important factor for antibacterial function. Since the initial time
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after implantation is crucial for suppressing the formation of biofilms, the reduction of
bacteria viability and destruction of bacteria integrity on Ti6Al4V5Cu alloys within 24 h
represented a valuable finding in the effort to minimizing the infectious incidences.

Oxygen is essential for aerobic organisms to respire or obtain energy from nutrients, but is
also a precursor to ROS, such as superoxide anion radical (O27), hydrogen peroxide (H205),
and the highly reactive hydroxyl radicals (-OH). These highly reactive species react with
biologically important molecules such as lipids, proteins and nucleic acids, eventually
resulting in the oxidative damage or even the death of organisms. [32] Previous reports have
pointed out that the generation of intracellular ROS was considered as one of the important
factors for the antibacterial activity of silver nanoparticles. 33341 2* 7°- ichlorofluorescin-
diacetate (DCFH-DA) probe, which can be oxidized into highly fluorescent DCF by
intracellular ROS, was used to indicate the ROS concentration of bacteria on different
material samples in our studies. Figure 6 revealed a significant increasing trend of
fluorescence intensity produced as an indicator of free radical formation in Ti6Al4V5Cu
group compared to the blank control group after 6 h (p < 0.01). Such trend was similar with
previous studies on Cu-containing nanoparticles, [35: 361 and became more evident with
longer exposure times. These free radicals caused lipid peroxidation damage of cell
membrane afterwards, which decreased the fluidity of membrane. Then, the membranous
properties and membrane-bound proteins were disrupted continuously. 321 Hence, it can be
concluded that the higher amount of cellular ROS, some of which was produced within the
cells, was associated with the destruction of the cellular structure of bacteria, as well as the
antibacterial effects. Most of the ROS products were derived from the catalysis by several
membrane associated respiratory chain enzymes such as nicotinamide adenine dinucleotide
(NADH) dehydrogenase in bacteria. 371 Living organisms are able to build balance
mechanisms to normally maintain ROS at certain steady levels and protect themselves
against oxidative stress, [38 including some enzymes such as CAT. To investigate the major
key points in the process of ROS generation in S.aureus under the treatment of different
materials, the activity of respiratory chain was detected herein. Our results showed that the
activity levels of respiratory chain dehydrogenases (Figure 7A) and CAT (Figure 7B) were
all inhibited by Ti6Al4V5Cu alloys. In addition, GSH acts directly as a scavenger of ROS
and protects cells from oxidative stress through its ability to bind to and reduce ROS. [39]
Our results showed that Ti6AI4V5Cu decreased the GSH levels significantly, and both the
disruption of catalytic process and GSH levels could lead to the generation of ROS. This
may be due to the interaction between Cu ions released from the alloys and the specific site
of enzymes on the respiratory chains. [40]

DNA is also a main target of ROS. [41] However, genotoxicity caused by metallic Cu is
controversial, especially in Staphylococci. Quaranta and coworkers clearly reported that
metallic Cu did not cause mutation damage to the DNA but membrane damage of
Staphylococcus haemolyticus (28], In contrast, Weaver et al supported that the exposure to
copper surfaces rapidly killed S.aureus by damaging genomic DNA. [42] In spite of this, the
molecular mode-of-action of copper interaction with genomic DNA of bacteria has not been
fully understood. We performed the integrity detection of cellular genomic DNA with
agarose gel electrophoresis. Although Figure 8A showed that our Ti6Al4V5Cu alloys had no
obvious effect on the genome integrity, we further confirmed the genotoxicity through
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EMA-PCR method. A number of staphylococcal genes such as 16SrRNA and nuc had been
used for specific detection and identification from mixed clinical samples. [43] 16SrRNA was
adopted in this study not only because it is a universal target gene conserved among species
of bacteria, enabling the identification of the bacteria to species level, but also because
rRNA was more stable than mRNA. [44] The nuc gene, which encoded an extracellular
thermostable nuclease, have been used to distinguish S.aureus from other Staphlococcus
species. [35] The EMA-PCR results (Figure 8B,C) showed that both the relative expression
level of 16SrRNA and nuc gene in S.aureus co-cultured with Ti6AI4V5Cu decreased in a
time-dependent manner, and reached the minimum expression at 24 h. These results revealed
that Cu ions could result in genotoxicity by disturbing gene replication of S.aureus. To the
best of our knowledge, this is the first study highlighting the important role of Cu ions in
disturbing gene replication. Furthermore, EMA selectively entered membrane-compromised
bacteria and bound cellular DNA, which subsequently inhibited PCR amplification of

DNA. [45. 48] Hence, the reduction of PCR amplification could also serve as an indicator of
cell membrane damage in our experiment.

