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This work aimed to optimize, produce and characterize Cu-doped bioactive glasses which are antibacterial
without the addition of antibiotics obtained via ion exchange in an aqueous solution. According to morpho-
logical, compositional and structural analyses, 0.001 M was selected as the most optimal concentration of the ion
exchange solution. The doped glass was then compared to the undoped one to investigate the effect of Cu-doping
on the glass surface composition and bioactivity. Cu-doping was found to enhance the bioactivity kinetics and the
following hydroxyapatite formation, evidenced by X-ray diffraction, energy dispersive X-ray spectroscopy, and
zeta potential measurements. Besides that, the zeta potential titration measurements confirmed that the Cu-
doping did not alter the surface chemical stability of the glass both in the inflammatory and physiological pH
range. Moreover, the leaching ability of Cu*-ions, both in physiological and inflammatory-mimicking condi-
tions, was measured, followed by an in-depth study of the antibacterial properties, using two protocols to
distinguish between the antiadhesive, antibacterial, and antibiofilm effects. For both protocols, a reduction of
metabolic activity and Colony-Forming Unit after 24 h against Staphylococcus aureus Multi-Drug resistance strain
was evidenced. These results showed that Cu-doped glass could show potential as a bioactive and antibacterial
surface for bone surgery applications.

1. Introduction

Therapeutic metal ions can be defined as ions that can bring addi-
tional biological properties to the BAGs, such as antibacterial perfor-

Bioactive glasses (BAGs) are a group of ceramic biomaterials used
especially for bone regeneration applications owing to their inherent
bioactivity, which can be defined as the ability to develop a direct and
strong bond to tissues as a consequence of subsequent chemical re-
actions [1]. In addition to bioactivity and stimulating effects on bone
formation, BAGs’ potential as antibacterial materials is another inter-
esting aspect. BAGs are known to have antibacterial activity even
without the addition of ions or drugs into the composition. This is due to
the local pH increase resulting from the exchange of glass
network-modifier ions with H' -ions from the surrounding fluids, an
increase in the osmotic pressure, and the presence of released BAG
debris [2,3]. However, this inherent bactericidal ability can be signifi-
cantly improved by doping BAGs with antibacterial metal ions, such as
copper, silver, zinc, and strontium [4].
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mance, improved osteogenesis, and anti-inflammatory properties [4].
Copper (Cu) is one of the most studied metallic elements for biomedical
use [5]. For instance, Cu has been found to possess antimicrobial
properties both towards Gram-positive and Gram-negative bacteria [6]
through disruption of the bacterial cell membrane integrity, production
of Reactive Oxygen Species (ROS), and degradation of the DNA [7-9].
The antibacterial effect of the leaching Cu?*-ions is dose-dependent,
meaning that the antibacterial effect is improved with increasing ion
concentration. However, from the glass composition’s perspective,
adding a high amount of Cu to the glass as a modifier ion can affect glass
solubility and bioactivity [5].

In addition to antibacterial properties, the BAG doping with Cu can
be beneficial from the perspective of tissue regeneration: the presence of
Cu is known to promote angiogenesis, or in other words, of new blood
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vessel formation, through stimulation of endothelial cells [10,11],
human umbilical vein endothelial cells (HUVECs) [12], and through an
effect on Hypoxia-Inducible Factor-1 (HIF-1) [13], leading to activation
of Vascular Endothelial Growth Factor (VEGF) [14] leading to angio-
genesis [15]. However, Cu is cytotoxic and pro-inflammatory in high
concentrations, especially in the case of nanoparticles [16], so under-
standing and controlling the release profile of leaching Cu is essential.

Cu has been incorporated into BAGs in the form of oxide as a network
modifier, ions, or nanoparticles. Most commonly the sol-gel process has
been implemented to produce Cu-doped BAGs, for example as a form of
electrospun fibers [17], nanoparticles (NPs) [18], or powders [19]. In
the case of melt-derived glasses, Cu has been introduced to silicate [20],
phosphate [21,22], and borate [23] glasses. In addition, different com-
posites have been prepared, such as a composite coating including
mesoporous BAG (MBG) NPs with various amounts of added Cu and
chitosan by electrophoretic deposition [24], Cu-doped MBGNPs in a
nanocomposite bioink also containing oxidized alginate or gelatin [25],
Cu-doped silicate glass as a filler for Poly(methyl methacrylate)-based
bone cement [26], and zein-BAG/Cu coatings [27].

In terms of surface doping without affecting the glass bulk properties,
the ion-exchange process has been performed traditionally in molten
salts [28-30]. However, ion exchange has also been performed in an
aqueous solution where lower reaction temperatures can be used. For
instance, Miola et al. implemented an ion exchange process for
melt-derived BAG in powder form in an aqueous solution of Cu(Il) ac-
etate. They showed the incorporation of Cu®* to the BAG as ionic species
and Cu®" salts precipitates without the introduction of crystalline phases
or negative effect on the glass bioactivity. Finally, the antibacterial
properties of the Cu-doped glass were demonstrated towards Staphylo-
coccus aureus and Staphylococcus epidermidis, showing the potential for
antibacterial applications [26,31,32].

