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Preface

In recent years, the rise in antibiotic-resistant bacteria has driven extensive research into the
development of antibacterial materials across various fields, aiming to curb the spread of resistant
strains. These innovative materials encompass a wide range of substances, including nanoparticles,
polymers, chemicals, proteins, and enzymes. Additionally, the final products incorporating these
antibacterial agents come in diverse forms, such as textiles, plastics, ceramics, and metals.

This Special Issue illustrates advances of antibacterial biomaterials in biomedical fields for

implants, wound healing, bone regeneration and medical textiles.

Claudia Vineis and Alessio Varesano
Guest Editors
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Green Synthesis of Controlled Shape Silver Nanostructures and
Their Peroxidase, Catalytic Degradation, and Antibacterial
Activity

Ayesha Shafiq, Aarti R. Deshmukh, Khaled AbouAitah and Beom-Soo Kim *

Department of Chemical Engineering, Chungbuk National University, Cheongju 28644, Republic of Korea;
engr.ayesha.shafig@gmail.com (A.S.); aartideshmukhl@gmail.com (A.R.D.); ke.abouaitah@gmail.com (K.A.)
* Correspondence: bskim@chungbuk.ac.kr; Tel.: +82-43-261-2372; Fax: +82-43-269-2370

Abstract: Nanoparticles with unique shapes have garnered significant interest due to their enhanced
surface area-to-volume ratio, leading to improved potential compared to their spherical counterparts.
The present study focuses on a biological approach to producing different silver nanostructures
employing Moringa oleifera leaf extract. Phytoextract provides metabolites, serving as reducing
and stabilizing agents in the reaction. Two different silver nanostructures, dendritic (AgNDs) and
spherical (AgNPs), were successfully formed by adjusting the phytoextract concentration with and
without copper ions in the reaction system, resulting in particle sizes of ~300 + 30 nm (AgNDs) and
~100 £ 30 nm (AgNPs). These nanostructures were characterized by several techniques to ascertain
their physicochemical properties; the surface was distinguished by functional groups related to
polyphenols due to plant extract that led to critical controlling of the shape of nanoparticles. Nanos-
tructures performance was assessed in terms of peroxidase-like activity, catalytic behavior for dye
degradation, and antibacterial activity. Spectroscopic analysis revealed that AgNDs demonstrated
significantly higher peroxidase activity compared to AgNPs when evaluated using chromogenic
reagent 3,3,5,5'-tetramethylbenzidine. Furthermore, AgNDs exhibited enhanced catalytic degra-
dation activities, achieving degradation percentages of 92.2% and 91.0% for methyl orange and
methylene blue dyes, respectively, compared to 66.6% and 58.0% for AgNPs. Additionally, AgNDs
exhibited superior antibacterial properties against Gram-negative E. coli compared to Gram-positive
S. aureus, as evidenced by the calculated zone of inhibition. These findings highlight the potential of
the green synthesis method in generating novel nanoparticle morphologies, such as dendritic shape,
compared with the traditionally synthesized spherical shape of silver nanostructures. The synthesis
of such unique nanostructures holds promise for various applications and further investigations in
diverse sectors, including chemical and biomedical fields.

Keywords: green synthesis; silver nanodendrites; peroxidase activity; dye degradation; antibacterial activity

1. Introduction

Recently, there has been a notable surge for nanoparticles in multiple applications and
products that support human life. High-quality metal nanoparticles (e.g., Au, Ag, Pt, and
others) have gained extensive research in diverse biomedical domains, e.g., anticancer ther-
apy, radiotherapy augmentation, drug delivery, antibacterial treatments, diagnostic assays,
antifungal treatments, bioimaging, biosensing, gene delivery, and numerous others [1-3].
When concerning silver nanoparticles, they are utilized in composites [4,5], ceramics, poly-
mers, agriculture, and energy [6]. Several methods have been employed to synthesize
nanoparticles, including the chemical process, physical process, biological process, thermal
decomposition [7], heat-induced evaporation, and laser ablation [8]. Chemical methods
typically involve reduction using reducing agents (i.e., sodium borohydride, dimethyl-
formamide, trisodium citrate, hydrazine, ascorbic acid, m-hydroxy benzaldehyde, oleyl
amine, and polyvinylpyrrolidone). Nanoparticles produced by these techniques range in
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particle size from 25 nm to 650 nm [9]. However, compared with the biological approach,
the production cost and toxicity of hazardous chemicals are disadvantages. Biological
methods typically utilize microorganisms such as algae, fungi, and bacteria that are safe as
bio-reducing agents, but their synthesis rates are slower compared with green synthesis
using plant-based materials. Therefore, among biological methods, green synthesis, which
utilizes plant materials (biomass, juice, and extracts) to synthesize silver nanoparticles, is
increasingly supported by researchers. This is due to simplicity, eco-friendliness, safety,
cost-effectiveness, reproducibility, stability, and source availability [10].

In the current study, the Moringa oleifera plant, a member of the Moringa family com-
monly used as a vegetable in Asian countries, was employed as a bio-reducing agent.
Moringa oleifera is a fast-growing, draft-resistant plant native to Asian countries such as
Nepal, Pakistan, and India. It is also grown in tropical and subtropical regions of America
and Africa [11] and is readily available in local markets for a variety of purposes. This plant
exhibits a variety of benefits [12]. For example, from a nutritional perspective, Moringa
leaves contain protein, zinc, potassium, magnesium, and copper [13]. It is rich in natural
bioactive components with medicinal properties such as flavonoids, phenolic compounds,
terpenoids, carotenoids, sterols, anthraquinones, alkaloids, and saponins [14-17]. Some
flavonoids demonstrate anticancer activity against Hela cancer cells [18]. In the realm of
nanoscience, Moringa oleifera has received huge attention over the past decades for its poten-
tial ability to synthesize various metal nanoplatforms, as reported in various studies related
to iron oxide, nickel oxide, lanthanum oxide [19], magnesium oxide [20], tungsten [21], and
palladium nanoparticles [22] and others [23].

Important requirements in the development of nanoparticles are size and shape, as
crucial factors that determine the reactivity and use of nanoparticles. Thus, changes in these
properties can have a significant impact on their applications [24]. It is acknowledged that
nanoparticles with complex structures have received more attention than simple particles
due to their intricate structure [25]. Particle morphology, such as silver nanoflowers, silver
dendrites, silver nanostars, and silver nanowires, provides more surface area or reactive
sites compared with spherical nanoparticles [26]. Several studies have been conducted
using trisodium citrate [27], ammonium citrate dibasic [28], polyvinylpyrrolidone, and
formamide [29] to achieve nanoflower-like morphology.

The current study provides a straightforward method for the green synthesis of silver
nanostructures in a controlled shape using Moringa oleifera leaf extract. Interestingly, two
distinct morphologies of silver nanostructures, dendritic shapes (AgNDs) and spherical
shapes (AgNPs), were feasibly obtained for the first time by varying the concentration of
plant extract as a critical factor when reacted with silver nitrate with and without copper
ions in the reaction mixture. Our results showed that silver nanodendrites exhibit superior
properties compared with spherical nanoparticles when evaluated for oxidation, catalytic
degradation, and antibacterial activity. These findings could open many opportunities and
possible applications in various fields.

2. Materials and Methods
2.1. Synthesis of Silver Nanoparticles

Chemicals in all studies were used as purchased. Distilled water used in the experi-
ment was produced with a Green RO 350 water purification system (Seoul, Korea). Moringa
oleifera dried leaves were purchased from the Hands Herb Company, Korea. Leaves were
rinsed with plenty of distilled water before drying again at 80 °C using an oven. The
dried leaves were then ground with a mortar and pestle and stored in a glass bottle until
use. For plant extraction, 3 g of dried leaves were added to 100 mL distilled water and
refluxed at 100 °C for 1 h. Next, the solution was filtered and stored at 4 °C. To synthesize
silver nanostructures, 5 mM AgNOj (silver nitrate, Samchun Chemicals Company, Seoul,
Korea) and 3 mM of Cu (NOs); - xH,O (copper nitrate (II) hydrate 99.99%, Sigma-Aldrich,
St. Louis, MO, USA) were added together to a 20 mL distilled water solution. Plant extracts
of different volumes were added dropwise to this solution to form silver nanoparticles with
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a controlled shape effectively. Two types of experiments were performed to determine the
growth mechanism. The first type of experiment involved fixing precursor concentration
(metal salt) and varying the volumetric concentration of the reducing agent (plant extract)
as 10%, 20%, 30%, and 40% of the precursor, while the second type involved fixing the
concentration of plant extract and varying the volumetric concentration of metal salt as
12.5%, 16.6%, and 25% of the precursor. These experiments were performed with and
without copper nitrate hydrate. The mixture solution of each designed sample was incu-
bated at room temperature for 24 h with a stirring speed of 200 rpm and then centrifuged
(15,000 rpm for 10 min) using a Hanil Mega 17r high-speed refrigerated centrifuge, Korea.
After removing the supernatant, the pellet precipitate was washed several times with
distilled water. Finally, nanoparticles were obtained using a freeze dryer (Ilshin, Korea).

2.2. Peroxidase Activity

Peroxidase assay was performed according to Deshmukh and colleagues [30]. Briefly,
0.15 mL of concentrated AgNDs/AgNPs suspension (50 pg/mL) was mixed with 0.1 mL
(10 mM) hydrogen peroxide (H,O,) (Samchun Chemicals Company, Seoul, Korea) in
a test tube and allowed to stand at room temperature. Then, 0.25 mL acetate buffer
solution (pH 4.2) was added, followed by rapid addition of 0.2 mL (12 mM) of 3,3’ 5,5'-
tetramethylbenzidine (TMB, 99%, Sigma-Aldrich, St. Louis, MO, USA) in ethanol. The
colorless TMB was oxidized to a blue diimine. Absorbance was monitored over time, and
comparisons were recorded at 655 nm at regular intervals [31].

2.3. Catalytic Activity

Two types of dyes were investigated to evaluate the catalytic behavior of silver
nanoparticles in degradation. Methyl orange (MO, 85% dye content), methylene blue
trihydrate (MB, 97% dye content), and sodium borohydride (NaBHy, extra pure) were
purchased from Samchun Chemicals Company, Seoul, Korea. A catalytic dye degradation
experiment was performed by adding 5 mL of 15 mg/L dyes (MO, MB) to a 15 mL test
tube, followed by adding 50 uL (0.06 M) NaBHj4 to each tube. The catalytic behavior was
observed by adding 150 pL of 100 ng/mL AgNDs or AgNPs to this solution. The reaction
started immediately, and the solids were removed after 5 min by centrifugation (13,000 rpm
for 10 min). The degradation percentage was measured by recording the optical density
using a UV-Vis spectrophotometer.

The % dye degradation was calculated from the equation:

. Cp—¢C

% Degradation = (o=c) % 100 (1)
o

where Cj represents the initial dye concentration, and C; represents the final dye concentra-

tion after degradation.

2.4. Antibacterial Activity

The antibacterial activity of AgNDs and AgNPs was evaluated using the disk-diffusion
agar method [32] against representative microorganisms, Staphylococcus aureus (ATCC 6538)
and Escherichia coli (ATCC 11775). Bacteria were cultivated on Luria-Bertani (LB) medium
and incubated at 37 °C for 24 h. Antibacterial tests were performed using nanoparticle con-
centrations (100 pg/mL) [33,34] as effective concentrations against bacterial strains. After
dropping 100 puL of silver nanostructures (100 ug/mL) on a sterile paper disc (Advantech,
Japan) with a diameter of 10 mm, it was dried, placed on an LB agar plate, and incubated
at 37 °C for 24 h. Then, the antibacterial activity was obtained by measuring the zone of
inhibition diameter (mm). Antibacterial activity was assessed in triplicate, and data were
plotted with error bars after calculating standard deviations.
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2.5. Characterization of Silver Nanostructures

A UV-Vis absorbance spectrum of 200-800 nm wavelength was acquired using a
UV-Vis spectrophotometer at a resolution of 10 nm (mini, Shimadzu, Japan). Fourier
transform infrared spectroscopy (FTIR) analysis was used to identify functional groups.
FTIR measurements were performed using an IR200 FTIR spectrometer (Thermo Scientific)
with a wavenumber range of 500-4000 cm~! and a resolution of 4 cm ™! after 32 scans.
The crystallinity of the nanostructures was measured using an X-ray diffractometer (XRD,
X'Pert-Pro, Analytical) under the following conditions: room temperature, voltage 40 kV,
CuKa radiation at A = 1.5406 A, and scanning with 26 range from 0° to 100° with 2° /min.
The average crystallite size was determined by the Debye equation.

09 A
b= B cos 0 @

where D is the particle size, A is the X-ray wavelength (0.154 nm), and f3 is the full width
at half maximum (FWHM). The interplanar spacing (d) between atoms was calculated by

Bragg’s law.
2d sin 6 = nA 3)
A
= Zemo " =V @

The nanostructures morphology was characterized using transmission electron mi-
croscopy (TEM, Libra 120, Carl Zeiss, Jena, Germany). For TEM observation, drops of the
colloidal nanostructure solution were placed on a carbon-coated copper grid and dried
at room temperature. Particle morphology and elemental composition were analyzed
using a scanning electron microscope (SEM, LEO-1530) coupled to energy-dispersive X-ray
spectroscopy (EDS). X-ray photoelectron spectroscopy (PHI Quentera-II) analysis was
performed to investigate the chemical oxidation state and surface composition, provid-
ing compositional information at the top of the monolayers, with a detection limit of
0.01-0.5 atomic%, an analysis depth of 0.5-7.5 nm, and a resolution of <10 um probe size.

3. Results and Discussion

Silver nanostructures were synthesized utilizing Moringa oleifera extract from leaves
due to its properties as a reducing and capping agent. A green synthesis approach to metal
nanoparticles can incorporate carbohydrates, amino acids, proteins, phenolic compounds,
and flavonoids that promote metal ions to reduce and stabilize nanostructures [35,36].

3.1. Microscopic Observation of Silver Nanostructures

The obtained results reveal different morphologies depending on the plant extract
concentration in the presence and absence of Cu?* ions. The nanostructures obtained at
a low concentration of 10% of the precursor with Cu®* ions in the reaction system are
spherical with a size of about 100 £ 30 nm, as shown in Figure la—c. Increasing the plant
extract concentration to 20% in the presence of Cu?* ions results in a transition state that
slightly changes the spherical shape to an unstable and undefine structure, as shown in
Figure 1d—f. Afterward, the plant extract concentration was increased to 30% to investigate
the possibility of changing the shape of the nanostructure. It is found that the shape of
dendrites is clearly formed as the concentration of the plant extract increases (Figure 1g—i).
The nanodendrites have an average size of ~300 £ 30 nm. Figure 1j shows the results
obtained in the absence of copper nitrate hydrate when using a low concentration of
10% of precursor. The obtained nanoparticles are spherical at this concentration, and no
dendritic morphology was observed even when the concentration was increased to 30% of
the precursor (as shown in Figure 1k,1). Therefore, for the formulation of nanodendrites,
the volumetric concentration of plant extract should be as high as 30% in the presence of
Cu?* ions. Additionally, Figure 1m shows the SEM observation results for AgNPs, and
Figure 1n,0 displays AgNDs.
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Figure 1. Morphologies of synthesized silver nanostructures by TEM and SEM observations. (a—c)
TEM images of silver nanospheres of different sizes in the presence of Cu?* ions. (d—f) Deformed
TEM images of spheres for particle bud formation in the presence of Cu?* jons. (g-i) Stabilized silver
nanodendrites in the presence of Cu?* jons. (j-1) AgNPs in the absence of Cu?* jons. (m) SEM image
of silver nanospheres. (n,0) SEM images of silver nanodendrites.

The phytochemicals in the extract act as a reducing agent for the silver ions. One
possible mechanism for the reduction of silver nitrate by phytoextract can be hypothesized
as the following: Initially, silver nitrate exists as Ag* and NO3~ ions in solution. The
bioactive molecules in the plant extract provide hydroxyl and carbonyl groups donating
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electrons to silver ions, causing bio-reduction of Ag* to Ag’. These reduced silver ions
start to aggregate and form clusters. These clusters further grow and eventually stabilize to
form silver nanoparticles. Consistent with this hypothesis, many studies have disclosed
that flavonoids from various plant extracts exhibit bio-reductive functions of metal ions
through a mechanism of keto-enol tautomeric transformation [37,38].

The above results show that AgNPs and AgNDs can be successfully prepared using
Moringa oleifera leaf extract in the presence of Cu?* ions. Cu?" ions are necessary for
nanodendritic formulation. The addition of Cu®" ions can slow down the reaction, forming
thermodynamically unstable branched structures that provide high specific surface areas.
These branches then aggregate to reduce the uncovered area and create a self-assembled,
stabilized dendritic structure [39,40]. Importantly, the shape of the nanoparticles in the
synthesis system changes from spherical to dendritic as the concentration of the plant
extract increases with the addition of Cu?* ions. Increasing the concentration of the metal
salt was found to have no effect on the morphology. Without Cu* ions in the system, there
was no change in morphology, even at high plant extract concentration (30%). Therefore, for
the formulation of nanodendrites, the volumetric concentration of plant extract should be as
high as 30% in the presence of Cu?* ions. Xu et al. [41] reported similar observations for the
chemically synthesized 3-dimensional silver nanostructures in the presence of Cu?* ions.

3.2. UV-Vis Spectroscopy and Elemental Analysis

Figure 2 demonstrates possible differences in the optical properties of nanomaterials
depending on the shape and size formed. According to the results, AgNDs show a broader
spectrum with a maximum of 460 nm (Figure 2a), while AgNPs exhibit a narrower band
with a maximum of 443 nm (Figure 2b). The obtained data is like previous data showing
different morphologies for silver nanoparticles [42]. The elemental content of AgNDs was
analyzed. Figure 2c clearly reveals that AgNDs have a strong absorption peak (3 keV),
which is typical for silver nanocrystals [43]. Mass percentage analysis indicates that silver
is predominantly present at 88.4%, along with the organic content on the surface of the
silver nanodendrites, especially C (4.69%) and O (6.41%), while the Cu content is negligible
at 0.72%. It has been reported that Moringa oleifera cannot induce copper nanoparticles
under room temperature conditions and that high temperatures (>80 °C) are required for
the formation of copper nanoparticles [44], but high temperatures were not used in our
conditions. This indicates that copper nitrate does not act as a strong competitor but slows
down the reaction rate for silver nanoparticles formation. Figure 2d also presents the EDS
mapping demonstrating the Ag atoms in AgNDs and confirming the distribution of the
major elements in the nanoparticles.

3.3. FTIR Analysis

FTIR investigations were employed to determine whether bioactive compounds are
found on the surface of nanoparticles. Figure 3a demonstrates that AgNDs exhibit a peak
at 3287 cm ! related to O-H stretching vibrations of hydroxyl groups present mainly in
plant phenols and alcohols. Two peaks are observed at 2917 cm~! and 2850 cm !, which
are associated with C-H stretching vibrations. The peak observed at 1635 cm~! can be
attributed to C=C stretching (in aromatic rings present in terpenoids) and C=O ketones
(in flavonoids). C-N bending vibrations appear at 1216 cm ! and 1024 cm ™! related to the
amide group of plant extract [45]. Figure 3b illustrates the FTIR spectrum of AgNPs. The
broader spectrum detected at 3454 cm~! can be ascribed to the O-H stretching. The peak
seen at 1625 cm ™! is due to C=C and/or C=O stretching vibrations. Figure 3c displays
the functional groups of Moringa oleifera extract leaf powder. The peak at 3291.2 cm ™!
can be represented by the O-H stretching vibration, and the other peaks (2919 cm~! and
2858 cm~!) can be confirmed by the C-H stretching of the alkane group. The peak at
1637 cm ! can be assigned to C=C stretching and C=0. The peaks seen at 1230 cm ! and
1033 cm ™! are associated with C-N bonds in the amine group [46]. From the FTIR results,
it is predicted that the C=O group is dominantly involved in the reduction, while C-H and
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C-N stretching are likely involved in the shaping of the nanoparticles because they are not
observed in the silver nanosphere vibration analysis. These results for Moringa oleifera are
like previously reported results [47]. The presence of identical peaks with a slight peak shift
in nanoparticles and Moringa oleifera powder suggests that the synthesized nanoparticles
are capped with bioactive functional groups present in this plant. Silver nitrate shows an
intense peak at 1291.1 cm ! [48], indicating an Ag*NO3~ ion pair, as shown in Figure 3d.

3.4. XRD Analysis

Figure 4 indicates that both AgNDs and AgNPs have cubic face-centered (FCC) struc-
tures. As shown in Figure 4a, significant peaks and crystal planes are observed at 37.91°
(111), 44.08° (200), 64.3° (220), and 77.30° (311) corresponding to d-spacings of 0.237 nm,
0.220 nm, 0.144 nm, and 0.123 nm for AgNDs. XRD analysis shows that the synthesized
silver nanostructures correspond to well-defined surfaces with an arrangement of atoms in
a crystal lattice manner. The intense peak at 20 = 37.91° corresponds to the (111) reflection
as one of the most compressed packed planes, indicative of the FCC structure. These
results are in accordance with the standard powder diffraction card of a joint committee on
powder diffraction standards (JCPDS), silver file No. 04-0783 [49]. In Figure 4b, distinct
peaks and crystal planes are detected at 37.88° (111), 44.18° (200), 64.258° (220), and 77.203°
(311) for AgNPs, which are attributed to d-spacings of 0.237 nm, 0.204 nm, 0.144 nm, and
0.123 nm. The approximate crystal size corresponding to (111) is 26.82 nm and 32.48 nm for
AgNPs and AgNDs, respectively. The XRD data also reveals peaks representing organic
compounds from the plant extract (32.104°, 37.16°, and 44.18°) in addition to peaks rep-
resenting silver nanocrystals. These results are consistent with previous studies as XRD
contains similar 26 patterns [50,51]. Furthermore, no remarkable peaks are observed for
the copper crystal due to its low presence in the reaction system.
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Figure 2. UV-Vis spectra and EDS elemental analysis of silver nanostructures. (a) UV-Vis spectra
of silver nanodendrites. (b) UV-Vis spectra of silver nanospheres. (c¢) EDS spectrum of silver
nanodendrites with the selected region. (d) EDS mapping of silver nanodendrites.
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3.5. XPS Analysis

The synthesized silver nanostructures are further analyzed using XPS, as manifested in
Figure 5. Figure 5a,e shows the survey spectra for AgNDs and AgNPs, confirming the pres-
ence of Ag’ as a major constituent. Ag peaks are detected at 365-376 eV (Figure 5b,f). As a
spin-orbital splitting, the Ag3d peak is shown as a doublet with two states: 367.5 eV
Ag3ds,, and 373.5 eV Ag3d;,, with splitting energy of 6 eV, confirming the state in
Ag? [52,53]. Figure 5c describes the deconvolution of Cls spectra from AgNDs with
four signals at 284.28, 285.5, 286.39, and 287.66 eV with respect to the C=C, C-O, C-N, and
C=0 relationships [54-56]. The Ols XPS spectrum exhibits three signals at 530.88, 532.23,
and 533.35 eV (Figure 5d) due to AgO, O-H, and C-O, respectively [57,58]. For AgNPs, the
pattern gives a Cls spectrum (Figure 5g) with deconvolution into three peaks at 284.2, 285.6,
and 287.3 eV, indicating the presence of C=C, C-O, and C-C connections [59-61]. The Ols
XPS (Figure 5h) represents four peaks at 531.24, 532.12, 532.7, and 533.35 eV corresponding
to the O-H, C=0, C-O linkages [62,63]. These results confirm the successful synthesis of
silver nanostructures with Moringa oleifera leaf extract. Results are in accordance with FTIR
studies confirming the connection.

3.6. Peroxidase Activity

Several nanoparticles are known to exhibit peroxidase activity, including cobalt ter-
traoxide [64], copper [65], nickel [66], gold [67], and silver nanoparticles [68]. In this study,
the peroxidase activity of silver nanostructures was investigated using a chromogenic
reagent TMB as shown in Figure 6. Originally, TMB did not exhibit any peak and appeared
colorless, but when oxidation begins, with the release of Ag™ ions, colorless TMB under-
goes oxidation and turns into a blue-colored diimine. The phenomena can be observed
visually, and spectrometry analysis confirms the reaction as a band at 655 nm (Figure 6a).
The absorbance of the samples was monitored over time, and comparisons were recorded
specifically at 655 nm every 30 min with a spectral range of 400 to 800 nm, which gradually
increases with rising TMB-oxide, as shown in Figure 6b. In contrast to AgNPs with a
maximum OD of 0.8, AgNDs displayed higher oxidation, i.e., a maximum OD of 1.1. The
plausible mechanism that could take place during this reaction and result in peroxidase
activity is shown in Figure 6¢c. The process involves the following main steps: catalytic
decomposition of H,O, upon the addition of nanoparticles, and TMB oxidation via Ag*
ions, which is confirmed by a color change from colorless to blue. Initially, with HyO5,
Ag® undergoes Ag* ion formation, which leads to the decomposition of HyO, into OH
radicals [69]. The free radicals then oxidize the peroxide substrate TMB, which confirms
the formation of silver cation (Ag") on the surface of silver nanostructures. In addition, the
oxidized form of TMB can exist in equilibrium with the charge transfer complex and the
diimine derivative for TMB.

3.7. Catalytic Degradation

Methylene blue (MB) is a heterocyclic aromatic cationic dye that poses a threat to
aquatic life due to its non-degradability and potential to cause carcinogenesis and toxicity.
This dye is water-soluble and shows a dark blue color when dissolved in water and
generates a significant signal at 664 nm when analyzed by a UV-Vis spectrophotometer.
MB degrades to leuco-methylene blue [70]. Methyl orange (MO) is an anionic azo dye that
displays a strong peak at 464 nm and is also water-soluble. The color ranges from orange,
red to yellow depending on the acidity and alkalinity of the medium. When degraded, it
forms hydrazine-derivatives [71]. Our results demonstrate the positive impact of silver
nanostructures on the catalytic degradation of the used dyes (MO and MB). This is clearly
shown in Figure 7a,b. Degradation of the dyes was slow when sodium borohydride was
introduced, as observed both visually and by absorbance measurements. However, with the
addition of silver nanostructures in the solution, the reaction rate was accelerated, and the
reaction was completed in 3 to 5 min. The color of each dye disappeared, but black pellets
were formed along with the colorless supernatant. In addition, the absorbance spectrum
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of the dyes was significantly reduced. These observations suggest that the degradation of
dyes with sodium borohydride is thermodynamically favorable but not kinetically [72,73].
In this system, silver nanostructures act as a catalyst that increases the reduction/oxidation
reaction of dyes with sodium borohydride [74,75].
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Figure 5. High-resolution XPS spectra of silver nanostructures. (a) Survey spectra of AgNDs.
(b) Ag3d spectra of AgNDs. (c) Deconvoluted Cls spectra of AgNDs. (d) Deconvoluted Ols spectra
of AgNDs. (e) Survey spectra of silver nanospheres. (f) Deconvoluted Ag3d spectra of AgNPs. (g)
Cls spectra of AgNPs. (h) Ols spectra of AgNPs.
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The calculated degradation activity results show that AgNDs exhibit a higher degra-
dation percentage compared to AgNPs (Figure 7c) as follows: 66.6% (AgNPs) and 92.2%
(AgNDs) for MO dye degradation; 58.3% (AgNPs) and 91.0% (AgNDs) for MB dye degra-
dation. The experiment was performed in triplicate, and the calculated standard deviation
was less than 2%. It indicates that AgNDs have a superior catalytic effect required for the
degradation of dyes.

A reasonable mechanism for this reaction to occur can be attributed to the rapid
transfer of electrons available on the silver nanoparticles. Degradation activity relies on the
doner NaBHy capability and acceptor dye. Initially, dye molecules and BH;™ are adsorbed
on the surface of nanoparticles [76]. Here, NaBHj4 acts as a nucleophile, the dye molecules
act as an electrophile, and the silver nanoparticles act as an electron relay system mixture
that supports both electron transfer and degradation rate acceleration. These observations
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reflect the role of nanoparticles as substrates due to their high specific surface area [77,78].
For silver nanoparticles, several studies have demonstrated enhanced catalytic behavior
for dye degradation with NaBH, [79-82].
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Figure 7. Catalytic degradation of dyes in the presence of NaBH; on the surface of sil-
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3.8. Antibacterial Activity

Silver nanostructures are primarily known for their potent antibacterial potential [83-85].
The antibacterial activity of the synthesized silver nanostructures was investigated against
Gram-positive bacteria (S. aureus) and Gram-negative bacteria (E. coli). Figure 8a,b demon-
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strates the efficient killing of bacteria by AgNDs compared with AgNPs, showing specific
antibacterial action when tested by the zone of inhibition. AgNDs have a higher antibac-
terial effect against E. coli, reaching an inhibition of 40 £ 1.5 mm, when compared with
S. aureus, which had an inhibition of 10 £ 0.6 mm. In contrast, AgNPs treatment for both
strains resulted in insignificant inhibition of 12.6 & 1.2 mm against E. coli and 5 + 0.91 mm
against S. aureus. These results illustrate that nanoparticle shape enables antibacterial
effectiveness depending on the morphology change. The possible antibacterial action
mechanism of silver nanoparticles is explained as follows. Bacterial cells are composed of
various structures, such as cell membranes, proteins, and DNA, which contain sulfur and
phosphorus. They act as Lewis bases, while silver is considered a Lewis acid, resulting
in an electrostatic attraction between sulfur proteins and silver ions [86,87]. Therefore,
AgNDs can bind to the wall and penetrate bacterial cells [88,89]. Internalization of silver
nanostructures into cells interrupts respiratory function, resulting in the deactivation of
respiratory enzymes with the generation of reactive oxygen species (ROS) [90,91]. As
such, overproduction of ROS can destroy intercellular components such as DNA, lipids,
and proteins. Cellular membrane destruction thus causes loss of cytoplasm from the cell,
followed by cell death. Additionally, cell wall thickness can determine the antibacterial
efficiency of different bacteria upon contact with silver nanoparticles. Gram-negative E. coli
has a thinner cell wall, making it more susceptible to silver nanoparticle penetration than
Gram-positive bacteria such as S. aureus, which are characterized by thicker cell walls [92].
The structural shape of silver nanoparticles is also important in determining antimicro-
bial efficacy, and the dendritic shape possesses a more reactive crystal surface than the
spherical-shaped nanoparticles, leading to enhanced antibacterial performance [93-95].
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Figure 8. Antibacterial activity of nanostructures against Gram-positive and Gram-negative bacteria.
(a) Antimicrobial activity of silver nanospheres (A) and silver nanodendrites (B) against S. aureus and
E. coli. (b) Zone of inhibition (mm) of silver nanospheres (AgNPs) and silver nanodendrites (AgNDs)
against representative bacteria. Error bars represent the standard deviation of triplicate experiments.

4. Conclusions

In search of an environmentally friendly method to produce nanostructures, a green
synthetic route was introduced to obtain controlled silver nanostructures, dendrites (Ag-
NDs), and spheres (AgNPs) using Moringa oleifera leaf extract at room temperature. These
nanostructures were characterized by surfaces containing bioactive functional groups.
Dendritic silver nanostructures were obtained with increasing plant extract concentration
in the presence of Cu®* ions in the solution supporting the formation of nanostructures.
These nanoparticles were achieved with particle sizes of ~100 £ 30 nm (AgNPs) and
~300 =+ 30 nm (AgNDs). Results demonstrated that AgNDs were more effective in terms of
peroxidase, catalytic degradation, and antibacterial activity. AgNDs showed >90% catalytic
degradation of methyl orange and methylene blue dyes. Additionally, AgNDs exhibited
higher inhibition against E. coli than against S. aureus, suggesting added value in biomedical
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applications. Certain nanostructured forms, such as dendritic silver nanoparticles, can be
applied to various fields in the future through green synthesis strategies.
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Abstract: Prolonged inflammation induced by orthopedic metallic implants can critically affect the
success rates, which can even lead to aseptic loosening and consequent implant failure. In the case of
adverse clinical conditions involving osteoporosis, orthopedic trauma and implant corrosion-wear in
peri-implant region, the reactive oxygen species (ROS) activity is enhanced which leads to increased
oxidative stress. Metallic implant materials (such as titanium and its alloys) can induce increased
amount of ROS, thereby critically influencing the healing process. This will consequently affect the
bone remodeling process and increase healing time. The current review explores the ROS generation
aspects associated with Ti-based metallic biomaterials and the various surface modification strategies
developed specifically to improve antioxidant aspects of Ti surfaces. The initial part of this review
explores the ROS generation associated with Ti implant materials and the associated ROS metabolism
resulting in the formation of superoxide anion, hydroxyl radical and hydrogen peroxide radicals. This
is followed by a comprehensive overview of various organic and inorganic coatings/materials for
effective antioxidant surfaces and outlook in this research direction. Overall, this review highlights
the critical need to consider the aspects of ROS generation as well as oxidative stress while designing
an implant material and its effective surface engineering.

Keywords: antioxidant; surfaces; titanium; reactive oxygen species (ROS); biomaterials

1. Introduction

One of the key factors associated with inflammatory response is the oxidative stress,
which is characterized by the imbalance/disparity between the generation of reactive
oxygen species (ROS) and antioxidant defense system [1]. Osteoporosis, the most common
bone disorder globally, is a systemic skeletal disorder associated with diminishing bone
mass and micro-architectural bone tissue degradation with concomitant bone fragility and
osteoporotic fracture [2-4]. Considered as one of the major global pandemics of the 21st
century, osteoporosis induces more than 8.9 million bone fractures per annum, affecting
about 200 million people, and in addition, poses a high risk specifically to post-menopausal
women, with 40-50% prevalence in women older than 60 years [5-7]. Other leading causes
for bone fracture includes road accidents, falls and sports injuries. Following the bone
fracture, secondary healing ensues involving various stages such as hematoma formation,
acute inflammation, callus formation and bone remodeling [8]. The fracture trauma results
in blood vessel rupture in the region of fracture leading to hematoma [9]. The hematoma
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micro-environment in the fracture site is structurally unstable, hypoxic and acidic, which
requires a cross-talk between inflammatory cells and cells related to bone healing in order
to re-establish normal homeostatic state [9,10]. The bone remodeling involves a collective
involvement of various bone cells such as osteoclasts (removal of damaged and old bones),
osteoblasts (synthesis and secretion of osteoid matrix during mineralization) and osteocytes
(regulating new bone formation and old bone resorption) [11-13]. Oxidative stress is a
predominant factor which negatively affects the bone remodeling process resulting in a
deteriorated bone mineral density, contributing in the etiology of osteoporosis [14-16].

Clinical intervention of bone fractures and defects considers the usage of orthopedic
implants for the treatment of orthopedic trauma with minimal harm to the patients. Metallic,
ceramic and polymeric biomaterials have been explored and researched for orthopedic
implant applications, with each class of materials possessing its own advantages and
disadvantages [17-19]. Thanks to their superior mechanical properties, metallic materials
are the most widely used material for internal fracture fixation components. The three
dominant material classes in this aspect are 316L stainless steel, Co-Cr alloys and Ti and its
alloys [20-23]. However, metallic materials are prone to degradation due to corrosion-wear
synergy (tribocorrosion) in complex physiological environments capable of eliciting the
release of ions and debris in the peri-implant region [24,25]. Such wear-debris release
from articulating components can result in the activation and senescence of resident cells
including macrophages, fibroblasts, osteoclasts and osteoblasts, eventually leading to the
production and release of pro-inflammatory cytokines, chemokines, ROS and reactive
nitrogen species (RNS) [26,27]. This elicits chronic inflammatory cascades and oxidative
stress reactions eventually resulting in bone resorption and osteolysis induced implant
failure [26,28].

During normal healing process, osteoblasts express antioxidant enzymes such as
superoxide dismutase (SOD) for inducing the conversion of ROS into O and H,O to
induce osteoblast differentiation [29,30]. However, during adverse conditions as mentioned
above, enhanced ROS activity results in oxidative stress reducing the bone mineralization
density by affecting the remodeling process [31,32]. In spite of the presence of endogenous
antioxidants, excessive generation of free radicals and inflammatory processes result in
oxidative stress [33]. The occurrence of oxidative stress can be ascribed to abnormal
activation of enzymes which generates ROS. ROS are highly reactive, short-lived molecules
formed as by-products during molecular oxygen reduction which are capable of oxidative
damage to macromolecules in biological cells [34-38]. ROS include radical and non-radical
oxygen species such as superoxide anion (O?~), hydroxyl radical (OH~) and hydrogen
peroxide (H,O,) [39-42]. The mechanism of ROS formation via electrochemical corrosion
reaction, radical transformation via Fenton and Haber-Weiss Reactions, light induction
and surface catalytic reactions is elaborately reviewed by Kessier et al. [43].

Antioxidants are naturally occurring reducing agents which can hinder the generation
of ROS via the phenomenon of scavenging free radicals and eradicating ROS derivatives.
Hence, the origin of oxidative stress can be linked to the imbalance between ROS and
antioxidants which encompass enzymatic antioxidants (e.g., polyphenols, carotenoids,
glutathione, tocopherols) and antioxidant enzymes (SOD, catalase, glutathione peroxi-
dase) [44]. An increment in antioxidant levels can be potentially harmful as it could induce
molecular damages, apoptosis or necrosis, and oxidative stress is found to be associated
with several diseases including cardiovascular, neurodegenerative, carcinoma, diabetes,
ischemia/reperfusion injury, theumatoid arthritis and aging [45]. Endogenous enzymatic
antioxidants include SOD, catalase, glutathione peroxidase and glutathione reductase,
whereas non-enzymatic endogenous antioxidants include glutathione and lipoic acid [46].

Metallic implant materials are widely used for bone-anchored therapy for orthopedic
and dental treatments. Apart from the wear-induced oxidative stress as discussed above,
metallic material insertion during surgical procedure induces large amount of ROS genera-
tion and is incapable of generating antioxidants, thereby critically influencing the healing
process which elevates the healing time.
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Implant surface plays a pivotal role in dictating the host response of the implanted
material. In most cases, surface modification of implants alters the surface morphology,
topography, chemistry and surface energy, particularly aimed at improving matrix protein
adhesion, cellular adhesion and proliferation, to attain better osseointegration [47,48]. A
variety of surface modification strategies involving surface texturing and surface coatings
have been developed to improve the interfacial mechanical strength, wear resistance, tribo-
corrosion resistance and biocompatibility in order to enhance the longevity of orthopedic
implants [49,50]. Recently, surface modification of Ti implants has been gaining research
attention to repair the impaired osseointegration by developing surfaces with antioxidant
activity [51-53]. In summary, it is imperative to gain more insights into the advancements in
this field to further improve the antioxidant activities of Ti implant surface by proper surface
modification to improve its clinical efficiency. In view of these aspects, the present review
is focused towards the various surface engineering techniques to combat the undesirable
ROS generation associated with Ti-based metallic implants. Several review articles have
been published reporting the underlying mechanism of ROS formation and antioxidative
mechanisms [30,54,55]. In addition, review articles comprehensively describing surface
modification techniques for Ti surface are published [56,57]. The novelty aspect of the
present review lies in collating the available reported works in improving the antioxidant
properties of Ti-based metallic implant surfaces via various organic and inorganic coatings.
Even though several research articles have explored the antioxidant activity of surfaces
developed for antibacterial and biocompatible applications, this review exempts these
articles and is focused on research associated with surfaces/materials specifically developed
for antioxidant purpose. This review initially presents an outline of ROS generation
associated with the insertion of Ti implants. This is followed by sections describing organic-
and inorganic-based coatings on Ti surfaces to ameliorate the antioxidant aspects along
with prospective future perspectives. The major objective of the present review is to provide
an overall idea about how surface modification can assist in improving the ROS scavenging
activity and reduce oxidative damage to improve the clinical efficiency of Ti-based implants.

2. Titanium Alloys and Reactive Oxygen Species Metabolism

Titanium (Ti) and its alloys are the widely used material for a variety of load-bearing
orthopedic implant applications thanks to the excellent mechanical aspects, lower modulus
values, corrosion resistance and excellent biocompatibility [58]. Ti is a transition metal
which exists in a hexagonal closed pack (hcp) crystal structure («-Ti), which transforms into
its allotropic form with a body-centered cubic (bcc) structure (3-Ti) above a temperature
of 882 °C, which is retained up to its melting point (1688 °C). Several Ti-based alloys
such as commercially pure Ti (cp-Ti, ASTM-F67), Ti-6Al-4V (ASTM-F136), Ti-6Al-7Nb
(ASTM-F1472, F1295) and Ti-13Nb-13Zr (ASTM-F1713-08) have been explored for dental
implants, bone fixation plates, screws and hip joint stems [59,60]. Current research focus
is more shifted towards (3-Ti alloys as they possess comparatively lower elastic modulus
(as low as 46-55 GPa), high strength, good cold workability and, most importantly, the
beneficial biocompatibility aspects due to 3-phase stabilizing alloying additions (Nb, Ta,
Mo, Mn, Fe etc.) [61-63]. In addition, Ti-based shape memory alloys are prospective
materials for various biomedical applications owing to the shape memory and super-
elasticity effects [64]. Despite these beneficial aspects, wear-induced aseptic loosening is a
limiting factor hampering the efficiency of Ti-based orthopedic implants [65]. Wear-particle
phagocytosis by macrophages can induce cytokine and free radical release, resulting in an
aseptic inflammatory response, capable of promoting osteoclast resorption [66]. The role
of high oxidative stress as one of the main causative factors in various inflammatory and
degenerative disorders points towards the contribution of ROS towards aseptic loosening.
As a response to the released metallic particles in a physiological condition, the immune
system elicits an inflammation process, which involves generation of ROS through a series
of enzyme-assisted biochemical reactions (schematic figure as shown in Figure 1) [67].
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Figure 1. Schematic depicting the ROS generation associated with Ti implants with associated
biochemical reactions.

Superoxide radical generation is catalyzed by NADPH (nicotinamide adenine din-
ucleotide phosphate) oxidase (Equation (1)). Electrons from NADPH is accepted by the
cytosolic domain of gp91PMX (electron transferase of NADPH oxidase) and is transferred
across membrane to O, to generate superoxide radical (O, 7) as the primary product [68].
Gp91PhX contains all the required co-factors to effectuate electron transfer reaction, in
which electrons transfer from NADPH onto flavin adenine dinucleotide (FAD) and to the
haem group in the following step, inducing reduction of O, to O~ [69].

NADPH + O, «» NADP" + O, + H* (1)

In response to this, antioxidant scavenging enzymes such as SOD promote dismutation
to convert superoxide to hydrogen peroxide and an oxygen molecule (Equation (2)), which
occurs spontaneously (rate constant = 5 x 10> M~!s~! at neutral pH) [70]. This reaction is
greatly accelerated by SOD, and the corresponding catalytic activity is attributed partly to
the electrostatic interactions in active center of SOD protein [71].

20; + 2HT — 0O, + HyO, 2)

Stimulation of neutrophils results in oxygen consumption in a respiratory burst that
produces O, and H;O;. Simultaneous discharge of abundant myeloperoxidase enzyme
occurs, which utilizes HyO, to oxidize halides (chlorides, bromides) and thiocyanates to
corresponding hypohalous acids and hypothiocyanite [72]. Myeloperoxidase, also called
verdoperoxidase, is a heme-containing peroxidase generated mostly from polymorphonu-
clear neutrophils and found in primary granules of granulocytic cells [73]. The reaction
between hydrogen peroxide with halides (such as Cl~ in physiological environment)
is catalyzed by granule-localized myeloperoxidase to form hypochlorous acid (bleach)
(Equation (3)).

H,0, +ClI~ — HOCI + OH™ (©)]

In addition, hydrogen peroxide can generate hydroxide and hydroperoxyl radicals
by reacting with ferrous and ferric cations (Fenton reactions). Fenton chemistry can sig-
nificantly enhance the degradation of many transition metals (including Ti alloys, Co-Cr
alloys) [74]. Fenton reaction involves an initial electron transfer with neither bond for-
mation nor breaking and the generation of hydroxyl radicals [75]. Haber Weiss reaction
which makes use of Fenton chemistry involves vital mechanism in which highly reactive
hydroxyl radical generation occurs [76]. Another possible cathodic reaction taking place at
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implant/bone interface is oxygen reduction to generate hydrogen peroxide (Equation (4)).
The cathodic oxygen reduction can be sub-divided into several reactions, resulting in the
generation of hydroxyl radicals and hydrogen peroxide.

O, +2H,0 + 2~ — HyOy + 20H™ )

Hence, ROS are additional products of overall electrochemical reactions occurring
in the implant interface other than the metallic ions and/or particles. The presence of
ROS (hydroxyl radicals and hydrogen peroxide) can further promote degradation of Ti
implants [77]. Among the various ROS molecules, hydrogen peroxide can mix with water
and diffuse through membranes of peri-implant tissues, critically affecting intracellular
redox status, thereby increasing the chances of implant failure [78].

3. Surface Modification for Antioxidant Ti Surfaces

Surface modification of Ti alloys offers an effective strategy to combat the limitations
associated with ROS activity. To develop such surfaces/coatings, several surface modifi-
cation techniques such as layer-by-layer technique, immersion/dip coating, spin coating,
plasma immersion ion implantation and radiofrequency plasma-enhanced chemical vapor
deposition (enlisted in Table 1) are being researched. A limited number of coating sur-
faces/materials have been explored to improve the antioxidant activity of Ti surfaces which
can be conveniently categorized as organic and inorganic materials for surface modification.

Table 1. Various reported techniques used for developing antioxidant surfaces on Ti/Ti alloy surfaces.

Technique

Description

Ref.

Bottom-up adsorption technique which involves the development

Layer-by-layer technique of multi-layered (layers of oppositely charged species) thin films

bound together through electrostatic interactions.

[79,80]

Solution-based deposition method which involves the immersion
of substrate into a solution of material to be coated which

Immersion/dip coating depends on parameters such as dwelling time,

substrate-withdrawal speed, number of dip-coating cycles and
coating evaporation factor.

[81,82]

Spin coating

A technique which uses centrifugal force for deposition, in which
a suspension is dropped from top into the rotating substrate, and
the resulting centrifugal force will assist in spreading out the
coating on the substrate, thereby coating it. The process is
dependent on parameters such as dispense volume, spin speed,
solution viscosity, solution concentration, spin time, etc.

[83-85]

Method to improve biocompatibility aspects of material surfaces
by immersing in a plasma environment and applying

Plasma immersion ion implantation (PIII) negative-high-voltage pulsed bias. Compared to traditional

plasma techniques, PIII can extend to some tens of nanometers
beneath sample surface and can treat complex geometries.

[86-88]

Plasma enhanced chemical vapor deposition

Low temperature chemical vapor deposition in which plasma is
used to drive chemical reactions between
plasma-generated-reactive species and substrate instead of
high temperatures.

[89-91]

3.1. Organic Materials for Surface Modification
3.1.1. Tannic Acid

Tannic acid is a water-soluble natural polyphenol compound, which is often present
in tea, wine and fruits and possesses excellent antioxidant and antibacterial activity owing
to the presence of pyrogallol and catechol groups [92]. The antioxidant activity of tannic
acid is dependent on its capability to chelate metal ions such as Fe(Il) and interfering one
of the reaction steps in Fenton reaction, thereby retarding oxidation [93]. There are several
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published review articles pertaining to the surface modification aspects of tannic acid-
based coatings for various applications [94,95]. Several techniques such as layer-by-layer
deposition [96,97], electrodeposition, UV-assisted deposition [98] and immersion [53] have
been used to deposit tannic acid coatings. The presence of catechol groups renders tannic
acid substrate-independent adhesive properties. Polyphenol group interactions can occur
via several catechol-surface interactions ranging from noncovalent interactions (hydrogen
bonding, pi—pi interactions) to chemical bonding (coordination, covalent) [99]. In addition,
polyphenol tannic acid is capable of forming functional coatings on various materials by
means of an intrinsic auto-oxidative surface polymerization. Sebastian et al. investigated
the deposition kinetics of tannic acid on Ti surfaces which revealed a multiphase layer
generation [100]. An initial growth phase revealed build-up of layer which is compact
as well as rigid (approx. 2 h), followed by adsorption of an increasingly dissipative
layer (approx. 5 h). Following this, a coating discontinuation was observed which was
corroborated with large particle precipitation in coating solutions.

In order to develop multifunctional coatings on Ti surface, tannic acid is often co-
deposited along with other functional biomaterial coatings for prospective implant applica-
tions. Hydroxyapatite (Cajo(PO4)s(OH),) is a bioactive material, the main inorganic bone
component which possesses excellent osteoinduction and osteoconduction properties. In
view of rendering Ti surfaces (which are bioinert) with bioactive and antioxidant prop-
erties, hydroxyapatite and tannic acid based composite coatings have been explored. A
consistent and strong antioxidant activity was displayed by hydroxyapatite/tannic acid
coatings deposited on Ti substrates modified by titania (TiO;) nanotubes (Figure 2a—c) [101].
Gelatin added to hydroxyapatite can improve the osteogenic aspects to enhance bone
formation. However, gelatin-hydroxyapatite coatings failed in bone conduction function
due to weak bonding between them. Tannic acid has been found to strongly adsorb to
hydroxyapatite surface and firmly glued gelatin and hydroxyapatite [96]. The resultant
tannic acid-hydroxyapatite-gelatin complex coating demonstrated significantly higher an-
tioxidant activity and reduced cell damage/changes in the presence of HyO,. There are
limitations reported with the adherence of tannic acid onto hydroxyapatite and salivary
acquired pellicle peptide modified tannic acid exhibited better adsorption performance on
hydroxyapatite surface [102]. Tightly adsorbed coating exhibited smooth, superhydrophilic
surface with excellent antibacterial and antibiofouling performance.

In order to develop multifunctional antioxidant and antibacterial coatings, tannic acid
is coated along with antibacterial elements which can be contact killing, release killing
or anti-adhesive. Despite being widely explored for a wide spectrum of antibacterial
applications, silver (Ag) usage for bio-surfaces is limited by dose dependent cytotoxicity.
Hydroxyapatite-tannic acid coating developed by immersion technique on a Ag-loaded
TiO, nanotubular Ti surface demonstrated high antibacterial activity, improved cytocom-
patibility and revealed slow release of tannic acid from surface, which contributed towards
persistent antioxidant activity as shown in Figure 2d—f [53]. Polyethylene glycol is a promis-
ing antifouling polymeric interface, an appropriate proton acceptor and can generate
hydrogen bonds with tannic acid [103]. Simultaneous deposition of polyethylene glycol
resulted in increased coating thickness and improved surface coverage [104]. A novel
pH-bacteria triggered antibiotic release mechanism has been developed by layer-by layer
deposition of tannic acid with cationic antibiotics such as tobramycin, gentamicin and
polymyxin B [105]. Unlike linear polymer molecules which are incapable of retaining an-
tibiotics, tannic acid through its hydrogen bonding and electrostatic interactions interacted
well with the antibiotics. The interesting aspect is the non-eluting characteristic of the
tannic acid/antibiotic coating which is capable of triggering antibiotic release created by
pH reduction induced by bacterial pathogens. Hizal et al. reported an ultrathin tannic
acid/gentamicin layer-by-layer film on 3D nano-pillared structures, which exhibited a
10-fold decrease in bacterial attachment due to larger surface area of nanostructured surface
and lower bacterial adhesion forces on nanopillar tips [106]. Apart from these, strontium
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(Sr?*) incorporated tannic acid functionalized on Ti surface revealed enhanced osteoblast
differentiation and reduced osteoclast activity [107].
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Figure 2. Antioxidant activity of HAP/tannic acid composite coating. (a) Mechanism illustrating
antioxidant activity; (b,c) antioxidant activity as a function of incubation time of HAP/tannic acid
coating compared to Trolox; (c) antioxidant activity of (I) negative control (deionized water), (II-IV)
10, 30 and 50 g/L of tannic acid, (V) positive control (Trolox). Data reported as means + standard
deviations, n =3 (* p < 0.05, ** p < 0.01, *** p < 0.001). Reprinted from [101] with permission from
Elsevier. (d) Formation mechanism depiction of Ag nanoparticles; (e) antioxidant activity with respect
to incubation time of Ag/HAP/tannic acid coating compared to Trolox; and (f) antioxidant activity of
(I) negative control (deionized water), (II-IV) 0.05, 0.1 and 0.2 M AgNO3, (V) positive control (Trolox).
Reprinted from [53] with permission from Elsevier.

3.1.2. Chitosan

Chitosan is a polycationic natural macromolecule (with a molecular structure of (1,4)-
linked 2-amino-2-deoxy-{3-d-glucan), which is capable of reacting with many physiologi-
cally relevant ROS [108-111]. Owing to its various beneficial aspects such as improvement
of osseointegration and cellular interactions, minimal foreign body response, favorable
degradation rate and, most importantly, due to antioxidant and free radical scavenging
activities, this partly deacetylated form of chitin is a prospective material for surface modifi-
cation [112,113]. Chitosan can form functional coatings on Ti surface owing to the existence
of amine groups in chitosan polymer chains, which are capable of developing covalent
bonds with Ti via silanization [114]. Reasonable mechanisms for antioxidative action of
chitosan include presence of intra-molecular hydrogen bonding [115], residual-free amino
groups in water-soluble chitosan which may induce metal chelation [116] and the ability of
NH, amino groups to react with hydroxyl groups (OH™) to generate stable macromolecule
radicals [117].

