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Introduction

Crosslinked hybrid polymer/ceramic composite
coatings for the controlled release of clindamycin

Dagmara Stota, (2 *® Mateusz M. Urbaniak, ) ®¢ Agata Tomaszewska, "
Karina Niziotek,® Marcin Wtodarczyk,” Wioletta Florkiewicz,®
Aleksandra Szwed-Georgiou, 2 ® Agnieszka Krupa® and Agnieszka Sobczak-Kupiec®

A major risk associated with surgery, including bone tissue procedures, is surgical site infection. It is one
of the most common as well as the most serious complications of modern surgery. A helpful counter-
measure against infection is antibiotic therapy. In the present study, a methodology has been developed
to obtain clindamycin-modified polymer—ceramic hybrid composite coatings for potential use in bone
regenerative therapy. The coatings were prepared using a UV-light photocrosslinking method, and the
drug was bound to a polymeric and/or ceramic phase. The sorption capacity of the materials in PBS was
evaluated by determining the swelling ability and equilibrium swelling. The influence of the presence of
ceramics on the amount of liquid bound was demonstrated. The results were correlated with the rate of
drug release measured by high-performance liquid chromatography (HPLC). Coatings with higher sorp-
tion capacity released the drug more rapidly. Scanning electron microscopy (SEM) imaging was carried
out comparing the surface area of the coatings before and after immersion in PBS, and the proportions of
the various elements were also determined using the EDS technique. Changes in surface waviness were
observed, and chlorine ions were also determined in the samples before incubation. This proves the pres-
ence of the drug in the material. The in vitro tests conducted indicated the release of the drug from the
biomaterials. The antimicrobial efficacy of the coatings was tested against Staphylococcus aureus. The
most promising material was tested for cytocompatibility (MTT reduction assay) against the mouse fibro-
blast cell line L929 as well as human osteoblast cells hFOB. It was demonstrated that the coating did not
exhibit cytotoxicity. Overall, the results signaled the potential use of the developed polymer—ceramic
hybrid coatings as drug carriers for the controlled delivery of clindamycin in bone applications. The
studies conducted were the basis for directing samples for further in vivo experiments determining clinical
efficacy.

biomaterials to fill structural defects and/or restore bone
tissue function. The increase in the incidence of bone injuries

In 2019, the number of new cases of bone fractures as well as
injuries worldwide was estimated as 178 million, which rep-
resents an increase of 33.4% since 1990. Approximately 7% of
fractures required surgical intervention and implantation of
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due to the emergence of lifestyle diseases, i.e. osteoporosis,
has contributed to the increased investment in the develop-
ment and implementation of new biomaterials. According to a
report prepared by Vantage Market Research, the global
market for biocomposites used in regenerative medicine was
valued at $24.2 billion in 2021 and is expected to reach about
$57.5 billion by 2028 at a CAGR of 15.5%."* Key factors driving
this market are the increasing number of road traffic acci-
dents, the rising incidence of acquired or congenital deform-
ities, and technological advances in plastic surgery.>*
Nowadays, a lot of attention is being given to the develop-
ment of multifunctional materials, whose purpose will be not
only to fill the defect, but also to provide the implant with
other functions, such as being a carrier of an active substance
or a drug.’ The release of the drug at a specific lesion site can
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effectively accelerate tissue regeneration and patient recovery.®
This is highly important in terms of surgical site infections
(SSI), such as those after bone grafts. SSI are the most
common infections that can occur both during hospitalisation
as well as after hospital discharge.” The etiologic agent leading
to infections is most often bacteria residing on the skin, but
can also be microorganisms residing in other areas of the
body or found in the operating room environment, as well as
on surgical instruments.® Bacterial infections are highly danger-
ous as they can lead to osteomyelitis, which is defined as an
inflammatory process caused by a bone infection that leads to
bone destruction and bone necrosis, and eventually can pro-
gress to a chronic condition.”'® According to the procedure rec-
ommended by the World Health Organization, antibiotic
therapy can effectively prevent infection.'' Therefore, the devel-
opment of a biomaterial that is capable of releasing the drug
directly at the site requiring a therapeutic effect and protection
is a real opportunity to improve the health of patients.

The work presented here involves the development of
hybrid composite coatings based on synthetic polymers like
poly(vinylpyrrolidone) (PVP), poly(ethylene glycol) (PEG) and
poly(ethylene glycol) diacrylate (PEGDA) as well as natural
ones like collagen (COL). PEG especially in a hydrogel form is
a well-known flexible biomaterial approved by the Food and
Drug Administration (FDA), USA, for various biomedical uses.
It is characterised by exceptional tunability and biocompatibil-
ity, and its softness as well as elasticity make it similar to
natural tissues. Chemically, this polymer is composed of a
repeating subunit of ethylene glycol (HO-CH,-CH,-OH), and
its structure can be described as H-(O-CH,-CH,),~OH."*>"?

Similar biological properties are demonstrated by PVP,
which is biocompatible and biodegradable and has good water
solubility. It also has one of the lowest cytotoxicities among
synthetic polymers."*"® Similar to PEG, it has been approved
by the FDA, USA for a wide range of applications.
Commercially, the most common uses are as hydrogels for
wound dressings and binders in pharmaceuticals.'® It consists
of a repeating N-vinylpyrrolidone monomer, and its mer struc-
ture can be expressed as -[CH,CH(C4H¢NO)]-."”