In the present work, the aim was to produce bulk melt-derived silica
glasses, doped with ionic Cu?*, to combine bioactivity with antibacterial
properties. This was done by implementing the previously studied ion-
exchange protocol for glass powders [31] to bulk glasses in aqueous
Cu(II) acetate solution, and optimizing it to create a Cu?*rich surface
without affecting the glass amorphous nature, morphology, or bioac-
tivity. In addition, the zeta potential of the Cu-doped surface, and the
leaching of the Cu®>*-ions were studied both in physiological and in-
flammatory pH conditions. Finally, the biological properties of the
Cu-doped bioactive glasses were compared to undoped specimens ac-
cording to two different protocols: i) International Standard Organiza-
tion (ISO022196) for antibacterial evaluation and ii) UPO protocol that
was previously validated by the Authors for antiadhesive and anti-
biofilm assessment [33], towards Gram-positive pathogen, Staphylo-
coccus aureus Multi-Drug resistance (MDR) strain.

2. Materials and methods
2.1. Sample preparation

A silica-based bioactive glass, SBA3 (48Si02—-26Nay0-22CaO-
3P,05-0.43B203-0.57A15,03, in mol.%) was prepared using the melt and
quenching technique in the bar form. SBA3 as a powder form has been
previously doped successfully with Cu?>*-ions by ion exchange [31], and
therefore, it is of interest to here further study the Cu-doping of SBA3 as
a bulk surface.

For SBA3, the glass precursors (SiOy, NayCOs, Ca3(PO4)2, CaCOs,
H3BOs3, Al;O3, Sigma Aldrich, Switzerland, reagent grade >99%) were
mixed and then melted in a platinum crucible at 1450 °C for 1 h, poured
into a pre-heated cylindrical brass mold (@ = 10 mm) to obtain bars, and
then annealed at 500 °C for 13 h. The glass bar was let to slowly cool to
room temperature overnight after annealing. The bars were cut into
discs of 10 mm diameter and 2 mm thickness (Buehler IsoMet High
Speed Pro), which were then polished (Struers LaboPol-2) with SiC
abrasive papers ranging from 320 to 1200 grit to level the surfaces.
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2.1.1. Ion exchange

The sample discs cut from the glass bars then went through ion ex-
change in an aqueous solution to incorporate Cu?* ions on the samples’
surface. The previously published protocol for Cu?*-ion exchange for
glass in the powder form [31] was used as a starting point to find
optimized process conditions for bulk glass. According to that, the discs
were soaked in Cu(Il)acetate (Cu(CH3COO)2-Hy0O, Sigma Aldrich,
Switzerland) solution at different concentrations (0.05 M, 0.01 M, and
0.001 M) for 1 h at 37 °C. After the process, the samples were rinsed with
bi-distilled water and dried at room temperature overnight.

2.2. Sample physicochemical characterization

2.2.1. Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscopy (FESEM) equipped with
Energy-dispersive X-ray spectroscopy (EDS) (SupraTM 40, Zeiss) was
performed on all the samples in triplicates to assess their morphology
and composition. Samples were mounted on double-sided carbon tape
and coated with platinum.

2.2.2. X-ray diffraction (XRD)

The SBA3 and Cu-SBA3 sample discs were characterized in terms of
their phase composition by X-ray diffraction (XRD, Malvern PANalytical
X’Pert PRO diffractometer), using the Bragg-Brentano camera geometry
and the Cu Ku incident radiation. The 20 range used for sample mea-
surements was from 10° to 70°. The data from the obtained spectra were
further analyzed by using the X-Pert HighScore Software and PCPDF
database.

2.2.3. In-vitro bioactivity testing and Cu?*-ion release in simulated body
fluid (SBF) and pH5 sodium acetate buffer

The glass samples of SBA3 and Cu-SBA3 were subjected to in vitro
bioactivity tests by soaking them in simulated body fluid (SBF). The SBF
was prepared using the protocol developed by Kokubo et al. [34]. In
addition to soaking samples in SBF, a sodium acetate/acetic acid
(HAc/NaAc) buffer was implemented as a second soaking solution to
mimic Cu®"-release in inflammatory-mimicking low pH conditions,
occurring in infections [35,36]. The HAc/NaAc buffer was prepared at
the concentration of 0.1 M and pH was adjusted to 5 by adding 1 M
NaOH.

Polished glass discs were immersed in 50 mL of SBF for fixed periods
(1, 3, 7, 14, and 28 days), with five replicate samples of each glass per
time point. Samples were maintained at 37 °C in an incubating shaker
with an orbital speed of 120 rpm to simulate the physiological fluid flow.

The change in the solution pH was recorded for each immersion time
by pH meter (Hanna Edge HI2020, accuracy + 0.01) and compared to a
blank sample containing only SBF. Then samples were rinsed carefully
with bi-distilled water and let to dry at room temperature.

Both solutions at each time point were collected and the cumulative
ion release for each sample was calculated by adding the ion release
value at the selected time point to the previous ones. The cumulative
curves were obtained by using the average of each sample. The Cu®*-ion
release was determined by an inductively coupled plasma mass spec-
trometer (ICP-MS, iCAPTM Q, Thermo Fisher Scientific).

2.2.4. Zeta potential titration

The measurements were performed both on as-prepared glasses and
SBF-soaked ones to measure the surface zeta potential as a function of
pH and the isoelectric point utilizing the streaming potential technique.
The used instrument was an electrokinetic analyzer for solid surfaces
(SurPASS, Anton Paar, Austria). An aqueous solution of KCI (0.001 M)
was used as an electrolyte.