Lieder et al. studied the effect of degree of deacetylation of chitosan membranes coated
on Ti surfaces which resulted in an improved fibronectin adsorption, cellular attachment
and proliferation, but with no instigation of spontaneous osteogenic differentiation [114].
Chitosan coating (85-90% deacetylated) on porous Ti surface evidenced excellent antioxi-
dant effect and favored osteoblast activity under diabetic conditions through reactivation
of P13K/AKT pathway [118]. The study elucidated that chitosan can play a role in the
reactivation of P13K/AKT pathway which mediates diabetes-induced ROS overproduction
at bone-implant interface (Figure 3c,d). A multi-step layer-by-layer self-assembly was
employed to deposit biofunctional composite coatings of chitosan and alginate enriched
with caffeic acid on Ti-6Al-7Nb surface [119].
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Figure 3. Antioxidant activity of chitosan based surfaces on Ti. (a) Antioxidant activity measured
over a period of 8 weeks; (b) osteoblast interaction with and without treatment of hydrogen peroxide.
Reprinted from [51] with permission from Elsevier. (c) intracellular ROS activity measured by DCF
fluorescence intensity and (d) intracellular GSH-Px activity to quantify the rate of oxidation of the
reduced glutathione to the oxidized glutathione by HyO, (* p < 0.05 vs. TI + NS; # p < 0.05 vs. TI + DS;
** p < 0.01). Reprinted from [118] with permission from Elsevier.

Multiple steps consisted of piranha solution treatment of Ti alloy surface, plasma
chemical activation and dip coating. Antioxidant activity measured in terms of DPPH-
scavenging activity was higher for chitosan coating due to its potent reducing activity by
hydrogen-donating ability. Conjugation of caffeic acid on chitosan resulted in the gen-
eration of amide linkages, increasing the amount of electron-donating groups. Another
chitosan-based composite coating consisting of chitosan-catechol, gelatin and hydroxyap-
atite nanofibres deposited on Ti substrates exhibited high level of ROS scavenging activity
and decreased oxidative damage on cellular level as displayed in Figure 3a,b [51]. This
coating was able to retain increased level of p-FAK (assists in cell spreading and migration)
and p-Akt (control cell survival and apoptosis) compared to pure Ti. The developed multi-
layer coating improved cell matrix adhesion and intercellular adhesion, while attenuating
ROS-induced damage by interfering expressions of integrin av and 33, cadherin genes,
anti-apoptotic and pro-apoptotic gene amounts. Electrophoretic deposition technique is
also explored recently to coat chitosan-based composite coatings with hydroxyapatite,
graphene and gentamycin [120].

3.1.3. Proanthocyanidin

Proanthocyanidin is condensed tannins (comprising of flavan-3-ol monomeric units),
which belongs to the class of naturally occurring polyphenol flavonoid (non-thiol natural
antioxidant), is found abundantly in berries and fruits [121,122]. Proanthocyanidin pos-
sesses excellent ROS scavenging activity, can regulate macrophage behavior and is capable
of stimulating bone formation under oxidative stress conditions [123-126]. Tang et al.
reported layer-by-layer self-assembly method to deposit hyaluronic acid/chitosan mul-
tilayers with proanthocyanidins [127]. The three-dimensional multilayered network of
hyaluronic acid/chitosan on Ti surface facilitated proanthocyanidin incorporation into
the micro interspaces between hyaluronic acid and chitosan, eventually leading to its
controlled release. Proanthocyanidin incorporation is based on the electrostatic interac-
tion between reactive OH™ radical in proanthocyanidin and positive amine groups in
chitosan. Layer-by-layer assembly is a self-assembly technique based on the electrostatic
attractions (polyanions and polycations) between the assembled components to generate
polyelectrolyte multilayers. Layer-by-layer technique involves charging Ti substrates by
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conjugating polyethylenimine for the purpose of obtaining higher binding forces. A sus-
tained release of proanthocyanidin for a prolonged period of 14 days and mitigation of
ROS-mediated inflammatory response were inferred. In other work, layer-by-layer tech-
nique was employed to integrate collagen type-II with proanthocyanidin which assisted
in accelerating proliferation and osteogenic differentiation via Wnt/b-catenin signaling
pathway and improved bone generation in vivo [128]. A novel covalent-conjugation strat-
egy is reported to immobilize chitosan-encapsulated proanthocyanidin on Ti surface based
on coupling agents (3-aminopropyl) triethoxysilane and glutaraldehyde [129]. Effective
attenuation of the inhibitory effect of oxidative stress was induced by proanthocyanidin
by the decrease of p53 gene expression. This study also indicated the improved stability
of covalently immobilized coatings with improved wear and compression resistances at-
tributed to strong chemical bonding and possessed the advantage of using nanoparticles as
roller bearings.

4. Inorganic Materials for Surface Engineering Antioxidative Properties
4.1. Ceria Based Coatings

Cerium is a rare earth metallic element in lanthanide series and can exist in either free
metal or metallic oxide form. Cerium possesses dual oxidation states: trivalent cerium
sesquioxide (cerous Ce®*) and tetravalent cerium dioxide (ceric Ce**) forms. Cerium oxide
nanoparticles have received widespread attention for biocompatibility improvement, oph-
thalmic applications [130], cardiovascular pathology, treating neurodegenerative disorders
and spinal cord injury owing to its ROS-scavenging ability [131,132]. The role of cerium ox-
ide nanoparticles to effectuate ROS-scavenging activity and antioxidant mimicking role has
been extensively reviewed by Nelson et al. [133]. Cerium oxide nanoparticles exhibit rapid
and expedient switches in oxidation state between Ce** and Ce** during redox reactions.
Owing to its lower reduction potential, cerium oxide exhibits redox-cycling property.

Cerium oxide is one of the most interesting oxides due to the presence of oxygen
vacancy defects (which can be quickly generated and eliminated), and it can act as an
oxygen buffer. The presence of oxygen vacancy sites on nanoceria lattice is responsible for
the unusual catalytic activity of this class of material which is dependent on the efficient
supply of lattice oxygen at reaction sites governed by the formation of oxygen vacancy
sites [134]. Catalytic reaction of cerium oxide nanoparticles with super oxide anion (O%~)
and hydrogen peroxide (H,O,) mimics biological action of SOD-mimetic and catalase
thereby protecting cells against ROS induced damage [135]. Multi-enzymatic antioxidant
activity is based on the ability of cerium oxide to rapidly switch between the multiple va-
lence states. SOD mimic activity is elicited by a shift from Ce3* to Ce** (scavenging of O%™),
and catalase mimic activity is induced by a shift from Ce** to Ce®* (deactivating hydrogen
peroxide) [135-137]. SOD and catalase mimic activity of cerium oxide nanoparticles is par-
ticularly relevant under physiological pH condition (pH-7.5), rendering ROS-scavenging
properties and inhibiting inflammatory mediator production.

Plasma-sprayed cerium oxide coating with a hierarchical topography was developed
for antioxidant surfaces to preserve the intracellular antioxidant defense system [138].
Ceria oxide coating was found to be successful in decreasing SOD activity, reducing ROS
generation and suppressing malondialdehyde development in hydrogen peroxide-treated
osteoblasts. Li et al. reported magnetron sputtering (2, 3 and 5 min, ~10~* Pa) and vacuum
annealing (450 °C) to deposit tiny homogenously distributed cerium oxide nanoparticle
coatings with varying surface Ce** /Ce3* ratios by tuning of deposition time [131]. Quite
interestingly, the Ce** /Ce3* ratio in this work reported the opposite trend for SOD and
catalase mimetic activity. This work also highlighted the effective antioxidative mech-
anism of cerium oxide only when SOD and catalase mimetic activities are coordinated
(H,0, decomposition rate > generation rate). The observed Ce*t/Ce®* ratio resulted in
improved cytocompatibility, new bone formation, bone integration and upregulation of
osteogenic genes and protein expressions (Figure 4a). Apart from the surface chemistry,
the shape of ceria-based nanoparticles has also been reported to influence its ROS scav-
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enging activity. Nanowire-shaped ceria is reported to occupy the extracellular space as its
cellular internalization rate is slow [139]. Hence, nanowire-shaped ceria present on the cell
surface can level down the hydrogen peroxide molecules and induce ROS consumption
as schematically shown in Figure 4b. Spin coating represents a quick and facile surface
modification technique to obtain coatings of thickness ranging from a few nanometers
to few micrometers. Spin coating technique was used to deposit hydrothermally synthe-
sized nano-CeO, with varying morphologies (nanorod, nano-cube and nano-octahedra)
which yielded uniform coatings in Ti surfaces [140]. Total antioxidant capacity was in
the order of nano-octahedron > nano-cube > nanorod. The anti-inflammation ability was
correlated to the relative Ce>* or Ce** content (XPS results displayed in Figure 4c) which,
in turn, was influenced by the particle size and exposed crystalline lattice planes. With
decreased particles size, Ce>* content increased and rendered nano-octahedron improved
SOD mimetic activity.
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Figure 4. Influence of ceria surface chemistry and shape on the ROS scavenging activity. (a) Influence
of Ce** /Ce®* ratio on MSC and macrophage. Reprinted from [131] with permission from John Wiley
& Sons. (b) X-ray-photoelectron spectroscopy analysis of nanorod, nano-cube and nano-octahedron-
shaped ceria with varying Ce** /Ce3* ratio. Reprinted from [139] with permission from Elsevier.
(c) Schematic depicting the scavenging of extracellular matrix ROS by nanowire-shaped ceria present
at the cell surface. Reprinted from [140] with permission from Elsevier.

High energy Ce plasma was used to develop cerium-modified Ti surface by using
plasma immersion ion implantation technology [141]. A shift in the appearance of surface
from nano-grains to nano-pits was noted, with treatment time increased from 30 to 60
and 90 min. Cerium implantation on Ti surface resulted in reducing the hydroxyl radical
generation on Ti surface with increase in plasma immersion time. Reduction in fluorescence
intensities and enhanced protection of E.coli model from oxidative stress are attributed
to the improved corrosion resistance of the modified surface and the capability of the
CeOx on Ti surface to consume hydroxyl radical and hydrogen peroxide. In a similar work,
atmospheric plasma was used to deposit cerium oxide-incorporated calcium silicate coating
on Ti-6Al-4V substrates [142]. The developed surfaces demonstrated good biochemical
stability, cellular viability and antibacterial activity against E. faecalis. Recently metal
organic framework (MOF) coating was developed in situ on Ti surface to develop bio-
responsive Ce/Sr incorporated bio-MOF coating based on hydrothermal technique [143].
Hydrothermally treated Ce-MOF and Ce/Sr-MOF revealed a Cet*t /Ce3* ratio of 1.186
and 2.76, respectively. Both of these Ce-containing surfaces revealed excellent HyO,
decomposition, superoxide anion disintegrating capacity, 80% of radical clearance during
DPPH assay and persistence of antioxidant activity with TMB assay.
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4.2. Silica

Various silicon based coatings have been explored for biocompatibility applications
such as amorphous silicon oxygen thin films (a-5iOx) [144,145], calcium silicate [146], sol-
gel-based silica bioglasses [147], silicon nitride [148], etc. Silicon is an important element
which possesses an influential role in the activity of SOD to improve the ROS scavenging
ability. Ilias et al. studied the plasma-enhanced chemical vapor deposition of amorphous
silicon oxynitride in view of attaining rapid bone regeneration and fracture healing [149].
This study is the first of its kind to reveal the dependence of Si** on SOD1 to improve
osteogenesis. For an effective bone healing, a sustained released of Si** should be ensured
from the implant surface. Nitrogen incorporation into amorphous silica effectuated a
continual Si** release which can be fine-tuned based on the surface chemistry (O/N ratio),
and thickness of deposited film dictates the total release period. Plasma-enhanced chemical
vapor deposition was similarly utilized by the same research group to develop coatings
in the form of silicon oxynitrophosphide [150]. Up-regulation of SOD1 and cat-1 was
observed in cells exposed to silicon oxynitrophosphide with varying oxygen and nitrogen
contents. In other work, a radio frequency plasma-enhanced chemical vapor deposition (RF-
PECVD) method which makes use of silane as Si source was used to deposit hydrogenated
amorphous silicon coatings on Ti-6Al-4V substrate [151]. Hydrogen incorporation into
the coating resulted in lower surface oxidation and amorphous silicon coating influenced
fibroblasts with no significant effect on keratinocytes. A table enlisting the summary of
advantages and limitations of different organic and inorganic coatings/materials described
is provided in Table 2.

Table 2. Summary of various coatings used for antioxidant properties.

Type of

. Antioxidant Mechanism Advantages Limitations Ref.
Coating/Surface
Ability to chelate metal jons Antibacterial, Weak lipid solubility, low
such as Fe(II), thereby o . . s
interfering with one of the antioxidant, high bioavailability, and short
Tannic acid . . hemostatic efficiency, half-life, release rate should be  [152-155]
reaction steps in the Fenton . .
. anticancer property, controlled to exclude potential
reaction and thereby . . . .
. N regenerative potential cytotoxicity, unstable adhesion
slowing oxidation
Reasonable mechanisms
include presence of Biological activity,
. intra-molecular hydrogen antimicrobial activity, Delamination, unstable
Chitosan bonding, metal chelation, hydrophilicity, and adhesion [156-158]
ability of NH; amino groups to  biodegradability
react with hydroxyl groups
By scavenging free radicals
and by modifying signaling High cost, low chemical
pathways, including those stability and limited binding
involving nuclear factor Antioxidant, anticancer, sites, difficulties in resolving
o erythroid 2-related factor 2 antidiabetic, the chemical labeling pattern
Proanthocyanidin (Nrf2), mitogen-activated neuroprotective, and of PAs with their proposed [121,124,159]
protein kinase (MAPK), antimicrobial biosynthetic pathway, and

nuclear factor-kappaB (NF-kB),
and phosphoinositide
3-kinase (PI3K)/ Akt

defining the subcellular sites
of biosynthesis
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Table 2. Cont.

Type. of Antioxidant Mechanism Advantages Limitations Ref.
Coating/Surface
Ability to rapidly switch
between multiple valence
states. SOD mimic activity is
elicited by a shift from Ce®* to  Antioxidant, anticancer Toxicity associated with
Ceria Ce** (scavenging of O>~")and  and anti-inflammatory y . [160,161]
.G . . . small-sized nano-ceria
catalase mimic activity is properties, biosensors
induced by a shift from Ce** to
Ce3* (deactivating
hydrogen peroxide)
Hydroxylation degree, By Accelerated bone . -
Silica regulation of antioxidants fracture healing, .L1p1d perox1.d.a tion [149,162]
. L . induced toxicity
enzyme activity biomineral synthesis

5. Conclusions and Future Perspectives

There are several titanium-surface modification techniques being used which can be
classified as mechanical (polishing, blasting, peening), chemical (chemical treatment, sol-
gel, anodic oxidation, chemical vapor deposition) and physical (thermal spraying, plasma
spraying, physical vapor deposition, evaporation, ion plating, sputtering, glow discharge
plasma, ion implantation and deposition) techniques [57,163]. In spite of the fact that
several surface modification strategies are being researched with focus on antibacterial and
cytocompatible surfaces, Ti surfaces with improved antioxidant properties require further
research focus. The most common techniques explored on depositing functional molecules
on the Ti surfaces are based on physical adsorption, based on weak hydrogen bonding and
van der Waals forces. This is a limiting factor as it restricts the bond strength and coating
life, which will potentially affect the efficacy of the implant. This can be tackled based on
chemical immobilization via covalent bonding, in which case a more sustained release of
functional molecules can be achieved as compared to physical adsorption techniques.

A critical limitation hampering the potentiality of Ti and its alloys is the inferior wear
resistance to be used in articulating surfaces. In spite of the fact that various organic
coatings on Ti are bioactive and can develop antioxidant activity, these coatings are me-
chanically instable, which is a particularly relevant aspect to be considered in terms of
wear resistance. During surgical procedures, these implants often encounter mechanical
forces of up to 15 N, which will critically affect the life of the coatings and sometimes
can lead to coating spalling [129]. One way to tackle this will be the immobilization of
such molecules on an already-modified surface layer [163]. Hence, a prospective idea is
the development of bi-layer coating consisting of (a) an inner wear/corrosion resistant
layer and (b) an outer bioactive layer with antioxidant activity. More research should be
focused towards the extraction of exogenous antioxidants (mainly derived from food and
medicinal plants, such as fruits, vegetables, cereals, mushrooms, beverages, flowers, spices
and traditional medicinal herbs [164]) and its immobilization on Ti surface. Increasing the
complexity of a surface modification process will render the process difficult and expensive
for rapid commercialization.

One of the critical factors to be assessed while developing such surface is the effect
of surface oxide layer on Ti surface. Ti and its alloys, when exposed to air, form a sponta-
neous native titanium dioxide (TiO;) layer with thickness in the range of 2-20 nm. This
possesses a profound influence on the binding of molecules on the Ti surface and coating
adhesion. Antioxidant release kinetics should also be given prior focus, as burst release in
physiological environment can induce harmful enzymatic imbalances. More computational
studies focused towards the stimulatory effect of various prospective coating materials on
inducing oxidative stress and ROS need emphasis. Apart from these aspects, various factors
to stimulate physiological conditions to assess the antioxidant activity of the developed
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surfaces shall be incorporated in studies, as synergetic influence of factors can alter the
ROS scavenging activity.

Despite the beneficial aspects possessed by Ti and its alloy for load-bearing implant
applications, there is a plenty of room for investigating the complex biological phenomena
associated with ROS activity in the physiological environment. Most of the published
works intended to improve the antioxidant properties of Ti surface are based on organic
materials such as tannic acid, chitosan and proanthocyanidin and inorganic coatings based
on ceria and silica. Future relevant research trends can be foreseen in improving the
mechanical stability and controlled drug elution associated with organic coatings. It is
also highly desirable that multifactorial aspects in a real physiological environment shall
be considered while assessing the ROS scavenging activity of the developed surfaces.
Overall, it is suggested to consider the ROS generation and antioxidant aspects with more
research in this direction to develop an efficient implant surface of metallic biomaterials for
improving the clinical efficiency. Most importantly, complex challenges associated with
translation of lab research to clinical practice demands effective collaboration between
material scientists, engineers, biologists and clinicians.
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Abstract: Biofilm-related implant infections pose a substantial threat to patients, leading to inflam-
mation in the surrounding tissue, and often resulting in implant loss and the necessity for additional
surgeries. Overcoming this implantology challenge is crucial to ensure the success and durability
of implants. This study shows the development of antibacterial materials for implant coatings by
incorporating copper into 4555 Bioglass®. By combining the regenerative properties of Bioglass®
with the antimicrobial effects of copper, this material has the potential to prevent infections, enhance
osseointegration and improve the long-term success of implants. Bioglasses modified with vari-
ous concentrations of CuO (from 0 to 8 mol%) were prepared with the melt-quenching technique.
Structural analysis using Raman and FTIR spectroscopies did not reveal significant alterations in the
bioglasses structure with the addition of Cu. The antibacterial activity of the samples was assessed
against Gram-positive and Gram-negative bacteria, and the results demonstrated significant inhibition
of bacterial growth for the bioglass with 0.5 mol% of CuO. Cell viability studies indicated that the
samples modified with up to 4 mol% of CuO maintained good cytocompatibility with the Saos-2 cell
line at extract concentrations up to 25 mg/mL. Furthermore, the bioactivity assessment demonstrated
the formation of a calcium phosphate (CaP)-rich layer on the surfaces of all bioglasses within 24 h.
Our findings show that the inclusion of copper in the bioglass offers a significant enhancement in its
potential as a coating material for implants, resulting in notable advancements in both antibacterial
efficacy and osteointegration properties.

Keywords: Bioglass®; copper; antibacterial activity; bioactivity; osseointegration; implant coating

1. Introduction

The use of implantable medical devices, such as orthopedic or dental implants, has
become common practice in almost all fields of medicine. However, foreign bodies are
associated with a significant risk of bacterial infections. These infections are a significant
concern in healthcare settings, and can lead to serious complications. The biofilms, which
are communities of bacteria encased in a protective matrix, can form on the surface of
the implants, and trigger an inflammatory response in the surrounding tissue, leading to
further complications. In the case of dental implants, biofilm formation plays a significant
role in the development of peri-implantitis, which is a chronic inflammatory disease caused
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by anaerobic Gram-positive and Gram-negative bacteria that gradually leads to bone loss
and implant failure [1-4]. Despite taking all necessary precautions, such as maintaining
patient asepsis and ensuring sterilization of instruments, infections can still occur after
surgery. The treatment of implant-related infections typically involves a combination of
approaches, with antibiotics being commonly employed. However, their effectiveness
against biofilm-associated infections is limited [5,6]. The protective matrix of biofilms can
prevent antibiotics from reaching the bacteria, making them less effective. Consequently,
addressing biofilm-associated infections may necessitate surgical intervention to remove
the infected device, which places an additional burden on the patient and increases the
associated surgical risks. Prioritizing preventive solutions to prevent bacterial colonization
during surgery is crucial for minimizing the risk of implant-related infections. One effective
approach is the development of antibacterial materials for implant coatings that are capable
of directly combating bacteria at the infection source [7-9]. Moreover, the surface modifi-
cation of the implant enhances material-bone interaction and, therefore, stability [10,11].
Several studies have demonstrated the impact of implant surface roughness on cell in-
tegration and its association with increased osteointegration at the clinical level [12-14].
Increased surface roughness has been found to significantly affect cell behavior, leading to a
higher expression of integrin for osteoblastic cells. This promotes osteoblast differentiation
and cell proliferation [15].

The 4555 bioglass® (46.1% SiO,, 24.4% NaO, 26.9% CaO and 2.6% P,Os (mol%)),
developed by Hench et al., has emerged as a highly successful material for implant coating
due to its distinctive properties [16,17]. The release of antimicrobial ions, notably sodium
and calcium, from the bioglass coating disrupts the cell membranes of bacteria and fungi,
impeding their proliferation. Furthermore, the bioactive nature of bioglass facilitates the
formation of a hydroxyapatite layer upon contact with bodily fluids, promoting osseoin-
tegration and stimulating new bone growth. By enhancing stability and integration with
surrounding tissues, the bioglass coating effectively deters bacterial colonization on implant
surfaces [17-20].

In recent years, efforts have been undertaken to enhance the biological performance of
bioactive glasses by integrating metallic ions into the glass network [4,21-26]. Copper (Cu),
in particular, has garnered significant attention due to its potential antibacterial effects
when released in the physiological environment upon the dissolution of the bioglass matrix.
The presence of Cu ions leads to the generation of reactive oxygen species (ROS), which can
cause oxidative stress and damage cellular components in bacteria [27-29]. Additionally,
Cu can induce lipid peroxidation, disrupting the integrity of bacterial cell membranes.
The oxidation of proteins and DNA by Cu ions further impairs bacterial functions and
viability [27-29]. In the case of human cells, they have sophisticated antioxidant defense
systems that neutralize excess ROS to maintain cellular homeostasis. These defense mecha-
nisms include enzymes such as superoxide dismutase, catalase and glutathione peroxidase,
which detoxify ROS and protect the cells from oxidative damage [30,31]. The combined
action of these processes contributes to the antimicrobial activity exhibited by copper ions,
making them effective agents for incorporation into the bioglass matrix. Additionally,
copper plays a significant role in the regulation of angiogenesis by promoting endothelial
cell proliferation and migration [32,33]. Moreover, studies have demonstrated that Cu can
induce an increase in the differentiation of mesenchymal stem cells (MSCs) into osteoblasts,
promoting bone formation and mineralization [34,35]. Although copper is recognized for
its pivotal role in hemostasis and bone formation, an excess amount of this element can be
cytotoxic [36]. Studies have reported that the body tolerates low doses of copper, typically
up to 8.66 mg kg~!, while doses ranging from 50 to 54.4 mg kg~ ! can be lethal due to the
generation of free radicals, resulting in toxicity and inflammatory effects [36-38].

The present study focused on the synthesis of copper-modified 4555 bioactive glass
through the melt-quenching method, to explore its potential as a coating material for dental
implants. The synthesized bioglasses with varying percentages of copper oxide (from
0 to 8 mol%) were subjected to comprehensive morphological, structural and biological
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investigations. This research encompasses a combination of these specific analyses that
collectively contribute to a comprehensive understanding of the biological properties of the
copper-modified bioglass. By examining the physicochemical properties, we have gained
insights into the material’s composition and structural characteristics, which can impact its
biocompatibility and bioactivity. Additionally, we have assessed the antibacterial activity,
demonstrating the potential of the copper modification to confer enhanced antimicrobial
properties to the bioglass. The cytotoxicity assessment has provided valuable information
on the material’s compatibility with the human osteosarcoma cell line (Saos-2 cells), while
the bioactivity analysis aimed to determine its ability to promote bone integration and
regeneration. The findings of this study provide valuable insights into the development of
advanced biomaterials for dental implant applications.

2. Materials and Methods
2.1. Synthesis Method

A series of 4555 bioglass® samples (46.1 S5iO,, 24.4 NayO, 26.9 CaO, 2.6 P05, mol%)
incorporating varying percentages of copper oxide (CuO), from 0 to 8 mol% (named Cu0,
Cu0.25, ... Cu8), were successfully synthesized using the melt-quenching technique. The
chemical precursors, including SiO,, P,Os5, CaCO3, NayCO3 and CuO, with a high purity
grade (>99.99%), were initially thoroughly mixed using a planetary ball milling process for
1 h at 300 rpm. The resulting mixed powder was calcined at 800 °C for 8 h. The calcined
powder was then carefully melted, using a platinum crucible, at 1300 °C for 1 h, ensuring
regular hand mixing to improve the melt homogeneity. After the quench, the resulting
bulk glass samples were then finely ground and milled into powder form using the same
planetary ball milling process, for 1 h at 500 rpm.

2.2. Structural and Physicochemical Characterization

FTIR spectra in the range of 400-1200 cm ™! were collected using the FT Perkin-Elmer
Spectrum BX Spectrometer (Waltham, MA, USA) in the ATR crystal (Golden Gate Diamond
ATR accessory). The measurements were performed using powder samples. Throughout
the acquisition, the room temperature and humidity were maintained at approximately
23 °C and 35%, respectively, to ensure consistent conditions.

Raman spectroscopy was performed at room temperature utilizing a Horiba Jobin
Yvon HR 800 spectrometer (Longjumeau, France) equipped with an Ar + laser (A = 532 nm).
The measurements were conducted employing a back-scattering geometry across the
spectral range of 200 to 1500 cm~!. A 50x lens was employed to precisely focus on the
sample during data collection.

Photoluminescence (PL) emission spectra were obtained on a Horiba Jobin Yvon
Fluorolog-3 instrument equipped with a continuous Xe lamp of 450 W and photomultiplier
(PMT) detector, in the range of 400-700 nm with a step width of 0.5 nm with the source,
sample and the detector placed in orthogonal geometry.

2.3. Morphological Characterization

The surface morphology of the glass samples pellets produced from the synthesized
powders using a uniaxial pressure system and cylindrical steel mold, was assessed using a
TESCAN Vega 3 scanning electron microscope (SEM), Brno, Czech Republic. The chemical
composition of the samples was semi-quantitatively analyzed using the Bruker QUANTAX
EDS (energy dispersive spectroscopy) system coupled to the Vega 3 SEM. A 5 um diameter
electron beam spot was utilized to examine specific surface sites on each sample.

2.4. Cytotoxicity Assay

The cytotoxicity assessment of the samples followed the extract method, and utilized
the human osteosarcoma cell line (Saos-2 cells, ATCC® HTB-85™) in compliance with the
International Standard ISO 10993-5. Prior to the evaluation, the bioglass powders under-
went sterilization at 120 °C for 2 h. Two types of extract, non-passivated and passivated,
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were generated by exposing the samples to culture medium (McCoy 5A medium, from
Merck KGaA, Darmstadt, Germany, supplemented with 10% fetal bovine serum, from
Biowest, France, and 1% penicillin, 100 U/mL, and streptomycin, 100 pug/mL, Gibco, Ther-
moFisher, Waltham, MA, USA) at a concentration of 100 mg/mL. For the non-passivated
extract, the powder in contact with the medium was incubated for 24 h at 37 °C, filtered
through a 0.22 pum cellulose acetate filter, and stored at 37 °C. In the case of the passivated
extract, fresh McCoy 5A medium was added to the same bioglass powder and incubated
for 24 h at 37 °C.

Saos-2 cells were seeded onto 96-well plates at a density of 30 k cells per cm? and
incubated for 24 h at 37 °C with a 5% CO, atmosphere. Subsequently, the culture medium
was replaced by the non-passivated and passivated extracts. In addition to the initial
concentration of 100 mg/mL, four serial dilutions were prepared (50 mg/mL, 25 mg/mL,
12.5 mg/mL and 6.25 mg/mL). A positive control (cells in a cytotoxic environment, caused
by the supplementation of the culture medium with 10% dimethyl sulfoxide) and a negative
control (cells cultured with normal medium) were set up. After 48 h of incubation, the cell
viability was assessed using the resazurin cell viability indicator. The optical absorbances
of each well were measured at 570 nm and 600 nm using a Biotek ELX800 microplate reader.
To ensure the reproducibility of the results, the study was performed in triplicate with six
replicates in each experiment.

2.5. Antibacterial Activity

The antibacterial potential of bioactive glasses with varying copper concentrations
was investigated against the reference strains Escherichia coli K12 DSM498 (DSMZ, Braun-
schweig, Germany), Staphylococcus aureus COL MRSA (methicillin-resistant strain, obtained
from Rockefeller University) and Streptococcus mutans DSM20523 (DSMZ, Braunschweig,
Germany). All of the microorganisms were cultured at 37 °C in tryptic soy broth (TSB)
medium and S. mutans in a 5% CO, incubator. Before conducting the experiments, bioglass
powder pellets measuring 6 mm in diameter and approximately 2 mm in thickness were
subjected to sterilization at 180 °C for 2 h.

The agar diffusion assay using the two-layer bioassay method was employed, involv-
ing the use of TSB medium solidified with agar 1.5% w/v for the base layer, and with agar
0.8% w/v for the top layer. Preparation of the assay plates entailed pouring 18-20 mL
of the base layer, followed by the addition of 4 mL of molten seeded overlay containing
approximately 107108 CFU/mL of the respective indicator bacteria grown overnight,
as described above. The pellets were positioned in the center of the plate, left at room
temperature for 4 h and subsequently, the plates were incubated at 37 °C for 24 h.

Images of the pellets were taken, and the diameter of the resulting inhibition zone was
determined using Image] software. To ensure accuracy, each pellet underwent meticulous
measurement from multiple orientations, with a total of 30 measurements per pellet. Statis-
tical analysis of the data was performed using GraphPad Prism 8.0 software, employing an
unpaired t-test, to compare the antibacterial effects of the bioactive glass base composition
with each of the different samples.

2.6. In Vitro Bioactivity Assay

Following the ISO 23317:2017 standard, the evaluation of bioactivity for the bi-oglasses
samples was conducted by transforming the powders in disk form (pellets) with a diameter
of 7 mm, and then immersing them in a simulated bodily fluid (SBF). The pellets, placed
in various flasks and immersed in SBF, were then incubated at a constant temperature
of 37 °C for different times (12, 24, 48, 96 h, 14 and 28 d). Throughout the incubation
period, the samples were placed on continuous oscillating support to mimic the continuous
flow of biological fluids. The SBF solutions were refreshed every 48 h to simulate the
biological environment.
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The calculation of the SBF volume required for each sample followed a specific formula:

Vs =100 mm x S,, (1)

where V; is the volume of SBF in mm?, and S, is the surface area of the pellet in mm?.

Once the immersion period concluded, the pellets were taken out from the SBF
medium, gently cleansed using deionized water, and allowed to dry at room temperature.
Subsequently, the samples were subjected to SEM/EDS analysis. This analysis aimed to
determine the change in ion concentration and the development of an apatite-like layer on
the surface over 28 d.

3. Results and Discussion
3.1. Structural and Physicochemical Characterization

The FTIR spectra of the glasses revealed the following features, as shown in Figure 1a.
The bands observed at around 1010 cm ! and 721 cm ™! were assigned to Si-O-Si stretching
modes [22,35,39-43]. The appearance of a band at 912 cm~ L, assigned to Si-Onpo stretching
mode [22,35,39-43], demonstrates the existence of the non-bridging oxygen ions. The band
located at 596 cm ! is related to a P-O-P bending mode [22,35,40-44]. The presence of a
band at 497 cm ! is associated with an Si-O-Si bending mode [22,35,39-43]. The observed
shift of this band towards lower wavenumbers with the increase in copper content is caused
by the presence of copper, which leads to a change in the degree of polymerization of the
glass structure. The FTIR measurements do not show any type of modification with the
insertion of copper ions in the glass matrix.
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Figure 1. (a) FTIR spectra and (b) Raman spectra of bioactive glasses modified with CuO.

The Raman spectra for the modified bioglasses by CuO are displayed in Figure 1b,
revealing a comparable trend among them. Nevertheless, with increasing the Cu con-
centration to 8 mol%, two distinct bands corresponding to the Ag and Bg modes of CuO
become evident at 293 and 569 cm !, respectively [45,46]. The vibrational modes of asym-
metric and symmetric stretching in the high-frequency region (800 and 1200 cm 1) are
considered particularly significant for silicate glasses. Figure 2 depicts the deconvolution
of Raman spectra in this region for the Cu0.25, Cu2 and Cu8 samples. Six discernible vi-
brational modes can be identified at 855-859 cm™, 899-904 cm ™!, 938cm ™!, 961-968 cm ™,
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1016-1019 cm~! and 1050-1063 cm ™!, which are associated with Qy Si units Q; Si, Q, Si,
Qo P, and Q; P units and Q3 Si units, respectively [22,44,47,48].
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Figure 2. Deconvolution of Raman spectra for the (a) Cu0.25, (b) Cu2 and (c) Cu8 samples (R? > 0.999);
and (d) sum of areas of Qp and Q; + Q, + Q3 (NBOs) units of the different bioglass samples.

Figure 2d illustrates the variation in the sum of the area of Raman vibration bands
Q1, Q; and Q3 units associated with non-bridging oxygen ions (NBOs) as a function of Cu
concentration. The results show that the NBO amount decreases with the rise in copper
concentration, suggesting an increase in the connectivity of the glass network. The samples
Cu0.25 and Cu0.5 exhibited a similar concentration of NBOs.

Figure 3 displays the photoluminescence (PL) spectra of the glass samples modified
with copper upon excitation at 280 nm. Ultraviolet excitation induces significant and
wide emission peaks in the visible range in copper-containing glasses, and it is worth
noting that copper can be introduced into the glass network in two different oxidation
states, Cu?* and Cu™ [49,50]. The excitation bands of these ions are located in the UV
region [51,52]. The spectral analysis revealed the presence of one main peak at around
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475 nm, accompanied by a shoulder at 523 nm. The luminescence peak at 475 nm is
associated with the 3d%4s'-4s23d10 transition of Cu?* ions [51,53]. The shoulder peak at
523 nm is a consequence of the transition from the degraded Ti4 and Ty, levels to the
1Ag energy level of the Cu* copper ions [51,54]. This transition arises from the interaction
between NBOs with the Cu?*. Therefore, the PL spectra indicate the existence of both Cu*
and Cu?* ions, contributing to the observed emission peaks. It was also observed that with
the increase in CuO concentration, the PL intensity decreased; this is attributed to the loss
of excited energy from copper ions to the host lattice [51]. The decrease in the PL intensity
with higher concentration made the PL signal of the Cu8 sample indistinguishable from
the noise.
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Figure 3. PL emission spectra excited at 280 nm of the bioglasses modified with copper.

Figure 4 depicts the deconvolution of the PL spectrum for bioglasses with different
CuO content. When the spectra were normalized, the relative intensities of both peaks were
changing in such a way that the intensity of the peak at 475 nm due to Cu?* ions increased
with respect to the Cu* peak at 523 nm with the rise in Cu concentration inserted into the
bioglass. This observation is correlated with the results obtained with the Raman analysis,
which shows the decrease in NBOs with the increase in copper concentration inserted into
the bioglass (Figure 2d) due to the increase in Cu?* ions at the expense of Cu*, thus forming
stronger bonds with oxygen and leading to a decrease in the number of available NBOs.
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Figure 4. Deconvolution of the PL spectrum of the (a) Cu0.25, (b) Cul, (c) Cu2 and (d) Cu4

bioglass samples.

3.2. Morphological Characterization

SEM-EDS elemental mapping of the Cu0.5 and Cu8 samples are reported in
Figures 5 and 6, respectively. The results obtained show the homogenous distribution of

the Si, Ca, Na, P and Cu elements.

(d)

(e)

Figure 5. SEM/EDX analyses of Cu0.25 sample (a) SEM image, EDS elemental mapping of (b) Si,

(c) Ca, (d) Na, (e) P and (f) Cu.
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Figure 6. SEM/EDX analyses of Cu8 sample (a) SEM image, EDS elemental mapping of (b) Si, (c) Ca,
(d) Na, (e) P and (f) Cu.

3.3. Cytotoxicity Assay

In order to explore the biocompatibility of various bioglass compositions for their
potential in bone regeneration, Saos-2 cell line viability was evaluated upon exposure to
bioglass extracts. Employing a resazurin assay as an indicator of cell viability, the impact of
extract—cell line interactions was examined. The results demonstrate that non-passivated
extracts, i.e., those not preconditioned with McCoy’s culture medium, induced a drastic
decline in cell viability at concentrations of 100 mg/mL and 50 mg/mL, thus exhibiting
a potent cytotoxic effect. When the extract concentration was reduced to 25 mg/mL,
the samples with a Cu content lower than 2 mol% demonstrated enhanced cell viability,
despite the discernible presence of their cytotoxic attributes. However, when the extract
was diluted to 12.5 mg/mL, a noticeable reduction in cytotoxicity was observed for the
samples modified with low concentrations of copper, exhibiting a significantly improved
cell viability compared to the sample containing copper concentrations of 2 mol% and
above. These findings strongly indicate that the introduction of CuO into the bioactive
glass confers diminished biocompatibility to the materials, which aligns with the findings
of prior research studies [55,56]. By subjecting the materials to a passivation process, as
depicted in Figure 7b, the cytotoxicity of the extracts can be alleviated. It is important
to note that cytotoxicity is linked to a rise in local pH caused by ion-exchange reactions
upon contact of the sample with the cell culture medium within the initial 24 h [42].
Upon interaction with the cellular medium, bioactive glass experiences the breakdown
of its Si-O-5i bonds, leading to the release of soluble silica in the form of Si(OH), into
the solution. Consequently, the dissolution rate and pH of the surrounding environment
are elevated, thereby influencing cellular metabolism and function. However, when the
samples are passivated, the influence of pH alkalinization caused by bioactive glasses
diminishes. The passivated extracts derived from the bioglasses modified with copper from
0 to 2 mol% demonstrated a remarkable lack of cytotoxicity at a concentration of 25 mg/mL,
whereas the samples Cu4 and Cu8 exhibited no cytotoxic effects at extract concentrations of
12.5 mg/mL and 6.75 mg/mL, respectively. These findings indicate that at these particular
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Cell viability (%)

concentrations, the samples no longer present a risk to the organism since they can be
effectively regulated through natural in vivo pH regulatory mechanisms [57,58].
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Figure 7. Relative viabilities of (a) non-passivated and (b) passivated bioglass extracts modified by
CuO in culture with Saos-2 cells.

3.4. Antibacterial Activity

In the realm of implantation therapy, tackling bacterial infections has become a crucial
aspect. While 45S5 bioactive glass has shown exceptional properties in promoting bone
regeneration and inhibiting bacterial growth [59-61], it is crucial to explore the potential of
bioglass modified with copper in exerting antibacterial effects.

The results presented in Figure 8 illustrate the outcomes of the antibacterial properties
assessment conducted on the bioglasses using the agar disc diffusion method. The findings
substantiate the antibacterial activity exhibited by all the samples, as evidenced by the
presence of inhibition zones surrounding the bioglass pellets. These zones exhibited mean
values exceeding 6 mm, corresponding to the diameter of the pellets. The antibacterial effect
of 4555 bioglass against specific bacteria can be attributed to two principle mechanisms:
the pH changes towards alkalinity, and the osmotic pressure resulting from the release of
bioglass ions, notably Na* and Ca?*, into the surrounding medium [59,62]. The alkaline pH
range is detrimental to bacterial growth and metabolic activities, resulting in the disruption
of proteins and enzymes, and the inhibition of their normal functions. Furthermore,
the release of ions and subsequent variations in their concentrations within the bacterial
environment impact the integrity of the bacterial cell membrane and intramembrane
pressure. Consequently, these alterations evoke modifications in cellular dimensions,
morphology, as well as membrane tension levels, ultimately leading to bacterial death.
Moreover, several studies showed the potential antibacterial effect of copper due to its
capacity to stimulate the production of ROS, which induces oxidative stress and damage
to cellular components [63-66]. Additionally, copper ions directly interact with bacterial
DNA, causing DNA damage and genetic instability. According to the results, the Cu0.5
sample exhibited the most potent antimicrobial activity among all the Cu-modified bioglass
samples. It demonstrated mean inhibition halo sizes of 11.19 mm, 11.05 mm and 10.98 mm
against E. coli, S. aureus and S. mutans bacteria, respectively. However, when the Cu
concentration surpassed 0.5 mol%, a noticeable reduction in the inhibition halo size was
observed. This reduction indicates a simultaneous decline in the antibacterial effectiveness
of the bioglass. In fact, the insertion of Cu into the glass network led to the decrease in NBOs
concentration, as shown in Figure 2d. The samples containing the highest percentages of
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copper showed a reduction in NBOs compared to the bioglass base. The decrease in NBO
numbers suggests a reduction in ions released, such as Na* and Ca?*, which can impact
the antibacterial activity with increasing copper concentration. Moreover, the presence of
different oxidation states of copper can affect the antibacterial properties of the bioglass.
Previous studies showed that Cu™ ions exhibited significantly more antibacterial effects
than Cu?* ions [67—69]. Therefore, the decrease in the antibacterial effect for the glass
with a high concentration of Cu may be associated with increased concentrations of Cu®*
compared to Cu”, as shown in Figure 4.

16 Pellet
kKK
4 ns Hk K
14 L3 =
] * & ¥
12_ Fkk :**
3 e L I
€ 104 F = F Inhibition
P halo
o
B o
[
c 6 - =
=
e
Falial
£
2+
0
lf)u, lﬁln LOLO
QN =0 ON N ® ON I
323333 So® 3333 3523333
oagoooo 0850000 oagoooo
E. coli S. aureus S. mutans

Microorganism

Figure 8. Measurements of inhibition halo diameters of the bioglasses modified with Cu against
E. coli, S. aureus and S. mutans bacteria after incubation for 24 h. Results are reported as mean =+ SD.
The asterisks indicate significance in an unpaired t-test; * p < 0.05; ** p < 0.01; ** p < 0.001;
ns: non-significant. The image on the right side is an example of an essay plate illustrating the
inhibition halo of a Cu0.5 pellet on E. coli.

3.5. In Vitro Bioactivity Assay

For a comprehensive evaluation of the in vitro bioactivity of synthesized bioglasses
within a biological environment, we employed the SBF immersion test as a reliable method-
ology. This test enables a thorough exploration of the physicochemical interactions between
bioactive glass and physiological fluids. Surface chemistry modifications, particularly
the development of an apatitic layer, play a vital role in assessing bioglass in vitro, as it
profoundly influences the proliferation and adhesion of osteoblast cells [70]. Micrographs
acquired via SEM at the surface of bioglass samples after 0, 1, 4 and 14 days in SBF are
shown in Figure 9. The development of an apatitic layer on the surface of the samples
was confirmed by SEM examination, which showed the presence of spherical particles
with cauliflower morphologies, indicating the bioactivity of the bioglasses. The apatite
particles agglomerated and became denser with prolonged immersion in SBF, leading to
a completely covered surface by 14 d of immersion. These findings serve as compelling
evidence of the potential osteoconductive properties of the prepared samples, highlighting
their capacities to promote bone growth and regeneration. Furthermore, upon comparing
bioglass samples containing varying Cu content, it was observed that the inclusion of high
concentrations of Cu reduced the bioactivity of the material within the first day of immer-
sion in SBF. This occurrence can be attributed to the conversion of bridging-oxygen ions
(BOs) to NBOs, as presented in Figure 2d, leading to an increase in the glass connectivity,
and therefore a drop in the dissolution rate and ions released.
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Figure 9. SEM micrographs of bioglass pellets modified with various concentrations of Cu after
immersion in SBF for (al-a4) 0 d; (b1-b4) 1 d; (c1-c4) 4 d; (d1-d4) 14 d. (The magnification of the
SEM images is 10 kX).

The reaction mechanism and ionic exchange between the bioglass and the SBF medium
were also observed through SEM-EDS analysis. This analysis revealed the changes in
atomic percentages of chemical elements on the sample surfaces as the immersion time in
SBF increased. Figure 10 presents the variations in the atomic percentages of Si, Na and the
Ca/P ratio with the immersion time on the surfaces of different bioglass samples. Upon
immersion in SBE, the bioactive glass engages in an ionic exchange with the surrounding
medium, leading to a fast release of soluble ionic species. Within the first 24 h, the soaking
triggers the development of a surface layer of Si-OH, resulting in a rise in pH and subse-
quent formation of soluble Si(OH),. This process leads to the creation of a silica gel layer,
enabling the absorption of ions from the surrounding environment. Concurrently, Ca?* and
phosphate (PO,37) diffuse through this layer towards the sample surface, promoting the
formation of an amorphous calcium phosphate film. Over time, this amorphous CaP-rich
layer undergoes crystallization [7,71]. Figure 10a,b illustrate a notable reduction in S5i and
Na concentrations on the sample surfaces during the initial days, followed by a subsequent
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stabilization in the succeeding days. This phenomenon is attributed to the dissolution of
these elements into the surrounding medium, and the formation of a layer rich in Ca and
P. In addition, the Ca/P confirms the formation of an apatite layer, revealing a value that
is close to the Ca/P ratio of hydroxyapatite in natural bone (Ca/P ~ 1.67) [72,73]. The
Ca/P ratio for the Cu0.5 sample reached a value of 1.79 within the first day of immersion
in SBF, compared to 2.07 for the Cu0 sample. This indicates a positive effect of copper on
the bioactivity of the glass, promoting bioactivity within the initial 24 h, as evidenced by
the faster approach of the Ca/P value towards those of hydroxyapatite.
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Figure 10. Variations in the concentrations of (a) Si; (b) Na; (c) Ca/P ratio on the bioglass pellets
surfaces after immersion in SBF.

The pH levels of the SBF were monitored at different intervals of time for all glasses,
regardless of whether the medium was changed every two days or not. The obtained
results are depicted in Figure 11.
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Figure 11. Variation in pH values of the SBF solution with the immersion times of all bioglass
samples, with the medium changed every two days (yellow rectangle) and without medium change
(blue rectangle).

As mentioned earlier, the pH of the SBF solution surrounding the bioglass exhibited a
gradual increase throughout the immersion time due to the dissolution of alkaline metal
ions (Na* and Ca?*) from the samples. During the initial two days, this rise was particularly
pronounced, and the increment became more gradual during the remaining period, as
indicated by the values enclosed within the blue rectangle (corresponding to samples where
the medium was not changed). Nevertheless, upon simulating the conditions resembling
the in vivo environment by changing the medium every two days, the pH decrease was
observed that is attributed to the formation of the apatite layer on the surface of the bioglass.

4. Conclusions

The synthesis of bioactive 4555 glass samples was successfully achieved using the
melt-quenching technique, incorporating varying amounts of copper oxide (CuO). Analysis
using FTIR and Raman revealed no changes in the glass matrix upon CuO addition. The
deconvolution of the Raman spectra demonstrated a decrease in the amount of Q1, Q2 and
Q3 units with copper insertion, suggesting a decrease in NBOs concentration, and thus a
reduction in the glass dissolution rate. Moreover, the PL spectra showed the presence of
copper in the glass network in two oxidation states, Cu* and Cu?*, which have an effect on
the antibacterial properties of the bioglass. It was observed that the antibacterial properties
decreased for the samples with a high content of CuO, where Cu®* ions predominate over
Cu" ions. The antibacterial evaluation against E. coli, S. aureus and S. mutans indicated that
the 0.5 mol% CuO-loaded glass demonstrated the most substantial antibacterial effect. The
assessment of cytotoxicity for these glasses demonstrated that the incorporation of copper
up to 4 mol% into the 4555 bioglass did not induce adverse effects on a Saos-2 cell line at
extract concentrations below 25 mg/mL. The in vitro immersion tests in SBF showed that
the addition of low copper content enhances the bioactivity characteristic of 4555 glass.
This study offers valuable insights for the future advancement of antibacterial coatings for
implants using copper-containing bioglass.
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Abstract: Orthopedic bone graft infections are major complications in today’s medicine, and the
demand for antibacterial treatments is expanding because of the spread of antibiotic resistance.
Various compositions of hydroxyapatite (HAp) in which Calcium (Ca®*) ions are substituted with
Cerium (Ce*) and Magnesium (Mg?*) are herein proposed as biomaterials for hard tissue implants.
This approach gained popularity in recent years and, in the pursuit of mimicking the natural bone
mineral’s composition, over 70 elements of the Periodic Table were already reported as substituents
into HAp structure. The current study aimed to create materials based on HAp, Hap-Ce, and Hap-Mg
using hydrothermal maturation in the microwave field. This route has been considered a novel,
promising, and effective way to obtain monodisperse, fine nanoparticles while easily controlling
the synthesis parameters. The synthesized HAp powders were characterized morphologically
and structurally by XRD diffraction, Dynamic light scattering, zeta potential, FTIR spectrometry,
and SEM analysis. Proliferation and morphological analysis on osteoblast cell cultures were used
to demonstrate the cytocompatibility of the produced biomaterials. The antimicrobial effect was
highlighted in the synthesized samples, especially for hydroxyapatite substituted with cerium.
Therefore, the samples of HAp substituted with cerium or magnesium are proposed as biomaterials
with enhanced osseointegration, also having the capacity to reduce device-associated infections.

Keywords: hydroxyapatite; magnesium; cerium; bone regeneration

1. Introduction

The main components of a mineralized bone matrix include a calcium phosphate crystal,
hydroxyapatite, and various organic materials [1]. Hydroxyapatite (HAp, Ca;o(PO4)s(OH)z)
is among the most promising crystalline calcium phosphate considered to be biomaterial
due to its chemical resemblance to the inorganic part of human hard tissues such as bone
and teeth [2—4]. Stoichiometric and pure HAp crystallizes in the monoclinic system, and
it most often crystallizes in the hexagonal system at over 250 °C and thermally decom-
poses at temperatures between 800 and 1200 °C [5,6]. Bone hydroxyapatite has a small
dimensional structure, about 25 nm wide, 50 nm long, and 10 nm high [7]. Due to their
quicker growth and development, small microcrystals are favorable for bone regeneration
and repair when rapid mineralization is needed, as well as for postnatal and embryonic
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bone development. In addition, these tiny nanoscale crystals have a high surface area-to-
volume ratio and are quickly dispersed by the fluid around them in response to particular
circumstances. In the course of homeostatic bone remodeling, the particular crystalline
shape of bone hydroxyapatite may promote effective bone demineralization and resorption
by osteoclasts [8-10].

Hap and other calcium phosphates have long been investigated as biological agents for
the treatment and diagnosis of bone diseases due to their qualities such as biocompatibility,
osteoconductivity, similarity to the bone mineral phase, and osteogenic activity that ensure
a high affinity of these materials for bone tissues [11-13]. This affinity is being studied
intensively to develop specific delivery systems of biologically active molecules for bone
metastases, osteosarcoma, and other bone diseases [14], enabling theranostic applications.
In addition, by functionalizing the hydroxyapatite surface with some specific molecules,
more accurate delivery to bone tissues is possible [15-18].

The use of metal ions can be an appropriate alternative for improving HAp because
they have high stability and broad antibacterial spectra [19,20]. Magnesium represents
a very innovative option for the development of antibacterial bone grafts, as it shows
powerful antibacterial activity in certain doses and is highly biocompatible [21-23]. The
introduction of magnesium into the synthesis reduced bacterial development and biofilm
formation in hydroxyapatite-based bone substitutes [13,14]. Moreover, the materials in
their composition, magnesium ions, are beneficial for bone regeneration mechanisms,
as this compound hastens the healing of bone defects by improving the differentiation
and proliferation of osteoblasts [24]. Due to its mechanical and osteopromoting qualities,
magnesium (Mg)-based biomaterials have been employed as orthopedic implants for a
very long time [25-27]. Additionally, their benefits over comparable standard products
have been thoroughly studied, with Mg-based alloys, bioceramics [28], bioglass [29], and
polymer composites [30], all demonstrating unique superiority in hastening bone forma-
tion and fracture healing [31]. Mg-based bioceramics may provide various advantages
as biodegradable bone graft alternatives since they can progressively break down and
be replaced by fresh bone [32]. Magnesium incorporation for Mg-based polymeric ma-
terials not only overcomes acid degradation products but also enhances osteopromoting
activity [33]. According to earlier research, magnesium ions (Mg?*) have an impact on the
pace at which calcium phosphate crystallizes off the surface of bones and the subsequent
development of hydroxyapatite [34-36]. Additionally, the usage of degradable magnesium
metals and alloys produces osteogenic differentiation and osteoblast development, which is
induced by Mg?* and promotes bone regeneration [37]. On the other hand, Mg?* shortage
(about 0.04-10%) inhibits bone formation by reducing osteoblasts and bone volume and
increasing osteoclastic bone resorption as a result of increased proinflammatory cytokine
release [38,39].

