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Abstract: Simple and lithium-doped biological-origin hydroxyapatite layers were synthesized by
Pulsed Laser Deposition technique on medical grade Ti substrates. Cytotoxic effects of lithium
addition and the biocompatibility of obtained coatings were assessed using three cell lines of
human origin (new initiated dermal fibroblasts, immortalized keratinocytes HaCaT, and MG-63
osteosarcoma). Antimicrobial properties of obtained coatings were assessed on two strains (i.e.,
Staphylococcus aureus and Candida albicans), belonging to species representative for the etiology of
medical devices biofilm-associated infections. Our findings suggest that synthesized lithium-doped
coatings exhibited low cytotoxicity on human osteosarcoma and skin cells and therefore, an excellent
biocompatibility, correlated with a long-lasting anti-staphylococcal and -fungal biofilm activity.
Along with low fabrication costs generated by sustainable resources, these biological-derived
materials demonstrate their promising potential for future prospective solutions—viable alternatives
to commercially available biomimetic HA implants—for the fabrication of a new generation of
implant coatings.

Keywords: lithium-doped hydroxyapatite coatings; renewable resources for implant coatings; pulsed
laser deposition; biocompatibility; inhibition of microbial biofilms development

1. Introduction

Microbial biofilms development on medical devices and human tissues represents a serious
public health problem at global level, leading to a high diversity of biofilm-associated infections,
with increasing incidence, although yet underestimated and high rates of morbidity and mortality.
The biofilm growth protects microbial cells from antimicrobials and host immune effectors,
enabling pathogens to survive in limited conditions and also to disperse and colonize new niches.
The biofilm-embedded microbial cells exhibit a high tolerance to conventional antimicrobial agents,
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explaining the chronic and relapsing character of the produced infections [1–3]. The increasing
incidence of biomaterial-associated infections is in close relationship with the continuously growing
demand for implantable medical devices and other invasive diagnostic and therapeutic maneuvers.
Therefore, controlling biofilm formation represents a mandatory feature during medical devices
manufacturing and their use [4].

Biofilm development is a dynamic and complex process which occurs in several stages [1]. It starts
with a reversible adhesion stage, followed by irreversible adhesion [5], maturation and, in the last stage,
detachment. The first stages depend on the physico-chemical properties of the surface, conditioning
the interactions with microbial structure involved in the adhesion process [6]. The main pathogens
involved in the development of biofilm-associated infections include the Gram-positive bacteria,
such as Staphylococcus aureus (S. aureus), and fungal strains, especially Candida spp. Reports from the
National Institutes of Health demonstrate that around 80% of human infections are due to biofilms [7].
The biofilm-associated infections are characterized by moderate intensity symptoms, chronic evolution
and high resistance to antibiotics [8]. Therefore, one main direction bridging materials science to
biomedical research is the development of complex therapeutic strategies, including the association
of multiple antimicrobial agents [9–11]. However, one should note that the association of multiple
antibiotics might lead to high toxicity effects, correlated with a low efficiency on the cells embedded
in biofilms [12]. Therefore, the development of preventive measures, based on the design of novel
biomaterials, synthesized in the form of thin layers and used for the fabrication of medical devices
which are more resistant to microbial colonization and biofilms development could represent a more
effective approach [13,14].

Synthetic hydroxyapatite (HA) represents a well-known biocompatible material used as
implantable ceramic due to its great chemical and structural resemblance to the inorganic part of human
hard tissues [15,16]. Reports from dedicated literature have demonstrated that biological-derived HA
(BHA) has some important advantages over synthetic HA. In this respect, to improve mechanical
(anchorage to bone) and biological (osseointegration, resistance to microbial colonization) properties
of medical implants, simple BHA materials [17] or BHA doped with specific reagents such as ZnO [18],
SiO2, MgO, Al2O3 and ZrO2 [19], Ti [20], Li2CO3 and Li3PO4 [21], Li2O [22], commercial inert
glass [22,23], CaMgSiO6 [24], MgF2 or MgO [25], and CO2 [26] have been used [27].

The present study is a first attempt in dedicated literature to fabricate, in a single-stage
pulsed laser deposition process, BHA coatings to exhibit low cytotoxicity and good biocompatibility,
corroborated with an active role in prevention of microbial colonization and biofilm development on
prosthetic devices.

