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Abstract

This study investigates a biomimetic method of deposition
of bioactive calcium phosphate (CaP) layers on zirconium
oxide substrates (ZrO,). The substrates contained poly-
mer nanoparticles of poly(L-lactide-co-glycolide) (PLGA)
obtained using the double emulsion method with solvent
evaporation. Three antibiotics were encapsulated within
the nanopatrticles: bacitracin, gentamicin sulphate, and
hydrophobic gentamicin, prepared with the use of the ion
pairing method. Nanopatrticles were immobilized on the sub-
strates using the drop casting or the co-deposition method.
The microstructure of the layers and the distribution of the
nanoparticles were assessed by scanning electron micros-
copy. The nanopatrticles size and their zeta potential were
measured using the dynamic light scattering method. The re-
lease of drugs over time was examined and the antibacterial
properties were evaluated in contact with Staphylococcus
aureus bacteria using the spectrophotometric method and
the Kirby-Bauer test. The results show that the layer deposi-
tion method is effective and allows to obtain homogenous
bioactive coatings. Nanoparticles were agglomerated on
the surface or homogenously distributed in the CaP coat-
ing, depending on the process used to immobilize them.
The drug release profile and antibacterial properties can
also be modified by changing the process — the drop casting
method allows to obtain a coating with a stronger antimicro-
bial effect and faster drug release.

Nanoparticles obtained by the double emulsion method
with solvent evaporation have the required size to be im-
mobilized between the CaP crystallites. Additionally, the
encapsulation of drugs decreased the zeta potential of
the nanoparticles, which was caused by the interaction of
the drug and the polymer. Nanoparticles loaded with baci-
tracin showed weak antibacterial properties, as the growth
inhibition zone in the Kirby-Bauer test was barely visible.
Two other types of nanopatrticles exhibited good antibacte-
rial properties, exceptionally strong for those loaded with
hydrophobic gentamicin.
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Introduction

With increasing life expectancy, diseases of the muscu-
loskeletal system are becoming more frequent. They can be
related to joint wear or be the result of complications after
invasive orthopedic procedures [1]. In general, bone tissue
has a natural ability to regenerate, but not all mechanical
injuries or defects caused by diseases such as osteomyelitis,
bone cancer, or osteoporosis can be spontaneously healed.
In such cases, surgical intervention is required to fill the
defect or replace the missing bone. Replacement can be
made by bone grafting or by using a synthetic biomaterial,
usually ceramic [1,2]. One of the diseases that is increasing
in frequency is osteomyelitis, which often develops in the
femur or spine. Untreated, it causes irreversible changes
in the body, the need for amputation, and even death [3-5].
Osteomyelitis can be caused by many species of bacteria
and fungi. S. aureus is responsible for the development of
the disease in 80-90% of cases [6,7].

Zirconium dioxide is often used as a bone substitute to
fill in gaps resulting from diseases or injuries [8,9]. ZrO, is
an inert biomaterial, but it is possible to provide it with bio-
active properties by coating it with another material, such
as hydroxyapatite ceramics (HAp), which can bind to bone
without creating fibrous tissue after implantation. The ZrO,
substrate modified in this way allows cells to attach and pro-
liferate on its surface [10]. One of the methods for obtaining
such a coating is the biomimetic method, which mimics the
first phase of integration of the material with bone tissue
in vivo. It consists of precipitating calcium phosphate on the
surface of the material immersed in simulated body fluid
(SBF) and can be used to cover properly prepared metal,
ceramic, polymer, or composite surfaces. The coatings
obtained in this way have mechanical properties similar to
those of natural bone and have high biocompatibility [11,12].
Changes in SBF concentration also allow to control rough-
ness, which is important for the adhesion and proliferation
of osteoblasts. The advantages of the method are the high
homogeneity of the layers obtained and the possibility to
coat devices characterized by various shapes and sizes,
but it is necessary to control the process conditions: the
temperature and pH of the solution [11-13].

