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Abstract

Objectives: The development of biomaterials for bone tissue engineering requires a combination of suitable mechanical properties,
bioactivity, and cytocompatibility. In this study, photocrosslinked polymer-ceramic composites based on poly(vinylpyrrolidone) (PVP),
poly(ethylene glycol) (PEG), and pullulan were developed and reinforced with dicalcium phosphate dihydrate (DCPD, brushite) to ob-
tain bioactive materials with enhanced biological performance. Methods: DCPD was synthesized via a wet precipitation method and
incorporated into polymer matrices through UV-induced photopolymerization. The resulting composites were characterized in terms of
swelling behavior, hardness, degradation in physiological conditions, surface morphology, and biological response. Cytocompatibility
was assessed using direct and indirect cytotoxicity assays, proliferation studies, and scanning electron microscopy (SEM) evaluation of
MC3T3-El preosteoblast adhesion and morphology. Results: The composition of the polymer matrix significantly affected the physico-
chemical properties of the materials. Increased PVP content resulted in higher hardness and more developed surface morphology, whereas
DCPD incorporation reduced swelling and increased surface roughness. All materials exhibited satisfactory cytocompatibility, with cell
viability remaining above the threshold specified by ISO 10993-5. Proliferation studies demonstrated progressive cell growth over time,
particularly on DCPD-containing composites. SEM observations confirmed successful cell attachment and favorable cell-material in-
teractions, with the most pronounced response observed for balanced PVP/PEG formulations reinforced with DCPD. Conclusions: The
developed PVP/PEG/pullulan-DCPD composites demonstrated promising physicochemical and biological properties and may serve as
preliminary bone-facing materials for future osteochondral tissue engineering applications. Further studies are required to investigate
their osteogenic potential and long-term biological performance.
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Introduction ing clinical demand for effective treatment strategies is re-
flected in the rapid expansion of the cartilage repair mar-
ket. The global cartilage repair and regeneration market is
estimated to reach nearly USD 2 billion in 2026 and is ex-
pected to grow to approximately USD 3.7 billion by 2031,
with a high annual growth rate exceeding 13%. Similarly,
the knee cartilage repair segment alone is projected to reach
over USD 2.6 billion by 2031, driven by the increasing in-
cidence of osteoarthritis, sports injuries, and ageing popu-
lations [3]. This dynamic growth highlights not only the
scale of the clinical problem but also the urgent need for

Osteochondral defects, involving damage to both ar-
ticular cartilage and the underlying subchondral bone, rep-
resent a significant clinical and socioeconomic challenge.
These injuries may arise from trauma, degenerative dis-
eases such as osteoarthritis, or repetitive mechanical load-
ing, and are characterised by a limited intrinsic healing
capacity, particularly in cartilage tissue [1,2]. It is esti-
mated that cartilage-related lesions affect millions of pa-
tients worldwide, with osteoarthritis being one of the lead-
ing causes of disability globally. In parallel, the grow-
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advanced biomaterials capable of supporting effective tis-
sue regeneration. The complexity of osteochondral tissue,
composed of a soft, viscoelastic cartilage layer and a stiff,
mineralized bone phase, makes its regeneration particularly
challenging [4,5]. Successful repair requires the simultane-
ous restoration of both tissue types, as well as the recreation
of their functional interface, which plays a critical role in
load transfer and joint mechanics.

Despite significant advances in clinical treatment
strategies, the effective regeneration of osteochondral de-
fects remains challenging. Conventional approaches, such
as microfracture, autologous chondrocyte implantation, and
osteochondral grafting, are widely used in clinical practice;
however, they are often associated with several limitations
[6,7]. In particular, these methods frequently lead to the for-
mation of fibrocartilage rather than native hyaline cartilage,
which exhibits inferior mechanical properties and reduced
durability [8,9]. Additionally, insufficient integration be-
tween regenerated cartilage and subchondral bone, as well
as donor-site morbidity and limited graft availability, fur-
ther limit the long-term success of these treatments [10].
As a result, there is a growing need for alternative strate-
gies that enable the restoration of both cartilage and bone
tissue in a controlled and functionally integrated manner.

In response to these limitations, biomaterial-based ap-
proaches have emerged as a promising strategy for osteo-
chondral tissue regeneration. In particular, hydrogel sys-
tems have gained considerable attention due to their struc-
tural similarity to the native extracellular matrix (ECM),
high water content, and tunable physicochemical properties
[11,12]. These characteristics enable hydrogels to provide
a supportive microenvironment for cell adhesion, prolifer-
ation, and differentiation. Moreover, their injectability and
ability to fill irregular defect sites make them especially at-
tractive for minimally invasive therapies. However, despite
these advantages, conventional hydrogel systems often ex-
hibit significant drawbacks that limit their application in
osteochondral regeneration. In particular, many hydrogels
lack sufficient mechanical strength and structural stability
required for load-bearing environments, as well as bioac-
tive cues necessary to stimulate tissue-specific cellular re-
sponses [13,14]. As a result, purely polymeric hydrogels
are frequently unable to support the simultaneous regener-
ation of both cartilage and subchondral bone, highlighting
the need for the development of more advanced, multifunc-
tional systems [15].

To overcome the limitations of conventional hydro-
gels, increasing attention has been directed toward hybrid
systems combining synthetic polymers with naturally de-
rived polysaccharides [16,17]. Synthetic polymers, such
as poly(ethylene glycol) (PEG) and poly(vinylpyrrolidone)
(PVP), are widely used due to their well-defined struc-
ture, reproducibility, and tunable physicochemical prop-
erties [18]. PEG is particularly valued for its high hy-
drophilicity and flexibility, which promote water uptake
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and facilitate the formation of hydrated networks, while
PVP contributes to improved structural stability and me-
chanical strength due to its more rigid molecular struc-
ture [19,20]. In parallel, natural polysaccharides, such as
pullulan, have been introduced to enhance the biological
performance of hydrogel systems. Pullulan is a non-toxic
and biodegradable polysaccharide characterised by excel-
lent film-forming ability and high water solubility, which
can support cell-material interactions and improve the over-
all biofunctionality of the system [16,21]. The combination
of synthetic and natural components enables the design of
hybrid hydrogels with tailored properties, allowing for fine-
tuning of mechanical behaviour, swelling characteristics,
and biological response. Nevertheless, despite these ad-
vantages, polymer-based hydrogels remain largely bioinert
and are often unable to actively stimulate tissue regenera-
tion, particularly in the context of osteochondral applica-
tions. This limitation highlights the need for the incorpora-
tion of additional bioactive components capable of inducing
specific cellular responses [13,22].

To address the limitations of bioinert polymer sys-
tems, calcium phosphate-based materials have been widely
investigated as bioactive components for tissue engineer-
ing applications. In particular, dicalcium phosphate di-
hydrate (DCPD) has attracted increasing interest due to
its high solubility and ability to release biologically rele-
vant ions, such as calcium (Ca®*) and phosphate (PO437),
which play a crucial role in bone formation and cellular sig-
nalling processes [23,24]. The incorporation of calcium
phosphate phases into polymer matrices has been shown
to enhance osteoconductivity, promote mineralisation, and
improve overall biological performance [25]. Unlike more
stable calcium phosphate phases, DCPD exhibits relatively
fast dissolution behaviour, which enables dynamic ion ex-
change with the surrounding environment. This feature is
particularly advantageous in the context of osteochondral
regeneration, where controlled ion release can stimulate os-
teoblastic activity in the subchondral bone region, while the
polymer matrix provides a supportive environment for car-
tilage regeneration [26]. Moreover, the presence of inor-
ganic particles within the polymer network may contribute
to increased mechanical stability and surface roughness,
further enhancing cell-material interactions [27]. However,
despite the recognised benefits of calcium phosphate incor-
poration, the design of polymer-ceramic hydrogels remains
challenging. In particular, insufficient control over parti-
cle dispersion, network structure, and processing conditions
may lead to inhomogeneous materials and unpredictable bi-
ological performance. Therefore, a systematic approach
linking composition, processing parameters, and final ma-
terial properties is required to fully exploit the potential of
such hybrid systems.

Despite growing interest in polymer-ceramic hydro-
gel systems, a comprehensive understanding of the rela-
tionships between precursor suspension behavior, polymer
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composition, network architecture, and biological response
remains limited. In particular, insufficient attention has
been paid to the role of suspension stability and process-
ing parameters in determining the final distribution of the
ceramic phase and its subsequent impact on physicochem-
ical and biological properties. Most previous studies have
focused primarily on material composition, while the in-
teraction between the processing process, structure, and
function is often overlooked. Therefore, this study aimed
to develop and characterize DCPD-reinforced PEG-PVP-
pullulan photopolymerizable hydrogels, with a particular
emphasis on establishing a direct relationship between ma-
terial composition, processing conditions, and biological
properties. The influence of polymer concentration on ce-
ramic sedimentation and of network structure on swelling
behavior, degradation, ion release, surface properties, and
biocompatibility was systematically investigated. Impor-
tantly, this study proposes a rational strategy for designing
hybrid polymer-ceramic hydrogels, in which controlling the
stability of the precursor suspension and the interactions
between the polymer and the ceramic allows for the cus-
tomization of material properties and biological responses.
By combining synthetic polymers, natural polysaccharides,
and bioactive ceramic phases, the developed system aims
to create a multifunctional platform for osteochondral tis-
sue engineering.

