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Abstract: To modulate the bioactivity and boost the therapeutic outcome of implantable metallic
devices, biodegradable coatings based on polylactide (PLA) and graphene oxide nanosheets (nGOs)
loaded with Zinforo™ (Zin) have been proposed in this study as innovative alternatives for the
local management of biofilm-associated periprosthetic infections. Using a modified Hummers
protocol, high-purity and ultra-thin nGOs have been obtained, as evidenced by X-ray diffraction
(XRD) and transmission electron microscopy (TEM) investigations. The matrix-assisted pulsed laser
evaporation (MAPLE) technique has been successfully employed to obtain the PLA-nGO-Zin coatings.
The stoichiometric and uniform transfer was revealed by infrared microscopy (IRM) and scanning
electron microscopy (SEM) studies. In vitro evaluation, performed on fresh blood samples, has shown
the excellent hemocompatibility of PLA-nGO-Zin-coated samples (with a hemolytic index of 1.15%),
together with their anti-inflammatory ability. Moreover, the PLA-nGO-Zin coatings significantly
inhibited the development of mature bacterial biofilms, inducing important anti-biofilm efficiency in
the as-coated samples. The herein-reported results evidence the promising potential of PLA-nGO-Zin
coatings to be used for the biocompatible and antimicrobial surface modification of metallic implants.

Keywords: polylactide (PLA); graphene oxide; MAPLE; nanostructured coatings; hemocompatible
coatings; anti-biofilm efficiency

1. Introduction

Bacterial biofilms represent an increasing concern for patients, health profession-
als, and healthcare providers worldwide, especially due to the emergence and alarming
spread of antimicrobial-resistant pathogens and taking into consideration the high demand
for implantable medical devices (IMDs) [1-3]. Compared to planktonic cells, biofilm-
embedded microorganisms form a complex adaptive system and possess a much higher
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intrinsic antimicrobial resistance, displaying different growth and spreading rates, par-
ticular structural and functional characteristics, versatile protective mechanisms, altered
pathogenicity factors, and genetic mutations, therefore rendering their eradication far more
challenging [4-6]. In more detail, sessile bacteria (biofilm-forming cells) tolerate antibiotics,
ultraviolet light, chemical biocides, host immune response, and harsh environmental con-
ditions (e.g., extreme temperatures and pH, high salinity and pressure, poor nutrients)
well [1,7].

As the surfaces of IMDs are particularly prevalent sources of bacterial contamination
(and subsequent colonization), biofilms reportedly contribute to ~65% of nosocomial
infections, including major hospital-acquired infections [8]. Bacterial cells can attach and
colonize on the surface of indwelling catheters, mechanical heart valves, pacemakers,
endovascular stents, prosthetic joints and implants, voice prosthesis, artificial lenses, and
internal or external fixation devices, generating inception infection points [1,9-14]. Besides
constraining the immune system of the host organism by causing a moderate-to-severe
systemic response [15,16], biofilm-associated infections can also affect the structure and
functionality of the implanted devices [17], further imposing their removal [2,14].

According to the recent literature, orthopedic interventions have significant rates of
post-operative surgical site infection, namely 13% to 88% for tibial plateau fractures, 3% to
45% for proximal tibia fractures, 3% to 17% for distal femur fractures, and 2% to 10% for
patellar fractures [18]. Furthermore, 1% to 5% of orthopedic implants have been reported
to produce infections, being linked to considerable morbidity, disability, and healthcare
costs [19]. Additionally, the use of fixation devices (such as plates, wires, screws, nails, and
pins) can increase the risk of infection through biofilm formation and may complicate surgi-
cal debridement, resulting in more technically demanding procedures and longer operative
times [20]. Even though metals are viewed as gold-standard materials for restorative or re-
constructive orthopedic IMDs, they are still associated with periprosthetic infections [21,22],
mechanical failure [23,24], local corrosion, and ion-mediated chronic toxicity [25,26], with a
greater probability for revision surgery and hardware removal [27,28].

Reconstruction surgery employing tendon autografts is a preferred therapeutic strat-
egy for patients with knee ligamental injuries. Given the essential role of ligaments in knee
stability and biomechanics and with the aim of avoiding multiple interventions, special
attention must be oriented towards graft positioning and fixation during surgery [29,30].
Metallic (titanium) and composite (biphasic calcium phosphate and polyester copolymer)
screws or pins are available as fixation devices for knee ligament reconstruction, providing
maximal bone fixation [31,32]. Still, recent data report alarming long-term effects associated
with these devices, such as similar joint effusion, inflammation, and infection, but also
a higher risk of intra-articular migration and rupture for composite implants [33]. How-
ever, artificial polymer-based ligaments have been validated as a therapeutic alternative
for extensive ligament injuries, but such devices are fabricated from biocompatible and
non-bioactive materials that are susceptible to microbial contamination [34].

The current practice against biofilm-related infection is the systemic administration
of multiple and high-dose antibiotics, while prevention is generally ensured by the steril-
ization of medical surfaces [17]. For instance, advanced-generation cephalosporins (beta-
lactam antibiotics) have impressive outcomes in the treatment of major-to-severe infec-
tious diseases, including resistant and nosocomial infections, by inhibiting the penicillin-
binding protein-mediated crosslinking of the peptidoglycan layer within the bacterial
cell wall [35,36]. Nonetheless, systemic antibiotic therapy may lead to side effects, low
patient compliance, development of drug-resistant pathogens, and reduced treatment
efficiency [37-39]. On the other hand, during the conventional sterilization of surgical
instruments and IMDs, the products are decontaminated, washed, reassembled, labeled,
sterilized, and redistributed. However, only a small portion of processed implants are used
during surgery, leading to multiple reprocessing of the remaining IMDs before being placed
in a patient. These practices open the door to preoperative contamination, increasing the
infection risk [40].
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Thus, given that current anti-infective strategies are often inefficient and partially
selective or even threaten the patient’s safety, there is an urgent need for developing
improved solutions. One notable and promising approach against persistent bacterial
infections is the optimization of clinical IMDs by their surface modification with microbial-
repellent or microbial-resistant coatings. Specifically, improving the surfaces of implants
and fixation devices with bioactive coatings (that may exert multiple biofunctionalities) has
the potential to prevent microbial attachment, intercept biofilm development, and reduce
the transmission of pathogens in the clinical environment [8,17,41,42].

Interesting possibilities with high-quality therapeutic outcomes can be envisaged
by incorporating conventional (synthetic drugs and natural phytochemicals) and uncon-
ventional (nanosized and nanostructured materials) antimicrobials within biodegradable
polymer layers that provide sustained local release and facilitate circumstantial controlled
and triggered delivery. The use of biopolymers has attracted increasing interest in mod-
ern pharmacotherapy, being either explored as efficient delivery and releasing vehicles
for antibiotics or natural antimicrobials, or for their intrinsic biological effects. Due to
their unique size-governed physicochemical properties, antimicrobial nanomaterials can
overcome bacterial resistance as they can permeate and destroy bacterial cell membranes,
display microbiostatic or microbicidal effects, and hamper biofilm formation. Thus, their
incorporation into coatings for tuning the surfaces of IMDs serves as a performant strat-
egy to prevent or limit microbial adhesion and mitigate or kill the biofilm-embedded
microorganisms [3,43-50].

Graphene is a versatile two-dimensional representative of carbon-based nanomaterials,
and possesses unique electronic, mechanical, optical, and thermal properties that set up
great expectations for technical applications, including biotechnology and biomedicine.
Its intrinsic biocompatibility and low toxicity, tunable mechanical support and elasticity
for cellular adhesion and migration, excellent stability, and appropriate conductivity for
modulated cellular behavior especially recommend this material for use in biosensing
and bioimaging platforms, accurate drug delivery vehicles, and scaffold production for
tissue engineering and regenerative medicine [51-53]. In addition, graphene oxide (GO,
representing the chemically modified form of graphene) is recognized for its extensive
and versatile surface area and outstanding thermal, mechanical, and electrical properties,
while also possessing beneficial biological roles (electroactivity-mediated immunomod-
ulation, molecular regulation, and cellular events—including differentiation and guided
cytophysiology) and intrinsic antimicrobial activity [52,54].

Owing to its attractive features (versatile composition, facile and cost-effective pro-
cessability, adaptable solubility and degradability, and tunable physicochemical and ther-
momechanical behavior), polylactide (PLA, a thermoplastic naturally derived biopolymer)
has been extensively explored for use in innovative therapeutic strategies. In addition, the
excellent biocompatibility, non-toxicity, tunable biodegradability, and reduced immuno-
genicity of PLA-based formulations pave the way for fabricating bioactive platforms for
personalized and modern biomedicine [55,56].

Even though PLA is a widely used biopolymer in biotechnology and biomedicine, it
still exhibits some drawbacks, including poor mechanical behavior, lack of intrinsic bioac-
tivity, and the absence of antibacterial behavior. Incorporating antimicrobial nanofillers has
been proposed to overcome these limitations, as different kinds of additives can synergisti-
cally improve the properties of PLA-based composites [57,58]. Among diverse possibilities,
GO nanofillers are especially useful additives for producing multifunctional nanocom-
posites with adequate mechanical strength, improved flexibility, adaptable barrier role,
antibacterial activity, and enhanced biocompatibility [58,59].

In this context, this study proposes the fabrication of biocompatible coatings based on
polylactide (PLA) and graphene oxide nanosheets (nGOs) for the loading and release of
Zinforo™ (Zin). Using the matrix-assisted pulsed laser evaporation (MAPLE) technique,
this broad-spectrum cephalosporin antibiotic (a ceftaroline fosamil prodrug) has been
successfully transferred within bioactive coating formulations for the surface modifica-
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tion of IMDs. The herein-developed PLA-nGO-Zin nanostructured coatings represent
innovative bioactive alternatives for the local management (prevention and limitation) of
biofilm-associated periprosthetic infections.

2. Results and Discussions
2.1. Physicochemical Characterization of GO Nanomaterial

The Hummers method is a multi-step, facile, and high-yield protocol to obtain GO,
conventionally by using HySOj, sodium nitrate (NaNO3), and KMnO, to oxidize graphite.
To overcome the hazard of toxic gases related to NaNOs3 decomposition, different chemicals
have been successfully proposed to remove NaNOj during the synthesis [60,61]. To
improve the oxidation rate of graphite and achieve GO with better oxidation degree [62],
a modified Hummers methodology—consisting in using a mixture of K,5,0g and P,Os
instead of the conventional NaNOz—was applied in our experiments.

Using this version of the Hummers protocol, a high-purity nGO powdery sample was
obtained, as the corresponding XRD pattern (Figure 1) evidences the presence of a sharp
diffraction maximum at 20 = 11.3°, corresponding to the (0 0 2) plane of nGOs. According
to the literature, the (0 0 2) plane of graphite (corresponding to ~0.34 nm basal spacing)
is observed at ~26°, and its shift towards much lower values is due to the successful
oxidation [63,64]. In addition, the interlayer spacing observed for the as-synthesized
sample (determined by Bragg’s law as ~0.90 nm) confirms the formation of nGOs, as
the increased distance between graphitic sheets is due to the successful intercalation of
oxygen-containing functional groups (such as hydroxyl, carboxyl, carbonyl, and epoxy
groups) and water molecules [65,66]. A second diffraction maximum is noticed at 20 = 43°,
indicating the short-range stacking of graphitic layers [67,68].

| ©o2)
2000{ |

1000

Intensity (counts/s), a.u.

2Theta (degree)

Figure 1. X-ray diffraction (XRD) pattern of graphene oxide nanosheets (nGOs)

Complementarily, TEM images (Figure 2) show the formation of ultra-thin nGOs and
confirm the reduced range order in stacked nGO layers (according to previous XRD data),
since continuous wrinkled layers with multilamellar and folded structures (seen as darker
structures) have been evidenced. These findings are consistent with previous studies that
report the formation of highly folded sheets with textured sheet surfaces by the modified
Hummers method, as a consequence of highly abundant oxygen-containing functional
groups and increased water uptake between graphite layers [62,69,70].
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Figure 2. Transmission electron microscopy (TEM) (A,B) micrographs of graphene oxide
nanosheets (nGOs).

