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Abstract: In regenerative bone tissue medicine, combining artificial bone substitutes with progenitor
cells is a prospective approach. Surface modification via cold atmospheric plasma (CAP) enhances
biomaterial–cell interactions, which are crucial for successful bone regeneration. Using a rabbit
calvarial critical-size defect model, we assessed the use of CAP-pretreated beta-tricalcium phosphate
(β-TCP), alone or with periodontal ligament stem cells (PDLSCs), for bone regeneration. Histo-
logical and histomorphometric analyses at two and four weeks revealed significantly improved
bone regeneration and reduced inflammation in the CAP-treated β-TCP with PDLSCs compared to
β-TCP alone. Immunohistochemical analysis also showed an increase in the bone healing markers,
including bone morphogenic proteins 2 and 4, runt-related transcription factor 2, collagen-1, and
osteonectin, after two and four weeks in the CAP-treated β-TCP implants with PDLSC. This in vivo
study demonstrates for the first time the superior bone regenerative capacity of CAP-pretreated
β-TCP seeded with PDLSCs, highlighting the therapeutic potential of this combined approach
in osteoregeneration.

Keywords: bone regeneration; mesenchymal stromal cells; periodontal ligament stem cells;
non-thermal atmospheric pressure plasma; tricalcium phosphate

1. Introduction

In the last few decades, several innovative therapeutic modalities have been designed
to enhance bone regeneration [1]. Alloplastic bone substitutes, including beta-tricalcium
phosphate (β-TCP), have osteoconductive features, meaning that they act as a scaffold for
the influx of osteogenic cells, although they themselves do not have any osteoinductive or
osteogenic ability [2]. Emerging bone tissue engineering strategies are based on seeding
osteogenic cells onto calcium phosphate ceramic scaffolds in order to foster new bone tissue
formation [3].

Among the various types of progenitor cells, mesenchymal stem cells (MSCs) rep-
resent the most frequently used population in different fields of regenerative medicine,
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including bone regeneration [4,5]. Dental-derived MSCs bear similar multipotent potential
and immunoregulatory capacities in comparison to bone marrow-derived MSCs, which
have been traditionally applied to seed biomaterials in numerous pre-clinical and clinical
studies [6–8]. The advantages of periodontal ligament stem cells (PDLSCs) over other
MSCs obtained from dental tissue include easier availability, lower donor site morbidity,
and lower requirements for invasive surgery [9]. It has been reported that PDLSCs have
osteogenic potential and show better regeneration capability and multipotency in compari-
son to other subpopulations of stem cells of dental origin, which makes them a suitable
alternative to BM-MSCs in terms of using cells in bone repair [9,10].

Recent research has shown that biomaterials, depending on their physicochemical
properties, can modify the microenvironment of cells and trigger regulatory signals that
induce the differentiation of these cells into specific cell lines. The surface characteristics of
materials, such as the chemical composition, hydrophilicity, surface energy, and topography,
are key factors that control the behavior of cells on the surface of biomaterials [11,12].
Various studies in recent years have shown that all these properties can be very easily
modified via treatment with cold atmospheric plasma (CAP) [13–16].

Along with well-established processing using cold plasmas established at low pres-
sures [17], cold plasmas at atmospheric pressure have paved the way for the efficient
processing of different materials. CAP provides an active chemical environment close
to room temperature, enabling physical and chemical interaction with the surface of
materials—such as etching, deposition and activation [18]. Due to generating a diver-
sity of reactive oxygen and nitrogen species (RONS), such as radicals, ions, excited atoms
and molecules (O, OH, H2O2, O3, N2*, O−

2 , etc.), CAP is used as a prosperous technology
in the medical field, with applications ranging from sterilization of medical equipment,
surface modification of biomaterials, cancer treatment, to treatment of wounds and tissues,
etc. [19–22]. Most of these plasma sources belong to the dielectric barrier discharge (DBD)
type [23], whose main asset is a possibility to provide a large effective surface for treatment
in comparison to the other plasma sources operating at atmospheric pressure. However,
applications related to plasma treatments of (bio)material surfaces, i.e., bone grafting mate-
rial, are infrequent and in most cases performed using low-pressure plasma systems [13,24].
Bearing in mind the potential of CAP to induce changes in the treated biomaterials [25,26], it
is reasonable to believe that it can be used to enhance the regenerative potential of grafting
materials, in particular when combined with MSCs.

