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Abstract: To address the clinical needs for biodegradable implant materials, in this work, zinc-lithium
(Zn-Li) biodegradable alloy was coated with double-doped manganese and strontium resorbable
tricalcium phosphate (Mn,Sr-TCP). The Pulsed Laser Deposition method was applied for coating
preparation. For coating characterization, Fourier Transform Infrared Spectroscopy, X-ray Diffraction,
Scanning Electron Microscopy coupled with Energy Dispersive X-ray, and X-ray Photoelectron
Spectroscopy were used. The microbiology experiments were performed, testing the inhibition of
growth of Gram-positive (Staphylococcus aureus, Enterococcus faecalis) and Gram-negative (Salmonella
typhimurium, Escherichia coli) bacteria strains and Candida albicans fungus. The obtained results
evidenced about 10% of inhibition of all four bacteria strains by the Mn,Sr-TCP-coated Zn-Li samples,
exerting the most pronounced effect on C. albicans fungus (about 50% of inhibition of growth). The
prepared coatings can be useful for improving the degradation behavior and biological characteristics
of Zn-Li alloys.

Keywords: coatings; biodegradable coatings; tricalcium phosphate coatings; manganese and strontium
substituted tricalcium phosphate; manganese- and strontium-doped tricalcium phosphate; biodegrad-
able alloys; Zn-Li alloy

1. Introduction

Over the last two decades, biodegradable metals have emerged as promising materials
for various biomedical implant devices, having the scope to reduce the use of permanent
metallic implants made of stainless steel- or titanium (Ti)-based alloys and, consequently,
to avoid implant removal surgeries and significantly reduce the costs. Biodegradable
metals are promising for such applications as bone implants, cardiovascular stents, etc. [1].
Among the advantages of biodegradable metals are their biocompatibility and degradation
characteristics, while among the problems to be solved are their low mechanical properties
for load-bearing bone substitute applications and their corrosion performance, which is
too high to match the healing rate of the host bone tissue. Some biodegradable metals are
already in use in clinics. Bone screws made from biodegradable magnesium (Mg)-based
alloys possess better mechanical properties than those made of biodegradable polymers,
they are approved for clinical use by the Conformité Européene (CE) and the Korea Food
and Drug Administration (KFDA), respectively [2,3], and clinical trials in other countries
are on the way [4]. However, there is still a gap between the mechanical properties of
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biodegradable materials such as polymers and Mg-based alloys compared to traditional
permanent metal implants, and, therefore, their use is limited to non-load-bearing applica-
tions. Recent achievements in biodegradable zinc (Zn)-based materials produced alloys
with outstanding mechanical strength. Furthermore, Zn plays an important role in bone
metabolism, stimulating osteoblast bone formation and inhibiting osteoclast differentia-
tion [5,6]. Therefore, biodegradable Zn-based alloys appear promising to meet the clinical
needs in orthopaedics [7].

One of the most effective ways to improve the properties of a biodegradable metal
surface, to reduce and control the degradation behavior, and to improve the surface bio-
compatibility is to coat it with bioactive glasses or biomimetic calcium phosphates [8–11].
Tricalcium phosphate (TCP) is a resorbable bioceramic; β-tricalcium phosphate (β-TCP)
is one the most used synthetic bone grafts due to being osteoconductive and osteoinduc-
tive [12]. In order to modulate and further boost the osteoinductive ability of β-TCP, the
incorporation of metal ions is performed. Previous studies demonstrated that metal ions
could be easily introduced into the β-TCP structure by substitution in Ca2+ positions [13].
Essential ions, such as strontium (Sr2+) [14,15], copper (Cu2+) [16], magnesium (Mg2+) [17],
manganese (Mn2+) [18,19], iron (Fe2+) [11], zinc (Zn2+) [20], etc., can enhance the biological
performance of β-TCP and induce osteo- and angiogenesis. Moreover, Cu2+ [16], Mn2+ [18],
Fe2+ [11], and Zn2+ [20] are known to have antimicrobial properties.