However, in the aspect of bone regeneration, it is COL that
has the most significant properties, as it is a protein bio-
polymer that occurs in large quantities in the connective
tissues of animal organisms, including humans. It is the main
structural component of skin, bones, tendons, ligaments and
other tissues, as well as being the principal ingredient in the
extracellular matrix. COL is applied in bone regeneration to
provide structural support, stimulate bone cell growth and
restore natural bone tissue.'®'® A typical structural element of
COL is a triple helical rod-like domain composed of three poly-
peptide chains of glycine, proline and hydroxyproline.?®*! So
far, 29 different types of collagen have been discovered, which
differ in their molecular isoforms. Most commonly used in
biomedical applications are types I, II and II1.>*

Besides the aforementioned polymers, furthermore, the
entire coating’s structure has been enriched with glutathione
(GSH) and hydroxyapatite (HAp) to increase the biological
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value. Glutathione is a tripeptide composed of the amino acid
residues of glutamic acid, cysteine and glycine and it exhibits
antioxidant properties that are manifested in the restoration of
thiol (-SH) groups in proteins. It is also considered as an
inhibitor of the inflammatory response involving reactive
oxygen species (ROS). ROS play a significant role in the metab-
olism and ageing of living organisms due to the presence of
an O-O bond or an oxygen atom with an unpaired electron.
Reducing ROS-induced oxidative stress damage has been
proved to be possible with the presence of GSH, which
enhances metabolic detoxification. This tripeptide is found in
all plant and animal organisms, and with age, its amount
decreases.”* >

In this work, physicochemical as well as biological analyses
were performed to determine the potential for using the devel-
oped hybrid ceramic/polymer coatings as a clindamycin carrier
for targeted therapy. Such a therapy enables the drug to be
released directly at the lesion site requiring a therapeutic
effect. Moreover, it allows an appropriate dose of the substance
to be tailored to the individual patient’s needs. The study pro-
vides the basis for directing biomaterials for further in vivo
analyses.

Materials and methods
Materials

Synthetic and natural polymers as well as the other com-
ponents necessary for the synthesis of the polymer matrix, i.e.,
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), poly
(ethylene glycol) diacrylate Mn 575 (PEGDA), 2-hydroxy-2-
methylpropiophenone (97%), peptide r-glutathione (reduced
98%) (GSH) and collagen from bovine Achilles tendon (COL),
were purchased from Sigma-Aldrich (Darmstadt, Germany). All
reagents used for hydroxyapatite (HAp) syntheses, i.e., calcium
acetate monohydrate (Ca(CH;CO,),-H,0), sodium phosphate
(dibasic) (Na,HPO,), and ammonia water (NH,OH, 25%), were
also obtained from Sigma-Aldrich (Darmstadt, Germany). The
measurement of sorption capacity was carried out in a
Phosphate Buffered Saline (PBS) solution prepared from
tablets (Oxoid, United Kingdom). Clindamycin hydrochloride
was the active ingredient selected for coating modification and
was purchased from Sigma-Aldrich (Darmstadt, Germany).
Drug release was determined by high-performance liquid
chromatography (HPLC), where the mobile phase was a combi-
nation of acetonitrile from Honeywell (Seelze, Germany) and
KH,PO, from DOR-CHEM (Krakow, Poland).

Bacterial strain and cell lines used in biological studies.
Staphylococcus aureus (S. aureus) ATCC 29213, the L929
(CCL-1™) cell line of mouse fibroblasts and the hFOB 1.19
(CRL-3602™) cell line of human fetal osteoblasts were pur-
chased from ATCC (Manassas, VA, USA). Cell culture media
RPMI-1640 and DMEM/Nutrient Mixture F-12 Ham were
bought from Sigma-Aldrich (Darmstadt, Germany), fetal
bovine serum (FBS) were bought from Cytogen (Lodz, Poland),
antibiotics added to cell cultures (penicillin and streptomycin)

This journal is © The Royal Society of Chemistry 2024
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were purchased from Biowest (Nuaillé, France) and geneticin
was bought from Gibco (Waltham, MA, USA). Resazurin and
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium  bromide
(MTT) were obtained from Sigma-Aldrich (Darmstadt, Germany).
ELISA Kkits for detecting rat IL-1p, IL-10, and TNF-o were pur-
chased from R&D Systems (Minneapolis, MN, USA).

Material preparation

Hydroxyapatite and composite coatings were prepared as pre-
viously described.”® This work is a continuation of the research
efforts on developing drug carriers. Based on previous studies
on the modification of ceramic powders with clindamycin, the
powder described in an earlier publication as C/s-1.67 was
selected.””

Polymer and composite coatings based on PVP, PEG with
collagen and glutathione enriched with HAp were prepared,
according to the composition presented in Table 1. In order to
carry out the photocrosslinking reaction under UV light, a
photoinitiator, 2-hydroxy 2-methylpropiophenone, and a cross-
linking agent in the form of poly(ethylene glycol) diacrylate
(PEGDA) average Mn 575 were also added.

A-C coatings were modified with clindamycin by combin-
ing the drug with a polymeric and/or ceramic phase. 5 carriers
were obtained, as presented in Table 2. To modify the polymer
phase with the drug, a solution containing 30 mg of clindamy-
cin was prepared. Next, appropriate amounts of PVP and PEG
polymers were dissolved in the drug solution to obtain a con-
centration of 15%. In the next step, GSH, PEGDA and a photo-
initiator were added, and the whole mixture was subjected to
photocrosslinking under UV light. The steps were repeated for
coatings 2 and 4, considering the respective amounts of COL
and HAp. Coatings 3 and 5 contained clindamycin-enriched
HAp, which was modified as described earlier.””

