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The growing demand for implantable devices, implants, and plastic surgery is a major factor driving the
growth of the global biomaterials market. Both new materials and opportunities to enhance the properties
of existing solutions are being explored. One such approach involves coating existing materials with bio-
active layers to provide additional functions. In this study, a bioactive coating was developed in an envir-
onmentally friendly and cost-effective manner, using polyethylene glycol (PEG), polyvinylpyrrolidone
(PVP), hydroxyapatite (HAp), collagen (COL), and glutathione (GSH). The coating demonstrated the ability
to release the antibiotic clindamycin, the vascular endothelial growth factor-165 (VEGF-165), which pro-
motes angiogenesis, and the transforming growth factor-pl (TGF-p1), which provides anti-inflammatory
properties. The physicochemical properties of the coating were evaluated, and its in vivo integration with
natural bone tissue was assessed using a rat skull bone defect model in adult Wistar rats (Rattus norvegi-
cus). It was demonstrated that VEGF-165 and TGF-p1 were released within 24 hours at approximately 30%
each, a dose capable of producing a therapeutic effect. The in vivo results suggest that incorporating
growth factors into the composite coating significantly promotes mineralization at the site of injury. Our
coating has the potential to support bone tissue regeneration through the synergistic effects of proteins;

rsc.li/biomaterials-science

Introduction

The global biomaterials market continues to grow, with
increases driven by growing funding for regenerative and per-
sonalized medicine, the use of biomaterials in various thera-
peutic areas, as well as rising demand for implantable devices
or plastic surgery. Biomaterials for bone tissue include
implants for defects, biocomposites, endporpotes or coatings.
The last ones are particularly interesting as they can provide
additional functions without changing the underlying para-
meters they cover, such as a personalized 3D printed defect or
endoprosthesis.””” Orthopaedic injuries involving the afore-
mentioned biomaterials represent a significant public health
problem worldwide and a heavy burden of disability or
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however, further studies are required.

suffering for patients. Globally, there has been a major
increase in the number of musculoskeletal disorders that
require surgical interventions involving the use of permanent,
temporary or biodegradable medical devices. Statistics from
1990 indicate 221 million patients affected by orthopaedic con-
ditions, while in 2020, as many as 494 million patients were
reported, which represents an increase of 123.4%. It is impor-
tant to note that the success of a clinician’s intervention,
depends largely on the character of the chosen device and its
parameters, which will determine the biological response. For
this reason, more and more bioactive biocomposites are
designed.” However, in the process of developing new
materials, it is crucial to consider not only their functional
properties but also their impact on the natural environment.
In the face of ongoing climate change and ecosystem degra-
dation, it is essential to employ sustainable synthesis methods
that minimize raw material and energy consumption while
reducing waste.*™®

Ceramic-polymer biocomposites are a modern group of
materials dedicated to biomedical engineering applications,
particularly in bone tissue implantology. They are multiphase
systems combining the properties of ceramic inorganic
materials, most often calcium phosphates such as hydroxy-
apatite (HAp), with polymers, both natural (e.g. collagen) and
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of synthetic origin (e.g. polyvinylpyrrolidone (PVP) or polyethyl-
ene glycol (PEG)).””® The ceramic component provides bioactiv-
ity, understood as the ability to form bonds with natural bone
tissue, as well as high mechanical compressive strength to the
composites. Moreover, it stimulates bone-forming cells to
proliferate.’®> On the other hand, the polymer component
improves flexibility, reduces the brittleness of the ceramic, and
enables controlled release of active agents such as growth
factors such as vascular endothelial growth factor, transform-
ing growth factor or drugs. As a result of these properties,
ceramic-polymer biocomposites can be used in bone fillings,
scaffolds and as implant coatings™*™*°

A key challenge in material design is optimizing mechani-
cal, physicochemical as well as biocompatibility properties. It
is important to achieve a balance between the durability of the
material, its performance as well as its ability to promote
regenerative processes.'®'” Furthermore, it is necessary to
confirm the effectiveness and safety of potential biomaterials
in in vivo studies, which provide the necessary information on
their behaviour in a complex biological environment. In the
case of class III medical devices e.g. all implantable materials,
such preclinical studies are required, as potential toxicity or
other risks can be excluded.'® In vivo studies enable assess-
ment of the biocomposite’s integration with natural bone
tissue or the degree of induction of osteogenesis."”* Thanks
to such analyses, it is possible to tailor the properties of bio-
composites to individual patient requirements, which are also
particularly important in the context of personalizing
materials in terms of the amount of active substances released,
since the dose will naturally be different for an adult and a
child.

In this work, a ceramic-polymer coating capable of releasing
vascular endothelial growth factor (VEGF) and transforming
growth factor-p (TGF-B) from between polymer chains was ana-
lysed thoroughly. These two proteins were chosen because of
their biological properties. VEGF is a highly pleiotropic protein
with both vascular as well as extravascular functions.
Primarily, it is known as an angiogenesis factor that, has the
ability to rebuild blood vessels.>' Furthermore, it induces pro-
liferation, migration as well as capillary morphogenesis of
endothelial cells.?” Depending on the number of amino acid
residues, there are several isoforms of this protein, of which
VEGF121, -165, -189 and -206 are the most dominant. Apart
from their influence on the processes of angiogenesis, they
also affect the development of the nervous system.>*** TGF-f
is an anti-inflammatory factor and a key regulator of many cel-
lular functions, including cellular immunity. It maintains
immune homeostasis and prevents autoimmunity.”> The
effects of this protein on osteoblasts is also proven, resulting
in increased differentiation, which includes the secretion of
bone matrix proteins and subsequent mineralization.>®

Despite numerous advances in the development of
materials engineering or ceramic-polymer biomaterials, there
is still a lack of bioactive coatings capable of delivering mul-
tiple biological agents in a controlled manner while maintain-
ing adequate mechanical properties, biocompatibility and bio-
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degradability. Furthermore, many proposed systems have not
been validated in vivo, limiting their clinical relevance and hin-
dering implementation. The research presented in this manu-
script seeks to fill this gap by proposing a multifunctional
composite coating that combines hydroxyapatite with a
PVP:PEG matrix, enabling dual release of VEGF and TGF-,
the drug, and allowing direct application to solid surfaces via
photocrosslinking, while also subscribing to the concept of
sustainable production.