In many applications, it is beneficial for implants to have
antibacterial properties, as it reduces the risk of infection that
could occur during the implantation process and prevents the
adhesion of bacteria to the surface. Implants can also act
as drug carriers, for example, by depositing nanoparticles
loaded with antibiotics on their surface. Such a modification
is valuable in the case of materials used to fill bone defects
caused by surgical removal of infected tissue in osteomyelitis
treatment [5,6].

The use of drug delivery systems (DDS) is more beneficial
than containing the antibiotic itself in the coating. The main
difficulty in the treatment of bone infections is the complexity
of its tissue structure. The delivery of drugs to the bones,
oral or intravenous, is often ineffective. Quite commonly, they
are excreted from the body before they have a therapeutic
effect at the target site, while the frequent administration
of large doses of drugs can cause severe side effects [6].
Conventional antibiotic therapy guarantees that bacteria
are eliminated from the whole body, but it has many dis-
advantages. Both the poor absorption of drugs from the
digestive system and their rapid excretion from the body
make it difficult to maintain a stable therapeutic level [14].
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Meanwhile, DDS allows for a slower release, preventing

® o @ @ o @ o 3suddenincrease in drug concentration to potentially toxic.

Furthermore, for the same reason, drug levels are more
stable over time. The drug can be released only in a specific
place, thus avoiding systemic side effects. The behavior
of the drug carrier can be modified to release substance
only under certain conditions, e.g. local pH or temperature.
In addition, prolonged release of the drug makes the ab-
sorption of the active substance easier, providing a better
therapeutic effect. Targeted antibiotic therapy ensures better
penetration of bone tissue by the drug, but attention must
be paid to maintaining the appropriate concentration of the
antibiotic, because microorganisms can acquire antibacterial
resistance if it is not high enough [14,15].

Drug delivery systems are mostly based on nanoparti-
cles (NPs). Particles with nanometric size easily penetrate
infected bone tissue. The appropriate functionalization of
their surface allows the therapeutic effect to be improved,
for example, by providing an additional layer of molecules
of another antibiotic or other compounds [6]. Polymer
nanoparticles are stable colloidal structures in the form of
nanocapsules or nanospheres differing in structure, size,
and mechanism the drug is released. The manufacturing
methods for both nanocapsules and nanospheres are well
established [16,17].

This study investigates a biomimetic method of deposition
of bioactive calcium phosphate (CaP) layers on zirconium
oxide substrates (ZrO,), containing polymer nanoparticles
of poly(L-lactide-co-glycolide) (PLGA) obtained using the
double emulsion method with solvent evaporation with
three antibiotics encapsulated: bacitracin, gentamicin in the
form of gentamicin sulphate and hydrophobic gentamicin,
prepared with the use of the ion pairing method. Hydro-
phobic gentamicin was used in this study due to its higher
encapsulation efficiency compared to basic gentamicin [18].
Similar research has already been conducted on the subject
of CaP coatings with antibacterial NPs [1,19]. However, we
compared different drugs and conducted thorough micro-
biological tests, which has not been done before.

Materials and Methods

Manufacturing nanoparticles

Drug-loaded NPs were prepared using the double
emulsion method with solvent evaporation (FIG. 1). In the
first step of NPs fabrication, 6 mg of each drug was added
to 3 ml of a 2% solution of poly(L-lactide-co-glycolide)
(PLGA, Polish Academy of Sciences, Zabrze, Poland) in
dichloromethane (DCM, Chemland, Stargard, Poland)
and mixed with ultrasounds for 3 min with an amplitude
of 40% (Vibra Cell VCX130, Sonics, Newtown, CT, USA).