2.2. Physicochemical Characterization of PLA-nGO-Zin Coatings

IRM analysis allows for the concomitant collection of Fourier-transform infrared
spectroscopy (FTI-IR) spectra (Figure 3, right) and infrared maps (Figure 3, left), thus
enabling the facile investigation of coating composition and stoichiometry, and laser-
assisted transfer efficiency, respectively.

In this respect, the drop-cast sample (corresponding to the initial mixture of PLA, nGO,
and Zin) was used as the reference material. The presence of carbon-containing moieties,
originating from both PLA and nGOs, can be noticed at ~1755 cm ! (strong C=O stretching),
~1180 cm~! (C-O-C stretching), and ~1100 cm~! (C-OH stretching) [71-73]. Specific PLA
functions, assigned to terminal methyl-originating C-H stretching vibrations (~2997 cm~1),
C-H asymmetric deformation (~1470 cm 1), and -CHj bending (~1380 cm~1), were also
identified [74,75].

The development of biocompatible coatings with application-related physicochemi-
cal properties and tuned biofunctionality can be successfully achieved using the MAPLE
technique. Some advantages of this versatile laser processing method include the unal-
tered transfer of small-molecule or macromolecule organics, stoichiometric transfer of
inorganic or organic materials, and strong adhesion of the MAPLE coating on the IMD’s
surface. Herein, different laser fluences were employed during the MAPLE experiments
(300, 400, and 500 mJ/cm?), and IRM analysis was used to identify the optimal laser flu-
ence for the MAPLE processing of PLA-nGO-Zin materials. Besides IR spectra (Figure 3,
right—corresponding to different points on each sample), infrared maps (Figure 3, left)
were also collected by monitoring the absorbance intensity of C-H (A maps) and C=0O (B
maps) bonds.

Compared to the drop-cast sample, all previously identified IR vibrations were also
noticed in the case of MAPLE materials processed at 400 m]/cm?, indicating the compo-
sitional integrity and stoichiometry of the coating. A reduced transfer of the composite
material is observed for coatings obtained at low laser fluence (300 mJ/ cm?), with preserved
composition, but vibrational signatures of much lower intensity. Conversely, important
alterations of the functional groups are observed for composites processed at 500 mJ/cm?
laser fluence. It is worth mentioning that most IR absorption maxima of Zin might have
been overlapped by the highly abundant carbon-containing constituents (both the polyester
and GO), according to the IR spectra of the drop-cast sample. However, in the case of
PLA-nGO-Zin coatings obtained at 400 m]/cm?, the additional presence of amide and
phosphate moieties within Zin (~1680 and ~1060 cm Y, respectively) [76-78] may confirm
the laser transfer of this cephalosporin antibiotic.
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Figure 3. IR maps (left) constructed by monitoring the intensity and distribution of C-H (A) and C=0O
(B) groups, and corresponding IR spectra (right) for PLA-nGO-Zin coatings obtained at different
laser fluences.

As the color variations in the mapping micrographs (Figure 3, left), ranging from red to
blue, are directly related to the high-to-low intensity of monitored absorbance bands, these
results confirm that an efficient laser transfer and material distribution of PLA-nGO-Zin
composite on the substrate were obtained by using the middle laser fluence.

We have previously reported the successful use of the 300-400 m]/cm? laser fluence
range in obtaining PLA-based coatings for the surface improvement of IMD-related materi-
als [39,49]. Also, similar outcomes regarding the MAPLE processing of GO-based coatings
are available, indicating that their stoichiometric transfer can be achieved for reduced-to-
moderate laser fluences when using excimer [79,80] or Nd:YAG [81-83] laser beams. Given
the available literature and the previously discussed IRM data, the middle laser fluence was
selected as optimal for the MAPLE processing of PLA-nGO-Zin materials, and thorough
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HV spot mag

investigations were conducted in our study only on the coatings obtained at 400 m]J/cm?
laser fluence.

Consistent with previous studies [79,84], the herein-developed continuous and com-
pact coatings completely cover the substrate. The highly irregular surface appearance of
PLA-nGO-Zin coatings (Figure 4a,b) may result from the laser-mediated rearrangement of
nGOs, which preserves their irregular and wrinkled aspect and their dimensional range (in
compliance with TEM observations). Moreover, the nGOs seem to be individually covered
by a thin organic PLA layer with a wavy aspect, while smoother areas can be noticed
between larger nGO aggregates. These observations, together with previous IR results,
confirm the successful formation of composite and nanostructured PLA-nGO-Zin coatings
by performing the MAPLE processing at 400 mJ/cm? laser fluence.

\
- & / ", A

WD HFW  det 5pm HV spot mag WD F

30.00kV 3.5 10000 x 10.2 mm 29.8 ym ETD 30.00kV 3.5 100000 x 10.2 mm 2

Figure 4. Top-view (a,b) scanning electron microscopy (SEM) images of PLA-nGO-Zin coatings
obtained at 400 mJ/cm? laser fluence.

2.3. Blood Interaction with PLA-nGO-Zin Coatings
2.3.1. Evaluation of the Hemolytic Potential of PLA-nGO-Zin Coatings

For blood-contacting materials, hemocompatibility is a critical aspect that needs to
be considered to select and validate materials that do not exhibit harmful effects on the
blood. Hemocompatible materials are selected based on specific assays that highlight the
lack of potential of analyzed samples to activate or destroy blood components following
material-blood interactions. For this purpose, different aspects can be evaluated, such as
the destruction of red blood cells, activation of coagulation via the intrinsic pathway, or
pro-inflammatory effects driven by leukocyte activation [85,86]. Therefore, to assess the
hemocompatibility of PLA-nGO-Zin-coated samples, their hemolytic and pro-inflammatory
potential was investigated following blood interaction.

The ability of PLA-nGO-Zin-coated samples to induce red blood cell lysis was investi-
gated 1 h after interaction with blood samples by the spectrophotometric determination
of hemoglobin (released as an indicator of erythrocyte destruction). The obtained results
(Figure 5) show that PLA-nGO-Zin-coated samples do not induce damage to the red blood
cells” membranes, as no significant changes are identified between blood samples exposed
to the tested materials in comparison with the unexposed control. It is noteworthy that
for both the uncoated substrate and PLA-nGO-Zin samples, the hemolysis rate is below
the 5% threshold, which defines materials as hemolytic according to the ASTM F756-00
(2000) guidelines [87]. Moreover, although materials presenting a hemolytic index below
5% are considered hemocompatible, these are further characterized as slightly hemolytic
and non-hemolytic, with a hemolytic ratio between 2 and 5% or below 2%, respectively.
Therefore, as the hemolytic index of non-coated samples is 2.29%, while the hemolytic
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index of PLA-nGO-Zin-coated samples is 1.15%, these results clearly highlight the great
promise of the proposed coating strategy in increasing the material’s blood compatibility.
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Figure 5. Graphical representation of the hemolysis assay results highlighting the impact of un-
coated and PLA-nGO-Zin-coated samples on erythrocyte integrity after 1 h of material-blood sam-
ple interaction (**** p < 0.0001). The represented data are the mean values of three independent

experiments + S.D.

2.3.2. Assessment of the Pro-inflammatory Potential of PLA-nGO-Zin Coatings by Profiling
Cytokine Expression

To explore the pro-inflammatory potential of PLA-nGO-Zin coatings, the protein
expression of six cytokines with an influential role in regulating inflammatory responses
was investigated by flow cytometry (Figure 6). The expression of analyzed cytokines is
statistically significantly increased in LPS-stimulated blood samples compared to control
blood samples, except for IL12p70, where no changes are identified at any of the considered
time points. Increasing cytokine production is identified starting with short-term exposure
for TNF-«, IL-8, and IL-6, while for the rest of the cytokines, a longer LPS stimulation period
is required to trigger significant alterations of the cytokine levels. This enhancement in
cytokine production was expected, as LPS is a potent stimulus that activates innate immune
cells and triggers in response the gradual production of pro-inflammatory cytokines [88,89].

Regarding our samples, the obtained results show that blood stimulation with PLA-
nGO-Zin coatings does not enhance the analyzed cytokine production when compared
with the control blood sample. After 24 h of blood—PLA-nGO-Zin sample interaction, a
statistically significant decrease in the expression of IL-1§3, IL-6, and IL-8 pro-inflammatory
cytokines is obtained as compared with cytokine levels quantified in non-stimulated blood
samples, results that suggest the impact of PLA-nGO-Zin-coated samples on diminishing
the basal levels of these cytokines. Moreover, the expression of these cytokines is statistically
significantly lower in blood samples exposed to coated materials than those exposed to
uncoated references, showing that deposition of the coating on the reference surface could
endorse the original material with potential anti-inflammatory properties. This feature is
most likely due to the presence of GO, which has been characterized as a nanomaterial
with anti-inflammatory effects, a feature that empowers the use of nGOs in biomedical
applications, besides its excellent biocompatibility [90,91].
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Figure 6. Graphic representation of the IL-8, IL-1§3, IL-6, IL-10, TNF-«, and IL-12p70 cytokine levels
quantified in recovered supernatants from blood samples which interacted with uncoated and PLA-
nGO-Zin samples for 6 h and 24 h. The experimental control was represented by non-stimulated
blood samples, while the positive control was represented by LPS-stimulated blood samples. The
represented data are the mean values of three independent experiments + S.D. (* p < 0.05; ** p < 0.01;
#** p < 0.001; **** p < 0.0001).

Consistent with previous studies on nGOs, our results demonstrate the excellent
hemocompatibility and moderate anti-inflammatory activity of PLA-nGO-Zin coatings.
Owing to their distinctive chemistry and structure, and attractive electrical, mechanical,
and thermal peculiarities, nGOs possess a tunable stimulus-responsive ability, which can
be explored for fabricating sensitive platforms for the specific and selective detection and
imagining of biomarkers and cells in blood samples [92-94]. Highly hemocompatible and
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pro-coagulant nGO-based aerogels crosslinked with gelatin and chitosan (CS), respectively,
have been proposed as effective hemostats, their hemostatic performance being superior to
commercial products [95]. While nGOs with small lateral dimensions (50 nm to 3 pm) [90]
and negatively charged GO quantum dots (<10 nm) [96] selectively inhibit the expression
of interleukin genes in macrophages, gold-decorated GO nanocomposites inhibit platelet
activation and fibrotic formation, and exhibit important antioxidant and anti-inflammatory
effects in macrophages, but also modulate the differentiation of stem cells, thus possessing
impressive potential for tissue repair and regeneration [91].

With the aim of developing biofunctional coating materials that modulate the therapeu-
tic outcome of conventional IMDs, impressive results have been reported for GO-embedded
polymer materials. For instance, nGOs have been proposed as a mechanical strengthener
and anti-corrosion filler for polysaccharide [97,98] and protein [45,99] coatings. Without
altering the intrinsic bioactivity of such biopolymers, while promoting and supporting
normal events in osteoblast-like cells, these coatings represent suitable candidates for im-
proving the implant-to-host interface of metallic materials. nGOs also act as a mechanical
reinforcer and antimicrobial additive for polyesters, facilitating the fabrication of elec-
troactive layered formulations that modulate physiological events in stem and progenitor
cells, thus showing great promise for hard [100,101] and soft [102,103] tissue engineering
applications. nGO-loaded conductive polymer constructs have been particularly vali-
dated as advanced interfaces (or so-called “smart materials”) for guided tissue repair and
regeneration [104-106].

Reconstruction surgery of knee ligaments with tendon autografts generally requires
the use of fixation devices (such as plates, wires, screws, nails, pins, bands, and flexi-
ble/adaptable fixation systems), for which the need to improve their post-operative biome-
chanical performance and overcome their intrinsic bioinertness and microbial susceptibility
is thoroughly investigated. For instance, bioresorbable magnesium-based fixators (screws,
rods, and wires) have been developed to improve the intra-tunnel bone-to-tendon inter-
face [107,108]. Following their in vivo degradation, such devices promote and stimulate
osteogenic events (osteogenic differentiation, mineralization, early new bone formation, late
fibrocartilage-like tissue formation, and accelerated intra-tunnel ossification), while alloying
and reinforcing elements determine boosted performances in terms of mechanical proper-
ties, corrosion behavior, local stability, and controllable degradability. Though comparable
tunnel widening has been reported when using bioactive glass or PLA /hydroxyapatite
interference screws, the use of bioglass fixation devices results in less aggressive foreign
body reaction, superior translational stability, and higher osteointegration and resorption
rates [109]. Improving the biomechanics and healing rate of tendon-reconstructed knee lig-
aments by modulating intra-tunnel ossification has also been reported by using PLA-based
tubular interface implants [110,111] and polytetrafluoroethylene-sheathed core bones [112].

