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Abstract

Despite advancements in surgical care, the management of surgical site infections (SSIs) associated
with fracture-fixation devices is still a challenge after implant fixation, especially in open fractures.
Staphylococcus aureus (S. aureus) is a common pathogen of SSIs and contaminates by penetrating the
trauma itself (preoperatively) or during insertion of the fixation device (intraoperatively). A unique
technology was developed to address this issue, consisting of an antibacterial surface obtained after
depositing copper on a porous titanium oxide surface. This study aims to characterize and evaluate
the in vitro bactericidal effect of this surface against S. aureus. Furthermore, the topography, elemental
composition and other physicochemical properties of the copper coating were determined. In vitro
assays have demonstrated a reduction of up to 5 logi in the bacteria colonization and additional
quantitative and qualitative methods further supported these observations. This study illustrates the
antibacterial efficacy and killing mechanisms of the surface, therefore proving its potential for
minimising infection progression post-implantation in clinical scenarios and bringing important
insights for the design of future in vivo evaluations.

Keywords: surgical site infection; copper; intramedullary nail; titanium implants; S. aureus;
antibacterial surfaces; metallic coatings

1. Introduction

Surgical site infections (SSIs) are one of the most challenging complications associated with
fracture and orthopaedic implants, especially in the case of open fractures, for which the infection
rate can range from 10% to 50% [1,2]. In the case of open tibia fractures, the incidence rate of SSIs
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varies from 5 to 30% [3-6]. SSIs can lead to delayed fracture healing, functional loss, amputation and
patient morbidity, and the hospitalisation length increases to more than 7-11 days [7,8]. Additionally,
fracture-related SSIs are associated with increased healthcare costs since treatments are up to 6.5
times more expensive for infected patients [9,10]. In the US, the financial burden of infected revisions
was estimated to be $1.62 billion in 2020 [11]. SSIs are therefore the most dominant driver for the total
healthcare costs related to the surgical treatment of tibial fractures [12,13].

Most SSIs are reported to be associated with Staphylococcus aureus (S. aureus). The prevalence of
these bacteria in SSIs has increased from 16.6% to 30.9% between 1992 and 2002 [14], reaching 37% in
community hospitals [15]. Peri-implant S. aureus infections are challenging to treat, and conventional
treatments require revision surgeries and long-term systemic antibiotic treatments. Current
approaches consist of surgically removing the infected tissue and administering antibiotics, typically
for 6-12 weeks [16-18]. Unlike other infections, implant-associated infections usually do not heal
spontaneously, and prolonged antibiotic therapy can lead to the development of antibiotic resistance
[19]. Antibiotic resistance is a growing concern as S. aureus tends to evolve into methicillin-resistant
S. aureus, for which the number of isolates has risen from 9.2% to 49.3% [14]. In addition, the
invasiveness and functional complications of surgical revisions have contributed to see antimicrobial
surfaces as an alternative therapy to circumvent the limitations associated with systematic antibiotic
treatments [20,21].

Antimicrobial surfaces for titanium (Ti) implants are used to fulfill two requirements: (1) prevent
infection and (2) enhance fracture repair [22]. Antibiotic-coated nails for orthopaedic trauma surgery
have been widely investigated [23-26] and enable the local release of drugs, resulting in bacterial
reduction and improvements in bone healing [27]. However, they do not address concerns related
to antibiotic resistance. Antiseptic coatings are presented as an alternative due to their broad-
spectrum antibacterial, antiviral, and antifungal properties [28-30]. For instance, fluoride-doped TiO2
coating on Ti implants [31], titanate-iodine coating [32] or iodine-coated Ti implants [33] exhibited
superior antimicrobial activity against various bacteria and fungi. However, antiseptic coatings can
interfere with the integration of the implant into surrounding tissue, cause allergic reactions [34], and
their effectiveness diminishes over time, adding complexity and cost [35]. Nanostructured surfaces
have also emerged as a key method for eradicating bacteria by controlling adhesion or friction, or
even by inducing structural damage and oxidative stress. These surfaces include a wide variety of
textures, such as nanoripples, nanopillars, nanotubes, nanowires, nanoprotrusions or nanoparticles
[36-38]. Nanostructured surfaces also include superhydrophobic surfaces, which deter bacterial
colonization due to their water-repellent nature [39]. However, their lack of durability and resistance
to corrosion limits their efficacy [40], and they fail to combine both efficiency and economic feasibility,
as the fabrication techniques are too expensive at a large scale [36].

Finally, seventeen metal elements are known today to have antimicrobial activity [41,42], with
silver (Ag), zinc (Zn), or copper (Cu) being the most used [43]. They possess a broad spectrum of
antibacterial properties that assist in the prevention of bacterial implant contamination, particularly
in surgical equipment [44]. Bactericidal mechanisms primarily consist of contact-killing, where
bacteria are killed upon contact with the metallic elements at the surface [45,46]. For instance, Ag-
coated Ti implants can significantly reduce bacterial contamination by disrupting the cell wall and
affecting cellular metabolism [45]. Zn and its oxide, ZnO, exhibit antimicrobial properties against a
wide array of microorganisms, including drug-resistant bacteria [47], and antiviral properties, as it
disrupts viral protease and RNA or DNA polymerase functions, alongside viral attachment [48].
However, Ag and Zn can be cytotoxic, inhibiting both cell growth and tissue healing around the
implant site [49,50]. In some cases, bacterial strains can develop resistance to Ag over time, reducing
its effectiveness in preventing infection [49].

