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Abstract: Naturally occurring hydroxyapatite (HA) is the mineral phase of bone tissue. It is character-
ized by its bioactivity toward stimulating bone cells to proliferate and thus form new apatite layers.
For this reason, it is a material commonly used in implantology for filling defects or covering implants
(such as endoprostheses). There are several methods to obtain synthetic HA, and by controlling
parameters such as temperature, pressure or the drying process, physicochemical parameters of the
final powder can be affected. In the present study, HA was obtained by wet precipitation technique
and subjected to two different drying methods, determining whether this parameter significantly af-
fects the properties of the final material obtained. Analyzed Fourier-transform infrared spectroscopy
(FT-IR) confirmed the presence of functional groups typical for HA. X-ray diffraction analysis (XRD)
demonstrated that the materials are partially amorphous; however, the only phase was identified
in HA. Scanning electron microscopy (SEM) was used to evaluate the surface morphology and the
density, and average grain diameter was measured. Furthermore, HA powders were subjected to
modification with the antibiotic clindamycin to determine the potential for use as a carrier for the
active substance. The release rate of the drug was determined by high-performance liquid chromatog-
raphy (HPLC). The differences in the characteristics of the powders were relatively small; however,
they affected the rate of drug release from the material as well as the shape of the grains. The method
of drying the powders was shown to affect the shape of the grains, as well as the porosity of the
sinters prepared from it. A higher amount of clindamycin released into PBS was observed in material
with more pores. The materials have demonstrated the potential to be used as a carrier for the active
substance; however, further biological, as well as physicochemical, analysis is required.
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1. Introduction

One of the modern solutions for treating diseases is controlled drug delivery systems
(DDS). When drugs are administered conventionally over a long period of time, this can
result in uneven distribution in the body. These allow the delivery of a given active
substance precisely to the affected area. In addition to controlled drug release at a precise
dose, the beneficial aspects of DDS include improved solubility of poorly water-soluble
drugs, as well as high drug loading or delivery of multiple therapeutic agents in a single
dose [1,2]. Structures widely used as drug carriers include micelles [3-5], liposomes [6-8],
dendrimers and nanoparticles [9-11], which are characterized by high stability and also
improve drug bioavailability and reduce dosing frequency [12].

Scaffolds used for tissue formation are required to meet several fundamental criteria.
These include high porosity as well as sufficiently large pore size. In addition, it is crucial
to have specific surface properties that will allow cellular tissue to adhere, differentiate
and proliferate, as well as maintain the tissue structure and its ability to cooperate with the
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organism [13]. Furthermore, any bone substitute is expected to mimic the characteristics
of natural bone, which will support osteoregenerative processes [14]. One frequently
used inorganic carrier is calcium phosphate ceramic (CaP), especially hydroxyapatite
(Ca1o(OH)2(POy4)s, HA). Synthetic hydroxyapatite crystallizes in a hexagonal arrangement.
Its density is 3.156 g/cm?, decreasing to 3.120 g/cm? after heat treatment due to water
loss [15]. It is a natural component of bone as well as teeth and has excellent mechanical
properties [16]. Due to its excellent biocompatibility, bioactivity and biodegradability, it
has found a wide range of applications in tissue engineering and medicine [17,18]. CaP-
based materials promote osteoblast adhesion and proliferation [19,20]. Considering its
large surface area and adsorption capacity, it can be a carrier for various drugs, including
antibiotics [21,22]. Most commonly, HA is used in a porous form, which allows for a
biological connection to the tissue, and is widely used as an implant material. The network
of pores in the HA structure influences the proliferation of tissue cells. Moreover, blood
vessels (e.g., capillaries) can grow into them during the formation of new bone or during
the healing process. Such a procedure reinforces the implant in the target location as well
as minimizes the risk of displacement [23].

Among the methods for obtaining hydroxyapatite, two groups can be distinguished,
i.e., dry methods and wet methods. Dry methods consist of roasting calcium phosphate
mixtures with a Ca/P molar ratio of 1.67 in a water vapor atmosphere at temperatures
above 1000 °C. However, the most commonly used methods are wet methods, which
involve precipitation from suspensions or aqueous solutions of calcium phosphates with a
molar ratio of Ca/P equal to 1.67. In some cases, the hydroxyapatite obtained is subjected
to roasting at temperatures above 1000 °C [24-26]. One of the advantages of synthetic HA
is that its microstructure and the pore volume itself during synthesis can be controlled.
This gives the possibility to adjust the surface of the hydroxyapatite depending on the ap-
plication [27,28]. The hydroxyapatite obtained is often processed through a drying method
to obtain a solid ceramic powder. Among the ceramic drying methods are atmospheric
drying, drying under vacuum and the freeze-drying process. The latter technique is an
advanced drying method, where ultra-fine crystalline particles with good dispersibility are
obtained [29]. Freezing causes the solids in solution to be excluded by advancing ice into
the intergranular spaces between the ice crystals. Subsequent sublimation then leads to the
formation of porous structures that can carry various active substances [30].

One possibility for obtaining an HA-based drug carrier is to load it with various active
substances, including antibiotics, for example, clindamycin. This drug is a common an-
timicrobial agent used to treat diseases where bone loss has occurred [31,32]. Clindamycin
belongs to the lincosamide group. Moreover, it is active against both anaerobic as well as
aerobic Gram-negative and Gram-positive bacteria [33-35]. Clindamycin is an antibiotic
that plays an important role in implantology, particularly in the context of preventing and
treating infections associated with dental implants or other surgical procedures [36-39].