Schematically, the composition of the coating materials
and the synthesis conditions as well as a picture of an example

Table 1 Coating composition

Coating PVP 15% PEG 15% GSH COL HAp
symbol [mL] [mL] [g] [g] [% w/v]
A 5 5 2 — —

B 5 5 2 0.04 —

C 5 5 2 0.04 5

D 5 5 2 0.04 15

Table 2 Composition of the developed composite and polymeric clin-
damycin carriers

Coating

symbol Composition

1 Coating A with the drug in a polymer matrix

2 Coating B with the drug in a polymer matrix

3 Coating C with drug-modified HAp

4 Coating C with the drug in a polymer matrix

5 Coating C with drug-modified HAp and with the drug

in a polymer matrix

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic of the coating material composition, the synthesis
conditions and a picture of an example of a finished coating applied to a
PLA plate.

of a finished coating applied to a PLA plate are presented in
Fig. 1.

Determination of sorption capacity

The composition of materials can affect both their structure
and their swelling ability, which is understood as the ability to
absorb water and/or other liquids into the polymer structure.
As a result, an increase not only in the mass but also in the
volume of the material occurs.

To study the swelling capacity of composite coatings, initial
samples of 1 g were prepared and immersed in 100 ml of PBS,
and then weighed after a specified incubation time
(15 minutes, 30 minutes, 1 h, 2 h, 1 day, 2 days, 3 days or 7
days). For this purpose, after pulling the sample from the PBS
solution, the excess liquid from the surface was drained with
filter paper. The incubation process of the materials was
carried out at 36.6 °C. The sorption capacity of the samples
was then calculated according to eqn (1), where m, is the mass
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of the dry sample and m; is the mass of the sample at the
specified incubation time:

swelling ability = % % 100%. (1)
0

The kinetics of composite swelling was determined by
defining equilibrium swelling and the rate parameters. For
this purpose, the Voigt-based viscoelastic model (eqn (2)) was
used, where S, is the equilibrium swelling [%], S; is the swell-
ing at time ¢ [%], ¢ is time [min], and 7 is a rate parameter indi-
cating the time required for the sample to absorb 0.63 of its
ultimate swelling [min].>®

&:&h—ﬁ} (2)

Incubation studies

A stability study was carried out in a PBS solution, simulating
the environment of a living organism, by measuring the pH
value for a period of 40 days at 36.6 °C. In parallel, the value of
electrical conductivity was monitored, which provides infor-
mation on the activity of ions in the incubation medium. For
the measurements, an Elmetron CX-701 multifunctional
device (Zabrze, Poland) with an EPS-1 pH-metric electrode and
ECF-1 conductivity sensor was used.

Surface morphology

To study the surface morphology of the clindamycin-formed
coatings, studies were performed using a JEOL IT200 Scanning
Electron Microscope (SEM) (JEOL Ltd, MA, USA) with an EDS
system detector. A comparative analysis of the clindamycin
coatings before and after incubation in PBS was performed to
study the changes during the incubation process. EDS examin-
ation and elemental mapping were performed after the surface
testing. Before SEM measurements, the samples were coated
with a gold nanolayer using a DII-29030SCTR Smart Coater
sputtering machine (JEOL Ltd, MA, USA).

Drug release rate studies

To determine the rate of drug release, clindamycin-modified
biomaterials were placed in sterile, sealed containers filled
with 60 mL of PBS solution. The containers were then stored
in an incubator (POL-EKO, Wodzistaw Slaski, Poland) at
36.6 °C. The concentration of the released drug was deter-
mined by a high-performance liquid chromatography (HPLC)
technique (Shimadzu, Kyoto, Japan), using the methodology
described earlier.”” Release studies were conducted over a
period of 14 days.

Sterilisation and sample preparation for biological studies

Prior to biological evaluation, all tested composites were steri-
lised by gamma irradiation with a dose of 25 kGy with gamma
rays from a ®°Co source at the Institute of Applied Radiation
Chemistry, Lodz University of Technology in Lodz. We used
14 mm diameter discs to evaluate the antibacterial activity of
the tested coatings. Tested materials of a size equal to 1/10 of
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the 96-well plate well surface were used in the cytocompatibil-
ity studies.

Evaluation of the antibacterial activity

The antibacterial activity of the post-incubation supernatants
from the clindamycin-modified composite coatings against
S. aureus ATCC 29213 (American Type Culture Collection,
Manassas, VA, USA) was assessed using a resazurin reduction
assay.”® The percentage of metabolically active bacteria treated
with the tested post-incubation supernatants of the coatings
was determined in relation to the untreated culture of
S. aureus ATCC 29213. The clindamycin-modified coatings and
clindamycin-free reference samples were distributed in the
wells of a 24-well plate containing 1 mL of Mueller-Hinton
Broth (MHB; Sigma Aldrich, Darmstadt, Germany) and incu-
bated for 24 h (37 °C, 5% CO,) to obtain the post-incubation
supernatants. The bacteria were cultured in MHB to a mid-log
phase and the inoculum was standardised to 0.5 McFarland (5
x 10° CFU mL™") as recommended by the EUCAST guide-
lines.>® The post-incubation supernatants were transferred to
new wells of the 24-well plate. Then, the bacterial suspension
(500 pL) was added to each well, and the plates were incubated
for 24 h at 37 °C. Control wells containing the bacterial culture
alone (positive control of bacterial growth) and wells with
MHB alone (negative control) were included. Four independent
experiments were performed in triplicate. The antibacterial
activity was assessed based on the metabolic ability of the bac-
teria to reduce resazurin to resorufin in the milieu of the post-
incubation supernatant. Prior to reading, 100 pL of 0.02% resa-
zurin (Sigma-Aldrich, Darmstadt, Germany) in sterile PBS was
added to each well and left for 3 h. Fluorescence was measured
at an excitation wavelength of 560 nm and an emission wave-
length of 590 nm using a SpectraMax® i3x multi-mode micro-
plate reader (Molecular Devices, San Jose, CA, USA).