Therefore, the aims of this in vivo study were to assess the regenerative potential of
human PDLSCs seeded onto a β-TCP scaffold and to investigate if bone regeneration can
be further improved via CAP pretreatment of the β-TCP.

2. Materials and Methods
2.1. Experimental Material and Cells

Periodontal ligament stem cells were isolated using the explant method, and charac-
terized as previously described [27], from periodontal tissues of the healthy third molars
extracted from patients undergoing orthodontic treatment at the Department of Oral
Surgery of the School of Dental Medicine. The procedures followed the approved set of
ethical guidelines published by the Ethics Committee of the Faculty of Dental Medicine,
University of Belgrade (No. 36/13) after obtaining informed consent from the patients, and
all the experiments were performed in accordance with the relevant guidelines and regula-
tions. After isolation, PDLSCs were cultured in DMEM (Sigma-Aldrich, St. Luis, MO, USA)
supplemented with 10% fetal bovine serum (FBS; Capricorn Scientific, Ebsdorfergrund,
Germany) and 100 U/mL penicillin and 100 µg/mL streptomycin (Capricorn Scientific,
Ebsdorfergrund, Germany) and passaged regularly.

As the scaffold material, synthetic β-tricalcium phosphate granules (β-TCP), size
0.5–1 mm (R.T.R. Syringe, Septodont, France), were used. For seeding onto the scaffold,
the cells from passage 4 were detached using 0.05% trypsin with 1 mM EDTA (Capricorn
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Scientific, Ebsdorfergrund, Germany), and 2 × 105 cells were seeded onto CAP-treated or
untreated β-TCP granules immediately before the implantation.

2.2. Plasma Source

In this work, we used a surface dielectric barrier discharge (SDBD) system that op-
erates in air at atmospheric pressure for the treatment of the β-TCP. A detailed electrical
characterization of the DBD device that was previously used for treatments of synthetic
seeds is provided in Škoro et al. [28,29]. The plasma source consisted of a glass upper
part with powered and grounded segmented electrodes. It was placed above a grounded
metallic surface covered with a glass dielectric plate (90 mm in diameter) that served as a
sample holder (Figure 1a). The distance between the upper and lower electrode surfaces
was d = 2.5 mm. In the upper part, electrodes made of 5 mm wide copper tape were placed
on both sides of a 2 mm thick glass dielectric plate in an alternating manner (see Figure 1a).
The copper stripes fixed to the bottom of the upper glass plate (facing the sample holder)
were powered while the stripes at the top were grounded. The powered electrodes were
connected to a 50 Hz sine high-voltage signal that was monitored using a high-voltage
probe, while the discharge current was obtained by measuring the voltage drop on a 15 kΩ
resistor. In Figure 1b, we show waveforms of the voltage and current obtained during the
treatment. The spikes visible in the current signal minimum and maximum values belong
to the numerous microfilaments that are formed between the powered electrode and the
dielectric on the sample holder.
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Figure 1. Experimental setup: (a) schematic of the surface dielectric barrier discharge (SDBD) system 
and (b) voltage and current waveforms. 

For each treatment, 0.1 cm3 of bone grafts were placed on the sample holder and 
equally distributed in a thin layer (less than 0.5 mm thick). The material was confined in 
the rectangle electrode area by using a plastic spacer to prevent dissipation of the material 
from active plasma volume due to drifting in the electric field. The treatment time was t = 
10 min in all the treatments. We have previously used the same DBD device for the treat-
ment of encapsulated synthetic seeds, and it was shown that the best results are obtained 
for the longest time, i.e., 10 min [28]. Due to the in vivo type of experiments presented in 
this manuscript and many study groups included, we believed that choosing the 10 min 
treatment as the best one based on previous experience. All the treatments were 

Figure 1. Experimental setup: (a) schematic of the surface dielectric barrier discharge (SDBD) system
and (b) voltage and current waveforms.