Cerium, a different metal ion with antibacterial properties, can reduce cytokine levels,
decrease inflammation, and give cellular protection in vitro and in vivo, which implies that
it may have anti-inflammatory effects on designed tissues. Among the various calcium
cationic substitution ions in the hydroxyapatite structure, the Ce ion substitution has
been actively investigated [40,41], with HAp-Ce(III) being reported to exhibit silver-like
bacteriostatic properties [42-44]. Recently, cerium has also been found to have multi-
enzymatic properties that make it attractive for biological applications. The biological
effects of cerium oxide have been studied, and it has been demonstrated that by directly
altering the levels of oxygen in intracellular settings, it is capable of inducing angiogenesis.
But it can induce local inflammatory reactions when using a high concentration (over
3.5% CeOy) [45,46]. Since the electronegativity and radius of Ce3* are 1.06 and 0.107 nm,
respectively, close to those of Ca®* ion (1.01 and 0.100 nm), it can displace Ca®* and
penetrate the HAp network to form Ce®* substituted HAp (Ce-HAp), that may result in
increased solubility, which may, enhance the antibacterial effect and biodegradability [47].
Compared to other metal ions, Ce>* ions have shown great results as antibacterial agents
used in medicine for a long time due to their wide range of antibacterial activity (Escherichia
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coli, Salmonella typhimurium, Bacillus subtilis, and Enterococcus faecalis) [48]. Cerium-based
biomaterials represent a new element in research due to the low level of Ce3* ions that
do not harm human cells, as well as due to a long-lasting biocide and excellent thermal
stability [49].

To increase and improve the range of possible uses for functional nanomaterials, it is
crucial to create quick, easy, and environmentally friendly synthetic methodologies [50]. In
the present work, hydroxyapatite substituted with cerium and magnesium was obtained
through an unconventional, microwave-assisted hydrothermal method. This route has
been recently considered a novel, promising, and effective way to obtain monodisperse,
fine nanoparticles while easily controlling the synthesis parameters (e.g., initial pressure in
the autoclave, the maximum temperature, and heating rate, time). In comparison with the
traditional hydrothermal method, the microwave-assisted improved version has several
advantages, with great impact on the final material’s properties: (i) homogenous heating
in the entire volume of the reaction mixture, without temperature gradients leading to
non-homogeneity in particle size and morphology; (ii) rapid heating, due to the microwave
irradiation of the polar molecules normally used in the chemical reactions (water, alcohol);
(iii) reduced reaction time and energy consumption. As a result, the obtained HA powders
have reduced particle size, increased purity, and a narrower size distribution compared
with other methods [51,52].

2. Materials and Methods
2.1. Reagents and Chemicals

The chemicals used to accomplish the experiments are as follows: (NH4),HPO, (98%)
from Sigma—-Aldrich, Ca(NO3),*4H,0 (99%), NH4OH (25% solution), Ce(NOs3)3*6H,O
(99%), Mg(NO3)2*6H,0 (99%) from Fluka—Honeywell Research Chemicals, and ultrapure
water.

2.2. Pristine Hydroxyapatite Synthesis

The synthesis of hydroxyapatite was carried out by co-precipitation followed by
hydrothermal maturation in a microwave field using the synthWAVE equipment (Milestone
Srl, Sorisole, Bergamo, Italy). The operating principle of the equipment is as follows: the
reagents are poured into the vials on a rotating support, which will be closed tightly using
Teflon caps. The second step is the automatic lowering of the mechanical stirrer. The vials
are positioned in a liquid capable of absorbing microwaves (usually water), thus allowing
the transfer of energy and heat to the samples. The chamber containing the samples is
automatically clamped and pressurized using nitrogen to prevent the boiling of the solvents.
At the end of the reaction, an integrated cooling device rapidly lowers the temperature
in the chamber where the vials are located. The benefits of the method are the ease of the
method and the short synthesis time, the reproduction of the conditions developed in the
small-scale reactions, and the modification of the parameters easily.

Calcium nitrate tetrahydrate and diammonium phosphate acid powders, correspond-
ing to a Ca/P ratio of 1.67 (specific to HAp), were solubilized in distilled water under
magnetic stirring. The phosphate precursor was added dropwise over the Ca(NO3),*4H,0,
maintaining magnetic stirring. Since the conditions for obtaining hydroxyapatite involve
an alkaline medium, the pH of the reaction mixture was monitored and adapted to the
range of 10-10.5 by dropping ammonium hydroxide solution 25 wt.%. After reaching this
value, the mixture was poured into the containers of microwave-assisted equipment and
subjected to hydrothermal maturation. To study the effect of this treatment on the obtained
materials, the temperature was varied as a reaction parameter. Thus, a previously obtained
mixture was subjected to treatment at 150 °C, respectively another at 250 °C, at an initial
pressure of 2 bars for 30 min in both cases.

After this step, the hydroxyapatite was separated by filtration and washed with
distilled water until a neutral pH was fulfilled. Finally, the resulting precipitates were dried
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in an oven at 60 °C for 24 h, and the resulting materials were further referenced according to
the varied synthesis parameter (temperature), as follows: HAp_150, respectively HAp_250.

2.3. Substituted Hydroxyapatite Synthesis

In the case of the synthesis of hydroxyapatite substituted with cerium (Ce>*) or mag-
nesium (Mg?") ions, the process is similar to the one mentioned above for obtaining HAp.
The new factor involved in this process is represented by the addition of the substituents
precursors—Ce(NO3)3*6H, O or Mg(NO3),*6H,O, corresponding to different CaZ* substitu-
tion molar ratio (1, 3, and 5%) in the initial mixture of reaction, along with Ca(NO3),*4H,0.

Each time, two solutions were prepared, the first resulting from the mixture of
Ca(NO3)*4H,0 with 200 mL of distilled water and the stoichiometric amount of Ce/Mg
precursor, and the second solution from the mixture of diammonium acid phosphate
(NH4),HPO,4 with 200 mL of distilled water. The next step consisted in dropping the
second solution over the first solution under magnetic stirring, and the mixture thus ob-
tained was subjected to hydrothermal maturation in the microwave field. In this case, the
temperature of 150 °C was chosen based on the characterization results of pristine HAp
(although HAp_150 presented a considerably reduced crystallinity, the average crystallite
size proved to be lower, an advantage in the case of bone regeneration materials).

The obtained precipitate was filtered, washed with distilled water to reduce the pH
of 10 to a physiological one of 7-7.5, and then was left to dry in an oven at 60 °C for 24 h.
The resulting materials are further referenced according to the varied synthesis parameters
(substituent and concentration), as follows: HAp_Ce_1%, HAp_Ce_3%, HAp_Ce_5%,
HAp_Mg 1%, HAp_Mg_ 3%, HAp_Mg_5%.

2.4. Morphological and Structural Characterization
2.4.1. X-ray Diffraction

In order to determine the individual crystalline phases that made up the produced
powders, the X-ray diffraction technique was used for analysis. In order to complete
this, a PANalytical Empyrean diffractometer from Malvern PANalytical in Bruno, The
Netherlands, was employed. It was outfitted with a hybrid monochromator (2xGe 220)
on the incident side and a parallel plate collimator set on a PIXcel 3D detector on the
diffracted side. At room temperature, with an incidence angle of 0.5° for Bragg angle
values of 2 between 10° and 80°, an acquisition period of 255 s, a step of 0.01414°, and
Cu K radiation with an angle of incidence of 1.5406° (40 mA and 45 kV), X-ray diffraction
measurements analysis were accomplished. In order to ascertain the average crystallite size,
unit cell parameters, and crystallinity of the examined powders, the diffractograms were
further submitted to Rietveld refinement using the HighScore Plus program (version 3.0e,
PANalytical B.V. Almelo, The Netherlands). The diffractogram fits were deemed acceptable
if the goodness of fit was lower than 4.

2.4.2. Dynamic Light Scattering (DLS) and Zeta Potential

Each series of hydroxyapatite nanoparticles synthesized using different parameters of
microwave-assisted hydrothermal treatment and/or substituted with cerium and magne-
sium ions at different concentrations was characterized by dynamic light scattering (DLS)
technique and zeta potential in order to establish the hydrodynamic diameter and surface
charges. The measurements were made using the DelsaMax Pro light scattering analyzer
(Backman Coulter, Brea, CA, USA), having as a component a laser with a wavelength of
532 nm. The powders were distributed in ultrapure water at a concentration of 0.33 mg/mL
at room temperature. To achieve a homogeneous dispersion, all samples were subjected to
ultrasound for 10 min using an ultrasound bath.

2.4.3. Scanning Electron Microscopy (SEM)

The QUANTA INSPECT F50 scanning electron microscope (Thermo Fisher, Eindhoven,
The Netherlands) was used for the scanning electron microscopy (SEM). It is equipped
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with an energy-dispersive X-ray spectrometer (EDS) with a resolution at MnK of 133 eV
and a field emission electron gun (FEG) with a resolution of 1.2 nm. The powdery samples
were set on slide supports with the use of carbon tape in order to analyze the shape and
size; they were then placed into the microscope analysis chamber, where the images were
captured by recording the ensuing secondary electrons.

2.4.4. Fourier-Transform Infrared Spectroscopy (FT-IR)

Thermo Nicolet’s Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA, USA) FT-IR
spectrometer’s ZnSe crystal was used to evaluate a small sample of powder in order to
look into the functional groups that are typical of the produced nanoparticles. The analysis
was completed at room temperature using 32 scans of the material at a resolution of 4 cm !
between 4000 and 1000 cm ™. It was able to record the data obtained by connecting the
spectrometer to a data collection and processing device using the Omnic work program.
(Thermo Nicolet, Version 8.2).

2.5. In Vitro Interactions with Osteoblast Cells

In full Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine
serum, mouse osteoblasts MC3T3-E1 were cultured at 37 °C in a humidified environment
with 5% CO,. At a cell density of 5 x 104 cells per cm?, the cells were planted in 96-well
plates and allowed to adhere for the night. These were then sterilized under UV irradiation
and incubated with 25, 100, and 250 g/mL HAap samples over the following 24 or 72 h.
All in vitro tests were conducted using untreated cells as a control.

2.5.1. Cell Viability Assay

The cellular proliferation was measured using the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT; Sigma-Aldrich, Saint Louis, MO, USA) assay based
on the succinate dehydrogenase mitochondrial activity in the viable cells. After 24 and 72
h of incubation, the culture medium was removed, and the cells were incubated with 1
mg/mL MTT for 2 h in the incubator at 37 °C. The purple formazan crystals formed in the
viable cells were dissolved with 2-propanol (Sigma-Aldrich, Saint Louis, MO, USA), and
the absorbance was measured at 595 nm using FlexStation 3 multi-mode microplate reader
from Molecular Devices (San Jose, CA, USA).

2.5.2. Griess Assay

Nitric oxide (NO) content in the culture medium that had been previously collected
after 24 and 72 h of incubation was measured using the Griess reagent, a stoichiometric
solution (v/v) of 0.1% naphthyl ethylenediamine dihydrochloride and 1% sulphanilamide
in 5% H3PO4. Enhanced NO levels are associated with cytotoxic effects because they
are directly linked to inflammatory and apoptotic processes. The FlexStation 3 multi-
mode microplate reader was used to quantify the absorbance of the solutions as they were
acquired at 550 nm. The NaNO, standard curve was used to compute the NO concentration.

2.5.3. Fluorescence Microscopy

Following each incubation period, the osteoblasts were permeabilized for an hour
using 0.1% Triton X-100/2% bovine serum albumin (BSA) and fixed with 4% paraformalde-
hyde for 20 min. The nuclei were counterstained with 2 g/mL DAPI (4',6-diamino-2-
phenylindole) after the actin filaments had been stained with 10 g/mL phalloidin-FITC
(fluorescein isothiocyanate). The Olympus IX71 inverted fluorescent microscope (Olympus,
Tokyo, Japan) was used to study the cells.

2.6. Microbiological Evaluation

The ATCC strains used for this study are Staphylococcus aureus, Enterococcus faecalis
(Gram-positive), Escherichia coli, and Pseudomonas aeruginosa) (Gram-negative), and yeast
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(Candida albicans) were obtained from the strain collection of the Microbiology laboratory,
Faculty of Biology, University of Bucharest.

2.6.1. MIC (Minimum Inhibitory Concentration) Method

A quantitative approach based on serial binary microdilutions in a liquid medium
(simple broth), uniformly distributed in 96-well plates, was utilized to calculate the MIC.
An amount of the bioactive chemical or nanosystem equal to a concentration of 5 mg/mL
was applied to the first well of each row. A micropipette was then used to make 10 binary
dilutions, starting with well 1 (concentration of 5 mg/mL) and ending with well 10 (where
the ultimate concentration will be 0.009765625 mg/L). Wells 11 and 12 were then used as
positive control (medium containing bacteria) and negative control (medium devoid of
bacteria), respectively. A total of 15 L of 0.5 McFarland density microbial suspension were
then added to each well following the microdilutions. The seeded plates were incubated
for 24 h at 37° Celsius, and following incubation, the MIC value for each compound or
nanosystem was determined macroscopically as the point at which microbial growth or the
emergence of turbidity in the environment was no longer visible [53].

2.6.2. Development of Monospecific Biofilms

A quantitative approach based on the execution of binary serial microdilutions in a
liquid medium (simple broth) dispersed sterile in 96-well plates was used to determine
the impact of the acquired biomaterials on the development of biofilms. An amount of the
bioactive chemical or nanosystem equal to a concentration of 5 mg/mL was applied to the
first well of each row. Later, 12 binary dilutions were performed using a micropipette, com-
mencing with well 1 (concentration 5 mg/mL) and ending with well 10 (final concentration
0.009765625 mg/mL). A total of 15 L of 0.5 McFarland density microbial suspension were
then added to each well following the microdilutions. The seeded plates were incubated
for 24 h at 37 degrees Celsius. Following incubation, the biofilms were thoroughly washed
three times with sterile physiological water (AFS) and fixed for 5 min with cold methanol.

The dry plates were dyed with 1% crystal violet solution for 20 min after the methanol
had been removed. With a 100x magnification, an inverted microscope was used to
examine the dyed biofilms. Instead, after staining, the excess dye was removed with tap
water, and the dye present in the cells of the biofilm that had grown on the well’s walls was
then soluble in a solution of 33% acetic acid. In order to understand the data based on the
spectrophotometric reading of the colored suspension’s absorbance at 490 nm, suspensions
were prepared in this manner.

3. Results
3.1. X-ray Diffraction

Figure 1a shows the X-ray diffractograms for the hydroxyapatite powders synthesized
using different microwave-assisted hydrothermal treatment parameters. As can be seen,
the only crystalline phase identified is hydroxyapatite in the hexagonal crystallization
system P63/m, according to ICSD file 01-073-8419. However, increasing the temperature
leads to an increase in the crystallinity of the samples, shown by the high intensity of the
corresponding diffraction peaks. Figure 1b shows the X-ray diffractograms for cerium
ion-substituted hydroxyapatite powders at 1, 3, and 5% concentrations. As can be seen,
boosting the concentration of the substituent leads to a decrease in the intensity of the
diffraction peaks and, implicitly, in the crystallinity of the sample. However, the only
crystalline phase identified is hydroxyapatite, which confirms the success of the substitution
reaction by the absence of the formation of other phases, such as cerium oxide or cerium
phosphate. In the case of substitution with magnesium ions at concentrations of 1, 3, and
5%, the diffractograms show different behavior compared to the case of substitution with
cerium (Figure 1c, Table 1). On the one hand, 1 and 3% concentrations do not produce
considerable differences in the powders’ crystallinity but reduce the crystallite’s average
size. However, in the case of the 5% substituted hydroxyapatite sample, the appearance
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of new diffraction maxima attributed to the magnesium whitlockite crystalline phase, a
mixed calcium and magnesium phosphate with the chemical formula CagMg(HPO4)(PO4)4
(ICSD 04-008)-8604). In this case, the average crystallite size attributed to hydroxyapatite
decreases insignificantly; the expansion in the degree of crystallinity is associated with the
large crystallite size related to whitlockite. Despite the development of a new phase, the
applicability of magnesium ion-substituted hydroxyapatite powder at a concentration of
5% in the medical field is justified by the abundance of this phase in natural bone [54,55].

Figure 1. X-ray diffractogram for hydroxyapatite powders synthesized at different parameters
of microwave-assisted hydrothermal treatment (a) and hydroxyapatite powders substituted with
cerium (b) and magnesium (c) ions at concentrations of 1, 3, and 5% (*—HAp, e—Whitlockite).

The results obtained from Rietveld refinement (Table 1) confirm the increase in crys-
tallinity of the sample with increasing temperature. Moreover, the high crystallinity of
the sample treated at the temperature of 250 °C is due to the increase in crystallite size,
a natural process encountered in this type of synthesis. Specifically, with the increase in
pressure, temperature, or reaction time, the size of the crystallites and, implicitly, of the
nanoparticles increases proportionally. The results of the Rietveld refinement confirm the
previous observations, namely the reduction of the crystallinity of the powders concomitant
with the decrease of the crystallite size, are presented in Table 1.
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Table 1. Unit cell parameters, average crystallite size, and crystallinity of hydroxyapatite powders
substituted with cerium and magnesium ions at concentrations of 1, 3, and 5% according to Rietveld

refinement.
Sample o o Unit oCell Parameters Cwi‘;f;iatgeSize Crystallinity
a[A] b [A] clAl] o« [°] Bl v [°] [nm] [%]
HAp_150 9.431 9.431 6.880 90 90 120 18.65 27.45
HAp_250 9.425 9.425 6.880 90 90 120 46.13 40.49
HAp_Ce_1% 9.444 9.444 6.877 90 90 120 16.15 22.99
HAp_Ce_3% 9.449 9.449 6.873 90 90 120 12.16 21.13
HAp_Ce_5% 9.455 9.455 6.865 90 90 120 10.42 18.31
HAp_Mg_1% 9.446 9.446 6.878 90 90 120 12.81 25.50
HAp_Mg_3% 9.446 9.446 6.876 90 90 120 12.79 26.54
HAp_Mg_5%

* SPOL?‘E/)O 9.450 9.450 6.878 90 90 120 12.23
Whitlockit 3099

° 49.9% 10.419 10.419 37.292 90 90 120 49.54

3.2. Dynamic Light Scattering (DLS) and Zeta Potential

Figure 2 shows the hydrodynamic diameter values of hydroxyapatite nanoparticles
treated at two distinct temperatures (150 °C and 250 °C). In this context, the hydrodynamic
diameter is lower for the sample treated at 250 °C, which may be due to larger particle size
and, consequently, a reduced surface reactivity that would lead to particle agglomeration.
The results are confirmed by the zeta potential values (Figure 2), where more negative
values are recorded for this sample, so increased stability prevents particle aggregation.
Additionally, the results follow the hypothesis behind the hydrothermal treatment of the
nanoparticles, as higher temperatures are expected to generate particle growth. However,
the differences between the two samples in terms of stability are not significant.
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Figure 2. Hydrodynamic diameter and zeta potential values for hydroxyapatite treated at 150 and
250 °C.

Figure 3 shows the hydrodynamic diameter values of hydroxyapatite nanoparticles
substituted with cerium and magnesium ions at concentrations of 1, 3, and 5%. Thus, the
high degree of agglomeration can be observed in the case of all the samples, a fact also
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confirmed by the low values of the zeta potential (Figure 3). Furthermore, in both types of
substitutions, increasing concentrations lead to the increase of the zeta potential values,
i.e., from negative values to positive values. However, the substitution with cerium ions at
the concentration of 1% seems to increase the stability of the hydroxyapatite nanoparticles,
also shown by the hydrodynamic diameter values. Further increasing the substitution
concentration leads to a decrease in nanoparticle stability, as the zeta potential values
are close to 0 mV with no significant differences between the 3% and 5% concentrations,
and in nanoparticle size, as compared to the HAp_150 sample. However, the presence
of whitlockite at the level of the hydroxyapatite sample substituted with 5% magnesium
leads to a considerable decrease in the hydrodynamic diameter compared to the samples
substituted with 1 and 3%, which also denotes a growth in particle size, therefore a decrease
in surface reactivity, with the formation of this phase. This could be explained by the defects
occurring in the unit cell of hydroxyapatite due to the introduction of magnesium ions.
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Figure 3. Hydrodynamic diameter and zeta potential values for hydroxyapatite treated at 150 °C and
substituted with cerium and magnesium ions at concentrations of 1, 3, and 5%.

3.3. Scanning Electron Microscopy (SEM)

Figure 4A shows the SEM micrographs obtained for the unsubstituted HAp powder
obtained at 150 °C and the dimensional distribution of the particles (Figure 5A,B). In this
case, the micrographs obtained show the rod-like morphology characteristic of hydrox-
yapatite, similar to the physiological one found in the structure of hard tissue. From a
dimensional point of view, this falls into the field of nanomaterials, the rods having a
diameter between 15 and 45 nm, the average size being 28.23 nm. The morphology of the
hydroxyapatite powder is preserved with the increase of the heat treatment temperature;
thus, in Figure 4B, better-contoured rods can be observed than in the previous case, with
slightly increased dimensions for the HAp_250 sample. Thus, an increase in the average
diameter to 37.29 nm (Figure 5D) is observed for the hydroxyapatite treated at 250 °C,
with the increase in temperature. Regarding the length distribution, in this case, values
between 80 and 320 nm can be observed, with an average size of 190 nm (Figure 5C). This
dimensional increase is in good correlation with the X-ray diffraction results regarding the
crystallite size.
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Figure 4. SEM micrographs recorded for HAp_150 (A), HAp_250 (B), HAp_Ce_1% (C),
HAp_Ce_3% (D), HAp_Ce_5% (E), HAp_Mg_1% (F), HAp_Mg_ 3% (G), HAp_Mg_5% (H).

Following the morphological evaluation, it is observed that the cerium substitution
does not substantially change the appearance of the hydroxyapatite. Thus, all three concen-
trations (1%, 3%, 5%) maintain the rod-like structure with nanometric dimensions found
in the case of unsubstituted powders. In this sense, their large specific surface area may
conduct the formation of agglomerates that can be observed, especially in the case of the
three samples of hydroxyapatite substituted with cerium (Figure 4C-E). Analyzing the
histograms made for the three cerium-doped hydroxyapatite samples (Figure 5E-]), it
can be seen that the diameter of the rods is between 10 and 80 nm and increases with
increasing cerium concentration. Considering the distribution by length, a dimensional
inhomogeneity can be observed, with values between 50 and 450 nm.
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Figure 5. Dimensional distribution for HAp_150, HAp_250, HAp_Ce_1%, HAp_Ce_3%,
HAp_Ce_5%, HAp_Mg_1%, HAp_Mg_3%, HAp_Mg_5% by length (A,CE,G,1 K,M,0) and by diam-
eter (B,D,F,H,J,LN,P).

The magnesium-substituted hydroxyapatite samples were also subjected to SEM
analysis, the results being shown in Figure 4F-H. The three magnesium concentrations (1%,
3%, 5%) influence the hydroxyapatite morphology compared to the cerium-substituted
samples. In the case of the HAp_Mg_1% sample, the rod-type architecture is preserved,
but with the increase in magnesium concentration, small irregular platelets begin to appear
(average diameter of 114.07 nm and average thickness of 24.54 nm), interconnected with
the characteristic rods of hydroxyapatite. The sample with the highest concentration of
magnesium (5%) shows the highest proportion of such platelets and a very low presence
of rods.

Also, all three samples present dimensional characteristics within the nanometric
range, with a high tendency to agglomerate. It can be seen for the samples with magnesium
concentrations of 1% and 3% that both the diameter and the length increased with increasing
concentration.

Analyzing the hydroxyapatite powder with the highest proportion of cerium, the pres-
ence of the substituent element is observed, uniformly distributed alongside the element’s
characteristic of hydroxyapatite (Figure 6).

64



J. Funct. Biomater. 2023, 14, 378

Figure 6. Elemental mapping recorded for HAp_Ce_5%.

A similar behavior is also observed analyzing the hydroxyapatite powder with the
highest proportion of magnesium, where the presence of the substituent element uniformly
distributed alongside the elements characteristic of hydroxyapatite is observed (Figure 7).

Figure 7. Elemental mapping recorded for HAp_Mg_5%.

3.4. Fourier-Transform Infrared Spectroscopy (FI-IR)

The FT-IR spectra of HAp_Ce (1%, 3%, 5%) and HAp_150 powders show bands
corresponding to the vibrational modes of the different functional groups that were found
in the sample. Thus, the cerium-substituted hydroxyapatite samples are similar in terms of
molecular structure to the plain hydroxyapatite sample. However, a difference is observed
by the presence of the O-H group at the wave number of about 3380 cm~! found in the
cerium samples, attributed to water molecules adsorbed on the surface. The vibrational
band at wave number 1022 cm ™! is characteristic of the PO43~ group, characteristic of
hydroxyapatite. Also, in the case of samples substituted with cerium, the debut of the band
at approximately 1638 cm ™! confirms the carbonation of the samples, being attributed
to the CO32~ group, a process that occurs when the powders come into contact with the
atmosphere (Figure 8a).

Also, the FI-IR results obtained for the HAp_150, and HAp_Mg (1%, 3%, 5%) samples,
show the similarity between the spectra for magnesium-substituted hydroxyapatite and
simple hydroxyapatite can be observed. Its carbonated nature is also observed compared
to the other samples. At the wave number from approximately 1022 cm !, the imprint of
hydroxyapatite is observed through the PO4% group (Figure 8b).
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Figure 8. FI-IR spectra recorded for HAp_150, HAp_Ce_1%, HAp_Ce_3%, HAp_Ce_5% (a) and
Hap_150, HAp_Mg_1%, HAp_Mg_3%, HAp_Mg_5% (b).

3.5. Biological Evaluation of HAp Samples

MC3T3-E1 osteoblast cells were used to analyze the biological behavior of hydrox-
yapatite samples with cerium and magnesium ions by both quantitative (MTT viability
and NO cytotoxicity assays) and qualitative (fluorescence microscopy) evaluation. The
metabolic activity of osteoblasts incubated with HAp samples was evaluated and was
comparable with the levels obtained for control as revealed by MTT assay (Figure 9a,b),
proving that all types of tested samples can represent biocompatible substrates for normal
osteoblastic cell proliferation. Also, no statistically significant changes were observed
compared to the control for both time intervals (24 h and 72 h), confirming the absence of
cytotoxicity of HAp-based suspensions after three days of incubation. Furthermore, the
levels of NO release after the HAp exposure were not significantly different compared to
the control (Figure 9¢,d), confirming the good biocompatibility in the presence of these
samples. However, a slight increase of 15% above the control level was noticed in the case of
HAp_150 after 72 h. This change could be explained by its higher crystallite size (46.13 nm)
compared to the other samples, which have a size lower than 20 nm. This characteristic
could influence the release of different intracellular molecules, including the NO, to the
culture medium, by affecting cell permeability.

Fluorescence microscopy experiments, which allowed the cytoskeleton and nuclei
visualization, have offered additional details on the biological effects of HAp-based sam-
ples. The fluorescent micrographs in Figures 10-12 demonstrate that MC3T3 cells had
uniform spreading and good adherence after being cultured for 24 and 72 h with the
investigated substances. The cells also had a typical osteoblast-like phenotype and normal
cell shape. (flattened structure, multiple cytoskeleton extensions, elongated actin filaments,
and prominent central nuclei).
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Figure 9. Viability level (a,b) and nitric oxide release (c¢,d) of MC3T3-E1 osteoblasts cultured in the
presence of different concentrations (25, 100, and 250 ug/mL) of HAp samples for 24 h and 72 h.
Results are calculated as means + SD (1 = 3) and represented relative to control (cells that were
not incubated with HAp samples); the statistical analysis: two-tailed Student’s test * p < 0.05 were
considered as statistically significant.
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Figure 10. Fluorescence micrographs of MC3T3-E1 osteoblasts cultured for 24 h and 72 h in the
presence of different concentrations (25 and 100 pg/mL) of HAp_150 and HAp_250 samples. The

actin cytoskeleton is stained with phalloidin-FITC (green) and nuclei with DAPI (blue). All images
were captured with a 10x objective.
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Figure 11. Fluorescence micrographs of MC3T3-E1 osteoblasts cultured for 24 h and 72 h in the
presence of different concentrations (25 and 100 pg/mL) of HAp_Ce_1%, HAp_Ce_3%, HAp_Ce_5%
samples. The actin cytoskeleton is stained with phalloidin-FITC (green) and nuclei with DAPI (blue).

All images were captured with a 10x objective.
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Figure 12. Fluorescence micrographs of MC3T3-E1 osteoblasts cultured for 24 h and 72 h in the pres-

ence of different concentrations (25 and 100 ug/mL) of HAp_Mg 1%, HAp_Mg_3%, HAp_Mg_5%
samples. The Actin cytoskeleton is stained with phalloidin-FITC (green) and nuclei with DAPI (blue).
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All images were captured with a 10x objective.
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3.6. Microbiological Evaluation
3.6.1. MIC (Minimum Inhibitory Concentration) Method

The minimum inhibitory concentration was evaluated after 24h. The concentration
where the MIC was observed is presented in Figure 13. As observed, the MIC values range
from 0.1-2.5 mg/mL for bacteria strains and 5 mg/mL for C. albicans.

Minimum inhibitory concentration

Figure 13. Minimum Inhibitory Concentration for hydroxyapatite samples. Results are calculated
as means £ SD (n = 3); the statistical analysis: two-tailed Student’s test * p < 0.05, ** p < 0.01,
*** p < 0.001 were considered as statistically significant (for each strain).

3.6.2. Development of Monospecific Biofilms

After 24 h, the developed monospecific biofilms were evaluated by optic microscopy
(Figure 14); it was observed that the hydroxyapatite substituted with cerium inhibited
bacteria better than samples unsubstituted and hydroxyapatite substituted with magne-
sium. Figure 14 below reveals that the biofilms develop differently in the presence of HAp
powders, depending on their concentrations; usually, concentrations above 2.5 mg/mL
reveal a significant inhibition, as shown in the microscopy images.

OD 492nm (Abs) results confirmed that hydroxyapatite samples could interfere with
E. faecalis, E. coli., S. aureus, P. aeruginosa, and C. albicans biofilm formation. (Figure 15a—c). The
hydroxyapatite substituted with cerium showed improved bacteria inhibition, as compared
with hydroxyapatite substituted with magnesium. For the Gram-negative bacteria such as
E. coli and P. aeruginosa, the samples showed a limited effect (Figure 15d,e).
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E. faecalis

albicans

Figure 14. Optical microscopy for hydroxyapatite samples for E. faecalis, E. coli, C. albicans.
A-HAp_150, B-HAp_250, C-HAp_Mg_ 1%, D-HAp_Mg_3%, E-HAp_Mg_ 5%, F-HAp_Ce_1%, G-
HAp_Ce_3%, H-HAp_Ce_5%, C1-Concentration 1 (5 mg/mL), C2-Concentration 2 (2.5 mg/mL),
C3-Concentration 3 (0.62 mg/mL), C4-Concentration 4 (0.15 mg/mL).
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Figure 15. Development of monospecific biofilm of (a) S. aureus, (b) E. faecalis, (c) C. albicans, (d) E. coli,
(e) Ps. aeruginosa.

4. Discussion
4.1. X-ray Diffraction

HAp-based biomaterials can be easily designed using the microwave-assisted hy-
drothermal process since modifying different nanoparticle features, such as dimension, is
simple. Additionally, this adaptable method can increase the bioactivity and biofunctional-
ity of HAp by substituting it with different inorganic ions [56]. Figure 1 depicts the phases
of pure hydroxyapatite (HAp), Ce(Ill)-substituted hydroxyapatite, and Mg-substituted
hydroxyapatite formed by microwave-assisted hydrothermal, respectively. The calcium
phosphate in Figure 1’s XRD image can be seen as a single phase with all relevant diffrac-
tion peaks. For cerium-substituted samples, a recent study showed that compared to pure
hydroxyapatite, all Ce(Il)-substituted hydroxyapatite samples may exhibit a drop in X-ray
peak intensities with increasing ion doping concentration levels [57]. In our situation,
a similar decrease in diffraction peak strength was seen when the cerium concentration
increased. However, the sole crystalline phase found is hydroxyapatite, indicating that the
substitution reaction was successful because no additional phases, such as cerium oxide
or cerium phosphate, were formed. In the case of substitution with magnesium ions at
concentrations of 1, 3, and 5%, the diffractograms show different behavior compared to
substituting with cerium (Figure 1c, Table 1). On the one hand, 1 and 3% concentrations
decrease the average size of the crystallites while making little to no effect on the powders’
crystallinity. The occurrence of new diffraction maxima in the 5% magnesium substituted
hydroxyapatite sample was attributed to the mixed calcium and magnesium phosphate
crystal phase known as magnesium whitlockite. Additionally, Table 1 shows that for both
cerium and magnesium, the crystallite size decreases as concentration increases. The main
difference appears for the sample with 5% magnesium; the crystallite size has been in-
creased due to the formation of whitlockite. Additionally, it can be seen that the crystallite
size increases due to the higher temperature for the HAp produced at 250 °C. Whitlockite,
or magnesium whitlockite, is a calcium orthophosphate crystal in which calcium and mag-
nesium are partially substituted under biological conditions. The difference is observed
in X-ray or electron diffraction patterns and occurs in extra- or intra-tissular places under
normal or pathological settings, primarily in tissues of non-epithelial origin [58,59]. By
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using X-ray diffraction, a recent study examined a variety of pathological calcifications and
found that whitlockite and apatite appeared to be present often [60].

4.2. Dynamic Light Scattering (DLS) and Zeta Potential

Through measurements of the hydrodynamic diameter and zeta potential, the stability
of pure HAp, Ce(III)-substituted hydroxyapatite, and Mg-substituted HAp was evaluated.
The Rayleigh scattering from suspended nanoparticles moving with Brownian motion is
the foundation of the dynamic light scattering (DLS) method. By shining a laser source on
the sample, we can observe the particle diffusion velocity and calculate the hydrodynamic
diameter of the nanoparticles [61].

From the DLS analysis, it was concluded that the hydrodynamic diameter is lower for
the sample synthesized at 250 °C temperature because of larger particle size and reduced
surface reactivity; the zeta potential also confirmed the increased stability for this sample.

For the samples of hydroxyapatite substituted with cerium and magnesium, it can
be observed a high degree of agglomeration, while also having a low zeta potential. The
most important difference is observed in the hydroxyapatite sample substituted with
5% magnesium which has a decrease in the hydrodynamic diameter, showing an increase
in particle size.

4.3. Scanning Electron Microscopy (SEM)

From the SEM micrographs in Figure 4, it can be seen that the HAp powder sample
has a rod-shaped form with width and length comparable to those of hard tissue (tens and
hundreds of nanometers, respectively). It can be shown that the nanoparticles, in the case
of HAp_250, have larger diameters, with the dimension expanding as the heat temperature
rises. The X-ray diffraction results regarding the crystallite size are well correlated with
this dimensional increase. Figure 5A,B depicts the dimensions distribution of the particles,
while Figure 4A displays the SEM micrographs for the unsubstituted HAp powder obtained
at 150 °C. The acquired micrographs, in this instance, exhibit the rod-like morphology that
characterizes hydroxyapatite and is comparable to the physiological one observed in the
composition of hard tissue. This is a type of nanomaterial from a dimensional perspective,
with rods that range in diameter from 15 to 45 nm and have an average size of 28.23 nm. Be-
cause the morphology of the hydroxyapatite powder is conserved while the heat treatment
temperature is raised, better-contoured rods with slightly larger diameters for the HAp_250
sample can be seen in Figure 4B. As a result, for the hydroxyapatite treated at 250 °C, an
increase in the temperature causes the average diameter to grow to 37.29 nm (Figure 5D).
In this instance, values between 80 and 320 nm with an average size of 190 nm can be seen
in the length distribution (Figure 5C). The results of the X-ray diffraction regarding the
crystallite size are well correlated with this dimensional increase. Following morphological
analysis, it is found that the cerium substitution has little effect on the hydroxyapatite’s
appearance. As a result, the rod-like structure with nanometric dimensions present in
the case of unsubstituted powders is maintained at all three concentrations (1%, 3%, and
5%). In this way, their huge specific surface area causes the development of observable
agglomerates. Similar findings were recently published in a study using hydroxyapatite
doped with Ce(Ill) and Ce(IV), where it was revealed that the dimension varies depend-
ing on the concentration [57,62]. The findings of the SEM examination performed on the
magnesium-substituted hydroxyapatite samples are depicted in Figure 4F-H). Compara-
tively to the cerium-substituted samples, the three magnesium concentrations (1%, 3%, and
5%) impacted the hydroxyapatite morphology. The rod-type architecture is still present
in the HAp_Mg_1% sample, but as the magnesium concentration rises, little irregular
platelets with an average diameter of 114.07 nm and an average thickness of 24.54 nm start
to emerge being interconnected with the characteristic rods of hydroxyapatite. The sample
with the highest magnesium content (5%) exhibits the largest percentage of these platelets
and the least number of rods. Whitlockite synthesis was explained by Macha et al. [63], and
the addition of magnesium to hydroxyapatite was observed to alter particle size in a study
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presented by Nigar et al., intriguingly, at a higher temperature (i.e., 350 °C) in this system,
a tubular morphology of HA and rhombohedral-shaped Mg-WH particles were seen [64].

4.4. Fourier-Transform Infrared Spectroscopy (FT-IR)

When the hydroxyapatite powders with the largest amounts of cerium and magnesium
are analyzed, the substituent elements are present and consistently distributed with the
hydroxyapatite-specific elements.

Unsubstituted hydroxyapatite (HAp_150 and HAp_250) IR spectra exhibit absorption
maxima that are unique to hydroxyapatite, including stretching vibrations from structural
hydroxyl groups (~3530 cm '), v3 asymmetric stretching of the POZ*(~1110, ~1080, and
~1050 cm 1) and POi* v1 stretching (~990 and ~880 cm 1) [65,66]. The overlapping stretch
of OH (hydroxyl groups) bound in HAp may be the cause of the weaker peak at ~3500 cm ™.
The presence of the O-H group at about 3380 cm ™! in the cerium samples is attributed to
water molecules adsorbed on the surface, distinguishing the hydroxyapatite substituted
with cerium. The emergence of the band at roughly 1638 cm ™!, which is attributed to the
CO%f group and indicates the carbonation of the samples in both the cerium-substituted
samples as well, is a process that takes place when the powders come into contact with
the atmosphere. The decrease in HAp crystallinity is related to the increase of Ce>* ion
concentration, which reduced band intensity [67]. The XRD study provided additional
support for these conclusions. In comparison to the other samples, its carbonated character
is also observed. The imprint of hydroxyapatite is visible through the POi_ group at a
wave number of about 1022 cm ! [68]. In an investigation based on the investigation of
magnesium incorporated in hydroxyapatite, a peak at 3698 cm~! was found to match
the stretching mode of hydroxyl groups that manifests when associated with magnesium,
showing the existence of Mg?* in the apatite structure [69].

4.5. Biological Behavior Evaluation on Osteoblast Cells

Due to its osteoconductivity and osteoinductivity, hydroxyapatite (HA), which has
a composition and structure highly very much alike to those of natural bone minerals,
has been regarded as the best material to construct bone tissue engineering scaffolds [70].
According to research by Vieria et al. on the effects of hydroxyapatite-containing cerium
on fibroblast, none of the tested samples had viability levels consistent with a cytotoxic
effect [40]. A study using MG-63 osteoblast cell lines obtained from human osteosarcoma
provided similar results as well [71]. MC3T3 cells were used to perform the MTT assay
on the samples obtained in our study. The samples were evaluated at 24 and 72 h, and
it was found that at neither time point did they have any harmful effects on the cells
supporting the normal development and proliferation of osteoblastic cells, the metabolic
activity being comparable with control. Also, the samples did not produce NO release;
their level was kept close to the control values for all tested samples. In the instance of
the magnesium-substituted hydroxyapatite and cerium-substituted hydroxyapatite, the
metabolic activity of each HAp powder was compared with the control, and the MTT assay
(Figure 9a,b) demonstrated that all recommended samples are appropriate substrates for
normal osteoblastic cell growth and proliferation. MC3T3-E1 cells showed good adherence
and homogeneous spreading onto the substrate when treated with HAp-based coatings for
24 h. The cells also had a typical osteoblast-like phenotype and normal cell shape according
to fluorescence micrographs (Figures 10-12).

A recent study observed that, according to the hypothesized osteoprotective action of
Mg, certain proteins involved in osteogenesis were much more regulated in the presence
of Mg discs than in Ti-disc. Due to its propensity for biodegradation and outstanding
biocompatibility, magnesium is a promising metal for biodegradable implant applications.
Compared to Ti metal discs, the overall effect of decomposing Mg on osteoblast is noticeably
bigger and more complex [72-74]. In the case of cerium, recent research has shown that
hydroxyapatite substituted with cerium and Fe3O4 may become toxic due to Ce and Fe
release at higher concentrations [75]. In our study, the samples with all three cerium
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concentrations (1%, 3%, 5%) did not show any toxic effect on the cells. In a recent study
based on hydroxyapatite substituted with cerium, cellular viability was also maintained
for a concentration of 10% cerium [57].

4.6. Microbiological Evaluation

In order to create implants that are more resistant to bacterial colonization, advances
have been made in the field of implant surface engineering, with implant-associated
bone and joint infection (BJI) being a rare but devastating side effect of arthroplasty and
orthopedic trauma. The number of implant-associated infections is rising due to the
expanding number of implant devices, despite technical and medical efforts to prevent
such illnesses [76].

The development of antimicrobial protection against the adhesion and growth of
microbial biofilms was one of the anticipated uses of the created bioactive coatings. After
forming on the surface of a prosthetic device or implant, biofilms are exceedingly difficult,
if not impossible, to treat due to their strong resistance to antibiotics and host immunity;
the damaged implant is typically removed as a result [77]. As a result, it is still difficult for
materials science and many medical disciplines to prevent biofilm growth on the implant
surface.

The development of new materials with enhanced resistance to microbial colonization
or bioactive implant coatings capable of delivering an antimicrobial effect close to the im-
planted material by first encapsulating and then locally releasing conventional antibiotics
or other antimicrobial agents are two research directions that are currently being pur-
sued [78-81]. Along with their inherent bioactivity, HAp-based coatings have a remarkable
ability for immobilizing or encasing antimicrobial agents. Inorganic structures, including
bismuth, cerium, copper, magnesium ions, silver ions, and nanoparticles, and zinc ions and
nanoparticles have been found to have enhanced anti-pathogenic properties [82].

In the case of hydroxyapatite substituted with cerium, recently, it was reported in a
study that after a 24 h incubation period, the cerium substituted hydroxyapatite’s antibac-
terial activity against the pathogens E. coli 714 and S. aureus ATCC 6538 was investigated.
The antibacterial activity of pure hydroxyapatite (xCe = 0), which served as the standard,
is compared to the antimicrobial activity of cerium-substituted hydroxyapatite. A prior
study found that pure HAp had no bactericidal activity against E. coli 714 and S. aureus
ATCC 6538 [83]. According to the study results, E. coli 714 bacterial strain survival rates
decline as Ce concentrations in hydroxyapatite rise. When the amount of Ce in the hydrox-
yapatite increases, the S. aureus ATCC 6538 bacterial strain’s survival rate declines [84].
Recently, it has been proposed that E. faecalis’ capacity to develop biofilms plays a signifi-
cant role in the pathophysiology of enterococci infections [85]. E. faecalis forms a multilayer,
antibiotic-resistant biofilm by secreting a protective extracellular matrix that adheres to
both biotic and abiotic surfaces. This intrinsic antibiotic resistance represents an important
challenge to treating enterococci infections [86]. In accordance with a recent study based on
hydroxyapatite substituted with rare earth elements, both HAp and Nd-Ce/HAp exhibited
an inhibitory zone against all of the bacteria test species. The synthesized hydroxyapatite
without substitution and HAp with neodymium and cerium displayed antibacterial and
antifungal activities. Regarding S. aureus, S. mutans, and S. epidermidis, the inhibitory
zone was nearly within reach for both HAp and Nd-Ce/HAp. Nd-Ce/HAp has a larger
inhibition zone for E. coli than HAp, which showed a larger inhibition zone for fungi.
Commercial HAp did not affect Gram-positive or Gram-negative bacteria. Surprisingly, the
method used to synthesize hydroxyapatite has a significant influence on how effective it is
against bacteria. For example, HAp samples made using the microwave-assisted combus-
tion method demonstrated superior resistance to both Gram-positive and Gram-negative
bacteria [73].

The antibacterial qualities of magnesium have been connected to several mechanisms
that are related to those shown in the case of other metallic ions. According to the literature,
nanoparticles harm human organisms through indirect DNA damage, oxidative stress,
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and inflammation. Additionally, the generation of reactive oxygen species (ROS), which
may conduct oxidative DNA damage, protein denaturation, and lipid peroxidation, has
been linked to the toxicity of metal oxide nanoparticles. Reactive oxygen species (ROS)
generation has also been linked to the toxicity of magnesium oxide nanoparticles, as it
has been for other metal oxide nanoparticles. It has also been demonstrated that MgO
nanoparticles produce large quantities of magnesium ions; however, these ions do not
exhibit appreciable toxicity. The harmful effects of MgONPs have been studied by many
researchers utilizing fish as model organisms [86-90].

Studies on the effects of magnesium addition to hydroxyapatite highlighted that
MgHAp suspensions, compared to both the control and HAp suspensions, demonstrated
good antibacterial activities even after 24 h in the case of Gram-negative P. aeruginosa
and Gram-positive S. aureus bacterial strains. The results of the antimicrobial assays
showed that HAp suspensions tended to make it easier for all of the microbial cells under
investigation to form biofilms at all of the examined concentrations and time intervals.
These findings show that when magnesium is combined with hydroxyapatite, it gives the
MgHAp solutions their antibacterial properties. A recent study showed that P. aeruginosa’s
ability to produce biofilms was also decreased by the MgHAp solution at all concentrations
tested, covering from 5 to 0.009 mg/mL; however, for the S. aureus bacterial strain, the
inhibition was first noted at 2.5 mg/mL. In contrast, P. acruginosa and S. aureus bacterial
strains were more likely to produce biofilms when exposed to the HAp solutions than
when not exposed, even after 24 h of incubation. For doses ranging from 5 to 1.25 mg/mL
of the MgHAp suspensions, a mild suppression of biofilm development was also seen
after 24 h in the instance of the fungus C. albicans. More than that, HAp suspensions had a
stimulating effect on the E. faecalis and E. coli biofilm development [89].

In a further study, the antibacterial effectiveness of the HAp/MgO spherical granules
was assessed in terms of planktonic development and early bacterial adherence against
three of the most significant bacteria reported in orthopedic illnesses. It was demon-
strated that HAp/MgO composites sintered at 900 and 1100 °C were able to significantly
limit bacterial growth for all strains tested in contrast to pure HAp spherical granules.
The outcomes are consistent with earlier research showing that MgO can inhibit Gram-
positive and Gram-negative bacteria [91,92] and that the antibacterial impact relies on
MgO concentration. Furthermore, it was clear that S. aureus growth was more positively
impacted by the HAp/MgO composite’s antibacterial action than E. coli growth was. This
outcome is consistent with other research that found MgO to have stronger antibacterial
activity against S. aureus than E. coli. Other research, however, demonstrates the reverse
result [93]. Their different cell walls, in terms of chemical composition, structure, and
thickness, can be associated with differences in antibacterial action toward S. aureus and E.
coli. Gram-positive S. aureus bacteria have thick peptidoglycan coatings on their cell walls.
Gram-negative bacteria, like E. coli, have more complex cell walls with a lipopolysaccharide
outer membrane and a weaker peptidoglycan layer, which may give them some resistance
to outside dangers [42,94].

In our study, hydroxyapatite samples’ ability to interact with monospecific bacterial
biofilm formation was evaluated against E. faecalis, E. coli. S. aureus, Ps. aeruginosa and C.
albicans. For the samples with cerium, it can be observed that they exhibited an excellent
antibacterial effect for S. aureus for the concentration of 5 mg/mL, 2.5 mg/mL, 0.62 mg/mL,
and 0.15 mg/mL, the hydroxyapatite sample substituted with 5% cerium having the most
intense effect, the similar effect is also observed for E. faecalis and C. albicans. However,
in the case of E. coli, the hydroxyapatite samples substituted with cerium showed a less
antibacterial effect, with little modification that appeared for the sample with 5% cerium.
In the case of P. aeruginosa, the samples of hydroxyapatite substituted with cerium (1%, 3%,
5%) inhibited the biofilm formation for all concentrations.

In the case of samples of hydroxyapatite substituted with magnesium for S. aureus,
they inhibited the biofilm formation for the concentration of 5 mg/mL and 2.5 mg/mL for
1%, 3%, 5% magnesium concentration and for the 0.62 mg/mL and 0.15 mg/mL suspension
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only the sample with 5% magnesium showed an inhibitory effect. In the case of E. faecalis,
samples substituted with magnesium (1%, 3%, 5%) inhibited the antibacterial activity only
for 5 mg/mL and 2.5 mg/mL suspension. For C. albicans fungal strain, all three samples of
hydroxyapatite substituted with magnesium showed an inhibitory effect for the suspension
of 5 mg/mL, 2.5 mg/mL, and 0.62 mg/mL. In the case of E. coli, the only inhibition of
bacteria can be observed for the sample of hydroxyapatite substituted with magnesium
3% for the suspension of 5 mg/mL and 2.5 mg/mL. As for Ps. aeruginosa, the inhibitory
effect of bacteria was shown for the suspension of 5 mg/mL for the samples with 1%,
3%, and 5% magnesium concentration, 2.5 mg/mL for the sample with 1% magnesium
concentration and for the suspension of 0.62 mg/mL and 0.15 mg/mL all the three samples
(1%, 3%, 5% magnesium) shown bacteria inhibitory effect. It can be concluded that the
samples of hydroxyapatite substituted with magnesium have a better inhibitory effect for
Gram-positive bacteria and C. albicans fungal strain.

5. Conclusions

The present research pursued the synthesis through the microwave-assisted hydrother-
mal method and complex characterization of hydroxyapatite substituted with Ce3* or Mg?*
powders. Following the analysis results, in all cases, hydroxyapatite was observed as the
only crystalline phase, except hydroxyapatite with 5% Mg, for which were also observed
the diffraction maxima attributed to the magnesium whitlockite crystalline phase. The size
of cerium-substituted hydroxyapatite nanoparticles increased with the Ce®* concentration,
while in the case of samples substituted with magnesium, a change in the morphology was
observed as the Mg?* concentration increased, acquiring a platelet shape at 5% substitution.
Based on the elemental mapping from the EDS analysis, the homogenous presence of the
two substituents was confirmed. The FT-IR analysis confirmed the presence of specific
groups for the carbonated hydroxyapatite without substantial changes following the addi-
tion of the two substituents. At the same time, the values of the hydrodynamic diameter of
the hydroxyapatite nanoparticles substituted with cerium and magnesium ions obtained
from the DLS analysis showed a high degree of agglomeration that can be observed in the
case of all the samples. However, for hydroxyapatite substituted with 5% magnesium, a
decrease in hydrodynamic diameter was observed due to the presence of whitlockite. From
the biological evaluation, it was confirmed that the obtained hydroxyapatite samples do not
produce cytotoxicity, and from the antimicrobial analysis, it was confirmed that the samples
inhibit bacteria on S. aureus, E. faecalis, and C. albicans strains. According to microbiological
assays, it was highlighted that the obtained samples had an increased antimicrobial effect
for Gram-positive bacteria and C. albicans and that the cerium-substituted samples may
inhibit the biofilm formation better.
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Abstract: The therapy of resistant forms of tuberculosis requires the simultaneous use of several
drugs, in particular, a combination of rifampicin and levofloxacin. In this paper, we aimed to design a
combined system for the simultaneous delivery of these drugs for potential inhalation administration.
A feature of this system is the incorporation of rifampicin into optimized liposomal vesicles capable
of forming a multipoint non-covalent complex with chitosan-f3-cyclodextrin conjugates. Levofloxacin
is incorporated into cyclodextrin tori by forming a host-guest complex. Here, a comprehensive study
of the physicochemical properties of the obtained systems was carried out and special attention was
paid to the kinetics of cargo release for individual drugs and in the combined system. The release
of levofloxacin in combined system is slow and is described by the Higuchi model in all cases. The
release of rifampicin from liposomes during the formation of complexes with polymeric conjugates is
characterized by the change of the Higuchi model to the Korsmeyer-Peppas model with the main
type of diffusion against Fick’s law. Microbiological studies in solid and liquid growth media a
consistently high antibacterial activity of the obtained systems was shown against B. subtilis and
E. coli.

Keywords: antibiotics; levofloxacin; rifampicin; liposomes; chitosan; cyclodextrin

1. Introduction

The spread of tuberculosis continues to be one of the greatest threats to public health
on a global scale. The WHO reports that tuberculosis is remains one of the top ten leading
causes of death worldwide. In addition, it tops the list of causes of death with rising mor-
tality, and it is the leading killer of HIV-positive individuals [1]. Moreover, the COVID-19
pandemic of recent years has significantly impacted the overall state of public health and
the spread of diseases of the respiratory system (including tuberculosis, pneumonia, etc.),
in addition to making other problems more prevalent [2].

The typical anti-tuberculosis treatment protocol requires the administration of antibac-
terial drugs for an extended period of time at high doses, which is accompanied by serious
side effects, decreased patient compliance, and the emergence of drug resistance in the
pathogen [3].

Rifampicin (Rif) is one of the main first-line anti-tuberculosis drugs, which is usually
included in the standard treatment regimen. Its mechanism of action is to inhibit the
transcription of M. fuberculosis by acting on DNA-dependent RNA polymerase; however, to
achieve such an effect, an antibacterial drug must penetrate into the bacterial cytoplasm [4].
That is why one of the most common mechanisms for the emergence of resistance to
rifampicin is the modification of cell permeability due to changes in the nature of the lipid
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bilayer of the cell and the use of special energy efflux pumps [5]. The minimal inhibition
concentration (MIC) of rifampicin for M. tuberculosis is 0.05-0.5 mg/L [6].