In this study, we present a new, previously unproposed strat-
egy for obtaining and applying a bioactive coating for covering
solid materials for the treatment of bone regeneration. The
innovative character of this work lies not only in the cross-
linking method itself, which has been explored in other bio-
medical contexts, but also in the integration of this approach
into a ceramic-polymer material that supports dual growth
factor as well as drug release and has been biologically validated
in vivo. To our knowledge, this is the first report of such a
coating composition, structure, and application method being
tested in an animal model, thus providing a significant step
toward clinical translation in bone tissue regeneration For the
first time, coatings obtained by photocrosslinking with such
chemical composition and biological properties are presented.

Materials and methods
Reagents

Reagents for the synthesis of ceramics phase, such as sodium
phosphate dibasic (Na,HPO,), calcium acetate monohydrate
(Ca(CH3CO,),'H,0) and ammonia solution (NH,OH, 25%),
were purchased from Sigma-Aldrich (Darmstadt, Germany).
Medical grade poly(i-lactide) (PLLA), Resomer L210S (M, =
304 020 g mol ™", PDI = 1.96, 100% t-lactide unit fraction) from
Evonik (Essen, Germany) was used for composite plates prepa-
ration. All polymers, along with other components required for
the synthesis of the coatings, including polyvinylpyrrolidone
(PVP), polyethylene glycol (PEG), poly(ethylene glycol) diacry-
late (PEGDA) with a molecular weight of 5752-hydroxy-2-
methylpropiophenone (97%), r-glutathione peptide (reduced,
98%) (GSH), and collagen derived from bovine Achilles tendon
(COL), were also sourced from Sigma-Aldrich (Darmstadt,
Germany). Clindamycin hydrochloride, one of the active ingre-
dient chosen for coating modification, was also obtained from
Sigma-Aldrich (Darmstadt, Germany). The active ingredients
for the coating modification, ie. Recombinant Human
VEGF-165 and Recombinant Human TGF-p1, were purchased
from Shenandoah Biotechnology (Warminster, U.S.) and
Merck (Darmstadt, Germany), respectively. The Human VEGF
Elisa Kit and Human TGF-f1 ELISA Kit from Invitrogen by
Thermo Fisher Scientific (Vienna, Austria) were used sequen-
tially for their determination after in vitro release.

PLLA/HAp plates preparation

The first stage involved preparing the materials for processing.
Synthetic HAp with a Ca/P molar ratio of 1.67 was used.

This journal is © The Royal Society of Chemistry 2025
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Details on the preparation of HAp are provided in the SI (sub-
sections 1-4). The post-synthetic HAp suspension was dec-
anted. The resulting sediment was frozen at —40 °C and then
freeze-dried at —53 °C under a vacuum (below 10 mbar) using
a FreeZone 2.5 Liter Benchtop Freeze Dryer (Labconco, USA).
The HAp powder was then calcined in an electric furnace at
600 °C for 3 hours, while the PLLA was dried at 70 °C for
24 hours. Finally, the materials were weighed, thoroughly
mixed at a polymer-to-filler weight ratio of 7: 3, and prepared
for further processing.

A processing procedure was selected to ensure good dis-
persion of HAp in the PLLA matrix, as well as dimensional
stability and product repeatability.”” To effectively incorporate
the HAp filler into the polymer, the prepared formulation was
processed by co-rotating twin-screw extrusion. A Thermo
Fisher Scientific (Waltham, USA) twin-screw extruder (D =
20 mm, L/D = 40) equipped with special mixing zones was
used. The material was processed at a screw speed of 200 rpm
and a set temperature of 200 °C across all heating zones. The
extrudate was cooled on an air track, wound on a winder
(Thermo Fisher Scientific, Waltham, USA) and regranulated
using a Brabender (Duisburg, Germany) pelletizer. The compo-
site granules were subsequently injection molded using a BOY
XS micro-injection molding machine (Dr Boy GmbH & Co. KG,
Neustadt-Fernthal, Germany). The process was performed with
a barrel temperature of 220 °C, a flow channel temperature of
200 °C, an injection pressure of 250 bar, a cooling time of 15
seconds, and a cooling temperature of 50 °C. The injection
molding process produced plate-shaped samples with dimen-
sions of 35 mm x 35 mm and a thickness of 2 mm.

The final forming process was carried out using CNC
milling with an ATMSolutions Basic Mill (Warsaw, Poland),
controlled by Mach 3 CNC Controller software and equipped
with a 1 mm diameter end mill. The cylinders, made from
injection-molded plates, were 2 mm high and 3.8 mm in dia-
meter. Each cylinder had a symmetrically oriented hole in the
base, milled to a depth of 1 mm and a diameter of 3.0 mm.
They provided a base in the form of plates on which the bio-
active coatings were applied.

Preparation of coatings

Additional information regarding the preparation of coatings
is presented in the SI (subsection 5). Fig. 1A schematically pre-
sents the process of obtaining coatings. Coatings composition
is presented in Table 1. 200 pl of the mixture was deposited on
a PLLA/HAp plate and crosslinked. The materials were
obtained by UV photocrosslinking process using a suitable
crosslinking agent and photoinitiator. The sample was irra-
diated for 4 minutes at an irradiation power of 0.8 J cm™2. An
example of the resulting coating applied to a PLLA/HAp pad,
ready for implantation into an animal model is presented in
Fig. 1B.