It should be noted that implant-related infections are among the main reasons for im-
plant failure, with associated high economic and social costs. The prevention of biomaterial-
associated infections should specifically focus on the inhibition of both bacterial adhesion
and biofilm formation. Unacceptably high rates of septic complications, especially in high-
risk patients and procedures, are reported in [21,22]. In order to make the implant surface
antibacterial and prevent infections, it is possible to coat it with materials possessing an-
tibacterial characteristics, among them Cu, Mn, Fe, and Zn-substituted calcium phosphates.

Multiple substitutions of hydroxyapatite (HA) containing Mg2+, Mn2+, and Sr2+ ions
were reported in [23]. In that study, authors investigated the possibility of increasing the
number of foreign ions doping in HA structure by a co-substitution with other elements to
enhance the structural stability of HA and, in particular, with Sr2+ ions. Scaffolds for bone
regeneration based on β-TCP incorporating Sr, Zn, and Mn were successfully developed
in [24]. Sr and Mn co-substituted HA ceramic coatings were deposited on Ti using a
cathodic electrodeposition method [25]. The authors [25] showed that the MC3T3-E1 cells
exhibited better morphology, adhesion, spreading, proliferation, and expression of alkaline
phosphatase on the SrMn-HA surface compared to pure HA. In our previous study, double
substituted Sr2+, Mn2+ β-TCP powder was synthesized, and its antibacterial properties
were studied [26]. It was established that single phase Ca3−2x(M′M′′)x(PO4)2 solid solutions
are formed only at x ≤ 0.286, where M′ and M′′—divalent metal ions, such as Zn2+, Mg2+,
Cu2+, Mn2+, and that in case of double substitutions, the incorporation of Sr2+ ions allows
one to extend the limit of solid solution due to the enlargement of the unit cell structure. It
was also reported that antimicrobial properties depend on the substitution ion occupation
of Ca2+ crystal sites in the β-TCP structure. The combination of two different ions in the
Ca5 position, on one side, and in the Ca1, Ca2, Ca3, and Ca4 positions, on another side,
significantly boosts antimicrobial properties [26].

In the present work, for the first time, zinc-lithium (Zn-Li) alloys were coated with
a double substituted with Mn2+ and Sr2+ ions β-TCP, with the scope to promote osteoin-
ductive effect and to impart antimicrobial properties. Sr is known to influence the bone
balance towards osteosynthesis, stimulating new bone formation and inhibiting bone re-
sorption [27–29]. It has been used for a long time in osteoporotic therapies. The authors [30]
studied the effect of Sr on human osteoblasts and, namely, on their viability, proliferation,
cell morphology, protein production, and protein activity and concluded that Sr has a
positive effect on bone formation. In ref. [18], the biological effects of Mn-doped β-TCP
were studied, reporting that the inhibition of the growth of several bacterial species was
observed to be more effective against Gram-positive bacteria rather than against Gram-
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negative ones without imparting cytotoxicity. Moreover, Mn is an essential micronutrient
for living bodies; its amount in mammals is about ∼1.5 µg Mn per g of tissue weight,
and about 1−9 mg daily for human adults is considered acceptable [31]. Additionally,
Mn is involved in bone formation and metabolism of amino acids, carbohydrates, and
cholesterol [32].

Therefore, the goal of this study was to improve the properties of Zn-Li biodegradable
alloys by coating them with double-doped Mn,Sr-β-TCP. The Pulsed Laser Deposition
(PLD) method was applied as the coating’s deposition technique. Numerous methods were
proposed to deposit bioactive thin films. Among physical deposition techniques, laser-
assisted methods allow the depositing of inorganic [33] and composite [34] films, controlling
the film thickness, crystallinity, and morphology by varying deposition parameters, such
as laser wavelength and pulse duration, substrate temperature, and gas buffer. Briefly,
the mechanism of nanosecond laser ablation can be described considering that during the
interaction of a laser pulse with a solid target, the vaporization of the solid phase takes
place [35,36]. Following this, the formation and expansion of an ionized plasma, whose
composition reflects the target stoichiometry, can be observed. When the plasma arrives on
the substrate surface, a film starts to grow due to the coalescence of clusters and droplets.
It was shown that films deposited using PLD present good adhesion strength and hardness
and are characterized by a rough surface [33,34].