Rif-based therapy may be accompanied by side effects such as nausea, vomiting,
headache, increased levels of liver enzymes, thrombocytopenia, renal failure, etc. [4].

The therapy of resistant forms of tuberculosis is carried out most often with the help
of second- or third-line drugs, e.g., levofloxacin (Lev). Lev belongs to third-generation fluo-
roquinolones, which are broad-spectrum antibacterial drugs. Thus, the use of levofloxacin
as an independent drug is less effective than its combination with others [7]. The MIC of
levofloxacin for M. tuberculosis is 0.25-4 mg/L [8].

Lev’s mechanism of action is the selective inhibition of bacterial DNA gyrase, which
leads to the disruption of DNA supercoiling and the suppression of bacterial DNA replica-
tion and transcription. The result is a reduction in the growth and reproduction of bacteria,
and, as a consequence, their death. Lev may also have an immunomodulatory effect by
increasing phagocytosis and neutrophil activity [9].

To increase the effectiveness of the treatment and to reduce the side effects, drugs
are included in various delivery systems, including liposomes, 3-cyclodextrin derivatives,
polymers, etc. One of the most promising ways to administer such systems for antituber-
culosis therapy is inhalation, since, in this case, the drug formulation effectively reaches
infected cells [10].

Such systems for the inhalation delivery of antibacterial drugs must provide a sus-
tained release of cargo to maintain therapeutic concentrations, as well as have an affinity
for pulmonary surfactant. At the same time, various delivery systems have limited applica-
bility in relation to drugs. For hydrophobic Rif, one of the most suitable delivery systems
is liposomal forms. The high potential of liposomes as carriers for Rif was demonstrated
in [11]. Recently, we found that for Rif liposomes based on dipalmitoylphosphatidylcholine
(DPPC) and cardiolipin (CL) at a weight ratio of 80:20 provides high loading efficacy, effec-
tive binding at the room temperature, and a suitable phase transition profile at physiological
temperatures [12].

Moreover, the high therapeutic potential of the liposomal forms of Rif decorated with
chitosan or e-poly-L-lysine was demonstrated in [13], including outstanding mucoadhesive
properties and stability upon nebulization. Combined rifampicin formulations delivered
by the pulmonary route have been proven to be effective for tuberculosis treatment in the
guinea pigs [14].

For Lev, one could choose 3-cyclodextrin derivatives, with which it is able to form
stable guest-host complexes. According to the European Medicines Agency (2014) (“Back-
ground review for cyclodextrins used as excipient” (EMA/CHMP/333892/2013)) beta-
cyclodextrins with maximum applicable volume of 10% provide excellent tolerance via
nasal mucosa, which was demonstrated in irritation studies with rabbits that did not
show any local or systemic toxic effects from nasal administration for 3 months. However,
such small complexes are not suitable for inhaled delivery, and thus, we synthetized a
polymer-based carrier of low-molecular-based chitosan conjugated with (3-cyclodextrin
tori [15]. This carrier provides high encapsulation efficacy and a suitable release profile.
Moreover, mucoadhesive chitosan provides several benefits because of affinity to the mucus
of airways and its own antibacterial activity. Chitosan—cyclodextrin conjugates are the
focus of research, as they could be promising carriers [16] suitable both for slow and fast
release. Variable substituents in the cyclodextrin structure provides higher loading efficacy
and stability [17]. Different conjugates based on chitosan and cyclodextrins are suitable for
oral [18], pulmonary [19], and ocular administration [20].

The combination of these delivery systems is possible due to the creation of liposome
surface complexes with the functionalized chitosan described above. Thus, the use of
a combination of liposomal delivery forms of anti-tuberculosis drugs and complexes of
antibacterial agents with 3-cyclodextrin derivatives, united by a mucoadhesive polymer,
can significantly increase the effectiveness of therapy and reduce its duration.
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Combined systems used in the inhalation delivery of anti-tuberculosis drugs are
diverse. For example, in [21] a synergistic effect of the double capture of moxifloxacin and
amikacin was shown in comparison with alginate-modified PLGA nanoparticles containing
one drug. The development of such systems leads to the necessity of creating methods for
the simultaneous registration of several drug molecules in pharmaceutical preparations,
which was demonstrated in the determination of moxifloxacin and prednisolone by reverse-
phase high-performance liquid chromatography in [22].

Despite the variability of such combined drug delivery systems, there is a lack of
understanding of the fundamental patterns of its formation and physico-chemical and
biological properties. Here, we aimed to study a combined system, where Rif is loaded
into liposomes and the vesicles are covered with a polymer shell. The polymer is chitosan
with a molecular weight of 5 kDa, covalently linked to beta-cyclodextrin tori. When beta-
cyclodextrin is 2-hydroxypropyl-beta-cyclodextrin, the polymer is named HP-CD-Chit,
and when the cyclodextrin moiety is presented with an amino-cyclodextrin, the polymer
is named NH,-CD-Chit. Although liposome-based delivery systems for rifampicin and
cyclodextrin-based delivery systems for levofloxacin are described for the first time in this
work, we aim to create a combined simultaneous delivery system and uncover whether
new properties will appear in the system or whether the properties will be the sum of
existing ones.

To discover this, we are focusing on structural studies and in-depth studies with drug
release kinetics as the key parameter of each drug delivery system. Moreover, we aimed
to study the antibacterial activity of the developed systems on several Gram-positive and
Gram-negative strains.

Thus, to create a system for the simultaneous delivery of rifampicin and levofloxacin,
it is necessary to study the structural and functional properties of the combination of
liposomal forms of rifampicin with complexes of levofloxacin and conjugates based on
chitosan and 3-cyclodextrin.

2. Materials and Methods
2.1. Materials

Mono-(6-(hexamethylenediamine)-6-deoxy)-f-cyclodextrin (NH,-CD), 2-hydroxy
propyl-p-cyclodextrin (HP-CD), 5 kDa Chitosan oligosaccharide lactate with deacety-
lation degree 98% (Chit), levofloxacin and rifampicin were obtained from Sigma Aldrich
(St. Louis, MO, USA); tablets of phosphate-buffered saline and HC] were obtained from
“PanEco” (Moscow, Russia); dipalmitoylphosphatidylcholine, sodium salt and 16:0 car-
diolipin 1’,3'-bis-[1,2-dipalmitoyl-sn -glycero-3-phospho]-glycerol were obtained from
“Avanti Polar Lipids” (Alabaster, AL, USA); dialysis bags with a cut-off molecular weight of
12-14 kDa were obtained from “Orange Scientific” (Braine-1’Alleud, Belgium); and dialysis
bags with a cut-off molecular weight of 3,5 kDa were obtained from “Serva” (Heidelberg,
Germany). NH;,-CD-Chit and HP-CD-Chit were synthetized and purified according to the
methodic [15] and used in this research without additional treatment.

2.2. Liposomal form of Rif Preparation

Liposomes were obtained through lipid film hydration followed by sonication. So-
lutions of DPPC and CL in chloroform (25 mg/mL) in the required mass ratio (DPPC
100 w. % and DPPC:CL w. % 80:20) and were placed in a round bottom flask, then the
solvent was removed on a rotary evaporator at a temperature below 55 °C. The resulting
thin film was dispersed in 0.01 M sodium phosphate-buffered solution (pH = 7.4) to a lipid
concentration of 5 mg/mL, then the flask was exposed to an ultrasonic bath (37 Hz) for
5 min. The opaque suspension was transferred into a plastic tube and sonicated (22 kHz)
for 10 min continuously with constant cooling on a 4710 Cole-Parmer Instrument disperser.

Liposomal forms of rifampicin were obtained in a similar way with some changes:
a thin lipid film was dispersed in 0.01 M sodium phosphate-buffered solution (pH = 7.4)
containing rifampicin at a concentration of 2 mg/mL. The unloaded drug was separated
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by dialysis against 0.01 M sodium phosphate-buffered solution (pH = 7.4) in Serva dialysis
bags with a cut-off molecular weight of 3500 Da for 120 min at 4 °C.
The encapsulation efficiency (EE) of rifampicin in liposomes was calculated according
to Equation (1):
V(Rif)total - 1/(Rif)dialysis

EE = : x 100% 1)
V(le)total

where v(Rif),,,,; is the total amount of Rif in the initial system before dialysis and v (Rif) ;, lysis
is the amount of Rif determined in the external solution after dialysis against sodium
phosphate-buffered solution 0.01 M for 120 min at a temperature of 4 °C.

Complexes of liposomes with conjugates of chitosan and 3-cyclodextrin were obtained
by adding a solution of NH,-CD-Chit or HP-CD-Chit (5 mg/mL) (loaded with Lev or
empty) to a solution of liposomes (5 mg/mL) in a sodium phosphate-buffered solution
(pH = 7.4) at a base-molar ratio of 7:1. The complexes were incubated at room temperature
for 15 min.

2.3. Complexes of Levofloxacin with the Conjugate of Chitosan and B-Cyclodextrin Preparation

The solution of levofloxacin in hydrochloric acid (pH 4.0, 3 mg/mL) was combined
with a solution of NH,-CD-Chit (5 mg/mL) with the same pH at the same ratio to achieve
2x excess of CD-tori in relation to Lev molecules. The complexes were incubated at 37 °C
for 60 min.

The encapsulation efficiency (EE) of Lev in carrier was calculated according to
Equation (2):

V(Lev)orq — v(Lev)

EE — dialysis

x 100% 2

v (LeV ) total
where v(Lev),,,,; is the total amount of Lev in the initial system before dialysis and
v(Lev) is the amount of Lev determined in the external solution after dialysis against
a 1-10* M HCl solution in Serva dialysis bags with a cut-off molecular weight of 3500 Da
for 15 min at a temperature of 4 °C.

dialysis

2.4. Drug Release Kinetics Studies

Experiments on the kinetics of Lev release from (3-cyclodextrin derivatives were
carried out in an HCl solution (pH = 4.0) at a temperature of 37 °C and at a rotation speed
of 120 rpm. For this, samples of 1 mL of complex solution were placed in an Orange
Scientific dialysis bag with a cut-off molecular weight of 12-14 kDa against 10 mL of an
external HCI solution (pH = 4.0). Sampling with a volume of 100 uL was carried out during
the day, maintaining a constant volume of the external solution. Samples were analyzed
via UV spectroscopy to determine the amount of drug released.

Experiments on the kinetics of Rif release from liposomes were carried out in almost
the same way. Experiments were conducted in 0.01 M sodium phosphate-buffered solution
(pH = 7.4) at a temperature of 37 °C and a rotation speed of 120 rpm. Liposomal forms of
rifampicin (LRif) with a sample volume of 1 mL were placed in Orange Scientific dialysis
bags with cut-off molecular weights of 12-14 kDa against 10 mL of an external 0.01 M
sodium phosphate-buffered solution (pH = 7.4). Sampling with a volume of 100 pL was
carried out during the day, maintaining a constant volume of the external solution. Samples
were analyzed via UV spectroscopy to determine the proportion of the drug released.

Experiments on the kinetics of the simultaneous release of rifampicin and levofloxacin
from the combined system were carried out in 0.01 M sodium phosphate-buffered solution
(pH =7.4) at a temperature of 37 °C and a rotation speed of 120 rpm. For this, complexes
of liposomes (5 mg/mL) loaded with rifampicin (2 mg/mL) were obtained through the
NH,-CD-Chit-Lev complex at a base-molar ratio of 1:7. The resulting complexes, 1 mL in
volume, were placed in 10 mL of an external 0.01 M sodium phosphate-buffered solution
(pH = 7.4). Sampling with a volume of 100 uL was carried out during the day, maintaining
a constant volume of the external solution. We obtained points of 5, 10, 15, 30, 45, 60, 75,
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90, 120, 150, 180, 210, 240, 270, 300, 960 and 1440 min. Samples were analyzed through UV
spectroscopy to determine the proportion of the drug released.

The study of drug release was carried out by describing the kinetic curves with
zero- and first-order models, Higuchi, Korsmeyer-Peppas and Hickson—Crowell models
according to Equations (3)—(7):

Zero-order:
Qr=Qo+Kp-t 3)
First-order:
InQy =InQp-Kj -t “4)
Higuchi model:
Qi =Kyt @)
Korsmeyer-Peppas model:
% = Kgp-t" (6)
Hickson—-Crowell model:
Qy® — Q° =Kuct (7)

where f—time, minutes; Q;—amount of the drug released during t minutes, %; Qo—initial
amount of the drug, %; Qw—maximal release of the drug, %; Kop—release constant for the
zero-order model, min~!; K;—release constant for the first-order model, min™!; K;—release
constant for the Higuchi model, min™0-%; Ky p—release constant for the Korsmeyer—Peppas
model; n—release coefficient; and Kyc—release constant for the Hickson—Crowell model,
min L.

2.5. Antibacterial Activity Tests

The study of the antibacterial activity of dosage forms in vitro was carried out via the
agar diffusion method [23] in the Luria-Bertani nutrient medium (pH 7.4). An overnight
culture of Escherichia coli ATCC 25922 or Bacillus subtilis ATCC 6633 (All-Russian Collec-
tion of Industrial Microorganisms, Kurchatov Institute, Moscow, Russia) was diluted to
0.5 McFarland turbidity standard. Next, 500 pL of the bacterial suspension was spread
over the surface of the solid nutrient medium. After 20 min, agar discs (diameter of ~9 mm)
were removed from the agar by sterile plastic tip, and the samples (50 uL each) were placed
in the agar wells. Petri dishes were incubated at 37 °C for 24 h. Then, the diameters of
the emerged zones of bacterial growth inhibition were analyzed. The minimum inhibitory
concentration (MIC) was defined as the sample concentration (ng/mL) at which the di-
ameter of the inhibition zone corresponds to 9 mm, according to a method published
previously [24].

For experiments in liquid media, the overnight culture was diluted twice with fresh me-
dia. Then, the 0.2 mL of the sample was added (buffer 7.4 as a control and Lev 0.15 pug/mL
or Rif 0.1 ug/mL). The tubes were shaken at 160 rpm 37 °C for 6 h and the aliquots were
measured at 600 nm each hour. The experiments were carried out independently three
times, the obtained values are averaged and presented with a standard deviation.

2.6. ATR-FTIR Spectroscopy

The ATR-FTIR spectra were recorded on a Bruker Tensor 27 Fourier IR spectrometer
(Bruker, Ettlingen, Germany) equipped with an MCT detector cooled with liquid nitrogen
and a Huber thermostat (Raleigh, NC, USA). The measurements were carried out in a
thermostated cell of attenuated total internal reflection (FTIR, BioATR-1I, Bruker, Germany),
using a ZnSe single reflection crystal at 22 °C, and a constant speed of dry air blowing
through the system, using a Jun-Air apparatus (Redditch, UK). An aliquot (50 pL) of the
sample was applied to the ATR cell crystal, and the spectrum was recorded three times in
the range from 3000 to 950 cm™!, with a resolution of 1 cm™. Then, scanning and averaging
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were performed 70-fold. The background was recorded in a similar way. The spectra were
analyzed using the Opus 7.0 program. Typical spectrum is presented on Supplementary
Materials Figure S1.

2.7. DLS Measurements

(-potentials and particle hydrodynamic diameters Dh were measured using a Malvern
Zetasizer Nano ZS machine (Malvern, UK) equipped with a helium-neon laser (5 mW,
633 nm) as a light source. The experiment was carried out in a thermostated cell at 22 °C.

2.8. UV Spectroscopy

The UV spectra were recorded with an Ultrospec 2100 pro (Amersham Biosciences,
Amersharm, UK) within a wavelength range of 200-600 nm in a 1 mL quartz cell (Hellma
Analytics, Muellheim, Germany). For Lev, the intensity of the band of 295 nm was studied
and for Rif the intensity of 470 nm was examined. Typical spectra of Lev and Rif are
presented on Figure S2.

All measurements were triplicated.

2.9. Statistical Analysis

All experiments performed in triplicate, and the results were expressed as the mean
value + standard deviation, SD (n = 3). AtteStat 3.04 for Microsoft Excel was used for
statistical analysis. Significance was analyzed via the Mann-Whitney test, with p < 0.05
considered statistically significant.

3. Results and Discussion

Previously, we considered the mechanism of the interaction of rifampicin with lipo-
somes of various lipid compositions [12], as well as the interaction of levofloxacin with
the chitosan—cyclodextrin polymer [15]. Here, we aimed to investigate the properties and
antibacterial activity of combined system, where the liposomal form of Rif is covered with
chitosan—cyclodextrin shell, loaded with levofloxacin. Figure 1 represents formulae of
substances under consideration.

Chitosan MW 5 kDa

Rifampicin

n

HyC 5 ]
DPPC Y@;@/»«Qr
HO.

MVW\AM/v/vv\éYd M Beta-cyclodextrin 0 0

o Levofloxacin

/\/\/\/\/\/\/\/‘CJ)\O/\:(\O,E‘O. R CHy
\/\/\/\/\/\/\/\rd H O N R=

o © Ho" Cardiolipin or OH

NV\MAA)LO/Y\Oﬂﬁ\O
OH o
\/\/\/\/\/\/\/\cn)/ Na* \m/\/\/\/NHZ

Figure 1. Structures of substances under consideration and the schematic cartoon representing the
structure of combined system.
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3.1. LRif Pysico-Chemical Studies

As we demonstrated previously for Rif [12], anionic DPPC:CL 80:20 weight % li-
posomes proved to be a better lipid matrix in comparison with DPPC vesicles, with an
incorporation efficiency of about 35 percent. The main sites of drug binding in the bilayer
are the polar groups of phospholipids, which form hydrogen bonds with the heterocycle
and the secondary amine of rifampicin. The main characteristics of the resulting liposomes
are presented in Table 1. The obtained data are in the good agreement with previously
published studies. The Rif-loading into liposomes does not lead to the significant changes
in particle size or zeta potential, which is predominantly determined through lipid compo-
sition. The loading efficiency for the passive method is satisfactory: the lipid composition

does not significantly affect this parameter.

Table 1. Main characteristics of control and LRif-loaded liposomes DPPC and DPPC:CL 80:20 and its
complexes with various ligands. A total of 0.01 M sodium phosphate-buffered solution, pH = 7.4,

T=22°C.SD (n=3).

Lipid Composition Encapsulation Efficacy, % Dy, nm (Z-Average) PDI ¢-Potential, mV

DPPC control - 100 +£3 0.096 -101£22

LRif DPPC 32+3 102+ 6 0.123 —-104+41
DPPC:CL control — 9+4 0.104 —20.1+42
LRif DPPC:CL 35+5 101 +6 0.117 —20.0 £5.0

LRif DPPC + HP-CD-Chit 32+3 180 + 16 0.178 +8.0 £ 4.0
LRif DPPC + NH,-CD-Chit 32+3 170 £+ 20 0.154 +122+ 3.6
LRif DPPC:CL + HP-CD-Chit 35+5 168 £ 20 0.169 +11.9+45
LRif DPPC:CL + NH,-CD-Chit 35+5 175 £ 20 0.170 +129 £29
LRif DPPC + HP-CD-Chit + Lev 32+3 171 + 24 0.198 +11.1+ 26
LRif DPPC + NH,-CD-Chit + Lev 32+3 166 £ 22 0.163 +132+29
LRif DPPC:CL + HP-CD-Chit + Lev 35+5 162 £ 21 0.180 +13.0 £2.8
LRif DPPC:CL + NH,-CD-Chit + Lev 35+5 173 £ 25 0.172 +149 + 3.1

The complex formation of liposomes with polymers, namely HP-CD-Chit and NH,-
CD-Chit, is accompanied by a change in the particle charge towards positive values and an
increase in particle size. For anionic DPPC:CL 80:20 liposomes, a more significant change
in charge is observed, which presumably indicates a more efficient electrostatic interaction
of polymer chains with the surface of liposomes [25]. The results obtained concerning
the change in the (-potential [26] and particle size [27] are in good agreement with the

literature data.

Complex formation is proven through ATR-FTIR spectroscopy. Usually, this method
is suitable for studies on colloidal systems like liposomal suspensions. One could judge the
state of hydrophobic area of bilayer through the analysis of the spectral region
3000-2800 cm !, where the most intensive bands vas(CHy) at 2917-2925 cm ™! and vs(CH,)
at 2850-2852 cm ! are shown. When these bands undergo a low-frequent shift, this in-
dicates a more ordered bilayer, and in contrast, when a high-frequent shift occurs, this
indicates disordering and even phase transition of the vesicle [28,29]. A typical shift for
the phase transition gel-like bilayer is a liquid crystal bilayer reflected in the spectrum as a

high-frequency shift of 4-5 cm~! [30].

When it comes to the interactions of several ligands, including polyelectrolytes,
with the bilayer, the most pronounced changes are usually observed in the area of the
bands of carbonyl groups v(CO) at 1720-1750 cm ! and phosphate groups v,s(PO, ) at
1220-1260 cm~!. The high-frequent shifts of these bands indicate the decrease in the hydra-
tion and breaking of hydrogen bonds most often due to the formation of new non-covalent

interactions with polar ligands [29,31].

When LRif vesicles interact with polymers (HP-CD-Chit or NH,-CD-Chit), we ob-
served that the ATR-FTIR spectra changes are typical for complex formations between
liposomes and chitosan derivatives (Table 2).
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Table 2. Position of the main absorption bands (cm ') in the ATR-FTIR spectra of LRif and complexes
with HP-CD-Chit or NH,-CD-Chit at a base-molar ratio of 7:1; 0.01 M sodium phosphate-buffered

solution; pH 7.4, 22 °C. SD (n = 3).

Sample Vas(CHy) vs(CH,) v(CO) Vas(POy )
. 1735.5 + 0.5 12233 + 0.5
LRif DPPC 29179 £ 0.5 2850.0 = 0.5 1730.5 shoulder 1242 2 shoulder
1730.0 + 0.5
LRif DPPC:CL 2919.0 £ 0.5 2850.0 £ 0.5 1742.0 shoulder 12265+ 0.5
1240.2 shoulder
1715.0 shoulder
. . 1742.5 + 0.5 12252 + 0.5
LRif DPPC + HP-CD-Chit 2917.9 £ 0.5 2850.0 = 0.5 1730.5 shoulder 1242 2 shoulder
. . 1742.0 0.5 1225.7 + 0.5
LRif DPPC + NH,-CD-Chit 2917.9 £ 0.5 2850.0 = 0.5 1730.5 shoulder 1242 2 shoulder
. . 1737.0 £ 0.5 12265 £ 0.5
LRif DPPC:CL + HP-CD-Chit 2919.1 £ 0.5 2850.0 £ 0.5 1240.2 shoulder
1742.0 shoulder
1260.0 shoulder
. . 17372 £ 0.5 12265 £ 0.5
LRif DPPC:CL + NH,-CD-Chit 2919.1 £ 0.5 2850.0 £ 0.5 1240.2 shoulder
1742.0 shoulder
1260.0 shoulder

Complex formation occurs in a typical chitosan-based liposome polymer way. The
hydrophobic area of bilayer does not interact with polymer according to the stable v,s(CH;)
and vs(CHj) band positions. Regarding the most pronounced changes that we observed
for the v(CO) and v,5(PO; ™) bands: interactions with polymers lead to the either a high-
frequency shift, such as the v,5(PO, ™) bands for all samples, or the disappearance of some
shoulders, such as the 1715.0 shoulder on the spectrum of LRif DPPC:CL, corresponding to
the highly hydrated carbonyl groups. We have not observed any significant differences
between HP-CD-Chit and NH,-CD-Chit, as the main role in their interactions with chitosan
belong to the amino groups of the polysaccharide chain.

On the other hand, complex formation could significantly change the drug release
profile. Since Rif at physiological temperatures can disturb the membrane [12] and lead to
significant changes in the phase transition of liposomes, it is especially important to study
the kinetics of drug release from vesicles.

3.2. LRif Release Studies

According to the data on the kinetics of Rif release from neutral and anionic liposomes,
the role of cardiolipin in this process is insignificant: the curves (Figure 2a,b, blue lines) run
symbatically and the DPPC:CL 80:20 ratio liposomes retain the drug slightly better, which
indicates that a plateau on the kinetic curve and an almost complete release of the drug
within 5 h is achieved.

Complex formation with chitosan-based ligands is accompanied by a significant
slowing down in the release of Rif into the external solution (Figure 2a,b, green and red
lines). So, within 3 h, in the presence of a polymeric conjugate, a two-fold smaller amount
of the drug is released compared to liposomes without a polymer. In [32], a similar effect
was demonstrated: in the presence of maltoheptose, an oligomeric carbohydrate ligand
similar to 3-CD, the release of liposomes based on DPPC Rif was slowed down by 1.5 times
in 5 h. The results obtained are in good agreement with the previously obtained results
on the kinetics of moxifloxacin release from DPPC:CL (80:20) liposomes in the presence of
mannosylated Chit (90-120 kDa), and a similar course of the curve is observed [33]. The
release of gentamicin from liposomes based on DPPC and cholesterol was shown in [34],
which is significantly slowed down in the presence of Chit nanofibers (416 kDa).
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Figure 2. Rifampicin release from liposomal forms with and without a polymer shell. (a) LRif DPPC
(blue line) and its complex with HP-CD-Chit (red) and NH-CD-Chit (green). (b) LRif DPPC:CL
80:20 (blue line) and its complex with HP-CD-Chit (red) and NH,-CD-Chit (green). For all complexes,
the liposome : polymer base-molar ratio was 1:7. Total lipid concentration 3 mg/mL in 0.01 M Na
phosphate-buffered solution, pH 7.4. 37 °C. SD (n = 3).

The most noticeable effect of the prolongation of the release of rifampicin is observed
during the formation of an anionic complex with an amino derivative of the polymer carrier.
It is known that chitosan-based polymers usually cover the surface of anionic charged
liposomes due to electrostatic interactions between negatively charged phospholipids and
the positive charges of the primary amino groups of chitosan [31], although hydrogen
bonds could also be involved in the process of complex formation [35]. Thus, with an
increase in the proportion of positively charged amino groups, the stability of the complex
of liposomes with the polymeric ligand increases, as a result of which, the release of Rif can
be limited. In addition, during the release of Rif from liposomes, electrostatic interactions
with an increasingly charged polymeric conjugate may occur, and the release of the drug
into the external solution was slowed down.

In order to more accurately describe the observed patterns of drug release, we ana-
lyzed the data within the frameworks of the main kinetic models (zero- and first-order,
Korsmeyer-Peppas, Hickson-Crowell and Higuchi models). The zero-order model de-
scribes the release of a drug independent of its concentration. This model is typically used
to characterize the release from slowly dissolving matrices or transdermal systems. The
first-order model describes the release of drugs from porous matrices—it considers the
change in drug concentration when leaving the matrix. The Hickson-Crowell model is
applicable to drug release from monodisperse drug formulations. The Higuchi model
is commonly used to describe the release of a drug via diffusion from an insoluble or
partially soluble matrix. The Korsmeyer-Peppas model considers the many parameters of
the system (the dissolution of the polymer matrix, the diffusion of water into the matrix,
etc.), and also allows researchers to determine the type of diffusion during the release of
the drug.

We analyzed all results in all models, and the values of R? are presented in Table S1.
Here, we discuss the most probable models and how they change when the composition of
system changes, i.e., from LRif to the LRif complexed with polymer.

Rif release from neutral and anionic liposomes in the absence of a polymer is described
by the Higuchi model, implying that the diffusion from the lipid bilayer into the external
solution is the rate-limiting step in the process. Following the Higuchi model, the release of
the drug from liposomes can be identified by the presence of an initial accelerated (so-called
burst) release, followed subsequently by zero-order kinetics. The results obtained are in
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good agreement with the literature data for similar systems based on the liposomal form of
Rif [36].

The formation of multipoint non-covalent complexes of liposomes with the polymeric
substituent, for example, NH,-CD-Chit, leads to a change in the kinetic model of Rif release:
the Higuchi model passes to the Korsmeyer-Peppas model with a predominant anomalous
diffusion type (Figure 3a,b). The change in the model of Rif release from neutral and
anionic liposomes during the formation of the complex may be due to the interaction of Rif
with chitosan polymer chains; the change of the model occurs in the vast majority of the
described cases. In addition, the Korsmeyer-Peppas model allows, among other factors, the
consideration of the swelling of the matrix and the penetration of water into the polymer,
and it is these factors that can become decisive in the formation of the complex. Diffusion
against Fick’s law can be explained as follows: complexation leads to a decrease in the
mobility of polymer chains, as a result of which the determining factor for the release of
Rif is not so much diffusion from the lipid matrix as interaction with the polymer chains
surrounding the lipid bilayer.
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Figure 3. Mathematical processing of Rif release curves from DPPC:CL (80:20) liposomes without
polymers (orange line) and in a complex with NH,-CD-Chit (red line) through the Higuchi (a) and
Korsmeyer-Peppas (b) models. For all complexes, the liposome : polymer base-molar ratio was 1:7.
Total lipid concentration 3 mg/mL in 0.01 M Na phosphate-buffered solution, pH 7.4. 37 °C.

Thus, the complex formation of LRif with polymeric ligands based on chitosan and
-cyclodextrin derivatives provides not only a simple “wall”, slowing the release down, but
in contrast, the chitosan-based polymer acts as a significant player, changing the physico-
chemical basis of drug release. Based on the most pronounced effect obtained for the
system LRif DPPC:CL + NH;-CD-Chit for experiments on the study of the kinetics of
the simultaneous release of rifampicin and levofloxacin, a combined system containing
NH;,-CD-Chit as a polymeric conjugate was used.

3.3. Levofloxacin Release from Complexes with NH»-CD and NH,-CD-Chit

Recently, we reported on the prolonged release of Lev from the complexes with NH-
CD-Chit polymer carrier in comparison with initial NH,-CD. It was found that the release
of Lev was significantly slowed in the presence of a polymeric carrier: in two hours, the
release of the drug reached 100% for unmodified NH,-CD and 60% for the NH,-CD-Chit
conjugate. In order to compare all results from all systems accurately, we analyzed these
data in all the kinetic models described above.

The processing of the experimental results showed that the release of levofloxacin
from the complex with NH,-CD-Chit is described in the best way by the Higuchi kinetic
model (Figure 4), which characterizes the release of the drug from an insoluble or partially
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soluble matrix that is not prone to swelling, according to the diffusion mechanism. These
results are expected and are in good agreement with the literature data [37,38]. For the
host—guest control system, i.e., of the Lev complex with NH,-CD, the best approximation
parameters were calculated for the Korsmeyer—Peppas model; however, this kinetic curve
cannot be described by this model due to the limitation % < 0.6.
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Figure 4. Mathematical processing of Lev release curves from the guest-host complex with NH,-CD
(grey line) and NH;-CD-Chit (green line) by the Higuchi models. A total of 0.01 M Na phosphate-
buffered solution, pH 7.4. 37 °C.

Thus, for the Lev complex formation with polymeric ligands does not leads to the
change of kinetic model. Will it change when complex is united with LRif? Let us consider
further results concerning the combined drug delivery system.

3.4. Combined System Design

To design a combined system for the simultaneous delivery of levofloxacin and ri-
fampicin, we have chosen the components that demonstrated the best properties in the
separate studies described above.

We obtained the combined systems of both lipid composition (DPPC and DPPC:CL
80:20) and both HP-CD-Chit and NH,-CD-Chit. The hydrodynamic diameters and
(-potentials of the obtained complexes are presented on Table 1. Generally, the load-
ing of Lev does not significantly influence the properties of the system. For the further
studies, we have chosen the following. For Rif the most suitable carrier is LRif DPPC:CL
(80:20) with optimal drug release profile and physic-chemical proprieties. As the polymeric
ligand is the carrier for Lev, we chose NH,-CD-Chit, as it is able to form stable complexes
with Lev and provide prolonged Rif release. So, let us consider a system consisting of
a liposomal form of Rif functionalized with NH,-CD-Chit and where the 3-CD tori are
loaded with Lev.

The release of drugs from the combined system based on the liposomal form of Rif
and Lev, loaded into NH,-CD-Chit, differs from the release from independent carriers
discussed above (Figure 5).
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Figure 5. (a) Lev release profile from the NH,-CD-Chit and Lev (purple) complex and the Rif (orange)
from the LRif NH,-CD-Chit complex. Independent experiments. (b) The simultaneous release of Lev
(purple) and Rif (orange) from the combined system LRif DPPC:CL + NH,-CD-Chit, loaded with Lev.
A total of 0.01 M Na phosphate-buffered solution, pH 7.4. 37 °C. SD (n = 3).

Let us consider what happens to the Lev release profile in a combined system. In
experiments on the release of drugs from such a system at 37 °C in a sodium phosphate-
buffered solution (Figure 5a,b), it was found that the release of levofloxacin (purple line
on the both plots) slows down relative to the control system—the Lev complex with NH,-
CD-Chit. In detail, 10 h after the start of the experiment, the share of Lev output exceeds
90%, while in the combined system, it is 77%, reaching a maximum value, and the slope
becomes 20% smaller (Table 3).

Table 3. Parameters characterizing the release of Lev from NH,-CD-Chit and a combined system
containing LRif DPPC:CL 80:20 + Lev-NH,-CD-Chit.

. LRif DPPC:CL +
Parameter/System Lev-NH,-CD-Chit Lev-NH,-CD-Chit
Percentage of drug release in 10 h, % 90 77
The tangent of the slope of the initial 0.40 032

section of the release curve

This is a somewhat unexpected result, since, assuming that the 3-CD tori are exposed
to the solution, the rate of Lev release should not be significantly reduced. In the experiment,
on the contrary, it was possible to reliably demonstrate a slowdown in the release of Lev,
which may indicate the participation of 3-CD tori in the interaction with the surface
of liposomes.

The ability of liposomes to interact with cyclodextrins is known from the literature:
cyclodextrins and polymeric ligands based on these are adsorbed on the liposomal bilayer
and cause defects. This effect is also characteristic of the interactions of cyclodextrins
loaded with Lev with the cell membrane: the outer membrane absorbs the Lev complex
with cyclodextrin much better than the Lev-based control solution [24]. Thus, there is reason
to believe that not all cyclodextrin tori in this system are exposed to the solution and some of
them interact with the liposomal bilayer, but this hypothesis requires further confirmation.

Let us consider the results of the release of Rif from the combined system. An unusual
effect was also found here: loading into the polymer conjugate Lev leads to a slowdown in
the release of Rif relative to a similar system without Lev: within 5 h, 40% and 28% of the
drug are released into the external solution, respectively (Table 4). The slope of the initial
section of the curve differs by ca. 1/3, which gives grounds to assume an increase in the
density of the polymer shell.
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Table 4. Parameters characterizing the release of Rif from NH,-CD-Chit and a combined system
containing LRif DPPC:CL 80:20 + Lev-NH,-CD-Chit.

Parameter/Svstem LRif DPPC:CL + LRif DPPC:CL +
Y NH,-CD-Chit Lev-NH,-CD-Chit
Percentage of drug release in 5 h, % 40 28
The tangent of the slope of the initial 011 0.07

section of the release curve

The formation of guest-host complexes of the drug with CD is accompanied by
organization into strictly ordered and rigid structures as a result of the appearance of
numerous non-covalent interactions that can change the CD structure with the formation
of hierarchical structures [39]. Due to hydrophobic interactions with ordered CD structures
that change the geometry of the conjugate, polymer molecules in the solution can form
a three-dimensional network structure, which can increase the viscosity of the solution
and thus resist diffusion [40]. A similar effect was demonstrated in [41]: when CD was
conjugated with polyacrylamide, side CD substituents prevented chain rotation inside the
copolymer and increased its rigidity.

Thus, the formation of the Lev-NH,-CD-Chit guest-host complex leads to the forma-
tion of an ordered structure of 3-CD tori, which affects the steric accessibility of amino
groups not conjugated with NH,-CD. The free amino groups of NH,-CD-Chit probably
form a stable complex with the surface of liposomes, which, in turn, slows down the release
of Rif from the combined system.

When it comes to the suitable kinetic model, we observed that for Rif, the Korsmeyer-
Peppas is still the best one, while for Lev, the Higuchi model provides the most reliable
results (Table S1). The Korsmeyer-Peppas model makes it possible to determine the type
of diffusion during the release of the drug from the matrix. Thus, for Rif, the determining
type of release from the combined system turned out to be anomalous diffusion (0.5 <n <1,
n = 0.85), through which the rates of diffusion and relaxation of the polymer are comparable.
The results obtained are consistent with the literature data: the release of Rif from polymer
nanoparticles based on alginate and chitosan is also characterized through diffusion that
does not agree with Fick’s law (n = 0.77) [42]. A similar effect was demonstrated in [43]
on another system: the release of the bronchodilator drug, salbutamol, from niosomes
based on sorbitan monostearate and cholesterol can be described as having the same type
of diffusion.

Thus, the formation of a complex of the liposomal form of Rif with the NH,-CD-Chit
polymeric conjugate loaded with Lev leads to a significant slowing of the release of Lev
and Rif into the external solution. The release of Lev is described by the Higuchi model
for each system, and for Rif, the release into the external solution upon the formation of a
complex with the NH,-CD-Chit (by itself or loaded with Lev) polymer is accompanied by
a change from the Higuchi model to the Korsmeyer-Peppas model.

In order to uncover how such features of cargo release will affect the antibacterial
activity of the systems, we conducted classical microbiological experiments.

3.5. Antibacterial Activity Studies

The study of the antibacterial activity of the systems was carried out via the agar
diffusion method on two strains: Gram-negative bacteria Escherichia coli ATCC 25922
(Figure 6) and Gram-positive bacteria Bacillus subtilis ATCC 6633, since they are model
systems for studying the antibacterial activity of drugs.
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Figure 6. Invitro experiments in solid media (A) on E. coli ATCC 25922 and in liquid media
(B) on B. subtilis 6633, 37 °C.

MICs were determined for Lev and Rif, as well as their formulations (Table 5). For Rif
MIC E. coli >> MIC B. subtilis, which indicates a more pronounced antibacterial properties
of Rif against Gram-positive bacteria. Lev shows comparable activity on both strains. It is
important to note that the inclusion of drug molecules in the delivery systems (Lev-NH,-
CD-Chit and LRif DPPC:CL 80:20) did not lead to a decrease in the antibacterial activity of
the drugs, which may be due to the almost complete release of the components in 24 h.

Table 5. MIC determined for samples under consideration (ug/mL). SD, n = 3.

Sample Escherichia coli ATCC 25922  Bacillus subtilis ATCC 6633

Lev 0.1 £0.02 0.3 £0.03

Lev-NH,-CD-Chit 0.1+0.02 0.28 +0.03

Rif 12+1 0.2+ 0.02

LRif DPPC:CL 12+1 0.2 £0.03

Lev:Rif = 4:1 (molar ratio.) - 0.25 £ 0.03
Lev-NH,-CD-Chit + LRif

DPPC:CL - 0.24 £0.02

(Lev:Rif = 4:1 molar ratio)

The combined system containing Lev-NH,-CD-Chit + LRif DPPC:CL (80:20) has a
molar ratio for the drugs Lev:Rif of 4:1, corresponding to the therapeutic ratio. An in vitro
study of the properties of this system was carried out only on B. subtilis, since the high
MIC values of Rif for E. coli do not allow the use of Lev concentrations required for the
method used.

Thus, it was found that Lev-NH,-CD-Chit + LRif DPPC:CL (80:20) exhibits antibacte-
rial activity against Gram-positive bacteria, and MIC is 0.24 £ 0.02 pg/mL. A combination
of free drug molecules in a given ratio was used as a control. Since the limited diffu-
sion might be the reason for the insignificant difference between the combination of Lev
and Rif and the combined system, we also conducted the experiments in liquid growth
media on B. subtilis (Figure 5). The control demonstrated the OD600 increase, whereas
both antibacterial forms (Lev in complex with NH,-CD-Chit) and LRif inhibit bacterial
growth in accordance with their impact on solid media (Lev < Rif). The combined system
demonstrated pronounced antibacterial action comparable to the combination of Lev + Rif.
Thus, it is shown that the combined system has a comparable effect with the control, which
indicates the absence of a negative effect of the delivery system on the in vitro properties
of the drug composition.

96



J. Funct. Biomater. 2023, 14, 381

4. Conclusions

Combined systems that deliver inhaled antibiotics simultaneously are a promising
approach to improving the efficacy of tuberculosis treatment. In this work, we investi-
gated the physicochemical and antibacterial properties of a system based on levofloxacin
complexes with conjugates based on 3-cyclodextrin and chitosan derivatives and lipo-
somal forms of rifampicin. Although there are already liposomal delivery systems for
rifampicin and delivery systems based on chitosan—cyclodextrin conjugates for levofloxacin,
the combination of identified carriers in one system that is a reliable assessment of active
particles and a comprehensive study of the properties of such a combined delivery system
is presented here for the first time. The effect of the complex formation of liposomes with
conjugates based on chitosan and 3-cyclodextrin derivatives was revealed: a slowdown
in the release of rifampicin and a change in the model of drug release from the system
were demonstrated.

For a combined system consisting of liposomal forms of rifampicin coated with a
conjugate of chitosan with (3-cyclodextrin derivatives, the sizes and (-potentials of the
particles were determined and the simultaneous release of rifampicin and levofloxacin was
studied. A change in the release pattern of rifampicin compared to the liposomal form in
the absence of a polymer was established, while the release pattern of levofloxacin from
polymeric conjugates was preserved. For a combined system based on liposomal forms of
rifampicin and complexes of levofloxacin with the polymeric conjugates of 3-cyclodextrin
derivatives with chitosan, it was found that the release of levofloxacin slowed down but
was described by the Higuchi model in both cases. The release of rifampicin from liposomes
during the formation of complexes with polymeric conjugates was characterized by the
change in the Higuchi model to the Korsmeyer—-Peppas model with the governing type of
diffusion against Fick’s law. This can probably be explained by the effect of the modified
release of rifampicin from liposomes upon the interaction with chitosan polymer chains.

Moreover, for the combined system, the antibacterial activity against Gram-positive
bacteria was demonstrated using the example of B. subtilis, as well as the absence of a
negative effect of the delivery system on the in vitro properties of the drug formulation.
For the combined system, the preservation of antibacterial activity was shown compared to
control drugs, and the MIC for B. subtilis ATCC 6633 was 0.24 £ 0.02 pg/mL.

The results obtained open up new prospects for the further study of combined delivery
systems for various drugs and for increasing the effectiveness of anti-tuberculosis therapy.
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of Rif without a polymer shell and coated with a polymer, Lev, in an unmodified -cyclodextrin
derivative and in the complex with NH,-CD-Chit. Figure S1. ATR-FTIR spectra of unloaded DPPC
liposomes (red line) and DPPC liposomes containing Rif (blue line). Sodium phosphate-buffered
solution, pH = 7.4, T = 22 °C, lipid concentration 5 mg/mL. Figure S2. UV-VIS spectra of (a) lev-
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Abstract: Herbal extracts have been used in traditional remedies since the earliest myths. They
have excellent antimicrobial, anti-inflammatory, and antioxidant activities owing to various bioactive
components in their structure. However, due to their inability to reach a target and low biostability,
their use with a delivery vehicle has come into prominence. For this purpose, electrospun nanofibrous
scaffolds have been widely preferred for the delivery and release of antimicrobial herbal extracts due
to the flexibility and operational versatility of the electrospinning technique. Herein, we briefly re-
viewed the electrospun nanofibrous scaffolds as delivery systems for herbal extracts with a particular
focus on the preclinical studies for wound-healing applications that have been published in the last
five years. We also discussed the indirect effects of herbal extracts on wound healing by altering the
characteristics of electrospun mats.

Keywords: herbal extract; antibacterial; electrospinning; nanofibrous scaffold; delivery vehicle;
wound healing

1. Introduction

A wound is the damage of a living tissue [1] which is caused intentionally (e.g., gun-
shots [2]) or unintentionally (e.g., skin cut, animal bite, traumas [3]) [4]. Although the
human body has an excellent capability for healing wounds through a cascade of simul-
taneous phases, imperfect repair of damaged skin may cause vital damage, in particular
the emergence of an infection, commonly in chronic wounds [5,6]. In contravention of the
existence of various types of bacteria in the skin microbiota, biofilm formation or threshold
value of substantial bacteria may block the wound-healing process [7]. The most common
pathogenic strains that infect the wound site were revealed to be the Staphylococcus aureus
(S. aureus), Pseudomonas aeruginosa (P. aeruginosa), and methicillin-resistant S. aureus [8].
Antibiotics are generally the first option for the treatment of infections, especially local
ones [9]. However, overuse and maladministration of antibiotics [10-12] give rise to sys-
temic toxicity and generation of antibiotic-resistant microorganisms. Therefore, due to
the stated crucial concerns, alternative, unconventional, and non-antibiotic natural-based
therapeutics (e.g., herbal extracts and essential oils) have come into prominence among
most scientists as well as companies.

Herbal extracts have been used for traditional treatment purposes, e.g., burn wounds,
bone fractures, and intestinal problems, since the earliest myths [13]. They demonstrate
an excellent antimicrobial, antioxidant, anti-inflammatory, and anticarcinogenic activity
owing to the bioactive compounds (e.g., polyphenols, vitamins) in their structure [14,15].
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Almost 70% of people worldwide believe the primary health benefit of herbal compounds,
according to the report by the World Health Organization [16]. Herbs present limitless
sources to develop alternative, safe, and renewable therapeutics. For instance, among
over two hundred and fifty thousand vascular plants, only around 17% of them have been
researched for medicinal purposes [13]. Even though herbal extracts have been known for
their excellent biological activities, some shortfalls still appear, such as poor biostability and
the inability to reach the target [17]. Hence, there has been a need to develop engineered
carrier and delivery vehicle systems (e.g., electrospun nanofibers, hydrogels) to increase
the treatment and targeting efficacy.

Electrospinning is a simple and effective technique to fabricate various size ranges
of nanofibers using electric force to pull charged threads of polymer solutions either with
or without including any herbal extract [18]. Moreover, electrospinning can provide the
sustained and targeted release of therapeutics [19]. One of the promising advantages
of this technique is its operational versatility and flexibility to achieve desirable surface
characteristics like large surface-to-volume ratio, and desired porosity [20,21]. It is a
favorable method for the spinning of several kinds of materials such as natural, synthetic,
or blended polymers. Nevertheless, several health concerns related to the usage of synthetic
materials started to appear [18]. Consequently, the perspective shifted from a preference for
synthetic to one for natural materials. In this manner, herbal extracts have become rising
stars as attractive sources of electrospun biomaterials for many applications [22]. Herein,
we briefly describe the role of antimicrobial herbal extracts incorporated in electrospun
scaffold delivery systems (Figure 1), with a particular focus on preclinical studies for
wound-healing applications that have been published in the last five years.

Direct Effects

— Herbal

*x7

in vivo cytotoxicity antimicrobial
tissue regeneration activity

Indirect Effects

- * extract )}
- f -

hydrophilicity mechanical fiber
strength diameter

porosity

Figure 1. Direct and indirect effects of the incorporation of herbal extracts into electrospun biomateri-
als. This figure was created using BioRender.com.

2. Direct Effect of Herbal Extracts on Wound Healing

Herbal extracts are outstanding and alternative antimicrobial compounds, as opposed
to common, traditional therapeutic agents (e.g., antibiotics), owing to their excellent biolog-
ical properties, such as antimicrobial, antioxidant, anticarcinogenic, and anti-inflammatory
activities, arising from various bioactive phytochemicals in their structure. Herbal extracts
can regenerate damaged tissue in the wound area and fasten the healing process thanks
to these bioactive components [23,24]. Furthermore, these phytochemicals can exert their
antimicrobial action by damaging the bacterial cell wall and membrane, blocking or disrupt-
ing the synthesis of crucial bacterial proteins, as well as inhibiting the action of significant
bacterial metabolic pathways (e.g., DNA replication) [15,25,26]. The incorporation of herbal

101




J. Funct. Biomater. 2023, 14, 481

extracts into electrospun nanofibrous mats has been extensively studied to enhance their
biostability, despite their effective bioactivity.

The preclinical studies revealed that the treatment of wounds with herbal extract
including nanofibers enhances the in vivo wound-healing rate (Table 1). The 20% (w/w) of
Malva sylvestris extract incorporated in a polyurethane/carboxymethyl cellulose (PU/CMC)
mats yielded a complete wound closure on the 14th post-treatment day, whilst its lower
concentrations (5-10% w/w) were not sufficient. Due to the presence of various polysac-
charides (e.g., flavonoids, naphthoquinones, and anthocyanins), M. sylvestris displayed
good biological activity in a full-thickness diabetic wound model [27]. The addition
of Calendula officinalis increased the closure rate of a wound treated with a pristine chi-
tosan/polyethylene oxide (Chi/PEO) nanofibrous mat for 14 days from 80% to 90% [28].
In a study, peppermint extract and gelatin nanoparticles (NPs) were embedded into a
PU/Pluronic F127 nanofibrous membrane to enhance wound healing. While both extract-
and gelatin NPs-loaded membranes showed a 97% wound recovery rate, the scaffolds that
contained only peppermint extract presented an almost 75% wound-closure rate within
21 days [29]. The treatment of wounds on a BALB/c mice model with henna extract-loaded
gelatin/oxidized starch nanofibers presented a reduction in the number of macrophages,
an inflammatory response with a thinner inflammation zone, and enhanced collagen de-
position, which might have been due to the existence of various aromatic hydrocarbons
in the henna structure [30]. The addition of palmatine accelerated the wound-healing
ability of the PCL/gelatin nanofibers on the rabbit ear model by decreasing the healing
time from 14 to 12 days, as well as inhibited hypertrophic scar formation. However, the
highest concentration of palmatine (8 w%) showed cytotoxicity on the L929 fibroblasts [31].
In addition, almost 97% of the wound on the Wistar rat recovered due to the synergetic
effect of the Achyranthes aspera and Datura metel extracts, which were incorporated into the
PCL nanofibrous mats within 9 days post-treatment [32].

According to Table 1, when compared to extracts which were applied in the same
concentration units (%, w/w), the addition of 2% of Lawsonia inermis extract [33] led to
the almost complete wound closure at day 14, whilst the 15% of Malva sylvestris [27], 1%
of curcumin [34], and 15% of peppermint [29] extracts displayed around 95%, 75%, and
65% in vivo wound-closure rates, respectively. Moreover, 2-8% of palmatine addition into
the PCL/gelatin nanofibers [31] yielded an almost complete wound closure in 12 days.
Additionally, none of the extracts showed any cytotoxic effect. Hence, it may be concluded
that palmatine is the most effective extract with its lower concentrations for wound healing,
followed by the Lawsonia inermis, Malva sylvestris, curcumin, and peppermint extracts.
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3. Indirect Effect of Herbal Extracts on Wound Healing

In addition to their direct effect on wound healing due to their bioactive compounds,
herbal extracts may enhance the wound healing ability of electrospun nanofibers by altering
their physicochemical, mechanical, and morphological characteristics. At this point, we
will review how herbal extracts affected the hydrophilicity, mechanical strength, average
fiber diameter, and porosity of electrospun nanofibrous wound dressings that provide
benefits such as improved wound-healing.

3.1. Effect of Herbal Extracts on the Hydrophilicity of Electrospun Mats

The water uptake capacity of electrospun mats plays a crucial role in wound healing.
The fabricated mats can conserve the moisture and nutrients in the wound area, as well
as promote cell adhesion and proliferation with a higher swelling ratio [42,49]. The water
uptake percentage of the Chi/PEO nanofibers increased from 93% to 119% through the
incorporation of 2 w% of hydro-alcoholic henna extract, which was attributed to the
hydrophilic functional groups of henna, while wound-closure rates were evaluated to be
approximately 85% and 90% for pristine and 2 w% henna-including mats, respectively [33].
Similarly, the addition of lawsone raised the water content of the PCL/gelatin nanofibers by
almost three-fold in the PBS (pH:7) media. This composite mat displayed a lower number
of inflammatory cells and more organized fibroblasts with accelerated wound-healing
within 14 days [42]. Additionally, enhanced wettability of nanofibrous mats may benefit the
diffusion of nutrients to the wound area, absorption of exudate, as well enhance cell binding.
For example, the presence of several polar phytochemicals in the Gymnema sylvestre extract
achieved a decrease in the water contact angle of the PCL/gelatin nanofibers and a slight
increase in the wound recovery percentage on the 32nd day post-injury [42].

3.2. Effect of Herbal Extracts on the Mechanical Strength of Electrospun Mats

The adequate mechanical properties of engineered electrospun mats are another im-
portant parameter to promote the formation of new dermal tissue and resist biodegradation
during the wound-healing process [50]. An ideal nanofibrous wound dressing should
provide a balance between flexibility and hardness [51] and display a tensile strength in the
range of 0.8 to 18 MPa, which is proper for dermal cell culture and skin tissue engineering
applications [52,53]. Herbal extracts may act as a reinforcement agent [37,41] and increase
the tensile strength of nanofibers, which leads to the enhancement of wound recovery. To
exemplify, the incorporation of Acalypha indica, Aristolochia bracteolate, Thespesia populnea,
and henna extracts together increased the tensile strength of the PVA/Guar gum nanofibers
because of the crosslinking impact of A. bracteolate and A. indica extracts resulting from
their increased nonpolar functional ratio. Although the improved mechanical properties
of mats are not the only effective parameter, polyherbal extract-including mats showed
a slightly higher wound-closure rate (97%) than pristine mats (93%) within 14 days [37].
A similar effect was observed with the addition of the Gymnema sylvestre extract, which
improved the ultimate tensile stress of the PCL/gelatin mats from about 1.4 to 4.3 MPa, an
effect which may be attributed to the high number of hydrogen-bonding donor molecules
in the structure of the extract. In parallel, the presence of an extract in the core/shell
nanofibers, which are one of the most common nanofiber structures, significantly improved
wound-closure percentage with enhanced epidermal cell proliferation [41]. However, in
some studies, herbal extracts showed a plasticizing effect [20,28,33,42], resulting in the
reduction of the tensile strength. Nevertheless, despite the decreased mechanical strength,
the wound-healing ability of mats was not negatively affected.