For each treatment, 0.1 cm3 of bone grafts were placed on the sample holder and
equally distributed in a thin layer (less than 0.5 mm thick). The material was confined in the
rectangle electrode area by using a plastic spacer to prevent dissipation of the material from
active plasma volume due to drifting in the electric field. The treatment time was t = 10 min
in all the treatments. We have previously used the same DBD device for the treatment
of encapsulated synthetic seeds, and it was shown that the best results are obtained for
the longest time, i.e., 10 min [28]. Due to the in vivo type of experiments presented in
this manuscript and many study groups included, we believed that choosing the 10 min
treatment as the best one based on previous experience. All the treatments were performed
with identical electrical plasma parameters: VRMS = 8000 V and IRMS = 0.3 mA with mean
power of around 1 W.

2.3. Animal Experiment Surgery Procedure and Study Design

The experimental procedures were approved by the Ethical Committee of the Faculty
of Veterinary Medicine, University of Belgrade and the Ministry of Agriculture, Forestry
and Water Management of the Republic of Serbia (No. 323-07-08477/2015-05/3), and they
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were performed in accordance with Directive 2010/63/EU. Ten four-month-old Chinchilla
rabbits weighing between 3.5 kg and 4.3 kg were used in this study.

Enrofloxacin (Baytril 2.5%, Bayer, Leverkusen, Germany) 10 mg/kg i.m. was used
in the premedication and on five postoperative days, as well as butorphanol (Butomidor
10 mg/mL, Richter Pharma Ag, Wels, Austria) 0.5 mg/kg s.c., for pain management.

In all the animals, general anesthesia was induced via intramuscular injection of
35 mg/kg of ketamine hydrochloride (Ketamidor 10%, Richter Pharma AG, Wels, Austria)
and 5 mg/kg of xylazine (Xylased 20 mg/mL, Bioveta, Ivanovice na Hané, Czech Republic).
The midline incision of the scalp, created between the base of the ears and approximately
5 cm anteriorly, was performed for the full-thickness skin flap. The parietal bones were
exposed after sharp subperiosteal dissection of the pericranium. Four full-thickness calvar-
ial critical-sized defects, measuring 8 mm in diameter, were created via electrical drilling
under copious saline irrigation, two of them on each side of the midline of the parietal
bone (Figure 2a). A surgical template made of a sterile acrylic disk was used to ensure each
defect was identical.
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Figure 2. Calvarial critical-sized defects of 8 mm of diameter in a rabbit model: (a) before and
(b) after implantation.

In every rabbit, each of the four defects was randomly allocated to one of the following
study groups:

Group I—defect filled with beta TCP.
Group II—defect filled with beta TCP after treatment with cold atmospheric plasma.
Group III—defect filled with beta TCP in combination with PDLSC.
Group IV—defect filled with beta TCP after treatment with cold atmospheric plasma in
combination with PDLSC.

Although additional control groups would have added value to the study, we were
limited by the fact that the rabbit calvaria can fit only up to four critically sized defects. In
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this study, we opted for β-TCP as a base control, since it is graft material that is already
used for the treatment of bone defects and has been proven to be effective.

The bone substitutes filled the bone defects from the dura to the level of marginal bone,
replacing the volume of the removed bone, and the pericranium and skin were sutured
in layers with absorbable sutures (Figure 2b). The surgical wound was treated once with
Engemycin Spray (Intervet Productions S.r.l., Aprilia, Italy). During the postoperative
animal care, the rabbits were observed twice a day until the end of the experiment. The
sutures were removed 12 days after the surgery. For pain assessment, the Rabbit Grimace
Scale of the National Center for the Replacement, Refinement and Reduction of animals in
the research scale of Newcastle University was used.

One rabbit died postoperatively, while the remaining animals (five at two weeks and
four at four weeks postoperatively) were anesthetized according to the protocol and then
euthanized via intravenous application of 150 mg/kg sodium pentobarbitone. The calvarial
bones were surgically removed and separated into different bone blocks according to the
study groups.