The proposed material obtaining method is environmen-
tally friendly, does not generate by-products that would require
disposal and allows for full incorporation of all reagents used
during synthesis. Coatings modified with growth factors were
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Fig. 1 (A) Schematic of the process of obtaining and modifying the
coating with GF proteins. (B) Coating applied to a PLLA/HAp plate ready
for in vivo implementation.

Table 1 Composition of coatings indicating basic differences in
formulation

Coating symbol Coating C Coating 4 Coating C/GF
PVP 15% [uL] 100

PEG 15% [pL] 100

COL [mg] 0.8

GSH [mg] 40

HAP [mg] 10

Clindmycin [mg] — 0.5 —

VEGF-165 [pg] — — 100

TGF-f1 [ug] — — 100

produced as follows. An aqueous solution of VEGF-165 and an
aqueous solution of TGF-f1 were prepared in order to recon-
struct proteins. Solutions of VEGF-165 and/or TGF-f1 were
then dripped onto the surface of the cross-linked coating so
that 100 pg of the selected protein was present in the material.
Based on our previous work the coating thickness in this study
was assumed to be approximately 600 um, which is considered
suitable for bone tissue regeneration.”® We acknowledge that
depending on the type of implant e.g., a 3D-printed material
designed to fill a bone defect or a metallic endoprosthesis —
some variability in coating thickness may arise due to differ-
ences in geometry and application conditions. Nevertheless,
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the method enables full reagent utilization without generating
by-products, supporting its responsible
profile.

environmentally

Determination of sedimentation rate

The process of obtaining composite coatings was carried out
under UV light using a photocrosslinking process that
occurred over a period of 4 minutes. In order to avoid excessive
sedimentation of the powder in the aqueous solution of the
polymers, an analysis of the sedimentation rate of HAp powder
in different concentrations of PVP/PEG was carried out. A
polymer ratio of 1:1 (PVP:PEG) and its aqueous concen-
trations of 0%, 5%, 10%, 15%, 20% and 25% were proposed.
The analysis was carried out using a MultiScan MS20
DataPhysics Instruments (Filderstadt, Germany).
Measurements were conducted for 10 minutes, performing 20
scans at a time interval of 12 seconds.

Fourier-transform infrared spectroscopy analysis

The composition of coating composite materials has been
selected and studied previously,>®**® however, the mechanism
of the occurring photocrosslinking process has not been ade-
quately investigated so far. In order to clarify the phenomena
occurring, the base composition in the form of a PVP/PEG
blend was analysed using Fourier transform infrared spec-
troscopy. Analysis was also performed for coatings modified
with clindamycin, VEGF and TGF to determine whether the
addition of the active ingredient affects the overall system. The
study was performed using a Nicolet iS5 FT-IR spectrometer
equipped with an iD7 ATR detector (Thermo Scientific,
Loughborough, UK). The measurement was carried out at
room temperature, in the range from 4000 to 400 cm™'. For
each sample, a total of 32 scans were carried out at a resolu-

tion of 4.0 cm™.

Morphology analysis

The coating materials were imaged by scanning electron
microscopy (SEM) to determine whether additions of active
ingredients affect the morphology of the biomaterials. The
interior of the coatings was examined. Prior to measurement,
the coatings were thoroughly dried, bonded to carbon pads for
immobilization, and then coated with a layer of nano-gold
using a DII-29030SCTR Smart Coater sputtering device (JEOL
Ltd, MA, USA). A JEOL IT200 microscope (JEOL Ltd, MA, USA)
was used for imaging. The device is equipped with an energy-
dispersive X-ray spectroscopy (EDX) system detector, with
which elemental analysis and mapping of elements on the
surface were carried out. Elemental analysis was carried out by
determining mass percentage (%M.) as well as atomic percen-
tage (%At.). The measurements performed at
x500 magnification.

were

TGF-p1 release test

The TGF-p1-modified sample was incubated in 1 mL PBS. After
24 h, a 100 pL sample of incubation fluid was collected and
protein determination was performed. TGF-p1 detection was

6088 | Biomater. Sci., 2025, 13, 6085-6097

View Article Online

Biomaterials Science

performed using the corresponding Invitrogen Thermo Fisher
Scientific ELISA kit and its protocol.*® Reconstitution of the
human TGF standard to a concentration of 4 ng mL™" was per-
formed. A series of dilutions of the standards to 2000 pg mL™",
1000 pg mL™, 500 pg mL™", 250 pg mL™, 125 pg mL™", 63 pg
mL™" and 31 pg mL ™" were then prepared. Then 20 pL of the
sample was mixed with 180 pL Assay Buffer and 20 pL of 1 N
HCI and allowed to stand for 1 h. After this time, 20 pL of 1 N
NaOH was added and the wells were washed with Wash Buffer.
60 pL Assay Buffer was added and allowed to stand at room
temperature for 2 h. During this time, the plate was continu-
ously shaken. After this time, the plate was washed and 100 pL
Biotin-conjugate was added. It was again shaken for 1 h, after
which it was washed and 100 pL Streptavidin-HRP was added
and again shaken for 1 h. Then 100 pL TMB Substrate Solution
was washed and pipetted. Then, plate was incubated for
30 minutes in the dark, monitoring periodically the optical
density for standard 1 at 620 nm, using an ELISA Microplate
Reader, BioTek 800 TS (Winooski, Vermont, U.S). When it
reached a value above 0.9, 100 pL of stop solution was added.
Absorbance was read at 450 nm using the same device as men-
tioned above.