2. Materials and Methods

2.1. PLD Experimental Protocol

BHA powders were obtained from the femoral bones of freshly slaughtered cattle (received from
a Turkish slaughter house, which uses the other animal parts for general consumption). Bones were
delivered on ice to the laboratory and, before usage, they were submitted to a veterinary control.
Concisely, both heads of femoral bones were cut off (because they contained too much soft tissue)
and only femoral shafts were further processed. Bone marrows were extracted and all other soft
tissue residues were removed from shafts. Then, femoral shafts were cut into slices, cleaned and
washed with distilled water. Cleaned parts were deproteinized for 14 days in an alkali solution of 1%
sodium hypochlorite. After washing and drying, bone pieces were calcinated at 850 ◦C for 4 h in air,
in order to completely eliminate organic components of bone. We emphasize that as-prepared BHA
powders are biologically safe due to the high temperature fabrication route, which not only favors
the crystallization of the material, but also totally prevents any risk of diseases transmission, as no
pathogen can survive to such extreme conditions [20–22,25]. Resulting calcined bone specimens were
first crushed with a mortar and pestle and then ball-milled (for 4 h) to fine powders (i.e., with particles
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of submicron size). The color of the resulting powders was milky-white. One should note that the
experimental procedure for the fabrication of BHA powders was conducted in accordance with the
European Regulation 722/2012 [28] and ISO 22442:2015 standard [29]. Batches of BHA powders were
admixed with 1 wt.% of Li2CO3 or Li3PO4 (Sigma-Aldrich GmbH, St. Louis, MO, USA). Sample codes
are introduced in Table 1 and will be further used in the text.

Table 1. Sample codes and description.

Sample Code Sample Description

Ti Bare Ti control
Si Simple Si control

Li-0 Simple BHA film deposited on Ti
Li-C BHA:Li2CO3 film deposited on Ti
Li-P BHA:Li3PO4 film deposited on Ti

PLD experiments were carried out inside a stainless-steel deposition chamber. A KrF * excimer
laser source COMPex Pro205 (Coherent, Göttingen, Germany) (λ = 248 nm, τFWHM ≤ 25 ns, υ = 10 Hz)
was used for target irradiation.

The laser beam was oriented at 45◦ in respect with the target surface. The laser fluence incident
onto the target surface was set at ~4 J/cm2 (with a corresponding pulse energy of ~360 mJ).

Before deposition, targets were “cleaned” by short multipulse laser ablation with 1000 pulses.
During deposition, the target was continuously rotated with 0.4 Hz and translated along two
orthogonal axes to avoid piercing and allow for the growth of uniform films.

The ablated material was collected onto medical-grade titanium (Ti) disks (~0.6 × 0.6 cm2 and
0.1 cm thickness), that were placed parallel to the target at a separation distance of 5 cm.

All experiments were performed in a 50 Pa water vapor atmosphere. During experiments,
substrates were heated and maintained at a constant temperature of 500 ◦C using a PID-EXCEL
temperature controller (Excel Instruments, Gujarat, India). A heating rate of 25 ◦C/min and a cooling
ramp of 10 ◦C/min have been used. For the deposition of each structure, 15,000 subsequent laser
pulses were applied.

So as to improve the crystalline status of synthesized films, all samples have been subjected to a
6 h post-deposition thermal treatment in air (in water vapors), at 600 ◦C.

2.2. Characterization of Synthesized Structures

2.2.1. Atomic Force Microscopy

The surface topography of synthesized structures was examined in high resolution Atomic
Force Microscopy (AFM) (Park Systems, Suwon, Korea), performed in the non-contact mode on a
XE-100 apparatus from Park Systems. Sharp tips (PPP-NCHR type from NanosensorsTM, Neuchâtel,
Switzerland), having 125 µm in length, 30 µm width and radius of curvature of less than 8 nm,
were used at surface scanning over areas of 0.5 × 0.5 µm2. The spring constant was of ~42 N/m
and the resonance frequency of ~330 kHz, respectively. All AFM measurements were performed at
room temperature.

AFM images were processed using Image Processing Program, XEI–v.1.8.0, developed by Park
Systems (Suwon, Korea). The horizontal line by line flattening was used as planarization method
for displaying purposes and for subsequent statistical data analysis, including the calculation of the
roughness. To have a better view of the surface morphology, 2D-AFM images are displayed in the
classical view mode (one color used also for the z-scale bar), while 3D-AFM images are shown as
topographic maps in the so-called “enhanced color” view mode (using the change of a pixel color
relative to its neighbors).