3.3. Effect of Herbal Extracts on the Average Fiber Diameter of Electrospun Mats

The morphology of nanofibrous dressings plays a significant role in wound-healing
applications, since the random orientation of nanofibers can mimic the nature of the extra-
cellular matrix (ECM) [54]. As a general trend, the incorporation of herbal extract reduced
the viscosity of the polymeric spinning solution with the increase in the conductivity,
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which induces the formation of smaller fibers since it acts as a plasticizer when added
to a polymer blend [28,35,36,39,44,48]. Smaller-diameter nanofibers have a supportive
effect on the wound-healing process due to their greater protein-absorption capacity. In
other words, cell adhesion on smaller-diameter fibers is promoted due to their larger spe-
cific surface areas [55]. To illustrate, while the average diameter of the gelatin/PVA /Chi
nanofibers was reduced almost two-fold by the incorporation of 400 pg/mL of curcumin,
the curcumin-including composite dressings displayed greater wound recovery on the 14th
day of treatment when compared to gauze control [39]. In contrast, it was reported that
the addition of the palmatine [31] and Melilotus officinalis [45] extracts raised the average
nanofiber diameters, which might be explained by the decreased electrical conductivity of
the polymeric spinning solution. Nonetheless, the higher nanofiber diameters did not show
an inhibitory effect on wound healing; even the acceleration of wound-healing rates [31]
and more collagen deposition [45] were revealed. In summary, it can be concluded that,
even though the general view is that of decreasing the nanofiber diameter by adding an
herbal extract into the formulation, some studies showed opposite outcomes.

3.4. Effect of Herbal Extracts on the Porosity of Electrospun Mats

Besides the nanofiber dimension, porosity is accepted as another outstanding pa-
rameter for fibrous scaffolds [56]. Since the proper porosity allows the permeation of
oxygen through the wound bed, it can benefit the acceleration of wound healing [57] by
improving the proliferation of fibroblasts and keratinocytes. The resulting proliferating
environment can lead to the reepithelization and formation of granulation tissue, advancing
the secretion of wound-healing mediators (e.g., angiogenic factors, growth factors, and
collagen) [47,54]. Case in point, the addition of 5% (w/v) of Cordia myxa ethanolic fruit
extract increased the porosity of the PVA nanofibers by 11.8%, as well as provided the
proper reepithelization, more collagen deposition, and a 33.6% smaller wound within 14
days [44]. Similarly, the incorporation of Aloe vera [56] and Nigella sativa oil [48] enhanced
the porosity of the PLGA /PVA and PU nanofibrous scaffolds, respectively, with improved
proliferation and wound-healing activity. The increased porosity might be explained by the
thinner nanofibers produced through the addition of herbal extracts. Instead, the presence
of various concentrations of Calendula officinalis did not affect the porosity of the Chi/PEO
nanofibers [28].

4. Future Aspects

Electrospinning is one of the biomaterial fabrication processes that use the high-
voltage-electric field to draw charged polymer melts/solutions through the collector to
obtain nano-sized structures. Electrospinning has come into prominence when compared
to traditional fabrication methods since it is a simple and user-friendly process that leads
to control over the porosity and/or morphology of nanofibers by altering the fabrication
parameters (e.g., flowrate, voltage of electric fields, and nozzle diameter). Moreover,
electrospun nanofibers display various advantages for tissue engineering applications
thanks to the possibility of adjusting the hydrophilicity and stimuli-responsive capacity of
the fabricated materials. In particular, electrospun nanofibers are an excellent candidate
for a wound dressing due to their high surface area to volume ratio, adjustable and
high porosity, good biocompatibility, and mechanical properties. All these outstanding
features favor cell attachment, growth, and proliferation, as well as wound moisturizing.
In addition, due to growing health concerns regarding the use of synthetic molecules,
nature-inspired molecules such as herbal extracts are constantly attracting attention for
advancing greener and non-toxic products for wound-healing treatment. Therefore, we
believe that electrospinning is a promising technology for developing wound dressings
that incorporate natural therapeutics in the formulation of the nanofibers.
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5. Conclusions

Wound care is a problem that has always concerned human health, from the beginning
of humanity. In the quest for the treatment of infected wounds, herbal extracts have been
slighted when compared to antibiotics, despite the fact that they have been a primary source
of traditional remedies since ancient times. However, in the perspective of the development
of alternative wound dressings, the study of herbal extract-incorporated delivery systems
has recently begun to gain an important place in the literature to overcome the drawbacks
of antibiotic usage, e.g., antimicrobial resistance and biofilm formation. Furthermore,
electrospun scaffolds are one of the most prominent biomaterial forms owing to their
highly porous, nano-sized structures. Through the incorporation of herbal extracts instead
of synthetics, the reduction of several health concerns caused by the use of synthetics has
been achieved. This review clearly exemplifies both the direct and indirect effects of herbal
extracts on wound healing and gives countenance to the advancing of natural, herbal-based
nanofibrous delivery systems for effective wound care and infectious treatment.
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Abstract: Cotton and polyamide 6,6 fabrics coated with chitosan, a natural biopolymer, have been
tested against two different bacteria strains: Staphylococcus aureus as Gram-positive bacterium and
Escherichia coli as Gram-negative bacterium. Using the ASTM standard method (Standard Test
Method for Determining the Antimicrobial Activity of Antimicrobial Agents Under Dynamic Contact
Conditions) for antibacterial testing, the treated fabrics is contacted for 1 h with the bacterial inoculum,
the present study aims to investigate the possibility to reach interesting results considering shorter
contact times. Moreover, the antibacterial activity of chitosan-treated fibers dyed with a natural dye,
Carmine Red, was evaluated since chitosan has an interesting property that favors the attachment of
the dye to the fiber (cross-linking ability). Finally, fabric samples were tested after washing cycles to
verify the resistance of the dye and if the antibacterial property was maintained.

Keywords: textiles; cotton; polyamide 6,6; chitosan; antibacterial; dyeing

1. Introduction

Fabrics and protective clothes used in schools, hotels, hospitals, nursing homes, and
crowded public areas can benefit from antimicrobial finishing. Antimicrobial finishes are
an important market need to prevent a reduction in mechanical strength and the formation
of unpleasant odors in athletic wear, intimate apparel, underwear, socks, upholstery, and
hospital linen [1].

Other effects due to the biodeterioration of fabrics are the formation of stains and
discoloration, which is of interest for almost all types of fibers.

Natural fibers, like cotton, are generally more susceptible to biodeterioration than
synthetic fibers because their porous hydrophilic structure retains water, oxygen, and
nutrients, providing an ideal environment for microbial growth [2].

Generally, the antibacterial finishes should be non-toxic to the textile user, and allergy,
cytotoxicity, irritation or sensitization must be avoided.

The treatment should maintain the textiles” quality, handle or appearance, and it must
have excellent fastness for use, mainly for repeated laundering. Also, the application
method should be simple, easily implementable in the finishing process, and environmen-
tally friendly [2].

Often, antimicrobial agents for textiles are synthetic, including metals (e.g., silver),
metal oxides (e.g., zinc oxide) or salts, polymers (e.g., polypyrrole), and chemicals (e.g.,
quaternary ammonium compounds, synthetic azo dyes, triclosan). Most of these agents are
toxic to humans and are not environmentally friendly.

Polypyrrole is an example of a synthetic antimicrobial agent that is safe for human
skin with precaution for respiratory tissue [3], but the monomer (before synthesis) is toxic.

Quaternary ammonium compounds (QACs) are another example of antimicrobial
agents of synthetic origin. These are widely used in industrial applications because they are
effective against Gram-positive and Gram-negative bacteria, fungi, and certain viruses [4].
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Despite the effectiveness of QACs, they present a disadvantage, namely, the poor fastness
of the treatment due to the fast leaching from the textile for the lack of chemical or physical
bonding [2].

Silver is an antimicrobial metal widely used in textiles. However, there are some
concerns about its toxicity, particularly when used as nanoparticles [5,6].

The possible toxic effects of some of these agents on human beings are reported in
Table 1 [7].

Table 1. Possible toxic effects of some synthetic antimicrobial agents on human beings.

Synthetic Agent Toxic Effects
QACs respiratory irritation, nausea, skin, and eye irritation [8]
silver argyria, contact dermatitis, mucous membrane irritation [9]
zinc pyrithione developmental and neurotoxicity [10]
azo dyes carcinogenic [11]
triclosan endocrine disrupter, skin and eye irritation [12]
zinc oxide cytotoxicity, apoptosis induction, ROS generation [13]

In view of these environmental and ecological concerns, there has been a focus on
the research and development of new antimicrobial compounds of natural origin in the
last decades.

Plants have gained interest as a source of natural antimicrobials. In 2016, Katewara-
phorn et al. [14] investigated the antibacterial activity of cotton fabrics treated with a leaf
extract of Psidium Guajava containing phenolic compounds.

Strong antimicrobial properties have been found in flavonoids, quinonoids, terpenoids,
and tannins extracted from different parts of plants such as roots, bark, leaves, and flow-
ers [15].

However, chitosan and its derivatives appear to be the most effective natural antimi-
crobial agent on the market [2].

In fact, the natural polysaccharides used for the functional finishing of textiles are
abundantly available as waste products and are of an eco-friendly nature [7].

Chitosan, 2-amino-2-deoxy-(1—4)-d-glucopyranan, is undoubtedly one of the more
promising multifunctional polymers among textile finishing agents.

It is chemically composed of glucosamine and N-acetylglucosamine units linked by
1-4 glucosidic bonds [16] and has unique properties, such as biodegradability, non-toxicity,
and antimicrobial activity [17].

Chitosan is derived from the deacetylation process by chitin, which is the second most
abundant biopolymer in the world after cellulose. Chitin is a component of the shells of
crustaceans and constitutes the exoskeleton of insects as well as the wall of fungi [18,19].

Chitosan shows antibacterial activity against both Gram-positive and Gram-negative
bacteria, thanks to its combined bactericidal and bacteriostatic action. Its property mainly
includes four mechanisms [17]: it causes damage to microbial DNA, as a blocking agent of
oxygen and nutrients in the bacteria cell, it can bind to cationic metals (calcium, magne-
sium) and nutrients essential for the microorganism, and it causes the loss of cytoplasmic
intracellular components necessary for cell survival.

The first two mechanisms are associated with the chitosan antibacterial activity against
Gram-negative bacteria, while the third and fourth dominate the antibacterial activity
against Gram-positive bacteria.

All antibacterial mechanisms described are due to the fact that chitosan molecules carry
positively charged amine groups and thus, in turn, have an electrostatic interaction with
negatively charged cell membranes of microorganisms [20]. This electrostatic interaction
leads to bacterial death.
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Moreover, chitosan has the intrinsic property of acting as a cross linker, favoring
the attachment of natural dyes to the fibers [21]. This is due to the chemical structure
of chitin that is similar to cellulose, with a hydroxyl group on each monomer replaced
with an acetylamine group [19,22]. The different structures are reported in Figure 1. It is
an important property because most natural dyes generally lack substantivity for fibers,
especially fibers such as cotton [23].

CH;OH CH,OH CH,0OH CHyOH
L8]
OH

NH,

()
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Figure 1. Structure of chitin, (a) chitosan, (b) and cellulose (c).

In a recent study [24], a double-layered chitosan coating was cured on cotton fabric to
serve as a biomordant and form a protective layer on it. Through a second chitosan layer
cured on the dyed fabric via the cross-linking method, the washing fastness of the cotton
fabric dyed with sodium copper chlorophyllin can be improved from 3 to 5 (according to
the standard method EN ISO 105-C06).

In 2021, Verma et al. [25] investigated the effect of biopolymer and dyeing treatment
with natural dye on the functional properties (i.e., antibacterial and UV protection) of
cotton fabric. It was found that the chitosan-treated onion skin-dyed cotton fabric showed
97.20% and 98.03% reduction in the growth of Escherichia coli and Staphylococcus aureus
bacteria, respectively, and provided high UV protection.

In the present work, cotton and polyamide 6,6 fabrics were coated with a solution
of chitosan to be tested as antibacterial fabrics against Gram-negative and Gram-positive
bacteria.

The novelty of the present research work is related to the study of the contact time
between the bacterial inoculum and the treated fabrics in order to evaluate how the antibac-
terial action of the chitosan-coated fibers changes, particularly after dyeing and washing.

The existing standard test methods [26] suggest using 1 h of contact time between the
bacterial inoculum and antibacterial specimen. The aim of this work is to evaluate if shorter
contact times can be more selective in evaluating the antibacterial performances of fabrics.

Chitosan has been selected because it quickly exerts a high antibacterial action in
filtration [27], it is stable in water [22], and is widely proposed as a dyeing enhancer in
textile finishing due to its cross-linking properties [23].

Since durability to repeated washing is the major challenge for the practical use of
antimicrobial textiles [28], fabrics coated with chitosan have been subjected to several
washing cycles to evaluate the resistance of the dye and if the antibacterial property
is maintained.
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2. Materials and Methods
2.1. Bacteria Strains and Fabrics

In this study, the antibacterial activity of fabrics coated with a chitosan solution was
evaluated using model strains obtained from the American Type Culture Collection (ATCC):
Gram-positive bacteria, Staphylococcus aureus ATCC 6538 and Gram-negative bacteria,
Escherichia coli ATCC 11229 (supplied by Biogenetics Diagnostics Srl, Ponte San Nicolo,
Italy). The media used in the ASTM E 2149-13 (Standard Test Method for Determining the
Antimicrobial Activity of Antimicrobial Agents Under Dynamic Contact Conditions) was
yeast extract agar (nutrient broth agar).

The adjacent cotton fabric (plain weave fabric suitable for ISO 105-F02, mass per unit
area 110.75 g/m? determined in accordance with ISO 3801, supplied by Testfabrics Inc.,
West Pittston, PA, USA) and adjacent polyamide 6,6 fabric (plain weave fabric suitable
for ISO 105-F03, mass per unit area 130.0 g/m? determined in accordance with ISO 3801,
supplied by Testfabrics Inc., USA) were chosen to be used as textile substrates coated with
chitosan for evaluating the antibacterial activity of the biopolymer. Fabrics were used as
received from the supplier.

2.2. Preparation of the Chitosan Solution

A 2% w/w low molecular weight chitosan (50-190 kDa supplied by Sigma-Aldrich,
Milan, Italy) in a 2% w/v glacial acetic acid solution was prepared. The solution was shaken
for 7 h at room temperature.

Ten grams of cotton and polyamide 6,6 fabrics were dipped into the solution overnight
to promote the adsorption of chitosan on the fabrics.

The impregnated fabrics were manually padded to reach a 90% wet pick up.

The fabrics were eventually placed in an oven at 95 °C for 3 min and at 150 °C for
another 3 min to allow for the reaction between the chitosan and fabrics.

Finally, cotton and polyamide 6,6 materials were stored at 20 °C and 65% relative
humidity at least 24 h before testing and further treatments.

2.3. Dyeing of Treated Fabrics

The chitosan-treated fabrics were dyed with the natural colorant Carmine Red (E120,
C.I. Natural Red 4, C.I. 75470, supplied by Aromata Group srl, Bresso, Italy) which is largely
soluble in water. Due to its high chemical and biological stability, it is used in textiles,
pharmaceuticals, cosmetics, food, and beverages [29].

In the dyeing process, a 4% dye concentration was employed. The bath ratio was set
at 1:20 (i.e., 10 g of fabric in 200 mL bath). For comparison, both the chitosan-treated and
the untreated fabrics were dyed.

An Ahiba Nuance Top Speed II (Datacolor Italia srl, Giussano, Italy) dyeing machine
was used. The working temperature was set at 100 °C with a 1 °C/min heating rate and
left for 1 h. No additive was used during the dyeing.

At the end of the process, the chitosan-treated cotton fabric was homogeneously dyed,
while the untreated cotton fabric maintained its natural white color (Figure 2).

The same experiment was realized on the synthetic fabric and in this case, as shown
in Figure 3, only the chitosan-treated polyamide 6,6 fabric was dyed.
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Figure 2. Dyed chitosan-treated cotton fabric (A), dyed untreated cotton fabric (B).
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Figure 3. Dyed chitosan-treated polyamide 6,6 fabric (A), dyed untreated polyamide 6,6 fabric (B).

2.4. Washing Fastness

The washing fastness of the dyed samples was evaluated according to the standard
method EN ISO 105-CO6 (2010) [30].

A water solution with a non-ionic detergent, Triton, was prepared at a concentration
of 4 g/L. Dyed samples (10 cm by 5 cm) were cut and sewn with a sample of multifiber
fabric (supplied by Testfabrics Inc., West Pittston, PA, USA) of the same size to verify if,
during washing, the dye was released and absorbed by another type of fiber.

The samples were placed into a 150 mL bath together with ten stainless steel balls.

The temperature was raised to 40 °C and left for 30 min. The fabrics were then rinsed
under tap water and dried in an oven at 37 °C.

It was observed that in both types of fibers, natural and synthetic, the color remained
absorbed on the fabric even after washing. This was due to the property of chitosan which
acts as a “bridge” between the dye and the fabric, ensuring washing fastness.
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2.5. Characterizations

The natural and synthetic fabrics coated with dyed and washed chitosan were charac-
terized by scanning electron microscopy (SEM), colorimetric analysis, water contact angle,
and FT-IR analysis.

Characterizations were carried out on chitosan-treated fibers and dyed chitosan-
treated fibers, and subjected to washing cycles.

The surface morphology of these fabrics was examined by SEM with a Zeiss EVO 10
(by Carl Zeiss AG, Oberkochen, Germany) scanning electron microscope at an acceleration
voltage of 15 KV, a current probe of 400 pA, and a working distance of about 30 mm. The
fabric samples were mounted on aluminum specimen stubs and sputter coated with a
20 nm thick gold layer in rarefied argon (20 Pa) using an Emitech K550 Sputter Coater with
a current of 20 mA for 180 s before SEM observations.

Colorimetric analysis was performed with a Datacolor SF 600 X Spectralflash (Dat-
acolor Italia srl, Italy) with CIE standard illuminant D65, 10°. Color coordinates and AE
CIELab values were registered on the specimen of the dyed cotton and polyamide 6,6
fabrics with a size of about 5.0 x 5.0 cm. The reference samples for AE values were the un-
treated cotton and polyamide 6,6 fibers. The CIELab AE values were calculated according
to Equation (1):

AE = \/(L—L0)2+(ﬂ—ﬂo)2+ (b — by)? @

where Ly, ag, by are the colorimetric parameters of the reference sample according to the
CIELab color space (L, 4, and b are the parameters of the samples after immersion in the
buffered solutions).

Contact angle and drop absorption time evaluations were conducted with EasyDrop
(Kriiss Scientific GmbH, Hamburg, Germany) using deionized water in order to evaluate
the hydrophilic/hydrophobic behavior of the fabrics and further discuss the improved
dyeing performances, antibacterial properties, and overall stability to washing of chitosan
coating and dyeing.

Fourier transformed infrared (FI-IR) analysis was carried out using the attenuated
total feflection (ATR) technique in the range from 4000 to 650 cm~! with 50 scansions
and 4 cm~! of band resolution by means of a Thermo Scientific Nicolet iZ10 spectrome-
ter (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a Smart Endurance™
apparatus. The FT-IR spectra were recorded using OMNIC 9 software.

2.6. Antibacterial Experiments

The antibacterial activity was evaluated on chitosan-treated samples, according to
ASTM E 2149-2013 “Standard test method for determining the antimicrobial activity of
antimicrobial agents under dynamic contact conditions”. This method employed Gram-
negative E. coli and Gram-positive S. aureus. Antibacterial tests were performed by diluting
the test culture incubated in a nutrient broth (the bacterial inoculum) in a buffer (pH 7.0) to
yield a concentration of 1.5-3.0 x 10° CFU/ mL (working dilution).

For each test, a sample of 0.5 g of fabric was immersed into a flask containing 25 mL
of the working dilution. All flasks were shaken for different contact times (12 min, 30 min,
and 1 h) at 190 rpm at room temperature.

After a series of dilutions with a buffer until a concentration of 150-300 CFU/mL,
1 mL of the liquid was plated in 15 mL of yeast extract agar. The inoculated plates were
incubated at 37 °C for 24 h and surviving cells were counted by the plate count method.
The tests were conducted in duplicate.

The antibacterial activity was expressed as a percent reduction in the organisms after
contact with the test specimen compared to the number of bacterial cells surviving after
contact with the control, according to Equation (2):

B—A
% reduction (CFUmL_l) =—5 X 100 2
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where A is CFU/mL after contact (end test) and B is CFU/mL at zero contact time (refer-
ence).

3. Results and Discussion

First, it was necessary to verify whether untreated fabrics have negligible antibacterial
effects. Using the ASTM method with both Gram-positive and Gram-negative bacteria,
untreated cotton and polyamide 6,6 resulted in a bacterial reduction of 0%.

3.1. Chitosan Antibacterial Activity

The mechanism of the antibacterial activity of chitosan is related to its cationic-charged
chemical structure, which is influenced by many factors, including the concentration of
chitosan, pH value, temperature, degree of deacetylation, cell growth phase, and types of
microorganisms [31].

It is well known that Gram-positive and Gram-negative bacteria have different cell
wall compositions. In fact, the outer membrane of Gram-negative bacteria comprises
essentially lipopolysaccharides containing phosphate and pyrophosphate groups, which
renders the bacterial surface a density of negative charges superior to the Gram-positive
ones [7].

Chung et al. [32] found a higher inhibitory effect on the Gram-negative bacteria
because more chitosan adsorption was observed on their cell surface than on the tested
Gram-positive bacteria. More negatively charged cell surfaces had a greater interaction
with chitosan due to its cationic nature.

According to the literature, cotton fabrics coated with chitosan have shown interesting
results. After 12 min of contact between treated fibers and inoculum bacterium, E. coli
(Gram-negative bacterium) is immediately more sensitive to the antibacterial action of the
biopolymer. There is a bacterial reduction of 99.8% compared to 96.6% of S. aureus.

Another essential aspect to consider is the contact time. It was observed that for both
bacteria species, a more significant bacterial reduction increases as the contact time between
the diluted bacterial inoculum and the cotton fabric treated with chitosan increases, as
reported in Table 2.

The same experiment was carried out on the synthetic fiber, polyamide 6,6 treated
with chitosan. The results, reported in Table 2, showed that 12 min of contact time between
the treated polyamide 6,6 and the bacterial inoculum were enough to achieve a 100%
bacterial reduction in both microorganisms studied. Hence, the antibacterial action of the
biopolymer on the synthetic fiber was almost immediate. The test results highlighted an
excellent antibacterial activity of the synthetic fabric treated with chitosan.

Table 2. Bacterial reduction rate of chitosan-treated cotton and polyamide 6,6 fabrics.

Bacterial Reduction (%)

Fabric Contact Time -
E. coli S. aureus
12 min 99.8 96.6
Cotton 30 min 99.8 100
1h 100 100
12 min 100 100
Polyamide 6,6 30 min 100 100
1h 100 100

In the specific case of Gram-negative bacterium (i.e., E. coli), considering the antibac-
terial properties of the two different types of fibers, the results showed that the greater
antibacterial action was obtained by the synthetic fiber treated with chitosan compared to
the natural fiber, considering 12 and 30 min of contact. In both reduced contact times, the
antibacterial effect obtained was 100% and the bacterial reduction was 99.8%, considering
the natural fiber treated with chitosan, which was in any case an excellent result.
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3.2. Cross-Linking Properties of Chitosan in Dyeing

Another very interesting property of chitosan is to bind the molecules of some natural
dyes and allow for the dyeing of the textile substrate, especially cellulosic ones to which it
links very well.

The molecular structure of chitosan can act as a “bridge” between the textile substrate
and the dye molecule due to the protonation of nitrogen groups in an acid environment.
Generally, synthetic dyes are preferred for dyeing fabrics, and are synthesized ad hoc to
be applied to the various types of fibers. Synthetic dyes, however, are a major source of
wastewater pollution. Natural dyes are, on the other hand, less toxic and less allergenic
thanks to the existence of a large number of structurally different active compounds [25].

The natural polymer is distributed homogeneously on the fabric, as confirmed by
dyeing tests using Carmine Red, an acid dye, and by the colorimetric analysis.

3.3. Antibacterial Test after Dyeing

Since chitosan is an excellent cross linker to improve the adhesion of natural dyes to
fabrics, the antibacterial effect was also tested on fabrics treated with chitosan and dyed
with Carmine Red. In this way, it was possible to understand if only the dye had a minimal
influence on the antibacterial property conferred by chitosan.

In the following table (Table 3), the results obtained considering the bacterial reduction
after the dyeing are reported.

Table 3. Bacterial reduction after dyeing of chitosan-treated cotton and polyamide 6,6 fabrics.

Bacterial Reduction (%)

Fabric Contact Time :
E. coli S. aureus
12 min 94.2 97.1
Cotton 30 min 97.8 94.2
1h 98.5 98.9
12 min 90.9 70.6
Polyamide 6,6 30 min 99.1 83.2
1h 99.7 95.2

Fabrics (both natural and synthetic) functionalized with chitosan and subsequently
dyed with Carmine Red showed good antibacterial properties, especially considering
the polyamide 6,6 against Gram-negative bacteria. The dyeing influenced the chitosan
antibacterial activity only at a shorter contact time with polyamide 6,6, observing a bacterial
reduction of 70.6% at 12 min and 83.2% at 30 min of S. aureus.

In general, the bacterial reduction obtained is nearly 100% for both types of fibers with
a contact time of 30 min or more. Therefore, the dye had a limited effect on the antibacterial
activity of chitosan.

In view of a further exploitation, it is interesting to highlight that the fabrics treated
with chitosan, whether they have undergone a dyeing process or not, maintain their
antibacterial activity over time.

3.4. Durability to Washing

The various finished textile fabrics must have the characteristic of being resistant
to washing. Therefore, the fabrics treated with chitosan and dyed were washed [30]
and subsequently their antibacterial properties were evaluated to verify the resistance of
the treatment.

Almost the same antibacterial behavior was found for both microbial species tested:
the antibacterial action of chitosan was maintained at higher contact time. The results
reported in Table 4 note that the antibacterial action of chitosan is stronger against Gram-
negative bacteria.
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Table 4. Bacterial reduction after dyeing and washing of chitosan-treated cotton and polyamide

6,6 fabrics.
Bacterial Reduction (%)
Fabric Contact Time -
E. coli S. aureus

12 min 59.0 64.4
Cotton 30 min 92.8 84.5
1h 98.5 97.7
12 min 61.4 36.5
Polyamide 6,6 30 min 96.0 47.9
1h 95.5 90.4

Furthermore, the antibacterial activity was reduced only for short contact times (12
and 30 min), while at 1 h, the percentage bacterial reduction remained higher than 90%,
and in most cases higher than 95%.

3.5. Analysis of Surface Morphology

SEM images in Figure 4 show the morphological aspect of natural and synthetic fibers.
Cotton fibers presented a ribbon-like appearance (Figure 4A,B) with a rough surface, while
the synthetic polyamide 6,6 fibers have a circular section with a more smooth surface
(Figure 4C,D).

Figure 4. SEM images of cotton fibers treated with chitosan (A). Chitosan resistance on Carmine Red
dyed and washed cotton fibers (B). SEM images of polyamide 6,6 fibers treated with chitosan (C).
Chitosan resistance on Carmine Red dyed and washed polyamide 6,6 fibers (D). Scale bars: 10 pm.
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Figure 4A,C showed a homogeneous distribution of chitosan on both cotton and
polyamide 6,6 fibers.

An important aspect to consider was that washing does not remove the chitosan;
the biopolymer was resistant to repeated laundering both on cotton (B) and polyamide
6,6 (D) fabrics. In fact, good antibacterial results were obtained on dyed and washed
chitosan-treated samples.

3.6. Colorimetric Analysis

Colorimetric analysis was performed on cotton and polyamide 6,6 fabrics. For each
sample, the average CIELab AE values were calculated on three different measurements
and the results are reported in Table 5.

Table 5. AE values on cotton and polyamide 6,6 fabrics.

Fabric Chitosan-Treated Cotton Chitosan-Treated Polyamide 6,6
Dyed Dyed and Washed Dyed Dyed and Washed
AE 43.8 41.8 50.5 489

As shown in Table 5, both the natural and synthetic chitosan-treated fabrics had an
intense coloration (while the untreated fabrics cannot be dyed, as shown in Figures 2 and 3).
The dyed and washed samples had a AE value slightly lower than the freshly dyed fabrics.
This result was due to the washing effect because the washing removed weakly linked dye
molecules, and therefore reduced the dyeing intensity. However, the dyed and washed
samples were brighter than the freshly dyed fabrics because they were more similar to the
reference sample (untreated cotton and polyamide 6,6 fabrics).

On the other hand, dyed chitosan-treated fabrics showed a higher AE value compared
to the “white” because they had not been subjected to washing, maintaining a high degree
of dyeing intensity.

Therefore, colorimetric analysis demonstrated the resistance of dyeing natural and
synthetic fibers due to the presence of chitosan that was being distributed homogeneously
on the fabric, ensuring dyeing and strong cross-linking properties.

3.7. Contact Angle

Contact angle measurements were performed using water in order to evaluate the
hydrophilic/hydrophobic behavior of the fabrics. Since some samples absorbed the water
drop quickly, a robust measure of the contact angle was impossible. In this case, only the
absorption time was measured. The results are reported in Tables 6 and 7.

Untreated cotton fabric showed extremely high hydrophilicity since it could absorb
a drop of water in about 100 ms; therefore, the contact angle was impossible to measure.
The same situation was found on cotton treated with chitosan. In this case, the presence
of the biopolymer onto the fabric increased the absorption time to 1 s. A contact angle of
121.3 & 4.1° was measured on the dyed chitosan-coated cotton fabrics (Figure 5A) and the
water drops were not absorbed, whereas a decrease in the contact angle to about 95° was
observed on the fabrics after washing (Figure 5B) and the fabric was able to absorb water
again in about 4 s.
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A B

Figure 5. Pictures of the water drops during the contact angle measurements: dyed chitosan-
coated cotton (A); dyed and washed chitosan-treated cotton (B); polyamide 6,6 (C); chitosan-coated
polyamide 6,6 (D); dyed chitosan-coated polyamide 6,6 (E); dyed and washed chitosan-treated
polyamide 6,6 (F).

The synthetic fiber showed an important hydrophobicity that made it possible to
measure the contact angle. In all the polyamide 6,6 fabrics, the drop of water remained on
the fabric surface for a long time without being absorbed. The measurements of contact
angle decreased from 137.6 & 4.3° for untreated polyamide 6,6 (Figure 5C) to 106.7 £ 7.9°
for dyed and washed chitosan-treated polyamide 6,6 (Figure 5F).

It is worth noting that the chitosan treatment and dyeing have different effects on
the hydrophilicity of the fibers depending on their hydrophilic/hydrophobic nature. Hy-
drophilic fibers such as cotton become progressively more hydrophobic when treated with
chitosan and then dyed. This behavior is likely due to the fact that both the chitosan and
dye led to the inaccessibility of water to the hydrophilic groups of cotton as well as inside
the fibers.

On the other hand, in a hydrophobic fiber such as polyamide 6,6, the chitosan treat-
ment and the following dyeing added hydrophilic groups to the fibers, making them
progressively more hydrophilic. However, the chitosan treatment and dyeing involved just
the surface of the fibers and, for that reason, the fabrics were not able to absorb the water
drops at any stage.

Table 6. Measurements of contact angle and absorption time on different treated cotton fabrics.

Fabric Contact Angle (°) Absorption Time (s)
Cotton - 0.1
Chitosan-treated cotton — 1.0
Dyed chitosan-treated cotton 121.3 + 4.1 00
Dyed and washed chitosan-treated cotton 95.1 £16.4 3.95
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Table 7. Measurements of contact angle on the different treated polyamide 6,6 fabrics.

Fabric Contact Angle (°) Absorption Time (s)
Polyamide 6,6 137.6 = 4.3 00
Chitosan-treated polyamide 6,6 1225 +£18.2 S
Dyed chitosan-treated polyamide 6,6 118.8 +5.7 00
Dyed and washed. chitosan-treated 106.7 4+ 7.9 ~
polyamide 6,6

3.8. Infrared Spectroscopy

FT-IR analysis was carried out on the fabrics with the ATR technique. The spectra
are shown in Figure 6 compared to the spectrum of pure chitosan powder. The spectrum
of chitosan is characterized by a broad absorption band in the range of 3000-3600 cm !
attributed to O-H stretching, a band at 2870 cm ! attributed to C-H stretching, and several
overlapping peaks at about 1000 cm ™! attributed to C-O stretching and C-O-C bridge [33].

The spectral features of chitosan are similar to those of cotton as shown in Figure 6.
A small difference can be found in the range of 1500-1700 cm~1 where chitosan has two
partially overlapping weak adsorption bands attributed to the C=0 stretching (Amide I)
at 1655 cm~! and N-H bending at 1560 cm~! (Amide II), while cotton has a single peak
attributed to Amide I and H-O-H bending of absorbed water at 1650 cm 1 [34,35].

No significant differences are noticeable in the spectra related to chitosan-treated
cotton fabrics compared to the untreated cotton, except for the peak reduction at 1650 cm !,
which is probably due to the desorption of water substituted by the linking of the chitosan.
In fact, dyeing and washing did not alter the spectra.

Polyamide 6,6 has a typical peak at 3300 cm ! attributed to N-H stretching. Moreover,
the two peaks at 2960 cm ! and 2850 cm ™! correspond to CH, bonds, while 1630 cm ™!
and 1560 cm ! indicate the C=0 stretching (Amide I) and N-H bending (Amide II) vibra-
tions [36].

Spectral features of chitosan-treated polyamide 6,6 fabric do not differ from the
untreated polyamide 6,6 fabric (Figure 6B). Moreover, the spectra of chitosan-treated
polyamide 6,6 fabrics after dyeing and washing do not show significant differences with
the untreated fabrics, except for a slight increase in the absorption intensity of around
1000 cm !, where chitosan has the most intense absorption peak (see the box in Figure 6A).

FT-IR analysis revealed that the amount of chitosan linked to both cotton and polyamide
6,6 is little, but enough to exert excellent antibacterial effects and to change the hy-
drophilic/hydrophobic behavior of both fabrics. This finding is in agreement with SEM
observations that have shown a thin coating of the fibers.
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Figure 6. FT-IR spectra of (A) cotton and (B) polyamide 6,6 fabrics (untreated: black line; fresh
chitosan-treated: dark green line; dyed chitosan-treated: green line; dyed chitosan-treated after
washing: light green line) compared with chitosan powder (red line).

4. Conclusions

In the present work, cotton and polyamide 6,6 fibers were coated with chitosan, a
natural biopolymer to be tested against Gram-positive (S. aureus) and Gram-negative (E.
coli) bacteria using the ASTM standard method that requires 1 h of contact between the
bacterial inoculum and the treated fabrics.

Chitosan, a useful non-toxic biopolymer, can be used as an effective antibacterial textile
finish and an excellent premordant for dyeing. The innovative part of the work was to
quantify the antibacterial efficacy of fabrics functionalized with chitosan at shorter contact
times (12 min, 30 min, and 1 h) between the treated fabrics and the bacterial inoculum. In
this way, it was possible to evaluate the trend of bacterial reduction over time on this type
of material. A chitosan solution was prepared and fabrics were dipped into the solution
overnight to promote the adsorption of chitosan on the fabrics.
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Both cotton and polyamide 6,6 fibers treated with chitosan proved to be highly antibac-
terial after only 12 min of contact with the bacterial inoculum. Furthermore, the bactericidal
action of the chitosan-treated fabrics is excellent up to 1 h of contact, as expected.

Since chitosan has the property of cross-linking natural dyes to provide fabrics with
better dyeing and nonfading, a natural dye known as Carmine Red was used to evaluate
the premordant property of chitosan, as well as the antibacterial properties of treated
fabrics after dyeing. The results were very satisfactory in both aspects since the dyeing is
improved by the treatment with chitosan and the bacterial reductions were nearly 100%
after 30 min of contact time on both fibers under study.

The results showed that washing reduced the antibacterial effect, especially for evalu-
ations at short contact times.

It can be concluded that chitosan is a biopolymer with a very strong and fast antibac-
terial efficacy that does not decrease significantly after dyeing. A decreased antibacterial
activity was observed after washing only when short contact times were used in testing.

Finally, from a testing point of view, implementing procedures with different contact
times were useful to highlight differences that can allow for discriminating among pairs
of material /bacterium, even when excellent biocidal actions were found at a fixed contact
time for a specific bacterium.
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Abstract: Nosocomial infections, a prevalent issue in intensive care units due to antibiotic overuse,
could potentially be addressed by metal oxide nanoparticles (NPs). However, there is still no com-
prehensive understanding of the impact of NPs’ size on their antibacterial efficacy. Therefore, this
study provides a novel investigation into the impact of ZnO NPs’ size on bacterial growth kinetics.
NPs were synthesized using a sol-gel process with monoethanolamine (MEA) and water. X-ray
diffraction (XRD), transmission electron microscopy (TEM), and Raman spectroscopy confirmed
their crystallization and size variations. ZnO NPs of 22, 35, and 66 nm were tested against the most
common nosocomial bacteria: Escherichia coli, Pseudomonas aeruginosa (Gram-negative), and Staphylo-
coccus aureus (Gram-positive). Evaluation of minimum inhibitory and bactericidal concentrations
(MIC and MBC) revealed superior antibacterial activity in small NPs. Bacterial growth kinetics were
monitored using optical absorbance, showing a reduced specific growth rate, a prolonged latency
period, and an increased inhibition percentage with small NPs, indicating a slowdown in bacterial
growth. Pseudomonas aeruginosa showed the lowest sensitivity to ZnO NPs, attributed to its resistance
to environmental stress. Moreover, the antibacterial efficacy of paint containing 1 wt% of 22 nm ZnO
NPs was evaluated, and showed activity against E. coli and S. aureus.

Keywords: ZnO nanoparticle; antibacterial activity; nanoparticle size effect; bacterial growth;
antibacterial paint

1. Introduction

Nosocomial infections (Nis) represent common complications among patients admit-
ted to intensive care units (ICUs), with an incidence ranging from 5% to 10% in Europe and
America [1]. These infections result from antibiotic overuse, leading to microbial resistance.
Antimicrobial resistance (ARM) occurs when microorganisms, including bacteria, viruses,
fungi, and parasites, become able to adapt and grow in the presence of medications that
once impacted them [2]. For example, the 2022 Global Antimicrobial Resistance and Use
Surveillance System (GLASS) reported that in 2020, one in five cases of urinary tract in-
fections caused by E. coli showed reduced susceptibility to standard antibiotics such as
ampicillin, co-trimoxazole, and fluoroquinolones [3]. Antibiotic resistance increases the risk
of incurable infections. The mechanisms of antimicrobial resistance include decreased drug
inactivation or modification through enzyme production that destroys or alters antibiotics,
alters target or binding sites such as penicillin-binding or ribosomal-binding proteins,
and alters metabolic pathways, like the ability of enterococci to absorb folic acid from the
environment, allowing them to bypass the effects of trimethoprim-sulfamethoxazole [4].
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According to the OECD, the rate of antibiotic resistance is set to double by 2035
compared with 2005 [5]. Antibiotic-compromised efficacy leads to the exploration of
alternative approaches, such as using metal oxide nanoparticles, notably ZnO nanoparticles,
to combat antimicrobial resistance and prevent the emergence of resistant pathogens.

Metal oxide nanoparticles (NPs) have emerged as promising candidates for addressing
ARM due to their unique physicochemical properties and high surface-to-volume ratio,
which enable them to exert diverse modes of action (MOAs) against microorganisms. The
mechanism of action of NPs encompasses chemical, physical, and combined interactions
with bacterial cells. The chemical mechanism involves a series of steps, beginning with
the release of ions and the subsequent generation of reactive oxygen species by NPs [6-8].
Metal ions are adsorbed on the cell membrane and later interact with the functional groups
(-COOH, -NHpy, and -SH) of nucleic acids to deactivate the enzyme, causing a change in
cell structure [9]. Elevated ROS have many effects on bacteria, and lipid peroxidation is
one of them [8]. The physical interaction involves direct interactions between NPs and
microorganisms. NPs can physically interact with bacterial cell walls, causing structural
damage that leads to cell lysis. The combined mechanism involves electrostatic interactions
between NPs and the cell membrane. This electrostatic interaction can cause the depolariza-
tion of the bacterial cell membrane, leading to potential membrane loss and cell disruption.
In addition, NPs can also be internalized via endocytosis, nonspecific uptake, membrane
diffusion, and adsorption [10,11]. Consequently, metal oxide nanoparticles show promise
as potent antimicrobial agents [9,12] due to their ability to use multiple mechanisms of
action to combat bacterial resistance.

Zinc oxide is attracting attention as a compelling metal oxide material due to its bio-
compatibility, easy synthesis, chemical stability, high abundance, and affordability [13-15].
These characteristics make it an ideal candidate for various biomedical applications, includ-
ing its potential use in combatting bacterial infections. Previous studies have demonstrated
the effectiveness of ZnO nanoparticles against a broad spectrum of pathogenic microor-
ganisms, including Gram-positive and Gram-negative bacteria [16-18]. Their mode of
action relies, in part, on the production of reactive oxygen species [19-23], which initiate
the oxidation of cellular components, the disruption of bacterial membranes [11,23-27],
direct contact [28-31], and internalization [16,22], ultimately resulting in cell death.

Enhancing the antibacterial potential of ZnO NPs is crucial for effectively preventing
infections. The existing literature provides insights into how ZnO nanoparticle char-
acteristics, such as shape [22,32-38], size [21,39-42], concentration [43,44], and surface
modification [43—46], impact their antimicrobial activity. The effects are studied using
techniques like disk and well diffusion assays, optical density measurements at short
timescales (<6 h), and the determination of minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC). However, our study focuses on the effect of
nanoparticle size on bacterial growth kinetics. Smaller sizes mean a high surface area for
the materials. This increase in specific surface area makes them more reactive, resulting in a
high concentration of surface particles capable of interacting with electrons and holes. This
unique characteristic offers more sites where electrical charges can accumulate, resulting in
an increased surface electric charge, which leads to strong electrostatic interactions between
ZnO NPs and bacterial membranes. The particle’s charge can influence its biocompatibility
and ability to traverse biological barriers [46]. The small dimension of these materials also
makes them more abrasive [47]. Additionally, the sizes of NPs (ranging from 1 to 100 nm)
are comparable to the size of protein globules (2 to 10 nm), the diameter of the DNA helix
(2 nm), and the thickness of cell membranes (10 nm) [10]. Thus, the decrease in their size
allows them to enter cells and cell organelles.

Previous studies have demonstrated that reducing nanoparticle size enhances their
antibacterial activity [20,38,48]. Babayevska et al. [20] found that ZnO nanoparticles were
more effective than microparticles against Escherichia coli and Staphylococcus aureus. They
explained this difference by examining the mechanism through ROS measurements, and
found that NPs produced more ROS than microparticles. Raghupathi et al. [49] found a
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superior antibacterial activity of ZnO NPs at reduced sizes. They compared the growth
curves of bacteria in the presence of ZnO NPs of various sizes (30 nm, 88 nm, 142 nm,
and 212 nm) at a concentration of 6 mM during 6-h cultures. Despite these efforts, little
research has been carried out to compare the bacterial growth kinetic across different sizes
to understand the size-dependent mode of action.

The originality of this work lies in studying the influence of NPs’ size on bacterial
growth kinetics, focusing on the latency period and specific growth rate of bacteria. Deter-
mining these parameters sheds more light on the effect of NPs on the growth mechanisms
of bacterial strains. Additionally, this study evaluates the antibacterial activity of paint
formulated with synthesized NPs. The bacteria kinetic study was conducted on Gram-
negative and Gram-positive bacteria by monitoring changes in bacterial optical density
over a 24-h culture period with different NP sizes and concentrations. The specific growth
rate and the latency period of bacteria were calculated using optical density data. Before
this, the impact of the size of synthesized ZnO NPs on their antibacterial activity was
preliminarily examined by determining their minimal inhibitory concentration (MIC) and
bactericidal concentration (MBC). Finally, the conservation of the antibacterial activity of
synthesized ZnO NPs in a paint formulation as a biocidal agent was evaluated.

2. Material and Methods
2.1. Materials

Zinc acetate dihydrate (>>99%), butan-1-ol (=>99.5%), acetone (>99.5%), and silicone
oil were obtained from Sigma-Aldrich, Darmstadt, Germany. Isopropanol (>99.5%) was
acquired from Acros Organics (Geel, Belgique). Monoethanolamine (100%) was obtained
from Emprove (Darmstadt, Germany). Sodium polyacrylate (PAAS) was supplied by
Cosmedia sp. (Ludwigshafen, Germany). Muller-Hinton broth and Trypto Soybean Casein
were purchased from DIFCOTM (Sparks, MD, USA) and BioMerieux (Darmstadt, Ger-
many). Powder paint was supplied by Dolci (Auvergne-Rhéne-Alpes, France) and Eugon
LT SUP by BioMerieux (Auvergne-Rhone-Alpes, France).

2.2. Synthesis of ZnO Nanoparticles

The protocol applied to obtain ZnO nanopowders of various sizes has been described
in detail in a previous article [50]. A zinc precursor, with a concentration of 0.1 M, was
dissolved in 100 mL butan-1-ol in the presence of a complexing agent, monoethanolamine
(MEA). Water was introduced into the reaction medium to induce the precipitation of
the NPs and to obtain nanopowders with a satisfying yield. NP size was mainly con-
trolled by the ratio of zinc ions to complexing agent [Zn?"]/[MEA] and the hydrolysis
rate [Zn?*]/[H,0]. The nanopowders were collected via centrifugation, followed by three
washes with isopropanol and acetone to remove organic residues. Next, 2 wt% nanopow-
ders were dispersed in Mueller-Hinton (MH) broth, followed by ultrasonic treatment in a
J.P. Selecta ultrasonic bath at 150 W and 42 kHz for 1h in the presence of 0.4 wt% PAAS
used as a dispersant. The protocol for preparing stable suspensions of NPs was inspired by
that of Luo et al. [51].

The synthesis parameters used to prepare ZnO nanopowders are summarized in
Table 1.

Table 1. Synthesis parameters of ZnO nanopowders.

Sample Size [Zn?**]/[MEA] [Zn**]/[H,0] Agitation Time Temperature
22 nm 1 5 22h 80 °C
35 nm 1 10 2h 110°C
66 nm 2 10 22h 110 °C
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2.3. ZnO Nanoparticles” Characterization

The phase identification and microstructural characterization of ZnO nanopowders
were carried out using X-ray diffraction (XRD) measurements on an EQUINOX 100 XRG
3000 diffractometer manufactured by INEL (Orléans, France)using a monochromatic cobalt
source (A Kl (Co) = 1.788976 A). Diffraction patterns were processed using the Rietveld
method implemented in MAUD (Material Analysis Using Diffraction) software (V2.998).
Peaks were fitted according to a standardized procedure. The parameters refined were cell
parameters, NP size, and the presence of microstrain. The crystallographic information file
for ZnO wurtzite was obtained from the Crystallography Open Database (Ref 2300450). In
the final step, an arbitrary texture option was used to optimize the quality of the Rietveld
pattern refinement. This characterization was completed using Transmission Electronic
Microscopy (TEM) analysis performed on a JEOL 2011(Tokyo, Japan) equipped with a Gatan
Imaging Filter (DIF) 200 (Pleasanton, CA, USA). Raman spectroscopy measurements were
also carried out on the powder samples using an HORIBA Jobin-Yvon HR800 spectrometer
(Palaiseau, France) with an excitation wavelength (A = 633 nm) to confirm the formation of
ZnO NPs.

2.4. Minimal Inhibitory Concentration (MIC)

The MIC is the lowest concentration of NPs that prevents visible bacterial growth dur-
ing incubation. Different concentrations of NPs were tested against bacteria to determine
the MIC. These concentrations were prepared using microdilutions of the ZnO NP stock
suspension. In total, 200 uL of each sample were then inoculated on a 96-well microplate in
the presence of a final microorganism concentration of 4.67 Logg CFU/mL. Physiological
water was added to the empty microplate wells to ensure good humidity. Samples were
incubated in a FLUOstar Omega spectrophotometer for 24 h with double orbital shaking at
300 rpm to monitor changes in optical density. Experiments were performed in triplicate.
Negative controls included culture medium, NP solution, and PAAS solution. Positive
controls consisted of PAAS solution in contact with microorganisms without NPs, as well as
microorganisms in MH medium alone, without dispersant or NPs. The MIC was evaluated
as the lowest concentration at which the optical density of bacteria remained constant.

The Biological Resource Center of Institut Pasteur (CRBIP) in Paris, France, provided
the bacterial strains, which included Escherichia coli ATCC 8739 (CIP 53 126), Pseudomonas
aeruginosa ATCC 9027 (CIP 82118), and Staphylococcus aureus ATCC 6538 (CIP 53 156).
The bacteria were previously cultivated on MH agar from cryotubes stored at —80 °C.
Incubation temperatures were set at 37 °C for E. coli and S. aureus, and at 30 °C for
P. aeruginosa.

2.5. Minimal Bactericidal Concentration (MBC)

MBC is the lowest concentration of NPs resulting in at least a 99.9% reduction in cell
viability. Various concentrations of NPs were incubated with bacteria in the FLUOstar
at the appropriate temperature for 24h. After incubation, samples were diluted, and a
volume of 1 uL was inoculated onto MH agar. The MH agar plates were then incubated at
appropriate temperatures for colony counting. Percentage cell reduction was calculated
according to the following formula:

Percentage of reduction = (1 — (C; /C;)) x 100 in % 1)

Cif = log(n/(V *d)) @

where
C;j is the initial concentration of microorganisms in contact with NPs before incubation,
Cs is the final concentration of microorganisms in contact with NPs after 24 h of
incubation,
n is the number of colonies counted,
V is the inoculated volume,
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d is the dilution factor.

2.6. Kinetic Growth of Bacteria

The growth kinetics of bacteria in contact with NPs were monitored by measuring the
samples’ optical density (OD) over time using the FLUOstar Omega spectrophotometer
at a wavelength of 600 nm. ODgyy measurement was used as a rapid and cost-effective
means of monitoring the growth of bacteria throughout their culture in contact with NPs.
NP concentrations at which the optical density of bacteria was not constant during MIC
determination, as explained above, were used to study the impact of NP size on bacterial
growth kinetics. The lag period, the specific growth rate of bacteria, and the percentage
inhibition of NPs were evaluated using ODggg data. The formulas have been previously
cited in reference [50] and are shown below:

i, = (In(Xy) —In(Xq))/(t — t;) inh~! @)
G =1In(2)/p, in hour 4)

Inhibition = (Ole)aCteria o (ODi\IPs—A—bacteria o ODNPs—bacteria) / ODIf)acteria) % 100 in % (5)

control

where

Ly is the specific growth rate;

Xy and X; represent biomass at times t; and tp, respectively, during the exponential
growth phase in CFU/mL;

ty — t; is the time corresponding to biomass growth from X; to X; in hours;

G is the generation time in hours;

ODbacteria jg the final optical density of the positive control with bacteria alone;

ODNFPsPacteria i the final optical density of bacteria in contact with NPs;

ODiistr_o}‘i’aCteria is the optical density of NPs alone without bacteria.
The conversion of ODggg to CFU/mL was performed using a calibration equation
OD = {(X) established within the laboratory for each bacteria under the operational condi-

tions, where X represents the biomass in CFU/mL.

2.7. Paint Formulation with ZnO Nanoparticles

To obtain a suitable dispersion, a preservative-free Dolci-brand paint powder was
dispersed in sterile distilled water at a mass ratio of 1:1 using a EUROSTAR 20 digital stator
rotor emulsifier. Next, a 1 wt% solution of 22 nm ZnO NPs was added. The paint was then
applied by dip-coating it onto standard glass substrates (VWR) pre-treated with sulfuric
acid to ensure better paint adhesion. The paint was then left to dry for 24 h.

2.8. Measurement of the Antibacterial Activity of Paints Containing Nanoparticles

The antibacterial activity of the paints was assessed following ISO 22196:2011 [52] with
slight modifications. A total of 0.1 mL bacterial suspension, prepared in 1/500 NB nutrient
broth (3.0 g of meat extract, 10.0 g of peptone, and 5.0 g of sodium chloride), at 6 Log
CFU/mL was spread onto paint films. Samples were then covered with polypropylene film
(2 x 5 cm?) to maintain humidity and ensure good contact between samples and bacteria.
They were incubated at 35 °C under >90% relative humidity for 24 h. After incubation,
bacterial cells were recovered from the paint films by stirring in 10 mL of Eugon LT broth in
the presence of 10 g of 1 mm glass beads for 1 min. The antibacterial activity was evaluated
via colony counting on agar plates. Positive controls were conducted using paint without
NPs. All tests were performed in triplicate, and the antibacterial activity was calculated
using the following formula [52]:

R = U; — At in Log;, CFU/cm? (6)

R is the antibacterial activity;
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Uy is the average of the common logarithm of the number of viable bacteria, in
cells/cm?, recovered from the untreated test specimens after 24 h.