Both acidic and basic titrations were performed starting from a pH of
5.5 for all the samples, with instrument washing with ultrapure water in
between each step. Two different couples of samples per glass were used
respectively for the acidic and basic titration. An adjustable gap cell was



M. Lallukka et al.

used for the measurements. The gap between a couple of samples was
adjusted to approximately 100 pm and the electrolyte flow to 100 mL/
min, as suggested by the instrument provider [37].

2.3. Invitro antibacterial activity

2.3.1. Bacterial strains growth conditions

Bacteria were purchased from the American Type Culture Collection
(ATCC, Manassas, Virginia, USA). To test SBA3 specimens’ antibacterial
and antibiofilm activity, the Gram-positive Staphylococcus aureus Multi-
Drug resistance (S. aureus MDR, ATCC 43300) was used as representa-
tive of the pathogens affecting bone implants after surgery and in the
case of severe infection, extra surgeries are required to remove the
infected implants [38]. Bacteria were cultivated on Trypticase Soy Agar
(TSA, Merck, Milan, Italy) and incubated at 37 °C until round single
colonies were formed; afterward, some colonies were collected and
diluted into 20 mL of Luria Bertani broth (LB, Merck, Milan, Italy). Broth
cultures were incubated overnight at 37 °C under agitation (120 rpm in
an orbital shaker). A fresh broth culture was prepared before each
experiment to test bacteria in their exponential growth phase; accord-
ingly, bacteria concentration was further diluted into fresh LB broth to a
final concentration of 1 x 10% cells mL™!, corresponding to an optical
density (OD) of 0.00001 at wavelength 600 nm determined by spec-
trophotometer (Spark, Tecan, Switzerland). Fresh LB medium was used
as a blank to normalize the OD values.

2.3.2. Antibacterial activity evaluation

Prior to biological assays, the samples were sterilized at high tem-
perature (at 100 °C for 1 h). Two different protocols, the ISO 22196
standard and the one that has been published by the authors [33]
considered here as UPO protocol were used to investigate antibacterial,
antiadhesive, and antibiofilm properties of specimens towards S. aureus
MDR. The international standard ISO 22196 protocol is designed to
analyze the antibacterial behaviour of samples’ surfaces by exposing
them directly to a bacterial suspension [39]. Instead, the UPO protocol
aims to investigate bacterial adhesion to the specimens’ surfaces and
then evaluate the antibiofilm properties of samples by forcing bacterial
strains to create microcolonies or biofilm onto their surfaces.

To perform ISO22196 standard protocol, the sterile specimens were
located into a 24-multiwell plate, and then, 50 pL of the bacterial sus-
pension was directly dropped onto the specimens’ surface and covered
with a sterile polyethylene film. The inoculated specimens were placed
in an incubator at 37 °C for 24 h. Afterward, the colorimetric metabolic
assay (AlamarBlue™, Life Technologies, Milan, Italy) was applied to test
viable bacteria metabolic activity by spectrophotometry following the
manufacturer’s instructions. Briefly, the ready-to-use Alamar blue so-
lution at concentration 0.0015% was added to each well containing the
test specimen (1 mL per specimen), and the plate was incubated in the
dark for 4 h at 37 °C allowing resazurin dye reduction into fluorescent
resorufin upon entering living cells. Then, 100 puL were spotted into a
black-bottom 96-multiwell plate to minimize the background signal.
The metabolic activity of bacteria was measured via fluorimetric anal-
ysis (Aex = 570 nm and Aem = 590 nm), and results were presented as
Relative Fluorescent Units (RFU); Alamar blue solution (intended as
cells-free) fluorescence was considered blank. Then, each specimen was
washed with phosphate buffer solution (PBS, 1 mL) sonicated (5 min, 3
times), and vortexed (30 s, 3 times) to recover the bacteria. The colony-
forming units (CFU) were counted by mixing 20 pL of bacteria with 180
pL of PBS and performing six-serial 10-fold dilutions as previously
described by the Authors [33,40]; the total CFU count was done
applying the following formula:

CFU = [(number of colonies X dilution factor)((serial dilution)) ]

Then, scanning electron microscopy (SEM, JSM-IT500, JEOL, Tokyo,
Japan) imaging was used to investigate the bacterial microcolonies or
biofilm formed on the samples’ surfaces; briefly, specimens were
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dehydrated by the alcohol scale (70-90-100% ethanol, 1 h each),
swelled with hexamethyldisilazane, mounted onto stubs with conduc-
tive carbon tape and covered with a gold layer. Images were collected at
different magnifications using secondary electrons detector.

In the UPO protocol, the sterile samples were transferred in a 24-mul-
tiwell plate and submerged fully into 500 pL of LB broth including 1 x
103 cells mL~! of S. aureus MDR (as explained in detail in section 2.3.1).
The multiwell plate was incubated at 37 °C and agitated on a small
bench shaker (BenchRocker™ 3D, Sayreville, USA) at 100 rpm,; after-
ward, the metabolic activity of adherent bacterial strains, viable CFU
count, and SEM analysis were performed after two different time points:
early time point (6 h) and late time point (24 h) to evaluate antiadhesive
and antibiofilm properties of Cu doped SBA3 in comparison to undoped
SBA3, respectively. To create a bacterial biofilm on specimens’ surfaces,
after 6 h of agitation at 100 rpm, the surplus of LB broth containing
planktonic bacteria were removed from the wells and replaced with 1
mL of fresh LB broth to allow surface-adherent bacterial microcolonies
to grow and form a layer of biofilm; after 24 h of incubation, antibiofilm
properties of the Cu doped SBA3 were compared to undoped SBA3 as a
control sample. After each time point (6 and 24 h), the specimens were
washed with sterile PBS to remove non-adherent bacterial cells and
bacterial metabolic activity and bacterial viable colonies were analyzed
as mentioned above by colorimetric metabolic assay and CFU; the ob-
tained results were visually confirmed by SEM.