VEGF release test

The VEGF-165-modified sample was incubated in 1 mL PBS.
After 24 h, a 1 pL sample of incubation fluid was collected and
protein determination was performed. VEGF-165 detection was
performed using the corresponding Invitrogen Thermo Fisher
Scientific ELISA kit and its protocol.** The human VEGF stan-
dard was reconstituted to a concentration of 10 000 pg mL ™"
and then diluted sequentially to concentrations of 1500 pg
mL™, 750 pg mL™*, 188 pg mL™", 93.8 pg mL™", and 23.4 pg
mL™" to obtain a series of standards. The Streptavidin-HRP
solution was then prepared. In the first step, the procedure
leading to antigen binding was carried out. 50 pL of
Incubation Buffer, 100 pL of appropriate standards, 50 pL of
Standard Dilueted Buffer and 50 pL of sample were added to
individual wells of the 96-well plate. After 2 hours, the plate
was washed with Wash Buffer and 100 pl of Biotin conjugate
was added. After 1 hour, the plate was rinsed again and 100 pl
of Streptavidin-HRP was added. This was allowed to stand for
30 minutes and washed again using a Wash Buffer. In the next
step, 100 pl of Stabilized Chromogen was added and the color
of the wells was observed to change to blue. This was incu-
bated for 30 minutes in the dark. After this time, 100 pL Stop
Solution was added to each well and the color change from
blue to yellow was observed. Absorbance was read at 450 nm,
using a ELISA Microplate Reader, BioTek 800 TS (Winooski,
Vermont, U.S). The entire procedure was conducted at room
temperature.

In vivo study on the application of biomaterials in a rat skull
bone defect model

Adult rats (Rattus norvegicus, Wistar breed), weighing at least
220 g, aged at least 10 weeks, were used for the study. The rats
were from the in-house breeding facility of the Department of

This journal is © The Royal Society of Chemistry 2025
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Biology and Environmental Protection at the University of
Lodz. Permission to perform in vivo experiments (34/LB240/
2022) was granted by the Local Animal Ethics Committee at
the Medical University of Lodz, based on the results of in vitro
evaluation of biocomposites, with a particular emphasis on
cytocompatibility testing, as presented in our previous study.>
The experiment included three groups, one of which contained
a reference composite - coating C, and two groups contained
modified composites: coating 4 and coating C/GF. The control
group comprised animals that did not undergo implantation
of any biomaterial, serving as a baseline for physiological
responses. After 8 weeks, the animals were euthanized for
blood collection (obtaining serum) and isolation of skulls with
implanted biomaterials. Concentrations of the cytokines:
IL-1p, IL-10, TNF-a and osteopontin (OPN) in serum samples
were measured by immunoenzymatic ELISA (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s
instructions and as described by Stota et al., 2024.>* The assay
sensitivity thresholds were 31.2 pg mL ™" for IL-1p and 62.5 pg
mL™" for IL-10, TNF-a and OPN. Absorbance at 450 nm for
standards nd samples across serial dilutions was measured
using a Multiskan EX microplate reader (Thermo Fisher
Scientific, USA), and biomarker concentrations were calculated
using GainData (Arigo Biolaboratories, https:/www.arigobio.
com/elisa-analysis). Standard curve was generated by fitting
the data to a 4-parameter logistic (4PL) curve. Statistical ana-
lysis was performed using GraphPad Prism. The Kruskal-
Wallis test was used to assess group differences, followed by
Dunn’s multiple comparisons test. Differences were con-
sidered statistically significant at p < 0.05.

Results and discussion

In order to select the appropriate concentration of PVP/PEG
solution to form the base of the final composite coatings, the
stability of the HAp ceramic phase in the polymer was evalu-
ated. For this purpose, the migration front was determined as
a function of time (Fig. 2A). The results obtained demonstrate
the differences between the stability of the HAp suspensions
tested.

For a concentration of 5% and distilled water (0%), the
curves overlap, and the flattening of the migration front occurs
a little later. For the highest concentration of 25%, the
obtained curve is jagged, which may suggest that the polymer
mixture was not completely homogeneous and the suspended
powders did not sediment uniformly in it. It is significant that
already at the stage of solution preparation, some dissolution
difficulties were observed for this concentration.

Fig. 2B demonstrates the procedure for measuring sedimen-
tation rates. The segregation process was analysed by measur-
ing light intensity with temporal and positional resolution.
Fig. 2C presents vials of HAp powder at different aqueous con-
centrations of PVP: PEG polymers. The results of the analysis
of the sedimentation rate of HAp in PVP/PEG solutions of
different concentrations are presented in Table 2. Based on the
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Fig. 2 (A) Migration front as a function of time for HAp powders in PVP/
PEG aqueous solutions with different concentrations.(B) Schematic of
the procedure for measuring the sedimentation rate. (C) Samples of cer-
amics in uncrosslinked polymer solution.

given values, it can be indicated that the concentration of
polymer solutions affects the sedimentation process. The value
obtained for the highest polymer concentration equals —10.19
+1.07 mm min~", and is practically three times lower than for
distilled water (0%) alone. Based on the data obtained, the
concentration chosen for further study was 15%. This concen-
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Table 2 Sedimentation rate of HAp powder in PVP/PEG solutions of
different concentrations

PVP/PEG [%] Sedimentation rate [mm min "]

0 —35.59+£7.95
5 —-32.59 £1.07
10 —24.4£0.28
15 —-16.25 £ 0.07
20 —12.55 + 4.66
25 —10.19 £ 1.07

tration was found to offer a favorable balance between stabiliz-
ing ability and practical usability. At this concentration, the
PVP: PEG polymers dissolved efficiently, and the HAp particles
were evenly distributed, resulting in a homogeneous suspen-
sion. In contrast, higher concentrations, 20% and particularly
25% required more time and energy to dissolve and displayed
visible heterogeneities during preparation. Moreover, prelimi-
nary assessments of the final UV-crosslinked coatings indi-
cated that formulations with 20% polymer content yielded
stiffer and less flexible materials compared to the 15% ones,
likely due to increased crosslink density. Considering the
intended application in bone tissue engineering, where mod-
erate elasticity is beneficial, the 15% concentration was
selected for further work as a compromise between colloidal
stability, processability, and mechanical suitability.