Taken together, our results indicate that the action model of Ti6Al4V5Cu alloy may be
described as follows (Figure 1). First, Cu ions damaged the permeability of outer membrane
of the bacteria, resulting in the leakage of cellular materials such as proteins and sugars.
Then, Cu ions inactivate the activity of respiratory chains, thus inhibiting cell respiration,
producing high level of ROS and suppressing the growth of bacteria. Simultaneously,
Ti6Al4V5Cu alloy also causes obvious genetic toxicity by influencing gene replication
efficiency. Our work confirms that Ti6Al4V5Cu alloy has unique superiorities over the
current materials used for orthopedics due to its excellent antibacterial property.

Our results confirm that Ti6AI4V5Cu alloys outperform the traditional titanium-based
orthopedic materials in terms of maintaining the integrated and sustainable antibacterial
activity, in addition to their known excellent wearing resistance, strong biomechanical and
fine biocompatibility properties. [47 48] Hence, such biomaterials are especially suitable for
use in treating the contaminated wound or cancer. They can decrease the chances of
infection in internal fixation, reduce the cost of treatment for outpatients, and then improve
the clinical therapy efficacy. Therefore, Ti6Al4V5Cu can minimize the risk of hospital
acquired infection and find significant potential clinical applications as surgical implant
materials.

4. Conclusions

In summary, Ti6AI4V5Cu alloy was used to understand the antibacterial mechanism of Cu-
bearing materials. Characterization of the Ti6Al4V5Cu alloy indicated that the release of Cu
ions was continuous from Ti6Al4V5Cu alloy in saline, leading to an increase in the
accumulated concentration in 24 h. Therefore, we considered that it was these Cu ions
released in the early stage that played the antibacterial role. Excellent bactericidal activity
was observed against S.aureus in contact with Ti6Al4V5Cu. The morphology of S.aureus
was changed, mainly due to the leakage of membranes, which further resulted in the leakage
of the cellular contents such as sugars and proteins in bacteria during the co-culture of the
alloys and the bacteria. The mechanisms of antibacterial action were primarily in two folds.
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Firstly, the activity of respiratory chains was disrupted by Cu ions, generating an increased
amount of ROS subsequently. Secondly, the genome integrity was not obviously damaged
after contacting with Cu-bearing alloy, but the process of gene replication was disturbed
remarkably by the released Cu ions.

5. Experimental Section

Sample preparation and material characterization

Samples were prepared by machining commercial medical grade Ti6Al4V alloys rod into
plates of @ 15mm x 2mm in dimension. In order to obtain antibacterial properties,
Ti6Al4V5Cu alloys were manufactured with the addition of high-purity oxygen free copper
blocks (99.99%). The Ti6Al4V alloys without Cu served as a control in this study. Before
testing, all samples were ground with SiC sand paper up to 2000 grids and sterilized
completely (121 °C, 20 min). Microstructures were examined under an Axiovert 200 MAT
optical microscope (OM). The samples for OM observations were prepared using the
conventional metallographic procedure including grinding, mechanical polishing and then
chemical etching in a solution of 13 mL HF, 26 mL HNO3 and 100 mL H,0. The phase
compositions were determined by the 26/6 coupling method of XRD analysis using a Cu-
Ka irradiation at an accelerating voltage of 40 kV and a current of 40 mA. The
concentration of Cu ions released from Ti6Al4V5Cu alloys was measured by an inductively
coupled plasma emission spectrometer (Thermo Scientific, iICAP Q). The samples were
immersed in normal saline (2.86 cm2/mL) at 37 °C according to 1SO Standard
10993-12:2002 and 10993-15:2000. An average of three measurements was taken for each
group.

Bacterial culture and antibacterial test

S.aureus (ATCC25923) used in the present study was cultured overnight in sterilized Luria-
Bertani (LB) broth (1% w/v Tryptone, 0.5% w/v Yeast extract, 0.5%w/v NaCl, pH = 7.0
~7.2) in a shaking incubator at 37 °C. Bacterial concentration was determined by measuring
the optical density at 600 nm (ODggg) using a micro-absorbance reader and considering that
0.1 ODggg equals to 108 colony-forming units (cfu/mL). Then, serial dilution of the bacteria
was performed in lysogeny broth (LB) medium to achieve a final bacterial suspension of 1 x
10° cfu/mL. Ti6AI4V5Cu and the control sample discs with size of ® 15mm x 2mm were
placed in 24-well plates and 1 mL bacterial suspension was dropped onto each experiment
sample. The samples were then incubated at 37 °C for 6, 12, and 24 h. After co-culturing
with the samples, the above bacterial suspensions were eliminated and the live and dead
bacteria adhered on the samples were doubly stained with SYTO9 (5 uM, green
fluorescence) and PI (30 uM, red fluorescence) at 37 °C for 15 min, respectively, and then
visualized under the fluorescence microscope (LEICA, DM IRB). The images were acquired
from random positions on the sample discs.