Finally, the results of CFU count were expressed by means of anti-
bacterial activity (R) indicating the effectiveness of an antibacterial
agent, which was calculated according to the ISO 22196 protocols as
follows [41]:

R= (Ul - U(») - (Al - UO) =U-A,
Where.

R is the antibacterial activity;

Uy is the average logarithm of the number of viable bacterial colonies
recovered from the untreated test specimens immediately after
inoculation;

Uy is the average logarithm of the number of viable bacterial colonies
recovered from the untreated test specimens after 24 h;

A is the average logarithm of the number of viable bacterial colonies
recovered from the treated test specimens after 24 h.

2.4. Statistical analysis of data

Experiments were performed in triplicate. Results were statistically
analyzed using the SPSS software (v.20.0, IBM, USA). First, data normal
distribution and homogeneity of variance were confirmed by Shapiro-
Wilk’s and Levene’s test, respectively; then, groups were compared by
the one-way ANOVA using Tukey’s test as post-hoc analysis. Significant
differences were established at p < 0.05.

3. Results and discussion

The ion exchange in Cu(Il)acetate solution was performed in three
different concentrations 0.05 M, 0.01 M, and 0.001 M. Fig. 1 shows the
surface morphology of SBA3 discs before and after ion exchange.

For all ion-exchanged samples (Fig. 1), some precipitation layers
were observed on the surfaces compared to the undoped SBA3 surface.
With a higher concentration of the ion exchange solution, a more
evident surface layer was detected compared to the pristine SBA3 sur-
face. The 0.001 M ion-exchanged surface was found to have only a few
precipitates compared to higher concentrations. When further analyzing
the elemental composition of the detected crystals by EDS analysis
(Figs. 2 and 3), it was evident that they contained a large amount of Cu,
also a higher amount of Cu was detected on the surface precipitation by
using a greater concentration of Cu in the ion-exchange solution.
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Cu-SBA3
0.001M

L A i

Fig. 1. FESEM images on the surface of SBA3 before and after ion exchange in Cu(Il) acetate solution with different concentrations. Scale bars 10 pm.

Fig. 2. EDS analysis of the surface of ion-exchanged samples, using A) Undoped SBA3, B)0.05 M solution (Cu-SBA3 0.05 M), C) 0.01 M solution (Cu-SBA3 0.01 M),

and D) 0.001 M solution (Cu-SBA3 0.001 M) of Cu(Il) acetate.

As can be observed in Fig. 3, the compositional EDS analysis from the
surface of sample discs before and after ion exchange confirmed the
presence of all the elements characteristic of the SBA3 and Cu-doped
SBAS3 glasses. However, boron is excluded from EDS analysis due to its
low atomic weight and hence low detectability. When comparing glasses
before and after ion exchange, Cu?" seems to replace the sodium (Na™)
and calcium (Ca®") on the surface, which is seen as a reduction of those
elements within ion-exchanged surfaces. It is also evident that the more
concentrated ion exchange solution leads to greater replacement of Na™
and Ca®" by Cu?* on sample surfaces. For both the highest concentra-
tions, the atomic percentage of Cu was found to be very high: for 0.05 M
around 50 at-%, and 0.01 M 20 at-%. This information, combined with
the high number of precipitates on the surfaces of 0.05 M and 0.01 M Cu-
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SBA3, the lowest concentration (0.001 M) seems the most suitable for
biomedical applications and it is chosen to be further analyzed.
However, even though in the FESEM images (Fig. 1) some pre-
cipitations were present on the ion-exchanged surfaces, the XRD ana-
lyses of the surfaces (Fig. 4) did not detect any additional crystalline
phases, except for the highest concentration tested. However, this result
was expected as XRD analysis has a high penetration depth, and the
phase detection has its limitations with phases present in very small
amounts [42]. For Cu-SBA3 0.05 M, two peaks were detected approxi-
mately at 19°, and 28°, corresponding to copper acetate hydroxide hy-
drate CyHgCup05-HoO (ref 00-050-0407), which was expected
considering the Cu(II)acetate solution used for the ion-exchange pro-
cess. These results are in agreement with the previous analysis where no
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Fig. 4. Optimization of the ion-exchange process: XRD patterns of undoped SBA3 and Cu-SBA3 ion-exchanged in different concentrations. *) CoHgCuz0s-H20.

crystalline phases were detected when using similar ion-exchange pro-
cess parameters [31].

Based on the morphological and phase analysis, the lowest ion-
exchange concentration (0.001 M) was chosen to be further studied.
The pristine SBA3 and the chosen ion-exchange concentration Cu-SBA3
0.001 M were also subjected to in vitro bioactivity test in SBF. The goal
was to evaluate whether the introduction of Cu?* through ion exchange
would impact the hydroxyapatite formation, and hence, bioactivity.

The SEM/EDS analysis of SBF-soaked samples is shown in Fig. 5.