The composition of coating composite materials has been
selected and studied previously.”®**?*> However, the mecha-
nism of the occurring photocrosslinking process has not been
adequately investigated so far. In order to clarify the phenom-
ena occurring, the base composition in the form of a PVP/
PEG/PEGDA blend, at PVP and PEG concentration of 15% was
analyzed using Fourier transform infrared spectroscopy.

Analysis was carried out on samples of pure polymers, as
well as the crosslinking agent PEGDA in crosslinked and
uncrosslinked forms. The photoinitiator used was 2-hydroxy-2-
methylpropiophenone. The obtained spectra are presented in
Fig. 3A. Upon exposure to UV radiation, the photoinitiator dis-
sociates into two highly reactive radicals. These attack the
-C=C- double bond, which are found in PEGDA. This is evi-
denced by the complete disappearance of the absorption band
characteristic of this bond at 1622 cm™" (marked with a circle
in the Fig. 3). Thus, the -C-C- covalent bond is formed, result-
ing in a three-dimensional network of polymer chains®*** For
the cross-linked PVP/PEG/PEGDA polymer blend, this phenom-
enon is not visible because of the presence of a very strong
signal that comes from the -C=O carbonyl group from PVP at
1658 cm™".** For the cross-linked PVP/PEG/PEGDA sample,
changes in the intensity of the bands in the 3000-3500 cm™"
range are also observed, while they are clearly evident for the
pure components, therefore may indicate interactions between
the components in the matrix. It can be concluded that the
formation of the materials was carried out PEGDA radical
crosslinking.

The radical crosslinking presented in this work was
enabled by the use of a UV light source, which also served as
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Fig. 3 (A) ATR FT-IR spectra of the individual components and the

developed base polymer composition. (B) ATR FT-IR spectra of the
obtained coatings.

an indicator of the process. For this reason, particular atten-
tion was given to the topic of photcrosslinking. Compared to
conventional chemical crosslinking, photopolymerization
offers a more sustainable approach. By significantly reducing
the consumption of chemical reagents typically used in cross-
linking reactions, this method contributes to the overall mini-
mization of the carbon footprint. These advantages highlight
the potential of the proposed method for biomedical appli-
cations, particularly in the development of implant coatings
aimed at enhancing tissue regeneration while minimizing
environmental impact.

Based on the obtained spectra, it was concluded that the
resulting photocrosslinking interactions are hydrogen bonds
that create an interpenetrating polymer network (IPN).>® The
occurrence of hydrogen interaction was confirmed on the basis
of the peak position of the carbonyl group, which shifted gently

This journal is © The Royal Society of Chemistry 2025
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towards smaller values. For the PVP/PEG/PEGDA blend, the
value is 1635 cm™", while for pure PVP the signal is observed at
1658 cm ™. The conversion of the double bond to a single one is
also confirmed by the absence of a signal at 810 cm ' for
PEGDA cross. Which occurs for pure PEGDA and corresponds to
the -C-H bond (marked in the Fig. 3A with a dashed line).*’
Based on the above information, Fig. 4 presents the proposed
polymer network formation mechanism. It is considered that
the polymer networks formed in this way are a good material for
carrying active substances, since they can encapsulate bio-
molecules in their structure between polymer chains.*®

The spectra of the base coating and the antibiotic- and GF-
modified coating are presented in Fig. 3B. The obtained
spectra for coating C, coating 4 and coating C/GF appear quite
similar, which suggests that the main functional groups remain
the same in all samples, and the addition of active substances
did not significantly affect the chemical structure of the base
matrix. In the case of these multicomponent materials, the dis-
appearance of the aforementioned band at 1635 cm™ is not
observed, as there is a strong signal from Amide I in this range,
which comes mainly from the stretching vibrations of the C=0
bond present in collagen or can be from the peptide bond from
glutathione.”® The strongly prominent peak for coating C at
1023 cm ™" belongs to the asymmetric stretch PO,>”, one of the
main phosphate bands characteristic for Hap.”® In the case of
coating C/GF, a slight enhancement of the bands at 1285 cm™*
and 1340 cm™" (indicated by the dashed line on the purple spec-
trum) was observed, which may originate from the Amide III
group found in VEGF and TGF-f, a group characteristic of
protein structures.*

Ceramic-polymer composites can be obtained in a variety of
ways including chemical crosslinking, thermal crosslinking or
photo-crosslinking. Also the sol-gel method.*' Compared to
these, the photocrosslinking method has some advantages, as
it usually takes less time than chemical or sol-gel crosslinking,

Photoinitiator Free radicals

II Phase: PEGDA reaction with fotoinitiator radicals

o H o] [e]
Q ! Il +Hz Hy I :
C <|:—OH2 + Hy0==CH—C—0—-C'—C'—O0—-C—GC==CH,

H

Free radicals

PEGDA

III Phase: Formation of an interpenetrating polymer network (IPN)