3. Results
3.1. Characterization of ZnO Nanoparticles

All ZnO samples are well crystallized in the wurtzite phase, as confirmed using X-ray
diffraction (Figure 1a) and Rietveld refinement (Figure 1b). Rietveld refinement analysis
showed the stability of the cell parameters (a, c) and revealed varying sizes—22 nm,
35 nm, and 66 nm (Table 2). In addition, the transmission electron microscopy (TEM)
image of 22 nm NPs confirmed the formation of small and well-crystallized ZnO wurtzite
NPs (Figure 1c). Raman spectra also confirmed the crystallinity of the samples, showing
characteristic Raman modes indicative of the ZnO wurtzite structure (Figure 1d).

)

A

10!

2
=
>
£
=
e
2
B
c
2
£

Intensity ( arb. units)

T T T T T T T
30 40 50 60 70 80 90 100
2 Theta (°)

d) 437 cm
|
5 E
ZnO wurtzite 5
i11(100) g u
$ ©
> 330em? |
2 . I 636 cm!
3 A I \\ 690 cmt 931 cm?
= ;}‘ (I 66 nm
| / W
! :‘\\I i }}, 35 nm
i I ettt | oot
i
[ A 22nm
i i et /PN mreemimeed
i
T T T T
200 400 600 800 1000 1200

Raman shift (cm™")

Figure 1. (a) XRD patterns of samples; (b) Rietveld refinement of 22 nm ZnO; (c) TEM of 22 nm ZnO
dispersed in MH broth; and (d) Raman spectra of samples.

Table 2. Crystallographic parameters of the obtained ZnO nanoparticles.

Lattice Parameters (A)

Crystallite Size Microstrain (%) Sig = GoF
(nm) a=b c
22 3.25 5.20 0.002 1.18
35 3.25 5.21 0.001 1.21
66 3.25 5.21 0.001 1.60

3.2. Correlation between ZnO Nanoparticle Size and Minimal Inhibitory Concentration (MIC)

The MIC represents the lowest concentration of ZnO NPs that inhibits visible bac-
terial growth after the incubation period. A significant decrease in the MIC of ZnO NPs
against E. coli was observed as their size decreased, with respective values of 0.45 mg/mL,
0.40 mg/mL, and 0.85 mg/mL for sizes 22 nm, 35 nm, and 66 nm. Similarly, a reduction in
MIC was noted for P. aeruginosa, with values decreasing from 1.25 mg/mL and 1.60 mg/mL
to 1.85 mg/mL for sizes of 22 nm, 35 nm, and 66 nm, respectively. The antibacterial activity
of ZnO NPs against E. coli and P. aeruginosa increased as their size decreased. The MIC of
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ZnO NPs against S. aureus remained stable at 0.15 mg/mL regardless of their size. These
results are presented in Figure 2.
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Figure 2. Effect of ZnO nanoparticle size on MIC against E. coli; P. aeruginosa; and S. aureus.

3.3. Correlation between ZnO NP Size and Minimal Bactericidal Concentration (MBC)

The MBC corresponds to the lowest concentration of NPs, resulting in the death of
99.9% of the initial bacterial population. It was observed that the MBC of NPs against
the three bacteria decreased as their size decreased, indicating an improvement in the
antibacterial activity of the NPs and confirming the results obtained previously (Figure 3).
Specifically, its values were 0.5 mg/mL, 0.6 mg/mL, and 1.05 mg/mL for sizes of 22 nm,
35 nm, and 66 nm against E. coli, respectively. For P. aeruginosa, the values were 11 mg/mlL,
13 mg/mL, and 15 mg/mL for sizes of 22 nm, 35 nm, and 66 nm, respectively. And for
S. aureus, the MBC values were 0.30 mg/mL, 1.55 mg/mL, and 1.70 mg/mL for sizes of
22 nm, 35 nm, and 66 nm, respectively.

P.aeruginosa

S.aureus

Figure 3. Effect of the size of ZnO NPs on their MBC against E. coli, P. aeruginosa, and S. aureus.
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3.4. ZnO NP Size Effect on Bacterial Growth Kinetics

Figure 4 shows the evolution of the optical density of P.aeruginosa bacteria in the
presence of different NP sizes—22 nm (Figure 4a), 35 nm (Figure 4b), and 66 nm (Figure 4c)—
at various concentrations. Increasing the concentration improved antibacterial activity, as
the optical density was lower at higher concentrations. For NP concentrations where optical
density did not remain constant over 24 h, the lag phase, during which the optical density
remains at 0 before increasing, was longer with smaller NPs, indicating a stronger bacterial
growth inhibition. For example, at a concentration of 1.35 mg/mL (in green in Figure 4),
the lag phase of the bacteria with 22 nm NPs was longer than that with 35 nm, which was
longer than that with 66 nm. Similarly, the growth rate, indicated by the slope, was higher
with larger NPs, showing a faster bacterial growth and less inhibition. Additionally, the
final bacterial density, related to the percentage inhibition, was higher with larger NPs.
These observations enabled the calculation of these parameters and the evaluation of the
impact of NP size on them. The effect of ZnO NP size on the lag phase, specific growth
rate, and inhibition percentage for different bacteria is detailed in Figure 5.
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Figure 4. ODgg growth of P. aeruginosa in contact with (a) 22 nm; (b) 35 nm; and (c) 66 nm ZnO
nanoparticles at different concentrations.
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The inhibition percentage generally increased with decreasing NP size, independently
of bacteria (Figure 5a). While no significant impact is observed with E. coli and S. aureus,
the influence of ZnO NP size is evident with P. aeruginosa. The 22 nm and 35 nm ZnO
NPs showed similar inhibition levels on E. coli growth across tested concentrations except
at 0.3 mg/mL, where inhibition percentages were 74.78%, 76.93%, and 65.59% for 22 nm,
35 nm, and 66 nm NPs, respectively.
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Figure 5. ZnO NP size effect on the growth parameter of E. coli; P. aeruginosa; and S. aureus: (a) in-
hibitory percentage; (b) specific growth rate; and (c) lag period at different concentrations.

The impact of NP size on inhibition percentage was particularly pronounced in
P. aeruginosa across all concentrations tested. At 1.35 mg/mL, inhibition percentages
decreased from 100%, 59.70% to 39.33% for 22 nm, 35 nm, and 66 nm NPs, respectively.
Similarly, at 1.50 mg/mL, inhibition percentages decreased from 100%, 84.72% to 79.72% for
the respective NPs sizes compared to the control. At 1.60 mg/mL, inhibition percentages
decreased from 100% for 22 nm and 35 nm NPs to 87.59% for 66 nm NPs.

For S. aureus, inhibition percentages were identical for 35 nm and 66 nm NPs across
all tested concentrations—37% for 35 nm and 66 nm NPs at 0.05 mg/mL, 34% for 22 nm
NPs at 0.1 mg/mL, 56% at 0.1 mg/mL, and 74% for 22 nm NPs at 0.1 mg/mL.

Regarding the specific growth rate, representing bacterial proliferation rate, we observe
a general trend across all microorganisms where smaller ZnO NPs decreased the specific
growth rate. For E. coli, the specific growth rate was 0.67 h~! with 22 nm NPs, compared
to 0.8 h™! with 35 nm and 66 nm NPs at 0.1 mg/mL concentration. At 0.25 mg/mL, it
decreased to 0.2 h~1,0.3h1, and 0.49 h—! with 22 nm, 35 nm, and 66 nm NPs, respectively.
Ata 0.3 mg/mL NP concentration, the specific growth rate was 0.35 h~! with 22 nm and
35 nm NPs, and 0.65 h~! with 66 nm NPs.

P. aeruginosa exhibited rates of 0h~!,0.25 h~!, and 0.50 h~! with 22 nm, 35 nm, and
66 nm NPs, respectively, at 1.35 mg/mL. At a 1.50 mg/mL concentration, the rates were
0h~1,0.12h7!, and 0.14 h~! with the respective NP sizes. Finally, at a concentration of
1.60 mg/mL, the specific growth rate of P. aeruginosa was 0 h~! for 22 nm and 35 nm NPs,
and 0.10 h~! for 66 nm NPs.

For S. aureus, at 0.05 mg/mL, the specific growth rate was 0.71 h™1, 0.77 h~!, and
0.85 h~! with 22 nm, 35 nm, and 66 nm NPs, respectively. On average, it was 0.52 h~! with
22 nm and 35 nm NPs, and 0.67 h—! with 66 nm NPs.

Further elucidation of the impact of NP size on bacterial growth kinetics was provided
by examining the lag phase (Figure 5c). The lag phase, representing the time for bacteria to
initiate growth after inoculation, also exhibits a general trend across all microorganisms,
wherein smaller ZnO particles prolong the bacterial latency period. At 0.1 mg/mL, the
lag phase remained stable across all sizes for E. coli, averaging 4 h. However, notable
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reductions were observed at higher concentrations. For instance, at 0.25 mg/mL, the lag
phase of E. coli decreased from 8.5 h to 10 h to 4 h with 22 nm, 35 nm, and 66 nm NPs,
respectively. Similarly, at 0.30 mg/mL, it decreased to 12 h, 14.5 h, and 4.5 h with the

respective NPs sizes.

In the case of P. aeruginosa, at a concentration of 1.35 mg/mL, the lag phase reduced
from 23 h to 13 h with 22 nm, 35 nm, and 66 nm NPs. This reduction was also observed at
1.50 mg/mL, where the lag phase was 24 h, 21 h, and 15 h with 22 nm, 35 nm, and 66 nm
NPs, respectively. Similarly, at a 1.60 mg/mL NP concentration, the lag phase remained at
24 h for both 22 nm and 35 nm sizes, and decreased to 18 h for 66 nm NDPs.

Similarly, for S. aureus, distinct differences in lag phase duration were observed at
different concentrations and NPs sizes. At a 0.05 mg/mL concentration, the lag phase
persisted for 9 h with 22 nm NPs, while it was reduced to 7 h with 35 nm and 66 nm NPs.
Conversely, at a concentration of 0.1 mg/mL, the lag phase extended to 15 h with 22 nm
NPs, while it remained at 10 h with 35 nm and 66 nm NPs.

Figure 6 shows an increase in bacterial growth inhibition with decreasing NP size
for all microorganisms at different ZnO NP concentrations. For E. coli, inhibition was
consistent with 22 nm and 35 nm nanoparticles, and was higher than with 66 nm NPs.
P. aeruginosa inhibition increases with decreasing size. Furthermore, as NP concentration
increased, inhibition tended to converge for all three NP sizes. As for S. aureus, inhibition is
consistent with 66 nm and 35 nm NDPs, but weaker than contact with 22 nm NPs. These
results confirm those obtained for growth parameters, MIC and MBC.
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Figure 6. Effect of ZnO NP size on bacterial growth kinetics.

3.5. Antibacterial Activity of ZnO Nanoparticles on Emulsion Waterborne Paint

T T
0 5 10 15 20 25
Time (h)

The paint formulation containing 1wt% 22 nm ZnO NPs demonstrated a high efficacy
against S. aureus and E. coli, while showing no antibacterial activity against P. aeruginosa
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(Figure 7). This trend was observed when NPs were in suspension, with P. aeruginosa
exhibiting the lowest sensitivity to NPs. However, NPs in paint films exhibited a better
antibacterial activity than in suspension. The number of colonies on agar plates seeded
with samples diluted to 10~# was compared to better observe the activity of NPs in paint
on P. aeruginosa, unlike other bacteria where samples are directly presented on agar plates.
The number of residual cells in Table 3 confirmed the inhibitory effect of NPs in the paint
against S. aureus and E. coli, as well as the lack of inhibition against P. aeruginosa. Notably,
paint’s detachment from slides occurred after the vortexing step used to remove bacteria
from the glass slide.

) b) Control without NPs Paint with NPs
a

S.aqureus | =

E.coli

Paeruginosa

Figure 7. (a) A paint film containing 22 nm nanoparticles, onto which 0.1 mL of bacterial suspension
is applied without vortexing; (b) evaluation of antibacterial properties of paint containing ZnO
nanoparticles against S. aureus; E. coli; and P. aeruginosa.

Table 3. Residual survival of bacteria after 24 h of contact with paint.

Bacteria Control at 24 h Sample at 24 h
S. aureus 4.55 + 0.32 Log CFU/cm? <1 Logo CFU/cm?
E. coli 3.90 £ 0.02 Logy9 CFU/cm? <1 Log1p CFU/cm?
P. aeruginosa 6.41 £ 0.11 Logyg CFU/cm? 6.18 + 0.08 Log1g CFU/cm?

4. Discussion

The most important findings of this study can be summarized as follows: Firstly,
decreasing the size of ZnO NPs (22 nm, 35 nm, and 66 nm) enhanced their antibacterial
efficacy by lowering their minimum inhibitory concentration (MIC) and minimum bacteri-
cidal concentration (MBC). Notably, P. aeruginosa exhibited a lower susceptibility to NPs
than the other bacterial strains, necessitating higher concentrations for a bactericidal effect.
Furthermore, the reduction in MIC and MBC with decreasing NPs size was particularly
pronounced when dealing with P. aeruginosa.

Several investigations have explored the effects of ZnO NPs on MIC and MBC val-
ues [53-58]. Consistent with our findings, most researchers have observed a significant
enhancement in antibacterial effectiveness with smaller NPs. For instance, Pasquet et al. [53]
reported a superior antimicrobial activity with smaller ZnO crystals against E. coli and
P. aeruginosa, noting a proportional increase in MIC and MBC with larger NPs.
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Alvarez-Chimal et al. [59] have observed consistent findings, indicating that ZnO NPs
sized at 7 nm, 10 nm, 16 nm, and 30 nm show increased MBC values against both S. aureus
and E. coli as their size increases. Remarkably, the MBC values reported in their study,
ranging from 10 to 80 mg/mL, are higher than those observed in the present investigation,
likely due to differences in NP composition. However, our results regarding S. aureus
diverge from those of Lallo Da Silva et al. [38], who have documented elevated MIC values
with larger NPs against S. aureus strains. Palanikumar et al. [55] reported that ZnO NPs
with sizes of 15 nm, 25 nm, and 38 nm exhibited identical MICs against S. aureus MRSA,
with a value of 0.2 mg/mL, aligning with our findings. Despite S. aureus consistently
displaying similar MIC values regardless of NP size, we observed a decline in cell viability,
as indicated by MBC measurements, with decreasing particle size. The MIC and MBC
values obtained in this study are less than or equal to those reported in the literature for
ZnO NPs of the same size as those studied here [32,60].

Previous studies have suggested that E. coli is more susceptible to ZnO NPs than
P. aeruginosa, while S. aureus is more sensitive than P. aeruginosa. The variation in suscepti-
bility among P. aeruginosa with other bacteria can be attributed to a complex interplay of
factors, including the production of extracellular polymeric substances (EPSs) [61], detox-
ification systems, and specific metabolic and genetic responses. The extensive coding
capacity of the P. aeruginosa genome enables remarkable metabolic adaptability and versa-
tility in response to environmental changes [62]. Factors dictating the antibacterial effect
can explain the difference in sensitivity of S. aureus and E.coli towards ZnO, specifically the
structural differences between Gram(-) and Gram(+) bacteria. In Gram(+) bacteria, such as
S. aureus, there is no outer membrane, and the cell wall is thick, consisting of a large amount
of mucopeptides as well as surface components of lipoteichoic acids (LTAs). In contrast,
Gram(-) bacteria, like E.coli, have a relatively thin cell wall but possess an outer membrane.
The lack of an outer membrane could explain why S. aureus were more sensitive to ZnO
NPs than E. coli.

Secondly, the study suggested that the diminution in the size of ZnO NPs can slow
down bacterial growth. Few studies have delved into the role of ZnO NP size in the kinetic
growth of bacteria. Nevertheless, Baek et al. discovered that the growth inhibition rate (%)
of E. coli increased as the size of ZnO NPs decreased (12.7 nm, 15.7 nm, and 17.2 nm) [63].
These results align with those of Mirhosseini et al. [48] and Raghupathi et al. [49], who have
similarly observed increased growth inhibition against S. aureus and E. coli with smaller
ZnO NP sizes.

The antibacterial activity of ZnO NPs is attributed to several mechanisms, including
releasing reactive oxygen species (ROS), destroying the cell membrane, and internalizing
NPs into bacterial cells. The reduction in NP size can influence these mechanisms and slow
bacterial growth in several ways. The heightened reactivity of smaller-sized NPs due to
their larger specific surface area can promote increased ROS release upon interaction with
bacteria, leading to the greater oxidation and deterioration of essential cellular components,
thus slowing bacterial growth. Also, the reduced size of NPs can result in more efficient
internalization into bacterial cells. Lastly, the decrease in NP size can also increase the
likelihood of direct contact with the cell membrane, potentially causing more significant
membrane disruption and the leakage of cellular components, thereby compromising
bacterial viability. Furthermore, the similar MIC values of NPs against S. aureus may be
attributed to the fact that S. aureus is a cocci-shaped bacteria that tends to form “grape-
like” clusters. The internal cocci in these clusters could explain these observations. There
appears to be a maximum size beyond which NPs cannot penetrate between these grape-
like clusters, thus maintaining unchanged antibacterial activity. Furthermore, the inhibitory
effects of NPs on P. aeruginosa growth tend to converge as their concentration increases,
probably because the minimum inhibitory concentration (MIC) is close.

Thirdly, ZnO nano-based paints exhibit bactericidal activity against E. coli and S. aureus.
These findings align with the literature, demonstrating the effectiveness of paints containing
ZnO nanoparticles against various bacteria, including E. coli and S. aureus [64-66]. For
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example, Fiori et al. [64] found that the most significant antimicrobial effect against S. aureus,
assessed using an agar diffusion test, was achieved with paint formulated with 1.2% 9 nm
ZnO NPs. The antibacterial activity of NPs was higher when incorporated in paint, probably
due to the optimization of the NP—cell interaction surface.

5. Conclusions

The reduction in the size of ZnO nanoparticles enhanced their antibacterial activity
against E. coli, P. aeruginosa, and S. aureus. Additionally, it decreased the growth kinetics of
bacteria by reducing their specific growth rate, prolonging their lag time, and increasing
their inhibition percentage. For example, in P. aeruginosa, nanoparticle concentrations at
1.35 mg/mL showed inhibition percentages that decreased from 100% for 22 nm NPs,
to 59.70% for 35 nm NPs and 39.33% for 66 nm NPs. This study emphasizes the critical
importance of ZnO NP size in their ability to inhibit and eradicate pathogenic Gram-
negative and Gram-positive bacteria. Furthermore, applying these ZnO nanoparticles in
paint formulations presented a promising strategy to combat nosocomial infections. A
prospective direction for this study is to investigate the antibacterial activity of their thin
films and the safety of ZnO NPs.
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Abstract: Prosthetic joint infection (PJI) is a major complication following total arthroplasty. Rising
antimicrobial resistance (AMR) to antibiotics will further increase therapeutic insufficiency. New
antibacterial technologies are being developed to prevent PJI. In vivo models are still needed to
bridge the translational gap to clinical implementation. Though rabbit models have been used most
frequently, there is no consensus about methodology and measured outcomes. The PubMed, Scopus,
and EMBASE databases were searched for literature on PJI in rabbit models. Data extraction included
bias control, experimental design, and outcome measures of the NZW rabbit models in the articles.
A total of 60 articles were included in this systematic literature review. The articles were divided
into six groups based on the PJI intervention: no intervention used (21%), revision surgery (14%),
prevention with only antibiotics (21%), prevention with surface modifications (7%), prevention with
coatings (23%), and others (14%). Despite the current availability of guidelines and recommendations
regarding experimental design, bias control, and outcome measures, many articles neglect to report
on these matters. Ultimately, this analysis aims to assist researchers in determining suitable clinically
relevant methodologies and outcome measures for in vivo PJI models using NZW rabbits to test new
antimicrobial technologies.

Keywords: prosthetic joint infection; NZW rabbit; in vivo; antibacterial technologies; ARRIVE
guidelines

1. Introduction

Up to 1 million total hip arthroplasties (THAs) and total knee arthroplasties (TKAs) are
performed in the United States every year [1]. With an increasingly aging population, and
rising risk factors such as malnutrition, obesity, or other co-morbidities such as osteoarthri-
tis, the total number of THAs and TKAs is expected to grow even further [1-3]. Kurtz
et al. [4] have stated that by 2030 this number is predicted to increase by 174% for THA
and 673% for TKA. Though THA and TKA generally lead to patient satisfaction, prosthetic
joint infection (PJI) following primary TKA and THA arises in 1-2% of all surgeries [1,5-8].
Delayed healing, inadequate functional outcome, decreased quality of life, and increased
mortality occur as a consequence of PJI[6,9]. PJI increases hospital resources immensely, in-
creasing the economic burden on the healthcare system [10]. PJl is a significant contributor
to primary THA and TKA failure and is responsible for 30-40% of all failures in revision
THAs and TKAs [1,5,7]. With an increasing number of THAs and TKAs, the incidence of
PJT will likely also further increase.

Currently, most PJIs are caused by the Gram-positive bacteria Staphylococcus aureus
(S. aureus) and Staphylococcus epidermidis (S. epidermidis) [7,9,11]. However, the rate of PJIs
caused by Gram-negative bacteria has increased, reaching up to 40% in TKA and total
shoulder arthroplasty (TSA) [12].
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Currently, the standard of care to treat PJI and biofilms is to start with high-dose
antibiotics [13]. If the infection is not cleared by antibiotics alone, the surgical options are
debridement with a one- or two-staged revision, or debridement, antibiotics, and implant
retention (DAIR) procedures [13,14]. However, bacteria can form biofilms: an accumulation
of tightly packed bacteria on the implant, encased by an extracellular matrix that protects
the bacteria [15]. Once bacteria have adhered to the surface of the implant, and have won
the so-called race for the surface and colonized the implant surface, biofilm formation
happens rapidly and hampers host tissue cell function [16].

Biofilm formation is not limited to the implant; it can be dispersed to the bone, bone
cement, synovial fluid, and tissue surrounding the bone [7]. This extracellular matrix
mainly consists of proteins, polysaccharides, and extracellular DNA [17]. Biofilm formation
consists of four stages: bacterial adhesion, biofilm formation, biofilm maturation, and
biofilm dispersal. Biofilm dispersal means that not only does the PJI persist, but other
body sites can also become infected [15]. The biofilm forms a physical barrier, slowing
antibiotic diffusion and hindering the patient’s internal immune cells, allowing the PJI
to continue [13,15,18,19]. Bacteria within a biofilm are 500-5000 times less susceptible to
antibiotics as compared to planktonic bacteria, creating “persister cells” that are dormant,
highly tolerant to antibiotics, and reactivated when treatment has stopped [13]. Moreover,
due to systemic overuse and misuse of antibiotics, the incidence of antimicrobial resistance
(AMR) to antibiotics is growing fast, putting patients with PJIs at risk of therapeutic
insufficiency [9,20,21]. PJI and AMR are, therefore, an ever-growing threat, and new
technologies are needed to prevent bacterial attachment and biofilm formation on the
implant surface.

Research into developing treatment or prevention options for PJI and biofilm forma-
tion has become increasingly prevalent, focusing on new antibacterial coatings, surface
designs, or other compounds to protect implants, with or without antibiotics. There
are three main antimicrobial mechanisms for antibacterial coatings: anti-fouling or non-
adhesive, contact-killing, and antimicrobial-releasing [22]. Multiple in vitro test methods
are available to test these technologies, where the choice of in vitro test depends on the
antimicrobial mechanism [22]. However, studies have shown that in vitro results do not
necessarily translate to in vivo results [23,24]. This is due to a lack of standardization in
in vitro testing, a lack of clinically relevant test protocols, and the complexity of in vivo
systems [23]. Several important in vivo factors cannot be replicated or integrated easily
in vitro. First, in vitro tests are often performed under static conditions, whereas fluid flow
may influence the in vivo results [25]. Also, the immune response is excluded in in vitro
testing, neglecting the effect of the antimicrobial on the immune system and the impact
of the immune system on biofilm formation [26]. Furthermore, antimicrobials may bind
to blood serum proteins, which can alter their effect [27]. In addition, quorum sensing
is a communication system used by bacteria to control biofilm formation, which is often
disregarded in vitro [25]. Last, a high hammering force is applied during THA and TKA
surgeries, possibly creating microfractures and affecting the implant coating by scratching
or damaging them [28]. Testing the mechanical properties of antibacterial coatings is often
overlooked. Therefore, preclinical in vivo models are needed to study both the host re-
sponse and integration of the implant, as well as the interaction with pathogens, to bridge
the translational gap to the clinic [24]. Additionally, the Food and Drug Administration
(FDA) and the Medical Device Regulation (MDR) emphasize the importance of in vivo
experimentation as a critical step before clinical studies. In vivo tests are essential to test
the biocompatibility, safety, infection prevention efficacy, and tissue response to the implant
and the new antimicrobial compounds.

Rabbits have been used in up to 35% of musculoskeletal in vivo models, and most
frequently to study PJIin vivo [29-31]. In particular, New Zealand White (NZW) rabbits are
most commonly used [32]. They are docile, non-aggressive, and easy to handle and observe,
yet still large enough to implement orthopedic implants [30,33]. The bone and joint biology
and the response to infections of rabbits mimic that of human joint infections. This similarity
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in infection susceptibility, pathogenesis, and immune response is crucial when evaluating
PJI and the effectiveness of antimicrobial treatments for clinical applications [30,34]. In
contrast, rats and mice, the most frequently used animals in testing, are less susceptible to
infection than rabbits [32,34]. Also, rabbits are relatively low in cost and take up limited
space, compared to large animal models [33].

Though rabbit models have been used widely to study PJI and new antimicrobial tech-
nologies, there is no consensus about the exact methodology and outcome measures [24,35].
Moriarty et al. [24] state that many common errors are still made in these in vivo studies,
such as not quantifying the bacteria. Due to these discrepancies in methodologies and
outcomes, antibacterial techniques cannot be compared to one other, and it remains unclear
when a technique’s antibacterial efficacy is good enough to progress to a larger animal
model or clinical studies. Furthermore, papers often fail to document all aspects of their
studies according to the ARRIVE guidelines, a checklist of recommendations for the full and
transparent reporting of research involving animals [36]. Due to this unclarity, more rabbits
are currently being used than necessary. Reporting information is important to avoid the
repetition of experiments and unnecessarily using animals in inconclusive research [37]. It
is important to use animals responsibly, improve the treatment of the animals, and increase
the quality of the studies by implementing Russel and Burch’s 3R principles: reduction,
refinement, and replacement [38].

A review of NZW rabbit models to study PJI and treatment interventions, and the
applied methodologies of these studies, is necessary to increase standardization in these
models. Therefore, this systematic review will focus on the methodology and measured
outcomes in in vivo models that mimic PJI in NZW rabbits. First, similarities in method-
ologies and outcome parameters among the included studies will be identified. Second,
areas that present opportunities for methodological standardization will be defined and dis-
cussed. The bias control, experimental design, and experimental outcomes of all included
studies will be assessed to do this. Ultimately, this analysis aims to assist researchers in
determining suitable clinically relevant methodologies and outcome assessments in an
in vivo PJI model using NZW rabbits to test new antimicrobial technologies. This can
result in more standardization and a better assessment of the antibacterial potential of new
technologies to prevent or treat PJI using in vivo NZW rabbit models. To conclude, this
systematic review will provide a comprehensive analysis of current methodologies and
outcomes measured in NZW rabbit PJI models, aiming to enhance standardization and
improve the evaluation of antimicrobial interventions.

2. Methods

This literature search was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guidelines [39], and it was registered
in the International Prospective Register of Systematic Reviews (PROSPERO, ID num-
ber CRD42024411818, York, UK). The PubMed, Scopus, and EMBASE databases were
used to search the literature on 8 May 2024. The English language was used as a selec-
tion filter for the database searches. For PubMed, the following search string was used:
((“prosthesis-related infections” [MeSH]) OR “PJI” OR “prosthetic joint infection” OR
“joint replacement infection” OR “arthroplasty infection” OR “implant infection” OR ((“os-
teomyelitis” [MeSH]) AND “implant”) OR (“orthopaedic infection” AND “implant”) OR
(“bone infection” AND “implant”) OR “prosthetic infection” OR “peri-prosthetic infection”
OR “implant-related infection” OR “DAIR”) AND ((“rabbits” [MeSH]) OR (“lagomorpha”
[MeSH])) AND (“experimental model” OR (“models, animal” [MeSH]) OR “preclinical
model” OR “in vivo”). This search string was adapted to conform to the Scopus database
and can be found in Appendix A. Lastly, the search for EMBASE is shown in Appendix A,
Table Al. Osteomyelitis and DAIR were included in the search strings, as certain studies
utilize models pertinent to PJI, even though they are not the focus of this research.

Using Covidence™ (Veritas Health Innovation, Melbourne, Australia) [40], an online
software platform designed to streamline the process of conducting systematic reviews,
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all article abstracts were screened individually and blinded by two reviewers (J.v.A. and
S.v.H.). Articles focusing on rabbit models used to study orthopedic implant infections
were included for further full-text screening. During the full-text screening, articles were
excluded based on multiple criteria. Firstly, the applied exclusion criteria based on pub-
lication criteria were used: articles published before 2000, review articles or discussions,
conference abstracts, letters to the editor, studies that were not published in peer-reviewed
journals, non-English studies, and non-retrievable studies. Secondly, based on study type,
the following exclusion criteria were applied: in vitro studies, in vivo studies on animals
other than NZW rabbits, and clinical trials. Thirdly, based on the relevance of the articles,
the applied exclusion criteria were infections unrelated to bone or orthopedics, studies
that investigate interventions that are not relevant to PJI, studies that use implants that are
not for joints, studies about FRI or DAIR that did not use models relevant to PJI, studies
that do not use a bacterial inoculum or that grow biofilm in vitro before the operation, and
studies that do not use an implant. Lastly, based on reporting criteria, the applied exclusion
criteria were studies that do not report on outcomes such as infection rates, microbiological
findings, histopathological findings, and implant-related complications. Articles that inves-
tigated bone cement or bone void-filling biomaterials were only included if their intended
use was a two-stage revision as a solution for PJI. If the two independent researchers
could not decide on conflicting articles, a third independent reviewer (J.A.) evaluated the
article. Finally, after the screening process, data extraction was performed, including bias
control, experimental design, and outcome measures. Data extraction was performed by
one reviewer, and 33% of the articles were cross-checked by the second reviewer.

3. PRISMA Results and Data Extraction

A total of 575 studies were found on the three databases PubMed, Scopus, and Embase,
of which 295 remained after duplicate removal (Figure 1). During the abstract screening,
107 studies were excluded due to their content being unrelated to rabbit models used to
study orthopedic implants and infections. Of these 107 studies, a consensus was reached
for all but four by the first two researchers. Assessment of these four articles was completed
by the third reviewer (J.A.). Of the remaining 188 studies of which the full texts were
assessed for eligibility, 128 were excluded (Figure 1). Only four of these studies had to
be assessed by the third reviewer (J.A.) due to a lack of consensus among the first two
researchers. The main reasons for exclusion were that the articles studied osteomyelitis (1
= 32) or FRI models (n = 22). This left 60 studies for extraction. The first researcher (J.v.A.)
carried out the extraction of the 60 articles. The second researcher (S.v.H.) cross-checked 20
of these articles. The data extracted by both researchers was highly comparable; therefore,
not all articles were extracted by the second researcher.

The data extraction was divided into three parts: bias control, experimental design
methodology, and measured outcomes. As is displayed in Table 1, the section on bias control
focused on the blinding and randomization of the studies, the rabbit characteristics, humane
endpoints, and care of the rabbits. The section on experimental design methodology is
described in Tables 2 and 3. This section includes the aim and duration of the study,
and information about the inoculum, implant, interventions, and experimental groups,
including dropout percentage per group. The measured outcomes of each study are shown
in Tables 4 and 5. This table focuses on bacterial culture, health monitoring, hematology,
histology, and staining. Based on the interventions against PJI that were found in all
included articles, the articles were divided into six groups: no intervention used against
PJI, revision surgery, prevention of PJI with only antibiotics, prevention of PJI with surface
modifications, prevention of PJI with coatings, and others (Figure 2).
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Osteomyelitis model (n =32)

Non-English articles (n = 3)

Articles not retrievable (n=1)

Published before 2000 (n = 14)

Biofilm grown in vitro (n = 2)

Review articles or discussions (n = 2)

Interventions not relevant to PJI (n = 14)

Implants not for joints: e.g. spine, jaw (n = 13)

Studies that dont report on outcomes such as
infection rates, microbiological findings,
histopathological findings, and implant-related
complications (n = 2)

Screening

A4

Studies included in review (n = 60)

Figure 1. PRISMA flow diagram of article selection. The database search resulted in a total of
575 studies. After duplicate removal and screening, 60 studies were left for data extraction.
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Figure 2. Interventions used in the NZW rabbit PJI models in the articles included in this review.
Articles studied no intervention/PJI model development (20%); antibiotics alone as prevention for PJI

(20%); revision surgery as treatment for PJI (13%); surface modification of the implant as prevention
for PJI (7%); coating on the implant as prevention for PJI (25%); or other interventions (15%). Created
with Biorender.com (accessed on 14 May 2024).

4. NZW Rabbit Models to Investigate P]JI

This systematic review focused on in vivo models to investigate PJI and antimicrobial
technologies in New Zealand White (NZW) rabbits. The 57 included studies were grouped
based on the intervention used against PJI. This categorization showed that 20% of the
articles used no intervention against PJI in their research (Figure 2), which implies that
all these studies were developing or validating a new rabbit PJI model. This number of
model development papers emphasizes the need for standardized guidelines to set up a
suitable, clinically relevant, in vivo PJI model in NZW rabbits. This need for standardized
criteria was previously highlighted during the 2023 international consensus meeting on
musculoskeletal infection (MSKI) [41]. Standardization will result in a reduction in animal
use. Furthermore, with the rise of antimicrobial resistance (AMR) to antibiotics [9,20,21], it
is noteworthy that 20% of all articles investigated existing and on-the-market antibiotics
as the only antimicrobial agent. The other studies were categorized as revision surgery
(13%), which included one- and two-stage revision; surface modifications of the implant
(7%), like polishing; implant coatings (25%); and other interventions that did not fit the
different categories (15%). All studies were reviewed on their bias control, experimental
design, and reported outcomes.
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4.1. Bias Control

Bias should always be avoided in research [24]. Table 1 shows how bias control was
handled in all reviewed studies. Bias control in in vivo studies is essential for maintaining
research integrity, validity, and ethical conduct. Furthermore, bias control enhances the
reliability and reproducibility of research findings. Therefore, translating results from
preclinical in vivo animal studies towards clinical studies depends on bias control [23,42].
First, as stated by Moriarty et al. [24], blinding and randomization are the minimal re-
quirements to limit bias. Second, as elucidated by both the ARRIVE guidelines [43,44] and
Moriarty et al. [24], reporting the animal characteristics in in vivo experiments is highly
recommended to limit the effect of potential bias. Animal characteristics include the species,
strain, sex, age or skeletal maturity, and weight of the animal [24,43]. These guidelines
also highlight the importance of including the housing and husbandry details of an in vivo
experiment [24,43]. Husbandry details also contain welfare-related assessments, including
humane endpoints at which point the suffering of the rabbits is no longer justified by the
scientific value the experiment provides [43,45].

4.1.1. Blinding and Randomization

The risk of bias is highly dependent on blinding and randomization in studies. As
stated by Bespalov et al. [46], blinding and randomization are necessary if the study re-
sults have an impact on decision-making and cannot be easily repeated due to ethical or
resource-related reasons. Both requirements are present in this review, as rabbit in vivo
studies are essential before proceeding to clinical studies, and the number of used animals
in research should be reduced as much as possible [46,47]. Two types of blinding should be
performed: blinding the researchers performing the surgery, which minimizes the chance
of performance bias, and blinding the researchers performing the analysis of the results,
minimizing the risk of detection bias [46,48]. Figure 3a illustrates that in 70% of the included
studies, it was not stated if the involved researcher performing the surgery was blinded to
which implant, treatment, and inoculum they were inserting in the rabbits, or if the results
were analyzed blinded. Only 18.3% of the studies stated that the experiments were per-
formed blinded, and in 8.3% of the studies only the results were blinded to the researchers
analyzing the data. In 3.3% of the studies, there was only one experimental group, making
blinding unnecessary. This lack of blinding of the studies, or the reporting thereof, allows
room for conscious or unconscious biases to influence results. Since researchers frequently
face a conflict of interest in their eagerness to get their products to market, it is essential to
avoid any biases.

Blinded Randomized

Ml 53.3% Not stated

B 41.7% Yes

[ 3.3% One experimental group
E 1.7% Two groups in one rabbit

Il 70.0% Not stated

B 18.3% Yes

[ 8.3% Analysis of results blinded
@ 3.3% One experimental group

(b)

Figure 3. Analysis of bias control Table 1, including: (a) blinding of the studies; (b) randomization of
the studies.

Using randomization to create experimental groups allows researchers to use prob-
ability theory to determine if outcome differences are due to chance [46]. Furthermore,
randomization minimizes the chance of selection bias, reducing the chance that rabbits
with preferable features are grouped. As can be seen in Figure 3b, 53.3% of the studies did
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not report on the randomization of their experiment. A form of randomization was used
in 41.7% of the studies to assign experimental groups to the rabbits. The remaining 5%
consisted of studies in which randomization was no option because there was only one
experimental group, or two experimental groups were implemented into one rabbit. The
lack of randomization in more than half of the studies diminishes comparability between
experimental groups. As stated before, the scarcity of documentation, blinding, and ran-
domization found in the reviewed studies weakens the scientific integrity, reliability, and
reproducibility of the studies. Notably, Laajala et al. [42] state that preclinical studies also
benefit from implementing the best practices of human clinical trials. These best practices
include blinding and randomization, increasing translation from preclinical to clinical
studies. Variability and false positives in the intervention effects are reduced when creating
randomized, blinded groups that are representative of the population that are handled and
treated similarly.

4.1.2. Rabbit Characteristics

Common sources of variation within preclinical models are genetic differences, sex,
age range, and weight [42,49]. These can be found in Table 1 (‘rabbit characteristics’). As all
included studies in this systematic review use NZW rabbits, genetic differences are limited
as much as possible. As elucidated in Figure 4a—c, the sex, mean weight, and age of the
rabbits are not stated in 33.3%, 18.3%, and 46.7% of the studies, respectively. The ARRIVE
guidelines highly recommend including these four characteristics in animal research [43,44].
Variation in study results within experimental groups may be limited by defining which
rabbits to include in the experiment and creating balanced experimental groups [42].
Unfortunately, as this information is unknown in the studies where the characteristics are
not stated, this creates uncertainty about whether disparities between experimental groups
are due to the different treatments or due to differences in animal characteristics.

The sex of the animals is a biological variable in research outcomes, and, as stated
by the National Institutes of Health (NIH) and ARRIVE guidelines, should be taken into
account and reported in all in vivo and clinical studies [43,44,50]. Males and females may
differ in physiology, metabolism, hormonal profiles, and cellular functions, which can
impact experimental outcomes [50]. Kunutsor et al. [51] emphasize this in their study,
where they determined that males have a higher chance of developing PJI compared to
females. Studying only one sex can increase bias, limit the generalizability of the results,
and decrease reproducibility [50,52]. Furthermore, excluding males or females may lead to
potential harm or suboptimal outcomes for the excluded population and, as follows, impair
the translation to the clinic [53]. Multiple studies therefore advise including both sexes in the
design of preclinical studies, to account for differences between the sexes [43,44,50,53,54].

However, no study analyzed in this systematic review included both sexes. As shown
in Figure 1, most studies (38.3%) used only female rabbits, 28.3% used only male rabbits,
and 33.3% did not state the sex of the rabbits. Though using both sexes in animal models is
advised, several arguments exist for using only one sex. First, rabbits that are housed in
pairs need to establish a hierarchy. Thurston et al. [55] demonstrated that when housed
in pairs, 1% of the female pairs and 20% of the male pairs had to be separated due to
fighting. Second, although males have a higher chance of developing PJI as compared
to females, Mironenko et al. [56] concluded that the incidence of treatment success does
not differ between the sexes in humans. Third, the higher percentage of studies that
use female rabbits might be explained by their larger size, making handling the rabbits
easier [57]. However, no major anatomical differences exist between surgical areas between
the sexes [57,58]. Fourth, in some studies, male animals are preferred due to their hormonal
stability; however, female rabbits are induced ovulaters, meaning they remain in estrus
until copulation, after which ovulation starts [59]. Therefore, their hormonal balance is
relatively stable as well. Last, as stated previously, there may be differences in response to
PJI treatments between males and females due to, e.g., their hormonal profiles and immune
response [50]. Due to this possible difference in response between male and female rabbits,
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the number of rabbits per experimental group should also increase, significantly raising the
study’s costs. Ultimately, researchers should specify which sex they utilize in their research
and provide a rationale for their choice, conforming with the ARRIVE guidelines.

Sex of the rabbit Age of the rabbit
Il 33.3% Not stated Il 46.7% Not stated
1 38.3% Female I 20.0% Skeletally mature/adult
o [ 16.7% <4 months
B 28.3% Male B 6.7% 4-6 months
[ 10.0% =6 months
(a) (b)
Caretaking
Weight of the rabbit 60
Bl Not stated
67 -1 g B Yes
;.g es
— 40—
o0 k7] ] No
= 5
= 47 5
5 e E 201
= Z
PN R
()
= 0=
N >
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F ¥ S
%\ﬁ &

(©) (d)

Figure 4. Analysis of bias control Table 1, including (a) the sex of the rabbits included in the studies;
(b) the age of the rabbits included in the studies; (c) the weight of the rabbits included in the studies;
(d) caretaking of the rabbits included in this study, including if they could eat and drink ad libitum
(a.l), if they were provided with supplemental feeding when necessary, and if they were single
housed or not.

The age and starting weight of the rabbits are important factors in defining the skeletal
maturity of the rabbits. Skeletal maturity is important, as a mature bone structure is
essential for proper implant placement and fixation. Skeletal maturity is reached at five to
six months of age [35]. Furthermore, young rabbits are less prone to infections, as maternal
antibodies still protect them [60,61]. Marchandeau et al. [60] state that these antibodies
both prevent infections and allow attenuated infections that activate the immune system
of the young rabbit. Differentiating between the effect of these maternal antibodies and
the antimicrobial compound that is tested is therefore challenging. Also, as stated by
Moriarty et al. [23], PJI is most prevalent in the older human population, resulting in
possible co-morbidities and altered immune systems. Using young rabbits complicates
clinical translation, as they do not represent the target patient group. Masoud et al. [62]
measured the growth, weight, and tibial length over 34 weeks. They concluded that skeletal
growth was complete at 28 weeks. At sixteen weeks, the mean body weight was 72%, the
mean body length at 91%, and the mean tibial length at 94% of the adult value. Figure 4b
shows that 16.7% of the studies used rabbits younger than four months, meaning they had
not yet skeletally matured. A total of 35% of the studies used skeletally mature rabbits: they
were either four to six months (6.7%), older than six months (10%), or it was stated that they
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were skeletally mature (20.0%). However, it would be better for papers claiming skeletal
maturity to specify the exact age and starting weight of the rabbits for standardization
purposes. To confirm the skeletal maturity of the rabbit, it would be most optimal to
perform an X-ray to determine if the growth plates are closed [63]. The weight of adult
NZW rabbits may range from 2 to 6 kg [63]. No studies included in this review reported
the starting weight to be below this; however, 18% did not report on the rabbits’ starting
weights at all. As with the other rabbit characteristics, reporting of the age and weight of
the rabbits is inadequate, despite their potential influence on the results of the experiments.

4.1.3. Housing and Husbandry

As stated previously, housing and husbandry details are important to include in
performing and reporting in vivo experiments, both for the scientific value and the validity,
as well as from an ethical perspective [24,43]. Housing and husbandry include the humane
endpoints and the caretaking of the rabbits, as found in Table 1. For scientific value
and validity, it is important to set the endpoints, as letting rabbits be included in results
that are suffering too much or have comorbidities might influence the results [43,45].
Furthermore, the caretaking protocol for the rabbits should be set beforehand and precisely
documented. This might otherwise result in preferential treatment of the experimental
group receiving the antibacterial technique. Voehringer et al. [56] state that study designs
can be more efficient. Research methods can be improved by including sufficient animal
care and husbandry, which is linked to reduction and refinement [38]. A gold standard
publication checklist, published by Hooijmans et al. [64,65], which integrates the reduction
and refinement principle of the 3Rs, also emphasizes the need for animal husbandry and
care standardization, including housing, nutrition, and water intake. Figure 4d shows
that the studies included in this review often fail to report on caretaking details. It was
examined whether studies reported the availability of water and food ad libitum (a.l.), the
housing conditions of the rabbits (single or group housing), and whether supplemental
feeding was provided when rabbits experienced significant weight loss. The details were
not stated in 61% of the studies for water and food a.l., 40% for single housing conditions,
and 89% for supplemental feeding.

As stated by the European Parliament in their directive on animal protection [66],
death as an endpoint to a procedure should be avoided as far as possible and replaced by
earlier, humane endpoints. The severity and duration of pain, distress, and suffering of the
animals due to adverse effects of the surgery or treatment should be minimized and should
justify the scientific value added by the research, in line with the 3Rs [67,68]. A total of 75%
of the included studies in this research did not report on their humane endpoints. Several
humane endpoints have been published online for when this pain and suffering no longer
justify the scientific value added by the research [68]. Several humane endpoints often
found in infection research in rabbits, as shown in this review, are bone fracture, severe
weight loss, and infection outside the joint. Ultimately, reporting of the humane endpoints
and caretaking is essential to minimize bias.
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4.2. Experimental Design

Translating the results from in vivo experiments on antibacterial technologies to the
clinic is challenging [23,24]. Currently, in vivo preclinical results do not consistently antici-
pate clinical outcomes [23]. Choosing the right experimental design and methodology is
crucial in bridging this gap as much as feasible. In addition, the research aim is inextricably
connected to the experimental design. A first proof-of-concept in vivo experiment might
involve different parameters compared to a final preclinical study before human trials.
Tables 2 and 3 illustrate the experimental design parameters of the studies analyzed in this
review, including the study’s duration, inoculum and implant details, and the interventions
against PJI tested in the research and in which experimental groups they were tested.

4.2.1. Study Duration

As stated above, the study aim is the leading factor determining the experimental
design. This especially applies to the duration of the study. The duration of the study is
dependent on the mode of action of the antibacterial technology and on what outcome
measures are evaluated. The durations of the experiments in the included studies in this
research are illustrated in Figure 5a, and they range from 84 days [79,103] to 2 days [110].
Studies that only look at infection progression, and not osseointegration, most often last
27 days (n =11), 7 days (n = 8), or 14 days (n = 6). For a first pilot in vivo study for surface
modifications, or contact-killing or anti-fouling coating, where the antibacterial substance
should be immediately active, and that only investigates the antibacterial activity of the
coating, 7 to 14 days might be sufficient. For antibacterial-releasing coatings or revision
surgeries, the duration of the experiment is dependent on the time to establish an infection
and the activation or release of the antibacterial substance. If the short-term functioning of
the antibacterial substance has been established, testing the long-term effect should also
be evaluated.

An ideal duration should be found for the antibacterial compound to work, to initiate
an infection in the control group, and not prolong unnecessary animal suffering. Remark-
ably, two studies lasted 84 days. One of these studies was by Brunotte et al. [79], where
the study was divided into four parts of 4 weeks each: initial insertion of the implant and
inoculum; revision stage 1 with implant removal, debridement, and insertion of a spacer;
revision stage two with spacer removal and insertion of a new implant; and euthanasia.
Bitika et al. [103] also chose 84 days, as they state that this time is needed for mature
osseointegration of titanium implants. However, in their study, the only outcome measures
are bacterial culture and health monitoring, with no quantification of osseointegration. For
the study of Brunotte et al. [79], a duration of 84 days might be justifiable, as this is needed
to test the intended use of their antibacterial compound. However, for Bitika et al. [103],
their antibacterial compound and study outcomes do not justify this prolonged animal
suffering. In contrast, Neut et al. [110], had a study duration of only two and seven days,
although they expected their CFU count for the experimental groups to be <1 log for both
time points. The results from day two and day seven were comparable, and the need for
the two time points is not elucidated. At two days post-surgery, the rabbits might still be
recovering, which could affect some results, such as certain hematology values, making
them unreliable.

In addition to the antibacterial compound’s impact on infection progression, its effect
on bone integration is also important. To investigate bone integration, the study duration
should be sufficient for bone to remodel. The studies included in this review that investi-
gated bone growth around the implant most frequently used 42 days (n = 7) (Figure 5a).
Several of these studies concluded that six weeks was sufficient for bone apposition on the
implant surfaces [72,78,98,115,127]. Efstathopoulos et al. [80] studied bone growth from
two to six weeks after implant removal and insertion of enriched acrylic bone cement,
and they concluded that bone remodeling was best at six weeks. Several other studies,
not included in this review, that investigated bone integration of an implant found that
bone formation starts at three weeks, and a rigid bone-implant interface is seen at six
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weeks [128-132]. Hermida et al. [133] concluded there was no significant difference in
bone-to-implant contact between six and twelve weeks. These studies suggest that six
weeks is likely sufficient to assess the osseointegration of the implant and the effect of the
antibacterial compound on this integration.

Study aim vs. duration of experiment

— 90=
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Figure 5. Analysis of the experimental design of the articles included in this review, including:
(a) the duration of the experiments from inoculation to euthanasia for studies that only investigated
infection (left) and studies that investigated infection and osseointegration (right), and articles
that studied multiple study durations were colored separately; (b) bacterial strains used in the
studies; (c) the inoculum dose [absolute CFU] that was used to inoculate the rabbits; (d) the bone
in which the implant was inserted; and (e) the way in which the inoculum was administered to the
rabbit ([52,65,74,82,87,89]). Created with Biorender.com (accessed on 20 August 2024).
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4.2.2. Inoculum—DBacterial Strain

Of the included studies in this research, 90% used one or multiple strains of S. aureus
to inoculate the rabbits (Figure 5b). Again, the pathogenic factor needs to be chosen
depending on the aim of the study. As previously stated, most PJIs are caused by S. aureus
and S. epidermidis [7,9]. While S. aureus is the most common pathogen in Europe and China,
S. epidermidis is most common in the US [15,134]. Therefore, depending on the location
of the study, different pathogens might be chosen. Although S. aureus and S. epidermidis
are the most common pathogens in PJI, Gahukamble et al. [70] focused on Staphylococcus
lugdunensis and Propionibacterium acnes, pathogens that used to be seen as contaminants
when culturing clinical isolates. As S. lugdunensis and P. acnes are increasingly recognized
as pathogens causing PJI, they state the importance of observing these bacteria in a rabbit
model [135-137]. Few studies focus on Klebsiella pneumonia and P. aeruginosa, though
PJI involving these pathogens is difficult to treat and requires more research [81,103,138].
As P. aeruginosa often shows in polymicrobial infections with S. aureus, Bitika et al. [103]
inoculated with both bacteria. The World Health Organization has published a list of
priority pathogens that require new antibacterial techniques. This list emphasizes the
importance of expanding research beyond S. aureus alone [139].

Although 90% of all included studies in this review use S. aureus to inoculate the
rabbits, 29 different strains of S. aureus have been used. These 29 strains range from
standard cell lines to clinical isolates (33%), and from MRSA (28%) to MSSA (specifically
stated for 12%). However, studies often do not state if their strain is a clinical isolate (66%) or
if they use MRSA or MSSA (50%). The strain can impact the study outcomes, as each strain
can exhibit significantly different characteristics. The strains can differ in toxin production,
biofilm formation, gene regulator types, immune evasion mechanisms, and the possibility
of creating persister cells or small colony variants [140]. Tuchscherr et al. [141] found a
wide range of cytotoxicity and invasiveness between multiple clinical S. aureus strains.
Interestingly, they also found that the host cleared low-cytotoxicity strains less efficiently
compared to the highly cytotoxic strains [141]. Guo et al. [142] investigated 20 cohort
studies on PJI and determined that MSSA was responsible for PJI at a rate 2.5 times higher
than that caused by MRSA. However, the chance of treatment failure is higher for MRSA
compared to MSSA [143,144]. Understanding the characteristics of the bacterial strain is
important, as all these factors can influence their susceptibility to the tested antibacterial
technologies. Though clinical isolates or resistant strains have greater clinical relevance for
research, standard cell lines have the advantage of being better characterized and provide
a more standardized result.

4.2.3. Inoculum—Dose

Inoculum sizes in the included studies in this research ranged from 4.3 x 10* CFU[101]
to 6 x 108 CFU [94] (Figure 5c). This range of inoculum doses makes it extremely difficult
to compare infection clearance rates between experiments and antibacterial technologies.
When choosing the inoculum size, it is important to ensure that the CFU concentration in
the inoculum is sufficient to establish an infection in the untreated rabbits that their immune
systems cannot clear, while avoiding an excessively high and clinically unrealistic CFU
concentration. Of the 20% of studies that used no antibacterial intervention, several studies
were dose-finding studies for the number of CFUs needed to create a PJI. Craig et al. [69]
found that a lower incidence of infection occurred with a low dose of 102 CFU compared to
higher doses. They also state that inoculums >10® CFU will probably lead to greater animal
morbidity due to sepsis [69]. This was confirmed by Poultsides et al. [73], who found a
100% dropout rate in the group that received 5 x 10% CFU. The appropriate inoculum dose
should be selected based on the study aim, the chosen strain, and its virulence.