The following paper investigates the effect of the drying technique of synthesized
HA on the porosity of ceramic powders as potential carriers of active substances. The
obtained ceramic powders were subjected to physicochemical analysis including den-
sity testing, X-ray diffraction analysis (XRD), Fourier-transform infrared spectroscopy
(FTIR) and scanning electron microscopy (SEM). Furthermore, the sinters formed were
modified with clindamycin. Using the high-performance liquid chromatography (HPLC)
technique, the rate of drug release was determined. The analyses carried out allowed
assessment of the potential of the developed materials as drug carriers for targeted therapy.
To the best of our knowledge of the literature, there are no studies of identically obtained
material combinations.

2. Materials and Methods
2.1. Reagents

The reagents used for the synthesis of hydroxyapatite, including phosphoric acid
(HNGO3), calcium hydroxide (Ca(OH);) and ammonia water (NH4OH, 25%), were pur-
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chased from Sigma-Aldrich (Darmstadt, Germany). The antibiotic used for the modification
was clindamycin hydrochloride, purchased from Sigma-Aldrich (Darmstadt, Germany).
The mobile phase used for HPLC was a combination of acetonitrile (CH3CN) from Honey-
weel (Seelze, Germany) and potassium dihydrogen phosphate (KH,PO4) from DOR-CHEM
(Krakow, Poland). Phosphate-Buffered Saline Tablets were purchased from OXOID (Bas-
ingstoke, UK). A Hydrolab model HLP 5sp unit was used to obtain demineralized water
for all solutions.

2.2. Preparation of Hydroxyapatite

Hydroxyapatite (HA) was obtained by a wet precipitation method by reacting H3POy4
and Ca(OH),. To obtain HA, 500 mL of 0.3 mol/L aqueous solution of H3PO4 was dropped
into a stirring aqueous solution of 500 mL of 0.5 mol/L Ca(OH), at a rate of 1 drop/sec.
The pH of the mixture was maintained at about 11 with 25% ammonia water. After the
reaction was completed, the reaction mixture was aged for 24 h. After this time, the mixture
was washed with distilled water to the natural pH and filtered through a fluted filter. This
method was also described in the previous article [40]. Two syntheses were carried out in
an analogous manner. The first batch of hydroxyapatite powder was subjected to drying in
a POL-EKO model dryer SLW 400 (Wodzistaw Slaski, Poland) at 104 °C for 4 h, and it was
designated d-HA. The second part was dried in a Martin Christ Alpha 1-2 LDplus freeze
dryer (Osterode am Harz, Germany) at —50 °C for 48 h and was identified as f-HA.

From the resulting hydroxyapatite powders dried by both methods, disks were ob-
tained by pressing 0.5 g of ceramic powder under 4 tons of pressure. Sintering was then
performed by annealing the material for 2 h at 1000 °C.

2.3. Determination of Density

Density was determined using a pycnometer with a capacity of 25 cm®. After rinsing
with acetone and drying, the pycnometer was weighed, and the measurement was re-
peated after filling it with distilled water at the temperature of 22 °C. After drying, the
pycnometer was filled with 5 g of hydroxyapatite powder, which had previously been
sifted through a 0.2 mm mesh sieve, and weighed again. The next step was to pour water
over the pycnometer with the powder to about 15 mm above. In order to remove the air
from the powder layer, it was put in the dryer for about 20 min. After being taken out and
cooled, it was refilled with water, and a final weighing was performed. Measurements
were made for dried and freeze-dried hydroxyapatite. The true density was calculated
from the formula:

My — 1My do-(my —my)

drs = 5= —y = @
rz m3d0m1 _ Wl4d0H12 (m2 — ml) — (m4 — m3)

where:

mj—mass of empty pycnometer (g),

mpy—mass of pycnometer with powder (g),

ms—mass of pycnometer filled with water (g),

my—mass of pycnometer with powder filled with water (g),
dg—density of water at measurement temperature (g/cm?),
dy;—actual density of hydroxyapatite (g/cm3).

2.4. X-ray Diffraction Analysis

The resulting hydroxyapatite was subjected to structural characterization by X-ray
diffraction (XRD). For this purpose, a Malvern Panalytical Aeris X-ray diffractometer was
used with a PIXcellD-Medipix3 detector (Malvern, UK) using Cu Ko radiation. Measure-
ments were carried out at a step size of 0.0027166° 20 over a range of 20 from 10 to 100° with
a time per step of 340.425 s. Measurements were analyzed as described previously [41].
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2.5. Fourier-Transform Infrared Spectroscopy Analysis

Fourier-transform infrared spectroscopy (FT-IR) was used to identify characteristic
functional groups in the synthesized hydroxyapatite. Using a Thermo Scientific Nicolet
iS5 FT-IR spectrometer (Thermo Scientific, Loughborough, UK) equipped with an iD7 ATR
accessory operating under room conditions in the range of 4000 cm 1400 cm ! (32 scans at
4.0 cm~! resolution), spectra were analyzed for the resulting ceramic powders as previously
described [42].

2.6. Determination of Average Grain Diameter

The sedimentation rate of ceramic powders in water was determined using a MultiScan
MS20 DataPhysics instrument (Stuttgart, Germany). In this technique, the transmission
of monochromatic NIR radiation (wavelength of 100 nm) is measured by using a trans-
mission detector that determines the radiation transmitted by the sample. As a result of
the measurement, the sedimentation rate of particles in water as well as their average
diameter can be identified. The sedimentation rate and the resulting transmission provide
information about the homogeneity of the substance, defining whether the grain diameters
are approximated [43]. For the measurement, 0.5 g of powder was placed in a vessel filled
with 30 mL of distilled water. The test was performed for 5 min, with 20 readings (interval
of 15 s) conducted at 23 °C. The examination was carried out for oven-dried hydroxyapatite
as well as analogously for freeze-dried powder.