Materials and Methods
Materials

All reagents used for the synthesis of calcium phos-
phate powders-namely disodium hydrogen phosphate dihy-
drate (NaoHPO4-2H20, CAS no. 10028-24-7), calcium ni-
trate tetrahydrate (Ca(NOg3)2-4H20, CAS no. 13477-34-
4), and ammonium hydroxide (NH4OH, 25%, CAS no.
1336-21-6) were obtained from Sigma-Aldrich (Darmstadt,
Germany). PEG (Mw = 10,000, CAS no. 25322-68-3),
PVP (Mw = 10,000, CAS no. 9003-39-8), poly(ethylene
glycol) diacrylate (PEGDA, Mn = 575 and 700, CAS
no. 26570-48-9), and the photoinitiator 2-hydroxy-2-
methylpropiophenone (CAS no. 7473-98-5) were pur-
chased from Sigma-Aldrich (Darmstadt, Germany). Pullu-
lan (CAS no. 9057-02-7) was obtained from Angene (Cam-
bridge, UK). Ringer’s solution, artificial saliva, and simu-
lated body fluid (SBF) were prepared using analytical grade
reagents. Sodium chloride (NaCl, CAS no. 7647-14-5),
potassium chloride (KCl, CAS no. 7447-40-7), calcium
chloride (CaCly, CAS no. 10043-52-4), and sodium sulfate
(NagSO,4, CAS no. 7757-82-6) were purchased from Eu-
rochem BGD (Tarnéw, Poland). Disodium hydrogen phos-
phate (NasHPO4-H50, CAS no. 7558-79-4), sodium sul-
fide (Na3S-9H50, CAS no. 1313-84-4), dipotassium hy-
drogen phosphate (KoHPO,4-3H20, CAS no. 16788-57-
1), and magnesium chloride hexahydrate (MgCls-6H20,
CAS no. 7791-18-6) were obtained from Chempur (Piekary
Slaskie, Poland). Sodium bicarbonate (NaHCO3, CAS no.
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144-55-8) was supplied by DOR-CHEM (Krakéw, Poland),
while urea (CAS no. 57-13-6) and hydrochloric acid (HCI,
35-38%, CAS no. 7647-01-0) were purchased from Stan-
lab (Lublin, Poland). Tris(hydroxymethyl)aminomethane
(Tris, CAS no. 77-86-1) was obtained from POCH (Gli-
wice, Poland). Phosphate-buffered saline (PBS, BO0971D)
was prepared using commercially available tablets (OX-
OID, Basingstoke, UK). Demineralised water used for all
solutions was obtained using a Hydrolab HLP 5sp system
(Wodzistaw Slaski, Poland).

MC3T3-E1 Subclone 14 cells (a pre-osteoblastic cell
line derived from mouse calvaria) were purchased from
Sigma-Aldrich (Darmstadt, Germany). Reagents used for
biological assays, including a-Minimum Essential Medium
(a-MEM, M8042), fetal bovine serum (FBS, F4135),
penicillin—streptomycin solution (P4333), amphotericin B
(A2942), L-glutamine (G7513), Dulbecco’s phosphate-
buffered saline (DPBS, P3813), Triton X-100 (X100),
0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) so-
lution (SM-2003), trypan blue solution (T6146), 37 %vol.
formaldehyde solution (CAS no. 50-00-0), 25 %vol. glu-
taraldehyde (G6257), glacial acetic acid (CAS no. 64-19-
7), ethanol 96 %vol. (CAS no. 64-17-5), and Hank’s bal-
anced salt (H8264) were purchased from Sigma-Aldrich
(Darmstadt, Germany). The 22,3-Bis(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt
(XTT, X4626) assay reagents, including XTT sodium salt
and phenazine methosulfate (PMS, P9625), as well as the
neutral red dye used in the neutral red uptake (NRU, N7005)
assay, were also obtained from Sigma-Aldrich (Darmstadt,
Germany).

Preparation of Ceramic Powder

DCPD was synthesized by wet precipitation using
Ca(NO3)2-4H50 and NayHPO,4-2H50 as precursors for
calcium and phosphate, respectively. In brief, the calcium
precursor solution was added dropwise (= 1 drop-s~!) to
the phosphate solution under continuous magnetic stirring,
while adjusting the pH with 25% ammonium hydroxide
(NH4OH). The reaction was carried out at a target Ca/P
molar ratio of 1.0, which promoted the precipitation of
brushite. After complete addition, the resulting suspension
was left for 24 hours, then the precipitate was collected,
washed repeatedly with distilled water until a neutral pH
was obtained, and finally freeze-dried to obtain DCPD pow-
der.

The detailed synthesis protocol is described in our pre-
vious publication, in which this ceramic powder was desig-
nated as “1.0”; in this study, it is referred to as DCPD [28].

Determination of Ceramic Sedimentation Rate

The sedimentation rate of DCPD powder in polymer
solutions was measured as previously described [29]. In
order to obtain composites, a UV photopolymerisation pro-
cess lasting 4 minutes was used. To avoid excessive sed-

www.ecmjournal.org


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v058a12

European Cells and Materials Vol.58 2026 (pages 158—180) DOI: 10.22203/eCM.v058a12

Table 1. Compositional design and formulation of the polymer-ceramic composites.

Sample PEG (mL) PVP(mL) Pullulan(g) DCPD(g) PEGDA (mL) Photoinitiator (uL)
A 7.5 2.5

B 5 5

C 25 7.5

A-DCPD 7.5 2.5 05 2 50
B-DCPD 5 5 0.5

C-DCPD 2.5 7.5

imentation of ceramics in an aqueous polymer solution,
the sedimentation rate of DCPD was analysed at different
PVP/PEG concentrations. A 1:1 polymer ratio (PVP: PEG)
and aqueous concentrations of 0%, 5%, 10%, 15%, 20%
and 25%. The analysis was performed using a MultiScan
MS20 DataPhysics Instruments device (Filderstadt, Ger-
many). Each measurement was performed over a period
of 60 minutes, with 120 scans taken at 12-second intervals.

Preparation of Polymer-Ceramic Composites

Composite biomaterials based on a PVP/PEG polymer
matrix containing the polysaccharide pullulan and DCPD
were created using photopolymerization. The overall syn-
thesis procedure is schematically illustrated in Fig. 1. Ini-
tially, a broader range of polymer and polymer-ceramic
formulations was designed and prepared to optimize the
composition and processing parameters. The complete for-
mulation matrixes is presented in Supplementary Table
1. Based on this preliminary screening, selected formu-
lations were used in the main study. First, a solution of
PVP and PEG polymers was prepared at a concentration of
15% (w/v) each. Then, appropriate volumes of these so-
lutions were transferred to beakers according to the com-
position specified in Table 1. 0.5 g of pullulan was added
to each preparation and stirred until completely dissolved.
Next, 0.5 g of DCPD powder was gradually added, stirring
continuously to ensure homogeneous dispersion of the ce-
ramic phase in the polymer matrix. After homogenization,
2 mL of PEGDA with a molecular weight of Mn 700 was
introduced as a cross-linking agent, followed by 50 uL of
photoinitiator (2-hydroxy-2-methylpropiofenone). The re-
sulting mixtures were thoroughly mixed, transferred to Petri
dishes with a diameter of 9 cm, and irradiated with UV light
for 4 minutes using a Medilux UV 436 HF lamp (Medilux,
Korntal-Miinchingen, Germany) for photopolymerization
and formation of a cross-linked hydrogel network.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was
used to characterize the chemical structure of pure base ma-
terials (PVP, PEG, pullulan, DCPD, and PEGDA) and the
polymer-ceramic composites produced. The analysis was
performed to confirm the presence of characteristic func-
tional groups of individual components and to evaluate po-
tential physicochemical interactions after incubation in me-
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dia simulating the internal environment of the body. The
spectra were collected using a Nicolet iS5 FT-IR spectrome-
ter (Thermo Scientific, Loughborough, UK) equipped with
aniD7 ATR accessory . The measurements were performed
in the range of 4000400 cm ™' with 32 scans per sample at
a spectral resolution of 4.0 cm™!, at room temperature.

Incubation Studies
Fluid Preparation

In vitro incubation studies were conducted to evalu-
ate the physicochemical stability and potential bioactivity
of the developed composites under conditions simulating
selected physiological environments. For this purpose, four
incubation fluids were used: distilled water, Ringer’s solu-
tion, artificial saliva, and SBF.

Distilled water was used without further modification.
Ringer’s solution, artificial saliva, and SBF were prepared
according to the compositions listed in Table 2, Table 3, and
Table 4. The reagents were added sequentially under con-
stant stirring, ensuring complete dissolution of each com-
ponent prior to the addition of the next.