Impressive outcomes have been reported when tuning the surface of ligament al-
lografts with nanostructured coatings. By up-regulating the osteogenic and angiogenic
differentiation of stem/stromal cells, polyethylene terephthalate (PET) artificial grafts
modified with pulsed laser-deposited copper-containing bioglass nanocoatings [113] or
plasma-sprayed nano-hydroxyapatite coatings [114] have been validated as biofunctional
implants for knee ligament surgery. Besides exhibiting improved hydrophilicity and en-
hanced biomechanics, the nanocoated ligament implants stimulate new bone formation and
neo-vascularization, resulting in faster healing rates. Owing to the multiple roles of silicon
and strontium in modulating complex events during bone homeostasis (by stimulating pro-
osteoblast action and mineralization, inducing osteogenic differentiation and angiogenesis,
and suppressing osteoclastogenesis) [115,116], strontium-enriched silicate nanocoatings
have been fabricated for inducing osteogenic activity in PET artificial grafts [117].

2.4. Anti-Biofilm Efficiency of PLA-nGO-Zin Coatings
Herein, the ability of PLA-nGO-Zin coatings to alter the development of bacterial
biofilms has been evaluated at different time intervals (24, 48, and 72 h) against Gram-
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negative (E. coli, Ps. aeruginosa) and Gram-positive (S. aureus) pathogens, the results being
included in Figure 7.
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Figure 7. Microbial biofilm development of E. coli (a), Ps. aeruginosa (b), and S. aureus (c) after different
incubation periods with PLA-nGO-Zin coatings, expressed as CFU/mL values.

PLA-nGO-Zin-coated samples determine an important decrease in the bacterial popu-
lations of S. aureus (Figure 7c) and E. coli (Figure 7a) compared to control specimens, with
a sustained diminution of the CFU/mL values of ~2 orders of magnitude (logs). These
results confirm the preserved antimicrobial efficiency of the intravenous ceftaroline fosamil
(a fifth-generation cephalosporin prodrug with broad-spectrum activity) [35,118] following
MAPLE processing. Further, a comparable and sustained inhibition of biofilms is noticed
for both bacteria, indicating the prolonged efficiency of PLA-nGO-Zin nanostructured
coatings to alter the development of bacterial biofilms at different stages.

Still, the most important effect in inhibiting biofilm development is observed for the Ps.
aeruginosa strain (Figure 7b), in the case of short-time contact, with an inhibitory efficiency
of close to 4 logs. After 48 h, the bacterial population is reduced by only one order of
magnitude, and PLA-nGO-Zin coatings eventually lose their anti-biofilm ability after 72 h.
These results demonstrate the enhanced ability of PLA-nGO-Zin coatings to interfere with
Ps. aeruginosa biofilm during the contamination, colonization, and early maturation phases.

Our findings are compliant with other studies that report the early-stage efficiency
of Zinforo™ against bacterial biofilms [41,119]. More than that, we report the prolonged
anti-biofilm efficiency of PLA-nGO-Zin coatings against S. aureus and E. coli, which may be
related to the synergistic antimicrobial effects of Zinforo™ and nGO. Like other nanomateri-
als, GO exhibits important size-related antimicrobial effects by mechanically disrupting the
integrity of bacterial cell membranes [45]. Moreover, due to the functional groups present
on its surface, GO can electrostatically interact with the phospholipids forming the bacterial
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cell membrane [120,121]. Also, GO-mediated physical demolition and chemical oxidation
lead to the generation of reactive species, which cause microbial death and decreased
microbial resistance [54].

Incorporating graphene derivatives into PLA matrices results in reinforcing the
polyester’s mechanical behavior, inducing antibacterial effects by the inhibition of Gram-
negative and Gram-positive bacterial proliferation, while lacking cytotoxicity and im-
proving the adhesion and spreading of healthy normal cells, being thus evaluated as a
promising solution for biomedical applications [59]. Also, the addition of GO within PLA-
polyurethane [122,123] and CS-PLA [124,125] composites has also led to the successful
fabrication of bioactive nanostructured constructs with excellent biocompatibility, strong
antimicrobial effects, and good thermomechanical features.

Our results align with other studies regarding the development of unconventional
strategies to modulate the microbial susceptibility of fixation devices used in knee ligament
reconstruction. Resorbable hyaluronan/PLA hydrogel loaded with vancomycin has been
reported as an effective and safe coating for tendon autografts, acting as a prophylactic
solution for periprosthetic infections [126]. Also, electroactive nanofibrous scaffolds of
PLA /graphite nanoplatelets modified with silver nanoparticles, exhibiting good thermome-
chanical behavior and reduced degradation, have been developed as a functional ligament
substitute that exerts local antibacterial effects [127].

3. Materials and Methods
3.1. Materials

Sigma-Aldrich (Merck Group, Darmstadt, Germany) was the supplier of all reagents
used during the synthesis of nanosheets and nanostructured coatings, namely H»SOy,
Ky5,03g, P20s5, KMnOy, HyO,, HCl, dimethyl sulfoxide (DMSO), and polylactic acid (PLA).
Analytical-grade pure chemicals were used throughout the experiments.

The same supplier (Sigma/Merck) provided most reagents used for the in vitro eval-
uation of obtained coatings (otherwise, the provider was accordingly specified during
the protocol). Bacterial strains were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA).

3.2. Synthesis Methods
3.2.1. Synthesis of Graphene Oxide (GO) Nanomaterial

Pre-oxidized graphite was firstly obtained by dispersing the graphite powder in
concentrated sulfuric acid mixed with potassium persulfate and phosphorous pentoxide
under stirring at 80 °C. After reaching room temperature (RT), the mixture was washed
several times (until it achieved a neutral pH), then subjected to filtration and dried at 80 °C
for 24 h. The as-obtained pre-oxidized graphite powder was re-dispersed in concentrated
H,SOy4 solution by stirring in an ice bath, then potassium permanganate was slowly added
in the beaker at a temperature close to 0 °C. Further, the mixture was magnetically stirred
at 35 °C for 2 h and stirred at 80 °C for 2 h, washed by stirring for 15 min, and finally stirred
for 2 h with 30% hydrogen peroxide solution. The as-resulted precipitate was subjected to
vacuum filtration, washed with 3% hydrochloric acid solution until it reached a neutral
pH, then air-dried at 60 °C for 24 h. A modified Hummers method [128,129] was used to
synthesize the graphene oxide nanosheets (nGOs).

3.2.2. Synthesis of PLA-nGO-Zin Coatings

For the deposition of coatings based on polylactic acid (PLA), graphene oxide nanosheets
(nGOs), and ceftaroline fosamil cephalosporin (Zinforo™, Zin), substrates with 1 cm?
area of double-side-polished (1 0 0) silicon (for physicochemical investigation), glass, and
titanium (for in vitro evaluation) were used. Before surface modification by means of
matrix-assisted pulsed laser evaporation (MAPLE) [49,130], all substrates were successively
cleaned with acetone, ethanol, and deionized water in an ultrasonic bath (15 min each step),
then dried under a high-purity nitrogen jet.
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Suspensions with 5% concentration of PLA, nGOs, and Zin (10:5:1 wt.%) prepared
in DMSO were transferred in copper holders and immersed in liquid nitrogen for 30 min.
The as-obtained solid targets were irradiated with a COMPexPro 205 Lambda Physics
source (KrF* excimer laser beam with A = 248 nm, Tpwpm = 25 ns, and 10 Hz repetition
frequency), purchased from Coherent (Gottingen, Germany). During MAPLE experiments,
the following parameters were constant: RT and 0.1 Pa pressure inside the deposition
chamber, 5 cm target-to-substrate distance, and 0.4 Hz target rotation. For each experiment,
50,000 laser pulses were applied at different laser fluences (300, 400, and 500 m]/cm?).

3.3. Physicochemical Investigation Methods
3.3.1. Characterization of GO Nanosheets (nGOs)

The purity, crystalline nature, and microstructure of the as-synthesized powdery sam-
ple were investigated by X-ray diffraction (XRD) and transmission electron microscopy (TEM).

For XRD analysis, an Empyrean diffractometer with Cug radiation from PANalytical
(Almelo, The Netherlands), equipped with a hybrid monochromator for Cu and a PIXcel3D
detector, was used. Scans were collected on the mildly ground powder, using Bragg-
Brentano geometry between 5-80° diffraction angles, with 0.5° incidence angle, under step
scan mode (0.04° scanning step size and 3 s acquisition time per scanning step).

TEM investigation was performed using the Tecnai'™ G2 F30 S-TWIN high-resolution
equipment from Thermo Fischer Scientific (former FEI, Hillsboro, OR, USA). Data collection
was performed in transmission mode, with point and line resolutions of 2 A and 1 A,
respectively. Before analysis, small amounts of the as-synthesized powdery sample were
dispersed in ethanol under sonication for 15 min, then placed onto the carbon-coated
copper grid and dried at RT.

3.3.2. Characterization of PLA-nGO-Zin Coatings

Relevant compositional, structural, and morphological aspects of the MAPLE-processed
samples were provided by complementary infrared microscopy (IRM) and scanning elec-
tron microscopy (SEM) investigations.

A Nicolet iN10 MX FT-IR microscope from Thermo Fischer Scientific (Waltham, MA,
USA) was used for IRM analysis to collect IR spectra and IR maps. The scans (32 mea-
surements per sample) were recorded in the transmission mode in the 4000-750 cm™!
wavenumber range (with 4 cm~! resolution), and then processed with the OmincPicta 8.0
software (Thermo Fischer Scientific).

For SEM investigation, Inspect S equipment from FEI Company (Thermo Fischer
Scientific, Hillsboro, OR, USA) was used. Micrographs were collected using the secondary
electron beam with 30 keV after capping all samples with a thin conductive layer.

3.4. Biological Evaluation of PLA-nGO-Zin Coatings

Peripheral blood samples were used to investigate the blood response to PLA-nGO-
Zin-coated samples. The blood samples were collected by qualified medical personnel
using EDTA blood collection vacutainers (Becton Dickinson, Franklin Lakes, NJ, USA) from
healthy donors after obtaining their written informed consent. Fresh blood samples were
used for all experiments within the first hour after withdrawal.

To reveal if PLA-nGO-Zin-coated samples triggered hemolysis, blood samples were
centrifuged to recover erythrocytes, which were further washed in 150 mM NaCl (Sigma/
Merck). The obtained pellet was re-suspended in PBS (Sigma/Merck) to reach a final
volume of 5 mL, and the obtained solution was further diluted to 1:50 with PBS. Pristine
(uncoated) glass slides and PLA-nGO-Zin-coated samples were transferred to 24-well
plates, incubated for 1 h at 37 °C on a plate shaker, and centrifuged. Then, 20% Triton X-100
(Sigma/Merck) was added to the positive control wells, while the negative control wells
were represented by simple erythrocyte solutions. After 1 h, samples were centrifuged, and
the resulting supernatants were transferred to 96-well plates and measured at 492 nm to
determine their optical densities (ODs) using the FlexStation III multimodal reader from
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Molecular Devices (San Jose, CA, USA). To express hemolysis as a percentage, the following
formula was used [131,132], with the OD of the negative control being the sample with
minimal lysis, and the OD of the positive control being the sample where the maximal lysis
was registered:

) OD sample — OD negative control
hemol %) = 100
emolysis(%) OD positive control — OD negative control X

The pro-inflammatory potential of PLA-nGO-Zin-coated samples was explored by
measuring at different post-contact time points (6 h and 24 h) the levels of the follow-
ing pro-inflammatory cytokines in blood samples: Interleukin-8 (IL-8), Interleukin-1
(IL-1B), Interleukin-6 (IL-6), Interleukin-10 (IL-10), Tumor Necrosis Factor (TNF-«), and
Interleukin-12p70 (IL-12p70). In this view, the tested materials (both uncoated and PLA-
nGO-Zin-coated samples) were immersed for 6 h and 24 h in fresh blood samples on a
shaker at 37 °C. At the pre-set experimental time points, tested materials were retrieved
from the blood samples, which were then centrifuged to recover blood serum that was
subsequently employed for cytokine quantification. Clear blood samples were used as
negative controls, while blood samples stimulated with 10 ug/mL of lipopolysaccharide
(LPS) from Escherichia coli O111:B4 (Sigma/Merck) were employed as positive controls.
To quantify the cytokine levels in all experimental samples, the BD™ Cytometric Bead
Array (CBA) Human Inflammatory Cytokines Kit (Becton Dickinson) was used [131,133].
Briefly, the capture bead mix was prepared as described by the manufacturer, and 50 uL of
this solution was mixed with 50 pL of the tested samples, and then incubated for 1.5 h at
RT in the dark. After a wash step, samples were further mixed with 50 pL of the Human
Inflammatory Cytokines PE Detection Reagent and additionally incubated for 1.5 h at RT
in the dark. The bead pellets were recovered by centrifugation, re-suspended in 300 uL of
wash buffer provided in the kit, and immediately analyzed using a Cytoflex flow cytometer
(Beckman Coulter, Brea, CA, USA). Data were acquired and analyzed by CytExpert v2.3,
while GraphPad Prism software v6.07 (GraphPad, San Diego, CA, USA) was employed to
represent the obtained results graphically and statistically (as the mean value of triplicate
experiments & standard deviation, S.D., with two-way ANOVA algorithm).