2.7. Synthesis of Clindamycin-Modified Hydroxyapatite

In order to provide the obtained materials with the character of an active substance
carrier, the prepared 0.5 g disks were subjected to physical sorption in a solution of the
clindamycin hydrochloride. The disks were placed in the 10 mL of drug solution with a
concentration of 2 mg/mL for 24 h at 4 °C in a laboratory refrigerator. The process was
carried out based on the phenomenon of physical sorption and carried out for oven-dried
hydroxyapatite and analogously for freeze-dried one. Thus, a ceramic drug carrier was
prepared. The carriers were designated as C/d-HA for dryer-dried hydroxyapatite and
C/{-HA for freeze-dried powder.

2.8. Kinetic Release Studies of Antibiotic

The rate of drug release from the ceramic carriers was determined. For this purpose,
the drug-modified sinters were placed in sterile, screw-top containers containing 30 mL of
PBS solution. The containers were then placed in a POL-EKO thermostatic cabinet, model
ST 5 B SMART (Wodzistaw Slaski, Poland). Measurement of drug concentration in PBS
was performed after 3 h and then after 1, 3, 5 and 7 days. The amount of clindamycin
hydrochloride released was determined by high-performance liquid chromatography
(HPLC) using equipment from Shimadzu (Kyoto, Japan). Mobile phase was composed of
acetonitrile (45%) and potassium dihydrogen phosphate (55%, pH 7.5). The measurement
was carried out for 11 min at 30 °C and 90 bar analogously, as described earlier [44].
Two repeats were performed for each composition, and the results were averaged.

2.9. Morphology Analysis

Surface morphology analysis studies of the obtained samples were carried out on
a Jeol 5510LV scanning electron microscope (SEM, Jeol, Freising, Germany). Prior to the
measurement, nano-gold was sputtered onto the surface of the samples using a vacuum
sputtering machine (Cressington, model 108 auto, Hill Watford, UK). The study was
carried out for both pure hydroxyapatite powders and sinter to compare changes in surface
morphology depending on drying methods [45].
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3. Results
3.1. Determination of Density
The calculated density for d-HA and f-HA powders is demonstrated in Table 1. The

difference in density measurements was small, around 9%. HA dried in a dryer had a
higher value than freeze-dried HA.

Table 1. Density of d-HA and f-HA powders (mean + SD).

Symbol Unit d-HA f-HA
drz g/cm3 2.69 £ 0.08 244 +£0.12

3.2. X-ray Diffraction Analysis

The diffractogram pattern of the synthesized hydroxyapatite for samples f-HA and
d-HA is illustrated in Figure 1. According to International Centre for Diffraction Data sheet
no. 01-080-7085, the diffraction reflections obtained are attributed to hydroxyapatite with
a hexagonal structure (P63/m space group), as confirmed by the characteristic peak at
31.94 two theta (211) [40,41].
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Figure 1. X-ray diffraction (XRD) patterns of {-HA and d-HA powders.

The degree of crystallinity (Xc) of the ceramic powder was determined according to

the formula:
Pc

Xe=—"—,
¢ Pc+ Py

where the crystalline fraction was determined by integrating the areas under crystalline
(Pc) and amorphous (P,) diffraction. This parameter was calculated using OriginPro 2023
(10.0) software.

For the synthesized ceramic powder designated f-HA, the degree of crystallinity was
60.7%, while for the ceramic powder marked as d-HA, it equaled 51.9%. The background
of the XRD spectrum of the dried ceramic powder was larger than for the ceramic powder
dried by freeze-drying. Furthermore, the selected drying technique for the resulting ceramic
powder also influenced the degree of crystallinity of the test sample. Based on the results
obtained, in both samples hydroxyapatite was the only phase identified. In addition, it was
confirmed using XRD that crystalline and pure ceramic powders are obtained by the wet
synthesis method for calcium phosphate ceramics.

@
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3.3. Fourier-Transform Infrared Spectroscopy Analysis

Figure 2 compares the FI-IR spectra obtained for hydroxyapatite dried in a dryer and
in a freeze-dryer. Both FT-IR spectra showed characteristic peaks attributable to hydroxyap-
atite. At both wavelength lines of 1090 cm~1 and 1024 cm ™1, there were peaks attributable
to the v3 asymmetric stretching mode of P-O [40]. The v, triply degenerate bending mode
of PO43~ (O-P-0) can be attributed to the peaks occurring at 558 cm 1 and 600 cm ™! [46].
In addition, both in the d-HA and f-HA samples, there were characteristic peaks originating
from the vj3 stretching mode of CO32~ at 1453 cm ™! [40,47]. Furthermore, at 1410 cm ™1,
there was a peak attributed to v3 carbonate ions and, at 874 cm™ 1 one attributed to the vy
bending mode of carbonate ions [48]. The presence of these peaks may be due to atmo-
spheric adsorption occurring after synthesis. In addition, the FT-IR spectrum also showed
peaks at 631 cm ™!, responsible for the § in-plane vibration of OH~ [49,50].

1
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Figure 2. FT-IR spectra of powders: d-HA and f-HA.

3.4. Determination of Average Grain Diameter

Measuring the stability of suspensions and thus determining the sedimentation rate is
a way to calculate the average grain diameter of ceramic powder. The rate of particle fall is
affected by factors such as ambient temperature, medium viscosity and grain size [51]. The
measurement was carried out for a 0.5 g powder sample suspended in distilled water at
23 °C (water density 997.66 kg/m?).

The results of the sedimentation rate test are presented in Figure 3. The noticeable
increasing value of transmission over time indicates the sedimentation process occurring.
This increase was observed at the highest position values and indicates gradual clarification
of the HA /H,O suspension in the upper part of the measuring vessel.