Cu, the most widely used bactericidal metallic coating, is a trace element in the human body,
and therefore exhibits a high cytocompatibility and lower levels of toxicity, alleviating the limitations
previously mentioned [51,52]. Unlike other metals, Cu has a lower likelihood of developing resistance
to bacteria [51,53]. It is already employed in a variety of products, including door handles, handrails,
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and textiles, as well as in biomedical applications and healthcare settings, such as intrauterine
devices, bed linens, patient gowns, and wound dressings [54]. Indeed, Cu exhibits proficient contact-
killing and inhibits bacterial growth [51]. The release of Cu ions, specifically Cu* and Cu?, may cause
damage to the bacterial membrane, thereby decreasing cell invasion and triggering an oxidative
stress response that leads to lipid peroxidation, membrane disruption, protein impairment, and cell
death [41,52,53]. As a result, essential cellular components leak out, contributing to bacterial death
[52]. Additionally, Cu ions can penetrate the bacteria, causing DNA damage and disrupting vital
cellular processes such as replication and transcription [55]. Overall, the multifaceted antibacterial
mechanisms of Cu target various cellular components and processes, making it an effective
antimicrobial agent [52]. Cu alloys have proven effectiveness against a wide spectrum of pathogens,
rapidly eradicating 107 S. aureus cells per ml within 10 minutes, Acinetobacter within 240 minutes, or
E. coli within 350 minutes, therefore reducing the bacterial inoculum by a factor of 105 [43]. Other
studies on Cu coatings and Cu alloys have demonstrated significant in vitro reductions of S. aureus,
by factors ranging from 103 to 1010 after a few hours [53,56-58], with greater efficacy observed in
moist environments [56].

A novel electrochemical coating process was developed to deposit metallic Cu at the surface of
medical-grade Ti implants. Such a technology could have direct biomedical applications, such as
intramedullary nails with bactericidal coatings for bone fracture repairs. However, the evaluation of
the physico-chemical and antimicrobial properties has only just been initiated in recent work from
Giraldo-Osorno et al. [59]. We propose an extended characterization of the surface using additional
techniques, along with a reproduction of the in vitro antibacterial evaluation against S. aureus, but
with extra time points and higher concentrations. These additional data will be central for the design
of future in vivo evaluations. The hypothesis that the novel Cu coating on Ti is capable of rapidly
decreasing bacterial colonization on the implant surface over time in vitro after inoculation of the
strain, when compared to bare Ti, will be tested. If successful, the outcomes will pave the way for
future in vivo evaluations in large animal infection models and will accelerate the regulatory approval
of Cu-coated orthopaedic implants.

2. Methods
2.1. Materials

Discs made of Ti6Al4V alloy with a diameter of 12 mm and a height of 3 mm were manufactured
by Stryker Trauma GmbH, Schonkirchen, Germany. Control Ti discs were anodized, cleaned, sterile
packed, and gamma-sterilized at 25-50 kGy (control discs group, or C-D). Anodizing, as well as the
antibacterial coating, were developed and carried out by DOT GmbH (DOT GmbH, Rostock,
Germany). A porous Ti oxide (TiOz) layer was deposited according to the principle of anodic spark
discharge (Figure 1A), followed by the deposition of Cu into the pores by electrochemical methods
(Figure 1B-C). The excess of Cu and TiO: was removed through the glass bead blasting technique
(Figure 1D-E). The Cu-coated discs (Cu-D group) were then cleaned and sterile packed using gamma-
sterilization (25-50 kGy) for further experimentation. Final discs are displayed in Figure 1 F,
illustrating that a slight darker colour was observed on the Cu-D discs compared to the C-D discs.
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Figure 1. Schematic diagram of the fabrication process: A) A porous TiO: layer was formed. B-C) Cu was

deposited into the pores by electrochemical deposition. D-E) Glass bead blasting was used to remove the excess
Cu and friable TiO2. F) View of the C-D and Cu-D discs.

Finally, S. aureus subsp. aureus Rosenbach ATCC 6538 (ATCC® 6538-MINI-PACK™, ATCC,
Manassas, Virginia, USA) was used in this study.

2.1. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (SEM-EDS)

The microstructure of the three C-D and three Cu-D samples was analysed using SEM (MIRA3
FEG-SEM, TESCAN, Brno, Czech Republic). The samples did not receive additional metallic coating
since they are conductive materials. Plasma cleaning (Evactron® 25Z & Soft Clean, Zephyr, Sydney,
Australia) was performed for 5 minutes before imaging to remove impurities. High-resolution
images were captured at 5 kV voltage and 8 W/m? beam intensity in backscattered detector mode, at
a working distance of 8 mm. Image analysis was conducted with the software Image]
(https://imagej.net/ij/), employingbinary image analysis and colour histogram. The chemical
composition of the samples was investigated by EDS (Phenom XL G2 Desktop SEM, ThermoFisher
Scientific, Australia) immediately after imaging with the SEM. For this purpose, the SEM was
operated at a magnification of 1000X, with a voltage of 15 kV and a working distance of 10 mm, and
one sample per group was analysed in six different locations.