The textural (amplitude) parameters, namely average roughness (Ra), surface skewness (Rsk) and
surface kurtosis (Rku) were determined giving information about the roughness and the degree of
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skewness and kurtosis of investigated surfaces. Ra is the area between the roughness and its mean in
contrast with the root-mean-squared roughness, which is the standard deviation of the height value
in the selected region. In statistics, Rsk is a measure of the asymmetry of the probability distribution
of a real-valued random variable about its mean. In the present case, Rsk describes the asymmetry
of the height distribution (frequency vs. height histogram). Rku measures the randomness of profile
heights and of the “sharpness” of the height distribution, and has a value of 3 in the case of a perfectly
random surface [30]. Kurtosis is not related to the geometry of the distribution, but to the shape of it.
Kurtosis is a measure of whether data are heavy-tailed or light-tailed, relative to a normal distribution
(Rku = 3). Thus, data sets with high kurtosis, Rku > 3 (sharper height distributions–so called “lepto
kurtosis”) tend to have heavy tails, or outliers. Data sets with low kurtosis, Rku < 3 (flattened height
distribution–so called “platy kurtosis”), tend to have light tails, or lack of outliers.

2.2.2. In Vitro Biological Tests

The potential use of synthesized coatings in the biomedical field was appraised by both safety
(cytotoxicity and influence on the cellular cycle of three different human cell lines) and anti-biofilm
tests (performed on bacterial and fungal strains).

Biocompatibility Assays

(i) Cytotoxicity Assays

The cytotoxicity of obtained coatings was investigated using three different cell lines, i.e., MG-63
osteosarcoma ECACC 86051601, new initiated dermal fibroblasts (FBD) and immortalized keratinocytes
HaCaT [31].

The cytotoxicity of samples was investigated after microscopic examination of the unstained
monolayers developed on their surface. Changes of the general morphology and monolayer confluence
were assessed. The cytotoxicity level of the tested samples was classified in accordance to the ISO
standard recommendations [32].

The UV-sterilized samples were placed in duplicate in 24-well plates exposing the coated
face. A total of 1 × 105 cells in Dulbecco’s Modified Eagle Medium:F12 supplemented with
10% fetal bovine serum were added. Plates were maintained for 24 h at 37 ◦C and 5% CO2

atmosphere. After 24 h, samples have been observed with an inverted microscope and photographed
in contrast phase with a Zeiss Observer D1 microscope (Zeiss, Oberkochen, Germany). Due to
the fact that BHA samples were opaque, the examination and images of cellular monolayers were
taken in the vicinity of tested materials. Then, one of the duplicate samples was extracted from
the well, fixed in ethanol 70%, stained for 5 min with propidium iodide (PI) (chemical name
3,8-Diamino-5-(3-(diethyl(methyl)ammonio)propyl)-6-phenylphenanthridin-5-ium iodide) 50 µg/mL,
and visualized in red channel, using a fluorescence Leica DFC450C microscope (Leica, Allendale,
NJ, USA).

(ii) Cellular Cycle Assay

For the investigation of the cellular cycle, samples (treated as mentioned in the previous section)
were harvested with trypsin, fixed in 70% cold ethanol over night at −20 ◦C, and then washed with
phosphate-buffered saline (pH 7.5), treated with 100 µg/mL RNase A for 15 min and stained with
10 µg/mL PI for 1 h at 37 ◦C. After PI staining, the events (number of cells passing through the laser)
acquisition was performed with an Epics Beckman Coulter flow cytometer (Beckman Coulter Inc.,
Indianapolis, IN, USA). The obtained data was analyzed with the FlowJo software 7.6.4 and expressed
as fractions of cells found in different cell cycle phases [33].
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Antimicrobial Assays

Two microbial strains traceable to American Type Culture Collection (ATTC), belonging to two of
the most important species known to be involved in the etiology of medical devices biofilm-associated
infections, respectively S. aureus and Candida albicans (C. albicans), were used in the experiments.
Fresh cultures were obtained from glycerol stocks of S. aureus ATTC 6538 and C. albicans ATTC 26790
strains on non-selective solid media. Samples were sterilized by exposure to UV irradiation in a
laminar flow chamber for 30 min on each side, placed in duplicate in six-well plates (Nunc) in 2 mL
of Luria Broth (LB) nutrient medium and then inoculated with 500 µL of standardized microbial
suspensions of 0.5 McFarland density corresponding to ~105–106 Colony Forming Units (CFU)/mL.
After incubation at 37 ◦C, for different time periods (1, 6, 12, 24, 48 and 72 h, respectively), colonized
samples were gently washed with distilled water to remove unattached microbial cells and then
immersed in 1 mL sterile saline buffer in Eppendorf tubes, sonicated for 15 s, and then vortexed for
15 s at 3000 rotations/min. Suspensions resulted from the detached biofilms were then ten-fold diluted
and 10 µL of each serial dilution were plated in triplicate on tryptic soy agar. After 24 h of incubation
at 37 ◦C, colonies were counted and the number of CFU/mL was determined.

The surface characterization of inoculated surfaces was carried out using Scanning Electron
Microscopy (SEM) with a FEI Inspect S50 apparatus (FEI, Hillsboro, OR, USA). Prior to this
investigation, samples were washed three times in PBS and then fixed in ethanol, for 5 min, at RT.