Hydrogen
_—> bonds

Fig. 4 The proposed mechanism for crosslinking materials.
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and does not require high temperatures like thermal cross-
linking. However, even though photocrosslinking usually takes
a few minutes, it is extremely important to avoid excessive sedi-
mentation of the ceramic phase, therefore, to select the cross-
linking and composition parameters in such a way as to obtain
a continuous material quickly enough so that one of the
phases does not have time to fall off, and the final material
obtained shows an even distribution of phases. Determination
of the migration front and sedimentation rate of ceramics in
polymer solutions allowed to select a polymer composition
with optimal viscosity. The results obtained for a 1: 1 PVP/PEG
blend, were consistent with reports of a similar study for
PVP.*> The use of a photocrosslinking process and the selec-
tion of the appropriate amount of components or photo-
initiator and crosslinking agent, in this case PEGDA, allows
control over the physicochemical parameters of the material.
The amount of PEGDA affects the mechanical parameters of
the material’s hardness or elasticity, as well as the kinetics of
the release of active substances, as the degree of crosslinking
of the material affects the rate of their release.*® The higher
the degree of crosslinking, the less permeable the pores of the
hydrogel become, which translates into hindering the process
of particle diffusion. In the case of a lower degree of cross-
linking, the materials exhibit a greater ability to swell, which
facilitates particle diffusion.**

The results of the SEM imaging are provided in Fig. 5. The
surfaces appear to be similar to each other and no significant
differences in structure are observed. The smoother sections
in coating C/GF are likely the result of sample preparation for
testing, as the coating was removed from the PLLA to examine
the coating interior.

The elemental composition of the coatings was determined
by EDX microanalysis and expressed as mass percent (m.%)
and atomic percent (at.%). These values are presented in
Table 3. The table summarizes the elemental content found
on the microscopically observed materials. The content of Ca
and P is similar in all materials, and their presence is a result
of the composition of the HAp used in the coatings as a rein-
forcing phase. For coating 4, the presence of Cl ions was
detected, the origin of which is related to clindamycin.
Clindamycin hydrochloride was used hence its presence. The
map of Cl distribution in the material confirms that the drug
is evenly distributed throughout the material.**> Also of interest
is the detection of S for coating C/GF, the origin of which is
probably related to the chemical structure of the VEGF and
TGF-f proteins. This element is involved in the formation of
disulfide bridges in proteins.*®*” Although its % content is
low relative to the other elements, its even distribution can be
observed throughout the volume of the test sample. Additional
information on EDX analysis of coatings is presented in the SI
(subsection 6).

Fig. 6 presents the amounts of VEGF-165 and TGF-f1
released over 72 h incubation in PBS fluid. The first 24 hours
after implant placement are vital for establishing the foun-
dation of healing and integration, influencing the long-term
success of biomaterial. In this initial period, a relatively fast
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Fig. 5 SEM imaging of the morphology of the samples (A) coating C, (B)
coating 4, (C) coating C/GF.

release of both incorporated growth factors was observed. The
released amounts of VEGF-165 and TGF-f1 are similar and
reach 31.2% and 29.5%, respectively. These similar values may
be a result of the fact that despite their different properties
and parameters, these proteins possess a relatively similar kDa
value. TGF-f1 is a 25 kDa polypeptide that consists of two see-
mingly identical 12.5 kDa subunits linked by disulfide
bonds.*® On the other hand, the size of VEGF-165 is estimated
at 23-22 kDa.*® Given these values, it is likely that the two pro-
teins were able to penetrate the polymer network in a similar
manner, migrating between polymer chains.*
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Fig. 6 Cumulative release profiles of VEGF-165 and TGF-p1 from the
coating C/GF over 72 h incubation in PBS fluid. Dashed lines represent

the Higuchi model fit indicating a diffusion-controlled release
mechanism.
After the initial burst phase, sustained release was

observed, with cumulative release reaching approximately
50.2% for VEGF-165 and 47.7% for TGF-B1 after 72 hours. This
biphasic profile, consisting of a rapid initial release followed
by a slower, continuous phase, is characteristic of polymer-
based delivery systems. The slower phase is likely to result
from the diffusion of proteins trapped deeper in the cross-
linked polymer matrix and possibly interacting with the hydro-
gel components.

To better understand the release mechanism, the experi-
mental data were fitted to the Higuchi model which describes
drug release governed by Fickian diffusion from a homogeneous
matrix.>® The model provided a good fit to the experimental
data for both growth factors, yielding release constants of k =
0.062 (VEGF-165) and k = 0.059 (TGF-p1). These values, together
with the curve fit in the graph, confirm that diffusion through
the polymer network is the main mechanism driving protein
release.>® Furthermore, the similar release profile for both GFs
supports the concept that protein diffusion in this system is pri-
marily influenced by polymer network structure and porosity,
rather than specific differences due to protein type.

Previous work has demonstrated that as the proportion of
HAp increases, the amount of clindamycin released decreases.

Table 3 Elemental EDX analysis of coatings, summary of mass [%] and atomic [%] amounts of individual elements

Coating C Coating 4 Coating C/GF

Element Mass [%] Atom [%] Mass [%] Atom [%] Mass [%] Atom [%]
Ca 5.99+£0.28 2.16 £ 0.10 6.55 £ 0.31 2.38£0.11 6.32 £ 0.26 2.29 £0.10
P 2.22 +£0.14 1.03 £ 0.07 2.16 £ 0.15 1.02 £ 0.07 2.35+0.13 1.10 £ 0.06
N 3.27£0.53 3.37+£0.54 4.09 £ 0.59 4.27 £ 0.61 3.60 £ 0.50 3.73+£0.51
C 45.30 + 0.45 54.44 = 0.55 42.54 + 0.47 51.70 £ 0.57 44.01 + 0.42 53.23 £0.50
O 43.22 + 0.97 38.99 + 0.87 44.44 +1.02 40.55 + 0.93 43.60 + 0.89 39.59 +0.81
Cl — — 0.22 £ 0.05 0.09 + 0.02 — —