Leakage of reducing sugars and protein from S.aureus

The leakage of proteins and reducing sugars through membranes in S.aureus were detected
according to previous methods reported by Miller er af4%1 and Brown er a/[5%] respectively.
Similar to the antibacterial test, the sample discs were co-cultured with bacterial suspension
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at 37 °C for 6, 12, and 24 h. 1 mL co-culture supernatant was then harvested by
centrifugation and the precipitate was removed, and then the supernatant extract was frozen
at —20 °C immediately. The concentrations of proteins and reducing sugars were determined
by bicinchoninic acid (BCA) protein assay kit and dinitrosalicylic acid reagent, respectively.
Each experiment was performed in triplicate.

ROS generation

As an oxidation-sensitive fluorescent probe, 2’,7°- ichlorofluorescin-diacetate (DCFH-DA)
was used to identify the existence of the overall ROS levels inside the bacterial cells. This
non-fluorescent compound DCFH-DA can be oxidized by cellular oxidants into the highly
fluorescent compound 2’7°-dichlorofluorescin (DCF).[51 S.aureus strains were prepared and
co-cultured with the sample discs at three different time-points as described above for the
antibacterial tests. For staining of adherent bacteria on the samples, the discs were removed
and gently washed three times with phosphate-buffered saline (PBS). Subsequently, discs
were stained in a new 24-well plate with 500 uL. DCFH-DA (10 uM) at 37 °C for 30 min and
then photographed with a fluorescence microscope. Moreover, for the measurement of ROS
level in the suspended bacteria co-cultured with the materials, bacteria solutions were
collected and stained with a diluted stock solution of DCFH-DA (10 pM) at 37°C for 30
min. Finally, the fluorescence intensities of the supernatant were detected by means of a
Synergy 2 multi-mode microplate reader (BioTek) with an excitation wavelength of 488 nm
and emission wavelength of 535 nm.[52]

Respiratory chain dehydrogenases activity

Since colorless lodonitrotetrazolium chloride (INT) can be catalyzed into dark-red iodo-
nitrotetrazolium formazan (INF) by cellular respiratory chain dehydrogenase, the respiratory
chain dehydrogenase activity of S.aureus was determined by measuring the formation of
formazan through spectrophotometric value.[53: 541 S.aureus strains were co-cultured with
the sample discs for 6, 12 and 24 h, and then 500 pL INT solution (0.5% w/v) was added
and incubated at 37 °C in dark for 2 h. Finally, the activity of respiratory chain
dehydrogenases was calculated according to the OD value of INF at 490 nm. S.aureus cells
boiled for 20 min to inactivate the enzyme activity served as a negative control, whereas
bacterial cells of blank control group served as a positive control.

Catalase (CAT) activity

CAT is a key antioxidant enzyme in the organism defenses against oxidative stress. The CAT
activities in the suspensions of bacterial cells cultured with experiment samples were
assayed using CAT assay kit (Nanjing Jiancheng Bioengineering Institute) according to the
manufacturer’s instructions. The absorbance at 405 nm was quantitated by a
spectrophotometer (Thermo), and the decomposition of 1 pmol H,O, every second was
defined as one unit of activity (U). Data were expressed as U/mL.

Glutathione (GSH) levels

GSH is another antioxidant protecting cells from free radicals. The GSH activities in
bacterial cell suspensions were measured using GSH assay kit (Nanjing Jiancheng
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Bioengineering Institute, China) following the protocol provided by the manufacturer. The
colorimetric method was used and the absorbance at 420 nm was measured using a
spectrophotometer (Thermo). Data were expressed as mg GSH/mL.

Lipid peroxidation (LPO) levels

LPO is a typical consequence of oxidative stress leading to further cell damages. The
experimental setup for LPO level measurement in bacterial cell suspensions was similar to
that for the CAT and GSH. The levels were measured in the form of thiobarbituric acid
reactive substance (TBARS) by using lipid peroxidation assay kit (Nanjing Jiancheng
Bioengineering Institute) according to the manufacturer’s instructions. The absorbance at
532 nm was collected by a spectrophotometer (Thermo). Data were expressed as nmol
TBARS/mg protein.