3. Results

3.1. AFM Analysis

Typical bidimensional (2D) and tridimensional (3D) topographic images collected at a scanning
area of (0.5 × 0.5) µm2 are presented in Figure 1. The 3D AFM images, which are topographic maps
of scanned areas, are presented in the Enhanced ColorTM view mode (Park Systems) in order to
better emphasize the morphological surface peculiarities. In 3D-AFM micrographs, dark color (blue)
delineates surface “valleys”, whilst the light color (orange) corresponds to the salient features (“hills”).
The 2D AFM images are presented in the “classical” view mode, with one color gradient (brown in
this case) for the z-scale depth. The first row presents the morphological features of the bare substrate
(Si), which are located in a z-scale depth (∆z) of less than 1 nm (typical ~0.7 nm), which leads to a very
low Ra value of only 0.1 nm (which is representative for a clean Si wafer), as seen in Table 2. The Rsk
parameter, describing the asymmetry of the height distribution histogram, has a small value in this
case, of 0.9, which is corresponding to a flat surface with random (small) protuberances. The Rku
parameter, which represents a measure of the randomness of the profile heights and of the “sharpness”
of the surface height distribution, has a value of ~3, which is characteristic for a near perfect random
surface (Gaussian distribution) [30].

Li-0 films (Figure 1–second row) exhibit protruding (Rsk ~0.46) large particles, randomly
distributed (Rku ~3.11), having tens of nm in diameter (~35–50 nm), individually displayed or with a
tendency to merge. In this case, the average roughness increases to a value of ~5.9 nm, which is higher
than the one registered for the bare substrate.

In the case of Li-C structures (Figure 1–third row), the addition of lithium leads to the formation
of much larger particles, almost double as compared to Li-0 films and, accordingly, with a double
roughness value (10.3 nm). Though, particles are not much more protruding in z direction, as the Rsk
parameter is ~0.56, and relatively uniform distributed as the kurtosis parameter being just a bit higher
(Rku ~3.49) than in the second case.

Finally, in the case of Li-P structures (Figure 1–last row), the addition of lithium leads to a
morphology similar to the one of Li-0 films, but with particles slightly smaller (diameters ~25 nm)
and better separated (the fusing tendency being lower). Therefore, it exhibits the highest value for
Rku parameter in this series (5.58), pointing to a sharp height distribution [34], but with a lower
skewness factor (0.17) as compared with Li-0 (0.46) and Li-C (0.56), which means that particles are less
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protuberant for Li-P structures. This leads to an average roughness value (4.32 nm) very close to the
one characteristic for Li-0 films (5.9 nm).

Overall, based on the results, one should emphasize that the obtained lithium-based structures
could be described as homogeneous and uniform, with a morphology that depends on the preparation
route and with (average) roughness values in the nanometric range (Ra ~5–10 nm).

The inferred values of the amplitude parameters, which were discussed above, are summarized
in Table 2.
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3.2. Biocompatibility Assays

3.2.1. Cytotoxicity Test

In the current study, the cytotoxicity of obtained coatings was assessed using three cellular lines of
human origin, selected for covering their diverse potential applications in the development of medical
devices. Thus, MG-63 osteosarcoma cells exhibit common features with human osteoblast precursors or
poorly differentiated osteoblasts, producing type I collagen with no or reduced osteocalcin and alkaline
phosphatase basal level, making them appropriate for assessing the biocompatibility of biomaterials
designed for orthopedic applications [35,36]. The other two cell lines were represented by human skin
new initiated dermal fibroblasts and human skin immortalized keratinocytes, considering that many
implanted medical devices or next generation wound dressings are coming for short time into contact
with the skin.

Concerning the cytotoxicity of synthesized materials, contrast phase microscopy images
(Figures 2–4) have shown that cells developed on plastic well, at the limit with the tested disc surface,
are unaffected and preserved an unmodified morphology. This suggests that BHA materials do not
release toxic substances in the environment, as secondary product. New initiated dermal fibroblasts
exhibited a spindle-shaped morphology (Figure 2), the morphological appearance of keratinocytes
showed polygonal cells (Figure 3), whilst MG-63 monolayers were composed of elongated and fusiform
cells (Figure 4).
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On the other hand, the fluorescence microscopy images (Figures 5–7) have revealed that the
number of adhered cells on the bare Ti was similar between all synthesized layers and depends on
type of cell line. This observation suggests that deposited layers are not cytotoxic against human
skin or bone cells and allow for an unhindered cell development. According to the ISO standard
specifications [32], the cytotoxic effect of synthesized layers can be classified as absent, supporting
the potential of fabricated materials to be used as coatings for different biomedical surfaces, such as
orthopedic devices, dental materials, or catheters.
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3.2.2. Cellular Cycle Assay