S — — — — 0.11 £ 0.05 0.74 £ 0.01
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As little as 5% addition of ceramic reduced the amount of clin-
damycin released by about 12% after 24 h incubation in PBS.*?
Considering those reports, in this work, the material exhibit-
ing the greatest application potential (coating C) was modified
with growth factors — VEGF-165 and TGF-f1. Naturally, the
amount of proteins released will also depend on the original
amount used for modification. For this reason, it is rather
tough to compare them to other literature reports. However, in
the context of the research presented in this paper, the
amount released is extremely important in terms of the
effective dose of each substance. In the case of VEGF, the
therapeutic effect of improving intervascular integrity was
observed for doses of 0.1 mg kg™ for intratissue adminis-
tration and 1.0 mg kg™ for intravenous injection.>®* However,
these data are related to doses adjusted for improved renal
health. In the case of TGF-f1, on the other hand, biological
activity can already be observed at the surprisingly low dose
range of 0.1-10 ng mL™". It is presumed that the reduction in
damage to hippocampal CA1 neurons (responsible for cogni-
tive function and memory processes), observed at this amount
of protein, may be related to the antioxidant and anti-apopto-
tic effects of TGF-B1.>* As little as 0.1 ng mL~" TGF-p1 exhibi-
ted the ability to produce cartilage matrix, while material
without GF did not show this ability at all.>> VEGF at a concen-
tration of 120 ng mL™' causes an approximately twofold
increase in the expression of osteoblast differentiation genes,
i.e. alkaline phosphatase (ALP) and collagen I alpha I
(COL1a1).>® Studies conducted in this work have demonstrated
that positive changes can also be observed at a much lower
dose. In particular, compared to an intravenous dose, the
amount of active ingredient released locally may be reduced,
as systemic distribution of the compound throughout the body
is then avoided.””

The analysis of cytokine levels presented in Fig. 7 illustrates
the biocompatibility and safety of the tested biomaterials
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Fig. 7 The concentration of interleukin-1p — IL-1f (A), interleukin-10 —
IL-10 (B) and tumor necrosis factor-o — TNF-a (C) in the serum samples
obtained from animals after biomaterials implantation. NTC - non-
treated control (rats not subjected to implantation of the biomaterials).
Number of animals, n = 3. * — statistical significance vs. NTC, p value
given next to "*".
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(coating C, coating 4, coating C/GF) applied to animals. Fig. 8
shows the surgical procedure for implantation of polymer-
ceramic composites into cranial bone defects in a rat model.
The levels of the pro-inflammatory cytokines IL-1f and TNF-«
remained consistently low across all experimental groups. This
suggests that the tested biomaterials do not activate acute
inflammatory pathways, indicating a lack of harmful effects.
The levels of IL-10, a cytokine associated with anti-inflamma-
tory activity and tissue repair, remained comparable across
groups with only slight variations, indicating that the inflam-
matory process was effectively modulated. Importantly, the
concentrations of all tested cytokines were compared with the
values measured in the sera of untreated animals (NTC).

The next stage of the work involved visualizing the mineral-
ization of the animals’ cranial bones at the site of the defect.
For this purpose fluorescent dye - Xylenol orange (concen-
tration 25 mg per kg body weight) was injected subcutaneously
into the animals 8 weeks after implantation of the tested bio-
materials, at 72 hours before euthanasia. The fluorescence
signal reflects the incorporation of Xylenol orange dye indicat-
ing active bone mineralization sites. The images obtained indi-
cate that the coating C/GF material facilitated the mineraliz-
ation of the bone areas directly in contact with the implanted
material (areas glowing green, Fig. 9A). Skull sections contain-
ing the implanted biomaterials were also visualized with a con-
focal macroscope using the following wavelengths 4 = 440/570
— 610 nm for Xylenol orange. The images obtained indicate
that the coating C/GF material contributed to significant bone
regeneration 8 weeks after implantation compared to the refer-
ence material - coating C (area glowing green, Fig. 9A).

Significantly elevated levels of osteopontin (OPN) in the
coating 4 and coating C/GF groups further confirmed the
microscopic observations (Fig. 9B). OPN is a multifunctional
protein crucial in bone healing, particularly in the recruitment
and activation of osteoclasts and osteoblasts. Elevated OPN
levels in serum indicate active bone remodeling and mineraliz-
ation processes, underscoring the higher regenerative efficacy
of the growth factor-enriched composite.*®°

In vivo results suggest that incorporating growth factors:
VEGF-165 and TGF-pf1 into the composite significantly pro-
moted mineralization at the defect site as evidenced by
increased osteopontin (OPN) levels in serum, measured using
ELISA, and histological analysis of the explanted cranial bone
defects, which revealed enhanced bone matrix deposition and
mineralized tissue formation compared to the control groups.
Growth factors such as VEGF-165 and TGF-f1 are crucial
mediators in the process of bone regeneration and tissue
healing. VEGF-165 stimulates angiogenesis by promoting the
proliferation and migration of endothelial cells, which leads to
the formation of new blood vessels. This is particularly impor-
tant in bone repair, as an adequate blood supply is essential
for delivering oxygen, nutrients, and cells involved in the
healing process. In addition to its role in angiogenesis,
VEGF-165 enhances osteoblast activity, facilitating the for-
mation of new bone tissue by promoting the differentiation
and mineralization of these bone-forming cells.>*> Also,
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Fig. 8 Steps in the surgical procedure for implantation of polymer-ceramic composites into cranial bone defects in a rat model. (A) Exposure of the
calvarial area showing anatomical landmarks (bregma and lambda) for precise defect localization. (B) Creation of a standardized circular defect in
the calvarial bone using a trephine drill under sterile conditions. (C and D) Placement of the composite material into the defect site. (E) Closure of
the surgical site using sutures to ensure proper healing. (F) Post-operative recovery of the animal under monitoring. (G) Inspection of the defect site
during the healing period to assess implant positioning and integration. (H) Visualization of the cranial area showing spontaneous regeneration of

the tissue defect without the involvement of an implant.