The shape of the curves in the transmission graphs indicates the monodispersity of the
suspension. For f-HA, the curves on the plot are less wavy than for d-HA. This suggests that
the grain sizes were more homogeneous for the freeze-dried material. It is likely that the
low temperature as well as the high pressure set during the drying process prevented the
formation of larger grain agglomerates. A slightly opposite situation can be observed for
d-HA ceramics. In this case, the more wavy transmission lines suggest that sedimentation
did not occur homogeneously throughout the volume of the measuring vessel. Thus, for
f-HA, the analyzed suspension was more monodisperse than for d-HA. The determined
sedimentation rate was —26.31 & 0.76 mm/min for d-HA and —19.23 &+ 0.02 mm/min
for f-HA.
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Figure 3. Analysis of the stability of hydroxyapatite suspensions in distilled water: (a) transmission
of f-HA; (b) transmission of d-HA. Individual colors indict the next measurement (every 5 s).

Determination of the actual density (Section 3.1.) enabled subsequent calculation of
the average particle diameter of ceramic grains during the sedimentation rate test using the
MultiScan MS 20 software. The average particle diameter of d-HA was @=19.60 um, while
for f-HA it was = 11.43 um. This confirms the aforementioned conjecture that the faster
sedimentation of grains in the case of d-HA was caused by their slightly wider diameter.

3.5. Kinetic Release Studies of Antibiotic

Determination of drug release from d-HA and f-HA powders was carried out for one
week. A graph of clindamycin release rate in mg/mL in relation to time is presented in
Figure 4. In order to distinguish drug-modified samples from those without the drug, the
abbreviations C/d-HA and C/f-HA were introduced. The “C” designation symbolizes
clindamycin loaded into the carrier.

The results of antibiotic release from C/d-HA and C/f-HA into 30 mL PBS are pre-
sented. The amount of clindamycin indicated on the y-axis refers to the mg/mL concentra-
tion. For this reason, the value should be multiplied appropriately for the amount of liquid
in which the release was conducted. For both carriers, the same 0.18 mg amount of released
drug was observed after 3 h. However, after just 1 day, differences were noticed in the
rate of clindamycin entering the PBS solution, which persisted until the end of the study.
Finally, after 7 days, 0.66 mg of drug was released from C/d-HA, while about one-third
less (0.45 mg) was released from freeze-dried C/f-HA material.

These differences can be clearly observed in Figure 5, which demonstrates the chro-
matograms for day 1 and day 7. The peak for clindamycin was determined at retention
times around 4500. It was observed that even after the first day of drug release testing, the
milli-absorbance (mAU) value on the chromatogram was slightly higher for C/d-HA than
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for C/f-HA (Figure 5a,c). For the last, seventh day of release, the difference in intensity
between the powders was even more noticeable (Figure 5b,d). Presumably, drug particles
adsorbed on the outer surface of the ceramic disks were released into the PBS solution in
the first moments of the study. The 7-day release was possible since drug molecules from
inside the biomaterial entered the incubation medium with time. The molecules leached
out as a result of PBS penetration into the pores of the disks. Noise on the background
spectrum in the chromatograms suggests that other substances may have leached from the
biomaterial in addition to the drug.
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Figure 4. Clindamycin release from ceramic powders.
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Figure 5. Chromatograms demonstrating clindamyecin release: (a) sample C/d-HA after 1 day of
incubation in PBS; (b) sample C/d-HA after 7 days of incubation in PBS; (c) sample C/f-HA after
1 day of incubation in PBS; (d) sample C/f-HA after 7 days of incubation in PBS.
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Therefore, it can be concluded that the rate of drug release from the ceramic carrier
depends both on time as well as the type of powder (differences resulting from the drying
technique). The concentration of the clindamycin in the PBS solution increased steadily
over a period of 7 days.

3.6. Morphology Analysis

Figure 6 presents the structure of hydroxyapatite powders and sinters. The particles
of powder from dryer (a) were larger, reaching diameters in a range of about 20 um, and
the grains had a more elongated shape than freeze-dried powder particles, which were
more spherical and had smaller diameters in the range of 1-10 pm. In the images of both
sinter samples, pores are present, and more were observed for the dried HA sinters. The
number of pores is important for the sorption capacity of the material [52].

185m X1, 868

(b)

X1, 000

(d)

Figure 6. SEM surface morphology analysis of powders (a) d-HA and (b) -HA and samples sintered
at 1000 °C: (c) d-HA, (d) f-HA. The red arrows indicate the pores.

4. Discussion

As a conclusion, hydroxyapatite can be successfully obtained by the proposed wet
synthesis method. The results indicate that the only phase identified was the hydroxyapatite
phase. This is confirmed by the results of XRD analysis, which demonstrated that the
ceramic powder obtained was phase pure, and the diffractograms corresponded to the
data sheets (according to the ICDD). In addition, by observing the spectral background, it
can be concluded that hydroxyapatite dried both in a dryer and using the freeze-drying
technique is partially crystalline and amorphous. The degree of crystallinity was higher
for the freeze-dried sample. Furthermore, FT-IR analysis confirmed the characteristic
functional groups in the investigated ceramic powders dried using a dryer as well as a
freeze-drying technique.
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According to the HPLC results, freeze-dried hydroxyapatite released less clindamycin
during incubation studies in PBS. It was also characterized by a smaller grain size than
d-HA, as demonstrated by analysis of sedimentation rate and average grain diameter. Thus,
it is possible that the d-HA agglomerates were able to bind a larger amount of clindamycin
into their spaces or pores during physical sorption, which was then released over time. In
addition, the apparent noise in the background spectrum on the chromatograms may indi-
cate that other substances in addition to the drug may have leached from the biomaterial.