The cell cycle analysis by flow cytometry revealed that the obtained coatings did not influence the
cellular cycle progression of the three type of cells (i.e., new initiated dermal fibroblasts, immortalized
keratinocytes and MG-63 osteosarcoma cells) (Figures 8–10), confirming that synthesized layers do not
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3.3. Anti-Biofilm Activity

3.3.1. Anti-Staphylococcal Biofilm Activity of Obtained Coatings

Compared with Ti, after 24 h of incubation, all tested coatings exhibited a significant inhibitory
activity against S. aureus biofilm growth, showing a significant increase starting with 48 h of incubation
and persisting with high intensity, after 72 h of incubation. This behavior is suggested by the drastic
decrease of the number of CFU/mL by 2 to 4 logs at these last two-time intervals (Figure 11b). The
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absence of a visible inhibition of the microbial growth in the 1–2 h (Figure 11a) interval reveals that
the anti-biofilm effect is possibly due to the slow release of some bioactive components from the
synthesized coatings, with potential antimicrobial activity (e.g., oligoelements).
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Regarding comparative efficiency of the tested materials, one can observe that Li-C coatings
exhibited a slightly increased antimicrobial activity against S. aureus biofilm after 48 h of incubation,
as compared to Li-0 and Li-P ones (Figure 11b).

The SEM images of S. aureus biofilm developed on the surface of Ti and simple and doped BHA
structures are presented comparatively in Figure 12, at a magnification of 10,000×. For comparison
reasons only non-inoculated simple and lithium-doped surfaces are presented by the authors of [21].
Although S. aureus adhered to all tested samples, it must be noticed that the density of S. aureus cells
was significantly more reduced on Li-C > Li-P > Li-0 surfaces as compared to Ti ones, which is in good
agreement with the quantitative results presented in Figure 11. SEM images of S. aureus biofilms are in
concordance with others reported in the literature [1,37,38].
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3.3.2. Anti-Fungal Biofilm Activity of Obtained Coatings

In the case of C. albicans strain, a strong anti-biofilm effect was recorded for all tested coatings as
compared to Ti, earlier than in the case of S. aureus biofilm, i.e., after 12 h of incubation (Figure 13a),
followed by a recrudescence of microbial growth at 24 h and a drastic decrease of the biofilm-embedded
cells at 48 and 72 h, respectively (Figure 13b). Moreover, Li-C and Li-P coatings proved a slightly better
efficiency (as compared to Li-0 samples) against C. albicans biofilms incubated for 48 h, whilst Li-0 and
Li-P showed the same antimicrobial efficiency at 72 h of incubation (Figure 13b).
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The efficiency of the anti-fungal biofilm activity of simple and doped coatings decreased in the
order Li-C, Li-P, Li-0, after an incubation time of three days (Figure 13).

Similar to the case of S. aureus strain, no visible inhibition of microbial development was obtained
in the range of 1–6 h (Figure 13a), most probably due to the slow release from the synthesized films of
the active elements responsible for the antimicrobial effect.

Following adherence to abiotic substrates (i.e., catheters and other medical devices),
C. albicans develops into a three-dimensional community containing round-budding yeast cells,
oval pseudo-hyphal cells and elongated hyphal cells embedded in an extracellular polysaccharides’
matrix [39]. C. albicans biofilm development follows a sequential dynamic over a 24–48 h period,
starting with initial adhesion of single fungal yeast cells, continuing with a cellular proliferation and
colonization of the surface and the switching to filamentous hyphal forms, a hallmark of the initiation
of biofilm formation, followed by maturation, through the accumulation of the protecting extracellular
polysaccharide matrix. Dispersion of biofilm-associated cells from the mature biofilm can initiate
formation of new biofilms or disseminate into host tissues, therefore being associated with candidemia
and invasive fungal infections [40].

SEM images of C. albicans biofilm developed on the surface of Ti and simple and doped BHA
structures are presented comparatively in Figure 14 at a magnification of 10,000×. In the case of bare Ti,
one can observe many ovoidal or round-shaped cells which have the tendency to form micro-colonies,
as well as the existence of filamentous, hyphal forms. Ti samples were completely covered by a
continuous layer of cells, which is in good correlation with the quantitative results presented in
Figure 13. This observation might be indicative not only for cell-surface type interactions, but also for
stronger cell-cell type ones.
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In exchange, in case of coated surfaces, particularly Li-C and Li-P ones, the number of yeast
cells is drastically decreased, they adhere exclusively in isolated, unicellular form, the filaments being
completely absent.