The bacterial morphology of S. aureus on two Cu-D and two C-D samples at different incubation
times (4h, 24h, 72h, details in section 2.9) was also observed using the SEM instrument, with the same
settings. For this purpose, after fixing the bacteria in 4% (v/v) paraformaldehyde (PFA) solution, the
samples were dehydrated using ethanol baths with progressively increasing concentrations (10 min
in 20 to 100% ethanol, increment of 10% each time). The samples were critical point dried and sputter-
coated with a 2 nm platinum conductive layer.

2.2. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

C-D and Cu-D samples were transferred and accurately weighed into 50 ml polypropylene
digestion tubes before the addition of 5 ml of a 1:1 HNOs:H20 mixture prepared from twice sub-
boiling distilled HNOs and deionized water. The samples and solutions were then briefly agitated on
an ultrasonic bath for 60 seconds before being placed on a graphite heating block set at 110°C for 45
minutes twice. Residual liquids were transferred into aliquots for analysis by ICP-OES using a
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combination of axial and radial viewing modes. This was achieved using an Optima 8300 ICP-OES
(Perkin Elmer, Waltham, Massachusetts, USA) fitted with an ESI SC-4DX autosampler and PrepFAST
2 sample handling unit for online internal standardisation, auto-dilution of samples and calibration
standards.

2.3. Xray Photoelectron Spectroscopy (XPS)

The elemental composition of the surface of three C-D and three Cu-D samples was analysed
using XPS (AXIS Ultra, Kratos Analytical, Manchester, UK). Initial survey spectra were obtained at a
pass energy of 160 eV to provide an overview of the surface elements. Subsequently, high-resolution
scans of specific elements (O 1s, C 1s, Ti 2p, Cu 2p, Al 2p, and Si 2p) were conducted at a pass energy
of 20 eV, allowing for a more detailed analysis of their chemical states and concentrations. Atomic
concentrations of the elements present on the surface were calculated from the survey spectra using
the CasaXPS software.

2.4. Profilometry

The surface roughness and micro-topography were examined by a profilometer (Dektak XTL,
Bruker, Billerica, Massachusetts, USA) which measures roughness parameters according to ISO
4287/2000 standards. R. (roughness calculated by arithmetical mean deviation) was calculated upon
acquisition of data for three C-D and three Cu—P samples following the formula:

1
R,=—2 7|
i=0

@)
where n denotes the number of data points within the sampling length and yi represents the
difference between the actual height at a specific data point and the mean height of the sampling
length.

2.5. Sessile Dynamic Contact Angle

The surface wettability was assessed using the sessile drop technique with a contact angle meter
(ThetaFlex Drop Shape Analyser, Biolin, Gothenburg, Sweden). The contact angle of the surface of
three C-D and three Cu-D samples was determined using 5 ul droplets of distilled water at room
temperature. The image of the water droplet spreading and retraction was captured for 10 seconds
after delivery. High-speed cameras and contact angle goniometers with video capturing capabilities
were used to record the dynamic behaviour. The images were used to automatically measure the
contact angle over time through the instrumental software.

2.6. Cu Release Profile

The assessment of the Cu release profile of the coating was adapted from a protocol by Giraldo-
Osorno et al. [59] who determined the release kinetics up to 7 days. In the present study, the Cu
release experiment was extended to 14 days. The Cu leaching behaviour of three Cu-D samples was
assessed in 1 ml of Dulbecco's modified Eagle medium with fetal bovine serum at 37°C to mimic the
body fluid. The Cu? release was measured using ICP-OES (Optima 8300, Perkin-Elmer, Waltham,
Massachusetts, USA) according to the ISO 10993-12 standard. At each time point, the media was
replaced and transferred into polypropylene digestion tubes along with a 1:1 HNOs:H20 mixture.
After ultrasonic agitation and heating at 110°C for 45 mins, followed by a subsequent 60-minute
heating with additional water, the samples were cooled, decanted, and transferred for analysis to
measure the cumulative Cu?" concentration to evaluate their release behaviour.

2.7. Optical Densitometry

In this study, the target bacterial concentration of 1-5 x 108 CFU/ml corresponded to an optical
density (ODew) of 0.06. S. aureus was grown overnight on Mueller-Hinton agar plates, then
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resuspended in Tryptone Soya Broth (TSB) and measured at 600 nm using a Beckman DU 800
Spectrophotometer (Beckman Coulter, Brea, USA). The actual bacterial concentration in the broth
was determined by serial dilution, as detailed in the next paragraph.

2.8. Antibacterial Activity Assay Measured by CFU Count

All CFU count analyses in this study were performed by the serial dilution technique. Serial
dilutions of each sample were plated on Mueller Hinton agar and incubated overnight. The count of
individual colonies was facilitated by imaging via ChemiDoc Imaging System (Bio-Rad, Hercules,
CA, USA).