VEGF released from the composite can play supportive role in
bone regeneration by enhancing angiogenesis, as demon-
strated by increase tube formation of endothelial cells. This
angiogenetic activity alongside upregulated osteogenic and
angiogenic biomarkers in vivo, contributed to effective bone
defect repair.®® On the other hand, TGF-p1 plays a pivotal role
in bone regeneration by regulating several processes in the
extracellular matrix. It promotes the deposition of key com-
ponents such as collagen and proteoglycans, which provide a
scaffold for bone tissue development. Furthermore, TGF-f1
stimulates the recruitment and differentiation of mesenchymal
stem cells (MSCs) into osteoblasts, enhancing bone formation.
It also modulates the activity of osteoclasts to maintain a
balanced bone remodeling process.®*”®® Together, these
growth factors act synergistically to create an environment con-
ducive to effective bone healing and regeneration.

6094 | Biomater. Sci, 2025, 13, 6085-6097

This study confirmed that the coating contributed to sig-
nificant bone regeneration 8 weeks after implantation com-
pared to the reference material, and furthermore, the devel-
oped coating was demonstrated not to activate acute inflam-
matory pathways, as confirmed by determining levels of the
pro-inflammatory cytokines IL-1f and TNF-a« and comparing
the obtained values to those of untreated animals. In the case
of bone tissue regeneration, many previous studies, such as
the work of Zhang et al. (2019) or Uskokovi¢ and Desai (2014),
are often concerned with ceramic-only systems for local deliv-
ery of active ingredients.®”°® Mainly this is HAp, the gold stan-
dard in the biomedical field due to its composition and simi-
larity to human bone. However, it is important to consider
that the use of composites can significantly improve material
properties. Addition of HAp to the composite leads to a highly
improved effect on MC3T3 cell differentiation and mineraliz-
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Fig. 9 Representative images of skull sections containing implanted
biomaterial illustrating bone mineralization processes after 8 weeks of
implantation. The fluorescence signal reflects the incorporation of
Xylenol orange dye, administered in vivo at 72 hours prior to euthanasia,
indicating active bone mineralization sites (A). Serum levels of osteopon-
tin — OPN (B).

ation of the extracellular matrix. Cell differentiation for the
ceramic materials was up to twice as high.®

Future perspectives

The results presented in this study have important impli-
cations for the development of materials engineering aimed at
bone tissue regeneration. The developed composite coatings,
with their controlled-release properties and synergistic growth
factor action, offer a promising solution for bone defects of
critical size. The ability to adapt the photocrosslinking process
to different shapes and sizes of implants increases its versati-
lity in personalized medicine applications, by tailoring it to
individual patient needs. The coating can be used on its own
as a more flexible filling, or applied to cover other implants, as
demonstrated in this study with composite or polymer struc-
tures, as well as 3D-printed component. As a result, solid
materials that have no, or very low, biological activity can
receive additional functions and important properties. It is
also important to note that this approach has the potential to
reduce reliance on allo- and autografts, which are associated
with donor site morbidity, limited availability, as well as being
a potential ethical constraint. From an application perspective,
it is also crucial to highlight the sustainable nature of the
developed materials. The proposed method of obtaining these
coatings is both ecological and economical, as it eliminates
the need for toxic solvents and reagents while preventing the
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generation of hazardous by-products that would otherwise
require costly disposal. Environmentally friendly methods of
materials synthesis, is an important factor in the context of
global sustainability efforts. Minimization of energy consump-
tion as well as reduction of chemical waste are in line with the
principles of green chemistry, promoting responsible inno-
vation in regenerative medicine. This environmentally con-
scious approach not only supports sustainable material devel-
opment but also have potential to enhance the feasibility of
translating these findings into clinical and industrial appli-
cations. However, the results presented in the above paper
have their limitations, and potential application would be
possible with the appropriate steps. The presented solution in
the legal sense is a class-three medical device, which must
meet the relevant standards as well as regulations. The process
would need to be scaled up and translated from the laboratory
to a real environment. The coating material has been tested
under in vivo conditions on animal models in the form of rats,
relatively small animals, therefore the model may not fully
reflect the actual bone healing process due to anatomical
differences. Future studies should consider larger animal
models that exhibit greater similarity to humans. The potential
to expand the solution, as well as to increase its biological
value, is the possibility of modifying the carrier additionally
with other active agents, which, acting synergistically to the
pre-applied components, could promote tissue regeneration.
In the aspect of bone tissue, this could be bone morphogen-
etic protein (BMP).

Conclusions

The results obtained in this study highlight the significant
potential of incorporating growth factors such as VEGF-165
and TGF-p1, and clindamycin into ceramic-polymer composite
coatings for bone tissue regeneration. The materials can be
customized into a variety of shapes and sizes which increases
versatility for personalized medicine applications. The unique
solution proposed in the presented work to obtain coatings
was the use of a photocrosslinking process in UV light.

In conclusion, the composite coatings developed and pre-
sented in this work, obtained by crosslinking and capable of
releasing clindamycin and protein growth factors, represent a
novel as well as an effective strategy for promoting bone regen-
eration. This technology potentially may significantly impact
orthopaedic and regenerative medicine clinical practice.
However, while studies conducted in both in vitro and in vivo
conditions have confirmed safety as well as bioactivity, further
research is needed in this context.
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