The samples soaked for 28 days are not shown because the results
were very similar to the 14 days ones. The typical morphology of in vitro
grown hydroxyapatite was detected for both undoped and doped discs
after 7 days of soaking in SBF. Before that (1-3 days), silica gel forma-
tion occurred (cracks are due to the drying step before SEM observa-
tion). Regarding the EDS analysis, only a qualitative analysis of the Ca
and phosphorus (P) peaks was possible instead of a quantitative one.
This is due to the use of platinum (Pt) coating on the specimens, and the
Pt peak is known to overlap with the P peak. However, the Ca and P
content increases after 7 days for both undoped and doped specimens,
also evidencing the presence of a Ca and P rich layer.

XRD analysis was carried out to confirm the presence of hydroxy-
apatite on glasses surface. Fig. 6 shows the XRD spectra from the two
specimens before and after SBF immersion for up to 28 days.
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For the SBA3 specimen before ion exchange, a broad halo between 2
theta 20° and 25°, which is attributed to silica gel formation, was
noticed approximately after 3 days of soaking in SBF. Regarding the Cu-
SBA3 0.001 M, a peak corresponding to hydroxyapatite was already
detected after the 3-day soaking. Moreover, hydroxyapatite precipita-
tion seems more evident also on the later time points for Cu-SBA3,
suggesting that the Cu?" addition by ion exchange could enhance the
hydroxyapatite formation. However, as demonstrated in the EDS
compositional analysis (Fig. 3), Cu was found to partially substitute Na
and Ca on the glass, which could be hypothesized to lead to decelerated
dissolution rate of the glass. Still, it should be noted that the Cu is
introduced only to the very surface of the glass as a thin layer, where it
unlikely has a great impact on the glass bulk properties. In the literature,
there is no consensus on the effect of Cu inclusion on the BAG
hydroxyapatite-forming ability, and hence, bioactivity [5]. In some
studies, the bioactivity mechanism was found to be improved by adding
a Cu precursor to bioactive glass nanoparticles [43], while, according to
other studies, Cu addition as an oxide to melt-derived borosilicate glass
foam scaffolds lead to a more stable glass network and lower degrada-
tion ability [44]. However, in both mentioned experiments Cu was
introduced using different approaches and the used BAG was not used as
a bulk, which makes comparison difficult.

Considering the Cu®*-ion release from the BAG surface, a leaching
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Fig. 5. SEM/EDS analysis of SBF-soaked A) control specimens (SBA3), and B) Cu-doped specimens (Cu-SBA3 0.001 M). Scale bars 20 pm.

test was performed both in physiological (SBF, pH 7.4) and inflamma-
tory pH (HAc/NaAc buffer, pH 5.0). The experiment was performed only
for the lowest ion exchange concentration of 0.001 M (Cu-SBA3 0.001
M). The pH evolution and the release of Cu?* in both soaking solutions
are demonstrated in Fig. 7.

Regarding the pH value of SBF during the soaking of Cu-SBA3
(Fig. 7A), there were no significant differences observed. It is note-
worthy that pH5 acetate buffer exhibited a lower buffering capacity and
displayed a consistent increase in pH over the 28-day soaking period
(Fig. 7B). The pH increased from a slightly acidic level to a neutral pH of
around 7. These phenomena can likely be attributed to the different
acid-base characteristics of the two buffer solutions. The sodium acetate
buffer is based on a weak acid (acetic acid) with a buffering range of
approximately 3.6-5.6 and a pKa value of 4.76 [45]). On the other hand,
the SBF is buffered with TRIS-buffer, based on a stronger acid (HCI) with
a buffering range of pH 7.0 to 9.0. During the soaking process, bioactive
glasses tend to rapidly release ions into the aqueous environment,
leading to an increase in pH towards more alkaline values.

Consequently, the buffering capacity of the acetate buffer in our
particular case was comparatively more limited due to its weaker
acid-base characteristics.

As seen in Fig. 7, the major amount of Cu®" seems to be released from
the glass during the first three days of soaking, independent of the soaking
solution. A similar trend was found in the previous work where Miola
et al. found the majority of Cu?* release from Cu-doped glass/PMMA
composites during the first days of the soaking, but on the contrary, they
did not detect a plateau similar to what was found in present work after
around 3 days of soaking in both conditions [26]. It must be underlined
that in the mentioned study the Cu-doped glass was uniformly dispersed
into a PMMA matrix [26], while in the present paper, low amounts of

Cu®" ions are concentrated on the glass surface and can be fast released.
The decrease of the Cu concentration in solution at 7 days can be related
to the precipitation of hydroxyapatite, which occurs mainly from day 7, as
detected by SEM observations (Figs. 5 and 6), and could involve the
re-precipitation of Cu?t ions that can partially replace Ca%* ions in the
hydroxyapatite lattice, as reported in the literature [46,47]. This
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Fig. 6. XRD patterns of pristine and SBF-soaked SBA3 and Cu-SBA3 0.001 M. (- -) silica gel, *) hydroxyapatite.

hypothesis could be strengthened by further phase analysis, for example
by estimating the average crystallite size and lattice parameters, but this is
out of the aim of the present paper. A further release can be observed from
day 7 on, which can be explained by the Cu?>" confinement on the very
outer glass surface, that reasonably does not negatively affect the ion
release involved in the bioactivity mechanism, as already observed by
authors in a previous paper [31]. When comparing the Cu®*-release in
SBF and inflammatory condition-mimicking buffer solution, no notable
differences were detected. The HAc/NaAc buffer-soaked specimens
initially showed a slightly higher release of Cu?* ions than the SBF so-
lution. This phenomenon is also reported in other studies, for example,
Bingel et al. reported that in general lower pH of the used immersion, the
solution increases ion release due to more protons being available for ion
exchange reactions between glass modifier ions and protons from the
dissolution medium [36,48]. However, the effect of solution pH on cu®t
ion release specifically has not been previously reported. The ICP analysis
including all the ions releasing from the glass instead of only Cu** could
bring more clarity to this hypothesis. In addition, the more aggressive
initial ion release during the first 3 days of soaking could also explain the
more prevalent Cu?* re-precipitation after 14 soaking in HAc/NaAc
compared to SBF.