For the antibacterial activity assay, a protocol was adapted from similar studies on different
surfaces [60-63], and from Giraldo-Osorno et al. [59], who evaluated the same Cu coating. Here, the
in vitro evaluation was extended by using an additional time point (72 hours) and a higher bacterial
inoculum. S. aureus bacteria were defrosted and streaked onto agar plates to produce fresh cultures
upon overnight incubation. To prepare a 0.5 McFarland standard suspension (corresponding to a
turbidity of 0.06 ODew value at 600 nm, equivalent to 1-5 x 108 CFU/ml), single S. aureus colonies from
the streak plate were suspended in TSB. ODsw measured the initial concentration at t =0h, and a more
accurate measurement of the number of CFU was performed later by the serial dilution technique. 1
ml of bacterial suspension was added to twenty-four C-D samples (positive control group) and
twenty-four Cu-D samples (experimental group), which were incubated at intervals of 4h, 24h, and
72h. In addition, twenty-four C-D samples received sterile TSB (negative control group) and were
incubated at the same intervals, to detect potential cross-contamination. At 4h and 24h, six discs of
each group (negative control, positive control, and experimental) were washed twice with 500 pl of
sterile PBS and subsequently sonicated twice for 15 minutes in 2 ml of sterile PBS to recover the
adhered bacteria. The CFU counting was achieved by serial dilution of the recovered bacterial
cultures on Mueller-Hinton agar plates, upon overnight incubation. The remaining discs (twelve for
each group) were incubated for 72h, but half of the discs had their media changed at 24h and 48h, to
eliminate the accumulation of Cu released from the Cu-D samples in the media, as well as to provide
fresh nutrients for bacterial growth. Table 1 summarises the different groups evaluated in this assay.
After 72h, the samples underwent the same protocol as the other time points (washed twice in 500 pl
of sterile PBS, sonicated twice for 15 minutes in 2 ml of sterile PBS and serially diluted and plated on
Mueller-Hinton agar).

Table 1. Groups and time points evaluated in the antibacterial assay.

Group Time points & media change
4h, 24h, 72h
. C-D sample No media change
Negative control No bacteria -

Media change at 24h and 48h
4h, 24h, 72h
No media change
72h
Media change at 24h and 48h
4h, 24h, 72h
No media change
72h
Media change at 24h and 48h

C-D sample
Positive control S. aureus,
1-5 x 108 CFU/ml

Cu-D sample
Experimental S. aureus,
1-5 x 108 CFU/ml

2.9. Presto Blue

Six samples each of C-D and Cu-D were placed into the wells of a 24-well plate. Each sample
was then inoculated with 1 ml of S. aureus suspension (1-5 x 108 CFU/ml) in Luria-Bertani (LB) broth
and incubated at 37°C for different time intervals (4h, 24h, 72h). After each time point, the respective
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C-D and Cu-D samples underwent a double PBS wash, followed by transfer to a new well plate. A
1X solution of Presto Blue reagent was diluted in LB broth (1:10 dilution) and 500 ul were added to
each C-D and Cu-D containing well and incubated at 37°C for 1h. Afterward, elutes were transferred
to a 96-well plate in triplicate, and fluorescence was quantified using a plate reader (excitation: 560
nm, emission: 590 nm). The remaining Presto Blue and LB broth solutions were discarded, and the
disc-containing wells were washed twice with LB broth before being refilled with fresh LB broth. The
plate was re-incubated at 37°C until the next time point. The procedure was repeated for each time
point.

2.10. Live - Dead Staining for Confocal Imaging

S. aureus stock solution was cultured in LB broth for 24 hours, and the concentration was
adjusted to 0.5 McFarland, as previously described. The suspension containing approximately 1-5 x
108 CFU/ml was added to Cu-D samples placed in a 48-well plate and incubated at 37°C for 4h, 24h
or 72h. Post-incubation, the discs were washed, stained for 15 min with Syto 9 and propidium iodide
(PI) dyes, and fixed with 4% (v/v) PFA. Live and dead bacteria were detected by fluorescent imaging
with a confocal microscope (Leica TCS SP5, Leica Microsystems, Wetzlar, Germany). The sequence
was repeated for each time point (4h, 24h and 72h).

2.11. Statistical Methods

All experimental data were expressed as average * standard deviation (SD). Statistical
comparisons between groups were performed by calculating p-values using a two-tailed,
homoscedastic student’s t-test for pairwise comparisons. Statistical significance was defined as p <
0.05.

3. Results
3.1. SEM Observation and EDS Elemental Analysis

SEM and EDS elemental analysis were initially used to assess the morphology and elemental
composition of the C-D and Cu-D surfaces. Areas with brighter contrast were observed on the
samples from Cu-D group, as shown in Figure 2B, but not in the C-D group, as shown in Figure 2A.
Those contrasted areas can be attributed to the presence of Cu, because of the difference in
conductivity between Cu and Ti. Cu particles were randomly and densely arranged onto the Ti
surface, exhibiting a range of sizes between 0.5 and 5 pm. Upon analysis of the corresponding binary
images using Image], the Cu coverage of the surface was calculated to be 31.0 + 5.0 %. Similar
observations were reported by Giraldo-Osorno et al. [59] who characterized the same coating
technology and described the surface as island-like Cu deposits.