The method of drying hydroxyapatite does not significantly affect the change in
density of the resulting powder; the differences in density measurements are small, but
it affects the shape of the particles, as well as the porosity of the sinters made from it, as
could be seen during SEM measurements. Moreover, when comparing the SEM grain size
measurement with the average grain diameter size determined by sedimentation rate, the
results are similar, which confirms that the measurements obtained using scanning electron
microscopy were correct. The presence of pores is a positive phenomenon, because the
more pores there are, the greater the amount of active substance that can be absorbed by
the material. According to SEM analysis, more visible pores were present in the d-HA
sinter compared to f-HA sinter. Comparing the clindamycin release results from the HPLC
assay with the number of pores in the sinter confirms that the sinter with the higher pore
count, d-HA, released more of the active substance.

The results presented in this manuscript confirm that the way hydroxyapatite is dried
affects the particle shape as well as the porosity of the sinters prepared from it. Furthermore,
the studies conducted indicate that the method of drying influences the sorption capacity
of the hydroxyapatite sinters. Moreover, the amount of active substance released, in this
case, clindamycin, from the hydroxyapatite sinters is related to the sorption capacity. Thus,
it can be concluded that the synthesized porous ceramic powders have the potential to
be successfully applied as active substance carriers in a drug delivery system. However,
further mechanical and biological analysis is required.

Author Contributions: Conceptualization, K.N. and D.S.; methodology, K.N., D.S. and ].S.; software,
W.E, ].S. and E.L.; validation, K.N., D.S. and W.E,; formal analysis, K.N., D.S. and ].S.; investigation,
K.N., DS., WFE, E.L. and ].S; resources, A.S.-K.; data curation, A.S.-K.; writing—original draft
preparation, K.N., D.S. and ].S.; writing—review and editing, A.S.-K,; visualization, K.N. and D.S;
supervision, A.S.-K.; project administration, A.S.-K.; funding acquisition, A.S.-K. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Foundation for Polish Science, grant number POIR.04.04.00-
00-16D7/18.

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

Data Availability Statement: Data that support the findings of this study are contained within
the article.

Acknowledgments: The “Multifunctional biologically active composites for applications in bone
regenerative medicine” project is carried out within the TEAM-NET program of the Foundation
for Polish Science, financed by the European Union under the European Regional Development
Fund. The authors gratefully acknowledge the financial support. The research work was also carried
out within the SMART-MAT Functional Materials Science Club (BioMat section) at the Faculty of
Materials Engineering and Physics of the Cracow University of Technology.

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

1.  Ezike, T.C.; Okpala, U.S.; Onoja, U.L.; Nwike, C.P,; Ezeako, E.C.; Okpara, O.].; Okoroafor, C.C.; Eze, S.C.; Kalu, O.L.; Odoh, E.C,;
et al. Advances in Drug Delivery Systems, Challenges and Future Directions. Heliyon 2023, 9, e17488. [CrossRef]
2. Shivakalyani Adepu, S.R. Controlled Drug Delivery Systems: Current Status and Future Directions. Molecules 2021, 26, 5905.

[CrossRef]


https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.3390/molecules26195905

Materials 2023, 16, 6431 11 of 12

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

Ghezzi, M.; Pescina, S.; Padula, C.; Santi, P; Del Favero, E.; Cantu, L.; Nicoli, S. Polymeric Micelles in Drug Delivery: An Insight
of the Techniques for Their Characterization and Assessment in Biorelevant Conditions. J. Control. Release 2021, 332, 312-336.
[CrossRef] [PubMed]

Majumder, N.; Das, N.G.; Das, S.K. Polymeric Micelles for Anticancer Drug Delivery. Ther. Deliv. 2020, 11, 613-635. [CrossRef]
[PubMed]

Lu, Y,; Zhang, E.; Yang, J.; Cao, Z. Strategies to Improve Micelle Stability for Drug Delivery. Nano Res. 2018, 11, 4985-4998.
[CrossRef] [PubMed]

Farooque, F.; Wasi, M.; Mughees, M.M. Liposomes as Drug Delivery System: An Updated Review. J. Drug Deliv. Ther. 2021, 11,
149-158. [CrossRef]

Guimaraes, D.; Cavaco-Paulo, A.; Nogueira, E. Design of Liposomes as Drug Delivery System for Therapeutic Applications. Int.
J. Pharm. 2021, 601, 120571. [CrossRef]

Zhang, W.Y;; Du, F,; He, M,; Bai, L.; Gu, Y.Y,; Yang, L.L.; Liu, Y.J. Studies of Anticancer Activity in Vitro and in Vivo of Iridium(III)
Polypyridyl Complexes-Loaded Liposomes as Drug Delivery System. Eur. ]. Med. Chem. 2019, 178, 390-400. [CrossRef]

Zhu, Y,; Liu, C; Pang, Z. Dendrimer-Based Drug Delivery Systems for Brain Targeting. Biomolecules 2019, 9, 790. [CrossRef]
Wang, J.; Li, B.; Qiu, L.; Qiao, X.; Yang, H. Dendrimer-Based Drug Delivery Systems: History, Challenges, and Latest Developments.
J. Biol. Eng. 2022, 16, 18. [CrossRef]

Chauhan, A.S. Dendrimers for Drug Delivery. Molecules 2018, 23, 938. [CrossRef] [PubMed]

Gelperina, S.; Kisich, K.; Iseman, M.D.; Heifets, L. The Potential Advantages of Nanoparticle Drug Delivery Systems in
Chemotherapy of Tuberculosis. Am. J. Respir. Crit. Care Med. 2005, 172, 1487-1490. [CrossRef] [PubMed]