Anti-biofilm activity

S. aureus ATCC 29213 was used to evaluate the anti-biofilm
activity of the tested composite coatings. The bacteria were cul-
tured in MHB to a mid-log phase, and the inoculum was pre-
pared at a concentration of 1 x 10° CFU ml™" for the test. The
clindamycin-modified coatings (1, 3, 4 and 5) and clindamycin-
free reference samples (A and C) were placed in a 24-well plate,
and then 1 mL of the prepared bacterial suspension was added
to each well with the tested samples. The plates were incubated
for one, three or seven days at 37 °C. After incubation, unbound
bacteria were washed with PBS, and the formed biofilm was
stained using a LIVE/DEAD™ BacLight™ kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s
protocol. After labelling, the biofilm was fixed with 80% metha-
nol (Sigma-Aldrich, Saint Louis, MO, USA) for 15 min, and then
the composite coatings were visualised using a TCS LSI
Scanning Confocal Macroscope (SCM, Leica, Wetzlar, Germany).

Cytocompatibility

The composites were tested for their cytocompatibility accord-
ing to the guidelines for testing components with potential

This journal is © The Royal Society of Chemistry 2024
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biomedical applications of The International Standard
Organization (ISO-10993-5-2009) as described previously.*’*>
The research was carried out using the two cell lines: the refer-
ence line recommended by the ISO standard, mouse fibro-
blasts (L929), and human fetal osteoblasts (hFOB 1.19). The
L929 fibroblasts were cultured in RPMI-1640 medium with
10% FBS supplemented with streptomycin (100 pg mL™") and
penicillin (100 U mL™") at 37 °C and 5% CO, in a humidified
incubator (>90% humidity). The hFOB 1.19 cell line was cul-
tured in the DMEM/Nutrient Mixture F-12 Ham medium with
the addition of 10% FBS and geneticin (0.3 mg mL™") at 34 °C
with 5% CO, and humidity >90%. Adherent cells were
detached from the culture dish using 0.25% trypsin EDTA
solution. Cell suspensions at densities of 1 x 10* cells per well
for 1929 and 4 x 10* cells per well for hFOB 1.19 were added to
the 96-well plate at a volume of 200 pL and incubated over-
night under conditions appropriate for each cell line to form a
monolayer. After overnight cell culture, the test materials of a
size equal to 1/10 of the well surface were added to the wells
with the cell monolayers. At the same time, samples contain-
ing a reference biomaterial (a medically certified peripheral
venous catheter) were prepared. Cells cultured in the medium
alone served as a non-treated control (NTC), while cells incu-
bated with 0.3% H,0, solution were used as a treated control
(TC). The cell cultures were incubated with the test materials
and the control samples for 24 h in conditions appropriate for
each cell line. After incubation, the MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution (5 mg
mL™") was added to each well (20 pL) and incubated for 4 h.
After that, the plates were centrifuged and then the super-
natants were replaced with 200 pL of DMSO and mixed to dis-
solve the formazan crystals. The absorbance of the dissolved
crystals was measured at 570 nm (Multiskan EX, Thermo
Fisher Scientific, Waltham, MA, USA).

In vivo study of local tissue response and systemic response to
implantation of biomaterials

The research involved using adult rats (Rattus norvegicus,
Wistar breed) that weighed at least 220 g and were at least ten
weeks old. These rats were obtained from the internal breeding
facility of the Animal House of the Faculty of Biology and
Environmental Protection of the University of Lodz (breeder
code 048). Approval for in vivo experiments (42/LB 192-UZ-A/
2021) was granted by the Local Animal Ethics Committee at
the University of Lodz Medical School. The study included
three groups with two of them containing composites (a clin-
damycin-free reference (C) and a modified clindamycin com-
posite (4)) and a control group. The procedure included testing
the local tissue response and the systemic response to the
implantation of biomaterials. The local reaction after implan-
tation was studied based on the PN-EN ISO 10993-6:2017 stan-
dard “Biological evaluation of medical devices/Testing of the
local reaction after implantation”. Since the tested composites
were intended to have long-term contact with the body, obser-
vations after implantation were made at two-time points: 7
and 30 days. Briefly, 24 hours before surgery, food was with-
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drawn from the animals. On the day of the procedure, the skin
on the rats’ backs (6 x 4 cm from the angle of the scapula to
the sacrum) was depilated using a shaver. During the surgical
procedure, the animals were continuously anaesthetised using
a mixture of isoflurane (5%) and oxygen, and the anaesthe-
tised animals were immobilised in the abdominal position.
The skin and subcutaneous tissues were incised in the midline
of the spine at a length of approximately 3-4 c¢cm, and sub-
cutaneous pockets were created on the right and left sides of
the spine. Two fragments of the same biomaterial were placed
inside each pocket. Thus, each animal in the group (3 individ-
uals per group) received two fragments of the same biomater-
ial (sterilised by radiation). The incised skin was sutured with
single stitches and the postoperative wound was disinfected
with Octenisept. To manage pain, each animal received sub-
cutaneous injections of an analgesic drug for three consecutive
days (butorphanol at a dose of 2 mg per kg body weight). After
the procedure, the animals were placed individually in clean,
sterile cages and their recover observed. The study involved
observing the animals’ behaviour (food and water intake) and
general health conditions, and the healing process of post-
operative wounds for 7 and 30 days.

The control group consisted of animals that had not under-
gone the procedure and were in good general condition,
demonstrating no signs of local or systemic inflammatory
reaction.

After 7 and 30 days, animals were euthanized for blood col-
lection (to obtain the serum) and organ resection (lymph
nodes, spleen, liver and kidneys).