In the present work, for coatings characterization, Fourier Transform Infrared Spec-
troscopy (FTIR), X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) coupled
with Energy Dispersive X-ray (EDX) and X-ray Photoelectron Spectroscopy (XPS) were
used. The microbiology tests of the prepared coated Zn-Li alloys were performed with
the Gram-positive (Staphylococcus aureus (S. aureus), Enterococcus faecalis (E. faecalis)) and
Gram-negative (Salmonella typhimurium (S. typhimurium), Escherichia coli (E. coli)) bacteria
strains and Candida albicans (C. albicans) fungus.

2. Materials and Methods
2.1. Zn-Li Alloy Preparation

A Zn-0.4 wt.% Li alloy ingot was prepared from a Zn (99.99%) and Zn-Li master alloy
(6 wt.% Li) ingot by the Hunan Rare Earth Metal Material Research Institute of China
(Changsha, China). A cast iron mold with ZnO coating was used for casting. The resulting
ingot was homogenized at 350 ◦C for 48 h, followed by water quenching, then it was
deformed using hot extrusion at 260 ◦C with an extrusion ratio of 36:1 at 1 mm/s. Samples
with a diameter of 10 mm and a thickness of 3 mm were cut perpendicular to the extrusion
direction. All the samples were ground to 2000 grit with SiC, followed by ultrasonically
cleaning in acetone, absolute ethanol, and distilled water.

2.2. Double Substituted with Manganese and Strontium Tricalcium Phosphate Powder and Disc
Preparation and Characterization

Double substituted phosphates were synthesized using a high-temperature solid-state
reaction at 1200 ◦C (1):

2.8CaO + 0.1Sr(NO3)2 + 0.1Mn(CH3COO)2 + 2(NH4)2HPO4 → Ca2.8Sr0.1Mn0.1(PO4)2 +4NH3↑ + 0.2NO2↑
+ 0.2CH3COOH↑ + 3H2O↑ (1)

All reagents were of analytical grade. Before sintering, all components (calcium
oxide, strontium nitrate, manganese acetate), taken in the quantities according to the
reaction 1 (14 g (0.25 mol) calcium oxide, 5.25 g (0.025 mol) strontium nitrate, 4.35 g
(0.025 mol) manganese acetate), were mixed in a planetary mill with zirconia balls at a
ratio of materials:balls = 1:5 at a speed of 1500 rpm. The duration of the heat treatment
at 1200 ◦C was 4 h. The heating rate was 10 ◦C/min. After sintering, the samples were
crushed, and after that, the powder was ground in a planetary mill with a rotation speed
of about 1500 rpm for 30 min. After grinding, the powder was pressed into discs with a
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diameter of 20 mm and fired again at 1200 ◦C for 4 h. After that, the discs were crushed
again, as described above. This procedure was repeated four times.

Further, the final discs were obtained from the prepared powder with two-sided
uniaxial pressing at a specific pressure of 100 MPa/cm2. The discs were kept in a chamber
furnace with silite heaters at 1200 ◦C for 2 h.

The X-ray diffraction spectra of powder samples were recorded using an Ultima IV
Rigaku X-ray diffractometer (Tokyo, Japan) with a vertical goniometer and a D/teX high-
speed semiconductor detector. The investigation was conducted using CuKα radiation
in the range of angles 2θ = 9◦–100◦ with a step of 0.02◦. The detector movement speed
was 2◦/min. The phase analysis of spectra was carried out using the ICDD database and
Sleve software.

For elemental analysis of the powder, atomic absorption spectroscopy (AAS) was
applied. The analysis was carried out with AAS from Thermo Fisher Scientific, model iCE
3000 (Waltham, MA, USA).

The microstructure of the powder samples was investigated using a scanning electron
microscope (SEM) (Tescan Vega II, Brno, Czech Republic) with an energy-dispersive X-ray
(EDX) spectrometer. The acceleration voltage of the electron gun was 17–21 kV. The distri-
bution of Mn and Sr ions in the powder was investigated using EDX analysis with the INCA
Energy 300 energy dispersive microanalysis system (Oxford Instruments, Oxford, UK).