The obtained solution was added to the 2% aqueous solu-
tion of poly(vinyl alcohol) (PVA, Sigma Aldrich, Steinheim,
Germany) and mixed with ultrasounds for 3 min with an
amplitude of 40% and then on a magnetic stirrer with a speed
of 1000 rpm. After 24 h, the solutions were centrifuged for
20 min at a speed of 15 000 rpm (MPW-351R, MPW Med.
instruments, Warszawa, Poland). 2 ml of supernatants were
taken to investigate the encapsulation efficiency (EE) and
drug loading (DL). The remaining volume was removed.

Then 20 ml of ultra-high quality water was added and
the particles were centrifuged again. This process was
repeated 3 times. After removing the water from the last
centrifugation, 3 ml of ultra-high quality water was added
and the obtained sample was placed at a temperature of
—-80°C for 24 h. The last step in the preparation of particles
was the freeze-drying process, which was carried out for
24 h (Christ Alpha 1-2 LDplus, Martin Christ, Osterode am
Harz, Germany). To prepare empty NPs, mixing antibiotics
with PLGA in the first step was omitted, and PLGA was
sonicated alone to keep the same conditions, the rest of
the process was conducted without any changes. The drugs
used were bacitracin (Sigma Aldrich, Steinheim, Germany),
gentamicin sulphate (Sigma Aldrich, Steinheim, Germany),
and hydrophobic gentamicin (GEN AOT), obtained as de-
scribed in [18]. Briefly, gentamicin sulphate was modified
into a hydrophobic complex, by hydrophobic ion pairing of
gentamicin with the anionic surfactant dioctyl sulfosuccinate
sodium salt (AOT, Sigma-Aldrich, Germany).

Nanoparticles characterization

The size and zeta potential of NPs were measured us-
ing the dynamic light scattering method (DLS, Zetasizer
nano-ZS, Malvern, UK). Three measurements were made
for each type of particles. The encapsulation efficiency and
drug loading were investigated using supernatants collected
after the first centrifugation of NPs. To quantify the amount
of drug in them, an o-phtaldialdehyde (OPA, Sigma-Aldrich,
Germany) assay was conducted. This test is based on the
reaction of OPA with the drug present in the supernatant
and the fluorescence measurement. The OPA reagent was
prepared by mixing o-phtaldialdehyde with methanol, 2-mer-
captoethanol, and borate buffer. Then 50 pl of supernatant
(three samples for each) was transferred to a black 96-well
plate and 50 pl of OPAreagent was added to each. Based on
the results of fluorescence measurement, EE and DL were
calculated according to formulas (1) and (2), respectively:

mass of used drug - mass of drug in supernatant

EE = <100 [%] (1)
mass of used drug

mass of used drug - mass of drug in supernatant
DL = - - 100 [%] (2)
mass of obtained NPs

3 ml 2% PLGA

homogenization
——

20 ml
2% PVA

centrifugation

freeze drying

24 h

FIG. 1. Schematic pro-
cess of NPs manufactu-
ring.
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Coating deposition

Round zirconium oxide substrates 0.8 cm in diameter,
each obtained by pressing and sintering 1.3 g of zirconium
oxide powder, were used. After sintering, they were polished
and treated with phosphoric acid to create functional Zr-OH
groups, which effectively participate in the process of apatite
formation in the body’s environment [20].

Bioactive coatings on the surface of the substrates were
obtained using the biomimetic method based on the precipi-
tation of CaP crystals from the simulated body fluid (SBF)
solution. To coat the substrates with a CaP layer, a two-step
precipitation method with the use of solutions similar to
concentrated SBF was applied. The first step solution was
prepared as detailed by Costa et al. [12], while the second
one as described in [11] (FIG. 2).

24 h, 37°C 24 h, 37°C

FIG. 2. Schematic representation of the deposition
process of calcium phosphate.

Immobilization of nanoparticles

NPs were incorporated into the CaP layers using two
methods:
» Co-deposition method
In this method, the dispersion of NPs (10 mg/ml) was added
to the solution used during step Il of the deposition process.
* Drop casting method
After the second step of the layer deposition process was
completed, 100 pl of NPs dispersed in water at a concentra-
tion of 2 mg/ml was applied to the substrate surface and left
to dry at room temperature.