4.2.4. Inoculum—Administration

Besides differences in bacterial strains and inoculum sizes, the administration method
of the inoculum is another variable. There are several administration routes that can take
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place prior to or after the insertion of the implant, and they can be contained or not. The
influence of these administration methods is often overlooked. PJI can arise in a patient
due to several causes, and the main contributor is still under debate. Contamination can
arise during surgery; from hematogenous spread from infections elsewhere in the body
or intravascular devices; from direct extension from the skin; from a bacterial reservoir
in the deeper skin; or from soft tissue close to the implant [145-147]. Zeller et al. [148]
classified clinical PJIs as hematogenous (35%), late chronic (30%), early postoperative (19%),
or undetermined (16%). The studies included in this review used several methods to
create an infection in the rabbits, as can be seen in Figure 5d. Most studies inoculated
the subjects by injecting the bacteria into the medullary cavity in which the implant was
inserted (45.0%). Others were inoculated by injecting bacteria into the joint (23.3%), via
intra-articular injection (13.3%), by incubating the implant in a bacterial inoculum before
insertion (11.7%), or by injection in the bone defect (1.7%). A total of 5% of the studies
did not state the method of inoculation. Of the included studies, 78.3% did not employ a
method to contain the inoculum in the insertion site, 16.7% used bone wax, and 5.0% used
other options to contain the inoculum. As there is no one way for patients to contract PJI,
there is also no one way to induce it in vivo.

4.2.5. Implant

Whereas the femur is the largest long bone that can be implanted, the tibia is more
easily accessible [33]. The most popular choices of bone in the included studies in this
research are therefore the tibia (51.7%), the femur (38.3%), or a combination of the two (3.3%)
(Figure 5e). Only 1.7% used the humerus, and 5.0% used the radius. This variability is also
in alignment with the distribution of arthroplasties in patients. Currently, TKAs and THAs
extremely outnumber TSA. However, the incidence of TSA is increasing faster than that of
TKAs and THAs, increasing the need for research on the humerus [149]. Most implants are
a simplification of implants used in humans; therefore, the intended use is not completely
mimicked, and which long bone is used in the rabbits is less critical. Again, it is important
to look at what outcome measures are studied. In a study that only looks at antimicrobial
activity, the choice of bone is of less importance compared to when osseointegration is also
studied, as in these cases the weight-bearing qualities of the limb can affect the results. As
rabbits jump off with their hind legs, the femur and tibia experience more force than the
radius and humerus. This difference in movement mechanics should also be considered
when looking at bone ingrowth.

4.2.6. Experimental Groups and Group Size

The number of experimental groups and group size differ greatly between all studies
included in this review. The number of experimental groups ranges from only one group
to testing and comparing several antibacterial technologies, testing both infected and
uninfected controls, testing several inoculum sizes and time points on one antibacterial
technology, and testing several bacterial strains. Especially in the studies that did not test
an intervention, but aimed to establish and validate a new model, uninfected rabbits were
used as controls. An uncoated implant or the use of the current standard of care with an
infection was used as a control in most other studies. Lopez-Torres et al. [71] had only one
study group. However, they aimed to set up and validate the P]I rabbit model without
the use of any intervention. Three other studies used one limb as the control group and
one limb as the experimental group within the same rabbit [87,103,118]. Craig et al. [69]
also tested several inoculum sizes or saline as control within the same rabbit. Using one
rabbit for the control and experimental group may create experimental inaccuracy, as the
infection is not restricted to the limb it is injected into. If systemic infection develops, or a
rabbit reaches a humane endpoint, it is unknown to which group this belongs. Brunotte
et al. [79] tested four different inoculum sizes in their rabbits but did not have a control
group. Having a control group that is either uninfected or has no antibacterial technology
is important to set a baseline to which to compare the intervention groups. Furthermore, a
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control group validates the model, as it ensures that observed effects in the other groups
are due to the intervention. Concerning group sizes, Lopez-Torres et al. [71] use the largest
group size, with fifteen rabbits in one experimental group. On the contrary, Moriarty
et al. [101] and Horn et al. [100] tested different inoculum sizes per experimental group,
resulting in subgroup sizes of only one rabbit. Yang et al. [112] had the smallest (full) group
size, with three rabbits per group. Zhao et al. [115] and Zhou et al. [117] did not report
on the total number of rabbits used, or the experimental group size, making their results
unreliable. To increase the validity, accuracy, and reliability of the experimental results, a
power calculation should be conducted to estimate the experimental group size [24,48,150].
Applying this power calculation reduces the unnecessary use of rabbits. As underpowered
experiments produce unreliable results and overpowered experiments use more animals
than necessary, it is a delicate balance [48]. Predicting the effect size in a power calculation
might be challenging because of the lack of correlation between in vitro and in vivo data.

4.2.7. Dropout Number

In 40% of the studies included in this research, the dropout number was not stated, or
the total number of rabbits per group that survived could not be found in the results. This
does not follow the ARRIVE guidelines, as they state that any adverse outcome should be
described [43,44]. For the studies that reported on dropout numbers, seven studies did not
specify to which group the dropped-out rabbits belonged [79,83,100,101,111,119,126]. Fur-
thermore, four studies replaced the dropped-out rabbits with new rabbits [94,100,106,111].
Two of these studies, by Horn et al. [100] and Oosterbos et al. [111], did not state which
group the replaced animals belonged to. Replacing these animals raises data integrity
concerns as data consistency and reliability are compromised. Even if a full study dura-
tion is not completed, the data created by this rabbit’s response are valuable. Studies are
meticulously designed with specific sample sizes and conditions. Introducing new subjects
midway can introduce variables that were not accounted for initially, such as differences in
age, weight, and health status. Furthermore, blinding and randomization are not possible
anymore when rabbits from only specific groups are replaced. Especially in the studies
where it is not mentioned which animals are replaced, or where animals from the group
with the antibacterial compound are replaced, bias is introduced. This bias and variability
can potentially skew the results toward a better outcome for a desired group, creating
difficulty in drawing conclusions. Furthermore, replacing these animals raises ethical
concerns. It creates a disregard for individual animal welfare and is not in line with Russel
and Burch’s 3Rs [38]. Replacing dropped-out rabbits often means subjecting additional
animals to potential pain, stress, and suffering associated with experimental procedures.
Studies should always report on their dropout number, and refrain from replacing rabbits.
Instead, they should design their studies with appropriate sample sizes that account for
potential dropouts. Furthermore, statistical methods are available to handle missing data.
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4.3. Outcome Measures

What outcome measures are relevant for an experiment depends on the research goal.
Bacterial culture and health monitoring are standard when investigating new antibacte-
rial technologies against P]I in a rabbit. Hematology, histology, and imaging can study
infection and bone growth more extensively. Tables 4 and 5 show all outcome measures
implemented by the studies included in this review and are discussed below. The range of
possible outcome measures is extensive. Nevertheless, it is essential to adhere to the 3Rs
principle [38]. Increasing the number of outcome measures often necessitates including
additional rabbits in the experimental groups. Therefore, the scientific value gained from
including additional outcome measures must justify the increased burden on the animals
or a larger group size.

4.3.1. Bacterial Culture

In a PJI rabbit model, bacterial culture is the most important outcome measure when
studying bacterial adhesion and biofilm formation and its prevention. Bacterial culture
can confirm or negate and quantify an infection and assess the antimicrobial efficacy of the
novel antibacterial compound. Moreover, culturing is still the gold standard in diagnosing
PJI in the clinic, and implant sonication is the most likely diagnostic test to confirm PJI [151].
Remarkably, three studies included in this review did not report on any bacterial culture. A
significant amount of variation between the cultured tissue, the culturing method, and the
unit of measurement was observed among the studies included in this review.

The cultured tissue in the studies included in this review ranges from one swab to
culturing multiple tissues. The most cultured tissues are the implant, bone tissue, soft tissue,
synovial fluid, and periprosthetic tissue. A blood sample may also be cultured to detect
systemic infection. The samples used for the culture depend on the working mechanisms
of the antibacterial technology and the study’s objective. One article included in this review
did not specify what material they cultured [119]. The cultured tissues vary the most for the
studies included in this review that did not use an intervention against PJI. Craig et al. [69]
cultured samples from the arterial blood; joint capsule; synovial scar surrounding the screw,
surrounding bone, liver, and kidney samples; and the UHMPHE washer, screw, and affixed
bone cement complex. However, this was their only outcome measure other than basic
health monitoring. Other studies only cultured the exudate around the implant (Sarda
et al. [74], Sarda-Mantel et al. [75], Tang et al. [76]); however, they tried to visualize the
infection using 99mTc scintigraphy and used the culture as a control. This demonstrates
that the selection and number of cultures to perform depend on the study’s objective and
the other employed outcome measures. For the studies included in this review that used
revision, antibiotics, surface modifications, coatings, or other antibacterial techniques, the
antibacterial working mechanism is leading for the cultures. Brunotte et al. [79] studied a
spacer during two-stage revision; therefore, they cultured both implants and the spacer
to track bacterial growth over time. For antibacterial technologies that depend on surface
modifications or a contact-killing or anti-fouling coating, the most important outcome
is if bacteria are still growing on the implant. However, it is still interesting if bacteria
survive in the tissue around the implant, even though they cannot survive on the implant
itself. Interpretation of this data might be difficult, as a negative culture of the implant,
combined with a positive culture of tissue surrounding the implant, does not mean the
bacterial technology does not sufficiently work. All studies included in this review that
researched surface modifications cultured the implant and the bone or interfacial tissue
surrounding the implant. For coatings or techniques that leach the antibacterial compound
into the tissue surrounding the implant, both the implant and surrounding tissue should be
cultured. Unfortunately, the rabbits used for tissue culturing cannot be used for histology
or imaging for which the implant must be taken out or slices of the limb must be made.
Therefore, it is inefficient and wasteful to use a rabbit for a single tissue culture when
multiple cultures could provide more information. The suffering of the animals should
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yield as much quantifiable data as possible. Conducting multiple cultures can aid in
quantifying the bacteria and determining their distribution.

The culturing method, and the unit of measurement this results in, vary greatly too.
Several studies use a swab method, from which it can be concluded if a site was infected or
not. Overstreet et al. [85] and Zhang et al. [114] used swabs as their sole bacterial culture
method. However, relying solely on swabs can overlook deeper-seated bacteria, result
in false negatives when bacterial counts are low, and the results are dependent on the
technique and the specific location swabbed. Most studies included in this review that
used a swab also plated out samples, generating quantifiable data. In these instances,
swabs can offer additional information on less critical sites. Plating out the sonicate of
the implant or homogenized soft tissue or bone is commonly performed. The culturing
of these fluids differs per study and laboratory. However, the plating of serial dilutions
is the most common and results in the exact CFU per sample. There are exceptions, like
Brunotte et al. [79], who rolled the implants over an agar plate, or Yu et al. [123], who
counted until a maximum of 1000 CFU. Serial dilution of samples should be performed
in all studies, as it provides clear, quantifiable data and aids in distinguishing between
experimental groups. Of the studies included in this review, 10% did not report the used
culturing method [80,87,89,98,104,119], and 10% did not report the unit of their outcome
measure [73,81,83,85,90,127].

4.3.2. Health Monitoring

Health monitoring, including measuring the weight and temperature of the rabbits and
checking for clinical signs of infection, is important for maintaining and assessing animal
welfare (refinement) [64]. Animal welfare monitoring is important in deciding whether a
humane endpoint has been met [45]. Among the studies included in this review, 28% did
not report any health monitoring. Of the 60 studies, only 26 reported the rabbits” weights,
25 reported the rabbits’ temperatures, and 28 reported clinical signs of infection. Whereas
temperature and weight are standard physiological markers of illness, there is a wide range
of clinical signs of infection that researchers can look for, as presented in Tables 4 and 5.
As stated by Mapara et al. [33], health monitoring should include assessing if the rabbit
is bright, alert, active, inquisitive, has a smooth coat, and a good body condition. Pain or
infection may be shown as a change in gait, abnormal weight distribution, retraction of
injuries, changed postures, swelling, inflammation, decreased activity, bad wound healing,
or decreased food and water intake. Exorbitant pain may lead to shock or abstinence
from eating, which may lead to death [33]. Monitoring the rabbits” health may lead to
preventative care to maintain the welfare of the rabbits, like administering extra analgesia
or force-feeding. A well-designed score sheet may help the caretakers of the rabbits to
assess their health objectively and should be used in all animal studies [24,152]. Multiple
score sheets already exist, like the Bristol Rabbit Pain Scale [153] and the Rabbit Grimace
Scale [154]. The ARRIVE guidelines also state that welfare-related assessments and health
status should be documented [43,44].
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4.3.3. Hematology

As rabbits are prey animals, they hide or show few clinical signs of illness [33,155].
Hematology might provide extra information about infection progression and the health
of the rabbit, without sacrifice. The most common hematology parameters to test in PJI
research are C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), and white
blood cell count (WBC), optionally including leukocyte differentiation [156,157]. Only 38%
of the studies included in this review used hematology. Twelve studies measured CRP,
thirteen measured ESR, sixteen measured WBC, and three measured IL-6.

Both CRP and ESR are non-specific markers for PJI, and could also be elevated from
post-operative inflammation [156]. Several studies included in this research that compared
uncontaminated and contaminated implants have also shown that, in rabbits, a rise in
CRP, ESR, and WBC correlates with PJI [30,72,73,127]. As leukopenia can also be a stress
response, changes in leukocyte differentiation are a better indication of infection than WBC
alone, e.g., a deviation from the 1:1 ratio between neutrophils and lymphocytes [155,158].
Furthermore, monocytosis may indicate chronic inflammation, although, from a normal
monocyte count, it cannot be concluded that inflammation is not present [155]. Odekerken
et al. [127] compared an uncontaminated and contaminated implant in NZW rabbits,
and found a lower lymphocyte count, a higher neutrophils count, and monocytosis in the
contaminated group. Interleukin-6 (IL-6) is potentially a more accurate parameter; however,
clinical studies that report on this marker in PJI are limited [157]. Wang et al. [78] studied
PJI in NZW rabbits, and found higher IL-6 values for the contaminated group compared to
the uncontaminated group. Interpretation of hematological parameters in rabbits might
be difficult, as prolonged stress might influence these parameters [155]. CRP, ESR, WBC,
and IL-6 are not accurate enough to conclude that an infection is present or not, but they
indicate there might be an infection and should be used as supplements to other outcome
measurements [159].

4.3.4. Histology

Different stainings can aid in scoring areas surrounding the implant for infection or
bone apposition. The choice of staining depends on the goal of the study. More than half
(60%) of the studies included in this research used histology as an outcome parameter,
of which Hematoxylin and Eosin (H&E) was the most popular. Due to the wide variety
of staining techniques available, the study’s objective should guide the selection of the
appropriate staining method. Table 6 presents an overview of all stainings used in the
articles included in this review, and what tissues are colored. As preparing and analyzing
the histological samples is technically difficult, the expertise available can also guide
in selecting the appropriate method. Unfortunately, histology cannot be performed in
the same rabbits used for bacterial culture, and longitudinal studies are not possible
in the same animal, increasing the sample size. The variability and reliability of the
results can be impacted by variations in staining techniques and the quality of the tissue
samples. However, including histology in a study allows for a detailed examination of
tissue and cellular composition, adding an understanding of the working mechanism of the
antibacterial technologies compared to untreated groups. Histology can indicate the extent
of infection, inflammation, and tissue damage, providing a comprehensive understanding
of the pathological changes associated with PJI.
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Table 6. Overview of various staining techniques and their application used in the articles included
in this review.

Staining Tissue Stained (Color) References
Nuclei (blue)
Cytoplasm and extracellular matrix (pink)
Condensation of hematoxylin in nuclei is [30,70,76,78-80,85,86,92-94,99,102,105—

Hematoxylin and Eosin (H&E) cell-specific 108,112-115,117,121,123,126]

Differentiates between osteocytes, osteoblasts,
chondrocytes, and fibroblasts

Gram-positive bacteria (purple-brown)
(Modified) Gram Gram-negative bacteria (red) [29,30,72,73,79,86,100,102,105]
Eukaryotic cells do not stain

Gram-positive bacteria (blue)
Gram-negative bacteria (red)
Nuclei (red)
Background tissue (yellow)

Brown Brenn [70,108]

Collagen fibers (green/blue)
Muscle fibers (red)
(Modified) Masson—-Goldener Cytoplasm (red/pink)
trichrome Nuclei (dark brown /black)
Differentiates between calcified and
non-calcified tissue

[29,72,92,98,102,107,113]

Nuclei (blue)
Fuchsin and methylene blue Cytoplasm (red/pink) [87,104,109,111,117]
Cartilage (blue to purple)

Stains specific structures in tissues differently
Toluidine-blue Used to visualize pathological and cortical bone [79,94]
formation, muscle, and bone sequesters

0.01% acridine orange Visualize biofilm [125]

Bone tissue (red)

Fibrous tissue (yellow) [116]

Van Gieson’s picrofuchsin

Eukaryotic cells (purple)

Giemsa Bacterial cells (pink)

[115]

4.3.5. Imaging

Contrary to histology, for which the group size must increase, imaging is a non-
invasive method to provide extra information without sacrificing the rabbits (Table 7).
Furthermore, new technologies are being developed to track infection or bone growth
over time. Half of the studies included in this review did not incorporate any imaging
techniques. As radiography is a standard diagnostic procedure, it is the most used imaging
technique in the studies included in this review. X-ray is a widely available and relatively
inexpensive imaging option. Fourteen studies used X-ray pre-mortem, and nine studies
used it post-mortem. X-ray is used to study placement and migration of the implant; signs
of osteomyelitis; periosteal elevation; osteolysis; bone thickness; sclerosis; cysts; diaphysitis;
soft tissue swelling and calcification; deformity; sequestrum formation; spontaneous frac-
ture; callus index; and abscess formation. Several studies have used imaging techniques
pre-mortem. PET scanning was used independently for 18F-fluorodeoxyglucose (18F-FDG)
(Mékinen et al. [121]), including CT and 68 Ga-fibroblast activation protein inhibitor (68Ga-
FAPI) (Wang et al. [77,78]), or including nCT (Odekerken et al. [72]). 18F-FDG is a glucose
analog and radioactive tracer, and it is taken up by cells with high glucose demand, such as
inflammatory cells [160]. All four studies showed a higher 18F-FDG uptake in the infected
groups. Both studies by Wang et al. [77,78] showed greater sensitivity to 68Ga-FAPI in
detecting infection compared to 18F-FDG. Unfortunately, PET scans are significantly more

215



J. Funct. Biomater. 2024, 15, 307

expensive than X-rays for rabbits, reflecting the specialized equipment required, compared
to the more routine and widely available X-ray procedures. Technetium-99m (99mTc) has
been used to detect infection by labeling it to annexin V, which binds to apoptotic cells
(by Tang et al. [76]); ciprofloxacin, which targets living bacteria by binding to DNA gyrase
(by Sarda et al. [74]); and ubiquicidin (UBI) 29-41, an antimicrobial peptide that binds to
bacterial cell membranes (by Sarda-Mantel et al. [75]). 99mTc-ciprofloxacin accumulation
was found in both infected and uninfected joints in the rabbits; however, 9mTc-annexin V
and UBI29-41 could differentiate between infected and uninfected joints. Both the study by
Tang et al. [76] and the study by Sarda-Mantel et al. [75] state that more research is needed
before 99mTc labeling can be used as a diagnostic tool. Zhang et al. [113] used 99Tc-MDP,
the stable end product of the decay of 99mTc, for bone scanning and visualization of areas
with increased bone turnover. Tang et al. [76] also used MRI to visualize tissue changes
around the prosthesis.

In addition to X-rays, pCT and SEM were used as post-mortem imaging techniques.
After excision of the extremity including the implant, uCT can be implemented for both
infection and bone apposition scoring. Bone apposition on the implant surface can be
measured using the bone and tissue volume, and bone histomorphometry can be analyzed
using the trabecular thickness, number, and separation [78,104,115,117]. pCT can give
detailed insights into the bone (micro)structure and provide quantitative data. As the
extremity needs to be excised and can be fixed, pCT is widely available, as samples can be
sent to different laboratories. Several studies used SEM imaging to visualize the formed
biofilm on the implant [108,115,122,124]. SEM can provide good visualization of the
disposition of bacteria on the implant and the formed biofilm. However, bacterial adhesion
cannot be quantified. SEM imaging is performed after explanting and fixating the implant,
making the implant unusable for further bacterial cultures.

Table 7. Overview of imaging methods used by the articles included in this review. The outcome
measures, including what is exactly visualized, are specified.

Imaging Method Use Pre- or Post-Mortem References

Placement and migration of the implant; signs
of osteomyelitis; periosteal elevation;

X-ray

osteolysis; bone thickness; sclerosis; cysts;
diaphysitis; soft tissue swelling and
calcification; deformity; sequestrum formation;
spontaneous fracture; callus index; and
abscess formation

Both

[29,30,70,72,80,84,87,93,94,100,
102,106,108,109,113,114,120,121,
123,126]

PET (18F-FDG)

18F-FDG is a glucose analog and radioactive
tracer and is taken up by cells with high
glucose demand, visualizing inflammatory
cells.
PET 18F-FDG can be combined with, (4)CT or
68Ga-FAPI

Pre-mortem

[72,77,78,121]

Scintigraphy with
Technetium-99m labelling

Bone scanning, detects infection when labeled
to
Annexin V (binds to apoptotic cells);
Ciprofloxacin (targets living bacteria);
Ubiquicidin (binds to bacterial cell membrane)

Pre-mortem

[74-76]

Scintigraphy with
99Tc-MDP labeling

Bone scanning and visualization of areas with
increased bone turnover.

Pre-mortem

[113]

Infection and bone apposition scoring.
Can give detailed insights into the bone
(micro)structure (bone and tissue volume, and

HCT bone histomorphometry can be analyzed using Both [78,104,115,117]
the trabecular thickness/number/separation).
Provides quantitative data
SEM Visualize formed biofilm on implant Post-mortem [108,115,122,124]
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Choosing an imaging technique is again dependent on the research goal of a study.
However, it is also dependent on the availability of the imaging apparatus. Pre-mortem
imaging techniques add valuable information, and animals can be followed over time as
they do not need to be sacrificed. X-rays are available at most animal research institutes and
may provide valuable information at a relatively low cost. Other pre-mortem techniques
might provide more information about bone growth or infection; however, they are not
available at all institutes and come with higher costs. SEM is more easily available; however,
it requires sacrificing the rabbits.

4.3.6. Other Outcome Measures

The studies included in this review have measured several other outcomes that are
less standard for a PJI rabbit model. Latex agglutination tests are commonly used to detect
if S. aureus is present; however, they cannot differentiate between strains and sometimes
give false negatives for MRSA [161]. Poultsides et al. [73] and Nijhof et al. [84] used PCR to
check if the bacteria present in their bacterial cultures was the same strain as they injected
at the start of the experiment or if the rabbit was infected with another strain. However,
PCR cannot differentiate between living and dead bacteria. Furthermore, RT-PCR can be
used to confirm the viability of the microorganisms [73]. Another study, by Saleh Mghir
et al. [97], sought the development of mutant strains in their positive cultures, defined as
having a three-fold-increased MIC. Infection was further analyzed by Wang et al. [78] by
measuring a type II transmembrane protein FAP. FAP is involved in infection response
and inflammation and is expressed when cells are under pressure [7]. Mao et al. [122]
used the total weight of the infected synovial tissue (pus) as a measurement of infection.
Fluorochrome staining was used to evaluate bone growth over time without sacrificing the
rabbits. Several calcium-binding fluorophores can be injected at different time points. Four
studies included in this review used two time points [102,104] or three time points [115,127].
Fluorescence microscopy is used after sacrificing the rabbits for visualizing dynamic bone
growth. Mechanical testing of the excised limb was performed to evaluate the bone-implant
integration and stability of the implant in several studies included in this review. Wang
etal. [78] and Zhou et al. [116] tested the pull-out strength of the implant, and Schroeder
et al. [98] measured the displacement of the implant after loading. Additional outcome
measures may provide relevant information and aid the translation of PJI interventions
to the clinic. Especially in longer studies, more information about bone ingrowth of the
implant provides relevant information on how the implant might function in the clinic.

4.4. Limitations

Systematic reviews are valuable tools to evaluate and summarize multiple articles;
however, they are not without their limitations. Every systematic review has the limitation
of publication bias. Positive results are more likely to be published compared to studies
without statistical significance, skewing the overall findings [162]. Positive studies may
even result in multiple publications, as also seen in this review by multiple publications
by the same author. As in most systematic reviews, language bias was also apparent in
this review, as only English articles were included. Furthermore, comparing articles is
difficult, as multiple articles have omitted information. This is shown by the number
of cells that are empty in Tables 1-5 and the percentages of ‘not stated” in Figures 3-5.
If articles had followed the ARRIVE guidelines, comparisons would have been more
straightforward [43,44]. The overall quality of a systematic review is influenced by the
quality of the studies included. Despite incomplete reporting, an overview of the available
evidence is still valuable, though combining results and drawing strong conclusions may
be challenging. Among the articles that information could be extracted from, heterogeneity
was high. The methodology of a study was often adapted to the tested antibacterial
technology. Differences in study populations, interventions, outcomes, and methodologies
can make it difficult to combine and interpret results. These limitations show the importance
of following guidelines set for in vivo experiments.
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4.5. Animal-Free Science

Implementation of Russel and Burch’s 3R principles of reduction, refinement, and re-
placement should be used in all studies [38]. Optimization of bias control, the experimental
design, and choosing the right outcome measures result in reduction and refinement. How-
ever, replacement is not discussed yet. Good in vitro data for antimicrobial activity and
biocompatibility are needed to move on to in vivo or clinical experiments. Several reviews
give an overview of the current availability of in vitro experiments to test the antimicrobial
properties of new technologies. Methods range from simple static disc diffusion tests to
more complex systems that take flow displacement into account [22,163,164]. All reviews
conclude there is no one golden standard to use, especially since the working mechanisms
of all antimicrobial compounds differ. As stated previously, several important in vivo
factors cannot be replicated or integrated easily in vitro, which makes the translation from
in vitro to in vivo challenging [23]. The lab-on-a-chip (LOC) technique has become more
popular in the medical sector, aiming to bridge the gap between in vitro and in vivo sys-
tems. To simulate bone remodeling, cells are combined with mechanical, electrophysical,
and biological stimuli, recreating cellular-, tissue-, and organ-level processes [165,166].
Currently, LOC has been used to simulate bone remodeling; however, to simulate PJI,
bacteria would also have to be considered in the system. Although LOC is a promising
technique for the future, currently, in vivo experiments are still needed before clinical
studies. All antimicrobial compounds should be tested thoroughly in vitro to minimize the
use of animals as much as possible. Unfortunately, complete replacement of animals is not
possible yet.

4.6. Checklist for the Assessment of PJI in an In Vivo NZW Rabbit Model

To improve reproducibility and be able to compare studies to each other better, compli-
ance with certain standards is necessary. During the 2023 international consensus meeting
on musculoskeletal infection (MSKI), the need for unified and standardized criteria for
animal testing in the treatment of MSKI was expressed [41].

Several guidelines already exist, like the ARRIVE guidelines [44], a checklist for pub-
lishing in vivo studies for orthopedic device-related infections by Moriarty et al. [24], and
the Gold Standard Publication Checklist [64]. These lists have been adapted in Table 8,
including the main points of this systematic review. Adhering to this checklist will po-
tentially result in reproducible studies with limited bias, improving the overall quality of
research. Furthermore, this checklist takes the 3Rs into account, resulting in less animal
suffering.

Table 8. Checklist for setting up an in vivo NZW rabbit model for the assessment of PJL

Aspect Includes

Bias control

Blinding

Bias control Randomization

Humane endpoints (scoring sheets should be used to check if
humane endpoints are met)

Sex (justification if not mixed male/female)

Rabbit characteristics Age (rabbits should be skeletally mature)

Weight (rabbits should be skeletally mature)

Eating and supplemental feed

Caretaking Drinking

Housing conditions
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Table 8. Cont.

Aspect Includes

Experimental design

Aim of study

Antimicrobial technology tested

Duration of study (based on study aim and working

mechanism intervention)
General

Total number of rabbits used

Experimental groups and size (based on power calculations. Control
group must always be included)

Dropout number

Acclimatization period

Use of prophylactic antibiotics

Strain (explain why this species and strain)

Inoculum size (explain size, report both CFU/mL and total

Inoculum
. volume used)

Administration method (should mimic clinical situation)

Containment method used or not

Description (size)

Implant Material

Movement prevention

Location

Outcomes

Tissue cultured (specify what and how much tissue was used)

Bacterial culture Culture method

Outcome unit

Weight

Health monitoring Temperature

Clinical signs of infection

CRP

Hematology ESR
WBC /leukocyte differentiation
IL-6

Histology Staining and tissues colored
Imaging Method and outcome parameters
Pre- or post-mortem
Other Specify what/how outcome is measured, and what the link is to the

study aim

5. Conclusions

In vivo NZW rabbit models can aid in studying new antibacterial technologies and PJI
prevention. However, consensus in bias control, experimental design, outcome measures,
and documentation thereof is missing. Regarding bias control and complying with the
3Rs, standardized guidelines are necessary. Blinding and randomization are essential to
minimize bias and should consistently be implemented in the rabbit models. Further-
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more, documentation of rabbit characteristics and animal caretaking is necessary to ensure
scientific integrity, reliability, and reproducibility. The exact methodology and outcome
parameters to be studied depend on the working mechanism and intended use of the an-
tibacterial technique. Therefore, there is no gold standard in setting up these experiments.
S. aureus might be the most logical option to inoculate due to its high prevalence in PJI;
however, researchers should consider their research aim when choosing the pathogen,
especially with regard to clinical or resistant strains. Determining the experimental design
is crucial to better bridge the gap from in vivo experiments to the clinic. Given the wide
range of potential outcome measures, the scientific value gained from including additional
outcome measures must justify the increased burden on the animals or a larger group size.
At a minimum, studies investigating new antibacterial technologies against P]I in a rabbit
model should include bacterial culture, including documentation of the tissue cultured,
the culture method, the outcome unit, and health monitoring. This review provides an
overview of experimental requirements and outlines what should be documented and pub-
lished for all NZW rabbit PJI models, based on and modified from existing guidelines, like
the ARRIVE guidelines. Ultimately, this analysis aims to assist researchers in determining
suitable clinically relevant methodologies and outcome measures for in vivo PJI models
using NZW rabbits to test new antimicrobial technologies.
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Appendix A
Appendix A.1. Scopus Search String

TITLE-ABS-KEY ({prosthesis-related infections } OR {PJI} OR {prosthetic joint infection}
OR {joint replacement infection} OR {arthroplasty infection} OR {implant infection} OR
({osteomyelitis} AND {implant}) OR ({orthopaedic infection} AND {implant}) OR ({bone
infection} AND {implant}) OR {prosthetic infection} OR {peri-prosthetic infection} OR
{implant-related infection} OR {DAIR}) AND TITLE-ABS-KEY (rabbit* OR {lagomorpha}
OR {new zealand white} OR rodent*) AND TITLE-ABS-KEY ({experimental model} OR
{animal model} OR {preclinical model} OR {in vivo}) AND (LIMIT-TO (DOCTYPE,”ar”))
AND (LIMIT-TO (LANGUAGE,”English”)).
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Appendix A.2. EMBASE Search String

Table A1. EMBASE database search string.

Number Search Term

“prosthesis-related infections” OR “PJI” OR “prosthetic joint infection” OR “joint
replacement infection” OR “arthroplasty infection” OR “implant infection” OR

N1 (“osteomyelitis” AND “implant”) OR (“orthopaedic infection” AND “implant”) OR
(“bone infection” AND “implant”) OR “prosthetic infection” OR “peri-prosthetic
infection” OR “implant-related infection” OR “DAIR”

N2 “rabbit*” OR “lagomorpha” OR “new zealand white” OR “rodent*”

N3 I’l‘model”” OR “experimental model” OR “animal model” OR “preclinical model” OR
in vivo

N4 N1 AND N2 AND N3
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Abstract: Antibacterial stainless steels have been widely used in biomedicine, food, and
water treatment. However, the current antibacterial stainless steels face challenges in
balancing corrosion resistance and antibacterial effectiveness, limiting their application
range and lifespan. In this study, an oxide layer sealed with antibacterial Ag particles was
constructed on the surface of 304 stainless steel through anodizing and electrodeposition,
and the process parameters were optimized for achieving long-term antibacterial properties.
The electrochemical tests demonstrated that the composite coating effectively enhanced the
corrosion resistance of 304 stainless steel. The X-ray photoelectron spectroscopy analysis
revealed the close binding mechanism between the Ag particles and the micropores in the
oxide layer. Furthermore, the antibacterial stainless steel has an antibacterial rate of 99%
against Escherichia coli (E. coli) and good biocompatibility. This study provides an effective
approach for designing efficient, stable, and safe antibacterial stainless steel.

Keywords: stainless steel; anodization; corrosion resistance; antibacterial property

1. Introduction

Stainless steel is one of the most widely used metal materials due to its outstanding
corrosion resistance, mechanical properties, and machinability, making it favored in various
fields [1,2]. However, in specific areas such as medical devices and kitchenware, bacterial
contamination occurs on conventional stainless steels, causing cross-infection risk and
posing a serious threat to human health. Therefore, antibacterial stainless steels have
garnered widespread attention and become a crucial topic of current research.

Various types of antibacterial stainless steels have been developed, such as surface-
treated antibacterial stainless steel, alloy-based antibacterial stainless steel, etc. [2-4]. The
methods for preparing surface-treated antibacterial stainless steel mainly include sur-
face coating [5,6], ion implantation [7,8], magnetron sputtering [9,10], and electrodeposi-
tion [11-13]. Although these antibacterial stainless steels have achieved certain success in
antibacterial effects, there are many disadvantages such as high cost and poor corrosion
resistance. Due to the frequent exposure to corrosive environments, antibacterial stainless
steel with poor corrosion resistance cannot be used in serious corrosion situations. In
addition, antibacterial agents are introduced into stainless steel for enhanced antibacterial
properties, but alter material structures, thereby affecting its corrosion resistance and other
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aspects of performance. Currently, the process costs for most antibacterial stainless steels
are relatively high, such as alloy-based stainless steel requiring a large number of antibac-
terial elements, while surface-treated types equipment is complex and costly, making it
difficult to achieve large-scale production. Therefore, it is particularly important to develop
a low-cost antibacterial stainless steel with good antibacterial properties and excellent
corrosion resistance.

Anodizing is a well-established technique for preparing porous oxide films on metal
surfaces [11,14,15]. The parameters such as pore size, depth, and porosity can be finely
controlled by adjusting the electrolyte composition and relevant oxidation processes. Con-
sequently, a uniformly ordered nanoporous film structure can be formed on metal surfaces,
significantly enhancing the corrosion resistance and wear resistance of metal materials [16].
More importantly, the unique potential of the nanoporous film structure provides a carrier
for antibacterial elements filling, successfully creating metal materials with antibacterial
properties. In comparison to ion implantation surface modification, anodizing provides
a deeper depth for the deposition of antibacterial elements [17], revealing its enormous
potential for application in the preparation of special performance stainless steels.

In this study, the 304 stainless steels were selected as the substrate, one of the most
widely used stainless steel brands in the medical device and food industry, and antibacterial
stainless steel was successfully prepared using the anodizing and electrodeposition meth-
ods. By optimizing the processing technology, we obtained a novel antibacterial stainless
steel with excellent antibacterial and corrosion resistance based on low production costs.
Therefore, this study provides a new perspective for the preparation of novel antibacterial
stainless steel.

2. Material and Methods
2.1. Materials Preparation

Commercial 304 austenitic stainless steel (0.04% C, 1.02% Mn, 0.03% P, 0.01% S,
0.44% Si, 18.4% Cr, 7.93% Ni) (2 cm X 2 cm X 1 mm) (Zhejiang Qingshan Iron and Steel
Co. Ltd, Lishui, China) was used as the substrate. The stainless steel samples were me-
chanically polished then cleaned in an ultrasonic cleaner (PS-1204, JieKang Ultrasonic
Equipment Co., Ltd, Dongguan, China.) after the degreasing treatment (50 g/L NaOH,
40 g/L NayCOs3, 30 g/L NapPOy, 5 g/L NaySiOs3) to ensure a clean surface. An electropol-
ishing was performed for samples in the electrolyte (600 mL/L H3POy4, 300 mL/L HpSOy,
50 mL/L glycerol, 5 mL/L saccharin) at 50 °C. The stainless steel sheet was used as the
anode, and the graphite sheet as the cathode, with a cathode-to-anode area ratio of 1.5:1
and an anode—cathode distance of 5 cm. The electrolyte was stirred using a magnetic stirrer
(RCT basic, IKA, Staufen, Germany) at a stirring rate of 20 rpm. The electropolishing
was carried out for 5 min using a fully controlled DC stabilized power supply (MS1003D,
MaiSheng Power Technology Co., Ltd, Shenzhen, China) at a current density of 30 A/dm?.

2.2. Antibacterial Surface Modification

A mixed solution of phosphoric acid (H3POy) and ethylene glycol (EG) was used
as the electrolyte for anodization. Pre-treated stainless steel samples were placed in the
electrolytic cell, with the samples serving as the anode, and graphite serving as the cathode.
The cathode-to-anode area ratio was maintained at 1.5:1, and the cathode—anode distance
was set as 5 cm. Anodization was conducted at 0 °C, with an applied voltage of 15 V
for 1 h. The antibacterial film containing silver was further prepared by electrochemical
deposition using anodic oxidation film of stainless steel as carrier. The alternating current
deposition was conducted using a voltage-controlled mode, with the addition of MgSO, as
an auxiliary during the deposition process [18]. The process parameters for the electrolyte
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are as follows: the electrolyte consisted of 2 g/L of silver nitrate, 20 g/L of sulfuric acid,
and 12 g/L of magnesium sulfate, with the temperature controlled at 25 °C.

2.3. Surface Microstructure Characterization

The surface microstructure of the stainless steel samples with the anodized oxide
film and antibacterial layer were observed by field emission scanning electron microscope
(SEM) (Sirion200, FEIL, Hillsboro, OR, USA). The X-ray photoelectron spectroscopy (XPS)
(K-Alpha+, Thermo Fisher Scientific, Waltham, MA, USA) was used to determine the
elemental composition and chemical states of surface films on the stainless steel. During
XPS analysis, the surface of the antibacterial film was etched at 0.25 nm/s by argon ion
sputtering, and the elements in different positions in the film were quantitatively and
chemically analyzed by the atomic sensitivity factor method.

2.4. Wear Resistance Tests

The wear resistance of the antibacterial layer on the stainless steel surface was assessed
using the rubber eraser abrasion tester (DDC-NM290, Dongguan Zhongyi Chuangtian
Instrument Equipment Co., Ltd, Dongguan, China.), with untreated stainless steel samples
as the control. The rubber wheel used in this study has a shore hardness of 60 degrees
(60 HA) and the test stroke is 10 mm, and one round trip is one cycle. The tester was set at
a speed of 50 rpm, and the surfaces were worn with a rubber eraser under a load of 49 N
for 1000 reciprocating abrasions. The weight loss was measured by a precision analytical
balance to calculate wear resistance.

2.5. Corrosion Resistance Evaluation

The ParStat4000 electrochemical workstation (Ametek, Inc, Berwyn, PA, USA) was
used to evaluate the corrosion resistance of the uncoated and coated stainless steel at
room temperature. A 3.5 wt% NaCl solution was utilized as the corrosive medium, and
a three-electrode cell was employed in which the stainless steel sample was the working
electrode, a platinum sheet electrode was the auxiliary electrode, and a saturated calomel
electrode (SCE) was the reference electrode. The coated samples with an exposed area
of 1 cm? were immersed in the corrosive medium for 30 min to stabilize the open-circuit
potential. Electrochemical impedance spectroscopy (EIS) plots were collected at a frequency
range of 10 mHz to 100 kHz. Potential polarization curves were obtained at a potential
range of —0.5 V to 0.5 V and a scanning rate of 1 mV/s to fully capture the electrochemical
behavior of the tested samples and maintain the validity of the Tafel region for accurate
corrosion parameter determination.

2.6. Antibacterial Performance Tests

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were selected as the test
bacterial strains to evaluate the antibacterial effect of the stainless steel surface according
to ISO 22196-2011 standard [19]. E. coli (CICC 10899) and S. aureus (CICC 10384) were
purchased from the China Center of Industrial Culture Collection (CICC). Untreated
stainless steel was used as the control group. A droplet of 0.4 mL bacterial solution
with a concentration of 2.5 x 10°~10 x 10° CFU/mL was placed on the surface of a
50 mm x 50 mm X 1 mm test piece and covered with polyethylene (PE) film. The samples
were incubated at 37 °C for 48 h, followed by colony counting. Each group was performed
in triplicate for statistical reliability.

2.7. Cell Activity Assay

Live/Dead Cell Staining: Normal Human Dermal Fibroblasts (NHDFs) were cultured
in a complete culture medium containing 10% fetal bovine serum and antibiotics (100 U/mL
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penicillin, 100 pg/mL streptomycin) at 37 °C in a 5% CO, humidified incubator. The
experimental group was treated with 100 pL of different concentrations of a new type of
antibacterial stainless steel (NASS) extract in the culture medium, whereas the positive
control group was treated with 100 uL culture medium containing DMSO. The cells were
cultured for 24 h. Subsequently, following the instructions of the Live/Dead Cell Imaging
Kit (C2015M, Beyotime, Shanghai, China), the culture medium was removed, and the
cells were washed once with PBS. Then, 100 puL of Calcein AM/PI detection working
solution was added to the cells, and they were incubated in the dark at 37 °C for 30 min.
Subsequently, images were captured using an inverted fluorescence microscope (IX83,
Olympus, Tokyo, Japan). Live cells emitted green fluorescence, while dead cells emitted
red fluorescence. Each group was performed in triplicate for statistical reliability.

MTT assay: After culturing NHDF cells in a 37 °C, 5% CO, humidified incubator for
24 h, different concentrations of a new antibacterial stainless steel (NASS) extract were
added to the experimental group. Subsequently, 100 uL of 0.5 mg/mL MTT solution
(CT0025, Leagene, Beijing, China) was added to each well after another 24 h of incubation.
The cells were further incubated at 37 °C in the dark for 4 h, following which the absorbance
at 490 nm (A490nm) was measured. Each group was conducted with 5 replicates to ensure
statistical reliability.

2.8. Statistical Analysis

Statistical data were analyzed using GraphPad Prism 8 software (v8.4.2), and the
significance was analyzed using the ordinary one-way ANOVA method. Significance was
denoted by letters, where the same letter indicates no significance, while different letters
indicate significant differences. All data were presented as mean & SD (n > 3).

3. Results and Discussion
3.1. Preparation and Characterization of Anodic Oxidation Layer on Stainless Steel

In order to obtain a uniformly ordered nanoporous oxide film, pre-treated stainless
steel samples were conducted using anodic oxidation. The research indicated that anodic
oxidation using phosphoric acid (H3POy) as an electrolyte can form dense and stable oxide
films on stainless steel, thereby improving its corrosion resistance. Additionally, ethylene
glycol (EG) as a solvent can protect the stainless steel surface to retard serious anodic
oxidation effects for enhanced corrosion resistance [15]. Therefore, a H3PO4-EG electrolyte
was used for anodic oxidation and the optimal conditions for anodic oxidation were studied
by adjusting the ratio of H3PO, and EG.

The results indicated that the ratio of H3PO,4 and EG affected anodic oxidation effects
on the surface of stainless steel (Figure 1). When the ratio of H3PO4:EG was 5:5, the
stainless steel surface formed closely packed small pores with an average pore diameter of
118 nm, exhibiting relatively regular polygonal shapes, poor orderliness, and continuous
pore phenomena. The average thickness of the membrane reached 2.5 um (Figure 1a,d,g).
At the ratio of H3PO4:EG was 3:7, the average pore diameter decreased to 105 nm, with
pores appearing as regular hexagons, demonstrating good orderliness and a more uniform
distribution. The membrane also exhibited the highest density, and the average thickness of
the membrane reached 2.5 um (Figure 1b,e,h). When the ratio of H3PO, decreased to 1:9 of
H3PO4:EG, the surface did not form a micro-nanopore structure but appeared as irregular
striped patterns, with an average membrane thickness of only 0.6 um (Figure 1c,i).
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Figure 1. The effects of electrolyte with different phosphoric acid contents on the anodization of
stainless steel. (a—c) Surface morphology of stainless steel after anodization; (d—f) Relationship curve
between anodization current density and time. The red line in (d,e) represents the fitted curve.
(g-i) Cross-sectional morphology of stainless steel after anodization. * in (h) represents the top and
bottom positions used to measure the EDS spectrum of the anodized stainless steel film.

When the ratio of H3POy to EG is 5:5 and 3.7, the current density versus time curve
shows a significant inflection point, initially decreasing linearly due to the formation of a
barrier layer. As the reaction progresses, the barrier layer gradually dissolves, leading to the
formation of a porous film structure on the stainless steel surface. At this point, the current
density stabilizes or tends to slowly increase. Since the current density is higher at a ratio of
5:5, the reaction is more intense, resulting in nanopore structures with slightly larger pore
sizes compared to a ratio of 3:7, with a more disordered pore distribution. Additionally,
due to the higher current density, more heat is released during the reaction, intensifying the
dissolution process and resulting in shallower pores. When the ratio is 1:9, it is speculated that
the current density is too low to enable the formation of nanopore structures on the surface
(Figure 1f). Therefore, in order to achieve the optimal effect of anodized porous membrane-
loaded antibacterial agents, an electrolyte with a ratio of H3PO4:EG of 3:7 was used.

Surface analysis was performed using an energy-dispersive spectrometer (EDS) at-
tached to Sirion200 SEM to investigate the chemical composition of the stainless steel
anodic oxidation film (Figure 2). EDS line scan spectra revealed that the oxygen content
at the top of the oxide film was significantly higher than in the base material, while the
content of metal elements such as Fe, Cr, and Ni was noticeably lower in the oxide film.
Particularly, the Fe content exhibited the most significant decrease (Figure 2a—c and Table
51). These results indicated that the nanoporous anodic oxidation film formed by anodic
oxidation on the stainless steel surface was mainly composed of oxides of Fe, Cr, and Ni,
in which oxides of Fe were dominated. These findings aligned with the mechanism of
stainless steel surface anodic oxidation [20].
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Figure 2. EDS spectrum and XPS spectrum of stainless steel anodized film. EDS spectra of the top (a),
bottom (b), and section line scan (c) of the anodic oxide film. The yellow line in (c) represents the
scanning line for EDS monitoring. (d—f) XPS spectrum of anodized stainless steel film. The black
points represent raw data from XPS measurement, and the red lines represent the fitting data for
XPS analysis.

XPS was performed to clarify the chemical states of O, Fe, Cr, and Ni in the oxide
film, as shown in Figure 2d—f. Fe 2p 3/2 can be distinguished to four peaks at 706.7 eV,
707.10 eV, 709.60 eV, and 711.50 eV, which, respectively, represent combined states of Fe in
FeO, metallic Fe, Fe;O3, and FeOOH after deconvolution (Figure 2d) [21,22]. In addition,
four deconvoluted peaks are also dissociated in the Fe 2p 1/2 peak. Relatively, Cr 2p 3/2
can be divided into peaks at 573.4 eV, 575.5 eV, and 576.7 eV, which relate to Cr, Cr,0O3,
and Cr(OH), (Figure 2e). According to Ni 2p, Ni 2p predominantly existed in the forms
of metallic Ni and NiO (Figure 2f) [23,24]. These findings suggested that the porous film
formed on the surface after the anodic oxidation of stainless steel was primarily composed
of hydroxides.

While anodic oxide films of stainless steel have been prepared by different techniques,
many researchers have also studied the formation mechanism of the nanoporous film
structure during the anodic oxidation process [11,25,26]. In this study, it was found that in
the anodizing process of stainless steel, the curve of current density with time decreased
rapidly at the initial stage of the reaction, and then gradually stabilized after falling to the
minimum value, and only fluctuated in a small range (Figure 3).

The surface anodic oxide film of stainless steel was formed at the interface between
the electrolyte and the stainless steel substrate, where O~ and OH™ migrated from the elec-
trolyte to the interface, while metal ions such as Fe2* /Fe3*, Cr3* /Cr*, and Ni* migrated
from the substrate to the interface. The porous film formed on the surface of stainless steel
after anodizing is mainly composed of hydroxides such as FefOOH, Cr(OH)3, NiOOH, and
metal oxides such as Fe;O3, Cr,O3, and NiO. It can be inferred that the following reactions
occurred at the anode:

2H,0 — Oy + 4H" + 4e™

Cr** + 30H™ = Cr(OH);
xM (Fe, Cr, Ni) + 02 — MxOy(Fe203, F8304, Cr203, CI‘O3, NiO)
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Figure 3. Schematic illustration of the structural changes in the porous film on the surface of stainless
steel. The yellow arrows represent the ion migration tracks, and the red curve represents the variation
of current density as a function of anodization time. I, II, IIT and IV represent the anodization
stage, respectively.

As shown in Figure 3, the formation mechanism of the porous film on the surface of
stainless steel can be roughly divided into four stages.

(I)  During the anodizing process under constant voltage, a dense and uniform oxide film,
also known as the barrier layer, was rapidly formed on the surface of the stainless
steel. At this stage, the current density rapidly decreased.

(I) The uneven oxide film on stainless steel caused the change in surface roughness, and
the electric field distribution became extremely disordered. Local electric field concen-
tration occurred at the depressions in the oxide layer, resulting in accelerated dissolu-
tion of the oxide film and the formation of a large number of nanoscale micropores.

(II) When the formation rate at the film bottom was balanced with the dissolution rate
at the film top, the growth of the porous layer entered a stable stage. At this stage,
the porous layer exhibited a uniformly distributed pore structure, and the current
density stabilized.

(IV) With further extension of time, the balance between the dissolution and the formation
of the oxide layer was disrupted. At this stage, the dissolution rate at the edge of
the pores increased, exceeding the rate of formation of the bottom oxide layer. The
nanoporous structure began to dissolve, resulting in a reduction in depth. At the
same time, pore edge collapse occurred in some areas, and the nanostructures began
to be destroyed.

Nanoporous structures were prepared on the surface of stainless steel by anodizing,
and the pore size and depth could be controlled by the process parameters, thus providing
a carrier and space for the filling antibacterial elements, which was a novel method for
preparing surface-modified antibacterial stainless steel [17]. Although nanoporous oxide
films with ideal thickness and excellent properties have been prepared through anodic
oxidation, the commonly used oxidation processes were sulfuric acid—chromic acid or phos-
phoric acid—chromic acid systems [11]. This type of electrolyte system largely produced
hexavalent chromium ions, posing severe risks to human health and causing persistent
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environmental pollution [27-30]. Studies have shown that an appropriate amount of triva-
lent chromium not only is not harmful to human health but also has immune-enhancing
functions, and is therefore present in many food and supplement products [31-33].

This study innovatively selected an H3PO4-EG electrolyte system to prepare an anodic
oxide film on stainless steel, which mainly consisted of hydroxides such as FefOOH and
Cr(OH)3, and oxides such as Fe;O3 and CryO3, with chromium existing in the form of
trivalent chromium ions (Figure 2d—f). Therefore, the electrolyte system in this study was
more environmentally friendly compared to conventional electrolyte systems.

3.2. Preparation and Characterization of Ag Antibacterial Layer on Stainless Steel

In order to enhance the adhesion of the metal coating, an Ag-containing antibacterial
layer was prepared on the surface of anodized stainless steel using the alternating current
deposition method. In comparison to direct current deposition, the pulse interval during
alternating current deposition constrained the extent of crystal growth, thereby reducing
the possibility of forming large coarse crystals. It is important to note that the deposition
time should not be too short or too long, as either scenario may result in antibacterial
particles not being fully embedded within the porous film or give rise to severe corrosion
on the surface of the stainless steel (Figure 4a—d).

Figure 4. The morphologies of Ag-containing antibacterial layer on stainless steel surface. (a-d) Ap-

pearance of stainless steel samples after electrodeposition at different voltages. (e~h) The cross-section
morphologies and (i-1’) the surface morphologies were observed by SEM. (i’-1') is the magnification
of the yellow box in (i-1), respectively. The deposition time was 2 min and the deposition voltages
were3V,5V,7V, and 10V, respectively.
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The effect of different deposition voltages on the microstructure of the antibacterial
layer was studied under the deposition time of 2 min (Figure 4e-1'). The results indicated
that under an alternating current voltage of 3 V, the porous layer was covered with a
uniformly thick deposition layer of approximately 2.09 pm (Figure 4e). However, the filling
degree within the porous layer varied, and local areas exhibited particle aggregation, as
indicated by the arrows (Figure 4i,i'). The thickness of the deposited layer on the stainless
steel surface exhibited a certain degree of thinning relative to the thickness of the porous
film after anodic oxidation. This is because during the initial stage of AC electric deposition,
the reduction reaction of hydrogen ions caused a certain degree damage to the barrier layer
of the oxide film, resulting in a thinner barrier layer of the oxide film. When the voltage
was increased to 5V, the density and uniformity of the deposition layer improved along
with the deposited material filling the porous structure, resulting in a thickness increase
to approximately 3.75 um, and the microporous structure on the stainless steel anodized
film nearly disappeared (Figure 4fj,j’). Although the barrier layer initially experienced
a certain degree of thinning, following the decrease in thickness of the barrier layer, the
deposition reaction of Ag accelerated. Under higher voltage, it continuously reduced and
deposited onto the stainless steel surface, resulting in a uniformly increasing thickness of
the deposited layer. When the voltage was 7 V, the surface of the deposition layer displayed
noticeable unevenness and defects, with numerous irregular small micropores, as indicated
by the arrows, and the thickness decreased to 2.14 um (Figure 4g k,k’). Under a voltage
of 10 V, severe corrosion occurred on the antibacterial stainless steel surface, with large
areas of the antibacterial layer peeling off, rendering it difficult to obtain a smooth surface,
and the antibacterial layer essentially disappeared (Figure 4h,1,'). These results indicated
that excessively high voltage caused the antibacterial ions to be reduced too quickly on the
stainless steel surface, leading to local peeling or breakdown of the deposition layer, thus
affecting the integrity and stability of the antibacterial layer.