Prakasam, M.; Locs, J.; Salma-Ancane, K.; Loca, D.; Largeteau, A.; Berzina-Cimdina, L. Fabrication, Properties and Applications
of Dense Hydroxyapatite: A Review. J. Funct. Biomater. 2015, 6, 1099-1140. [CrossRef]

Akpan, E.S.; Dauda, M.; Kuburi, L.S.; Obada, D.O.; Bansod, N.D.; Dodoo-Arhin, D. Hydroxyapatite Ceramics Prepared from Two
Natural Sources by Direct Thermal Conversion: From Material Processing to Mechanical Measurements. Mater. Today Proc. 2020,
38,2291-2294. [CrossRef]

Ma, G. Three Common Preparation Methods of Hydroxyapatite. IOP Conf. Ser. Mater. Sci. Eng. 2019, 688, 033057. [CrossRef]
Benedini, L.; Placente, D.; Ruso, J.; Messina, P. Adsorption/Desorption Study of Antibiotic and Anti-Inflammatory Drugs onto
Bioactive Hydroxyapatite Nano-Rods. Mater. Sci. Eng. C 2019, 99, 180-190. [CrossRef] [PubMed]

Gu, L.; He, X.; Wu, Z. Mesoporous Hydroxyapatite: Preparation, Drug Adsorption, and Release Properties. Mater. Chem. Phys.
2014, 148, 153-158. [CrossRef]

Moriguchi, Y.; Lee, D.S.; Chijimatsu, R.; Thamina, K.; Masuda, K; Itsuki, D.; Yoshikawa, H.; Hamaguchi, S.; Myoui, A. Impact of
Non-Thermal Plasma Surface Modification on Porous Calcium Hydroxyapatite Ceramics for Bone Regeneration. PLoS ONE 2018,
13, €0194303. [CrossRef] [PubMed]

Benjumeda Wijnhoven, I; Vallejos, R.; Santibanez, J.F.; Millan, C.; Vivanco, J.F. Analysis of Cell-Biomaterial Interaction through
Cellular Bridge Formation in the Interface between HGMSCs and CaP Bioceramics. Sci. Rep. 2020, 10, 16493. [CrossRef]

Zhang, Y,; Shu, T.; Wang, S.; Liu, Z.; Cheng, Y.; Li, A.; Pei, D. The Osteoinductivity of Calcium Phosphate-Based Biomaterials:
A Tight Interaction With Bone Healing. Front. Bioeng. Biotechnol. 2022, 10, 911180. [CrossRef]

Lai, W.; Chen, C.; Ren, X; Lee, LS,; Jiang, G.; Kong, X. Hydrothermal Fabrication of Porous Hollow Hydroxyapatite Microspheres
for a Drug Delivery System. Mater. Sci. Eng. C 2016, 62, 166-172. [CrossRef] [PubMed]

Loca, D.; Locs, J.; Dubnika, A.; Zalite, V.; Berzina-Cimdina, L. Porous Hydroxyapatite for Drug Delivery; Elsevier Ltd.: Amsterdam,
The Netherlands, 2015; ISBN 9781782420330.

Niakan, A.; Ramesh, S.; Ganesan, P.; Tan, C.Y.; Purbolaksono, J.; Chandran, H.; Ramesh, S.; Teng, W.D. Sintering Behaviour of
Natural Porous Hydroxyapatite Derived from Bovine Bone. Ceram. Int. 2015, 41, 3024-3029. [CrossRef]

Sobczak, A.; Kowalski, Z. Metody Mokre Otrzymywania Hydroksyapatytu. Czas. Tech. 2008, 105, 125-131.

Mohd Pu’ad, N.A.S.; Abdul Haq, R.H.; Mohd Noh, H.; Abdullah, H.Z.; Idris, M.L; Lee, T.C. Synthesis Method of Hydroxyapatite:
A Review. Mater. Today Proc. 2019, 29, 233-239. [CrossRef]

Lugo, R.; Karthik, T.V.K.; Anaya, M.; Rosas, R.; Ceron, V.; Valderama, R.; Rodrguez, S. Wet Chemical Synthesis of Nanocrystalline
Hydroxyapatite Flakes: Effect of PH and Sintering Temperature on Structural and Morphological Properties. R. Soc. Open Sci.
2018, 5, 1-14.

Viswanath, B.; Ravishankar, N. Controlled Synthesis of Plate-Shaped Hydroxyapatite and Implications for the Morphology of the
Apatite Phase in Bone. Biomaterials 2008, 29, 4855-4863. [CrossRef] [PubMed]

Trzaskowska, M.; Vivcharenko, V.; Przekora, A. The Impact of Hydroxyapatite Sintering Temperature on Its Microstructural,
Mechanical, and Biological Properties. Int. J. Mol. Sci. 2023, 24, 5083. [CrossRef]

Wang, P; Li, C.; Gong, H.; Jiang, X.; Wang, H.; Li, K. Effects of Synthesis Conditions on the Morphology of Hydroxyapatite
Nanoparticles Produced by Wet Chemical Process. Powder Technol. 2010, 203, 315-321. [CrossRef]

Zhang, X.; Zhang, Y.; Ma, G.; Yang, D.; Nie, J. The Effect of the Prefrozen Process on Properties of a Chitosan/Hydroxyapatite/Poly
(Methyl Methacrylate) Composite Prepared by Freeze Drying Method Used for Bone Tissue Engineering. RSC Adv. 2015, 5,
79679-79686. [CrossRef]