3.5. Microbiological Evaluation of PLA-nGO-Zin Coatings

To evaluate the efficiency of MAPLE-processed coatings against monospecific biofilms,
the development of Gram-positive (Staphylococcus aureus ATCC® 25923) and Gram-negative
(Escherichia coli ATCC® 15224, Pseudomonas aeruginosa ATCC® 27853) bacterial biofilms in
the presence of PLA-nGO-Zin-coated samples was assessed for different time points (24 h,
48 h, and 72 h).

UV-sterilized uncoated (pristine) and PLA-nGO-Zin-coated substrates were trans-
ferred to sterile 24-well plates containing 1 mL of Luria-Bertani (LB) broth (Thermo Fischer
Scientific), then inoculated with 10 pL of 0.5 McFarland standard density microbial sus-
pensions. The prepared plates were incubated at 37 °C for 24 h, then the culture media
was removed, and the samples were washed with sterile phosphate-buffered saline (PBS,
Sigma/Merck). The as-treated samples were further placed in new sterile plates containing
fresh nutritive broth and incubated at 37 °C for 24 h, 48 h, and 72 h. After incubation, sam-
ples were gently washed with PBS and transferred in 1.5 mL centrifuge tubes containing
sterile PBS. All specimens were successively vortexed (30 s) and sonicated (10 s) to detach
the biofilms and obtain the biofilm-embedded microbial cell suspensions. Serial ten-fold
dilutions were further performed, and the final microbial suspensions were seeded on LB
agar plates (Thermo Fischer Scientific) to evaluate the colony-forming units (CFU/mL) by
viable cell count assay [49,134]. Antimicrobial results were processed with the GraphPad
Prism software (GraphPad v6.07), using the one-way ANOVA statistical tool.
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4. Conclusions

Fabricating biocompatible nanosized or nanostructured coatings is an attractive and
flexible strategy to modulate the microbial susceptibility of implantable medical devices.
More than providing protection to metallic surfaces, the thermomechanical and barrier
properties, bioactivity, and pathogenic susceptibility of polylactide (PLA)-based coatings
can be tuned by reinforcement with graphene oxide (GO) nanomaterials. Also, the versatile
biochemistry and thermomechanics of PLA films provide indisputable advantages for
fabricating active coatings that induce or potentiate local antimicrobial effects.

Herein, biodegradable coatings based on PLA, GO nanosheets (nGOs), and Zinforo™
(Zin-a broad-spectrum cephalosporin prodrug) were developed by laser processing. Fol-
lowing a comparative IRM analysis, the 400 mJ/cm? laser fluence was selected for the
transfer of PLA-nGO-Zin coatings. Continuous and compact thin coatings with irregular
surfaces were thus obtained, the nGOs preserving the initial wrinkled aspect and folded
structure while being uniformly embedded within the PLA matrix.

Following interactions with fresh blood samples, biological results have evidenced the
excellent hemocompatibility of PLA-nGO-Zin coatings, the hemolytic index being 1.15%
(corresponding to a non-hemolytic material). The anti-inflammatory activity of as-proposed
original coatings has also been reported after a 24 h contact with blood samples, as the
PLA-nGO-Zin-coated specimens significantly lowered the basal levels of IL-1§3, IL-6, and
IL-8 pro-inflammatory cytokines.

The microbiological data demonstrate the sustained and extended (up to 3 days)
anti-biofilm efficiency of PLA-nGO-Zin coatings against S. aureus and E. coli biofilms,
while a more drastic inhibitory action was shown during the incipient development of Ps.
aeruginosa biofilm.

The highly hemocompatible PLA-nGO-Zin nanostructured coatings, exhibiting anti-
inflammatory activity and important anti-biofilm efficiency, are suitable candidates for the
surface modification of implantable metallic devices, representing an attractive strategy for
the local prevention and limitation of biofilm-associated periprosthetic infections.

Author Contributions: Conceptualization, V.G., AM.G. and RR; data curation, B.S.V.; formal
analysis, S.C., A.-G.N,, AH,, ACB, GD, O.G, AM.H, B.G,, BS.V. and A.B,; investigation, S.C.,
A.-GN., AH,VG,DR,ACB,G.D,O0.G., AMH, B.G. and B.S.V,; methodology, G.D., AM.H.,
AM.G. and R.R;; validation, D.R., O.G., B.G., AM.G,, A.B. and R.R,; writing—original draft, S.C.,
A-GN,AH,VG,DR,ACB,GD,0G., AMH, BG, BS.V, AM.G. and R.R,; writing—review
and editing, A.-G.N., AH., V.G, AM.H, B.G.,, AM.G., AB. and R.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted following the available guidelines
of the Declaration of Helsinki, and approved by the Ethics Committee of the University of Bucharest
through the Decision of the Research Ethics Commission no. 80/31.10.2022.

Informed Consent Statement: For all healthy volunteers enrolled in the present study, written
informed consent was obtained, as well as their written approval to further use the obtained data for
publishing purposes.

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

Acknowledgments: This research was supported by the Romanian Ministry of Research, Innovation,
and Digitization under Romanian National Core Program LAPLAS VII—contract no. 30N /2023.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Abebe, G.M. The role of bacterial biofilm in antibiotic resistance and food contamination. Int. J. Microbiol. 2020, 2020, 1705814.

[CrossRef] [PubMed]

2. Pinto, R.M.; Soares, F.A.; Reis, S.; Nunes, C.; Van Dijck, P. Innovative strategies toward the disassembly of the EPS matrix in
bacterial biofilms. Front. Microbiol. 2020, 11, 952. [CrossRef] [PubMed]


https://doi.org/10.1155/2020/1705814
https://www.ncbi.nlm.nih.gov/pubmed/32908520
https://doi.org/10.3389/fmicb.2020.00952
https://www.ncbi.nlm.nih.gov/pubmed/32528433

Int. J. Mol. Sci. 2024, 25, 2389 16 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Makvandi, P; Wang, C.y.; Zare, E.N.; Borzacchiello, A.; Niu, L.n.; Tay, ER. Metal-based nanomaterials in biomedical applications:
Antimicrobial activity and cytotoxicity aspects. Adv. Funct. Mater. 2020, 30, 1910021. [CrossRef]

Samrot, A.V.; Abubakar Mohamed, A.; Faradjeva, E.; Si Jie, L.; Hooi Sze, C.; Arif, A.; Chuan Sean, T.; Norbert Michael, E.; Yeok
Mun, C.; Xiao Qi, N.; et al. Mechanisms and Impact of Biofilms and Targeting of Biofilms Using Bioactive Compounds—A
Review. Medicina 2021, 57, 839. [CrossRef]

Sharahi, ].Y.; Azimi, T.; Shariati, A.; Safari, H.; Tehrani, M.K.; Hashemi, A. Advanced strategies for combating bacterial biofilms. J.
Cell. Physiol. 2019, 234, 14689-14708. [CrossRef]

Li, Y,; Li, X;; Hao, Y.; Liu, Y,; Dong, Z.; Li, K. Biological and Physiochemical Methods of Biofilm Adhesion Resistance Control of
Medical-Context Surface. Int. J. Biol. Sci. 2021, 17, 1769-1781. [CrossRef]

Li, Y;; Xiao, P; Wang, Y.; Hao, Y. Mechanisms and Control Measures of Mature Biofilm Resistance to Antimicrobial Agents in the
Clinical Context. ACS Omega 2020, 5, 22684-22690. [CrossRef]

Bowler, P.; Murphy, C.; Wolcott, R. Biofilm exacerbates antibiotic resistance: Is this a current oversight in antimicrobial steward-
ship? Antimicrob. Resist. Infect. Control 2020, 9, 162. [CrossRef]

Spirescu, V.A.; Niculescu, A.-G; Slave, S.; Birca, A.C.; Dorcioman, G.; Grumezescu, V.; Holban, A.M.; Oprea, O.-C.; Vasile, B.S,;
Grumezescu, A.M.; et al. Anti-Biofilm Coatings Based on Chitosan and Lysozyme Functionalized Magnetite Nanoparticles.
Antibiotics 2021, 10, 1269. [CrossRef] [PubMed]

Vallet-Regi, M.; Lozano, D.; Gonzadlez, B.; Izquierdo-Barba, I. Biomaterials against Bone Infection. Adv. Healthc. Mater. 2020, 9,
2000310. [CrossRef] [PubMed]

Grumezescu, V.; Negut, I.; Grumezescu, A.M.; Ficai, A.; Dorcioman, G.; Socol, G.; Iordache, F,; Truscd, R.; Vasile, B.S.; Holban,
A.M. MAPLE fabricated coatings based on magnetite nanoparticles embedded into biopolymeric spheres resistant to microbial
colonization. Appl. Surf. Sci. 2018, 448, 230-236. [CrossRef]

Prodana, M.; Stoian, A.B.; Burnei, C.; Ionita, D. Innovative Coatings of Metallic Alloys Used as Bioactive Surfaces in Implantology:
A Review. Coatings 2021, 11, 649. [CrossRef]

Pandit, S.; Gaska, K.; Kadar, R.; Mijakovic, I. Graphene-based antimicrobial biomedical surfaces. ChemPhysChem 2021, 22, 250-263.
[CrossRef] [PubMed]

Ahmadabadi, H.Y;; Yu, K.; Kizhakkedathu, J.N. Surface modification approaches for prevention of implant associated infections.
Colloids Surf. B Biointerfaces 2020, 193, 111116. [CrossRef] [PubMed]

Wang, M.; Tang, T. Surface treatment strategies to combat implant-related infection from the beginning. J. Orthop. Transl. 2019, 17,
42-54. [CrossRef] [PubMed]

Schulze, A.; Mitterer, F.; Pombo, J.P.; Schild, S. Biofilms by bacterial human pathogens: Clinical relevance—Development,
composition and regulation—Therapeutical strategies. Microb. Cell 2021, 8, 28-56. [CrossRef] [PubMed]

Grumezescu, V.; Negut, I.; Gherasim, O.; Birca, A.C.; Grumezescu, A.M.; Hudita, A.; Galateanu, B.; Costache, M.; Andronescu, E.;
Holban, A.M. Antimicrobial applications of MAPLE processed coatings based on PLGA and lincomycin functionalized magnetite
nanoparticles. Appl. Surf. Sci. 2019, 484, 587-599. [CrossRef]

Norris, G.R.; Checketts, J.X.; Scott, J.T.; Vassar, M.; Norris, B.L.; Giannoudis, P.V. Prevalence of deep surgical site infection after
repair of periarticular knee fractures: A systematic review and meta-analysis. JAMA Netw. Open 2019, 2, €199951. [CrossRef]
[PubMed]