Layers morphology

Pictures of layers without NPs after steps | and Il of
different depositions and layers with NPs immobilized by
the co-deposition and the drop casting method were taken
using a scanning electron microscope (SEM, GeminiSEM
500, Zeiss, Germany).

Drug release profile

To determine drug release profiles, substrates with NPs
were closed in dialysis bags (ZelluTrans, Roth, Germany,
cut-off 12-14 kDa) and placed in vials filled with 20 ml of
PBS. The experiment was carried out at 37°C for 30 days.
In predetermined periods of time, 2 ml of PBS was collected
and replaced with the same amount of fresh PBS solution.
The amount of drug in the collected solution was then quanti-
fied using the OPA assay.

Antimicrobial effect

To verify the antibacterial properties of the obtained coat- ® @ @ e @ @ o

ings, the tests with S. aureus (ATCC MSSA 25923) were
performed. Bacteria cultures were passaged twice before
analysis by sieving onto slants with nutrient agar and incu-
bated for 24 h at 37°C + 1°C. Scaffolds containing empty
or loaded NPs samples were incubated in 2 ml of PBS for
24 h at 37°C to obtain the extracts.

Kirby-Bauer test

Awell was cut in the agar in which 100 pl of a 500 mg/ml
suspension of particles was placed. After 24 h, photos were
taken and growth inhibition zones were measured.

Spectrophotometric method

Extracts were prepared by placing coated substrates with
empty NPs and NPs loaded with bacitracin, gentamicin, or
hydrophobic gentamicin in 2 ml of PBS. The bacteria were
suspended in a sterile solution of nutrient broth and buffered
saline in a 1:3 ratio to obtain a bacterial count of ~10° cell
forming units (CFU)/ml. The inoculum was then added to
the test tubes containing the extracts of the test samples in
a 1:1 ratio. A control sample containing a bacterial solution
without the addition of any extract was also prepared. Tubes
containing inoculated test materials and control materials
were incubated at 36°C + 0.1°C for 24 h. The microbial vi-
ability was assessed using the spectrophotometric method
(UV Vis Shimadzu, Japan) by measuring the optical density
of the prepared solutions at a wavelength of 600 nm. Test
samples were taken from the incubated solutions at defined
time intervals.

Statistical analysis of the results was performed using
a one-way analysis of variance (one-way ANOVA).

Results and Discussions

Characterization of nanoparticles

TABLE 1 shows the results of the measurements of the
zeta potential and nanoparticles size using the DLS method.
The size range of the particles and the average size are
included. For each type of NPs with drugs, the average
size is smaller than that of empty NPs, with the smallest
being those with gentamicin. The size of NPs containing
gentamicin and those with AOT-modified gentamicin is in
the same range, but their average size is significantly dif-
ferent — for NPs with AOT-modified gentamicin it is larger
by about 40 nm. The difference between all NPs is statisti-
cally significant, which means that they do not belong to the
same population. This phenomenon was also observed in
[19] for gentamicin and bacitracin loaded NPs and in [21],
where encapsulation of gentamicin in PLGA NPs caused
a decrease in particle size.

TABLE 1. Size range (n = 3) and average size of the NPs, zeta potential (n = 3), encapsulation efficiency (EE),
and drug loading (DL) of respective NPs.

13

Size range [nm]  Average size [nm] Zeta potential [mV] EE [%] £ SD DL [%] £ SD
+ SD + SD
Empty NPs 142-396 314+7 -10.3+0.7 - -
IGEN NPs 122-459 241+ 4 -12.3+0.4 38.7+9.9 35+09 |
IBAC NPs 122-615 271+ 2 -15.1+0.4 56.9 + 2.4 52+02 |
IGEN AOT NPs 122-459 278 + 2 -11.1+0.5 99.9 + 0.1 92+02 |
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The zeta potential decreased for all types of NPs with

® @ @ @ o ® ® drugs, which is caused by the interaction of the drug and

polymer. The lowest zeta potential was measured for nano-
particles with bacitracin. Moreover, the zeta potential of NPs
loaded with hydrophobic gentamicin was higher than that for
non-modified gentamicin with a statistically significant dif-
ference. However, many studies showed the opposite trend
[1,18,19,21,22], suggesting that other external factors influ-
ence the properties of NPs, which requires further research.