Genome integrity determination

After incubation with different sample discs for 24 h, the co-culture supernatants were
collected and subjected to genome DNA extraction using a Bacteria DNA kit (TIANGEN)
according to the manufacturer’s instructions. Then, the genome integrity was checked by
means of agarose gel electrophoresis, followed by staining with ethidium bromide and
visualization through gel imaging analysis system (Bio-rad).[21]

EMA-PCR assay

An improved method using ethidium bromide monoazide (EMA, sigma, USA) in
combination with PCR has been developed to detect and differentiate viable and dead
bacteria. [°] The EMA selectively penetrates into injured or dead cells with compromised
cell membrane/wall systems and binds to DNA molecules, which inhibits PCR amplification
of the DNA from dead cells. [8] The present study was designed to optimize EMA-PCR
methodology and monitor the behavior of target bacteria. In brief, bacterial cells in the co-
culture supernatant was treated with 20 mg/mL EMA in the dark for 5 min and subsequently
exposed to a 600 W halogen light for 1 min. Then, the nuc (S.aureus) and 16SrRNA gene
was selected as target genes for PCR detection in these bacterial cells. The primers used in
the experiments were listed as follows: nuc. F, 5’-TGTC TCGATTGATATC GCAACG-3’
and R, 5’-GATCTAAAAATTATAAAAGTGCCACTAG-3’; 16srDNA: F, 5’-
AGATTTATCCTGG CTCAG-3’ and R, 5’-GGTTACCTTGTTACGACTT-3".

Data analysis and statistical analysis

Data were analyzed by SPSS 13.0. Statistical comparisons among groups were evaluated by
One-way ANOVA and Post Hoc multiple comparison LSD. The results were presented as
means + standard deviation (SD). A p-value less than 0.05 and 0.01 was considered
statistically significant and highly significant, respectively.
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Figurel.

Schematic illustration of the general idea for this study and the possible anti-bacterial
mechanisms on the surface of Ti6AI4V5Cu implants. Ti6Al4V5Cu releases Cu ions. The
released Cu ions (1) accumulate in the cell membrane affecting membrane permeability; (2)
disrupt the activity of respiratory chain; (3) enter bacterial cells to generate ROS; and (4)

disturb the gene replication of S.aureus
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Figure 2.
Microstructures (A, B) and XRD patterns (C) of Ti6Al4V and Ti6AlI4V5Cu alloys. (B)

exhibited metallurgical structures of the annealed Ti6Al4V5Cu alloys, showing that
equiaxed a phase (indicated by the red arrow) was distributed in the matrix of p phase. The
typical biphasic microstructure of Ti6AI4V5Cu alloys (B) was similar to that of Ti6AI4V
alloys (A). (C) exhibited the XRD patterns of Ti6Al4V5Cu and Ti6Al4V alloys. The two
profiles were similar and reflection peaks belonging to a and p phase could be clearly
indexed. However, an intermetallic phase Ti2Cu was found apparently in the matrix of
Ti6Al4V5Cu alloy compared to Ti6Al4V alloy.
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Figure 3.
Cumulative concentration of Cu ions released from Ti6Al4V5Cu alloys and the average

release rates. The data indicated that the release of Cu ions was continuous from
Ti6Al4V5Cu alloy in saline and the accumulated concentration was increased with time in
24 h, but not in a linear trend. At the beginning, Cu ions kept a high releasing rate, however,
the rate slowed down with time. It was these Cu ions released in the early stage that played
the antibacterial role.

Adv Healthc Mater. Author manuscript; available in PMC 2017 March 09.

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

The average release rate of Cuion



1duosnuen Joyiny 1duosnuen Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal. Page 17

Ti6Al4V Ti6AI4V5Cu

-
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Figure 4.
The role of Ti6AI4V5Cu in inhibiting the viability of S.aureus. The live/dead bacterial cells

were stained at 6 h, 12 h and 24 h by LIVE/DEAD Baclight assay, and representative images
after cell staining were observed by fluorescence microscopy. Live cells were dyed by
SYTO9 and showed green fluorescence, whereas dead cells were dyed by Pl and showed red
fluorescence. The number of live bacteria in Ti6Al4V group with green fluorescence
increased significantly in comparison to the Ti6Al4V5Cu group. However, numbers of live
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cells decreased remarkably in Ti6Al4V5Cu group, almost all bacteria died (red
fluorescence) at 24 h.
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Effects of Ti6Al4V5Cu on the membrane leakage of proteins and reducing sugars. (A)
Leakage of proteins from S.aureus treated with Ti6Al4V5Cu using BCA assay. The leakage
amount of proteins was increased obviously after 12 h co-culturing (p < 0.01). (B) Leakage
of reducing sugars from S.aureus co-cultured with Ti6AlI4V5Cu. The highest amount of
leakage was reached on 24 h, at a level of 97+£8.02 % more than the blank control group (p <
0.01). All data represent the mean + standard deviation of three independent experiments. *:
compared to the blank control group, #: compared to the Ti6AI4V group. One symbol, p <

0.05; Two symbols, p < 0.01.
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Figure 6.