Ringer’s solution and artificial saliva were prepared at
room temperature. The pH of Ringer’s solution was in the
range of 6.4—6.5, whereas the pH of artificial saliva was 5.5.
For SBF preparation, 700 mL of distilled water was heated
to 36.5 °C (£ 0.5 °C), and the reagents were added suc-
cessively under continuous stirring. The pH was adjusted
to 7.40-7.45 using HCl and Tris, and the final volume was
adjusted to 1000 mL with distilled water. All incubation
fluids were freshly prepared prior to use.

Table 2. Chemical composition of the Ringer’s solution

formulation.
Sequence  Reagent Amount (g-L—1)
1 NaCl 8.600
2 KCl 0.300
CaClz-2H20 0.480

Potentiometric and Conductometric Measurements

To evaluate the behaviour of the developed materials
under conditions simulating physiological environments,
incubation studies were performed in four media: SBF,
Ringer’s solution, artificial saliva, and distilled water. Each
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Fig. 1. Schematic illustration of the preparation of polymer-ceramic hydrogels based on a PVP/PEG matrix containing pullulan
and DCPD. Created in BioRender. L. (2026) https://BioRender.com/fcoueq;.

Table 3. Chemical composition of the artificial saliva

formulation.
Sequence  Reagent Amount (g-L—1)
1 NaCl 0.400
2 KCl 0.400
3 CaClz-2H20 0.795
4 NaxHPO4-H20 0.780
5 NasS-9H20 0.005
6 CO(NH2)2 1.000

Table 4. Chemical composition of the SBF formulation.

Sequence  Reagent Amount (g-L~1)
1 NaCl 8.035

2 NaHCO3 0.355

3 KCl 0.225

4 KoHPO4-3H20 0.231

5 MgClz-6H20 0.311

6 IM HC1 39mL

7 CaCls 0.292

8 Na2S04 0.072

9 Tris 6.118

10 IM HCI Appropriate amount for pH adjustment

sample was immersed in 100 mL of the respective medium
in airtight, sterile containers. The samples were incubated
at 36.6 °C in a POL-EKO ST 5 B SMART incubator (POL-
EKO, Wodzistaw Slaski, Poland). For each formulation,
three independent replicates were prepared and analysed.

The pH and ionic conductivity of the incubation me-
dia were measured after 1, 3, 7, 10, and 14 days using an
Elmetron CX-701 multifunction meter (Elmetron, Zabrze,
Poland) equipped with an EPS-1 pH electrode and an ECF-
1 conductivity probe (Elmetron, Zabrze, Poland). All mea-
surements were performed at room temperature.
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Determination of Swelling Capacity

The swelling capacity of materials, which involves the
absorption of liquids into the polymer structure, is defined
as one of the strategies for assessing the potential of materi-
als for use as carriers of active substances. This parameter
is influenced by the composition of the materials and the
type of liquid itself.

Composite samples weighing 0.1 g were prepared and
immersed in 100 mL of distilled water, kept in sterile,
sealed containers at a temperature of 36.6 °C. The samples
were then weighed after 30 minutes, 1 hour, 3 hours, 1 day,
3 days, 7 days, 10 days, or 14 days. In order to measure
the weight during the analysis, the samples were removed
from the solutions and gently drained using filter paper. The
swelling capacity of the samples was determined according
to equation (Eqn. 1), where mg is the dry weight of the
sample and m; is the weight of the sample at a specific in-
cubation time:

Swelling ability = w x 100% (1)
0

Using Voigt’s viscoelastic model (Eqn. 2), the
swelling kinetics were determined by defining equilibrium
swelling and the rate parameter 7. In the equation, S, means
equilibrium swelling (%), S; means swelling over time t
(%), t means time (min), and 7 means the rate parameter
indicating the time needed for the sample to absorb 0.63 of
its maximum swelling (min) [30].

S, =8, {1 - e—ﬂ )

www.ecmjournal.org


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v058a12
https://BioRender.com/fcoueqj

European Cells and Materials Vol.58 2026 (pages 158—180) DOI: 10.22203/eCM.v058a12

Degradation Studies

The degradation behaviour of the developed polymer-
ceramic composites was evaluated under simulated physio-
logical conditions. Disc-shaped samples with an initial dry
mass of approximately 0.1 g were placed in sterile, sealed
containers containing 100 mL of the selected incubation
media: SBF, PBS, artificial saliva, Ringer’s solution, and
distilled water (reference).

PBS was prepared by dissolving one tablet in 100 mL
of distilled water. All samples were incubated at 36.6 °C
for 14 days in a POL-EKO ST 5 B SMART incubator (POL-
EKO, Wodzistaw Slaski, Poland). The containers remained
sealed throughout the incubation period. Three independent
replicates were prepared for each material formulation.

After 14 days, the samples were removed from the in-
cubation media, dried to constant mass, and weighed. The
degree of degradation was calculated using the following
equation (Eqn. 3):

Mty — M 100% (3)
mto

Degree of degradation =

where my,, is the initial dry mass of the sample (g), and
my is the dry mass after the incubation period (g).

Scanning Electron Microscopy (SEM) With Elemental
Composition Analysis

The morphology of the composite surfaces was ex-
amined using SEM. For this purpose, a JEOL IT200 mi-
croscope (JEOL Ltd, MA, USA) was used. The analysis
was carried out to assess the effect of the composition of
the materials on their morphology. Prior to SEM measure-
ments, the samples were coated with a gold nanolayer using
a DII-29030SCTR Smart Coater (JEOL Ltd, MA, USA).
The microscope was equipped with an energy-dispersive
X-ray spectroscopy (EDS) detector, which was used to per-
form elemental analysis of the sample surfaces. Elemental
analysis was carried out by determining the mass percent-
age (%M.) and atomic percentage (%At.). The measure-
ments were performed at x 500 magnification.

Surface Roughness Analysis

Surface morphology and quantitative roughness mea-
surements were carried out using a VHX Series digital mi-
croscope (Keyence, Osaka, Japan). Images were captured
in 4K resolution (4000 x 3000 pixels), with magnifications
ranging from 500x to 2500x. The high-dynamic-range
(HDR) imaging mode was applied to enhance surface de-
tail. Three-dimensional surface mapping and profile analy-
sis were performed using the VHZ-7000 series 4K CMOS
optical system (Keyence, Osaka, Japan), enabling precise
topographical characterisation.

Surface roughness was evaluated based on 3D mea-
surements, and the parameters Ra and Rz were determined.
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The Ra value (arithmetical mean roughness) reflects the av-
erage deviation of the surface profile from the mean line,
providing general information about surface irregularities.
The Rz parameter represents the average maximum height
difference between the highest peak and the deepest valley
within the sampling length, characterising extreme surface
features.

Hardness Measurement

The hardness of the samples was determined on the
Shore D (HD) scale in order to assess the effect of the com-
position and the addition of DCPD on the mechanical prop-
erties of the materials. A Sauter HDD 100-1 hardness tester
(KERN & SOHN GmbH, Balingen, Germany) was used for
this purpose, and the test samples were 4 mm thick.

Sterilisation and Sample Preparation for Biological
Studies

Samples intended for biological evaluation were pre-
pared according to the procedure described in subsection
“Preparation of Polymer-Ceramic Composites”. Briefly,
the polymer-ceramic mixture was prepared as previously
described, and aliquots of 0.5 mL were dispensed into the
wells of a 24-well culture plate. The formulations were
then subjected to UV-induced photopolymerisation under
the same conditions as described earlier, resulting in the for-
mation of crosslinked hydrogel specimens directly within
the wells.

Before conducting biological assays, all composite
samples were sterilised by exposure to gamma radiation at
a dose of 35 kGy. Irradiation was performed using a %°Co
gamma source at the Institute of Applied Radiation Chem-
istry, Lodz University of Technology (L6dz, Poland).

In Vitro Biological Evaluation
Cell Culture Conditions

MC3T3-E1 Subclone 14 cells, a mouse preosteoblast
cell line commonly used as a model for studying osteoblast
differentiation and bone tissue formation, were cultured in
a-MEM supplemented with 10% (v/v) FBS, 2.5 mM glu-
tamine, and antibiotics, including penicillin (10 pg-mL~1),
streptomycin (100 pg-mL~1), and amphotericin (0.625
pug-mL™1). The cells were maintained at 37 °C in a humid
atmosphere with 5% CO,. The cultures were passaged ev-
ery 2-3 days and maintained until approximately 85-90%
confluence was reached.

Indirect Cytotoxicity Tests

The indirect cytotoxicity of the developed materials
was assessed using extract-based tests in accordance with
ISO 10993-5 and ISO 10993-12 [31,32]. MC3T3-E1 Sub-
clone 14 cells were seeded into 96-well plates at a density of
2 x 10* cells per well in 200 L of a-MEM culture medium
and incubated for 24 hours at 37 °C in a humid atmosphere
containing 5% CO. Concurrently, extracts were prepared
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from the test materials by incubating 30 mg of each sam-
ple in 1 mL of a-MEM medium for 24 hours at 37 °C
under standard culture conditions (5% CO-). A slight ad-
justment to the amount of material used for extract prepa-
ration (30 mg-mL~') was necessary due to the material’s
swelling ability. The possibility of modifying this propor-
tion is permitted under ISO 10993-12 [32]. After incuba-
tion, the extracts were collected and used for cytotoxicity
assessment. After the initial cell culture period, the medium
was removed and replaced with 200 pL of the prepared ex-
tracts. Cells cultured in standard medium served as a neg-
ative control, while cells treated with 0.1% (v/v) Triton X-
100 (15 minutes of exposure, followed by DPBS washing)
were used as a positive control. The cells were then incu-
bated with the extracts. Cytotoxicity was assessed after 24
hours (day 1) and 48 hours (day 2) of exposure to the ex-
tracts. For each time point, the tests were conducted inde-
pendently under identical conditions. All experiments were
performed in six replicates (n = 6).