The results of the calculations of EE and DL are also
presented in TABLE 1. For NPs with bacitracin, a higher
efficiency of encapsulation and drug loading was achieved
than for particles with gentamicin, while the best encapsu-
lation was achieved in the case of NPs with hydrophobic
gentamicin, which proves the effectiveness of this modifica-
tion, also described in other studies, such as [1,18] or [23],
where nearly 100% EE was reported.

Coatings morphology

FIG. 3 shows photos of the obtained CaP layers
without the addition of NPs, after the first and after the
second step of deposition, respectively. As seen in FIGs
3 A and B, the layer after the first step is inhomogene-
ous and areas not covered with CaP crystals are visible,
as the purpose of the first step is to deposit CaP nuclei.

Because of that, a two-step process is necessary, as
FIGs 3 C and D show a homogeneous coating with well-
formed CaP crystals. The finished coatings look very similar
to those reported in papers [12,19], where the authors used
the same precipitation method.

FIG. 4 shows the microstructure of the coatings with
NPs, after co-deposition and after application of the drop
casting method. Few particles are visible on the surface of
the layer produced by the co-deposition process, while after
the drop casting method many particles forming clusters can
be seen. During co-deposition, the nanoparticle suspension
was added to the solution, so the particles can also occur
under the CaP crystals. If a drop of the suspension is placed
on the surface, the particles do not penetrate the CaP layer
and more of them are visible. However, there are fewer
particles visible after the use of the co-deposition method;
they seem to be more homogenously distributed between
the CaP crystals as compared to NPs immobilized with the
drop casting method, which are highly agglomerated. Similar
results can be seen in [19], where exactly the same method
of NPs immobilization was used.
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Drug release profile

FIG. 5 shows the release of drugs from the manufactured
ZrO, samples surface-modified with CaP with drug-loaded
NPs. For each sample, a much higher drug concentration
was achieved for the particles deposited using the drop
casting method, due to the greater number of particles
on the surface of the layer, as shown by the SEM studies
(FIG. 4). At the end of the study, it was found that the low-
est concentration was achieved with gentamicin and the
highest with bacitracin.

For both NPs loaded with GEN and GEN AOT in the
beginning, the drug was released in a similar manner.
However, the final concentration of hydrophobic gentamicin
was higher than that of gentamicin sulphate, which may be
due to better encapsulation efficiency of this drug: almost
100% of the GEN AOT was encapsulated in NPs (TABLE 1).
A similar drug release profile was obtained in the paper [1]
for NPs loaded with GEN and GEN AOT, the latter being
released faster and reaching a higher concentration at the
end of the study. Also in [22], where PLGA NPs loaded with
gentamicin were studied, after a burst release, the drug was
slowly released until the end.

15

Antimicrobial properties

FIG. 6 shows the growth inhibition zones of S. aureus ® @ @ @ @ @ o
bacteria in contact with suspended NPs according to the
Kirby-Bauer test. As expected, the presence of empty NPs
did not affect bacterial growth. Bacitracin NPs had a weak
effect, so they were not included in further antibacterial
studies. Although more drug was released from the nano-
particles containing bacitracin (FIG. 5), the larger inhibition
zone of bacterial growth was obtained for both gentamicin
and AOT-modified gentamicin, suggesting that those two
antibiotics are more effective against this particular strain
of bacteria. Moreover, studies report that bacitracin gener-
ally has a weaker antibacterial effect on S. aureus than
gentamicin [24].