2.3. Pulsed Laser Deposition and Characterization of Coatings

Mn,Sr-TCP discs were used as targets for thin film deposition onto Zn-Li substrates
and monocrystalline (100) silicon (Si) using the nanosecond PLD technique. Deposition
experiments were carried out using an Nd:YAG laser source (532 nm, 10 Hz, 7 ns) focused
by means of a 350 mm quartz lens in a stainless steel vacuum chamber. The chamber
was evacuated at the pressure of 4 × 10−4 Pa by means of a vacuum system formed by
scrool/turbomolecular vacuum pumps. Coatings were deposited at room temperature in
the presence of O2 at the pressure of 10 Pa, the fluence of 12 J/cm2 for the deposition time
of 3 h, and with a target–substrate distance of 1 cm. During the experiments, the disc target
was kept in a rotating holder in order to minimize the laser-damaging craterization effect.
Coatings deposited on Si substrates were used for FTIR and XRD characterizations.

The phase composition of the target and films was investigated using X-ray diffraction
(Siemens 5000D, Bruker, Billerica, MA, USA) operating at 40 kV and 32 mA and using
CuKα radiation.

The composition of the films was characterized with FTIR spectroscopy (Jasco 460 Plus,
Jasco, Tokyo, Japan) operating with a resolution of 4 cm−1 and X-ray photoelectron spec-
troscopy (XPS, PHOIBOS 100-MCD5 Specs spectrometer, SPECS GmBH, Berlin, Germany)
equipped with a polychromatic Mg Kα radiation. XPS spectra for each element were
acquired with a channel width of 0.1 eV, and element peaks were deconvoluted with Voigt
functions by using Google software, which allowed us to evaluate the intrinsic and extrinsic
features of the XPS spectra. Peak positions were referenced to the C1s aliphatic carbon
contribution set at 285.0 eV.

The morphology of the film surface was studied using Scanning Electron Microscopy
(SEM, ESEM XL30-FEI, Philips, North Billerica, MA, USA).

2.4. Antimicrobial Activity Tests

Gram-positive (S. aureus, E. faecalis) and Gram-negative (S. typhimurium, E. coli) bacteria
strains and C. albicans fungus were used to test the antimicrobial activity of the Mn,Sr-TCP-
coated Zn-Li alloys. First, the coated Zn-Li substrates were UV sterilized for 30 min and
immersed in 5 mL of Brain Heart Infusion (BHI, DIFCO, Sparks, NV, USA) containing the
individual microorganisms. Positive control tests were set up by growing the organisms in
BHI. All organisms were grown under slow agitation for 24 h at their respective optimum
growth temperatures. In particular, the bacteria (S. aureus, E. coli, S. typhimurium, and
E. faecalis) were grown at 37 ◦C, while the fungus (C. albicans) at 28 ◦C.
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The growth of microorganisms in the absence and in the presence of Mn,Sr-TCP-
coated Zn-Li alloys was evaluated by reading the optical density at a wavelength of 600 nm
(OD600) with a Biophotometer D30 (Eppendorf, Hamburg, Germany). The experiments
were carried out in triplicate, and the results were expressed as the mean of the OD600 and
the relative standard deviation (SD). The growth (in%) was calculated using the A/B × 100
equation, whereas the % of inhibition was calculated from (B − A)/B × 100 (where A and
B, respectively, represent the mean of the OD600 of the microbial suspension with and
without Mn,Sr-TCP-coated Zn-Li samples). The statistical significance was evaluated using
a two-tailed Student’s t-test performed for each sample group.

3. Results and Discussion

According to the obtained XRD data, the prepared powder was composed mainly of
β-TCP Ca3(PO4)2 [01-073-4869 ICDD] and a small amount of a secondary phase of calcium
pyrophosphate-Ca2P2O7 [01-073-0440 ICDD], about 3 wt% (see Figure 1).