The microscopy results demonstrate that the synthesized coatings inhibit the initiation of
fungal biofilm development. SEM images of C. albicans are in concordance with others reported
in literature [1,41].

We note that results of anti-biofilm quantitative assays, which revealed a slightly superior
anti-biofilm effect of Li-C and Li-P structures as compared to control Ti and Li-0 ones, are in good
agreement with aspects recorded in SEM examination (Figures 12 and 14). Presented SEM images
were considered representative for the entire surface of samples and were selected after examining
8–10 different microscopic fields.

4. Discussion

4.1. Biocompatibility

Lithium is considered as a trace metal in organisms and is used for the treatment of bipolar
affective disorder [42] and refractory depression [43]. The safe administration of lithium for
osteoporosis was reported more than two decades ago [44,45]. When used in the low bone mass
and osteoporosis-mice models, lithium was indicated to enhance osteogenesis [46]. Also, in the case of
lumbar spine, femoral neck and proximal femur, the corresponding bone mineral density values were
reported to be higher than controls [45,47]. Despite its proven efficacy and safety [48], there are cases
when lithium administration could be toxic and determine side effects, such as thirst and excessive
urination, nausea, diarrhea, tremor, weight gain, sexual dysfunction, dermatological effects, as well
as long-term effects on the thyroid gland, kidneys and parathyroid glands [49]. However, recent
studies challenge this negative perception of lithium administration, by showing strong evidence that
intoxication in patients receiving lithium treatments is rare, it occurs only when the concentration is
higher than 1.5 mmol/L, and its main adverse effects can be properly monitored and managed [50–52].

Even though its excellent biocompatibility was proven, the poor mechanical properties of HA
limit its applications in implantology to non-load-bearing implants. It has been shown that ion doping
represents a good method applied to improve performances of bio-ceramics related to biodegradability,
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biocompatibility, strength and toughness. Therefore, when lithium is substituted into the HA structure,
it plays an important role because it could induce a decrease in HA solubility [53,54], without affecting
its biocompatibility [55,56], and an improvement of biomechanical properties, without altering the
HA structure. The reason for the increase of strength of lithium doped HA may be due to the fact
that metal ions could decrease the porosity of samples which can result in a more compact and hard
structure [57]. Also, one notes that, as a substituted trace element, lithium can positively influence
the viability [58], proliferation rates and alkaline phosphatase activity of cells [59,60]. Wang et al. [57]
reported that when used in a proper low dose (0.5% and 1%), lithium ions can substitute calcium ones
in a HA structure, in order to obtain a biomaterial (LiHA scaffold) characterized by high strength,
a higher osteoblast-mediated degradation rate and a superior ability to promote cell proliferation as
compared to simple HA and controls. On one hand, the lithium incorporation into HA can change the
surface topography of original HA material and make LiHA scaffold possess a more compact bulk,
which finally can result in a higher adherence and enhanced growth of osteoblasts [61]. On the other
hand, the Li+ released from LiHA scaffolds could enhance the activity of osteoblasts, a phenomenon
also reported by Tang et al. [62]. In another study, Oh et al. [63] assessed the influence of lithium fluoride
(LiF) on in vitro biocompatibility and bioactivity of calcium aluminate-polymethylmethacrylate
composite cements. The results indicated that there was no cytotoxicity related to LiF and the addition
of 1 wt.% LiF enabled composite cements to form HA on their surface within 15 days of soaking in
SBF solutions. One can therefore conclude that these enhanced characteristics strengthen the safe use
of lithium and could advance lithium-containing structures as promising materials for the fabrication
of bone tissue engineering scaffolds.

The literature data on the cytotoxic ions release rates for lithium-substituted HA materials is
rather scarce and reported cytotoxic levels are sometimes contradictory due to the fact that release
rates are strongly depending on crystallinity or particle morphology and size of the investigated
material [42]. In a current study, Miguez-Pacheco et al. [64] reported on lithium-containing bioactive
glasses, with Li2O substituting Na2O in different amounts. The conclusion of their study, in terms of
lithium ion release, was that formulations with 2.5 wt.% and 5 wt.% Li2O content proved to be within
the therapeutic range.

In vitro cytotoxicity assays of newly developed materials should precede in vivo tests, since
the results are more reproducible and allow for the evaluation of cellular and molecular responses
triggered by an investigated material [65].

We stress upon that results obtained on human skin new initiated dermal fibroblasts and human
skin immortalized keratinocytes could be informative for the potential of the tested materials to be used
in oral applications, for example in facial reconstruction, dental implants or periodontal pockets filling.
A fully differentiated human gingiva equivalent was constructed entirely from keratinocytes and
fibroblasts, being considered a valuable surrogate of animal models for testing new therapeutics [66].
Moreover, one could therefore predict the potential orthopedic implant-related adverse effects, related
to the occurrence of hypersensitivity reactions to the implant material components. This evaluation is
presently recommended for patients with a clear self-reported history of metal reactions and is done
by patch testing before device implant [67].