Zeta potential titration measurements were performed both on
pristine SBA3 and ion-exchanged Cu-SBA3 (Figs. 8 and 9) before (0 day)
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and after different times of soaking in SBF (1-7-28 days).

The isoelectric point (IEP) of both unsoaked SBA3 (SBA3 0d) and ion-
exchanged unsoaked Cu-SBA3 (Cu-SBA3 0d) was around 3.4, which
indicated that both surfaces had a small prevalence of acidic functional
groups (supposedly OH groups) since an IEP of 4 is expected for a surface
without the prevalence of any charged functional groups [37]. Both
curves had a plateau with onset at pH 5.5, due to acidic functional
groups completely deprotonated at any pH higher than 5.5 on both
glasses [49].

A different slope of the curves was noticed on SBA3 and Cu-SBA3 at a
pH around the IEPs. SBA3 was more hydrophobic, the water molecules
were weakly adsorbed, and they were easily replaced by the hydroxyl (in
the basic range) or hydronium ions (in the acidic range) in the solution.
The observed larger hydrophilicity on Cu-SBA3 can be related to a larger
amount of total hydroxyl groups on the surface. An evident increase in
the standard deviation of zeta potential, around the IEP and below it,
evidenced a strong reactivity of both surfaces in a very acidic environ-
ment [50].

Looking at the gap variation during the pH titration, a reduction of
the gap (few micrometers) was observed on SBA3 both in the acidic and
in the basic range attributable to the formation of a silica gel layer and a
small expansion of the sample; the lowest significant variation of the gap
is about 5 pm. Almost no gap variation was registered on Cu-SBA3
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during the pH titrations evidencing a different type of silica gel layer.
As a reference of the soaked samples, the IEP of synthetic hydroxy-
apatite is reported to be around 5.5, it has a zeta potential of about —30
mV at any pH higher than 6 [51], and dissolution of hydroxyapatite
formed on bioactive materials is reported at a pH lower than 4 [50].
None of the soaked samples had an IEP close to the value of synthetic
hydroxyapatite. The measured IEPs were close to those of the glasses
before soaking or not detectable (as in the case of SBA3 and Cu-SBA3
soaked for 1 day and SBA3 soaked for 7 days). The standard de-
viations of the curves of the soaked samples had an evident increase at a
pH lower than 4. The deviation of the gap was negative, and it was
evident below pH 4 on the samples soaked for 7-28 days. All the curves
had a plateau in the basic pH range, with an onset around pH 6, and a
value of about —30 mV. All obtained data can be interpreted considering
that the formed hydroxyapatite was dissolved and detached from the
substrates when pH went down below pH 4, the detachment exposed the
glass surface, and the IEP of hydroxyapatite was not measured. On the
other side, hydroxyapatite was almost stable in the basic range (no gap
variation detected, low standard deviation of zeta potential, and a
plateau at a zeta potential value close to that of hydroxyapatite). The
thickness of the detached surface layer was higher in the case of
Cu-SBA3 than on SBA3. This result agreed with the larger amount of
hydroxyapatite registered through XRD on Cu-SBA3 after soaking. The
samples soaked for 1 day did not have a detectable detachment of hy-
droxyapatite because of its low thickness, in agreement with XRD, but

5099

their curves were clearly different from those of the as-prepared glasses
evidencing their surface reaction in SBF.

These data can be compared with a similar work performed on SBA2,
a glass with a lower NayO amount (18 mol% vs. 26 mol%) [49,50]. The
main difference between the glasses was the reactivity of SBA2 in the
basic range (pH > 8) while SBA3 was in the acid. Cu-SBA3 soaked for 28
days showed a larger detachment and thicker layer of hydroxyapatite
than both SBA2 and SBA3. The curve of SBA3 soaked for 7 days was
similar to SBA2 soaked for 7 days: a low zeta potential value along the
whole titration curve. It can be explained by the evolution of hydroxy-
apatite during its maturation [50]. The shape of the curve of SBA3
soaked for 7 days was not far from SBA3 soaked for 1 day, according to
the low bioactivity of this glass.