The elemental composition and chemical state of the antibacterial film on the stainless
steel surface were further analyzed (Figure 5). The XRD spectra showed that in addition to
the basic elements O, Cr, Fe, and Ni of the stainless steel porous oxide film, the antibacterial
film also contained a certain amount of Ag (Figure 5a,b). EDS spectra of cross-sectional line
scanning revealed a substantial increase in oxygen content relative to the matrix (Figure 5c),
which was consistent with the change in elemental content of the porous film carrier on the
surface of stainless steel, proving that the carrier was a porous film with metal oxides as its
main component. The content of the Ag element also increased to a certain extent compared
to the substrate (Figure 5d). Additionally, the XRD phase analysis of the antibacterial layer
indicated the presence of diffraction peaks with a relatively high content of Ag.
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Figure 5. Composition analysis of antibacterial film on stainless steel surface. (a) XRD spectrum
of antibacterial film surface; (b) Distribution of surface elements on antibacterial film; (c,d) EDS
spectrum of cross-sectional line scan of antibacterial film. The yellow lines represent the scanning
lines for EDS monitoring, the green line displays the distribution of O element, and the red line in
(d) displays the distribution of Ag element.

Figure 6 displayed the XPS results of Ag-containing antibacterial film on the stainless
steel surface. The Fe 2p spectrum is composed of Fe;O3; peaks and Fe-related satellite
peaks (Figure 6a). After 30 s of etching, the Fe-related satellite peaks disappear. The Fe
2p 3/2 spectrum can be dissociated into two peaks of Fe (713.9 eV) and Fe;O3 (709.6 V).
Whether or not it has been etched, the Cr 2p 3/2 spectrum displays two peaks at 576.80 eV
and 578.10 eV, representing Cr,O3 and Cr(OH); (Figure 6b). The Ag 3d spectrum showed
that the photoelectron peaks of 368.4 eV and 374.27 eV corresponded to Ag and AgyO,
and the Ag content at the bottom of the deposition layer was higher than that at the top
(Figure 6c), indicating that Ag existed in the form of elemental Ag and its oxide states, and
was deposited within the pores of the porous oxide film.
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Figure 6. XPS spectrum of Ag-containing antibacterial film on stainless steel surface. (a) Fe 2p3;
(b) Cr 2p3; (c) Ag 3d. The black points represent raw data from XPS measurement, and the red lines
represent the fitting data for XPS analysis.

3.3. Corrosion Resistance of the Stainless Steel

To assess the practical value of the stainless steel, the wear resistance and corrosion
resistance were tested. The results showed that no obvious scratches or spalling occurred
in all samples after 1000 reciprocating times, with minimal changes in both mass and color
(Table S2). It is proved that the stainless steel surfaces with Ag-containing films exhibit
excellent wear resistance.

Then, the corrosion resistance of the Ag-containing films stainless steel was studied
by electrochemical impedance spectroscopy (Figure 7). The Nyquist plot clearly showed
that the stainless steel with Ag-containing films had the largest impedance arc radius,
indicating the best corrosion protection of the film, while the anodized film exhibited the
worst corrosion resistance (Figure 7a). From a quantitative perspective, the Bode plot
(Figure 7b) showed that the impedance modulus of the stainless steel with Ag-containing
films in the low-frequency region (0.1-10 Hz) was significantly higher than the other
two samples. Furthermore, the introduction of Ag caused changes in the properties of the
anodized film, as compared to the anodized film without Ag (Figure 7c). As indicated by
the arrow in Figure 7c, the phase angle for Ag 5V 2min sample approaching 90° reflects
enhanced capacitive behavior, which suggests the formation of a dense and stable passive
film, effectively insulating the surface and providing strong protection against corrosion.

The potentiodynamic polarization curves of the stainless steel with Ag-containing
films in the corrosive medium are shown in Figure 7d. The ordinate of the intersection
points of the anodic and cathodic branches was the corrosion potential (Ecorr), reflecting the
ease of corrosion reactions in the samples. A higher E.; indicates lower susceptibility to
corrosion [34]. The stainless steel sample deposited for 2 min had the highest self-corrosion
potential Ecorr (—0.051 V vs. SCE) in the corrosive medium, while the Ecorr of untreated
and solely anodized stainless steel was —0.101 V and —0.169 V, respectively. This indicates
that the stainless steel samples deposited for 2 min through electrochemical deposition had
the lowest propensity for spontaneous corrosion reactions, thus demonstrating superior
corrosion resistance.

To comprehensively evaluate its corrosion resistance, the self-corrosion current density
(Icorr) was determined by fitting Tafel plots (Table S4). A lower Ieorr indicates greater
stability of the sample in the corrosive environment. After anodizing, the I, value for
stainless steel increased, whereas deposition of Ag resulted in a significant decrease in I¢orr,
indicating that Ag deposition enhanced the corrosion resistance of the anodized stainless
steel surface. These results collectively suggested that anodization reduced the corrosion
resistance of stainless steel, while electrochemical deposition of Ag significantly enhanced
its corrosion resistance.
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Figure 7. AC impedance spectrum of antibacterial stainless steel at different deposition times.
(a) Nyquist; (b) Bode | Z1; (c) Bode-Phase; (d) polarization curves.

3.4. Antibacterial Properties and Biocompatibility of the Stainless Steel

The antibacterial properties of the new stainless steel were further studied. The results
showed that the stainless steel with the Ag-containing antibacterial layer exhibited excellent
antibacterial effects (Figure 8). In comparison with the specimens prepared at 3 V-2 min,
7 V-2 min, and 10 V-2 min, the stainless steel with the Ag-containing antibacterial film
prepared at 5 V-2 min demonstrated the best antibacterial performance, with an antibacterial
rate exceeding 99.9% against E. coli and 99.8% against S. aureus (Figure 8b,c). This aligns
with the observed surface microstructure of the Ag-containing antibacterial film, which
displayed corrosion.

The previous results showed that the Ag element in the antibacterial film existed in
the form of metallic Ag and AgO after deposition (Figure 6), with AgO having a strong
reduction potential. Based on the current antibacterial mechanisms of catalytic reaction,
it was speculated that silver oxide (AgO) can activate oxygen in air and water, gener-
ating reactive oxygen species (O%>~) and hydroxyl radicals (-OH). O?>~ exhibited strong
oxidation-reduction capability, while -OH was more chemically reactive (Figure 8d). After
being entered into bacterial cells, it can combine with the thiol groups in dehydrogenases,
hindering bacterial energy metabolism and placing them in a suppressed state, thereby
impeding bacterial proliferation and leading to bacterial death.
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Figure 8. The antibacterial properties of antibacterial stainless steel under different processes. (a) Typ-
ical colony counting pictures against E. coli and S. aureus. (b) Antibacterial rate against E. coli.
(c) Antibacterial rate against S. aureus. Different letters indicate significant differences between
groups. (d) Schematic diagram of antibacterial film killing bacteria on the surface of stainless steel.

The staining of live and dead cells of the new antibacterial stainless steel (NASS)
showed that the control group exhibited normal cell development, whereas the positive
control DMSO group showed extensive cell death with only a few cells surviving (Figure 9).
Interestingly, the new antibacterial stainless steel extracts prepared at 5 V-2 min were
co-cultured with NADH cells, the new antibacterial stainless steel extracts prepared at
5 V-2 min were co-cultured with NHDF cells, and the cells not only developed normally,
but also showed a significant decrease in dead cells, with a noticeable increase in cell density
compared to the control group (Figure 9a). It is noteworthy that the performance of the 100%
NASS group exceeded that of the 50% NASS group. Furthermore, MTT assay results further
confirmed that both the 50% NASS and 100% NASS groups exhibited higher cell viability
than the control group, with the cell viability even surpassing 100% (Figure 9b). These
results collectively demonstrated the excellent biocompatibility of the new antibacterial
stainless steel, suggesting promising applications in the medical device field.
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Figure 9. The new antibacterial stainless steel exhibited excellent biocompatibility. (a) Live/dead
staining of cell morphology after co-culture with the stainless steel extract for 24 h. Live cells were
stained as green, and dead cells were stained as red. (b) MTT assay used to measure the growth rate
of NHDEF cells. Control: negative control; DMSQO: positive control; NASS: New Antibacterial Stainless
Steel. n =5, different letters denote significant differences between the groups.

4. Conclusions

In conclusion, this study utilized 304 stainless steels as the substrate and selected
a more environmentally friendly system of phosphoric acid-ethylene glycol electrolytes.
Through optimized processing techniques of anodization and electrodeposition, a low-cost
antibacterial stainless steel with significantly improved antibacterial and corrosion-resistant
properties was prepared. Ag-containing film improved the Ecorr and decreased the Loy
of the stainless steel substrate, and exhibited a higher impedance modulus, revealing
enhanced corrosion resistance. Future work will include experiments in different media
with varying bacterial concentrations to further evaluate the long-term corrosion resistance
and antibacterial properties of the materials. Additionally, it demonstrated excellent
biocompatibility, making it a potential candidate for medical applications in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jfb16010019/s1. Table S1: Element content of different oxide
layers on stainless steel anodized film. Table S2: Weight of stainless steel before and after rubbing.
Table S3: Equivalent circuit component parameters of AC impedance spectrum. Table S4: Fitting
results of antibacterial stainless steel polarization curves under different deposition times.

Author Contributions: Conceptualization, Y.S., C.C. and J.B.; Data curation, Y.S., Y.J. and Y.W.
(Yongfeng Wang); Formal analysis, Y.S., Y.J., YW. (Yongfeng Wang), Q.D. and FX.; Funding ac-
quisition, FEX. and J.B.; Investigation, Y.S. and Y.J.; Validation Y.W. (Yan Wang); Methodology, Y.S.;
Project administration, ].B.; Resources, C.C.; Supervision, C.C. and ].B.; Writing—original draft, Y.S.,
YJ. and Y.W. (Yongfeng Wang); Writing—review and editing, Y.S., YW. (Yongfeng Wang), Q.D.,
C.W,, Y.W. (Yan Wang), C.C. and ].B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Science and Technology Project of Jiangsu Province
(BE2023671), Suzhou Science and Technology Project (5]JC2023005), Nanjing Science and Technology
Project (202309015).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Dataset available on request from the authors.

241



J. Funct. Biomater. 2025, 16, 19

Acknowledgments: We are very grateful for the help provided by Guanzhen Li, Dongfang Chen,
Kun Qian, and Jiaqi Zhao in writing the manuscript.

Conflicts of Interest: The authors declare no conflicts interests.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Erfani, A.; Pirouzifard, M.K,; Pirsa, S. Photochromic biodegradable film based on polyvinyl alcohol modified with silver chloride
nanoparticles and spirulina; investigation of physicochemical, antimicrobial and optical properties. Food Chem. 2023, 411, 135459.
[CrossRef]

Kaplan, M.A.; Gorbenko, A.D.; Ivannikov, A.Y.; Kartabaeva, B.B.; Konushkin, S.V.; Demin, K.Y.; Baikin, A.S.; Sergienko, K.V.;
Nasakina, E.O.; Bannykh, 1.O.; et al. Investigation of Antibacterial Properties of Corrosion-Resistant 316L Steel Alloyed with 0.2
wt.% and 0.5 wt.% Ag. Materials 2022, 16, 319. [CrossRef] [PubMed]

Li, J; Guo, S.; Zhao, G.; Li, H.; Ma, L.; Li, Y. Research on Stamping Formability and Microstructure of Copper-Containing
Antibacterial Stainless Steel. . Mater. Eng. Perform. 2023, 32, 10265-10274. [CrossRef]

Zhang, YM.; Qin, K,; Du, Q.P; Huang, ].Q.; Shuai, G.G.; Jie, X.H. Study on Antibacterial Properties of SUSXM7 Cu- Bearing
Austenitic Stainless Steel. Adv. Mater. Res. 2013, 652—654, 997-1001. [CrossRef]

Di Cerbo, A.; Mescola, A.; Rosace, G.; Stocchi, R.; Rossi, G.; Alessandrini, A.; Preziuso, S.; Scarano, A.; Rea, S.; Loschi, A.R.;
et al. Antibacterial Effect of Stainless Steel Surfaces Treated with a Nanotechnological Coating Approved for Food Contact.
Microorganisms 2021, 9, 248. [CrossRef]

Qing, Y.; Li, K; Li, D.; Qin, Y. Antibacterial effects of silver incorporated zeolite coatings on 3D printed porous stainless steels.
Mater. Sci. Eng. C 2020, 108, 110430. [CrossRef]

Qin, H.; Cao, H,; Zhao, Y;; Jin, G.; Cheng, M.; Wang, ] ; Jiang, Y.; An, Z.; Zhang, X.; Liu, X. Antimicrobial and Osteogenic Properties
of Silver-Ion-Implanted Stainless Steel. ACS Appl. Mater. Interfaces 2015, 7, 10785-10794. [CrossRef]

Ni, H-W,; Zhang, H.-S.; Chen, R.-S.; Zhan, W.-T.; Huo, K.-F,; Zuo, Z.-Y. Antibacterial properties and corrosion resistance of AISI
420 stainless steels implanted by silver and copper ions. Int. ]. Miner. Met. Mater. 2012, 19, 322-327. [CrossRef]

Elangovan, T.; Balasankar, A.; Arokiyaraj, S.; Rajagopalan, R.; George, R.P.; Oh, T.H.; Kuppusami, P.; Ramasundaram, S.
Highly Durable Antimicrobial Tantalum Nitride/Copper Coatings on Stainless Steel Deposited by Pulsed Magnetron Sputtering.
Micromachines 2022, 13, 1411. [CrossRef] [PubMed]

Wang, L.; Zhang, F; Fong, A.; Lai, K.; Shum, P.; Zhou, Z.; Gao, Z.; Fu, T. Effects of silver segregation on sputter deposited
antibacterial silver-containing diamond-like carbon films. Thin Solid Film. 2018, 650, 58—64. [CrossRef]

Asoh, H.; Nakatani, M.; Ono, S. Fabrication of thick nanoporous oxide films on stainless steel via DC anodization and subsequent
biofunctionalization. Surf. Coat. Technol. 2016, 307, 441-451. [CrossRef]

Isa, N.N.C.; Mohd, Y.; Mohamad, S.A.S.; Zaki, M.H.M. Antibacterial activity of copper coating electrodeposited on 304 stainless
steel substrate. In Proceedings of the Advanced Materials for Sustainability and Growth: Proceedings of The 3rd Advanced
Materials Conference 2016 (3rd AMC 2016), Langkawi, Malaysia, 28-29 November 2016; Volume 1901, p. 020009.

Zanca, C.; Carbone, S.; Patella, B.; Lopresti, F; Aiello, G.; Brucato, V.; Pavia, EC.; La Carrubba, V.; Inguanta, R. Composite
Coatings of Chitosan and Silver Nanoparticles Obtained by Galvanic Deposition for Orthopedic Implants. Polymers 2022, 14,
3915. [CrossRef] [PubMed]

Liu, S,; Tian, J.; Zhang, W. Fabrication and application of nanoporous anodic aluminum oxide: A review. Nanotechnology 2021, 32,
222001. [CrossRef]

Hassan, A.; Ali, G.; Park, Y].; Hussain, A.; Cho, S.O. Formation of a self-organized nanoporous structure with open-top
morphology on 304L austenitic stainless steel. Nanotechnology 2020, 31, 315603. [CrossRef] [PubMed]

Lee, J.; Wooh, S.; Choi, C.-H. Fluorocarbon lubricant impregnated nanoporous oxide for omnicorrosion-resistant stainless steel. J.
Colloid Interface Sci. 2020, 558, 301-309. [CrossRef] [PubMed]

Lilja, M.; Sorensen, J.H.; Brohede, U.; Astrand, M.; Procter, P; Arnoldi, J.; Steckel, H.; Stremme, M. Drug loading and release of
Tobramycin from hydroxyapatite coated fixation pins. J. Mater. Sci. Mater. Med. 2013, 24, 2265-2274. [CrossRef] [PubMed]
Mohanty, U.S.; Tripathy, B.C.; Singh, P.; Keshavarz, A.; Iglauer, S. Roles of organic and inorganic additives on the surface quality,
morphology, and polarization behavior during nickel electrodeposition from various baths: A review. J. Appl. Electrochem. 2019,
49, 847-870. [CrossRef]

ISO 22196-2011; Measurement of Antibacterial Activity on Plastics and Other Non-Porous Surfaces. International Organization
for Standardization (ISO): Geneva, Switzerland, 2011; ISO/TC 61/SC 6.

Kuzin, A.V,; Gorichev, I.G.; Lainer, Y.A. Stimulating effect of phosphate ions on the dissolution kinetics of iron oxides in an acidic
medium. Russ. Metall. 2013, 2013, 652—657. [CrossRef]

Erdogan, Y.K.; Ercan, B. Anodized Nanostructured 316L Stainless Steel Enhances Osteoblast Functions and Exhibits Anti-Fouling
Properties. ACS Biomater. Sci. Eng. 2023, 9, 693-704. [CrossRef] [PubMed]

242



J. Funct. Biomater. 2025, 16, 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Zhao, ].; Zhai, Z.; Sun, D.; Yang, C.; Zhang, X.; Huang, N.; Jiang, X.; Yang, K. Antibacterial durability and biocompatibility
of antibacterial-passivated 316L stainless steel in simulated physiological environment. Mater. Sci. Eng. C 2019, 100, 396—410.
[CrossRef]

Mazinanian, N.; Hedberg, Y.S. Metal Release Mechanisms for Passive Stainless Steel in Citric Acid at Weakly Acidic pH. J.
Electrochem. Soc. 2016, 163, C686—C693. [CrossRef]

Schnippering, M.; Carrara, M.; Foelske, A.; Kotz, R.; Fermin, D.]. Electronic properties of Ag nanoparticle arrays. A Kelvin probe
and high resolution XPS study. Phys. Chem. Chem. Phys. 2007, 9, 725-730. [CrossRef]

Zhang, B.; Ni, H.; Chen, R.; Zhan, W.; Zhang, C.; Lei, R.; Zha, Y. A two-step anodic method to fabricate self-organised nanopore
arrays on stainless steel. Appl. Surf. Sci. 2015, 351, 1161-1168. [CrossRef]

Hakiki, N.E. Influence of surface roughness on the semiconducting properties of oxide films formed on 304 stainless steel. ]. Appl.
Electrochem. 2008, 38, 679—687. [CrossRef]

Sharma, P; Singh, S.P; Parakh, S.K.; Tong, Y.W. Health hazards of hexavalent chromium (Cr (VI)) and its microbial reduction.
Bioengineered 2022, 13, 4923-4938. [CrossRef] [PubMed]

Liang, J.; Huang, X,; Yan, J.; Li, Y;; Zhao, Z,; Liu, Y.; Ye, J.; Wei, Y. A review of the formation of Cr(VI) via Cr(III) oxidation in soils
and groundwater. Sci. Total. Environ. 2021, 774, 145762. [CrossRef]

Moffat, I.; Martinova, N.; Seidel, C.; Thompson, C.M. Hexavalent chromium in drinking water. J. Am. Water Works Assoc. 2018,
110, E22-E35. [CrossRef]

Sivapirakasam, S.P.; Mohan, S.; Kumar, M.C.S.; Paul, A.T.; Surianarayanan, M. Control of exposure to hexavalent chromium
concentration in shielded metal arc welding fumes by nano-coating of electrodes. Int. ]. Occup. Environ. Health 2017, 23, 128-142.
[CrossRef] [PubMed]

Henriksen, C.; Biigel, S. Chromium—A scoping review for Nordic Nutrition Recommendations 2023. Food Nutr. Res. 2023, 67,
10325. [CrossRef]

Hassouna, S.S.; Sheta, E.; Zaki, I.; Harby, S.A.; Allam, E.A. Trivalent chromium supplementation ameliorates adjuvant induced
rheumatoid arthritis through up-regulation of FOXP3 and decrease in synovial Cathepsin G expression. Inflammopharmacology
2022, 30, 2181-2195. [CrossRef] [PubMed]

DesMarias, T.L.; Costa, M. Mechanisms of Chromium-Induced Toxicity. Curr. Opin. Toxicol 2019, 14, 1-7. [CrossRef]

Fabbricino, M.; Korshin, G.V. Changes of the corrosion potential of iron in stagnation and flow conditions and their relationship
with metal release. Water Res. 2014, 62, 136-146. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

243



Journal of

Z
Functional Biomaterials ml\D\Py

Article
In Vitro Bacterial Growth on Titanium Surfaces Treated with
Nanosized Hydroxyapatite

Maria Holmstrém *, Sonia Esko 2, Karin Danielsson ! and Per Kjellin !

Promimic AB, Entreprenorsstraket 10, 431 53 Molndal, Sweden; per.kjellin@promimic.com (PX.)
Department of Applied Chemistry, Chalmers University of Technology, 412 96 Géteborg, Sweden
Correspondence: maria.holmstrom@promimic.com

2

*

Abstract: Bacterial growth on implant surfaces poses a significant obstacle to the long-term
success of dental and orthopedic implants. There is a need for implants that promote
osseointegration while at the same time decreasing or preventing bacterial growth. In this
study, the existing methods for the measurement of bacterial biofilms were adapted so that
they were suitable for measuring the bacterial growth on implant surfaces. Two different
strains of bacteria, Pseudomonas aeruginosa and Staphylococcus epidermidis, were used, and the
in vitro effect of bacterial growth on titanium surfaces coated with an ultrathin (20-40 nm
thick) layer of nanosized hydroxyapatite (nHA) was investigated. After 2 h of biofilm
growth, there was a 33% reduction in both S. epidermidis and P. aeruginosa bacteria on nHA
compared to Ti. For a more mature 24 h biofilm, there was a 46% reduction in S. epidermidis
and a 43% reduction in P. aeruginosa on nHA compared to Ti. This shows that coating nHA
onto implants could be of benefit in reducing implant-related infections.

Keywords: nanosized hydroxyapatite; implant; surface coating; antibacterial; biofilm;
S. epidermidis; P. aeruginosa

1. Introduction

The use of dental and orthopedic implants is steadily increasing. A highly undesirable
phenomenon in implant surgery is infection at the implantation site. Surgical site infections
are troublesome, with increased patient morbidity and mortality, longer hospital stays and
increased healthcare costs. The treatment is even more demanding in relation to implants
and can, in the worst case, lead to implant rejection. Infections may be classified as either
early-onset or late-onset, but the border between these phases varies in the literature, with
anywhere from 30 days to 2 years post-surgery being classified as a late infection [1-7].

Bacterial strains that are known to cause infections in orthopedic implant surgery
include coagulase-negative staphylococci such as S. epidermidis, S. aureus, streptococci,
P. aeruginosa, E. coli, enterococci, Cutibacterium species and Enterobacter species [4-6,8,9].
Early infections often arise due to direct inoculation during surgery, whereas late-onset
infections occur via hematogenous spread [6,8]. Generally, early infections are caused by
more virulent bacterial strains, whereas late infections are due to less virulent strains [7,8].

The risk of human staphylococcal infection has been shown to be more than 10,000-fold
increased in the presence of a foreign body [10], and in a guinea pig infection model, an
inoculum of S. aureus of as little as 100 Colony Forming Units (CFUs) in the presence of
subcutaneous implants was found to cause an infection, whereas 108 CFUs could be cleared
by the immune system without signs of infection in the absence of a foreign body [11].
A lowered bacterial number causing infections in the presence of implants has also been
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observed in other animal infection models, as well as in patients [12-15]. This may be due to
several factors, in addition to the immune response and frustrated phagocytosis associated
with implants. Biofilm bacteria can alter the immune response to evade elimination using
quorum-sensing molecules [16]. Staphylococcal biofilms have been shown to drive the
immune response into an anti-inflammatory and fibrotic response and alter both neutrophil
and macrophage function [16-19]. The immune response also alters depending on the
implant topography and the bacterial species present [20].

Infection rates depend on patient factors, surgery procedures and hygiene routines [21],
as well as the implant design [22]. Antibiotic treatment, both systemic and local, is one strat-
egy for reducing infection rates. Another approach is to modify the implant’s surface. One
can distinguish between two different types of methods for combatting bacterial growth
on an implant surface: bacteriostatic and bactericidal. Both approaches are commonly
used together. In the bacteriostatic approach, the surface prevents the growth of bacteria.
This can be achieved by creating superhydrophilicity [23] through surface topographical
changes and by applying antifouling coatings, such as polymer brushes [24]. A smoother
surface lowers the surface area and thereby decreases the amount of attachment points
for the bacteria [25]. This method is used for external fixation pins [26] and dental abut-
ments [22]. However, in patients, many factors influence the risk of implant infections,
and significant differences between smooth, moderately rough and rough surfaces when it
comes to biofilm formation and peri-implantitis are not always observed [27,28].

The bactericidal approach involves modifying the implant’s surface to kill bacteria.
Noble metal coatings [29,30], coatings containing antibiotics [31] and hydrogels [32] have
been successfully used to induce a bactericidal effect, as has the use of quaternary ammo-
nium compounds [33] and nanopatterning of surfaces, such as creating nano-pillars and
nano-pores [34].

Apart from infection, insufficient bone-to-implant integration is another factor that
increases the failure rate of dental and orthopedic implants, and to improve the integration,
the properties of the implant surface are of vital importance. Factors such as micro-
roughness, nano-roughness, chemical composition and physical and mechanical factors all
affect osseointegration [35]. However, the factors that are known to affect osseointegration
are often similar to the properties that affect bacterial growth, especially regarding surface
texturing techniques. Making an implant surface rougher through blasting and/or acid
etching is known to promote osseointegration, but it also provides a great substrate for
bacterial growth. Conversely, a polished smooth surface that displays a low bacterial
growth rate often has poor osseointegration. Ideally, an implant surface should display fast
osseointegration and also have antibacterial properties, and the challenge is naturally to
combine these properties.

Hydroxyapatite (HA) coatings are well known to improve implant osseointegra-
tion [36,37]. Thick (>50 um) plasma-sprayed HA was introduced on orthopedic implants
in the 1980s, with a significant effect on implant integration. In later years, some concerns
were raised about the clinical problems with thick HA coatings, such as delamination
and wear [38,39], and it was suggested that thinner coatings may be better in stimulating
osseointegration without these risks. Implant treatment using ultrathin coatings of nHA
is known to have a significant effect on osseointegration [40—42], even in compromised
bone [43,44]. However, the effect of bacterial growth on nHA is not well studied.

There are many different ways to study bacterial biofilm growth, including static and
flow cell models, culturing and microscopy studies. For the sake of simplicity, surface-
coated discs are often coated on one side and placed in well plates or flasks for biofilm
growth; then, biofilm removal is performed using ultrasound treatment. However, for this
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procedure, the question arises of what is growing on the non-coated part of the disc. This
may pose a problem, and coating both sides of the discs is not always a viable option.

The aim of the current study was, therefore, to refine the existing methods to investi-
gate bacterial growth on surfaces and to use this method to investigate the bacterial growth
on Ti substrates, with or without a coating of ultrathin (20-40 nm) nHA. The null hypothesis
was that there was no difference between Ti and nHA-coated Ti. For this purpose, a drop
method was used, placing a liquid drop containing bacteria onto discs for growth. In
addition, a well plate was created to press onto the Ti and nHA-modified Ti disc, only to
expose the top surfaces to bacteria. A bottom plate was placed below the Ti discs, and
everything was held together by screws. A bacterial count of 1x 10° or 50,000 CFU/mL
of S. epidermidis or P. aeruginosa was used and allowed to form 2 or 24 h biofilms before
biofilm removal and culturing.

2. Materials and Methods
2.1. Surface Preparation

Two types of Ti discs were used in this study: 1 cm & discs of Ti grade 4 and 2 cm
@ discs of Ti grade 2 (Kullbergs Mikroteknik AB, Lycke, Sweden). The larger diameter
was chosen to improve the statistics for the 24 h experiments; Ti grade 2 and grade 4 both
consist of Ti, with no difference in biological response, but grade 4 has a higher mechanical
strength. Both grades are frequently used for implants. All discs were ground using P400
grit sandpaper (Biltema, Partille, Sweden), ultrasonically cleaned for 10 min per step using
isopropanol (Fisher Scientific, Hampton, NH, USA, 99%), 1 M HNOj (Scharlau, Barcelona,
Spain, 65%), H,O type 1 and isopropanol. The 2 cm discs were also thermally cleaned for
5 min at 450 °C (Nabertherm, Lilienthal, Germany) to obtain a more homogenous nHA
layer. This procedure was performed for both the control discs and the discs to be coated
with nHA. Then, the discs were either used as Ti controls or surface treated with nHA. In
short, the nHA layer was applied through spin coating; an in-house synthesized coating
liquid containing nHA (40-80 pL) was applied to the surfaces, which were then placed on
a spin coater using a spin speed of 2500 rpm for 3 s and finally thermally treated at 450 °C.
A more thorough description of the coating procedure and coating liquid is provided in
reference [42].

2.2. Surface Characterization

Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) were
performed using a Zeiss FEG-SEM Sigma (Oberkochen, Germany) with Gemini optics and
equipped with EDX. Three discs were studied, and 3 EDX spectra were obtained for each
disc, giving a total of 9 spectra for each type of disc.

As presented below, 24 h bacterial biofilms were also studied using SEM. Before SEM
analysis, the biofilms were left overnight in 4% buffered paraformaldehyde (VWR, Radnor,
PA, USA) and then rinsed 3 times in phosphate-buffered saline (PBS) (Sigma Aldrich,
St. Louis, MO, USA, 0.01 M) before being subjected to a drying gradient of 50, 60, 70, 80, 90
and 100% ethanol (Fisher Scientific, Hampton, NH, USA, >99%) for 10 min per step. The
samples were then left in 50% hexamethyldisilazane (Thermo Fisher, Waltham, MA, USA,
98%) in ethanol for 20 min and finally left in 98% hexamethyldisilazane and allowed to
dry in ambient air. Before SEM analysis, the samples were gold-sputtered for 60 s, 10 mA
(Emitech K550X, Quorum, Laughton, UK), yielding a gold layer of 3 nm according to
the manufacturer.

To investigate the nHA layer thickness, an extremely smooth titanium-deposited (PVD
method) silicon wafer was coated with the nHA surface and studied in a transmission
electron microscope (TEM, FEI Tecnai T20, FEI, Hillsboro, OR, USA) in bright field mode at
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200 kV acceleration voltage. For the nHA sample to be analyzed using TEM, an electron-
transparent thin foil from the sample was prepared using a combined focused ion beam
and scanning electron microscope workstation (FEI Versa 3D). Over the region of interest,
a 3 x 12 pm Platinum layer of 2 um thickness was deposited first by using electron
beam deposition (2 kV) and then ion (Ga*) beam deposition (50 pA, 30 kV). Platinum
deposition occurred by scanning the electron or ion beam over the area of interest so that
secondary electrons interacted with and decomposed an organometallic precursor gas
that was injected into the chamber. Two trenches were subsequently milled out (5 nA,
30 kV) on both sides of the Pt layer. The sample was then tilted, and the foil was milled
loose on three sides (3 nA, 30 kV). A sharp (radius < 2 um) tungsten micromanipulator
needle (Omniprobe, Oxford Instruments, Abingdon, UK) was inserted into the chamber
and attached to the sample foil. The remaining side connecting the foil with the substrate
was milled off. The foil was then attached to a copper TEM half-grid by means of Platinum
deposition. The foil was then thinned to a thickness of less than 100 nm using decreasing
ion currents and acceleration voltages (from 0.5 nA, 30 kV down to 7.7 pA, 5 kV).

To evaluate the surface roughness, white light coherence scanning interferometry
was performed according to ISO 25178-604 [45] using a MicroXAM (ADE Phase Shift
Technology, Tuscon, AZ, USA) with a magnification of 50 x. Two discs from each substrate
were used, and for each disc, three areas were measured.

Static contact angle measurements were performed to investigate the wettability of
the samples. First, 5 pL. drops of type 1 water [46] (Elga LabWater, High Wycombe, UK,
18.2 MQ)-cm) were dropped onto the surfaces, either the Ti controls or nHA-coated Ti.
Photographs were obtained, and contact angles were determined manually using software
(Image], version 1.54 g Java 1.8.0_345 (64 bit)). Three drops were tested for each substrate,
with one drop per disc.

2.3. X-Ray Diffraction Analysis

A powder produced directly from the coating liquid was analyzed using powder XRD.
A Bruker D8 Discover was used (Billerica, MA, USA). The XRD analysis was performed
using Cu-K radiation (A = 1.5418 A) with a 20 between 20° and 60° (step size 0.020°) for a
total analysis time of 28 min. As a hydroxyapatite reference pattern, COD 96-900-2214 of
the Crystallographic Open Database was used.

2.4. Calcium Assay

A colorimetric calcium assay was performed to investigate the amount of calcium
ions on the nHA-coated surfaces, which, in turn, can be used to calculate the approximate
thickness of the nHA coating. First, 12 mm nHA-coated discs were dipped in 5 mL 0.01 M
HNO3 (Scharlau, Barcelona, Spain, 65%) for 5 min; this procedure dissolved all nHA
that was present on the disc. Then, 5 mL of a solution consisting of 60 uM Arsenazolll
(Sigma Aldrich, St. Louis, MO, USA) in 0.1 M Tris solution (Fisher Scientific, Hampton,
NH, USA) was added; this step increased the pH of the solution. The calcium-dye complex
turned purple-red, and its absorbance was immediately measured at 650 nm (Jenway
7315 Spectrophotometer, Cole-Parmer, Vernon Hills, IL, USA) and compared to a stan-
dard curve.

2.5. Bacterial Strains and Culture

S. epidermidis CCUG 39,508 and P. aeruginosa CCUG 56,489 were grown on Brain heart
infusion (BHI) agar (Fisher Scientific, Hampton, NH, USA) at 37 °C and then stored in a
fridge at 4 °C. These species were chosen as they are common Gram-positive and Gram-
negative species causing implant-associated infections. Colonies were then transferred to
BHI medium, cultured overnight at 37 °C to stationary phase, and used for 2 h biofilm
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experiments. For 24 h biofilms, overnight samples were immediately used if in mid-
logarithmic phase; otherwise, they were transferred to fresh BHI and re-cultured into
mid-exponential growth phase, corresponding to Absgyonm between 0.5 and 0.7 (Jenway
7315 Spectrophotometer). The time points 2 and 24 h were chosen in order to obtain one
early and one mature biofilm.

2.6. Biofilm Assay

The samples for 2 h biofilms were diluted to 1 x 10° bacteria/mL in BHI, and 80 uL
(80,000 bacteria) was added as a drop onto the top of 1 cm & discs and cultured for 2 h
at 37 °C in air before biofilm removal. The drop method enabled biofilm growth on
only the coated surface, but it had limitations on how long culturing was possible due to
drying effects.

For the 24 h biofilms, 9-well metal plates were created to culture biofilms on one side
of the discs only. The well plates consisted of a top part with holes to create the wells, into
which 2 cm Ti discs were fitted with a silicone O-ring. Below the discs, a silicone sheet was
fitted to maintain the liquid inside the wells, supported by a Teflon plate and a solid metal
bottom plate, all of which were held together by screws; see Figure 1. For these tests, 2 cm
discs were used instead of 1 cm to increase biofilm surface areas and statistical accuracy.

Figure 1. Assembled 9-well plate.

Log phase bacteria for 24 h studies were ultrasonically homogenized for 10 s at 20%
power (Bandelin Sonopuls, Probe MS72, Bandelin electronic GmBH & Co., Berlin, Germany)
and diluted to 50,000 bacteria/mL in BHI using a Biirker Tiirk counting chamber (Brand
GmbH, Wertheim, Germany) and an optical microscope (Zeiss Axioskop 40, Oberkochen,
Germany). A total of 1 mL bacterial solution was added to each disc and cultured for 24 h
at 37 °C in air.

After growth, the discs were rinsed in 1 mL PBS (0.01 M, Sigma Aldrich, St. Louis,
MO, USA). The 1 cm discs were transferred to 1 mL fresh PBS, and the 2 cm discs were
transferred to 2 mL PBS. For 24 h P. aeruginosa, the discs were pipetted 5 times to remove
visible biofilm from the discs. Then, all the discs were ultrasonicated for 5 min (Elmasonic S
80 H, 37 kHz, Elma Schmidbauer GmbH, Singen, Germany) for biofilm removal. Due to the
presence of visible bacterial aggregates, 24 h P. aeruginosa solutions were then ultrasonically
homogenized for 10 s at 20% power (Bandelin Sonopuls, Probe MS72, Bandelin electronic
GmBH & Co., Berlin, Germany) to dislodge the agglomerates. The bacterial solutions were
then serially diluted in PBS, and 7 x 10 uL drops per dilution were cultured on BHI agar
plates at 37 °C in air overnight, according to the drop plate method. Seventeen different
2 h triplicate biofilm experiments were performed, yielding an n-value of 51. For the 24 h
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biofilms, 8 experiments were performed in triplicates or quadruplicates, yielding an n-value
of 30.

2.7. Confocal Microscopy

The confocal microscope used was a ZEISS LSM 980 with Airyscan 2 (Oberkochen,
Germany). Samples were stained using LIVE/DEAD BacLight, kit L13152 (Invitrogen,
Waltham, MA, USA), with propidium iodide and Syto 9, prepared according to the man-
ufacturer. A total of 10 uL was added to each disc and incubated in the dark at room
temperature for 15 min before observation.

2.8. Statistical Analysis

A two-sided student’s t-test for unpaired samples of unequal variance was utilized for
statistical analysis. Any p-value below 0.05 was considered statistically significant.

3. Results
3.1. Surface Characterization

SEM images of the 1 and 2 cm discs of pure Ti and nHA-coated Ti are shown in
Figures 2 and 3. At 500 x magnification, both surfaces looked smooth, whereas at 40,000 x
magnification, the nHA-treated Ti was shown to be covered by a homogeneous layer of
HA crystals. The average crystal size was estimated from SEM imaging to be 100 4= 20 nm
in length and 6 &+ 2 nm wide.

This crystal size was in a similar range as previous studies [42,47]. A 12 mm nHA-
coated disc used for the calcium assay is seen in Figure 4, which shows the same nHA
crystals and similar coverage as the other discs.

Figure 2. SEM images of 1 cm Ti discs at 500 (left) and 40,000 (right) magnification. (A,B) Ti and
(C,D) nHA-coated Ti.
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Figure 3. SEM images of 2 cm Ti discs at 500 (left) and 40,000 (right) magnification. (A,B) Ti and
(C,D) nHA-coated Ti.

»d

R o ¥
Y (L
'\'1‘.'.\‘.!!\\5'1- L LR

Figure 4. SEM images of the nHA coating on discs used for the Ca assay, at 500x (A) and 40,000 x
(B) magnification.

The EDX data in Table 1 show that the elemental composition of nHA-treated Ti grade
4 contains 0.42% calcium and 0.32% phosphorus, in addition to titanium, oxygen and
carbon, whereas the grade 2 discs contained 0.25% calcium and 0.19% phosphorus. An
increase in oxygen content for the heat-treated discs was also observed; this effect is most
likely due to an increase in the TiO, layer thickness.

To confirm the presence of hydroxyapatite, an XRD analysis was performed, and the
resulting diffractogram was identified as hydroxyapatite (COD 96-900-2214). The broad
peaks in the diffractogram were a result of the small crystal size, as shown in Figure 5.
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Table 1. EDX analysis of Ti and nHA-coated Ti of grades 2 and 4 (atomic percent).

Element C (@) Ti Ca P
Ti grade 4 3.13 £ 0.23 12.90 4 0.45 83.97 + 0.61 - -
nHA, Ti grade 4 2.06 £ 0.25 28.09 4+ 1.09 69.11 4+ 1.58 0.42 +£0.15 0.32 £0.13
Ti grade 2 2.65 +0.13 25.61 + 1.41 71.74 + 1.46 - -
nHA, Ti grade 2 1.75 £ 0.19 30.09 + 1.25 67.72 +1.28 0.25 4+ 0.04 0.19 £+ 0.05
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Figure 5. XRD diffractogram confirming HA in the nHA coating. Red represents the tested nHA, and

black represents the reference peaks for HA.

The calcium assay was performed on eight discs, which gave an average calcium ion

content of 3.2 pg/cm?. With an HA molecular weight of 502.31 g/mol, this corresponds

to 8 ug HA/cm?. Assuming a solid layer and a density for HA of 3.15 g/cm?3, a rough

estimate of the layer thickness can be calculated. An HA content of 8 pg/cm? then yields a

thickness of 25 nm.

The Ca assay-calculated value was further investigated using TEM analysis of a cross-

section of the nHA layer. From this analysis, the nHA layer was determined to be 10-20 nm,

as shown in Figure 6.

Figure 6. TEM cross-sectional image of nHA coating at 800,000 x magnification showing a 10-20 nm

thick nHA layer.
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The values of the surface roughness measured using interferometry can be found in
Table 2. All surfaces had Sa values of 0.21-0.27, which are considered as smooth implant
surfaces, but Ti grade 2 was somewhat rougher than Ti grade 4 [48]. Sdr values for Ti
grade 2 were slightly higher than for Ti grade 4, indicating it contained finer features. The
summit density (Sds) was low for all surfaces, but nHA had marginally higher Sds for both
titanium grades, indicating the presence of somewhat more peaks per surface area.

Table 2. Surface roughness values of Ti and nHA-coated Ti of grades 2 and 4.

Substrate Sa (um) Sdr (%) Sds (1/um?)
Ti grade 4 0.23 £+ 0.04 6.20 + 1.96 0.20 £+ 0.02
nHA, Ti grade 4 0.21 £+ 0.05 5.29 £+ 1.06 0.26 £+ 0.03
Ti grade 2 0.25 + 0.04 751 +1.14 0.22 £+ 0.01
nHA, Ti grade 2 0.27 £+ 0.05 7.10 £+ 0.38 0.24 £+ 0.03

The contact angle measurements showed the nHA-coated Ti to be superhydrophilic
(contact angle < 10°), whereas the Ti controls were hydrophilic with a contact angle of
39 £ 0.5° for the 1 cm Ti discs (grade 4) and 53 £ 5.5° for the 2 cm Ti discs (grade 2); see
Figure 7.

Figure 7. Water contact angle of 1 cm & (A,C) and 2 cm @ (B,D) discs, control Ti (A,B) and nHA-coated
Ti (C,D) showing the superhydrophilicity of the nHA coating.

3.2. Confocal Laser Scanning Microscopy

Ultrasonic removal of bacteria from surfaces has shown superior results for biofilm
removal [49,50]; however, one concern in the present study was that bacterial removal
was insufficient, which would lead to measurement errors. If bacteria stick harder to
the nHA-treated surfaces compared to the Ti surfaces, fewer bacteria would then be
cultured, and hence, an erroneous, lower number of bacteria would be the result. Therefore,
Confocal Laser Scanning microscopy (CLSM) was performed to investigate the efficiency
of the ultrasonic removal of biofilms from the control Ti and nHA-coated Ti. Images were
obtained before and after ultrasound treatment for 5 min at 37 kHz. The control samples
that were not ultrasound-treated showed 24 h biofilms of S. epidermidis or P. aeruginosa
covering the substrates, as shown in Figures 8 and 9, where green bacteria were alive
and red bacteria were considered dead or membrane compromised. After the ultrasound
treatment, most bacteria were removed from both Ti and nHA. However, it was observed
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that slightly more bacteria were present on the ultrasound-treated nHA compared to Tij,
but most of the retained bacteria were dead and would thus not affect the culturing results.

Dead or compromised bacteria may have attached and deformed on the surface, and thus,
they were stuck harder to it.

Figure 8. CLSM images of 24 h biofilms of S. epidermidis. (A) shows Ti and no ultrasound treatment,
(B) shows Ti and 5 min ultrasound treatment, (C) shows nHA and no ultrasound treatment and
(D) shows nHA with 5 min ultrasound treatment. Green bacteria are alive, and red bacteria are dead.
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Figure 9. CLSM images of 24 h biofilms of P. aeruginosa. (A) shows Ti and no ultrasound treatment,
(B) shows Ti and 5 min ultrasound treatment, (C) shows nHA and no ultrasound treatment and
(D) shows nHA with 5 min ultrasound treatment. Green bacteria are alive, and red bacteria are dead.

3.3. Biofilm Assay

To investigate the potential action of nHA, both early and more mature biofilms were

studied using a biofilm assay. For the 2 h biofilms, a drop of bacteria was added to the top

surface of the Ti disc. This setup was performed to prevent any misleading results from
bacteria adhering to the sides and bottom of the discs that had no nHA treatment, as is the
case when placing discs in well plates and adding bacteria in the well.
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As can be seen in Figure 10, for both S. epidermidis and P. aeruginosa, there was a 33%
reduction in bacteria on the nHA-treated Ti compared to pure Ti (p = 0.007 for S. epidermidis
and p = 0.033 for P. aeruginosa).

*
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160,000
140,000
120,000 T
100,000 1

80,000

60,000

40,000 -
20,000 1
0 [ I ——

S. epidermidis P. aeruginosa

CFU/ml

BTi OnHA

Figure 10. For 2 h S. epidermidis biofilms, there was a statistically significant 33.1% reduction
(* p=0.007) in bacterial growth on nHA compared to Ti, whereas there was a 33.0% reduction
(** p = 0.033) for P. aeruginosa. Bars show the mean = the standard error of the mean.

Interestingly, S. epidermidis grew faster during the two hours than P. aeruginosa, re-
sulting in a rather large discrepancy in the final bacterial content, even though the same
number of bacteria was added at the start. After 24 h, the results were reversed, with more
P. aeruginosa than S. epidermidis biofilm bacteria. Studying the 24 h biofilms, there was a
statistically significant 45.5% reduction in S. epidermidis (p = 0.025), as shown in Figure 11,
and a 43.0% reduction in P. aeruginosa (p = 0.013), as shown in Figure 12.

4 x107 *
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Figure 11. For 24 h S. epidermidis biofilms, there was a statistically significant 44.5% reduction
(* p = 0.025) of bacterial growth on nHA compared to Ti. Bars show the mean =+ the standard error of
the mean.
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Figure 12. For 24 h P. aeruginosa biofilms, there was a statistically significant 43.0% reduction
(* p = 0.013) in bacterial growth on nHA compared to Ti. Bars show the mean =+ the standard error of
the mean.

3.4. SEM of Biofilms

SEM analysis was performed on 24 h biofilms. There were no visible differences in the
appearance of individual bacteria on pure Ti compared to nHA-treated Ti, and cell division
was observed for both S. epidermidis and P. aeruginosa; see Figures 13 and 14. A few lysed
bacteria were observed on the surfaces, although somewhat more lysed P. aeruginosa than
S. epidermidis were found. This could be due to their thinner cell wall being more affected
by the drying steps and the vacuum of the SEM. Since the bacteria, in general, did not
appear compromised, the nHA seemed to be bacteriostatic rather than bactericidal.

Figure 14. P. aeruginosa growth on Ti (A) and nHA-treated Ti (B) for 24 h, at 40,000 x magnification.
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4. Discussion

The surface characterization with SEM revealed nHA crystals to be homogeneously
distributed all over the Ti substrate. The cross-sectional analysis performed with TEM
showed an nHA layer thickness of 10-20 nm. However, as the TEM analysis was performed
on an extremely smooth Si wafer, the nHA layer was expected to be thicker on rougher
substrates, such as the ground Ti discs. The calculated value from the Ca assay on the discs
was 25 nm, and it could be estimated to be up to 40 nm depending on substrate roughness
and geometry. Two titanium grades were used in this study: Ti grade 2 and 4. Ti grade 2
was slightly rougher than Ti grade 1, and when coated with nHA, the summit density was
a bit higher, indicating the presence of slightly more peaks. As Ti grade 2 is softer than
grade 4, the results can be due to the grinding process using P400 paper. The nHA was
superhydrophilic, which has been shown to increase interactions with biological tissue and
subsequent osseointegration [51]; this would be of importance in a clinical setting.

In general, bulk HA is not regarded as an antibacterial material, but as the size of the
HA is decreased to the nano-region, properties change. Studies using HA nanoparticles in
the range of 19-200 nm demonstrated antibacterial effects against several bacterial species
in the planktonic phase or on agar plates, such as E. faecalis, E. coli, S. aureus, Bacillus sp.
and S. mutans [52-55]. Nanosized HA pressed into cylindrical samples and then sintered
showed antibacterial effects against S. epidermidis, S. aureus and P. aeruginosa, depending
on the sintering temperature [56]. Biofilm bacteria from pooled salivary samples showed
reduced growth in the presence of nHA rods coated on Ti [57]. These studies showed a
partial eradication of bacteria using nHA, with a bacterial elimination varying from 33 to
46%, depending on time and species. Interestingly, in this study the antibacterial effect was
similar for both Gram-positive and Gram-negative bacteria, which is essential in a clinical
setting where bacterial contamination may vary. As with all in vitro tests, the limitation is
whether this effect is also visible in vivo; however, using this nHA coating on implants has
the potential to reduce the number of infections related to implants.

In the literature, a vast array of different kinds of nHA is described, and some studies
also report an increase in bacterial growth. Although antimicrobial against planktonic C.
albicans after 24 h growth, an initial load of 1.5 x 108 CFU/mL of S. mutans and L. rhamnosus
increased in growth when HA nanoparticles were present [58]. It was hypothesized that a
large bacterial load crowded the surface and created a monolayer biofilm, to which new
bacteria that did not sense the surface effect could attach. It is, therefore, reasonable to
believe that a high bacterial load makes it difficult to distinguish the growth of bacteria in
the bulk from the growth on the surface of a substrate; therefore, the bacterial load was set
to a lower amount in the present study.

For in vitro studies, this lower bacterial load is more clinically relevant, as the poten-
tial number of contaminating bacteria during implantation surgery is often low. Implant
surgery should take place in ORs with ultraclean air, where there are <10 CFU/m3 [59];
270 CFUs attached to airborne particles have been estimated to fall onto a 250 cm? wound
area during hip replacement [60]. Another study investigating airborne particulate con-
taminations during 13 hip arthroplasties showed a total CFU count of 1786, with higher
numbers for longer surgery durations and higher staff counts [61]. In patients undergoing
orthopedic trauma surgery, cutting the skin after disinfection and swabbing the cut yielded
4-9000 CFUs, with a median of 8 [62]; in total knee arthroplasties, the mean bacterial con-
tamination level was 10.6 CFU/g [15]. A low initial bacterial load is also applied in many
animal infection models. A rabbit spinal implant infection model using MRSA showed
consistent local infection from 10% CFUs and higher. In a similar setup, E. coli consistently
produced infection using 10° CFUs. In rats, 10° S. aureus showed consistent infections in a
spinal model, whereas for dogs, it was 102 CFUs S. aureus [14].
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Intraoperative contamination during implant surgery is common, and the main
sources are the skin of patients and airborne particles from personnel. Even a low number
of bacteria adhering early to the implant may interfere with the bone healing process.
Both the antibacterial effect shown here and the ability of nHA to osseointegrate, even
in metabolically challenged patients [63], improve the odds for the immune system and
antibacterial therapy to eradicate potential bacteria and prevent infections.

Attempts to find out the antibacterial mechanism of hydroxyapatite have been made
for nanoparticles in solution. The most common proposed mechanism is the uptake of
particles by bacteria with subsequent disruption of DNA replication, formation of reactive
oxygen species and direct damage to cell membranes [64]. Another possible mechanism is
dissolved calcium and phosphate ions exerting an antibacterial effect [53,64], which causes
damage to the cell wall and altered permeability [65,66].

The dissolution of the nHA coating may be one explanation for the observed bacte-
riostatic effect, but the SEM analysis after 24 h showed no effect on the appearance of the
crystalline nHA layer. Even if the crystals were still visible, some dissolution on the surface
of the crystals could occur. However, given that the total amount of nHA was measured
to be around 8 ng/cm?, and TEM analysis showed the nHA layer to be 10-20 nm thick,
the amount of Ca and P from the surface dissolution of the crystals would be extremely
small. Therefore, a bacteriostatic effect resulting from Ca and P release is a less plausible
explanation. Superhydrophilicity may be another explanation, which is well known to
inhibit bacterial attachment [67], although a complete eradication of bacteria is not always
obtained [23]. Yet another factor is the surface charge. In physiological pH, HA is negatively
charged [68], and a possible mechanism would be that negatively charged bacteria are
repelled by the negatively charged HA surface. The mechanism of the antibacterial effect of
the nHA used in this study may depend on several factors and needs further investigation.

5. Conclusions

The coating used in this study showed nanosized HA crystals homogeneously spread
over a Ti substrate in a 20-40 nm thick layer, which was superhydrophilic. The nHA
layer showed a significant antibacterial effect, varying from 33% to 44.5% reduction, for
2 and 24 h biofilms, respectively, using S. epidermidis and P. aeruginosa, and was similar
for both the Gram-positive and Gram-negative strains. The antibacterial effect seemed to
be physicochemical rather than biological, which reduces the risk of bacterial resistance.
This can be of benefit on implants in a clinical setting. Future research may investigate the
antibacterial mechanism responsible for the results of this study. In addition, an in vivo
study can be performed to investigate the antibacterial effects in an animal model.
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