Yagi, H.; Kihara, S.; Mittwede, P.N.; Maher, P.L.; Rothenberg, A.C.; Falcione, A.D.C.M.; Chen, A.; Urish, K.L.; Tuan, R.S,;
Alexander, P.G. Development of a large animal rabbit model for chronic periprosthetic joint infection. Bone Jt. Res. 2021, 10,
156-165. [CrossRef]

Russo, A.; Cavagnaro, L.; Chiarlone, F.; Alessio-Mazzola, M.; Felli, L.; Burastero, G. Predictors of failure of two-stage revision in
periprosthetic knee infection: A retrospective cohort study with a minimum two-year follow-up. Arch. Orthop. Trauma Surg. 2022,
142, 481-490. [CrossRef]

Chouirfa, H.; Bouloussa, H.; Migonney, V.; Falentin-Daudré, C. Review of titanium surface modification techniques and coatings
for antibacterial applications. Acta Biomater. 2019, 83, 37-54. [CrossRef]

Akshaya, S.; Rowlo, PK.; Dukle, A.; Nathanael, A.]. Antibacterial Coatings for Titanium Implants: Recent Trends and Future
Perspectives. Antibiotics 2022, 11, 1719. [CrossRef]

Li, J.; Jansen, ]J.A.; Walboomers, X.E; van den Beucken, J.J.J.P. Mechanical aspects of dental implants and osseointegration: A
narrative review. |. Mech. Behav. Biomed. Mater. 2020, 103, 103574. [CrossRef] [PubMed]

Shah, R.; Gashi, B.; Hoque, S.; Marian, M.; Rosenkranz, A. Enhancing mechanical and biomedical properties of protheses—Surface
and material design. Surf. Interfaces 2021, 27, 101498. [CrossRef]

Souza, ].C.M.; Apaza-Bedoya, K,; Benfatti, C.A.M,; Silva, ES.; Henriques, B. A Comprehensive Review on the Corrosion Pathways
of Titanium Dental Implants and Their Biological Adverse Effects. Metals 2020, 10, 1272. [CrossRef]

Badhe, R.V.; Akinfosile, O.; Bijukumar, D.; Barba, M.; Mathew, M.T. Systemic toxicity eliciting metal ion levels from metallic
implants and orthopedic devices—A mini review. Toxicol. Lett. 2021, 350, 213-224. [CrossRef]

Ramos, D.M.; Dhandapani, R.; Subramanian, A.; Sethuraman, S.; Kumbar, S.G. Clinical complications of biodegradable screws
for ligament injuries. Mater. Sci. Eng. C 2020, 109, 110423. [CrossRef] [PubMed]

Jain, R K; Patel, Y.; Jayaswal, A.; Verma, A. Indications for implant removal: A prospective study. Int. J. Res. Orthop. 2019, 5,
253-259. [CrossRef]


https://doi.org/10.1002/adfm.201910021
https://doi.org/10.3390/medicina57080839
https://doi.org/10.1002/jcp.28225
https://doi.org/10.7150/ijbs.59025
https://doi.org/10.1021/acsomega.0c02294
https://doi.org/10.1186/s13756-020-00830-6
https://doi.org/10.3390/antibiotics10101269
https://www.ncbi.nlm.nih.gov/pubmed/34680849
https://doi.org/10.1002/adhm.202000310
https://www.ncbi.nlm.nih.gov/pubmed/32449317
https://doi.org/10.1016/j.apsusc.2018.04.053
https://doi.org/10.3390/coatings11060649
https://doi.org/10.1002/cphc.202000769
https://www.ncbi.nlm.nih.gov/pubmed/33244859
https://doi.org/10.1016/j.colsurfb.2020.111116
https://www.ncbi.nlm.nih.gov/pubmed/32447202
https://doi.org/10.1016/j.jot.2018.09.001
https://www.ncbi.nlm.nih.gov/pubmed/31194031
https://doi.org/10.15698/mic2021.02.741
https://www.ncbi.nlm.nih.gov/pubmed/33553418
https://doi.org/10.1016/j.apsusc.2019.04.112
https://doi.org/10.1001/jamanetworkopen.2019.9951
https://www.ncbi.nlm.nih.gov/pubmed/31441940
https://doi.org/10.1302/2046-3758.103.BJR-2019-0193.R3
https://doi.org/10.1007/s00402-021-04265-5
https://doi.org/10.1016/j.actbio.2018.10.036
https://doi.org/10.3390/antibiotics11121719
https://doi.org/10.1016/j.jmbbm.2019.103574
https://www.ncbi.nlm.nih.gov/pubmed/32090904
https://doi.org/10.1016/j.surfin.2021.101498
https://doi.org/10.3390/met10091272
https://doi.org/10.1016/j.toxlet.2021.07.004
https://doi.org/10.1016/j.msec.2019.110423
https://www.ncbi.nlm.nih.gov/pubmed/32228966
https://doi.org/10.18203/issn.2455-4510.IntJResOrthop20190440

Int. J. Mol. Sci. 2024, 25, 2389 17 of 21

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ahn, J.H,; Patel, N.A,; Lin, C.C.; Lee, T.Q. The anterolateral ligament of the knee joint: A review of the anatomy, biomechanics,
and anterolateral ligament surgery. Knee Surg. Relat. Res. 2019, 31, 12. [CrossRef] [PubMed]

Chalidis, B.; Pitsilos, C.; Kitridis, D.; Givissis, P. Graft choices for anterolateral ligament knee reconstruction surgery: Current
concepts. World J. Clin. Cases 2022, 10, 8463-8473. [CrossRef]

Helito, C.P,; Bonadio, M.B.; Gobbi, R.G.; e Albuquerque, R.F.d.M.; Pécora, J.R.; Camanho, G.L.; Demange, M.K. Combined
intra-and extra-articular reconstruction of the anterior cruciate ligament: The reconstruction of the knee anterolateral ligament.
Arthrosc. Tech. 2015, 4, €239-e244. [CrossRef] [PubMed]

Chahla, J.; Menge, T].; Mitchell, J.].; Dean, C.S.; LaPrade, R.F. Anterolateral ligament reconstruction technique: An anatomic-based
approach. Arthrosc. Tech. 2016, 5, e453—-e457. [CrossRef] [PubMed]

Kostrub, O.0.; Kotiuk, V.V.; Liutko, O.B.; Kolov, H.B.; Blonskyi, R.I.; Zasadniuk, I.A. Differential Diagnosis of Reactive and
Infectious Arthritis after Anterior Cruciate Ligament Reconstruction. Her. Orthop. Traumatol. Prosthet. 2020, 1, 39-48. [CrossRef]
Li, S.; Wang, S.; Liu, W.; Zhang, C.; Song, J. Current strategies for enhancement of the bioactivity of artificial ligaments: A
mini-review. J. Orthop. Transl. 2022, 36, 205-215. [CrossRef] [PubMed]

Rusu, A.; Lungu, I.-A. The new fifth-generation cephalosporins—A balance between safety and efficacy. Rom. J. Pharm. Pract.
2020, 13, 121-126. [CrossRef]

Bui, T.; Preuss, C.V. Cephalosporins. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2022.

Mihai, M.M.; Preda, M.; Lungu, I; Gestal, M.C.; Popa, M.L; Holban, A.M. Nanocoatings for Chronic Wound Repair—Modulation
of Microbial Colonization and Biofilm Formation. Int. . Mol. Sci. 2018, 19, 1179. [CrossRef] [PubMed]

Anghel, A.G.; Grumezescu, A.M.; Chirea, M.; Grumezescu, V.; Socol, G.; lIordache, F,; Oprea, A.E.; Anghel, I.; Holban, A.M.
MAPLE Fabricated Fe;O,@Cinnamomum verum Antimicrobial Surfaces for Improved Gastrostomy Tubes. Molecules 2014, 19,
8981-8994. [CrossRef] [PubMed]

Gherasim, O.; Grumezescu, A.M.; Grumezescu, V.; lordache, E; Vasile, B.S.; Holban, A.M. Bioactive Surfaces of Polylactide and
Silver Nanoparticles for the Prevention of Microbial Contamination. Materials 2020, 13, 768. [CrossRef]

Schomig, F; Perka, C.; Pumberger, M.; Ascherl, R. Implant contamination as a cause of surgical site infection in spinal surgery:
Are single-use implants a reasonable solution?—A systematic review. BMC Musculoskelet. Disord. 2020, 21, 634. [CrossRef]
Radulescu, D.; Voicu, G.; Oprea, A.E.; Andronescu, E.; Grumezescu, V.; Holban, A.M.; Vasile, B.S.; Surdu, A.V.; Grumezescu,
A.M.; Socol, G. Mesoporous silica coatings for cephalosporin active release at the bone-implant interface. Appl. Surf. Sci. 2016,
374,165-171. [CrossRef]

Balaure, P.C.; Grumezescu, A.M. Recent Advances in Surface Nanoengineering for Biofilm Prevention and Control. Part II: Active,
Combined Active and Passive, and Smart Bacteria-Responsive Antibiofilm Nanocoatings. Nanomaterials 2020, 10, 1527. [CrossRef]
Marturano, V.; Abate, E; Ambrogi, V.; Califano, V.; Cerruti, P.; Pepe, G.P,; Vicari, L.R. M.; Ausanio, G. Smart Coatings Prepared via
MAPLE Deposition of Polymer Nanocapsules for Light-Induced Release. Molecules 2021, 26, 2736. [CrossRef]

Gherasim, O.; Popescu-Pelin, G.; Florian, P; Icriverzi, M.; Roseanu, A.; Mitran, V.; Cimpean, A.; Socol, G. Bioactive Ibuprofen-
Loaded PLGA Coatings for Multifunctional Surface Modification of Medical Devices. Polymers 2021, 13, 1413. [CrossRef]

Tan, J.; Li, L.; Li, B.; Tian, X,; Song, P.; Wang, X. Titanium Surfaces Modified with Graphene Oxide/Gelatin Composite Coatings
for Enhanced Antibacterial Properties and Biological Activities. ACS Omega 2022, 7, 27359-27368. [CrossRef]

Barros, C.H.N.; Casey, E. A Review of Nanomaterials and Technologies for Enhancing the Antibiofilm Activity of Natural
Products and Phytochemicals. ACS Appl. Nano Mater. 2020, 3, 8537-8556. [CrossRef]

Pircalabioru, G.G.; Chifiriuc, M.-C. Nanoparticulate drug-delivery systems for fighting microbial biofilms: From bench to bedside.
Future Microbiol. 2020, 15, 679-698. [CrossRef] [PubMed]

Ficai, D.; Grumezescu, V.; Fufa, O.M.; Popescu, R.C.; Holban, A.M.; Ficai, A.; Grumezescu, A.M.; Mogoanta, L.; Mogosanu, G.D.;
Andronescu, E. Antibiofilm coatings based on PLGA and nanostructured cefepime-functionalized magnetite. Nanomaterials 2018,
8, 633. [CrossRef]

Gherasim, O.; Popescu, R.C.; Grumezescu, V.; Mogosanu, G.D.; Mogoanta, L.; Iordache, F.; Holban, A.M.; Vasile, B.S.; Birca, A.C.;
Oprea, O.-C.; et al. MAPLE Coatings Embedded with Essential Oil-Conjugated Magnetite for Anti-Biofilm Applications. Materials
2021, 14, 1612. [CrossRef]

Mercan, D.-A.; Niculescu, A.-G.; Grumezescu, A.M. Nanoparticles for Antimicrobial Agents Delivery—An Up-to-Date Review.
Int. ]. Mol. Sci. 2022, 23, 13862. [CrossRef] [PubMed]

Reina, G.; Gonzalez-Dominguez, ].M.; Criado, A.; Vazquez, E.; Bianco, A.; Prato, M. Promises, facts and challenges for graphene
in biomedical applications. Chem. Soc. Rev. 2017, 46, 4400—4416. [CrossRef]

Tadyszak, K.; Wychowaniec, ] K.; Litowczenko, J. Biomedical Applications of Graphene-Based Structures. Nanomaterials 2018, 8,
944, [CrossRef]

Lazar, A.-I.; Aghasoleimani, K.; Semertsidou, A.; Vyas, J.; Rosca, A.-L.; Ficai, D.; Ficai, A. Graphene-Related Nanomaterials for
Biomedical Applications. Nanomaterials 2023, 13, 1092. [CrossRef]