4.2. Possible Mechanisms Explaining the Antimicrobial Activity of Synthesized Structures

We stress that infection still remains a major impediment to the long-term use of many implanted
devices. Even though microbial adhesion to biomaterial surfaces represents an essential step in the
pathogenesis of these infections, molecular and physical interactions that govern this adhesion have not
been yet fully understood. Both specific and non-specific interactions may play an important role in the
ability of cells to attach to (or to resist detachment from) the biomaterial surface [68]. In the biomedical
field, a great number of implant failures is due to the formation of microbes at the implanted site.
Microbes, which are able to cause a wide variety of infections in humans by spreading through common
places like bathroom tiles, doorknobs, or packing materials, can be controlled by coating implants
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with materials with antimicrobial properties. Antimicrobial implantable materials must locally kill
microbes or slow down their growth, without being toxic to host tissue cells. Therefore, if an implant
material will possess such characteristics, then the problem of failure will be drastically reduced.

Besides the utility of lithium in the treatment of mood disorders, different studies reported that as
well as other antidepressants, it could exhibit an immunostimulant role and antimicrobial activity, as it
opposes eicosanoids suppressive action upon the immune system [69]. Recent studies have shown
that lithium could limit neurodegeneration and ameliorate symptoms of the trimethyltin poisoning
in rodents, by inducing pro-survival and anti-inflammatory effects [70]. Moreover, in concentrations
of up to 10 mol.%, lithium could enhance the antibacterial activity of bioactive glass against resistant
bacteria, such as methicillin-resistant S. aureus. The 58S bioactive glass with 5 mol.% Li2O substitution
for CaO was considered a promising biomaterial in bone repair/regeneration therapies, showing an
enhanced biocompatibility and alkaline phosphatase activity, with a negligible loss in the bioactivity
compared to the 58S bioglass [71].

The adhesion ability of S. aureus to extracellular matrix components and plasma proteins
from the pellicle formed on the surface of implanted biomaterials represents one main concern
for infections associated to implanted medical devices. C. albicans is considered one of the major
etiological agents of hospital-acquired infections, being also frequently associated with contamination
of indwelling medical devices [72]. The phenotypic plasticity is a unique feature of many fungal
species, including C. albicans, which is an extremely versatile, dimorphic yeast that can survive as a
commensal in various environments, one of the adapting mechanisms being the switching from the
yeast to filamentous forms [73]. S. aureus and C. albicans can be also found in multispecies biofilms,
mutually potentiating their tolerance to antibiotics and disinfectants [74]. The mechanism of indirect
pathogenesis, which might lead in the end to therapeutic failure, could also occur inside multispecies
biofilms, in which genetically resistant microorganisms are the susceptible pathogens [75]. As an
example, the coexistence of S. aureus and C. albicans inside biofilms determines the enhancement of S.
aureus resistance to vancomycin [76]. Therefore, the decrease of microbial adhesion represents one of
the main concerns of the current research in the field of biomaterials and medical devices.

In the following, we propose some relative contributions of specific and nonspecific mechanisms
in order to explain, to some extent, the efficiency manifested by our fabricated coatings to
prevent the microbial adhesion. Therefore, surface features like wetting behavior and material
surface characteristics (topography), corroborated with metal ions release can stand as key-factors
able to modulate the adhesion of microbes and their subsequent survival on the surface of the
synthesized structures.

Water is considered as a major interfacial host in all living environments, and it can affect the
capacity of protein adsorption [77] and cellular adhesion [78]. Therefore, to interpret the microbial
behavior, this parameter must be carefully taken into consideration. In this respect, one possible
mechanism able to explain the antimicrobial activity of synthesized structures is based on their wetting
properties and, consequently, on their surface energy values [38]. Therefore, a hydrophilic behavior
and high values of surface energy [21] might enhance the overall antimicrobial properties of our
fabricated coatings. In addition, the anti-biofilm activity might be explained by repulsive forces which
will occur between anionic-coated surfaces (associated with the presence of hydroxyl hydrophilic
functional groups) and the S. aureus/C. albicans biofilms matrix, which is also negatively charged,
due to its main component, represented by self-produced exopolysaccharides [38]. Moreover, coatings
will facilitate the formation of a highly alkaline medium, consequently leading to the destruction
of lipids, which are the main component of microbial cell membrane, followed by microbial cells
lysis [79]. When discussing anti-biofilm properties of obtained coatings, one must also consider that the
adhesion of microbial cells from aqueous suspensions follows the thermodynamic model. The surface
energy of microbial cells is typically smaller than the surface energy of liquids in which cells are
suspended, causing cells to attach preferentially to hydrophobic materials (i.e., materials with lower
surface energies). Therefore, a hydrophilic behavior, such that of our coatings, and the subsequent
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formation of hydration layers could disrupt the initial step of microbial biofilm formation, represented
by the adhesion of microbial cells to a surface [80].