Coatings 2023, 13, x FOR PEER REVIEW 5 of 13 
 

 

2.4. Antimicrobial Activity Tests 

Gram-positive (S. aureus, E. faecalis) and Gram-negative (S. typhimurium, E. coli) bac-

teria strains and C. albicans fungus were used to test the antimicrobial activity of the 

Mn,Sr-TCP-coated Zn-Li alloys. First, the coated Zn-Li substrates were UV sterilized for 

30 min and immersed in 5 mL of Brain Heart Infusion (BHI, DIFCO, Sparks, NV, USA) 

containing the individual microorganisms. Positive control tests were set up by growing 

the organisms in BHI. All organisms were grown under slow agitation for 24 h at their 

respective optimum growth temperatures. In particular, the bacteria (S. aureus, E. coli, S. 

typhimurium, and E. faecalis) were grown at 37 °C, while the fungus (C. albicans) at 28 °C. 

The growth of microorganisms in the absence and in the presence of Mn,Sr-TCP-

coated Zn-Li alloys was evaluated by reading the optical density at a wavelength of 600 

nm (OD600) with a Biophotometer D30 (Eppendorf, Hamburg, Germany). The experi-

ments were carried out in triplicate, and the results were expressed as the mean of the 

OD600 and the relative standard deviation (SD). The growth (in%) was calculated using 

the A/B × 100 equation, whereas the % of inhibition was calculated from (B − A)/B × 100 

(where A and B, respectively, represent the mean of the OD600 of the microbial suspen-

sion with and without Mn,Sr-TCP-coated Zn-Li samples). The statistical significance was 

evaluated using a two-tailed Student’s t-test performed for each sample group.  

3. Results and Discussion 

According to the obtained XRD data, the prepared powder was composed mainly of 

β-ТCP Сa3(PO4)2 [01-073-4869 ICDD] and a small amount of a secondary phase of calcium 

pyrophosphate-Ca2P2O7 [01-073-0440 ICDD], about 3 wt% (see Figure 1). 

 

Figure 1. Experimental XRD pattern collected on Mn,Sr-TCP powder: β-ТCP [01-073-4869 ICDD]. 

In the insert, the low-intensity region within the angular range of 24°–34° is highlighted. The 

peaks assigned to Ca2P2O7 [01-073-0440 ICDD] secondary phase are marked with asterisks. 

The Rietveld analysis of powder diffractograms was performed using the Jana 2006 

program. The parameters of the crystal lattice were calculated as follows: for the undoped 

β-TCP, a = 10.338(6) Å , c = 37.401(5) Å ; for Mn,Sr-β-TCP, a = 10.363(8) Å , c = 37.265(9) Å . 

A change in the crystal lattice parameters is an indication of replacing Ca atoms in the β-

TCP lattice with Mn and Sr atoms, as it was also described for other substitution ions [37]. 

Lattice distortions may occur due to the difference in the ionic radii of Ca, Mn, and Sr; the 

value of the ionic radii for Ca2+ is 0.99 Å , for Mn2+- 0.46 Å , and for Sr2+- 1.13 Å . 

Figure 1. Experimental XRD pattern collected on Mn,Sr-TCP powder: β-TCP [01-073-4869 ICDD]. In
the insert, the low-intensity region within the angular range of 24◦–34◦ is highlighted. The peaks
assigned to Ca2P2O7 [01-073-0440 ICDD] secondary phase are marked with asterisks.

The Rietveld analysis of powder diffractograms was performed using the Jana 2006
program. The parameters of the crystal lattice were calculated as follows: for the undoped
β-TCP, a = 10.338(6) Å, c = 37.401(5) Å; for Mn,Sr-β-TCP, a = 10.363(8) Å, c = 37.265(9) Å.
A change in the crystal lattice parameters is an indication of replacing Ca atoms in the
β-TCP lattice with Mn and Sr atoms, as it was also described for other substitution ions [37].
Lattice distortions may occur due to the difference in the ionic radii of Ca, Mn, and Sr; the
value of the ionic radii for Ca2+ is 0.99 Å, for Mn2+— 0.46 Å, and for Sr2+— 1.13 Å.

The XRD pattern of the target presents all the signals of the β-TCP phase. No peaks
attributable to other calcium phosphate phases were registered (see Figures 1 and 2a).
The spectrum of the film deposited on the Si substrate is characterized by a broad band
suggesting its low crystallinity (see Figure 2b). On the broad background, two main
diffraction peaks can be distinguished at 2θ = 30.9 and 34.5, corresponding to the highest
intensity peaks of the target, attributable to β-TCP [01-073-4869 ICDD].
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Figure 2. XRD patterns of (a) Mn,Sr-TCP target and (b) Mn,Sr-TCP coating deposited on Si.