The levels of IL-1f, IL-10, and TNF-« in the serum samples
were determined using enzyme-linked immunosorbent assays
(R&D Systems, Minneapolis, MN, USA) following the manufac-
turer’s instructions.®® The minimum detectable levels were
31.2 pg mL~" for IL-1B, 62.5 pg mL™" for IL-10, and 62.5 pg
mL™" for TNF-a. Absorbance values at 450 nm of samples and
standards at serial concentrations were obtained using a
Multiskan EX reader (Thermo Fisher Scientific, USA) and
translated into the concentration of the evaluated biomarkers
using the MyAssay Data analysis tool.

Statistical analyses

Statistical analyses and graphs for the biological studies were
performed using GraphPad Prism version 9.1.0 for Windows
(GraphPad Software, San Diego, CA, USA). The antibacterial
activity data were compared using the Kruskal-Wallis test with
Dunnett’s post hoc test. For cytocompatibility studies and stat-
istical analysis, the Shapiro-Wilk test was used to assess the
Gaussian distribution. The Brown-Forsythe test was used to
verify the equality of group variances. Data were analysed sep-
arately for each cell line using one-way ANOVA following
Tukey’s multiple comparison test. The Kolmogorov-Smirnov
test confirmed that the in vivo dataset is normally distributed.
Data from both within and between groups were analysed
using a two-way ANOVA with Tukey’s multiple comparison
test. The experiments were conducted three times, with
each experiment being repeated twice for technical accuracy.
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A p-value of less than 0.05 was considered to be statistically
significant.

Results and discussion

Polymer and composite coatings were subjected to swelling
studies in order to determine their sorption capacity. The
results obtained are presented in Fig. 2.

The effect of material composition on fluid binding
capacity was confirmed. The smallest increment was observed
for sample D, containing a 15% share of the ceramic phase,
with swelling ability at 84% after 7 days in PBS. A slightly
larger increase at 106% was observed for sample C, which con-
tained a 5% share of the ceramic phase. The swelling abilities
for polymer coatings A and B were significantly higher, at
117% and 124%, respectively. Thus, the sorption capacity
decreased as the proportion of the ceramic phase increased.
The reason for this is that the ceramic grains occupy the free
spaces between the polymer chains, thus preventing fluid
penetration into the material. The highest swelling ability was
observed for coating B, which differed from shell A by the pres-
ence of collagen from bovine tendons. This effect is presum-
ably caused by the properties of collagen, which has in its
structure proline, an amino acid capable of binding water
molecules.**?®

The swelling ability results are correlated with the deter-
mined equilibrium swelling (S.), presented together with the
rate (z) parameter in Table 3. The S. of coatings was in the
range of 81.26 + 1.63 to 108.97 + 4.68%, reaching the highest
results for polymer coating B and the lowest for composite
coating D. However, composite coatings C and D presented a
higher value of the r parameter, suggesting that the presence
of ceramics not only reduces the sorption capacity, but also
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Fig. 2 Swelling kinetics of coatings A-D in PBS. The solid lines indicate
fittings for the swelling ability of the individual samples.
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Table 3 Rate parameter (7) and equilibrium swelling (S.) of the tested
samples

Coating symbol Se [%] T

A 108.97 + 4.68 32.72 £ 8.39
B 115.23 £5.10 30.06 = 8.01
C 100.44 + 4.35 43.24 +11.27
D 81.26 = 1.63 79.15 £ 15.78

slows down the penetration speed of the fluid inside the
material.

It is significant that even low sorption capacity and swelling
of the material confirms the potential use of the biomaterial
as a carrier of the active substance. It has been demonstrated
that swelling of the material is one of the mechanisms of drug
release, since during diffusion of liquid molecules into the
interior of the material, molecules of the drug or other active
substances are leached outward.?**” The results were the basis
for modifying the coatings with clindamycin, and thus devel-
oping the carriers.

Potentiometric analysis was performed to determine the
changes in the pH value of the PBS solution in which the coat-
ings were incubated for 40 days (Fig. 3, top). This allowed to
determine the stability of the materials under conditions simu-
lating the environment of a living organism. Regardless of the
composition and chemical formulation, the samples behaved
relatively similarly, and the pH value oscillated between 7 and
7.5, which is safe for the organism. The subtle changes could
be the result of leaching of residual polymers or ceramic par-
ticles from the interior of the materials. This phenomenon is
confirmed by ionic conductivity measurements (Fig. 3,
bottom). If the material was inert and did not interact with
PBS, the conductivity value would remain relatively constant.®
Changes in the range of 130-190 mS are indicative of ion
exchange occurring between the sample and the fluid. In this
case, slightly higher conductivity values were observed for
materials with a higher proportion of the ceramic phase (coat-
ings C and D). It is possible that individual, fine ceramic
grains leached from the polymer matrix into the solution,
which increased the conductivity. However, no noticeable
degradation of the materials was observed.

Based on the coating compositions labelled A-D, drug
loaded materials were prepared (samples 1-5) with the anti-
biotic bound to the ceramic and/or polymer phase. The car-
riers were immersed in 60 mL of PBS, into which clindamycin
was released. Fig. 4 presents the percentage of the antibiotic
released after 24 h. The initial hours of drug treatment are
extremely important, as inhibition of bacterial growth occurs
then, significantly affecting the further development of the
disease. It was observed that after 1 day, the largest amounts
of the drug were released from coating no. 1 and 2, i.e., bioma-
terials based on polymers alone (without the ceramic phase),
in which clindamycin was bound to PVP and PEG. The results
were similar, at 35% and 36.8%, respectively. Smaller values
were observed for the composite coatings. In coating 4, the

This journal is © The Royal Society of Chemistry 2024
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drug was released from the polymer compound, and in sample
5, additionally from the interior of the drug-loaded HAp that
was suspended in the matrix. However, the drug concentration
values obtained were about one-third lower than those for the
polymer materials at 23% and 24.2%, respectively.