According to the results obtained from the morphological and glass
surface phase analyses (detailed in previous sections) of Cu"-doped
samples in ion-exchanged solution with different concentrations of Cu®*
(0.001, 0.01, and 0.05 M), SBA3 in the lowest concentration of the ion-
exchanged solution (Cu-SBA3 0.001 M) was chosen for in vitro biological
assessments. To differentiate between the antibacterial and antibiofilm
properties of specimens towards S. aureus MDR, two different protocols
were used: ISO 22196 standard protocol for antibacterial evaluation and
UPO protocol for antiadhesive and antibiofilm evaluation (detailed in
section 2.3.2) [39]. Fig. 10 (A-C) shows the results of metabolic activity,
bacterial colonies count (CFU), and SEM that were obtained from
1SO22196 standard protocol. After 24 h of direct inoculation of S. aureus
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Fig. 10. Antibacterial test according to ISO 22196 standard after 24 h incubation at 37 °C: A) Metabolic activity of S. aureus MDR on the specimens’ surfaces; B)
Viable surface-attached bacterial colonies count (CFU), C) SEM images taken in two different magnifications (1500X in the image and 4000X in the left corner inset
with scale bars 10 and 5 pm respectively). ** indicates p value < 0.01 and bars represent standard deviations.

on the samples’ surfaces, metabolic activity analysis of bacterial strains
showed a statistically significant difference of ~52% between Cu doped
SBA3 and undoped SBA3 (Fig. 10 A; p < 0.01 represented by **).
Additionally, surface-adherent viable bacterial colonies count (CFU)
revealed that the number of bacterial cells attached to Cu-SBA3 surfaces
was approximately 1 log less than the ones attached to the control
samples (Fig. 10 B; p < 0.01 indicated by **). This difference in meta-
bolic activity and the number of surface-attached bacterial cells between
CU-SBA3 and undoped SBA3 was visually confirmed by means of SEM
images that were taken in two different magnifications (1500X and
4000X, Fig. 10 C). As shown in the SEM image of undoped SBA3, most
part of the control sample surfaces was covered by a layer of bacterial
biofilm; while few aggregations of bacterial cells were observed on the
surface of Cu-SBA3, in agreement with ~52% and ~1 log reduction of
metabolic activity and viable bacterial colonies count, respectively.

To evaluate the specific behavior of the doped samples (Cu-SBA3)
concerning bacterial adhesion and biofilm formation, the UPO protocol
was utilized. In this case, the sterile samples were fully submerged into
500 pL of S. aureus MDR suspension and the impact of Cu-SBA3 on
bacterial attachment and biofilm formation was evaluated by measuring
bacterial metabolic activity, surface-adherent CFU and SEM at two
different time points: i) early time point (6 h) that it was selected based
on the results obtained from ion release evaluation (Fig. 7); as shown in
Fig. 7, Cu" released from the samples’ surfaces during the first 3 days of
soaking in the SBF and inflammatory solution (acetate buffer at pH 5).
Therefore, 6 h was chosen to evaluate whether Cu-doped SBA3 was able
to decline bacterial adhesion on the samples’ surfaces or not; ii) late time
point (24 h) to investigate the effect of Cu-SBA3 on bacterial biofilm
formation onto the samples’ surfaces. The results of bacterial metabolic
activity, adherent viable colonies count, and SEM are presented in
Fig. 11 A-C. According to the results of metabolic activity and CFU, after
6 h of bacterial inoculation onto the specimens’ surfaces and incubation,
no statistically significant difference in adherent bacteria was observed
between Cu-SBA3 and undoped SBA3 (control sample) surfaces.
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However, after 24 h, the metabolic activity of S. aureus MDR showed a
reduction of approximately 52% on the Cu-SBA3 surfaces in comparison
to undoped SBA3 (p-value <0.01 indicated by **; Fig. 11 A); in addition,
CFU count results demonstrated that adherent bacterial colonies onto
the Cu doped samples’ surfaces decreased about 0.6 log in comparison to
attached colonies onto the control samples (p-value <0.05 indicated by
*; Fig. 11 B). These results were in line with SEM images that were taken
at two different magnifications (1500X and 4000X with scale bars 10 pm
and 5 pm, respectively; Fig. 11 C). After 6 h, few bacterial colonies
adhered to the samples’ surfaces and no difference in colony number
was observed between Cu-doped SBA3 and undoped SBA3 samples.
After 24 h of inoculation and incubation, attached bacterial cells on the
SBA3 samples’ surfaces grew and bacterial microcolonies (biofilm)
formed on the surfaces of control samples. While some single colonies
detected on Cu-SBA3 surfaces indicating that released Cu®* ions from
the doped samples during 24 h in contact with bacterial suspension
showed antibiofilm properties (Fig. 11 C) as the same results that were
obtained from ISO protocol.

For both protocols (ISO 22196 standard and UPO protocol), anti-
bacterial activity (R score) was calculated by the difference between the
average of the common logarithm of the number of viable bacteria
recovered from the undoped control samples (Uy) and doped ones (Ay)
after 24 h; indeed, R score reveals the effectiveness of an antibacterial
agent [39,41]. The results are presented in Table 1 as well as the count of
the initial inoculum (Uy = 3.7) that was confirmed in the magnitude of
5E3.

The results obtained from in vitro evaluation of antibacterial and
antibiofilm properties for Cu?>* doped SBA3 in comparison to undoped
SBA3 revealed that doped specimens in lower ion-exchange solution
(0.001 M) had no impact on the attachment of S. aureus MDR on to
samples’ surfaces (after 6 h); while during 24 h, antibacterial and
antibiofilm properties of Cu-SBA3 has initiated due to release of Cu®*
ions into the LB broth and both used protocols (ISO 22196 standard and
UPO protocol) showed more or less the same results, a 50% reduction for
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Fig. 11. Antiadhesive and antibiofilm test according to the UPO protocol after 6 and 24 h incubation at 37 °C, respectively: A) Metabolic activity of S. aureus MDR on
the specimens’ surfaces; B) Viable surface-attached bacterial colonies count (CFU), C) SEM images taken in two different magnifications (1500X in the image and
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Table 1

R score values calculated by the colony-forming unit (CFU) count immediately
after inoculation (Up) and after 24 h of culture in direct contact with the spec-
imens’ surface (U, for untreated and A, for treated samples).