In Figure 3, the FTIR spectra of the target and coatings are presented. In the FTIR
spectrum of the target (Figure 3a), it is possible to observe typical β-TCP features. All
signals are related to the PO4

3− group; peaks at 549 and 598 cm−1 can be referred to
as the ν4 bending mode, peaks at 935 and 984 cm−1 to the ν1 symmetrical stretching
mode, and peaks at 1012, 1025, and 1120 cm−1 to the ν3 anti-symmetrical stretching mode,
respectively. The shift of each band with respect to the respective signal of pure β-TCP can
be related to Mn and Sr substitutions. In the spectrum of the film deposited on Si, the two
phosphate ν4 bending modes converge in a single band, suggesting the low crystallinity of
the composite films. Moreover, low-intensity signals at 1420 and 1500 cm−1 suggest the
formation of a small amount of carbonated calcium phosphate, which is typical for the PLD
deposition procedure.
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The film surface composition was studied using XPS analysis, and the results are
presented in Table 1 and Figure 4. Signals of C 1s, O 1s, Ca 2p, P 2s, Mn 2p, and Sr 3p,
characteristic of Mn,Sr-TCP composition, were observed. The presence of C1s was mainly
due to impurities on the film’s surface; however, the C1s component at B.E. of 288.8 eV
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can be related to carbonated TCP, confirming the FTIR analysis data. The Ca2p3/2 peak at
BE of 347.2 eV can be related to Ca2+ ions bonded to phosphate groups, the P2s signal at
190.5 eV is characteristic of phosphorus atoms in a (PO4)3− group, Mn 2p3/2 peak centered
at 641.5 eV can be related to Mn with a 2+ valence, and Sr 3p3/2 peak centered at 269.3 eV
is related to Sr2+.

Table 1. XPS analysis results obtained for Mn,Sr-TCP coating.

Peak B.E. (eV) Assignment

C 1s
285.0 eV C aliphatic
286.6 eV C-O
288.8 eV CO3

2−

Sr 3p
269.3 eV Sr2+ 3p3/2

279.5 eV Sr2+ 3p1/2

Ca 2p
347.2 eV CaCO3/Ca3(PO4)2 2p3/2

350.87 eV CaCO3/Ca3(PO4)2 2p1/2

Mn 2p
641.56 eV Mn2+ 2p3/2

653.46 eV Mn2+ 2p1/2

P 2s 190.5 eV Ca3(PO4)2
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(D) C1s-Sr2p. In the figure, black, red and blue lines represent the experimental data, the fitting
curves and the peak components, respectively.

Mn,Sr-TCP powder is characterized by coarse granules with sizes ranging from tens
to hundreds of microns (see Figure 5). The highest magnification allows the individuation
of finer particles on the surface of coarse granules. The finest particulate size ranges from
hundreds of nanometers to a few microns. The SEM-EDX analysis proved the presence of
Mn and Sr and a homogeneous distribution of all the elements in the prepared Mn,Sr-TCP
powder (see Figure 6).
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Figure 6. SEM-EDX composition of Mn,Sr-TCP powder.

The EDX, AAS, and calculated data on the content of Mn and Sr in the prepared
powder are given in Table 2. There is a rather good agreement between the data obtained
by different techniques, considering that the EDX method gives precise results only for
polished samples, but, in our case, due to the relatively large roughness of the surface, the
error in determining with the EDX method increased.
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Table 2. Mn and Sr content in Ca2.5Mn0.25Sr0.25(PO4)2 powder.