NRU assay was performed to assess the lysosomal ac-
tivity of live cells, based on the ability of metabolically ac-
tive cells to incorporate and retain neutral red dye in lyso-
somes. The assay was conducted in accordance with the
recommendations of ISO 10993-5 [31]. A neutral red stock
solution was prepared at a concentration of 4 mg-mL~!
in PBS, filtered prior to use, and then diluted in culture
medium to obtain a working solution with a final concentra-
tion of 40 ug-mL~!. After 24 and 48 hours of exposure of
MC3T3-El cells to material extracts, the extracts were re-
moved from the wells. Subsequently, 200 L of the neutral
red working solution was added to each well. The plates
were incubated for 3 hours at 37 °C in a humid atmosphere
containing 5% COs to allow dye uptake into the lysosomes.
After incubation, the dye solution was removed, and the
cells were gently washed twice with PBS (200 p:L per well)
to remove excess dye. The cells were then fixed by adding
150 uL of a 5% glutaraldehyde solution in PBS and incubat-
ing for 5 minutes. After removing the fixative, the absorbed
dye was extracted by adding 200 pL of a destain solution
consisting of 50% ethanol, 49% deionized water, and 1%
glacial acetic acid. The plates were placed on an orbital
shaker 15 minutes before the 4-hour mark to ensure com-
plete dissolution of the dye. Absorbance was measured at
540 nm with a reference wavelength of 660 nm using a mi-
croplate reader (BioTek 800 TS, BioTek Instruments, MA,
USA).

Cell viability was calculated according to the follow-
ing equation (Eqn. 4):

Asgo — A
(Asto = A660) sampte 100, o

% Cell viability =
? Y (A540 - A660) control

Cells treated with 0.1% (v/v) Triton X-100 served as
the positive control. All measurements were performed in

Cpm
CELLR maczziaLy

six replicates (n = 6), and the experiments were conducted
independently after 24 h and 48 h of exposure to the ex-
tracts.

To perform the XTT reduction assay, a fresh XTT
working solution was prepared by dissolving XTT at a con-
centration of 1 mg-mL~? in a sterile Hank’s balanced salt
solution. PMS was then added as an electron-coupling
reagent at a concentration of 5 uL-mL~! from a 5 mM stock
solution. After 24 and 48 hours of exposure of MC3T3-E1
cells to material extracts, the culture medium was removed
and replaced with 100 pL of XTT working solution in each
well. The plates were incubated at 37 °C for 4 hours in a hu-
midified atmosphere containing 5% CO,. After incubation,
absorbance (A) was measured at 450 nm with a reference
wavelength of 630 nm using a microplate reader (BioTek
800 TS, BioTek Instruments, MA, USA).

Cell viability was calculated according to the follow-
ing equation (Eqn. 5):

A — A
( 450 630) sample x 100% (5)

% Cell viability =
Y (A450 - A630) control

Cells cultured in standard medium served as the neg-
ative control, while cells treated with 0.1% (v/v) Triton X-
100 served as the positive control. All measurements were
performed in six replicates (n = 6), and the experiments
were conducted independently after 24 h and 48 h of ex-
posure to the extracts.

Direct Cytotoxicity Tests

Direct cytotoxicity of the investigated materials was
evaluated using MC3T3-E1 cells and the XTT assay. The
samples were positioned centrally in 24-well plates and im-
mobilized with a thin layer of agar. The agar served as a
non-adhesive substrate, preventing cell attachment to the
well surface and ensuring that cells adhered exclusively to
the material, thereby avoiding artificially elevated viability
results [33]. MC3T3-E1 cells were seeded directly onto the
samples at a density of 1 x 10° cells per well. After 1 h
to allow cell attachment, culture medium was added to a fi-
nal volume of 1 mL per well. The cells were then cultured
under standard conditions (37 °C, 5% CO,) for 48 h.

Control cells (positive and negative controls) were
cultured on polystyrene (PS) wells under identical condi-
tions. After incubation, a positive control was prepared by
treating selected wells with 0.1% (v/v) Triton X-100 for 15
min, followed by rinsing with DPBS. Wells containing cells
cultured in medium only served as the negative control. Af-
ter the incubation period, the culture medium was removed
and replaced with a working XTT solution, prepared by dis-
solving XTT (1 mg-mL~') in a sterile Hank’s balanced salt
solution supplemented with PMS at a concentration of 5
pL-mL~! (from a stock solution of 5 mM). 300 uL of the
XTT solution was added to each well. The plates were in-
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cubated for 4 hours at 37 °C in a humidified atmosphere
containing 5% CO;. After incubation, 100 yL of the super-
natant was transferred to a 96-well plate, and absorbance
was measured at 450 nm with a reference wavelength of
630 nm using a BioTek 800 TS microplate reader (BioTek
Instruments, MA, USA). Cell viability was expressed as a
percentage relative to the negative control (cells cultured in
PS medium), which was defined as 100%. All measure-
ments were performed in six replicates (n = 6).

Direct Proliferation Tests

Cell proliferation on the test materials was assessed
using the XTT assay. Sample preparation and seeding into
24-well plates were performed as described in the section
on direct cytotoxicity assays. MC3T3-E1 cells were seeded
onto the sample surfaces at a density of 3 x 10* cells per
well, followed by medium addition to a final volume of 1
mL per well. Cultures were maintained under standard con-
ditions (37 °C, 5% COs). Cell proliferation was assessed
after 1, 3, and 7 days of culture. At each time point, the cul-
ture medium was removed and replaced with XTT working
solution, prepared as described above. 300 uL of XTT so-
lution was added to each well, and the plates were incubated
for 4 hours at 37 °C in a humidified atmosphere containing
5% COs. After incubation, 100 pL of the supernatant was
transferred to a 96-well plate, and absorbance was measured
at 450 nm with a reference wavelength of 630 nm using
a BioTek 800 TS microplate reader (BioTek Instruments,
MA, USA). To quantitatively determine cell counts under
identical experimental conditions, a calibration curve cor-
relating absorbance with cell count was prepared. Based on
this calibration, the absorbance values obtained for the sam-
ples were converted to cell counts. All experiments were
performed in six replicates (n = 6).

Cell Morphology Evaluation

To evaluate early cell attachment and morphology,
SEM observations were performed after 24 h of culture.
Additional analyses were carried out following the direct
cytotoxicity assay and after 7 days of culture during the di-
rect proliferation study. In all cases, the samples were pre-
pared for morphological evaluation of cell attachment on
the surface of the developed polymer-ceramic hydrogels.
The culture medium was removed, and the specimens were
gently rinsed with PBS to remove non-adherent cells and
residual medium components. The adherent cells were then
fixed using a 4% (v/v) formaldehyde solution.

Subsequently, the samples were dehydrated through
a graded ethanol series with increasing concentrations of
35%, 50%, 70%, and 90%, with each step lasting 15 min.
The dehydration procedure was completed by two addi-
tional immersions in 96% ethanol. After drying, the mor-
phology and distribution of MC3T3-E1 cells on the material
surfaces were examined using SEM with a JEOL 1T200 mi-
croscope (JEOL Ltd., Tokyo, Japan). Prior to imaging, the

www.ecmjournal.org

samples were sputter-coated with a thin gold layer using a
DII-29030SCTR Smart Coater (JEOL Ltd., MA, USA).

Statistical Analysis

Statistical analysis was performed using one-way
analysis of variance (ANOVA) to determine significant dif-
ferences between the analysed datasets. For cell prolif-
eration studies, a two-way ANOVA was additionally per-
formed, considering material composition and incubation
time as independent factors, followed by Tukey’s post hoc
test for multiple comparisons. The level of statistical sig-
nificance was defined as *p < 0.05, **p < 0.01, and ***p
< 0.001. All calculations were carried out using OriginPro
2026 software (OriginLab Corporation, MA, USA).

Results
Determination of Ceramic Sedimentation Rate

In order to determine the optimal concentration of
the PVP/PEG solution in which the DCPD powder was
suspended, a sedimentation rate analysis was performed.
Changes in the position of the sedimentation front as a func-
tion of time are presented in Fig. 2, while the calculated
sedimentation rates are summarised in Table 5.