2.4. Histological and Histomorphometric Analysis

The 36 bone specimens were immediately placed in 0.1 M phosphate-buffered saline
solution (pH = 7.2), after which each specimen was decalcified using formic acid and
embedded in paraplast blocks after a routine preparation process. Thereafter, 4 µm thick
slices were cut for routine hematoxylin and eosin (HE) staining. Representative sections
were selected for Masson–Goldner staining. The histological parameters were evaluated
at 40× magnification under a microscope (Leitz Labor Lux S Fluorescence Microscope,
Ernst Leitz Wetzlar GMBH, Wetzlar, Germany), with the exception of the inflammatory
cell infiltrates, which were counted at a total magnification of 400×. The 2D images were
captured at 40–400× magnification using a digital color camera (Leica DFC295, Leica
Microsystems, Wetzlar, Germany). Thereafter, the images were analyzed using software
(Leica University Suite, version 4.3, Leica Microsystems, Wetzlar, Germany) running on a
personal computer.

The histomorphometric parameters we evaluated were the presence and area of:
(1) newly formed bone tissue; (2) mineralized and non-mineralized bones (osteoids);
(3) newly formed connective tissue; (4) non-resorbed bone graft particles; and (5) blood
vessels. All the histomorphometric results were presented as a percentage.

The presence of an inflammatory reaction was determined based on the number
of inflammatory infiltrate cells and classified as mild (0–5 cells), moderate (6–10 cells),
or severe (11 or more). For each sample, three histological fields of the same surface
(10,000 µm2) per section, with a spacing of 50 µm between fields, at 400× magnification,
were analyzed.

2.5. Immunohistochemical Analysis

Experimental paraffin tissue sections were cut at 5 µm, and the tissue samples were
heated for 1 h at 56 ◦C. After that, the tissue sections were deparaffinized and rehydrated
using a series of xylenes and alcohols. Endogenous peroxidase activity was blocked via
the treatment of the experimental section with 3% H2O2 in PBS. Epitope retrieval was
performed when the slides with tissue sections were heated in a microwave oven for
21 min in 10 mmol/L citrate buffer, pH = 6.0.

The experimental tissues slides were incubated overnight in humidity chambers at
+4 ◦C with proper antibodies (dilution 1:200) against osteonectin (anti-SPARC antibody,
Code: ABIN190339, Antibodies Online), runt-related transcription factor 2 (RUNX, Code:
ABIN2780589), collagen type 1 (Code: ABIN 153357), bone morphogenic protein (BMP)-2
(Code: ABIN730903) and BMP-4 (Code: ABIN 223638). The immunopositivity reactive
complex was imaged with a DAKO Liquid DAB+ Substrate/Chromogen System (Dako,
CA, USA, Code No. K3468) and then counterstained with Mayer’s hematoxylin (Merck,
KGaA, Darmstadt, Germany). For the negative control, we used the tissue sections without
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the primary antibodies, while for the positive control, we used the tissue sections that
we already knew to express examined antibodies. For immunostaining, we used the
streptavidin-biotin technique (LSAB+/HRP Kit, Peroxidase Labeling, DAKO Cytomation,
Glostrup, Denmark), visualized with a DAKO Liquid DAB+ Substrate/Chromogen System
(Dako, CA, USA) and counterstained with Mayer’s hematoxylin (Merck KGaA, Darmstadt,
Germany). The numbers of BMP-2, BMP-4, collagen-1, RUNX2 and osteonectin-positive
cells were analyzed using a light microscope (Olympus AX70, Hamburg, Germany) with
40× magnification. The immunopositive cells were analyzed by defining the positive areas
per every field (40× magnification) in five hotspots on every slide using ImageJ software
(The National Institutes of Health, Bethesda, MD, USA), and the number of immunopositive
cells was calculated for each tissue sample.

2.6. Statistics

Statistical analysis was performed using SPSS for Windows—version 18.0 software (SPSS,
Inc., Chicago, IL, USA). The software G*Power 3.1.9.4 (Heinrich-Heine-Universität Düsseldorf,
Düsseldorf, Germany) was used to calculate the sample size for the difference between two
means, as based on the literature data, for a significance level of 0.05 and a statistical strength
of 80%. All the data were presented as the mean ± SD. A two-way ANOVA was performed
at a 0.05 level of significance, followed by LSD post hoc comparisons.