Figure 2C and 2D show the energy-versus-intensity spectra obtained by EDS analysis for the C-
D and Cu-D samples, respectively. The intensity peaks of the C-D samples’ spectra were characteristic
of the presence of oxygen (O), aluminium (Al), silicon (Si), Ti, vanadium (V). The presence of Ti, Al
and V in the C-D samples, and the proportion of these elements, given by Supplemental Table S1,
followed the expected composition of medical grade Ti-4Al-6V alloy [64,65]. A similar composition
was revealed in the Cu-D samples, but with Cu at a concentration of 23.1 w% (Supplemental Table
S1). The presence of oxygen in high quantities was attributed to the presence of oxide forms of Ti,
TiOg, on the surface that were deposited during the fabrication process. The decrease in the elemental
composition when comparing Cu-D to C-D (e.g. 47.0 w% vs. 31.2 w% for Ti, 35.7 w% vs. 27.4 w% for
O, or 49 w% vs. 3.6 w% for Al) is the result of Cu covering the surface instead of Ti-4Al-6V alloy or
TiOo. Finally, the presence of Si was due to the glass bead blasting procedure, during which ceramics,
including SiO2, were projected at the surface. The glass bead blasting process on Ti surfaces can
indeed lead to the contamination of the surfaces by elements related to the composition of the beads,
such as O, Si, sodium (Na), magnesium (Mg), and calcium (Ca) [65,66].
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3.2. Cu Surface Elemental Concentration Measured Through Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES)

Figure 2E displays the results of the ICP-OES analysis, which was also used to quantify the
elemental composition of C-D and Cu-D surfaces. The detected elements were similar to those
detected with EDS, indicating the presence of Ti, Al, V, Si, and Cu in the Cu-D samples only.
Additionally, as depicted in Supplemental Table S1, the higher sensitivity of the technique enabled
the detection of additional elements such as Ca and Na, at low concentrations. This can be attributed
to the glass bead blasting processing, which involves S5iOz, Na:0O, CaO, MgO, and ALO:s [65,66]. Iron
(Fe) was also detected in low concentrations, as part of the composition of Ti-6Al-4V alloy [67]. Due
to the different nature of the analysis, which consists in the dissolution of a thin layer at the surface
of the samples, the proportion of the elements differed from the EDS analysis. For instance, the
concentration of Cu detected with ICP-OES was lower, as a thicker layer of the TiO>-Cu coating may
have been dissolved during the analysis.

3.3. X-Ray Photoelectron Spectroscopy (XPS)

Finally, the elemental composition of C-D and Cu-D samples was also investigated through XPS,
and the survey spectra are shown in Figure 2F. Carbon, O, Ti, Si, and Na were detected in both
groups, and Cu, and Al in Cu-D only. The presence of carbon is the result of residual organic
contamination that could have persisted despite plasma cleaning. High-resolution spectra taken in
the Ti 2p regions on the C-D and Cu-D samples’ surface (Figure S1 in supplemental data) evidenced
a peak characteristic of Ti* (TiO2) at 459 eV, dominating with a lower oxidation state fitted for Ti** at
461 and 464 eV. The Ti 2p spectrum depicts the typical binding energies of Ti dioxide (TiO2) [68] thus
demonstrating the presence of TiOz. The Ti* suggests that this oxidation state exists throughout the
oxide layer. Similarly, to C-D, Cu-D exhibited the Ti* without any Ti** peak, indicating a reduction
in the oxidation state of Ti in the TiO:2 form. This reduction was attributed to the presence of Cu in its
oxidised form, with the impact of Cu deposition being obvious in Cu-D [68]. In contrast, in the Cu
high-resolution spectra, C-D samples did not show any peaks for Cu and Cu-D samples showed
peaks at 935 and 955 eV, thus evidencing the presence of Cu?*, Cu+ or Cu species (Figure SI in
supplemental data). Moreover, the peaks of the Cu 2p at 935 and 955 eV can be attributed to the
formation of Cu?* on the surface [69].

The atomic concentrations were calculated and are indicated in Supplemental Table S2. The
alterations in the elemental makeup of oxygen, Ti, and Cu suggest that Cu has been successfully
bonded to the surface of the Ti disc. The drop in Ti (1.5 versus 5.5%) and O (32.9 versus 50.5%) when
comparing Cu-D to C-D indicates a reduction in elemental composition due to Cu covering the
surface instead of Ti and its oxide form, TiO2. The presence of Al was primarily due to the
composition of the bulk material (Ti6Al4V), while Si and Na were likely due to the glass beads
sandblasting technique used during sample preparation.
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Figure 2. SEM imaging of A) C-D sample and B) Cu-D sample, at two different magnifications. Intensity spectra
of C) C-D sample and D) Cu-D sample. E) ICP-OES concentration analysis. F) Survey spectrum of the XPS

analysis for the two groups.

3.4. Surface Profilometer

The surface profilometry results of the C-D and Cu-D groups are shown in Figure 3A. The
average surface roughness R. of C-D and Cu-D samples was 418.7 + 41.7 nm and 479.0 + 64.5 nm,
respectively. This increase of roughness for the Cu-coated surface was also observed in the study by
Giraldo-Osorno et al. [59]. Such a difference in roughness can be attributed to the presence of Cu at
the surface of Cu-D samples. Indeed, the antibacterial coating consists of a combination of a hard and
stiff porous TiO2 ceramic layer and more ductile Cu agglomerates. Because of the dissimilar
mechanical properties of the two materials, it can be hypothesised that Cu and TiO: were not
removed in the same proportions during the blasting process, thus revealing a more irregular
topography on the Cu-D sample surface. For instance, the Vickers hardnesses of Ti and TiO: are 352
Hv [70] and 228 Hv [71] respectively, while Cu has a hardness of 107 Hv [72].