Azizi-Lalabadi, M.; Hashemi, H.; Feng, J.; Jafari, S.M. Carbon nanomaterials against pathogens; the antimicrobial activity of
carbon nanotubes, graphene/graphene oxide, fullerenes, and their nanocomposites. Adv. Colloid Interface Sci. 2020, 284, 102250.
[CrossRef] [PubMed]

Jain, A.; Kunduru, K.R.; Basu, A.; Mizrahi, B.; Domb, A.J.; Khan, W. Injectable formulations of poly(lactic acid) and its copolymers
in clinical use. Adv. Drug Deliv. Rev. 2016, 107, 213-227. [CrossRef] [PubMed]


https://doi.org/10.1186/s43019-019-0012-4
https://www.ncbi.nlm.nih.gov/pubmed/32660576
https://doi.org/10.12998/wjcc.v10.i24.8463
https://doi.org/10.1016/j.eats.2015.02.006
https://www.ncbi.nlm.nih.gov/pubmed/26258037
https://doi.org/10.1016/j.eats.2016.01.032
https://www.ncbi.nlm.nih.gov/pubmed/27656361
https://doi.org/10.37647/0132-2486-2020-104-1-39-48
https://doi.org/10.1016/j.jot.2022.07.011
https://www.ncbi.nlm.nih.gov/pubmed/36263385
https://doi.org/10.37897/RJPhP.2020.3.2
https://doi.org/10.3390/ijms19041179
https://www.ncbi.nlm.nih.gov/pubmed/29649179
https://doi.org/10.3390/molecules19078981
https://www.ncbi.nlm.nih.gov/pubmed/24979402
https://doi.org/10.3390/ma13030768
https://doi.org/10.1186/s12891-020-03653-z
https://doi.org/10.1016/j.apsusc.2015.10.183
https://doi.org/10.3390/nano10081527
https://doi.org/10.3390/molecules26092736
https://doi.org/10.3390/polym13091413
https://doi.org/10.1021/acsomega.2c02387
https://doi.org/10.1021/acsanm.0c01586
https://doi.org/10.2217/fmb-2019-0251
https://www.ncbi.nlm.nih.gov/pubmed/32495694
https://doi.org/10.3390/nano8090633
https://doi.org/10.3390/ma14071612
https://doi.org/10.3390/ijms232213862
https://www.ncbi.nlm.nih.gov/pubmed/36430343
https://doi.org/10.1039/C7CS00363C
https://doi.org/10.3390/nano8110944
https://doi.org/10.3390/nano13061092
https://doi.org/10.1016/j.cis.2020.102250
https://www.ncbi.nlm.nih.gov/pubmed/32966964
https://doi.org/10.1016/j.addr.2016.07.002
https://www.ncbi.nlm.nih.gov/pubmed/27423636

Int. J. Mol. Sci. 2024, 25, 2389 18 of 21

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Nofar, M.; Sacligil, D.; Carreau, PJ.; Kamal, M.R.; Heuzey, M.-C. Poly (lactic acid) blends: Processing, properties and applications.
Int. J. Biol. Macromol. 2019, 125, 307-360. [CrossRef] [PubMed]

Huang, Y.; Wang, T.; Zhao, X.; Wang, X.; Zhou, L.; Yang, Y.; Liao, F.; Ju, Y. Poly(lactic acid)/graphene oxide—ZnO nanocomposite
films with good mechanical, dynamic mechanical, anti-UV and antibacterial properties. J. Chem. Technol. Biotechnol. 2015, 90,
1677-1684. [CrossRef]

Scaffaro, R.; Lopresti, F.; Marino, A.; Nostro, A. Antimicrobial additives for poly(lactic acid) materials and their applications:
Current state and perspectives. Appl. Microbiol. Biotechnol. 2018, 102, 7739-7756. [CrossRef]

Arriagada, P; Palza, H.; Palma, P.; Flores, M.; Caviedes, P. Poly(lactic acid) composites based on graphene oxide particles with
antibacterial behavior enhanced by electrical stimulus and biocompatibility. J. Biomed. Mater. Res. Part A 2018, 106, 1051-1060.
[CrossRef] [PubMed]

Ikram, R; Jan, B.M.; Ahmad, W. An overview of industrial scalable production of graphene oxide and analytical approaches for
synthesis and characterization. J. Mater. Res. Technol. 2020, 9, 11587-11610. [CrossRef]

Singh, J.; Jindal, N.; Kumar, V.; Singh, K. Role of green chemistry in synthesis and modification of graphene oxide and its
application: A review study. Chem. Phys. Impact 2023, 6, 100185. [CrossRef]

Liu, J.; Chen, S; Liu, Y.; Zhao, B. Progress in preparation, characterization, surface functional modification of graphene oxide: A
review. . Saudi Chem. Soc. 2022, 26, 101560. [CrossRef]

Kashif, M.; Alsaiari, N.S.; Jaafar, E.; Low, EW.; Oon, C.S.; Sahari, S.K.; Almuaikel, N.S. Reaction-Time-Dependent Opto-Electrical
Properties of Graphene Oxide. Crystals 2022, 12, 1303. [CrossRef]

Hou, Y; Lv, S;; Liu, L.; Liu, X. High-quality preparation of graphene oxide via the Hummers’ method: Understanding the roles of
the intercalator, oxidant, and graphite particle size. Ceram. Int. 2020, 46, 2392-2402. [CrossRef]

Siburian, R.; Simanjuntak, C.; Supeno, M.; Lumbanraja, S.; Sihotang, H. New route to synthesize of graphene nano sheets. Orient.
J. Chem. 2018, 34, 182-187. [CrossRef]

Kesavan, S.; Meena, K.S.; Dhakshinamoorthy, R. Bioactive polysaccharides based graphene oxide nanoparticle as a promising
carrier for anticancer drug delivery. Biointerface Res. Appl. Chem. 2022, 12, 3429-3445.

Stobinski, L.; Lesiak, B.; Malolepszy, A.; Mazurkiewicz, M.; Mierzwa, B.; Zemek, J.; Jiricek, P.; Bieloshapka, I. Graphene oxide and
reduced graphene oxide studied by the XRD, TEM and electron spectroscopy methods. J. Electron. Spectrosc. Relat. Phenom. 2014,
195, 145-154. [CrossRef]

Sohail, M.; Saleem, M.; Ullah, S.; Saeed, N.; Afridi, A.; Khan, M.; Arif, M. Modified and improved Hummer’s synthesis of
graphene oxide for capacitors applications. Mod. Electron. Mater. 2017, 3, 110-116. [CrossRef]

Sengupta, I.; Kumar, S.5.5.S.; Pal, S.K.; Chakraborty, S. Investigating the effect of graphite pretreatment and contribution of
the oxidizer in the synthesis of graphite oxide by hummers approach. Fuller. Nanotub. Carbon. Nanostruct. 2022, 30, 626-637.
[CrossRef]

Zhou, A; Yu, T,; Liang, X.; Yin, S. HyO,-free strategy derived from Hummers method for preparing graphene oxide with high
oxidation degree. FlatChem 2023, 38, 100487. [CrossRef]

Gherasim, O.; Grumezescu, A.M.; Grumezescu, V.; Andronescu, E.; Negut, I; Birca, A.C.; Galdteanu, B.; Huditd, A. Bioactive
Coatings Loaded with Osteogenic Protein for Metallic Implants. Polymers 2021, 13, 4303. [CrossRef]

Croitoru, A.; Oprea, O.; Nicoara, A.; Trusca, R.; Radu, M.; Neacsu, L; Ficai, D.; Ficai, A.; Andronescu, E. Multifunctional Platforms
Based on Graphene Oxide and Natural Products. Medicina 2019, 55, 230. [CrossRef]

Zhu, Y;; Kong, G; Pan, Y,; Liu, L.; Yang, B.; Zhang, S.; Lai, D.; Che, C. An improved Hummers method to synthesize graphene
oxide using much less concentrated sulfuric acid. Chin. Chem. Lett. 2022, 33, 4541-4544. [CrossRef]

Croitoru, A.-M.; Karagelebi, Y.; Saatcioglu, E.; Altan, E.; Ulag, S.; Aydogan, H.K,; Sahin, A.; Motelica, L.; Oprea, O.; Tihauan,
B.-M,; et al. Electrically Triggered Drug Delivery from Novel Electrospun Poly(Lactic Acid)/Graphene Oxide/Quercetin Fibrous
Scaffolds for Wound Dressing Applications. Pharmaceutics 2021, 13, 957. [CrossRef]

Birca, A.C.; Chircov, C.; Niculescu, A.G.; Hildegard, H.; Balta, C.; Rosu, M.; Mladin, B.; Gherasim, O.; Mihaiescu, D.E.; Vasile, B.S.;
et al. HyO,-PLA-(Alg),Ca Hydrogel Enriched in Matrigel&reg; Promotes Diabetic Wound Healing. Pharmaceutics 2023, 15, 857.
[CrossRef] [PubMed]

Wieser, J.; Sturm, H.; Pichler, A.; Hotter, A.; Martin, N.; Langes, C.; Griesser, U. Crystalline Forms of Ceftaroline Fosamil. U.S.
Patent US9534004B2, 3 January 2017. Available online: https://patents.google.com/patent/US9534004 /en20 (accessed on 5
January 2024).

Xu, W,; Zhang, A.; Zhang, X.; Gan, Z. Ceftaroline Fosamil Amino Acid Salt and Crystal Thereof. Patent WO2016008393A1, 21
January 2016. Available online: https://patents.google.com/patent/ WO2016008393A1/en (accessed on 5 January 2024).
Fulmali, A.; Bharate, S.S. Phosphate moiety in FDA-approved pharmaceutical salts and prodrugs. Drug Dev. Res. 2022, 83,
1059-1074. [CrossRef]

del Pino, A.P,; Gyorgy, E.; Logofatu, C.; Duta, A. Study of the deposition of graphene oxide by matrix-assisted pulsed laser
evaporation. J. Phys. D Appl. Phys. 2013, 46, 505309. [CrossRef]

Sima, L.E.; Chiritoiu, G.; Negut, I.; Grumezescu, V.; Orobeti, S.; Munteanu, C.V.A.; Sima, F.; Axente, E. Functionalized graphene
oxide thin films for anti-tumor drug delivery to melanoma cells. Front. Chem. 2020, 8, 184. [CrossRef] [PubMed]

Gyorgy, E.; Logofatu, C.; Pérez del Pino, A.; Datcu, A.; Pascu, O.; Ivan, R. Enhanced UV- and visible-light driven photocatalytic
performances and recycling properties of graphene oxide/ZnO hybrid layers. Ceram. Int. 2018, 44, 1826-1835. [CrossRef]


https://doi.org/10.1016/j.ijbiomac.2018.12.002
https://www.ncbi.nlm.nih.gov/pubmed/30528997
https://doi.org/10.1002/jctb.4476
https://doi.org/10.1007/s00253-018-9220-1
https://doi.org/10.1002/jbm.a.36307
https://www.ncbi.nlm.nih.gov/pubmed/29218826
https://doi.org/10.1016/j.jmrt.2020.08.050
https://doi.org/10.1016/j.chphi.2023.100185
https://doi.org/10.1016/j.jscs.2022.101560
https://doi.org/10.3390/cryst12091303
https://doi.org/10.1016/j.ceramint.2019.09.231
https://doi.org/10.13005/ojc/340120
https://doi.org/10.1016/j.elspec.2014.07.003
https://doi.org/10.1016/j.moem.2017.07.002
https://doi.org/10.1080/1536383X.2021.1987414
https://doi.org/10.1016/j.flatc.2023.100487
https://doi.org/10.3390/polym13244303
https://doi.org/10.3390/medicina55060230
https://doi.org/10.1016/j.cclet.2022.01.060
https://doi.org/10.3390/pharmaceutics13070957
https://doi.org/10.3390/pharmaceutics15030857
https://www.ncbi.nlm.nih.gov/pubmed/36986719
https://patents.google.com/patent/US9534004/en20
https://patents.google.com/patent/WO2016008393A1/en
https://doi.org/10.1002/ddr.21953
https://doi.org/10.1088/0022-3727/46/50/505309
https://doi.org/10.3389/fchem.2020.00184
https://www.ncbi.nlm.nih.gov/pubmed/32266211
https://doi.org/10.1016/j.ceramint.2017.10.117