3. Results
3.1. Histological and Histomorphometric Analysis

Two weeks after the surgical intervention, histomorphometric analysis showed that the
highest degree of bone regeneration was achieved in groups III and IV. The percentage of the
total bone surface area, particularly its mineralized fraction, was statistically significantly
higher in these two groups in relation to groups I and II (Table 1).

Table 1. Results of the histomorphometric analysis after 2 weeks and 4 weeks for the different
study groups.

Healing
Time Group Total Bone % Mineralized

Bone %
Non-Mineralized

Bone %
Connective

Tissue %
Graft

Particles %
Blood

Vessels %

2 weeks

I 5.55 ± 1.30 5.16 ± 1.01 0.39 ± 0.29 61.89 ± 15.00 41.85 ± 6.46 0.57 ± 0.35
II 8.77 ± 2.80 6.77 ± 1.94 2.00 ± 0.85 42.86 ± 6.83 * 47.39 ± 5.74 0.97 ± 0.42

III 17.52 ± 7.78
** ##

16.93 ± 4.23
* #

0.60 ± 0.34
#

41.40 ± 4.56
* 39.84 ± 8.72 1.25 ± 0.55

IV 23.53 ± 7.63
** ##

21.03 ± 4.73
** ##

2.50 ± 0.33
*

48.53 ± 2.53
#

26.99 ± 1.8
## 0.95 ± 0.27

4 weeks

I 4.87 ± 1.40 4.17 ± 1.38 0.70 ± 0.23 48.77 ± 2.06 47.75 ± 0.71 0.61 ± 0.38
II 11.89 ± 2.77 7.39 ± 1.81 2.44 ± 0.81 52.98 ± 3.72 36.61 ± 4.81 0.58 ± 0.26

III 24.34 ± 7.46
**

15.33 ± 6.23
*

9.02 ± 3.43
** 47.19 ± 4.72 29.75 ± 10.53

* 0.57 ± 0.38

IV 21.32 ± 4.82
**

14.71 ± 2.79
*

6.61 ± 2.16
* 53.51 ± 4.67 14.35 ± 1.80

* 0.99 ± 0.35

* p < 0.05; ** p < 0.01 in comparison with the control (group I); # p < 0.05; ## p < 0.01 in comparison with group II.

We did not observe a severe inflammatory reaction in any of the examined groups.
In groups I and II, the inflammatory reaction was moderate. In all the tested samples of
group IV and in 75% of group III, we noticed either the complete absence of inflammatory
infiltrate cells or it was minimal.

Four weeks after the surgery, the total amount of newly formed bone (mineralized
and non-mineralized fraction) was statistically significantly higher in groups III and IV
when compared to group I. In groups III and IV, there was a reduction in the area occupied
by graft particles (Table 1).

Additionally, there was a decrease in the number of inflammatory infiltrate cells
compared to the two-week evaluation period, so 75% of the samples in groups I and II
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had moderate inflammatory infiltrate, and 25% of the samples in these groups, as well as
100% of the samples of groups III and IV, showed the complete absence or signs of minimal
inflammatory reaction.

3.2. Immunohistochemical Analysis

Two weeks after surgery, the highest number of BMP-2-positive cells was identified
in group IV (Figure 3d). Immunohistochemical analysis showed a significant increase in
positively stained BMP-2 cells in group IV in comparison to groups I, II, and III (p < 0.001)
(Figure 3). After four weeks of healing, we observed a significantly higher number of
BMP-2-positive cells between groups III and IV in comparison to group I (p < 0.001), as
well as in group IV in comparison to group II (p < 0.001) (Figure 3).

Figure 3. Immunohistochemical analysis of the BMP-2-positive cells in the defects after 2 (a–d)
and 4 (e–h) weeks postoperatively: (a,e)–group I-β-TCP; (b,f)—group II-plasma-treated β-TCP;
(c,g)—group III-β-TCP and PDLSCs; (d,h)–group IV-plasma-treated β-TCP and PDLSCs. (i) Median
values of immunostaining calculated by determining the BMP-2-positive areas (brown-colored cells)
are presented on the graph. The magnification in all the micrographs is 40×. ***, p < 0.001—compared
with group I; ###, p < 0.001—compared with group II; +++, p < 0.001—compared with group III.
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Two weeks postoperatively, the number of BMP-4 immunopositive cells detected
in group IV (Figure 4d) was higher than in groups I, II (p < 0.001), and III (p < 0.05). A
significantly higher number of BMP-4 positive cells was also detected in group III when
compared to group I (p < 0.05) (Figure 4). After four weeks, a significantly higher number
of BMP-4 positive cells was noticed in group IV in comparison to groups I (p < 0.01) and II
(p < 0.001) (Figure 4).