1

6 12 24

The role of Ti6AI4V5Cu in ROS generation of S.aureus. (A) Representative micro-
photographs of Ti6Al4V5Cu-induced ROS generation in S.aureus adhered on samples. ROS
was studied using 2,7-DCFH-DA dye, and images were snapped under fluorescence
microscope. The increasing fluorescence value indicated that continuous Cu ions released
from Ti6Al4V5Cu accelerated the oxidative damage to S.aureus. (B) ROS fluorescence
intensities in the suspended bacteria co-cultured with Ti6Al4V5Cu. ROS generation induced
by Cu ions from Ti6Al4V5Cu was elevated remarkably and significantly higher than that
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from the blank control group and Ti6AI4V group (p < 0.01). All data represent the mean +
standard deviation of three independent experiments. *: compared to the blank control
group, #: compared to the Ti6Al4V group. One symbol, p < 0.05; Two symbols, p < 0.01
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Effects of Ti6AI4V5Cu on the oxidative stress markers in S.aureus. (A) Activity of
respiratory chain dehydrogenases analyzed by catalytic reaction using INT reagent. (B)
Activity of catalase (CAT) measured by CAT activity kit. Both the two enzyme activity was
inhibited in S.aureus treated with Ti6AI4V5Cu obviously with the extension of the culture
tim, and reached the lowest level at 24 h. (C) Glutathione (GSH) levels were reduced and
(D) Lipid peroxidation (LPO) levels were enhanced significantly in comparison to blank
control and Ti6Al4V group (p < 0.01). All data represent the mean + standard deviation of
three independent experiments. *: compared to the blank control group, #: compared to the
Ti6Al4V group. One symbol, p < 0.05; Two symbols, p < 0.01.
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Effects of Ti6Al4V5Cu on the genotoxicity in S.aureus. (A) Determination of genomic

integrity in S.aureus at 24 h. The image of genome DNA obtained by agarose gel

electrophoresis and ethidium bromide staining indicated that there were no damages of
genomic integrity. Lane M, 1.5 kb DNA ladder; Lanel, Blank control group; Lane 2,
Ti6Al4V group; Lane 3, Ti6Al4V5Cu group. (B) Detection of 16srRNA and (C) nuc
expression in S.aureus using EMA-PCR method. 16SrRNA and nuc gene expression levels

of the bacteria co-cultured with Ti6Al4V5Cu samples decreased constantly within 24 h, and
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reached the lowest level on 24 h. Lane M, 2000bp DNA ladder; Lanel, 4, 7, Blank control
group at 6 h, 12 h and 24 h, respectively; Lane 2, 5, 8, Ti6Al4V group at 6 h, 12 h and 24 h,
respectively; Lane 3, 6, 9, Ti6AI4V5Cu group at 6 h, 12 h and 24 h, respectively. Error bars
represent standard deviations of the average. All data represent the mean =+ standard
deviation of three independent experiments. *: compared to the blank control group, #:
compared to the Ti6Al4V group. One symbol, p < 0.05; Two symbols, p < 0.01.

Adv Healthc Mater. Author manuscript; available in PMC 2017 March 09.



	Abstract
	1. Introduction
	2. Results
	2.1. Characterization studies
	2.2. Antibacterial effect
	2.3. Effect of Ti6Al4V5Cu on the membrane leakage of proteins and reducing sugars
	2.4. Oxidative stress markers
	2.4.1. ROS generation
	2.4.2. Respiratory chain dehydrogenases activity
	2.4.3. Catalase (CAT) activity
	2.4.4 Glutathione (GSH) levels
	2.4.5. Lipid peroxidation (LPO) levels

	2.5 Genotoxicity study

	3. Discussion
	4. Conclusions
	5. Experimental Section
	Sample preparation and material characterization
	Bacterial culture and antibacterial test
	Leakage of reducing sugars and protein from S.aureus
	ROS generation
	Respiratory chain dehydrogenases activity
	Catalase (CAT) activity
	Glutathione (GSH) levels
	Lipid peroxidation (LPO) levels
	Genome integrity determination
	EMA-PCR assay
	Data analysis and statistical analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