3.5. Contact Angle — Dynamic mode.

The contact angle measurements were evaluated through the sessile drop technique to reveal
the wetting characteristics of the two different sample groups C-D and Cu-D (Figure 3B-C). For C-D
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samples, the contact angle was 73.5+ 6.0° (versus 70.23° for Giraldo-Osorno et al. [59]) which indicates
hydrophilicity. For Cu-D samples, however, a contact angle of 98.0 + 2.5° (versus 105.05° for Giraldo-
Osorno et al.) was measured, indicating hydrophobicity. Similarly to roughness, this increase in the
contact angle can be attributed to the glass blasting process, during which heterogeneous surfaces
and micropores are created. Such micropores act as air cavities, which prevent spontaneous wetting
[73]. These changes in the surface properties of the Cu-D group might affect bacterial adhesion.
However, it is unclear whether this hydrophobicity contributes to the antibacterial efficacy by
reducing bacterial adhesion on the surface, or if it alters the antibacterial activity by preventing
bacteria adhesion before they are killed by the ions from the coating.
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Figure 3. A) Surface roughness and B) contact angle measurements for the C-D and Cu-D groups. C) Evolution

of contact angle over 12 seconds.

3.6. Cu Release Kinetics via ICP-OES

The cumulative release and release profile for Cu-D samples are shown in Figure 4. The release
profile can be separated into two stages: an immediate burst release until day 3, and a low-rate release
persisting until day 12. After day 13, no trace of Cu? was detected in the leachate, indicating that the
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Ti surface had been cleared of Cu. During the burst release, 224 + 43 ug were released after 24 hours,
and 326 + 87 ug after 72 hours, which correspond to 53% and 76% of the cumulative release after 14
days (425 + 113 ug). The surface was therefore capable of releasing 0.96 pg/mm? within the first 3
days after release. Similar release kinetics for this coating, including the initial burst release in the 8
to 48h timeframe, were reported by Giraldo-Osorno et al.[59]. Here, we extended the release study
up to 14 days and demonstrated that Cu release was still detectable up to 14 days, albeit in small
quantities. These measurements of the Cu?* release indicate that the quantities of Cu left on the
surface after 72 hours may be low, thereby reducing the efficiency of the coating.
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Figure 4. Cu release kinetics for a single Cu-D sample.

3.7. CFU Counting by Serial Dilution Technique

The CFU counting by serial dilution technique was used to evaluate the antibacterial activity of
C-D and Cu-D samples and the results of the analysis are shown in Figure 5A. The bacterial
concentration at t = Oh was initially estimated by ODew measurement and subsequently confirmed by
CFU counting, resulting in a final concentration of 7.3 x 108 CFU/ml. In the negative control group
(C-D samples, sterile PBS), CFU counts did not reveal any bacteria at the surface of the disc at any
timepoints, confirming no cross-contamination. In contrast, CFU counts in the C-D group was 4.2 x
108 CFU/ml at t = 4h, 1.7 x 10° CFU/ml at t = 24h and 1.9 x 107 CFU/ml at t = 72h, indicating increasing
bacterial colonization on the surface of the discs during the first 24 hours, followed by a slight decline
at 72 hours. When the media was changed, the retrieved bacterial concentration was 2.4 x 107 CFU/ml
at t =72h, showing that the change of media did not affect the population of bacteria adhering to the
discs. In the Cu-D, group, the CFU counts of retrieved bacteria revealed consistent decline of the
bacterial population, with 4.6 x 106 CFU/ml at t = 4h, 2.7 x 10* CFU/ml at t = 24h and 4.6 x 103CFU/ml
at t = 72h. When compared to C-D group, Cu-D discs underwent a 2 logio bacterial colonization
reduction after 4 hours (p<0.05), a 4.8 logio reduction after 24 hours (p<0.01), and a 3.6 logio reduction
after 72 hours (p<0.001). These reductions indicate a significant bactericidal effect in vitro, as early as
4 hours, and extended to up to 24 hours. These results are comparable to the outcomes from other
studies on Cu coatings and Cu alloys against the same bacteria in vitro, where 3 to 10 logio reduction
were observed [53,57,58]. For instance, the study from Giraldo-Osorno et al. [59] used an initial
concentration of 105 CFU/ml. It revealed a higher reduction of the bacterial population after 4 hours,
with 3.16 and 3.96 logi reduction when cultured in TSB and Roswell Park Memorial Institute 1640
(RPMI) media, and respectively 1.2 and 8.02 logio reductions at 24 hours. In addition, when the
bacteria media was changed every 24 hours, the antibacterial effect was much less pronounced, since
bacterial population adhered to the Cu-D samples was 5.1 x 10¢ CFU/ml, which was only 5 times less
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than the bacterial population in the C-D group. This can be attributed to a diminished contact killing
mechanism, as the Cu is mostly released at 72 hours, along with the absence of accumulated Cu in
the freshly renewed medium that could have controlled the bacterial growth. Indeed, each disc
released approximately 224 ug of Cu within the first 24h according to the Cu release kinetics
experiments (Figure 4), and the concentration of Cu could have exceeded the minimal bactericidal
concentration (MBC) against S. aureus (160 pg/ml [74]). For instance, Giraldo-Osorno et al [59] pre-
conditioned two culture media (TSB and RPMI) by immersing the Cu-coated discs for 24 hours before
culturing the bacteria, and measured 0.78 and 9.3 logio reductions after 24h. In addition, the bacterial
concentration measured at 72h on the Cu-D samples with media changed every 24h was close to that
measured at 4h (5.1 versus 4.6 x 106 CFU/ml). The previous results on the Cu release kinetics showed
that each disc released 65 g in the first 4h, and 19 ug between 48h and 72h. It is therefore likely that
the remaining Cu at the surface of the disc at 72h still contributed to the reduction of bacterial
population via contact killing mechanism, which compensated for the diminished bactericidal effect
of the lower concentration of Cu in the media.