Based on the results obtained, a correlation was ob-
served between the polymer concentration and the stabil-
ity of the suspension. In the case of a mixture contain-
ing only distilled water (0%), the fastest sedimentation of
DCPD particles was observed, indicating low stability of
the mixture. The sedimentation rate determined for this
sample is —6.93 & 0.23 mm-min~'. As the concentration
of PVP/PEG increases, the sedimentation process gradu-
ally slows down, and the sedimentation rate values decrease
to —2.29 4 0.04 mm-min~! for the solution with the high-
est concentration, which is 25%. The graph demonstrates a
shift of the sedimentation curves towards longer times with
increasing polymer content. This phenomenon can be asso-
ciated with an increase in the viscosity of polymer solutions,
which limits the mobility of DCPD particles in suspension
and, as a consequence, slows down their settling under the
influence of gravity. Although the highest suspension sta-
bility was obtained for polymer concentrations of 20% and
25%, these polymers were difficult to dissolve and required
additional heating of the mixture. For this reason, a con-
centration of 15% was considered the most favourable. For
this composition, relatively slow particle sedimentation of
—2.97 4+ 0.06 mm-min~! was observed, while maintaining
good suspension homogeneity and adequate processability.
Thus, a 15% PVP/PEG solution was selected for further
stages of composite preparation.

Physicochemical Characterisation

The FT-IR spectra of the individual pure components
and the resulting polymer-ceramic composites are shown in
Fig. 3. The PEG spectrum exhibited characteristic bands in
the range of approximately 2950-2880 cm™!, correspond-
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Fig. 2. Migration front position of DCPD powder in PVP/PEG solutions of different concentrations as a function of time.
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Fig. 3. FT-IR spectra of materials and composites. (A) The individual components (PEG, PVP, pullulan, DCPD, and PEGDA). (B)

The obtained polymer and polymer-ceramic composites.

Table 5. Sedimentation rate of DCPD powder in PVP/PEG
solutions of different concentrations.

No. PVP:PEG (%) Sedimentation rate (mm-min—1)
1 0 —6.93 +0.23
2 5 -4.99 +0.27
3 10 -3.54 £ 0.10
4 15 —2.97 £ 0.06
5 20 —2.75 £ 0.05
6 25 —2.29 £ 0.04

ing to the stretching vibrations of C—H bonds, and a strong
band in the region of 1100 cm ™!, attributed to stretching
vibrations of C—-O—C bonds in ether groups [34-36]. In
the case of PVP, a distinct band was observed at approx-
imately 1650 cm ™!, corresponding to the carbonyl group
(C=0) of the lactam ring, along with bands in the 1450—

o
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1280 cm™! range attributed to C-N stretching vibrations
[37-39]. The pullulan spectrum showed a broad band in
the 3500-3200 cm~! range associated with O—H stretch-
ing vibrations, indicating its hydrophilic nature, as well as
strong bands in the 1100-1000 cm~! range corresponding
to C-O and C-O-C vibrations characteristic of polysac-
charides [40—42]. In the case of dihydrate DCPD, charac-
teristic phosphate-related bands were observed in the 600—
500 cm~! and 1100-1000 cm ™~ regions, corresponding to
PO,3~ vibrations, while the band near 1640 cm~—! was as-
sociated with water molecules present in the crystal struc-
ture [28]. The PEGDA spectrum exhibited a band at ap-
proximately 1720 cm™! attributed to the ester carbonyl
groups (C=0), as well as signals near 1630 cm~! corre-
sponding to the C=C stretching vibrations of the acrylate
groups [43].

The FT-IR spectra of the composites (A—C and A—
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C-DCPD) confirmed the presence of characteristic bands
of the polymer matrix components. A broad absorption
band at 3500-3200 cm~* and a band at ~1100 cm~! in-
dicate the presence of —OH and C—O-C groups originating
from PEG and pullulan. A band observed at ~1720 cm™*
corresponds to the C=0 groups of PEGDA. Subsequently,
the decrease in band intensity associated with C=C bonds
suggests successful photopolymerization and the formation
of a cross-linked network. In the case of samples contain-
ing DCPD (A-DCPD, B-DCPD, and C-DCPD), additional
bands characteristic of PO43~ were clearly visible at the
wavelengths of 600-500 cm ™! and 1100-1000 cm™!, con-
firming the successful incorporation of the ceramic phase
into the polymer matrix. Slight shifts and broadening of
the bands, particularly in the hydroxyl region, indicate pos-
sible intermolecular interactions, such as hydrogen bonds
between the polymer chains and the ceramic phase.

The FT-IR spectra of the composite samples after in-
cubation are presented in Supplementary Fig. 5. First, the
samples containing DCPD retained the characteristic bands
of both the polymer matrix and the ceramic phase, indicat-
ing that the overall chemical structure of the composites
remained intact. However, slight changes in the intensity
and sharpness of the phosphate bands were observed, sug-
gesting partial dissolution or surface transformation of the
DCPD phase during incubation [44]. Furthermore, after in-
cubation, a noticeable broadening of the O-H band in the
3500-3200 cm~! was observed, which can be attributed to
increased hydration of the materials and interactions with
the surrounding environment. Slight changes were also de-
tected in the 1700—-1600 cm ™! region, likely due to the pres-
ence of absorbed water or interactions between the polymer
matrix and ions in the incubation fluids. In some cases,
slight shifts in the PO43~ bands were observed, suggest-
ing ion exchange processes and structural rearrangements
at the surface of the ceramic phase. These changes are con-
sistent with interactions between DCPD and ions present
during the incubation.

Swelling Capacity, Swelling and Degradation Behaviour

To evaluate the properties of the obtained hydrogel
materials, time-dependent swelling tests were conducted.
Changes in the swelling capacity of the tested materials are
shown in Fig. 4A for polymeric matrices and Fig. 4B for
composites, while Table 6 summarizes the values of equi-
librium swelling (S.) and the kinetic parameter 7.

Based on the obtained results, all samples exhibit a
similar swelling kinetics profile. In the initial stage, a rapid
increase in swelling capacity is observed, particularly dur-
ing the first hours of contact with the medium. Subse-
quently, the swelling rate slows down significantly, and
after approximately 24 hours, the material reaches a state
close to swelling equilibrium. This behaviour is charac-
teristic of hydrophilic polymer networks, in which initial
swelling is associated with rapid liquid penetration into
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the most accessible areas of the structure, while further
swelling results from a slower reorganisation and loosen-
ing of the polymer network.

In the case of polymer matrices without the addition
of a mineral phase, the highest S, was observed for sample
A, while the lowest was for sample C. The observed trend
indicates that increasing the PEG content of the material
enhances its swelling capacity. This phenomenon can be
explained by the chemical structure of PEG, whose chains
contain numerous oxygen atoms that can form hydrogen
bonds with water molecules. Additionally, PEG is char-
acterized by high polymer chain flexibility, which facili-
tates medium penetration and network expansion [45]. In
contrast, a higher PVP content can lead to a more compact
structure due to the presence of a pyrrolidone ring in the re-
peating unit, which limits the ability of liquids to penetrate
the material’s interior [46].

The addition of DCPD reduced the swelling values of
all samples. This effect is due to the presence of the ce-
ramic, which restricts the mobility of the polymer chains
and reduces the amount of free space in the polymer net-
work. As a result, the penetration of the medium into the
material is impeded, leading to a reduction in the compos-
ite’s maximum swelling capacity. The addition of DCPD
also affected the kinetics of the swelling process. The val-
ues of the 7 parameter for the composites were higher than
those for the corresponding polymer matrices, indicating a
slower sorption process, which can be explained by a more
complex path of liquid diffusion within the material. The
presence of DCPD particles increases the medium’s trans-
port path and restricts the freedom of movement of poly-
mer chains, resulting in a slower attainment of equilibrium.
Within the composite series, the B-DCPD sample exhib-
ited the highest S, while the C-DCPD sample exhibited the
lowest. This may suggest that a balanced ratio of PEG and
PVP promotes the most favorable composite structure. The
S. and rate parameter (7) obtained for the additional formu-
lations evaluated during the preliminary screening, includ-
ing systems crosslinked with PEGDA 575, are presented in
Supplementary Table 2. These data show trends consis-
tent with those observed for the selected formulations.

Changes in the pH values of the incubation media dur-
ing exposure to the tested materials are shown in Fig. 5.
Overall, the pH values exhibited only moderate fluctuations
during the incubation period, indicating the relatively good
chemical stability of the developed materials in the tested
environments.

In Ringer’s solution (Fig. 5A), a gradual increase in
pH was observed in most samples during the incubation pe-
riod. Initial values ranged from approximately 6.3 to 6.8
and rose slightly over time, reaching levels close to neutral
(approximately 7.0-7.2). This behavior suggests mild in-
teractions between the materials and their surrounding envi-
ronment, likely related to ion exchange processes occurring
at the material-solution interface. A similar trend was ob-
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Table 6. 7 and S. of polymer matrices and composites.