Mn Content, wt.% Sr Content, wt%

EDX Data AAS Data Calculated EDX Data AAS Data Calculated

3.77 4.65 4.29 6.53 6.45 6.75

Films deposited on Si substrates were uniform and compact, with round and irregu-
larly shaped microparticles resting atop the nanostructured background (see Figure 7A–C).
The presence of the gas buffer (O2) in the deposition chamber and a short target substrate
distance (1 cm) led to the confinement of the laser-induced plasma and promoted nucleation
and growth of clusters and nanoparticles. Moreover, plasma confinement supported the
growth of crystalline domains, transforming the diffuse contour of amorphous particles
to sharp-edged ones. Surface characterization of Mn,Sr-TCP coating deposited on Zn-Li
alloy is reported in Figure 7D–F. It is characterized by a uniform nanotextured background
with globular-shaped particles on it (10 kx image). Some particles underwent coalescence,
resulting in flattened round structures up to a few microns. Images collected at higher mag-
nifications (50 and 100 kx) revealed that globular-shaped particles have a size distribution
ranging from tenths of nanometers up to few microns and are randomly distributed on
the surface.
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Figure 7. SEM images of Mn,Sr-TCP coating deposited on Si (A–C) and on Zn-Li (D–F) alloy.

The growth of microorganisms (S. aureus, E. coli, S. typhimurium, E. faecalis, and
C. albicans) in the presence and absence of Mn,Sr-TCP-coated Zn-Li samples are detailed in
Figure 8. In Figure 8, the percentage of growth and the percentage of inhibition derived
from three independent experiments are given. The growth of each organism was evaluated
after 24 h of incubation at respective optimal growth temperatures.

For all the microorganisms, inhibition of growth was registered: a minimum of 8.95%
for E. coli and a maximum of 43.96% for C. albicans. The other microorganisms have a
very similar % of inhibition, in particular, for P. aeruginosa, 9.44%; E. faecalis, 9.74%; and
S. aureus, 12.16%.

It should be mentioned that the bulk Mn,Sr-β-TCP composition exhibited more pro-
nounced antimicrobial properties [26], which is likely connected to the fact that in the bulk,
more antibacterial material is available.
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Figure 8. Growth rate of four bacteria (S. aureus, E. coli, S. typhimurium, and E. faecalis) and one fungus
(C. albicans) grown in the presence and absence of Mn,Sr-TCP Zn-Li samples. The percentage of
growth is calculated from three independent experiments. Statistical significance is reported for each
bacterial group: *** (p < 0.001), ** (p < 0.01), * (p < 0.05).

To the best of our knowledge, there are only very few literature references regarding
Mn,Sr-TCP. One of them is our previous work on various double substitutions of Ca2+ ions
in TCP, among them Mn,Sr-TCP powder, its structural characterization and antimicrobial
properties [26] mentioned above, and one other [38], describing MnSr-doped brushite
bone cement. The authors [38] concluded that the properties of the cement depend on
ionic substitutions, and the co-doping results in more benefits compared to single-doping,
fostering the biological activity and, namely, the proliferation of human MG63 osteoblastic
cells, their growth, and collagen secretion. The authors also suppose that Mn addition may
be a promising way to improve the osteointegration of brushite cement in vivo. The au-
thors [25] report on electrodeposited Mn,Sr-HA coating on commercially pure Ti. Excellent
biocompatibility of the coating was attributed to a probable effect of both good surface
wettability and release of Sr2+ and Mn2+ ions.

4. Conclusions

Double substituted with manganese and strontium TCP coatings on Zn-Li biodegrad-
able alloys were deposited for the first time. The coating’s main phase β-TCP was confirmed
by the XRD and FTIR techniques. The XPS and SEM-EDX confirmed the presence of Mn
and Sr. According to the XRD and FTIR data, low crystallinity coatings were deposited.
The Mn,Sr-TCP coatings were compact and uniform, characterized by a nanostructured
background and microparticles on the surface, typical for PLD deposition.
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The antimicrobial activity test showed that Mn,Sr-TCP-coated Zn-Li alloys were able
to inhibit the growth of all five microorganisms. In particular, the inhibition of 12.16% of
S. aureus, 9.74% of E. faecalis, 9.44% of P. aeruginosa, and 8.95% of E. coli was registered. The
Mn,Sr-TCP-coated Zn-Li alloys were very effective in inhibiting the growth of C. albicans
fungus (about 50%). The prepared coatings can be useful in improving the degradation
behavior and biological characteristics of Zn-Li alloys, and further investigation is needed
before clinical translation.
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