The antibiotic release study was conducted for 14 days
using HPLC. Fig. 5 presents chromatograms from days 1 and
14 of drug release from coating 5 into PBS and Fig. 6 presents
a diagram demonstrating the amount of clindamycin in mg
mL™" released over time. Furthermore, the mechanism of
release of the active ingredient from inside the swelling
polymer matrix is presented schematically.

The trend observed as early as 24 hours continues until the
end of the study, and the highest amount of drug escapes

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Chromatograms of drug release from coating 5 after 1 day (top)
and after 14 days (bottom).

from coating 2 (PVP/PEG/COL). Finally, on the 14th day of
measurement, it releases the largest amount of antibiotics,
just over 25 mg, which is 83.6% of the total amount in the
material. A slightly lower, although similar, value was observed
for coating 1 (PVP/PEG) at 79.2%. As with the swelling results,
composite materials exhibit the lowest values. Significantly,
71.6% of the drug was released from coating 4 and 72.6%
from coating 5, while in the second one, clindamycin was
bound to both the polymer and the ceramic phases. Such
similar values suggest that the drug molecules are unable to
escape from the hydroxyapatite grains and then pass through
the polymer network. Presumably, this is the reason why it was
not possible to determine the drug concentration for coating
3, containing clindamycin-modified hydroxyapatite, without
the presence of the drug in the matrix.

Release rate studies confirm that all materials exhibit the
nature of an active substance carrier. However, previous
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studies have suggested that in the context of bone tissue regen-
eration, the composite coating has the greatest potential in
terms of physicochemical and tribological properties.
Although polymer coatings 1 and 2 released more drug, the
lack of hydroxyapatite caused them to lack bioactivity toward
hard tissue regeneration. Clindamycin was determined to have
a retention time of 5.7 minutes. An increase in the peak absor-
bance intensity with time could be observed. The other peaks
detected earlier were presumably from the crosslinking agent
or PVP and/or PEG polymers, as they appeared in each sample
of both composite and polymer coatings. However, this
requires further investigation. Considering the above results,
drug release depends on time and the type of carrier as well as
its composition.

The surface morphology of the obtained composite coatings
before incubation in PBS solution is presented in Fig. 7.
Analysing the SEM images, it can be seen that coatings 1 and 2

5260 | Biomater. Sci, 2024, 12, 5253-5265

View Article Online

Biomaterials Science

Fig. 7 Analysis of the morphology of clindamycin coatings before incu-
bation for samples 1 (top), 2 (middle) and 4 (bottom) with mapping.

are characterized by a smooth surface, while EDS analysis
(Table 4) confirms that carbon and oxygen are derived from
the polymers. Moreover, analysis of the surface morphology of
coating 4 demonstrates the presence of crystals in the polymer
surface that correspond to the apatite layers, which confirm
the occurrence of calcium and phosphorus in the EDS spec-
trum and elemental mapping.

In all three coatings, there exists clindamycin, which con-
tains chlorine ions. Analysing the EDS spectra, it can be seen
that this element is present in all the samples examined and is
evenly distributed on each sample. Chlorine ions are not
present in the chemical structure of any of the other com-
ponents used in the development of the coating, hence it
can be concluded that their presence confirms the modi-
fication with clindamycin, or more precisely clindamycin
hydrochloride.

During the 14-day incubation in PBS solution, there were
visible changes in the surface morphology of the obtained
antibiotic composite coatings, as presented in Fig. 8. In both
samples 1 and 2, characteristic crystals are visible, deposited
on the polymer surface. In the EDS analysis (Table 5) and
elemental mapping, ions from the composition of the incu-
bation fluid appear. The presence of Na, Cl, K and Ca ions

This journal is © The Royal Society of Chemistry 2024
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Table 4 Elemental EDS analysis of coatings before the incubation period, and a summary of mass [%] and atomic [%] amounts of the individual

elements
Coating 1 Coating 2 Coating 4

Element Mass [%] Atom [%] Mass [%] Atom [%] Mass [%] Atom [%]

C 65.26 = 0.13 71.50 + 0.14 63.93 +0.11 70.24 + 0.12 57.21 £0.12 65.70 + 0.14
O 34.59+0.24 28.45 + 0.20 36.06 + 0.20 29.71 +0.17 37.45 +0.23 32.29 +0.20
Cl 0.15 +0.01 0.06 + 0.00 0.12 + 0.01 0.05 + 0.00 0.06 + 0.01 0.02 + 0.00
Ca — — — — 3.61 £0.05 1.24 + 0.02
P — — — — 1.66 + 0.03 0.74 + 0.01

Fig. 8 Analysis of the morphology of clindamycin coatings after incu-
bation in PBS for samples 1 (top), 2 (middle) and 4 (bottom) with
mapping.

demonstrates that the biomaterial reacts with the solution in
which it is incubated.

However, composition 4 exhibits the presence of ions from
the incubation fluid. During the 14-day incubation period,
there occurred changes visible on the surface of the obtained
composite coatings of the active substance. Significant
changes in the surface morphology as a result of incubation
were observed for coating 4.

As a result of the interactions of bioactive hydroxyapatite
with PBS, new apatite layers precipitated on the surface. This
indicates the bioactivity of the coating towards apatite nuclea-
tion and suggests that not only can the coating serve as a drug
carrier, but compared to the polymeric samples 1 and 2, it
exhibits additional biological functions. Both changes in
surface appearance and an increase in the amount of Ca and P
elements during EDS microanalysis can be observed.