Figure 4. Immunohistochemical analysis of the BMP-4-positive cells in the defects after 2 (a–d) and
4 (e–h) weeks postoperatively: (a,e)—group I—β-TCP; (b,f)—group II—plasma-treated β-TCP;
(c,g)—group III—β-TCP and PDLSCs; (d,h)—group IV—plasma-treated β-TCP and PDLSCs.
(i) Median values of immunostaining calculated by determining the BMP-4-positive areas (brown-
colored cells) are presented on the graph. The magnification in all the micrographs is 40×.
* p < 0.05; ** p < 0.01; *** p < 0.001—compared with group I; ### p < 0.001—compared with group II;
+ p < 0.05—compared with group III.

Runx-2 immunopositive cells dominated in group IV, both two and four weeks after
surgery (Figure 5d,h). We detected a significantly higher number of Runx-2 immunopos-
itive cells in group IV in comparison to group I after two weeks and after four weeks in
comparison to groups I and II (p < 0.05) (Figure 5).
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Figure 5. Immunohistochemical analysis of the Runx-2-positive cells in the defects after 2 (a–d) and
4 (e–h) weeks postoperatively: (a,e)—group I—β-TCP; (b,f)—group II—plasma-treated β-TCP;
(c,g)—group III—β-TCP and PDLSCs; (d,h)—group IV—plasma-treated β-TCP and PDLSCs.
(i) Median values of immunostaining calculated by determining the Runx-2-positive areas (brown-
colored cells) are presented on the graph. The magnification in all the micrographs is 40×.
* p < 0.05—compared with group I; # p < 0.05—compared with group II.

The number of collagen-1 cells, after two weeks, was significantly higher in groups II,
III, and IV when compared to group I (p < 0.001) (Figure 6a–d).

Collagen-1 immunohistochemical staining showed that the highest number of positive
cells found was four weeks after surgery in group IV (Figure 6h) and significantly more
compared to group III (p < 0.01) (Figure 6).
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Figure 6. Immunohistochemical analysis of the collagen-1-positive cells in the defects after 2 (a–d) and
4 (e–h) weeks postoperatively: (a,e)—group I—β-TCP; (b,f)—group II—plasma-treated β-TCP;
(c,g)—group III—β-TCP and PDLSCs; (d,h)—group IV—plasma-treated β-TCP and PDLSCs.
(i) Median values of immunostaining calculated by determining the collagen-1-positive areas
(brown-colored cells) are presented on the graph. The magnification in all the micrographs is
40×. *** p < 0.001—compared with group I; ++ p < 0.01—compared with group III.

Two weeks postoperatively, we did not find any significant difference in the number of
osteonectin-positive cells between the four groups. However, after four weeks, the numbers
of positive cells in groups II (p < 0.001) and IV (p < 0.01) were significantly higher compared
to group I. Also, the combination of β-TCP, plasma and PDLSCs (group IV) significantly
increased the number of osteonectin-immunopositive cells in comparison to β-TCP and
PDLSCs (group III) (p < 0.05) (Figure 7).
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Figure 7. Immunohistochemical analysis of the osteonectin-positive cells in the defects after
2 (a–d) and 4 (e–h) weeks postoperatively: (a,e)—group I—β-TCP; (b,f)—group II—plasma-treated
β-TCP; (c,g)—group III—β-TCP and PDLSCs; (d,h)—group IV—plasma-treated β-TCP and PDLSCs.
(i) Median values of immunostaining calculated by determining the osteonectin-positive areas (brown-
colored cells) are presented on the graph. The magnification in all the micrographs is 40×. ** p < 0.01;
*** p < 0.001—compared with group I; + p < 0.05—compared with group III.