Sample Se (%) T
A 21629 +5.65 25.82 +3.91
B 208.16 +7.41 2473 £5.10
C 188.47 £ 5.08  22.17 £3.59
A-DCPD  174.72 +3.86  29.66 + 3.83
B-DCPD  180.45 + 6.26  26.55 4+ 5.33
C-DCPD  169.51 +4.63 24.06 & 3.58
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Fig. 5. Time-dependent changes in pH of the incubation media in the presence of the investigated materials. (A) Ringer’s solution,
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Fig. 6. Changes in ionic conductivity of the incubation media during incubation of the investigated materials. (A) Ringer’s solution,
(B) artificial saliva, (C) simulated body fluid (SBF), and (D) distilled water. Data are presented as mean £ SD (n = 3).

served in artificial saliva (Fig. 5B), where pH values also
increased slightly during incubation. Initial values in the
range of approximately 6.3—6.5 gradually increased to ap-
proximately 7.0-7.1 after a longer incubation period. Im-
portantly, the inclusion of the ceramic phase (DCPD) did
not cause significant changes in the pH of the environment,
indicating that the presence of the calcium phosphate com-
ponent did not significantly affect the solution’s buffering
capacity. In the case of SBF (Fig. 5C), the pH remained
relatively stable throughout the incubation period. These
values fluctuated only slightly within the range of approxi-
mately 7.4-7.7, suggesting that the tested materials did not
significantly disrupt the ionic balance of this physiologi-
cally relevant solution. More pronounced fluctuations were
observed in distilled water (Fig. 5D). In this environment,
the pH initially rose and then gradually decreased over time
for most samples. This behaviour may be related to ion re-
lease processes and the gradual establishment of equilib-
rium between the material’s surface and the surrounding
aqueous environment.

To complement the pH analysis, the ionic conductiv-
ity of the incubation media was also monitored (Fig. 6).
Conductivity measurements provide insight into the extent
of ion exchange between the materials and the surrounding
fluids.

In Ringer’s solution (Fig. 6A), conductivity values re-
mained relatively stable throughout the incubation period,

www.ecmjournal.org

with only slight fluctuations observed. This indicates that
the materials did not significantly affect the ionic composi-
tion of this solution. In artificial saliva (Fig. 6B), a slight
increase in conductivity was observed during incubation.
Conductivity gradually increased from approximately 26—
27 mS-cm ™! at the start of the experiment to approximately
29-30 mS-cm~! after prolonged exposure, suggesting a
slow release of ions from the materials into the surround-
ing environment. Similarly, in SBF (Fig. 6C), conductiv-
ity values remained relatively stable, showing only slight
changes during the experiment. This behavior further in-
dicates limited interaction between the tested materials and
the SBF. A more pronounced change in conductivity was
observed in distilled water (Fig. 6D). Due to the initially
very low ion content in this solution, the conductivity in-
creased gradually during incubation, reaching values close
to 1.0 mS-cm ™! after a longer period of time. This increase
clearly indicates the release of ions from the materials into
the surrounding solution.

The degree of degradation of the tested materials after
14 days of incubation in various environments is presented
in Table 7. Overall, all samples exhibited a noticeable loss
of mass, indicating partial degradation of the polymer ma-
trix under the conditions used.

Among the polymer samples (A—C), relatively similar
levels of degradation were observed, with values typically
ranging from approximately 29% to 40%, depending on the
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Table 7. Degree of degradation (%) of the investigated materials after incubation in PBS, artificial saliva, simulated body fluid

(SBF), Ringer’s solution, and distilled water. Data are presented as mean 4+ SD (n = 3).

Degree of degradation (%)

Sample PBS Artificial saliva SBF Ringer’s solution  Distilled water
A 34.92 £+ 0.64 40.23 £ 1.00 32.87 £ 0.56 35.72 £ 0.57 37.71 £0.86
B 33.45 4+ 0.68 32.37+0.73 29.68 + 0.57 29.39 +0.15 31.13 +0.84
C 32.11 +1.08 36.41 +£0.72 30.92 +£0.35 31.96 £ 0.19 33.94 +0.34
A-DCPD  34.13 £ 0.51 35.76 £ 0.27 33.40 £ 0.24 37.87 £0.58 38.33 £0.99
B-DCPD  34.04 £+ 0.32 37.78 £ 0.42 32.56 +£0.47 38.35£0.92 36.48 +0.30
C-DCPD  36.08 £0.75 48.63 +0.39 41.20 + 0.45 46.43 + 0.59 43.82 +0.48

incubation environment. Sample A exhibited the highest
degree of degradation in artificial saliva (40.23%), while
lower values were observed in SBF (32.87%). Samples B
and C exhibited a slightly lower and more uniform degree
of degradation, particularly in SBF and Ringer’s solution,
where values remained below 32%.

The inclusion of the ceramic phase (DCPD) had a
clear effect on the materials’ degradation behavior. Overall,
the polymer-ceramic composites exhibited higher degrada-
tion values compared to their counterparts containing only
polymer with polysaccharide. This effect was particularly
pronounced in the C-DCPD sample, which exhibited the
highest degree of degradation among all materials, reach-
ing 48.63% in artificial saliva and over 41% in SBF. Simi-
larly, the B-DCPD and A-DCPD samples also exhibited in-
creased degradation in most media compared to the B and
A samples, respectively. The increased rate of degradation
observed in samples containing DCPD could be related to
the presence of a ceramic phase, which may affect the poly-
mer network structure and facilitate water penetration and
ion exchange processes.

The type of incubation medium also had a significant
impact on the degradation process. Among all the tested
media, artificial saliva consistently resulted in the highest
degradation values for most samples. In contrast, SBF gen-
erally led to the lowest levels of degradation, suggesting
a stabilizing effect of this medium on the material’s struc-
ture. PBS and distilled water exhibited intermediate be-
havior, while Ringer’s solution caused moderate degrada-
tion depending on the sample composition. Overall, the
results indicate that both the material composition (pres-
ence of DCPD) and the type of incubation medium signifi-
cantly influence the degradation behavior of the developed
polymer-ceramic hydrogels.

Surface and Mechanical Characteristics

Analysis of surface morphology (Fig. 7) revealed a
clear influence of composition on the topography of the
materials. In the polymer samples, it was observed that as
the PVP content increased, the surface became more wavy
and irregular. This phenomenon can be attributed to differ-
ences in the behaviour of the components during the dry-
ing process, in particular the greater water retention ca-
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pacity of PVP and the resulting greater volume shrinkage
[47]. This leads to the formation of surface stresses and a
surface buckling effect, which is not visible in sample A,
where PEG dominates. Apart from this, the polymeric sur-
faces are similar. Samples containing DCPD exhibit a dis-
tinctly developed, rough morphology associated with the
presence of mineral phase particles. In these samples, the
influence of the polymer composition on the surface topog-
raphy is less pronounced, and the morphology is determined
by the ceramic. The morphological images of all compos-
ites are similar to one another and exhibit roughness, which
may promote potential cell adhesion. Surface roughness
enhances the adsorption of proteins derived from the bio-
logical environment, which mediate the initial interactions
between the cell and the material [48,49].

The surface roughness parameters of the tested mate-
rials before and after incubation in various environments
are presented in Table 8. Roughness was characterized us-
ing the arithmetic mean roughness (Ra) and the maximum
profile height (Rz), which provide quantitative information
on average surface irregularities and the height difference
between the peak and valley of the surface profile, respec-
tively. Representative surface topographies, 3D models,
and roughness profiles are shown in Fig. 8, while the corre-
sponding profiles after incubation are included in the Sup-
plementary Figs. 6-9.

Prior to incubation, all samples exhibited relatively
moderate roughness values, with Ra ranging from approxi-
mately 2.89 pm to 11.30 yum. The highest initial roughness
was observed for sample A (Ra = 11.30 um, Rz = 68.36
pm), while samples B and C showed lower values, indicat-
ing a more uniform and smoother surface morphology. The
DCPD-containing samples exhibited comparable or slightly
lower initial roughness, suggesting that the incorporation of
the ceramic phase did not significantly increase surface ir-
regularities at this stage.

After incubation, a significant change in surface to-
pography was observed, particularly for the polymer-based
samples (A—C), which exhibited a higher variability of
roughness depending on the incubation medium compared
to the polymer-ceramic composites. Among the purely
polymeric materials, sample A showed the most pro-
nounced changes in surface morphology. In particular, in-
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Fig. 7. Surface morphology of polymeric materials. (A) sample A; (B) sample B; (C) sample C, and composite materials (D) sample

A-DCPD; (E) sample B-DCPD; (F) sample C-DCPD, before incubation. 500 x magnification, scale bar = 50 pm.
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Fig. 8. Representative optical images, 3D surface reconstructions, and corresponding roughness profiles of the investigated poly-
mer and polymer-ceramic samples before incubation. All images were acquired at 500x magnification. The red line indicates the

profile line used for roughness analysis.
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Table 8. Surface roughness parameters (Ra and Rz) of the investigated materials before incubation and after incubation in

PBS, artificial saliva, SBF, and Ringer’s solution.