Clindamycin is widely used to treat bone infections caused
by Staphylococcus due to its numerous advantages, including
high bone penetration with long-lasting activity against bac-
terial biofilm formation and adhesion, high biodistribution,
and low costs of synthesis and treatment.%*°

It was demonstrated that the obtained composites release
clindamycin in biologically active and effective doses. The clin-
damycin-modified composite coatings 1, 3, 4, and 5 released
the antibiotic, causing a statistically significant (p < 0.001)
reduction in the metabolic activity of S. aureus ATCC 29213 to
2.3 +£0.5%, 2.9 + 1.4%, 2.2 + 1.4%, and 2.7 + 0.5%, respectively,
compared to the untreated bacterial culture (Fig. 9). We have
also shown that clindamycin-modified coatings do not differ
with regard to their antimicrobial potential, which indicates a
similar profile of the antibacterial properties of the tested com-

Table 5 Elemental EDS analysis of coatings after the incubation period in PBS, and a summary of mass [%] and atomic [%] amounts of the individual

elements
Coating 1 Coating 2 Coating 4

Element Mass [%] Atom [%] Mass [%] Atom [%] Mass [%] Atom [%]

C 60.93 + 0.17 72.96 £ 0.21 59.56 £ 0.14 70.79 £ 0.17 34.60 £ 0.12 47.17 £ 0.16
(@) 18.48 £ 0.15 16.62 = 0.14 22.96 + 0.15 20.49 £ 0.13 40.34 + 0.23 41.29 £ 0.24
Na 9.47 + 0.05 5.92 +0.03 7.73 £0.05 4.80 £ 0.03 0.99 +0.03 0.70 + 0.02
Cl 10.80 = 0.04 4.38 £0.02 9.46 + 0.06 3.81 + 0.02 0.36 + 0.01 0.17 + 0.01
K 0.21 +0.01 0.08 + 0.00 0.20 +0.01 0.07 £ 0.00 0.27 £ 0.02 0.11 + 0.01
Ca 0.10 + 0.01 0.04 + 0.00 0.09 +0.01 0.03 + 0.00 15.34 £ 0.111 6.27 + 0.04
P — — — — 8.11 + 0.06 4.29 £ 0.03

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Antibacterial activity of the clindamycin-modified composite
coatings (1, 3, 4 and 5) and clindamycin-free references (A and C)
against S. aureus ATCC 29213. The green line represents the reference
metabolic activity of non-treated S. aureus (red bar). Results are shown
as mean values with standard deviations (SD) of four independent
experiments performed in triplicate for each experimental variant.
Statistical significance — ***p < 0.001.

posites. Unlike coatings containing clindamycin, their refer-
ence samples (A and C) did not exhibit the ability to reduce
the metabolic activity of bacteria.

A well-described technique for obtaining biodegradable
composites with antibacterial properties is placing antibiotics
in a ceramic phase, which is usually based on calcium sulfate
or calcium phosphate. Local release of antibiotics from bio-
degradable and dissolving ceramic carriers increases the effec-
tiveness of bacterial eradication after possible post-implan-
tation infection and, therefore, results in better osseointegra-
tion of the biocomposite.*"** In this study, the suitability of
composite coatings containing clindamycin in the ceramic or
polymer phase and in both layers for eradicating S. aureus was
demonstrated. It was revealed previously that clindamycin-
loaded nanosized calcium phosphate powders have strong
antistaphylococcal properties and can be considered as com-
ponents of antibacterial biocomposites.>”

S. aureus is one of the leading causes of post-implantation
bone tissue infections associated with biofilm formation. The
attachment of S. aureus to orthopaedic implants and host
tissue, as well as the formation of a mature biofilm, plays an
essential role in the persistence of chronic infections and the
impairment of host bone regeneration mechanisms. Biofilm
formation reduces susceptibility to antibacterial agents and
immune system defence mechanisms, leading to a worsening
prognosis of implant acceptance and the possibility of develop-
ing bacteremia.”®** A scanning confocal macroscope (SCM) was
used to visually examine the anti-biofilm activities of clindamy-
cin-modified coatings and clindamycin-free reference samples.
To evaluate the biofilm inhibition properties, S. aureus ATCC
29213 was cultured with the coating samples for 1, 3, and 7
days and then observed using a SCM. As presented in Fig. 10,
entirely green fluorescence of live bacteria was observed across
the biofilm on the control coating groups (A and C). The pres-
ence of live bacteria throughout the experiment reached the
highest degree of biofilm coverage of clindamycin-free coatings
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Fig. 10 Representative images of the biofilm formed by S. aureus on
the clindamycin-modified coatings (1, 3, 4 and 5) or the control coatings
(A and C) after 1, 3 or 7 days of incubation. Green fluorescence presents
live bacteria on composites.

A and C after 7 days of culture with S. aureus. In the case of clin-
damycin-modified coatings (1, 3, 4 and 5), a low degree of
biofilm development was observed after 1, 3 and 7 days of incu-
bation with bacteria, resulting from the antibacterial effect of
clindamycin released from the composites. The results show
that adding clindamycin effectively limits biofilm formation on
the first day of incubation, regardless of whether the drug is
bound to the polymer or ceramic phase of the composite.