4. Discussion

According to the results of our study, histological and histomorphometric analysis
demonstrated that the seeding of PDLSCs onto β-TCP, both untreated and pretreated with
CAP, led to improved osteoregeneration. Our results also showed that after two weeks,
most of the sites that were treated with PDLSCs had a minor or no inflammatory reaction
compared to the groups without the cells, in which the inflammation was moderate up to
the fourth week.

In addition to histological examination of the tissue samples, we assessed the ex-
pression of several osteogenic markers, namely BMP-2, BMP-4, collagen-1, Runx-2, and
osteonectin, via immunohistochemical staining. Bone morphogenic proteins belong to the
TGF-β superfamily and are involved in both initiation and terminal osteogenic differentia-
tion [30]. Among other family members, BMP-2, -4, -6, -7, and -9 are especially important
for bone formation, as they induce a signaling cascade involving the Runx-2 transcription
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factor to increase osteoprogenitor cell proliferation, differentiation, and synthesis of extra-
cellular matrix (ECM) components [31]. Collagen-1 is the main element of the bone ECM
and is also expressed at the earliest stages of osteogenesis [32], while osteonectin is a glyco-
protein expressed in more mature osteoblasts that binds Ca and initiates mineralization
and cell–ECM interaction [33].

In general, we observed the highest percentages of immunostained cells for all the
tested markers in the defects filled with CAP-treated β-TCP and PDLSCs, which addition-
ally supports the beneficial therapeutic effects of such a combined approach on osteoregen-
eration. BMP-2, BMP-4, collagen-1, and Runx-2 were increased already two weeks after the
implantation of the plasma-treated material seeded with the cells. This increase in the early
markers of osteogenesis implies an accelerated initial phase of bone healing. Although
both groups with the cells showed increased production of BMPs, the defects filled with
CAP-treated β-TCP and PDLSCs showed significantly more BMP expression than with the
cells seeded on untreated material. The increased presence of BMPs in lesions treated with
PDLSCs may be due to the increased production of these factors by the implanted MSCs,
which stay longer at the implantation site due to plasma-induced alterations in the grafting
material. On the other hand, CAP-treated β-TCP alone stimulated collagen-1 production
after two weeks and osteonectin production after four weeks, which is in line with their
respective roles in the dynamics of bone formation. The same trend was demonstrated in
the group with CAP-treated β-TCP with the cells. It is interesting that four weeks after the
implantation, collagen-1 and osteonectin were expressed more in the defects filled with
PDLSCs and CAP-treated β-TCP than in those filled with untreated β-TCP and cells. This
could be the effect of the alteration in the hydrophilicity of the plasma-treated surface. Even
though a few studies have investigated the influence of plasma-treated biomaterial surfaces
on pro-osteogenic cell activities in vitro [15,34,35], to the best of our knowledge, there is
no research that has explored the in vivo effects of surface-modified calcium phosphate
biomaterials in combination with MSCs on bone regeneration. Future works will need to
investigate in more depth the origin of the secreted proteins and the exact role that human
MSCs play in this process.

The positive interactions of biomaterials and cells are crucial for successful bone re-
generation. Research have shown that the surface characteristics of calcium phosphates,
like the chemical composition, molecular weight, and surface properties, including the
hydrophilicity and topography, can positively affect stem cell functions such as the adhe-
sion, proliferation and differentiation [36,37]. The power deposited in the CAP used for the
treatment of the β-TCP samples was kept at the level of 1 W, which means that most likely
there was no erosion of the treated material. The CAPs have an important characteristic
in that they operate at room temperature while having a rich gas-phase chemistry due to
the electrons with much higher energy than the neutral gas, ions, and other species. This
leads to the production of reactive oxygen and nitrogen species (RONS): superoxide anion
(O−