Sample Protocol Logio CFU Count Log1o CFU Count (R) score
(Uo) Uy, Ad
SBA3 1SO 3.7 4.7 Control
22196 sample
Cu- 1SO 3.7 3.7 1
SBA3 22196
SBA3 UPO 3.7 5.1 Control
sample
Cu- UPO 3.7 4.5 0.6
SBA3

metabolic activity and between 0.6 and 1 log decrease for surface-
adherent bacterial colonies. Moreover, from the result of the R score
obtained from two investigated protocols (0.6 and 1 for UPO and ISO
22196 protocols, respectively), it was concluded that the effectiveness of
Cu-SBA3 samples by using these two protocols was more or less the
same.

These results are in agreement with previous literature. Pierre et al.
investigated the biological properties of homogeneous calcium phos-
phate coating on titanium dental implants that were doped with Cu
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exchange post-treatment at different concentrations (0.001, 0.05, and
0.01 M) towards Gram-positive and Gram-negative bacterial strains at
two time points (4 and 24 h). They reported that after 4 h, there was a
low reduction of adherent Gram-negative onto the samples doped with
Cu in comparison to undoped specimens, while for Gram-positive bac-
terial strains, no noticeable difference was observed. However, after 24
h of inoculation, a significant reduction of CFU of about 2 log for both
Gram-positive and Gram-negative bacterial strains was observed [52].
Regarding Cu-doped bioactive glasses, Popescu et al. conducted a study
on the antibacterial activity of Cu-containing bioactive glass-ceramics
against S. aureus. They found that the glass with 0.5 mol% CuO
exhibited the lowest minimum inhibitory concentration and bactericidal
concentration against S. aureus. Additionally, they observed that the
release of Cu®* ions from this glass after 24-h soaking in deionized water
was similar to the values measured in our study (Fig. 7C) [53]. In
another investigation, which examined the effect of Cu**-ion release
from a calcium-phosphate glass with varying Cu content on S. aureus, a
strong correlation was found between the concentration of released
cu?* and the bactericidal properties [54]. Nevertheless, while it is
generally observed that higher copper content correlates with improved
antibacterial performance, it is crucial to consider that elevated con-
centrations of copper can potentially generate an excessive quantity of
free radicals, which may induce cytotoxicity [55]. Therefore, it is crucial
to carefully control the release kinetics of copper to ensure an optimal
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balance between antibacterial efficacy and potential cytotoxic effects.

Even though the here studied glass shows potential to be used as an
antibacterial material it is pivotal to further assess its cytocompatibility
and Cu®" leaching in the used culturing conditions. Cu-SBA3 discs have
been found to decrease human adipose stem cell viability in direct cul-
ture, possibly due to the rapid release of Cu?" from glass surface in the
cell culture [56]. Instead, when employing an indirect culture the cells
stayed viable with healthy morphology, suggesting only contact killing
phenomenon. However, these preliminary tests made with one cell line
were only a starting point for deeper understanding of the cyto-
compatibility and possible osteogenic potential or angiogenic properties
of the Cu-SBA3 glass.

4. Conclusion

In the present study, SBA3 bioactive glass surface was doped with
ionic Cu?* by an ion exchange process in an aqueous solution. First, the
effect of the concentration of the used Cu(Il)-rich ion exchange solution
was studied by assessing the glass morphology, elemental composition,
and amorphous nature. Based on these analyses the lowest concentra-
tion of 0.001 M of the ion exchange solution was chosen for further
analyses. Next, the impact of the Cu-doping of the SBA3 surface on the
amorphous nature, bioactivity, and chemical stability of the glass in
both physiological and inflammatory pH ranges was investigated. The
undoped SBA3 was used as a reference to Cu-doped SBA3. The Cu-doped
SBA3 surface remained without any large precipitates of copper salts,
hence confirming the amorphous nature of the glass. Interestingly, Cu-
doping was also found not to negatively affect the bioactivity mecha-
nism; instead, more enhanced formation of hydroxyapatite was seen on
the Cu-SBA3 surface compared to the undoped SBA3 surface as evi-
denced by SEM-EDS, XRD, and zeta potential measurements. In addi-
tion, the antibacterial effect of the Cu-doping towards Gram-positive
Staphylococcus aureus MDR was studied in detail by assessing anti-
adhesive, antibacterial, and antibiofilm properties utilizing two
different protocols (ISO 22196 standard and UPO protocol). The
released Cu®"-ions from doped samples showed no impact on bacterial
adhesion onto the samples’ surfaces determined by UPO protocol after 6
h. However, both protocols after 24 h revealed a noticeably significant
reduction of bacterial metabolic activity (about 52%) and surface-
adherent bacterial cells count (CFU, 0.6-1 log) using metabolic Ala-
mar blue assay and CFU count. Results were visually confirmed by SEM
images where few viable single colonies were observed on the Cu-SBA3
surfaces after 24 h of incubation with direct contact with S. aureus
suspension. The here-described antibacterial ion-releasing bioactive
glass represents a promising starting point for the realization of a non-
antibiotic antibacterial materials for bone tissue engineering
applications.
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