Biomaterials used in regenerative medicine must have
appropriate mechanical and physicochemical properties sup-
porting the regeneration of damaged tissues, but apart from
them, one of the most important parameters they should meet
is their biocompatibility and lack of cytotoxicity.*> To address
this aspect, we assessed the impact of coating C and coating 4
(sample C modified with clindamycin in the polymer matrix)
on the metabolic activity of two cell lines, L929 and hFOB 1.19.
These samples were selected because compared to polymer
coatings, they not only served as a drug carrier, but also exhibi-
ted bioactivity toward the formation of new apatite layers
during incubation in PBS. It was demonstrated that the
obtained coatings remained cytocompatible for both tested
cell lines. The cell viability of L929 fibroblasts remained over
90% (sample C: 91.3% + 11.5% and sample 4: 92.7% + 6.9%)
and the presence of materials had no significant effect on cell
viability compared to either the positive control (102.1% =
4.2%) or the reference material (95.8% + 11.8%). Similarly,
none of the tested materials (coating C: 98.9% =+ 17.0% and
coating 4: 88.7% = 9.8%) significantly affected the cell meta-
bolic activity compared to the reference material (103.6% =
4.2%) for the hFOB 1.19 cell line (Fig. 11). In both L929 and
hFOB 1.19 cell lines after incubation with the tested coatings,
cell viability remained over 70%, which met the ISO-10993-5-
2009 criteria and proved their cytocompatibility. The presented
results confirm the in vitro safety of the tested materials and
their potential application in in vivo studies, in particular
those aimed at bone tissue regeneration, due to their cytocom-
patibility with the human osteoblast cell line.

The current study’s results confirm that the clindamycin-
modified coatings do not cause changes in L929 cell metabolic

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 The metabolic activity of mouse L929 fibroblasts and human
hFOB 1.19 fetal osteoblasts after 24 h of incubation with coatings. NTC
— non-treated control (green bar) and TC — treated control (red bar), in
terms of cell metabolic activity; R — biomaterials derived from a medi-
cally certified peripheral venous catheter. Dotted line — 70% of the cell
viability cutoff. The data are presented as mean + SD for the three sep-
arate experiments.

activity, making them cytocompatible. The research also
includes a human osteoblast cell model, confirming the safety
of the composite coatings tested against hFOB 1.19 cells.
These promising results indicate the potential use of the coat-
ings for bone tissue regeneration.

The results presented in Fig. 12A indicate the lack of poten-
tially harmful effects of the tested biomaterials in the in vivo
system. Observation of the biomaterials’ implantation sites
demonstrates no local inflammatory reaction, and the healing
of surgical wounds does not display any signs of inflam-
mation. Measurement of the concentrations of pro-inflamma-
tory cytokines (IL-1p and TNF-a) confirms the absence of a sys-
temic inflammatory response to the implanted biomaterials.
The results are then compared to the levels of cytokines found
in the sera of the control animals (Fig. 12B and D). Although
the concentrations of both pro-inflammatory cytokines are
higher 7 days after biomaterial implantation compared to 30
days, this is related to the body’s mobilisation immediately
after the surgical procedure.

Measurement of the anti-inflammatory cytokine IL-10 in
the animal sera indicated higher levels 30 days after the
implantation of biomaterials, particularly those not modified
with clindamycin (C). Elevated levels of IL-10 in the animal
sera 30 days after surgery correlated in some way with the low
levels of pro-inflammatory cytokines in the same samples
(Fig. 12Q).

Our findings align with those of Rodriguez et al.,’
observed a decrease in the levels of pro-inflammatory cyto-
kines IL-1p and TNF-a over time (up to 14 days), following the
surgical implantation of biomaterials in a rat model.
Moreover, they observed that levels of anti-inflammatory cyto-
kines, such as IL-10 and TGFp, increased across all study
groups from day 4 to day 14. Levels of anti-inflammatory cyto-
kines are expected to rise over time as the wound healing
process progresses.*’
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Fig. 12 Representative images demonstrating the implantation sites for
biomaterials: clindamycin-free references (C) (top panel) and clindamy-
cin-modified composite (4) at 7 and 30 days after implantation (A). The
concentration of interleukin-1 beta — IL-1p (B), interleukin 10 — IL-10 (C),
and tumor necrosis factor o« — TNF-a (D) in the serum samples obtained
from the animals at 7 and 30 days after implantation. NTC — non-treated
control (rats not subjected to implantation of the biomaterials). Number
of animals, n = 3. * — Statistical significance vs. the NTC within the time
point; the p-value is given after the asterisk. # — Statistical significance
(p < 0.05) with regard to the time points within the group. Data are pre-
sented as minimum and maximum values represented as a line.

Conclusions

Hybrid polymer-ceramic composite coatings have been suc-
cessfully developed for the controlled release of clindamycin.
The developed method of synthesis under UV light, based on a
photocrosslinking procedure, enabled continuous, fully cross-
linked materials without ripples or irregularities to be
obtained. The coatings exhibited a lower sorption capacity as
the proportion of the ceramic phase increased. Related to this
phenomenon is the release of the drug, which was greater for
polymeric materials without hydroxyapatite. It was also
demonstrated that the coating containing the drug bound to
hydroxyapatite was not able to release it in satisfactory
amounts. The largest amount of clindamycin was released
from the coating exhibiting the best sorption capacity.
Elemental EDS analysis confirmed the presence of chlorine
ions derived from the antibiotic in the material before the
immersion period in PBS, and the surface morphology indi-
cated changes in the structure after the incubation period. The
in vitro release of clindamycin from the coatings indicated its
role in developing a controlled drug delivery system.
Antimicrobial properties were confirmed for all materials
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against S. aureus. The conducted studies had a preliminary
character as well as were aimed to select materials for further
procedures under in vivo conditions. Evaluation of the local
tissue response and systemic response to the in vivo implan-
tation of the coatings indicates that there are no potentially
harmful effects of the developed biomaterials. However,
further research is required to fully determine the application
potential of the hybrid polymer/ceramic composite coatings
presented in this manuscript.
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