2 ), hydroxyl radicals (OH), oxygen atoms (O), hydrogen peroxide (H2O2), ozone (O3),
nitrite (NO2), nitric oxide (NO), nitrate (NO3), peroxynitrite (ONOO-), etc. [38–40]. Broadly
speaking, the production rates and amounts of RONS are connected to the deposited power
in the plasma, to the presence of surrounding gas that is diffused in the plasma working
gas, the geometry of the discharge and the type of target. In our case, the RONS created
in the plasma gas phase are in contact with the surface of the β-TCP samples during the
treatments, and their mutual interaction leads to changes in the material surface chemistry.
One can expect that the wettability is increased as well as the surface energy of the plasma
treated samples of β-TCP [24,41]. This can lead to better adhesion of the cells, with the
result of better bone regeneration. The influence of CAP treatment on materials is limited to
the surface and surface chemistry. During plasma treatment, C-C and C-H bonds are usu-
ally broken and carbon content decreases with the increase in oxygen content. Beutel et al.
confirmed the increase in the oxygen and calcium percentages and decrease in the carbon
presence in the surface chemistry of β-TCP scaffolds when treated by argon CAP [24].
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Canullo et al. have demonstrated that the protein adsorption and murine osteoblasts
adhesion are increased by argon plasma surface modification of hydroxyapatite (HA) and
calcium phosphate ceramics [35]. Choi et al. also showed that following the treatment of
HA/β-TCP with nitrogen and air CAP, the attachment and proliferation of MC3T3 mouse
osteoblasts were increased [15]. This can be achieved by increasing the hydrophilicity of
the scaffold surface. It has been reported that when a surface is treated with CAP, the
carbon levels decrease, whereas the levels of oxygen functional groups increase, resulting
in a more polar and hydrophilic surface [13–15]. The hydrophilicity of a surface is essential
for the adsorption of ECM proteins and hence the adhesion of cells via cell–ECM inter-
actions [42]. In addition, it has been reported that hydrophilic surfaces contribute to the
adhesion and proliferation of osteoblasts while simultaneously promoting the maturation
and differentiation of bone precursor cells, which leads to the creation of a pro-osteogenic
microenvironment [43]. On the other hand, macrophage activity is also affected by the
hydrophilicity and microporosity of surfaces [44,45]. The increased surface energy of hy-
drophilic surfaces enhances the release of anti-inflammatory markers by macrophages and
modulates their polarization to anti-inflammatory phenotypes [46,47]. It has also been
shown that the surface topography influences the gene expression and cytokine secretion
profile of MSCs and enhances their osteogenic differentiation capacity [48,49].

The implanted MSCs do not survive long at the implantation site but initiate the
bone regeneration process by recruiting host MSCs and osteoprogenitors, resolving inflam-
mation by modulating the immune response and initiating reparatory M2 macrophage
polarization [50,51]. MSCs also suppress Th1 and cytotoxic T cell proliferation and function,
favoring Th2 and Treg cell polarization, inhibit NK cell cytotoxicity and induce tolerogenic
DC generation. This immunosuppressive effect is crucial for terminating the inflammatory
phase and moving to the regenerative phase, thereby avoiding chronic inflammation, which
is detrimental to any tissue regeneration [44]. On the other hand, M2 macrophages, and
osteoclasts generated by phagocytosis and creating an acidic environment, lead to the
resorption of calcium phosphate materials and release of calcium and phosphate ions [52],
which contribute to MSC osteogenic differentiation and mineralization [53]. Previous
studies have shown that macrophage recruitment to an implanted calcium phosphate is
significantly enhanced when the calcium phosphate scaffold is seeded with MSCs [44,51,54].
Based on these studies and our results, we can consider surface modification of β-TCP by
CAP as a way to increase the adhesion and interaction of MSCs with the material, as well
as the surrounding host tissue and cells, leading to the transition from a pro-inflammatory
to a pro-reparatory microenvironment.

5. Conclusions

This study showed that CAP-pretreated β-TCP in combination with PDLSCs had
significantly higher bone regeneration capacity and decreased inflammatory reaction com-
pared to β-TCP alone. Even though this study has its limitations, such as a lack of physico-
chemical analysis of the CAP-treated material, our findings suggest that treatment with
CAP could be a relatively simple, inexpensive, and effective method of treating β-TCP that
improves the interaction of the material with stem cells, thus enhancing bone regeneration.
This research opens up new perspectives on the development of advanced methods in
MSC-based bone tissue engineering strategies supported by CAP technology to augment
the healing of difficult bone lesions.
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