Int. J. Mol. Sci. 2024, 25, 2389 19 of 21

82. Pérez del Pino, A.; Ramadan, M.A.; Garcia Lebiere, P,; Ivan, R.; Logofatu, C.; Yousef, I.; Gyorgy, E. Fabrication of graphene-based
electrochemical capacitors through reactive inverse matrix assisted pulsed laser evaporation. Appl. Surf. Sci. 2019, 484, 245-256.
[CrossRef]

83. Dinca, V,; Liu, Q.; Brajnicov, S.; Bonciu, A.; Vlad, A.; Dinu, C.Z. Composites formed from tungsten trioxide and graphene oxide
for the next generation of electrochromic interfaces. Compos. Commun. 2020, 17, 115-122. [CrossRef]

84. Queraltd, A.; Pérez del Pino, A.; Logofatu, C.; Calota, A.; Amade, R.; Alshaikh, I.; Bertran, E.; Urzica, I.; Gyorgy, E. MAPLE
synthesis of reduced graphene oxide/silver nanocomposite electrodes: Influence of target composition and gas ambience. J.
Alloys Compd. 2017, 726, 1003-1013. [CrossRef]

85. Liu, X;; Yuan, L,; Li, D.; Tang, Z.; Wang, Y.; Chen, G.; Chen, H.; Brash, J.L. Blood compatible materials: State of the art. ]. Mater.
Chem. B 2014, 2, 5718-5738. [CrossRef] [PubMed]

86. Weber, M,; Steinle, H.; Golombek, S.; Hann, L.; Schlensak, C.; Wendel, H.P.; Avci-Adali, M. Blood-contacting biomaterials: In vitro
evaluation of the hemocompatibility. Front. Bioeng. Biotechnol. 2018, 6, 99. [CrossRef] [PubMed]

87. ASTM F756—00; Standard Practice for Assessment of Hemolytic Properties of Materials. ASTM International: West Conshohocken,
PA, USA, 2004.

88. Ngkelo, A.; Meja, K.; Yeadon, M.; Adcock, I; Kirkham, P.A. LPS induced inflammatory responses in human peripheral blood
mononuclear cells is mediated through NOX4 and Gix dependent PI-3kinase signalling. J. Inflamm. 2012, 9, 1. [CrossRef]

89. Chaiwut, R,; Kasinrerk, W. Very low concentration of lipopolysaccharide can induce the production of various cytokines and
chemokines in human primary monocytes. BMC Res. Notes 2022, 15, 42. [CrossRef]

90. Hoyle, C; Rivers-Auty, ].; Lemarchand, E.; Vranic, S.; Wang, E.; Buggio, M.; Rothwell, N.J.; Allan, S.M.; Kostarelos, K.; Brough,
D. Small, Thin Graphene Oxide Is Anti-inflammatory Activating Nuclear Factor Erythroid 2-Related Factor 2 via Metabolic
Reprogramming. ACS Nano 2018, 12, 11949-11962. [CrossRef] [PubMed]

91. Hung, H.-S.; Kung, M.-L.; Chen, F-C.; Ke, Y.-C.; Shen, C.-C.; Yang, Y.-C.; Tang, C.-M.; Yeh, C.-A.; Hsieh, H.-H.; Hsu, S.-h.
Nanogold-Carried Graphene Oxide: Anti-Inflammation and Increased Differentiation Capacity of Mesenchymal Stem Cells.
Nanomaterials 2021, 11, 2046. [CrossRef]

92.  Zupanci¢, U; Jolly, P; Estrela, P.; Moschou, D.; Ingber, D.E. Graphene Enabled Low-Noise Surface Chemistry for Multiplexed
Sepsis Biomarker Detection in Whole Blood. Adv. Funct. Mater. 2021, 31, 2010638. [CrossRef]

93. Li, Y,; Yang, Y,; Shao, Y.; Sun, Y;; Si, H.; Miao, J.; Xu, Y. Chitosan functionalized graphene oxide nanocomposites for fluorescence
imaging of apoptotic processes and targeted anti-inflammation study. Carbohydr. Polym. 2021, 269, 118345. [CrossRef]

94. Kumar, A.; Gupta, G.H.; Singh, G.; More, N.; Keerthana, M.; Sharma, A.; Jawade, D.; Balu, A.; Kapusetti, G. Ultrahigh sensitive
graphene oxide/conducting polymer composite based biosensor for cholesterol and bilirubin detection. Biosens. Bioelectron. X
2023, 13, 100290. [CrossRef]

95. Borges-Vilches, J.; Figueroa, T.; Guajardo, S.; Carmona, S.; Mellado, C.; Meléndrez, M.; Aguayo, C.; Fernandez, K. Novel and
effective hemostats based on graphene oxide-polymer aerogels: In vitro and in vivo evaluation. Biomater. Adv. 2022, 139, 213007.
[CrossRef] [PubMed]

96. Huang, M.; Xiao, M.; Dong, J.; Huang, Y.; Sun, H.; Wang, D. Synergistic anti-inflammatory effects of graphene oxide quantum
dots and trans-10-hydroxy-2-decenoic acid on LPS-stimulated RAW 264.7 macrophage cells. Biomater. Adv. 2022, 136, 212774.
[CrossRef] [PubMed]

97. Karimi, N.; Kharaziha, M.; Raeissi, K. Electrophoretic deposition of chitosan reinforced graphene oxide-hydroxyapatite on the
anodized titanium to improve biological and electrochemical characteristics. Mater. Sci. Eng. C 2019, 98, 140-152. [CrossRef]
[PubMed]

98. Kadhim, I.A.U. Biocompatibility of Alginate-Graphene Oxide Film for Tissue Engineering Applications. Key Eng. Mater. 2021,
900, 26-33. [CrossRef]

99. Yilmaz, E.; Cakiroglu, B.; Gokee, A.; Findik, E; Gulsoy, H.O.; Gulsoy, N.; Mutlu, 0.; Ozacar, M. Novel hydroxyapatite/graphene
oxide/collagen bioactive composite coating on Til6Nb alloys by electrodeposition. Mater. Sci. Eng. C 2019, 101, 292-305.
[CrossRef]

100. Murugan, N.; Murugan, C.; Sundramoorthy, A.K. In vitro and in vivo characterization of mineralized hydroxyapatite /polycaprolactone-
graphene oxide based bioactive multifunctional coating on Ti alloy for bone implant applications. Arab. ]. Chem. 2018, 11, 959-969.
[CrossRef]

101. Fei, F; Yao, H.; Wang, Y.; Wei, J. Graphene Oxide/RhPTH(1-34)/Polylactide Composite Nanofibrous Scaffold for Bone Tissue
Engineering. Int. ]. Mol. Sci. 2023, 24, 5799. [CrossRef]

102. Zhang, D.; Yao, Y.; Duan, Y.; Yu, X,; Shi, H.; Nakkala, ].R.; Zuo, X.; Hong, L.; Mao, Z.; Gao, C. Surface-Anchored Graphene Oxide
Nanosheets on Cell-Scale Micropatterned Poly(d,l-lactide-co-caprolactone) Conduits Promote Peripheral Nerve Regeneration.
ACS Appl. Mater. Interfaces 2020, 12, 7915-7930. [CrossRef]

103. Ciftci, F,; Ayan, S.; Duygulu, N.; Yilmazer, Y.; Karavelioglu, Z.; Vehapi, M.; Cakir Koc, R.; Sengor, M.; Yilmazer, H.; Ozcimen, D,;
et al. Selenium and clarithromycin loaded PLA-GO composite wound dressings by electrospinning method. Int. J. Polym. Mater.
Polym. Biomater. 2022, 71, 898-909. [CrossRef]

104. Fraczek-Szczypta, A.; Jantas, D.; Ciepiela, F.; Grzonka, J. Graphene oxide-conductive polymer nanocomposite coatings obtained
by the EPD method as substrates for neurite outgrowth. Diam. Relat. Mater. 2020, 102, 107663. [CrossRef]


https://doi.org/10.1016/j.apsusc.2019.04.127
https://doi.org/10.1016/j.coco.2019.11.015
https://doi.org/10.1016/j.jallcom.2017.08.052
https://doi.org/10.1039/C4TB00881B
https://www.ncbi.nlm.nih.gov/pubmed/32262016
https://doi.org/10.3389/fbioe.2018.00099
https://www.ncbi.nlm.nih.gov/pubmed/30062094
https://doi.org/10.1186/1476-9255-9-1
https://doi.org/10.1186/s13104-022-05941-4
https://doi.org/10.1021/acsnano.8b03642
https://www.ncbi.nlm.nih.gov/pubmed/30444603
https://doi.org/10.3390/nano11082046
https://doi.org/10.1002/adfm.202010638
https://doi.org/10.1016/j.carbpol.2021.118345
https://doi.org/10.1016/j.biosx.2022.100290
https://doi.org/10.1016/j.bioadv.2022.213007
https://www.ncbi.nlm.nih.gov/pubmed/35891602
https://doi.org/10.1016/j.bioadv.2022.212774
https://www.ncbi.nlm.nih.gov/pubmed/35929313
https://doi.org/10.1016/j.msec.2018.12.136
https://www.ncbi.nlm.nih.gov/pubmed/30813014
https://doi.org/10.4028/www.scientific.net/KEM.900.26
https://doi.org/10.1016/j.msec.2019.03.078
https://doi.org/10.1016/j.arabjc.2018.03.020
https://doi.org/10.3390/ijms24065799
https://doi.org/10.1021/acsami.9b20321
https://doi.org/10.1080/00914037.2021.1925276
https://doi.org/10.1016/j.diamond.2019.107663

Int. J. Mol. Sci. 2024, 25, 2389 20 of 21

105. Talebi, A.; Labbaf, S.; Karimzadeh, F; Masaeli, E.; Nasr Esfahani, M.-H. Electroconductive Graphene-Containing Polymeric Patch:
A Promising Platform for Future Cardiac Repair. ACS Biomater. Sci. Eng. 2020, 6, 4214-4224. [CrossRef] [PubMed]

106. Li, Y.; Yang, L.; Hou, Y.; Zhang, Z.; Chen, M.; Wang, M.; Liu, J.; Wang, J.; Zhao, Z.; Xie, C.; et al. Polydopamine-mediated graphene
oxide and nanohydroxyapatite-incorporated conductive scaffold with an immunomodulatory ability accelerates periodontal
bone regeneration in diabetes. Bioact. Mater. 2022, 18, 213-227. [CrossRef] [PubMed]

107. Wang, J.; Wu, Y,; Li, H.; Liu, Y,; Bai, X; Chau, W.; Zheng, Y.; Qin, L. Magnesium alloy based interference screw developed for ACL
reconstruction attenuates peri-tunnel bone loss in rabbits. Biomaterials 2018, 157, 86-97. [CrossRef] [PubMed]

108. He, X,; Li, Y;; Miao, H.; Xu, J.; Ong, M.T.-y;; Wang, C.; Zheng, L.; Wang, ].; Huang, L.; Zu, H.; et al. High formability Mg-Zn-Gd
wire facilitates ACL reconstruction via its swift degradation to accelerate intra-tunnel endochondral ossification. J. Magnes. Alloys
2022, in press. [CrossRef]

109. Veizi, E.; Alkan, H.; Cay, N.; Sahin, A.; Cepni, $.; Tecimel, O.; Firat, A. Clinical and radiological comparison of bioactive glass
and poly-L-lactic acid /hydroxyapatite bioabsorbable interference screws for tibial graft fixation in anterior cruciate ligament
reconstruction. Orthop. Traumatol. Surg. Res. OTSR 2022, 108, 103247. [CrossRef]

110. Ficek, K.; Rajca, J.; Stolarz, M.; Stodolak-Zych, E.; Wieczorek, J.; Muzalewska, M.; Wylezot, M.; Wrébel, Z.; Binkowski, M.;
Btazewicz, S. Bioresorbable Stent in Anterior Cruciate Ligament Reconstruction. Polymers 2019, 11, 1961. [CrossRef]