Machowska, A.; Klara, J.; Ledwdjcik, G.; Wojcik, K.; Duliriska-Litewka, J.; Karewicz, A. Clindamycin-Loaded Halloysite
Nanotubes as the Antibacterial Component of Composite Hydrogel for Bone Repair. Polymers 2022, 14, 5151. [CrossRef]


https://doi.org/10.1016/j.jconrel.2021.02.031
https://www.ncbi.nlm.nih.gov/pubmed/33652113
https://doi.org/10.4155/tde-2020-0008
https://www.ncbi.nlm.nih.gov/pubmed/32933425
https://doi.org/10.1007/s12274-018-2152-3
https://www.ncbi.nlm.nih.gov/pubmed/30370014
https://doi.org/10.22270/jddt.v11i5-S.5063
https://doi.org/10.1016/j.ijpharm.2021.120571
https://doi.org/10.1016/j.ejmech.2019.06.009
https://doi.org/10.3390/biom9120790
https://doi.org/10.1186/s13036-022-00298-5
https://doi.org/10.3390/molecules23040938
https://www.ncbi.nlm.nih.gov/pubmed/29670005
https://doi.org/10.1164/rccm.200504-613PP
https://www.ncbi.nlm.nih.gov/pubmed/16151040
https://doi.org/10.3390/jfb6041099
https://doi.org/10.1016/j.matpr.2020.06.391
https://doi.org/10.1088/1757-899X/688/3/033057
https://doi.org/10.1016/j.msec.2019.01.098
https://www.ncbi.nlm.nih.gov/pubmed/30889690
https://doi.org/10.1016/j.matchemphys.2014.07.024
https://doi.org/10.1371/journal.pone.0194303
https://www.ncbi.nlm.nih.gov/pubmed/29538457
https://doi.org/10.1038/s41598-020-73428-y
https://doi.org/10.3389/fbioe.2022.911180
https://doi.org/10.1016/j.msec.2016.01.055
https://www.ncbi.nlm.nih.gov/pubmed/26952411
https://doi.org/10.1016/j.ceramint.2014.10.138
https://doi.org/10.1016/j.matpr.2020.05.536
https://doi.org/10.1016/j.biomaterials.2008.09.001
https://www.ncbi.nlm.nih.gov/pubmed/18834629
https://doi.org/10.3390/ijms24065083
https://doi.org/10.1016/j.powtec.2010.05.023
https://doi.org/10.1039/C5RA14549J
https://doi.org/10.3390/polym14235151

Materials 2023, 16, 6431 12 of 12

32.
33.
34.

35.
36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Manzano-Moreno, EJ.; Gonzalez-Acedo, A.; de Luna-Bertos, E.; Garcia-Recio, E.; Ruiz, C.; Reyes-Botella, C. Effect of Amoxicillin
and Clindamycin on the Gene Expression of Markers Involved in Osteoblast Physiology. J. Dent. Sci. 2023, 2. [CrossRef]
Thadepalli, H.; Dhawan, VK. Clindamycin A Review of Fifteen Years of Experience. Rev. Infect. Dis. 1982, 4, 1133-1153. [CrossRef]
Gowri, M.; Latha, N.; Suganya, K.; Murugan, M.; Rajan, M. Calcium Alginate Nanoparticle Crosslinked Phosphorylated
Polyallylamine to the Controlled Release of Clindamycin for Osteomyelitis Treatment. Drug Dev. Ind. Pharm. 2021, 47, 280-291.
[CrossRef] [PubMed]

Smieja, M. Current Indications for the Use of Clindamycin: A Critical Review. Can. |. Infect. Dis. 1998, 9, 22-28. [CrossRef]
Santamaria Arrieta, G.; Rodriguez Sanchez, F.; Rodriguez-Andrés, C.; Barbier, L.; Arteagoitia, I. The Effect of Preoperative
Clindamycin in Reducing Early Oral Implant Failure: A Randomised Placebo-Controlled Clinical Trial. Clin. Oral Investig. 2023,
27,1113-1122. [CrossRef]

Arteagoitia, I.; Sinchez, ER.; Figueras, A.; Arroyo-Lamas, N. Is Clindamycin Effective in Preventing Infectious Complications after
Oral Surgery? Systematic Review and Meta-Analysis of Randomized Controlled Trials. Clin. Oral Investig. 2022, 26, 4467-4478.
[CrossRef] [PubMed]

Addy, L.D.; Martin, M.V. Clindamycin and Dentistry. Br. Dent. J. 2005, 199, 23-26. [CrossRef]

Tancawan, A.L.; Pato, M.N.; Abidin, K.Z.; Asari, A.S.M.; Thong, T.X.; Kochhar, P.; Muganurmath, C.; Twynholm, M.; Barker, K.
Amoxicillin/Clavulanic Acid for the Treatment of Odontogenic Infections: A Randomised Study Comparing Efficacy and
Tolerability versus Clindamyecin. Int. J. Dent. 2015, 2015, 472470. [CrossRef]

Florkiewicz, W.; Stota, D.; Placek, A.; Pluta, K.; Tyliszczak, B.; Douglas, T.E.L.; Sobczak-Kupiec, A. Synthesis and Characterization
of Polymer-Based Coatings Modified with Bioactive Ceramic and Bovine Serum Albumin. |. Funct. Biomater. 2021, 12, 21.
[CrossRef]

Slota, D.; Florkiewicz, W.; Pietak, K.; Szwed, A.; Wlodarczyk, M.; Siwiriska, M.; Rudnicka, K.; Sobczak-Kupiec, A. Preparation,
Characterization, and Biocompatibility Assessment of Polymer-Ceramic Composites Loaded with Salvia Officinalis Extract.
Materials 2021, 14, 6000. [CrossRef]

Tomala, A.M,; Stota, D.; Florkiewicz, W.; Pietak, K.; Dylag, M.; Sobczak-Kupiec, A. Tribological Properties and Physiochemical
Analysis of Polymer-Ceramic Composite Coatings for Bone Regeneration. Lubricants 2022, 10, 58. [CrossRef]