Another factor to explain the adhesion of microorganisms is related to the surface characteristics
of the material. Therefore, the reduction of microorganisms can be investigated as a function of surface
topographic parameters. Among the surface properties, surface roughness and topography have been
the most investigated topics in dental biofilm researches. There exists a general perception according
to which an increase in surface roughness can promote bacterial colonization due to the increase in
contact area between the material surface and bacterial cells, in other words, due to extended surface
area available for attachment [81]. Thus, smoothening the surfaces to nanometer-scale roughness was
demonstrated to reduce biofilm formation [82]. We note that a roughness (Ra) value of 0.2 µm was
reported to be the threshold for maximum reduction of bacterial adhesion on abutment surfaces [83].
In this respect, Ra values inferred in our cases, which are (19–46) times smaller than this threshold,
should be emphasized.

Moreover, it was recognized that Rku and Rsk are parameters of key-importance when describing
surface roughness of calcified tissue implants [84] because osteogenic cells’ adhesion is sensitive
to the stress concentrations which derive from the presence of sharp heights at the implant-tissue
interface [85], likewise they can be considered against bacterial proliferation [86]. Inferred values
for skewness and kurtosis parameters indicated a sharper heights (Rku ~5.6) distribution of surface
features in case of Li-P structures as compared with Li-0 and Li-C ones (Rku ~3.1 and ~3.5), with more
peaks than valleys (Rsk > 0) and that these peaks and valleys are much closer in height and depth
for Li-P coatings (Rsk ~0.17) than those of Li-0 and Li-C (Rsk of 0.46 and 0.56, respectively). Thus, the
average roughness parameter was found to have a similar value (~5 nm) for Li-0 and Li-P coatings,
and a double one (~10 nm), for Li-C structures. The positive values of Rku and Rsk coefficients could
also be related to less available surface-active sites [78,80], and, consequently, could stay at the origin
of the inhibition of microbial development on the surface of synthesized structures.

Last but not least, there are reports in the literature on the antibacterial potential of
antibiotics/antibacterial substances-loaded HA, but very few refer to antifungal-loaded cement drug
delivery [87]. We stress upon that there are even fewer reports dedicated to the antibacterial activity of
lithium [88]. It was demonstrated that the antibacterial/anti-biofilm effect can become more evident
when extending the exposure to metal [89]. Therefore, one of the proposed mechanisms of action
could be the metal accumulation inside bacterial cells, followed by the cellular wall disruption and,
eventually, cellular lysis. By extending the proposed mechanism, we can speculate that the amount of
lithium ions released from our synthesized materials was enough to accumulate in the microbial cells
and to alter the culture media. By affecting their multiplication and phenotypic switching capacity,
their further progress is slowed down. These assumptions were confirmed by the results of our
study, the lithium-doped samples showing a more pronounced inhibitory effect after 48 and 72 h of
incubation, respectively.

5. Conclusions

Simple and lithium-doped biological-derived hydroxyapatite (BHA) coatings were fabricated by
Pulsed Laser Deposition onto medical-grade titanium substrates.

In vitro biocompatibility investigations proved that synthesized layers were non-cytotoxic on
all tested cell lines, respectively MG-63 osteosarcoma derived cells, human skin new initiated
dermal fibroblasts and immortalized keratinocytes, and did not interfere with their cellular cycle
phases. In addition, synthesized structures drastically inhibited the ability of S. aureus and
C. albicans, two microorganisms well-known for their complex genetic resistance mechanisms and
involvement in the etiology of medical devices-associated biofilm infections, to develop mature
biofilms. The anti-fungal biofilm activity has become significant after 12 h of incubation in the case of
C. albicans and after 24 h for S. aureus biofilm, and persisted with high intensity for 72 h. The anti-biofilm
activity of obtained coatings could be explained in terms of their surface characteristics, such as
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hydrophilic character, associated to a high value of the surface energy, or low values of surface
roughness (in the range of 5–10 nm).

We consider that these combined characteristics can be important for the protection of biomedical
equipment against contamination by nosocomial infections of any sort, as well as for the long
life exploiting of various implants and could therefore offer guidance towards the suitability of
lithium-doped BHA structures for future biomedical applications.
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