Overall, these results indicate that the increased concentration of Cu in the medium had a
bactericidal effect, in parallel to the known contact killing mechanism widely reported in literature
for this type of metallic coating. Local Cu concentrations may also vary drastically around a Cu-
coated device in a clinical scenario or in an in vivo context. In this in vitro assay, two extreme scenarios
were tested, one with an accumulation of Cu in the media and only one bacterial challenge, and one
with three bacterial challenges and a reduction of Cu ions in solutions due to the media change. The
resulting observations presented here could assist the interpretations of future in vivo evaluations.
Indeed, due to the combined effect of contact killing and the increasing Cu concentration around a
Cu-coated device, the results obtained from animal models evaluating the efficacy of the coating may
depend on the inoculation method. Bone infection models in large animals using collagen sponges to
inoculate the bacteria [111-114], might not fully benefit from the contact killing mechanism. On the
other hand, animal models that mimic a clinical scenario by inoculating the bacteria directly on or
around the bactericidal implant can demonstrate the combined effect of contact killing and increasing
Cu concentration around the device.

3.8. Presto Blue Assay

The metabolic activity of C-D and Cu-D was evaluated at t = 4h, 24h, and 72h after incubation
using the Presto Blue assay (Figure 5B). When compared to C-D samples, the fluorescence of Cu-D
samples exhibited a 6-fold drop at 4 hours, a 5-fold decrease at 24 hours, and a 7-fold decrease at 72
hours, with a statistical significance level below 0.01 at all time points, indicating a significant
reduction in bacterial metabolic activity for the Cu-D group when compared to the C-D group. The
reduction of both the metabolic activity and bacterial concentration supports the antibacterial efficacy
of the coating.
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Figure 5. Antibacterial properties against S. aureus (ATCC6538) measured through (A) CFU count by serial
dilution technique and (B) fluorescence (normalized by initial value) revealed by the Presto Blue analysis, for C-
D and Cu-D groups. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

3.9. SEM Imaging

S. aureus colonization on C-D and Cu-D surfaces throughout different time intervals (4h, 24h,
and 72h) was observed with SEM imaging (Figure 6). At 4h, both C-D and Cu-D samples exhibited a
growing bacterial population at the different locations of the samples. After 24h and 72h, bacterial
growth in C-D samples could be observed, with an increased population distributed in clusters,
compared to the 4h time point where bacteria were sparsely distributed. At each time point, there
was no change in the morphology of S. aureus for this group. On the Cu-D samples, some bacteria
were also observed on the surface for all time points, but no clustering of bacteria was observed at
24h and after. At 24h, the fragmented cytoskeletons of the bacteria suggested the appearance of
bacterial damage or stress. After 72 hours, the bacteria on the Cu-D samples were scarcer and more
irregularly shaped. The observed changes in bacterial morphology can be attributed to the presence
of Cu on the surface, which damages the bacterial membranes. These observations agreed with the
outcomes from the CFU counting and Presto Blue analysis, where antibacterial efficacy was
demonstrated.
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Figure 6. Representative SEM images at various time intervals, at 20,000 and 50,000 magnifications,
demonstrating the alterations in the morphology of S. aureus on Cu-D samples.

3.10. Live / Dead Imaging

At each time point, C-D and Cu-D surfaces were stained with Syto9 and PI to differentiate viable
and dead bacteria, respectively, and then imaged using a confocal microscope (Figure 7). In the C-D
samples group, Syto 9 staining in images taken at 4 hours revealed the presence of viable bacteria,
and those taken at 24h showed a growing population. At 24 hours and 72 hours, a vibrant green light
was observed, attributed to bacterial growth and a higher cell density. The absence of red colour
indicated that no evidence of bacterial death was detected with PI staining in this group. The Cu-D
samples exhibited a similar concentration of viable bacteria after 4 hours, along with a minimal
presence of dead bacteria. At 24 hours, a rise in the number of dead bacteria and a decrease in the
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number of live bacteria were observed. At 72 hours, the trend was similar, with an increase in the
presence of vibrant red fluorescence regions. These observations demonstrated that the Cu-D group
exhibited antibacterial properties in comparison to the C-D group. The live/dead results combined
with the SEM observations from the previous section indicated that the bacteria were able to adhere
to the surface despite its hydrophobicity, and that the number of killed bacteria was rising. These
observations confirmed the previous analyses obtained in the CFU count, Presto Blue, and SEM
analysis.