Stota, D.; Gtab, M.; Tyliszczak, B.; Dogulas, T.E.L.; Rudnicka, K.; Miernik, K.; Urbaniak, M.M.; Rusek-wala, P.; Sobczak-kupiec, A.
Composites Based on Hydroxyapatite and Whey Protein Isolate for Applications in Bone Regeneration. Materials 2021, 14, 2317.
[CrossRef] [PubMed]

Stota, D.; Pietak, K.; Florkiewicz, W.; Jampilek, J.; Tomala, A.; Urbaniak, M.M.; Tomaszewska, A.; Rudnicka, K.; Sobczak-Kupiec, A.
Clindamycin-Loaded Nanosized Calcium Phosphates Powders as a Carrier of Active Substances. Nanomaterials 2023, 13, 1469.
[CrossRef] [PubMed]

Stota, D.; Florkiewicz, W.; Pietak, K.; Pluta, K.; Sadlik, J.; Miernik, K.; Sobczak-Kupiec, A. Preparation of PVP and Betaine
Biomaterials Enriched with Hydroxyapatite and Its Evaluation as a Drug Carrier for Controlled Release of Clindamycin. Ceram.
Int. 2022, 48, 35467-35473. [CrossRef]

Stota, D.; Florkiewicz, W.; Sobczak-Kupiec, A. Ceramic-Polymer Coatings on Ti-6Al-4V Alloy Modified with L-Cysteine in
Biomedical Applications. Mater. Today Commun. 2020, 25, 101301. [CrossRef]

Reyes-Gasga, J.; Martinez-Pifieiro, E.L.; Rodriguez—AlvareZ, G.; Tiznado-Orozco, G.E.; Garcia-Garcia, R.; Bres, E.F. XRD and
FTIR Crystallinity Indices in Sound Human Tooth Enamel and Synthetic Hydroxyapatite. Mater. Sci. Eng. C 2013, 33, 4568—-4574.
[CrossRef]

Zhou, W.Y,; Wang, M.; Cheung, W.L.; Guo, B.C.; Jia, D.M. Synthesis of Carbonated Hydroxyapatite Nanospheres through
Nanoemulsion. J. Mater. Sci. Mater. Med. 2008, 19, 103-110. [CrossRef]

élc’)sarczyk, A.; Paszkiewicz, Z.; Paluszkiewicz, C. FTIR and XRD Evaluation of Carbonated Hydroxyapatite Powders Synthesized
by Wet Methods. J. Mol. Struct. 2005, 744-747, 657-661. [CrossRef]

Abifarin, J.K.; Obada, D.O.; Dauda, E.T.; Dodoo-Arhin, D. Experimental Data on the Characterization of Hydroxyapatite
Synthesized from Biowastes. Data Br. 2019, 26, 104485. [CrossRef]

Slimanou, H.; Baziz, A.; Bouzidi, N.; Quesada, D.E.; Tahakourt, A. Thermal, Physical, Mechanical and Microstructural Properties
of Dredged Sediment-Based Ceramic Tiles as Substituent of Kaolin. Environ. Sci. Pollut. Res. 2022, 29, 26792-26809. [CrossRef]
Farzan, M.; Roth, R.; Schoelkopf, ].; Huwyler, J.; Puchkov, M. The Processes behind Drug Loading and Release in Porous Drug
Delivery Systems. Eur. J. Pharm. Biopharm. 2023, 189, 133-151. [CrossRef] [PubMed]

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


https://doi.org/10.1016/j.jds.2023.07.015
https://doi.org/10.1093/clinids/4.6.1133
https://doi.org/10.1080/03639045.2021.1879835
https://www.ncbi.nlm.nih.gov/pubmed/33493022
https://doi.org/10.1155/1998/538090
https://doi.org/10.1007/s00784-022-04701-9
https://doi.org/10.1007/s00784-022-04411-2
https://www.ncbi.nlm.nih.gov/pubmed/35235059
https://doi.org/10.1038/sj.bdj.4812535
https://doi.org/10.1155/2015/472470
https://doi.org/10.3390/jfb12020021
https://doi.org/10.3390/ma14206000
https://doi.org/10.3390/lubricants10040058
https://doi.org/10.3390/ma14092317
https://www.ncbi.nlm.nih.gov/pubmed/33947013
https://doi.org/10.3390/nano13091469
https://www.ncbi.nlm.nih.gov/pubmed/37177013
https://doi.org/10.1016/j.ceramint.2022.08.151
https://doi.org/10.1016/j.mtcomm.2020.101301
https://doi.org/10.1016/j.msec.2013.07.014
https://doi.org/10.1007/s10856-007-3156-9
https://doi.org/10.1016/j.molstruc.2004.11.078
https://doi.org/10.1016/j.dib.2019.104485
https://doi.org/10.1007/s11356-021-16787-x
https://doi.org/10.1016/j.ejpb.2023.05.019
https://www.ncbi.nlm.nih.gov/pubmed/37230292

	Introduction 
	Materials and Methods 
	Reagents 
	Preparation of Hydroxyapatite 
	Determination of Density 
	X-ray Diffraction Analysis 
	Fourier-Transform Infrared Spectroscopy Analysis 
	Determination of Average Grain Diameter 
	Synthesis of Clindamycin-Modified Hydroxyapatite 
	Kinetic Release Studies of Antibiotic 
	Morphology Analysis 

	Results 
	Determination of Density 
	X-ray Diffraction Analysis 
	Fourier-Transform Infrared Spectroscopy Analysis 
	Determination of Average Grain Diameter 
	Kinetic Release Studies of Antibiotic 
	Morphology Analysis 

	Discussion 
	References