Before incubation

Incubation fluid

Sample PBS Artificial saliva SBF Ringer’s solution
Ra(um) Rz(pm) Ra(um) Rz(pm) Ra(um) Rz(um) Ra(um) Rz(um) Ra(um) Rz (um)
A 11.30 68.36 3.54 16.74 37.81 256.00 16.15 105.12 19.03 81.34
B 2.89 29.67 10.60 65.84 1345  68.67 17.67 74.93 3.06 14.50
C 6.04 33.46 3.37 13.00 6.06 26.89 13.88 76.12 3.38 12.56
A-DCPD 461 28.91 4.93 21.14 5.55 20.13 5.57 22.40 2.81 12.65
B-DCPD 3.92 30.94 2.57 15.25 9.74 55.13 3.90 17.61 2.50 19.58
C-DCPD 4.07 26.22 3.81 17.72 1542 70.13 3.29 14.02 223 9.19

cubation in artificial saliva resulted in a substantial increase
in both Ra and Rz values (Ra = 37.81 ym, Rz = 256.00
pm), indicating significant surface development and the
formation of pronounced irregularities. Elevated rough-
ness parameters were also observed for this sample after
incubation in SBF (Ra = 16.15 um, Rz = 105.12 ym) and
Ringer’s solution (Ra = 19.03 um, Rz = 81.34 pm), sug-
gesting that the polymer matrix was susceptible to structural
changes in aqueous environments. In contrast, samples B
and C displayed lower roughness values and more moderate
changes across the tested media. For sample B, the Ra val-
ues ranged from 3.06 um (Ringer’s solution) to 17.67 ym
(SBF), while the corresponding Rz values varied between
14.50 pm and 74.93 pm. Sample C exhibited relatively low
Ra values in most media, particularly in PBS and Ringer’s
solution (Ra=3.37 um and 3.38 um, respectively), indicat-
ing a comparatively stable and smoother surface morphol-
ogy even after incubation. The incorporation of the ceramic
phase (DCPD) noticeably influenced the surface charac-
teristics of the materials. The polymer-ceramic compos-
ites (A-DCPD, B-DCPD, and C-DCPD) generally exhibited
lower and more stable roughness parameters compared to
their polymer-only counterparts. Importantly, the changes
in roughness after incubation were significantly less pro-
nounced than in the case of purely polymeric samples. For
instance, sample A-DCPD showed reduced roughness in ar-
tificial saliva (Ra = 5.55 pum, Rz = 20.13 pm) relative to
sample A, indicating that the presence of the ceramic phase
effectively limited the formation of large surface irregular-
ities. Similarly, samples B-DCPD and C-DCPD demon-
strated relatively low Ra values across most incubation me-
dia, ranging from 2.23 um to 9.74 pm. The lowest rough-
ness values were observed for sample C-DCPD after incu-
bation in Ringer’s solution (Ra =2.23 ym, Rz=9.19 um),
indicating a particularly smooth and stable surface mor-
phology.

Hardness Measurement

The results of the hardness measurements are pre-
sented in Fig. 9. It can be observed that as the PVP content
increased, a systematic increase in hardness was observed,
which clearly indicates a significant influence of composi-
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tion on the mechanical properties of the materials. Sample
A, in which PEG was dominant, exhibited the lowest hard-
ness, which can be attributed to the high mobility of the
PEG chains and their plasticising effect. Conversely, in-
creasing the PVP content led to a gradual stiffening of the
structure, likely due to stronger interchain interactions and
reduced polymer chain mobility, resulting in a more com-
pact, deformation-resistant network. PVP is known to en-
hance the mechanical strength of hydrogel systems, while
PEG typically contributes to increased chain mobility and
flexibility of the polymer network [50,51]. The addition of
DCPD increased hardness in all analysed samples, confirm-
ing the effectiveness of the ceramic additive as a reinforc-
ing agent. A correlation was observed between the poly-
mer composition and the DCPD content. In samples with
higher PVP content, the reinforcing effect was strongest,
suggesting better phase compatibility and more effective
stress transfer at the phase boundary. The stiffer and more
ordered PVP network likely promotes better ‘anchoring’
of the ceramic particles, limiting their relative movement
within the matrix and increasing the effectiveness of me-
chanical reinforcement. In contrast, in PEG-rich materi-
als like sample A, the greater flexibility and mobility of
the chains may lead to weaker interactions with the mineral
phase and thus to less effective stress transfer.

In Vitro Biological Response

The biological response of MC3T3-E1 cells to the
tested materials was evaluated using indirect (NRU and
XTT) as well as direct cytotoxicity assays, and a prolif-
eration assay (Fig. 10). The results of the indirect cyto-
toxicity assays showed that all tested materials exhibited
good cellular compatibility, and cell viability values consis-
tently exceeded the 70% threshold specified in ISO 10993-
5 [52]. Both the NRU and XTT assays showed compara-
ble trends after 24 and 48 hours of exposure to material
extracts, indicating that leachable components did not ad-
versely affect either lysosomal function or mitochondrial
metabolic activity. In most cases, cell viability remained at
a level similar to or higher than that of the negative control,
suggesting a low cytotoxic potential of the developed sys-
tems. Slight differences were observed between the indi-
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Fig. 10. Biological response of MC3T3-E1 cells to the investigated materials. (A) indirect cytotoxicity (NRU), (B) indirect cytotoxi-
city (XTT), (C) direct cytotoxicity (XTT), and (D) cell proliferation determined by the XTT assay at 1, 3, and 7 days. Data are presented
as mean + SE (n = 6). Statistical analysis for panels A—C was performed using one-way ANOVA, whereas proliferation data (D) were
analysed using two-way ANOVA followed by Tukey’s post hoc test. Statistical significance is denoted as *p < 0.05, **p < 0.01, and *p
< 0.001.
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vidual compositions, particularly when comparing samples
containing only polymer with polymer-ceramic composites.
Materials containing DCPD exhibited essentially the same
or moderately increased cell viability, especially at longer
incubation times. This behavior may be associated with the
presence of calcium and phosphate ions released from the
ceramic phase, which positively influence osteoblast activ-
ity. The results of the direct cytotoxicity test further con-
firmed the beneficial biological properties of these materi-
als. MC3T3-El cells cultured directly on the surface of the
samples maintained high viability after 48 hours of incuba-
tion, indicating that the materials did not cause adverse ef-
fects upon direct contact. The polymer-ceramic composites
showed results comparable to or slightly better than those
of samples containing only polymer, suggesting that the in-
clusion of DCPD did not negatively affect the interactions
between the cells and the material.

In addition to being compatible with cells, all tested
materials promoted cell proliferation over time. An XTT-
based proliferation assay revealed a clear, time-dependent
increase in cell numbers between days 1, 3, and 7 of culture.
This gradual increase confirms that these materials provide
a suitable microenvironment for cell adhesion, survival, and
growth. Importantly, samples containing DCPD demon-
strated more pronounced cell growth at later time points,
indicating increased proliferative activity compared to sys-
tems containing only polymer. The results obtained indi-
cate that the developed polymer-ceramic composites are not
only non-toxic to cells but also promote cellular activity.
Two-way ANOVA revealed significant effects of both ma-
terial composition (F = 8.36, p < 0.0001) and time (F =
45.68, p < 0.0001) on MC3T3-E1 proliferation. A signifi-
cant interaction between these factors was also observed (F
= 1.98, p = 0.044), indicating that the proliferation profile
over time depended on the material formulation. Among
all investigated materials, the B-DCPD composite exhibited
the highest cell numbers after 7 days of culture and showed
a significant increase in proliferation already after 3 days
compared with day 1, suggesting particularly favourable
conditions for cell growth and colonisation of the material
surface. The results obtained indicate that the developed
polymer-ceramic composites are not only non-toxic to cells
but also promote cellular activity.

To evaluate early cell adhesion, MC3T3-E1 cells cul-
tured on the investigated materials for 24 hours were ex-
amined by SEM (Fig. 11). Adherent cells were observed
on all samples, indicating favorable surface properties for
initial cell attachment. The DCPD-containing composites
appeared to promote more extensive cell spreading and
closer contact with the material surface, suggesting en-
hanced early cell-material interactions.

SEM observations after direct contact with MC3T3-
E1 cells revealed the presence of cells on all samples ex-
amined. The results are presented in Fig. 12, where the
purple arrows indicate representative cell-covered regions.
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Measurements were carried out on cross-sections of the ma-
terials, revealing the presence of cells within the examined
regions of the samples. In the case of samples A-C, the
number of cells observed was lower than for the DCPD
samples. The composites exhibited better interactions be-
tween the cells and the material, with some of them exhibit-
ing partial spreading and stronger adhesion to the surface.
The rough surface of the composite promotes mechanical
anchoring of the cells. Among the tested materials, the
B-DCPD and C-DCPD samples exhibited the most visible
early cell-material interactions, as indicated by the higher
number of cells imaged.

Additional SEM/EDS analysis was performed for se-
lected regions of the B and B-DCPD samples following di-
rect cytotoxicity testing (Supplementary Fig. 10 and Sup-
plementary Table 3). The analyzed cell-covered regions
on the B-DCPD surface exhibited detectable calcium and
phosphorus signals, whereas no calcium was identified in
the corresponding regions of the B sample. The presence
of these elements may indicate the formation of calcium
phosphate-containing deposits associated with cell-material
interactions.

SEM observations after 7 days of culture revealed the
presence of MC3T3-El cells on all the materials tested,
confirming their ability to support cell adhesion. The im-
ages are presented in Fig. 13, with representative cell-
covered regions marked by purple arrows. In the case of
the polymer samples A-C, the cells were observed as elon-
gated “filament-like” structures. The composite samples
containing DCPD exhibited a greater number of adhered
cells, which formed extensive structures across the entire
surface. Among the composites studied, the B-DCPD sam-
ple appeared to provide the most favourable surface for cell
adhesion, as indicated by the more extensive spread of cells
and the formation of a greater number of continuous cellu-
lar structures. In the case of the composite samples, this be-
haviour can be attributed to the combined influence of sur-
face roughness and the presence of the calcium phosphate
phase, which likely promotes adsorption and provides ad-
ditional anchorage sites for the cells.