Both particles with gentamicin and AOT-modified gen-
tamicin showed good antibacterial activity, with the growth
inhibition zone for hydrophobic gentamicin being larger,
indicating a stronger antibacterial effect. The same trend
was observed in other studies [18,25], proving that the ion
pairing of gentamicin with AOT does not affect the potency
of the antibiotic in a negative way.

14
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FIG. 5. Drug release pro-
file for all types of sub-
strates prepared using
the co-deposition (CP) or
drop casting (D) method
with particles loaded with
bacitracin, gentamicin,
and hydrophobic genta-
micin (n = 3).
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FIG. 7. Optical density for S. aureus

*k

*k

Optical density

D GEN AOT D GEN CP GEN AOT CP GEN CP Empty

*p<=0,05 ** p<=0,01 *** p<=0,001

and S. aureus in contact with ex-
tracts of samples coated with CaP
layer that contains different types of
antibiotic-loaded NPs (n = 3).

S. aureus

Spectrophotometric method

FIG. 7 presents the results of the optical density measure-
ment of extracts at different time points, which represents
the growth of bacteria. The highest optical density, and thus
the weakest antibacterial properties, showed extracts from
substrates with empty NPs, as expected. This confirms
the result of the Kirby-Bauer test. In the case of NPs with
non-modified gentamicin and AOT-modified gentamicin,
inhibition of bacterial growth can be observed.

Regardless of the drug used, extracts from samples
coated using the co-deposition method have weaker an-
tibacterial properties due to slower drug release (FIG. 5).
It is caused by a more homogenous distribution of NPs in
the coating — in the case of the drop casting method, the
majority are located on the surface, where release is easier
(compare FIGs 4 A, B and C, D).

Conclusions

The aim of this study was to obtain a CaP coating on
ceramic substrates and immobilize PLGA nanoparticles with
antibacterial drugs encapsulated: bacitracin, gentamicin,
and AOT-modified hydrophobic gentamicin. Their size and
zeta potential were characterized, as well as the drug loading
and encapsulation efficiency. The release of drugs from the
coatings on the ZrO, substrates and antibacterial properties
were also investigated.

The biomimetic method of depositing bioactive layers
on ZrO, substrates and incorporating the prepared NPs
by two methods: co-deposition and drop casting proved
to be effective. SEM pictures show homogenous coating
and the presence of the NPs. Particles produced using the
double emulsion method have the required nanometric size.
Loading them with any of the three tested drugs caused
a reduction in both the size and zeta potential due to the
interaction between PLGA and antibiotics, with GEN NPs
being the smallest and GEN AOT the largest.

The conversion of gentamicin sulphate into hydrophobic
gentamicin by ion pairing was found to be an effective way to
fabricate particles with significantly improved encapsulation
efficiency and drug loading values. NPs with hydrophobic
gentamicin coupled with AOT are characterized by a highly
improved encapsulation efficiency of 99.9 + 0.1%.

Although both methods of immobilizing NPs were ef-
fective, the release of the drug was faster when the drop
casting method was used. This is because NPs agglomerate
on the surface of the substrate in greater quantity, while in
the co-deposition method they are also present below the
surface of the deposited layers. Because of this, the method
of deposition allows to control the rate and profile of drug
release. Antibacterial tests of the obtained materials showed
that both particles containing gentamicin sulphate and
gentamicin modified with AOT exhibit antibacterial proper-
ties, inhibiting the growth of S. aureus bacteria. Bacitracin
showed weak antimicrobial activity in the Kirby-Bauer test,
and thus was not tested with the spectrophotometric method.

In summary, the response of bacteria in contact with ei-
ther produced NPs or extracts from the substrates depends
on the type of drug — GEN AOT being the most efficient.
The method used to immobilize nanoparticles directly
translates into antibacterial activity of the substrate. By
changing manufacturing conditions of NPs and coatings,
the antibacterial activity of samples can be adjusted to the
desired application.
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