In summary, compared to a similar study recently published [59], this work extended the surface
characterization to elemental analysis with XPS and SEM-EDS, and the bactericidal evaluation by
testing a higher bacterial concentration and incorporating an additional timepoint. Elemental analysis
confirmed the presence of Cu on the Cu-D surface and provided quantitative measurements.
Investigations on the surface roughness and contact angle revealed important properties that could
affect bacterial adhesion and proliferation, with Cu-D samples exhibiting enhanced hydrophobicity.
The release profile of Cu ions from Cu-D samples evidenced a burst release in the first days, and a
progressive decrease up to 14 days. This release profile indicates that the efficiency of the coating
probably decreases after three days, which makes biomedical devices using this technology efficient
in preventing SSIs infections by reducing the bacteria population in the days that follow the surgery.
Additionally, the antibacterial properties of Cu-D surfaces were evaluated in vitro against a high dose
of S. aureus. The results of antibacterial activity with S. aureus showed significant 4.8 and 3.6 logio
reductions at 24 hours and 72 hours. Significant bacterial colonization reductions were also observed
in the Presto Blue assay, and two imaging techniques (SEM and live-dead imaging with confocal)
showed the presence of dead bacteria with damaged outer membranes.

C-D

Syto9-Live

t=24h

=72h

t

m

Figure 7. Live-dead confocal microscopy images captured at different time points, revealing the distribution of

live and dead S. aureus on C-D and Cu-D samples.
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4. Conclusions

The integration of Cu into TiO, coatings on titanium substrates represents a paradigm shift in
biomedical surface engineering, particularly in the ongoing battle against implant-associated
infections. The in vitro antimicrobial efficacy of such TiO,-Cu coated titanium surfaces is not merely
a functional enhancement; it is a biomaterial innovation that aligns biocompatibility with potent,
localized antimicrobial activity.

This study characterised the physicochemical properties of a new bactericidal surface consisting
of a TiO2-Cu coating deposited on Ti alloy by a novel technology. The study also evaluated the
antibacterial properties of the Cu-coated surface through a series of assays. Overall, these results
demonstrated the in vitro bactericidal properties of the technology and justified the need for further
development in animal model studies.

In addition to future in vivo investigation, which will be a critical step in assessing the
antibacterial effect of the coating in a biologically relevant environment and evaluating its potential
for clinical applications, further in vitro investigations could expand the scope of this study. A Cu
coating exhibiting the same hydrophilicity as the control group could reveal the role of the
hydrophilicity on the bactericidal efficacy. A limitation of the study is the duration of the bacterial
reduction analysis. Here, the assays were conducted up to 72h, but a further evaluation, with
timepoints up to one week, could determine if re-population of S. aureus on the surface, possibly free
of Cu, is possible. If no regrowth is observed, this would indicate potent and long-lasting antibacterial
effects. Finally, practical and fundamental questions have arisen during this work. They will inspire
future studies on this type of coating, such as the efficacy against other bacterial strains, or if the
release kinetics or the bactericidal efficacy are affected by the volume of Cu deposited on the surface.

The TiO,-Cu coated titanium surface stands at the convergence of material science,
microbiology, and clinical innovation. The development of Cu coatings with intrinsic antibacterial
properties for biomedical implant applications has the potential to impact the healthcare system and
society at large. As in vitro results continue to affirm its efficacy, the challenge now lies in refining its
interface with host biology and manufacturing ecosystems. Upon application of this technology to Ti
biomedical implants, commercialization of the product, and successful translation into clinical
practices, the management of infections in orthopaedic surgery and regenerative medicine could be
significantly improved. Future developments could pave the way towards bactericidal implants and
improved healthcare delivery. It must be ensured that the leap from bench to bedside is not only
scientifically sound but surgically transformative.
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Supplemental Data

Table S1. Elemental composition of the surface of C-D and Cu-D samples upon analysis with EDS, ICP-OES. @

indicates that the element was not detected.

EDS ICP-OES
Elemen Atomic Weight Concentration
t concentration (%) concentration (%) (mg/ml)
©) 58.8 35.7 ?
Al 4.8 49 0.61
Si 9.2 9.8 1.51
Ti 25.7 47.0 9.97
SR 13 26 071
Cu @ @ @
Fe @ ) 0.091
Ca @ @ 0.0047
Na @ @ 0.10
O 51.2 274 )
Al 4.0 3.6 0.50
Si 13.3 12.5 1.70
A Ti 19.5 31.2 8.18
5 Vv 0.9 1.6 0.73
“ Cu 10.9 23.1 12.64
Fe @ ? 0.11
Ca @ @ 0.085
Na @ @ 0.16

Table S2. Elemental composition of C-D and Cu-D obtained with XPS analysis. @ indicates that the element was
not detected.

Elements O1s Cls Nals Ti2p Si2p Cu2p Al2p

Atomic C-D  50.5+0.5 22.5+0.2 1.5+0.1 5.5+0.2 19.9+0.3 @ )
conc. (%) Cu-D 32.9+0.5 31.5+1.5 1.0+0.1 1.5+0.1 12.5+0.2 1.1+0.2 1.9+1.1
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Figure S1. Detailed XPS results including: (A) High resolution spectrum of Ti 2p for C-D group, (B)
High resolution spectrum of Cu 2p for C-D group, (C) High resolution spectrum of Ti 2p for Cu-D
group, (D) High resolution spectrum of Cu 2p for Cu-D group.
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