Additional SEM/EDS analysis of selected cell-
covered regions (Supplementary Fig. 11 and Supplemen-
tary Table 4) revealed increased calcium and phospho-
rus content on the B-DCPD surface compared to the cor-
responding polymeric material. The presence of these el-
ements may suggest the formation of calcium phosphate-
containing deposits associated with the cell-material inter-
face after 7 days of culture.

Discussion

This study presents a rational strategy for designing
polymer-ceramic hydrogels, in which the interaction be-
tween polymer composition, suspension stability, and pho-
topolymerization enables precise control over swelling, ion
release, and surface properties, which ultimately deter-
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Fig. 11. Representative SEM images of MC3T3-E1 cells cultured on the test materials for 24 hours. (A) sample A; (B) sample B;
(C) sample C; (D) sample A-DCPD; (E) sample B-DCPD; and (F) sample C-DCPD. Scale bar = 10 pm.

Fig. 12. Visualisation of cells on the materials after direct cytotoxicity test. (A) sample A; (B) sample B; (C) sample C, and composite
materials (D) sample A-DCPD; (E) sample B-DCPD; (F) sample C-DCPD. Representative cell-covered regions are indicated by purple

arrows. Scale bar = 10 pum.

mines the biological response of osteoblasts. Importantly,
the successful production of homogeneous composites re-
quired careful optimization of both the polymer concentra-
tion and the photopolymerization conditions. The choice
of a 15% PVP/PEG system was not arbitrary, but stemmed
from the need to find a balance between suspension stabil-
ity and processability. Lower polymer content led to rapid
sedimentation and phase separation, while higher concen-
trations increased viscosity to a level that hindered pro-
cessing. This underscores the often-overlooked importance
of precursor suspension engineering in determining the fi-

www.ecmjournal.org

nal properties of the material. FT-IR analysis confirmed
not only successful photopolymerisation but also the for-
mation of a hybrid network in which the polymer and ce-
ramic phases are not merely physically mixed but interact
at the molecular level. The reduction of C = C bands in-
dicates efficient crosslinking, while the presence and sta-
bility of phosphate groups confirm that DCPD retains its
structural identity within the network [53]. The observed
spectral shifts suggest interfacial interactions between the
polymer chains and the ceramic phase, which are known
to influence stress transfer, degradation behaviour, and bi-
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(D)

Fig. 13. Visualisation of cells on the materials after direct proliferation test. (A) sample A; (B) sample B; (C) sample C, and
composite materials (D) sample A-DCPD; (E) sample B-DCPD; (F) sample C-DCPD. Representative cell-covered regions are indicated

by purple arrows. Scale bar =10 pum.

ological performance [54,55]. The swelling behaviour pro-
vides direct evidence of how polymer composition governs
network architecture and transport properties. PEG-rich
systems exhibited significantly higher swelling due to their
hydrophilicity and chain mobility, whereas PVP-rich sys-
tems formed more compact and less permeable networks
[45,46]. Crucially, the introduction of DCPD altered not
only the magnitude but also the kinetics of swelling, indi-
cating restricted chain mobility and increased diffusion path
tortuosity [56]. This demonstrates that the ceramic phase
acts as a structural regulator, limiting excessive swelling
while maintaining sufficient permeability for biological in-
teractions. Such control over swelling is essential, as it di-
rectly affects nutrient transport, ion exchange, and cellular
infiltration. Changes in pH and conductivity further con-
firm that these materials are not passive scaffolds but ac-
tively interact with their environment. The increase in con-
ductivity clearly indicates the release of ions, most likely
Ca?* and PO,3~ ions, resulting from the dissolution of
DCPD. This behavior is characteristic of bioactive calcium
phosphate systems, which undergo controlled dissolution
and reprecipitation processes in an aqueous environment
[57]. Importantly, the absence of drastic pH changes sug-
gests that ion release occurs in a controlled manner, thereby
avoiding cytotoxic effects. This balance between activity
and stability is essential for biomedical applications. Fur-
thermore, the degradation characteristics further confirm
the role of DCPD as a multifunctional component. While
systems containing only the polymer exhibited more pro-
nounced structural changes, the composites were charac-
terized by increased stability, indicating that the ceramic
phase reinforces the matrix. At the same time, the par-
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tial dissolution of DCPD contributes to the sustained re-
lease of ions, linking the degradation process directly to
bioactivity. This dual function-mechanical reinforcement
combined with biochemical stimulation-is a hallmark of ad-
vanced biomaterials.

Surface properties are another key factor determining
biological properties. Increasing the PVP content led to the
formation of wrinkled and heterogeneous surfaces due to
differential drying and shrinkage effects [47], while PEG-
rich systems remained relatively smooth. However, the in-
troduction of DCPD dominated the surface morphology,
causing pronounced roughness. It is known that such topo-
graphical features enhance protein adsorption and mediate
cell adhesion by increasing surface energy and the number
of available binding sites [58,59]. Therefore, the ceramic
phase not only modifies the bulk properties but also deter-
mines the interfacial characteristics of the material. SEM
observations show that these physicochemical properties
directly translate into biological effects. Polymer-ceramic
composites exhibited increased cell adhesion, proliferation,
and distribution compared to systems containing only poly-
mer. Cells were present not only on the surface but also
in cross-sections, indicating the materials’ ability to sup-
port cell infiltration — an essential prerequisite for tissue re-
generation. After long-term culture, the composite samples
exhibited extensive and interconnected cellular networks,
in contrast to the more limited and elongated morphology
observed in materials containing only polymer.

Among all the systems studied, B-DCPD proved to be
the most promising candidate, exhibiting an optimal bal-
ance between swelling, structural stability, and surface de-
velopment. This balance appears to be critical, as exces-
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sive swelling or overly compact structures can negatively
affect interactions between cells and the material. The ex-
cellent performance of this formulation underscores the im-
portance of precisely adjusting polymer ratios in hybrid
systems. The results of biological assays strongly support
these observations. All substances were found to be non-
cytotoxic, as confirmed by both NRU and XTT assays, in-
dicating that lysosomal and mitochondrial functions were
preserved. More importantly, the presence of DCPD con-
sistently increased cell viability and proliferation, particu-
larly over longer time periods. This effect can be attributed
to the release of Ca?* and PO43~ ions, which are known
to regulate osteoblast activity, signaling pathways, and ma-
trix mineralization [60,61]. Proliferation data, together with
SEM observations, indicate that the materials support not
only cell survival but also cell adhesion, infiltration into the
scaffold, and proliferation. These effects are likely associ-
ated with the surface chemistry and bioactivity imparted by
the DCPD addition, as well as surface properties such as
roughness [62,63].

In summary, the results indicate a clear relation-
ship between processing conditions, network architecture,
physicochemical behavior, and biological response. The
developed system serves as an example of how the inte-
gration of synthetic polymers, natural polysaccharides, and
bioactive ceramics can be used to design multifunctional
biomaterials with tailored properties.

Conclusions

Herein, it is demonstrated that a photocrosslinked
PEG-PVP-pullulan composite reinforced with DCPD may
be effectively engineered as a multifunctional biomate-
rial, exhibiting properties that can be tailored for poten-
tial bone and osteochondral tissue engineering applications.
Through optimisation of polymer composition, precursor
suspension stability, and photocrosslinking conditions, ho-
mogeneous composites with controlled swelling and degra-
dation behavior. The incorporation of DCPD significantly
enhanced the performance of the materials by improving
structural stability, increasing surface roughness, and en-
abling the release of calcium and phosphate ions, which
may contribute to cellular activity relevant to bone tissue
regeneration. Subsequently, the tunable polymer matrix
provides a hydrated and compliant environment that is fa-
vorable for cartilage tissue regeneration. This combination
suggests that the developed systems may be suitable can-
didates for further investigation in osteochondral tissue en-
gineering. All investigated materials were cytocompatible
and supported cell proliferation, confirming their suitabil-
ity for further biological evaluation. Notably, the B-DCPD
composition exhibited the most balanced combination of
physicochemical and biological properties, indicating that
precise control over polymer-ceramic ratios is crucial for
achieving optimal performance in osteochondral systems.
Importantly, the results highlight that both material com-
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position and processing parameters play a key role in de-
termining the final biological response, providing a frame-
work for the rational design of hybrid biomaterials for os-
teochondral applications.

Despite these promising findings, further studies are
required to fully validate the potential of the developed ma-
terials. In particular, advanced in vitro studies, including
co-culture systems and differentiation assays relevant to os-
teochondral tissue regeneration, as well as in vivo inves-
tigations in osteochondral defect models, are necessary to
assess their regenerative performance and integration with
host tissue. The presented materials offer a promising plat-
form for the development of gradient or bilayer osteochon-
dral scaffolds.
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