111. Stodolak-Zych, E.; Ficek, K.; Wieczorek, J.; Kajor, M.; Gryn, K.; Rapacz-Kmita, A.; Rajca, J.; Kosenyuk, Y.; Stolarz, M.; Blazewicz, S.
Assessment of sheep knee joint after ACL replacement with Achilles tendon autograft and PLA-based implant. J. Mech. Behav.
Biomed. Mater. 2022, 125, 104923. [CrossRef]

112. Borjali, A.; Farrahi, G.; Chizari, M. Sheathed fixation improves BASHTI technique in an anterior cruciate ligament reconstruction.
Proc. Inst. Mech. Engineers. Part H ]. Eng. Med. 2023, 237, 375-384. [CrossRef]

113. Li, H.; Li, J.; Jiang, J.; Lv, E; Chang, J.; Chen, S.; Wu, C. An osteogenesis/angiogenesis-stimulation artificial ligament for anterior
cruciate ligament reconstruction. Acta Biomater. 2017, 54, 399-410. [CrossRef] [PubMed]

114. Wang, S.; Ge, Y.; Ai, C,; Jiang, J.; Cai, J.; Sheng, D.; Wan, F; Liu, X.; Hao, Y.; Chen, J. Enhance the biocompatibility and
osseointegration of polyethylene terephthalate ligament by plasma spraying with hydroxyapatite in vitro and in vivo. Int. J.
Nanomed. 2018, 13, 3609-3623. [CrossRef] [PubMed]

115. Kanniyappan, H.; Venkatesan, M.; Panji, ].; Ramasamy, M.; Muthuvijayan, V. Evaluating the inherent osteogenic and angiogenic
potential of mesoporous silica nanoparticles to augment vascularized bone tissue formation. Microporous Mesoporous Mater. 2021,
311, 110687. [CrossRef]

116. Surmenev, R.A.; Shkarina, S.; Syromotina, D.S.; Melnik, E.V.; Shkarin, R.; Selezneva, L.I.; Ermakov, A.M.; Ivlev, S.I; Cecilia, A.;
Weinhardt, V.; et al. Characterization of biomimetic silicate- and strontium-containing hydroxyapatite microparticles embedded
in biodegradable electrospun polycaprolactone scaffolds for bone regeneration. Eur. Polym. J. 2019, 113, 67-77. [CrossRef]

117. Egawa, T; Inagaki, Y.; Akahane, M.; Furukawa, A.; Inoue, K.; Ogawa, M.; Tanaka, Y. Silicate-substituted strontium apatite nano
coating improves osteogenesis around artificial ligament. BMIC Musculoskelet. Disord. 2019, 20, 396. [CrossRef] [PubMed]

118. Esposito, S.; Carrothers, T.J.; Riccobene, T.; Stone, G.G.; Kantecki, M. Ceftaroline Fosamil for Treatment of Pediatric Complicated
Skin and Soft Tissue Infections and Community-Acquired Pneumonia. Pediatr. Drugs 2021, 23, 549-563. [CrossRef]

119. Lazaro-Diez, M.; Remuzgo-Martinez, S.; Rodriguez-Mirones, C.; Acosta, F.; Icardo, ]. M.; Martinez-Martinez, L.; Ramos-Vivas, J.
Effects of Subinhibitory Concentrations of Ceftaroline on Methicillin-Resistant Staphylococcus aureus (MRSA) Biofilms. PLoS
ONE 2016, 11, e0147569. [CrossRef]

120. Diez-Pascual, A.M. Antibacterial Action of Nanoparticle Loaded Nanocomposites Based on Graphene and Its Derivatives: A
Mini-Review. Int. . Mol. Sci. 2020, 21, 3563. [CrossRef]

121. Liauw, C.M.; Vaidya, M; Slate, A.J.; Hickey, N.A.; Ryder, S.; Martinez-Perifan, E.; McBain, A.J.; Banks, C.E.; Whitehead, K.A.
Analysis of Cellular Damage Resulting from Exposure of Bacteria to Graphene Oxide and Hybrids Using Fourier Transform
Infrared Spectroscopy. Antibiotics 2023, 12, 776. [CrossRef] [PubMed]

122. An, X; Ma, H; Liu, B.; Wang, J. Graphene Oxide Reinforced Polylactic Acid/Polyurethane Antibacterial Composites. |. Nanomater.
2013, 2013, 373414. [CrossRef]

123. Chen, Q.; Mangadlao, J.D.; Wallat, J.; De Leon, A.; Pokorski, ] K.; Advincula, R.C. 3D Printing Biocompatible Polyurethane/Poly(lactic
acid)/Graphene Oxide Nanocomposites: Anisotropic Properties. ACS Appl. Mater. Interfaces 2017, 9, 4015-4023. [CrossRef]

124. Mohamad, S.N.; Ramli, I.; Abdullah, L.C.; Mohamed, N.H.; Islam, M.S.; Ibrahim, N.A.; Ishak, N.S. Evaluation on Structural
Properties and Performances of Graphene Oxide Incorporated into Chitosan/Poly-Lactic Acid Composites: CS/PLA versus
CS/PLA-GO. Polymers 2021, 13, 1839. [CrossRef]

125. Khan, M.U.; Yaqoob, Z.; Ansari, M.N.; Razak, S.I; Raza, M.A ; Sajjad, A.; Haider, S.; Busra, EM. Chitosan/Poly Vinyl Alco-
hol/Graphene Oxide Based pH-Responsive Composite Hydrogel Films: Drug Release, Anti-Microbial and Cell Viability Studies.
Polymers 2021, 13, 3124. [CrossRef] [PubMed]

126. Ericson Morgan, G.; Martin, R.; Welch, H.; Morris, K. Quantitative Weight Bearing and non-weight Bearing Measures of Stiffness
in the Achilles Tendon and Gastrocnemius Muscle. Muscles Ligaments Tendons J. 2020, 10, 100. [CrossRef]

127. Silva, M.; Gomes, C.; Pinho, I.; Gongalves, H.; Vale, A.C; Covas, ]J.A.; Alves, N.M.; Paiva, M.C. Poly(Lactic Acid)/Graphite
Nanoplatelet Nanocomposite Filaments for Ligament Scaffolds. Nanomaterials 2021, 11, 2796. [CrossRef] [PubMed]

128. Chen, X.; Qu, Z,; Liu, Z.; Ren, G. Mechanism of Oxidization of Graphite to Graphene Oxide by the Hummers Method. ACS
Omega 2022, 7, 23503-23510. [CrossRef] [PubMed]


https://doi.org/10.1021/acsbiomaterials.0c00266
https://www.ncbi.nlm.nih.gov/pubmed/33463338
https://doi.org/10.1016/j.bioactmat.2022.03.021
https://www.ncbi.nlm.nih.gov/pubmed/35387166
https://doi.org/10.1016/j.biomaterials.2017.12.007
https://www.ncbi.nlm.nih.gov/pubmed/29248806
https://doi.org/10.1016/j.jma.2022.12.006
https://doi.org/10.1016/j.otsr.2022.103247
https://doi.org/10.3390/polym11121961
https://doi.org/10.1016/j.jmbbm.2021.104923
https://doi.org/10.1177/09544119231153198
https://doi.org/10.1016/j.actbio.2017.03.014
https://www.ncbi.nlm.nih.gov/pubmed/28315493
https://doi.org/10.2147/IJN.S162466
https://www.ncbi.nlm.nih.gov/pubmed/29983557
https://doi.org/10.1016/j.micromeso.2020.110687
https://doi.org/10.1016/j.eurpolymj.2019.01.042
https://doi.org/10.1186/s12891-019-2777-8
https://www.ncbi.nlm.nih.gov/pubmed/31472679
https://doi.org/10.1007/s40272-021-00468-w
https://doi.org/10.1371/journal.pone.0147569
https://doi.org/10.3390/ijms21103563
https://doi.org/10.3390/antibiotics12040776
https://www.ncbi.nlm.nih.gov/pubmed/37107138
https://doi.org/10.1155/2013/373414
https://doi.org/10.1021/acsami.6b11793
https://doi.org/10.3390/polym13111839
https://doi.org/10.3390/polym13183124
https://www.ncbi.nlm.nih.gov/pubmed/34578025
https://doi.org/10.32098/mltj.01.2020.14
https://doi.org/10.3390/nano11112796
https://www.ncbi.nlm.nih.gov/pubmed/34835562
https://doi.org/10.1021/acsomega.2c01963
https://www.ncbi.nlm.nih.gov/pubmed/35847285

Int. J. Mol. Sci. 2024, 25, 2389 21 of 21

129.

130.

131.

132.

133.

134.

Cruz, R.; Nisar, M; Palza, H.; Yazdani-Pedram, M.; Aguilar-Bolados, H.; Quijada, R. Development of bio degradable nanocom-
posites based on PLA and functionalized graphene oxide. Polym. Test. 2023, 124, 108066. [CrossRef]

Spirescu, V.A.; Suhan, R.; Niculescu, A.-G.; Grumezescu, V.; Negut, I.; Holban, A.M.; Oprea, O.-C.; Birca, A.C.; Vasile, B.S,;
Grumezescu, A.M.; et al. Biofilm-Resistant Nanocoatings Based on ZnO Nanoparticles and Linalool. Nanomaterials 2021, 11, 2564.
[CrossRef]

Huditd, A.; Radu, I.C.; Zaharia, C.; Ion, A.C.; Ginghina, O.; Galateanu, B.; Marutescu, L.; Grama, E; Tsatsakis, A.; Gurevich, L.;
et al. Bio- and Hemo-Compatible Silk Fibroin PEGylated Nanocarriers for 5-Fluorouracil Chemotherapy in Colorectal Cancer: In
Vitro Studies. Pharmaceutics 2021, 13, 755. [CrossRef]

Gheran, C.V,; Voicu, S.N.; Galateanu, B.; Callewaert, M.; Moreau, J.; Cadiou, C.; Chuburu, F.,; Dinischiotu, A. In Vitro Studies
Regarding the Safety of Chitosan and Hyaluronic Acid-Based Nanohydrogels Containing Contrast Agents for Magnetic Resonance
Imaging. Int. J. Mol. Sci. 2022, 23, 3258. [CrossRef]

Gherasim, O.; Grumezescu, A.M.; Ficai, A.; Grumezescu, V.; Holban, A.M.; Galateanu, B.; Hudita, A. Composite P(3HB-3HV)-CS
Spheres for Enhanced Antibiotic Efficiency. Polymers 2021, 13, 989. [CrossRef]

Hudita, A.; Grumezescu, V.; Gherasim, O.; Grumezescu, A.M.; Dorcioman, G.; Negut, I.; Oprea, O.-C.; Vasile, B.S.; Galateanu, B.;
Curutiu, C.; et al. MAPLE Processed Nanostructures for Antimicrobial Coatings. Int. . Mol. Sci. 2022, 23, 15355. [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.


https://doi.org/10.1016/j.polymertesting.2023.108066
https://doi.org/10.3390/nano11102564
https://doi.org/10.3390/pharmaceutics13050755
https://doi.org/10.3390/ijms23063258
https://doi.org/10.3390/polym13060989
https://doi.org/10.3390/ijms232315355

	Introduction 
	Results and Discussions 
	Physicochemical Characterization of GO Nanomaterial 
	Physicochemical Characterization of PLA-nGO-Zin Coatings 
	Blood Interaction with PLA-nGO-Zin Coatings 
	Evaluation of the Hemolytic Potential of PLA-nGO-Zin Coatings 
	Assessment of the Pro-inflammatory Potential of PLA-nGO-Zin Coatings by Profiling Cytokine Expression 

	Anti-Biofilm Efficiency of PLA-nGO-Zin Coatings 

	Materials and Methods 
	Materials 
	Synthesis Methods 
	Synthesis of Graphene Oxide (GO) Nanomaterial 
	Synthesis of PLA-nGO-Zin Coatings 

	Physicochemical Investigation Methods 
	Characterization of GO Nanosheets (nGOs) 
	Characterization of PLA-nGO-Zin Coatings 

	Biological Evaluation of PLA-nGO-Zin Coatings 
	Microbiological Evaluation of PLA-nGO-Zin Coatings 

	Conclusions 
	References

