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Abstract: Alkaptonuria (AKU) is a genetically determined disease associated with disorders of
tyrosine metabolism. In AKU, the deposition of homogentisic acid polymers contributes to the patho-
logical ossification of cartilage tissue. The controlled use of biomimetics similar to deposits observed
in cartilage during AKU potentially may serve the development of new bone regeneration therapy
based on the activation of osteoblasts. The proposed biomimetic is pyomelanin (PyoM), a polymeric
biomacromolecule synthesized by Pseudomonas aeruginosa. This work presents comprehensive data
on the osteoinductive, pro-regenerative, and antibacterial properties, as well as the cytocompatibility,
of water-soluble (PyoMsol) or water-insoluble (PyoMinsol) PyoM. Both variants of PyoM support
osteoinductive processes as well as the maturation of osteoblasts in cell cultures in vitro due to
the upregulation of bone-formation markers, osteocalcin (OC), and alkaline phosphatase (ALP).
Furthermore, the cytokines involved in these processes were elevated in cell cultures of osteoblasts
exposed to PyoM: tumor necrosis factor (TNF)-α, interleukin (IL)-6, and IL-10. The PyoM variants
are cytocompatible in a wide concentration range and limit the doxorubicin-induced apoptosis of
osteoblasts. This cytoprotective PyoM activity is correlated with an increased migration of osteoblasts.
Moreover, PyoMsol and PyoMinsol exhibit antibacterial activity against staphylococci isolated from in-
fected bones. The osteoinductive, pro-regenerative, and antiapoptotic effects achieved through PyoM
stimulation prompt the development of new biocomposites modified with this bacterial biopolymer
for medical use.
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1. Introduction

Regeneration of damaged bone is a complex process involving hematopoietic cells,
bone-forming cells (osteoblasts) and osteoclasts, immune cells, and endothelial cells. Bone
repair consists of three primary phases: inflammation, bone production, and bone remod-
eling [1]. Osteoblasts derived from mesenchymal stem cells, constituting approximately
4–6% of bone cells, are involved in bone formation [2]. Mature osteoblasts synthesize
extracellular type I collagen (COL1) and non-collagen proteins including osteocalcin (OC),
osteopontin (OPN), and alkaline phosphatase (ALP). The extracellular matrix appears
initially in the form of unmineralized osteoid, which then undergoes mineralization with
the participation of hydroxyapatite and OC as well as ALP [3]. During bone remodeling,
progenitor osteoblasts infiltrate the milieu of damaged bone; mature osteoclasts resorb
damaged bone tissue, and then osteoclasts die, and after that, osteoblast progenitor cells
are recruited; in the last step of bone formation, mature osteoblasts produce new bone
osteoid [4,5].
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In the physiological microenvironment of bone tissue, bone formation by osteoblasts
remains in balance with the phase of bone resorption provided by osteoclasts. These
opposing activities of osteoblasts and osteoclasts ensure constant bone mass and mineral-
ization [6]. Many proteins and cytokines secreted by osteoblasts, osteoclasts, and immune
cells involved at various stages of bone turnover are responsible for maintaining the balance
between the process of bone formation and resorption [7]. The key modifiers responsible for
maintaining the balance in bone remodeling include OC, ALP, osteoprotegerin (OPG), bone
morphogenetic proteins, receptor activator of nuclear factor kappa-light-chain-enhancer
of activated B cells (RANK) ligand (RANKL), interleukin (IL)-1, IL-6, IL-10, and tumor
necrosis factor (TNF)-α [8–10]. The reasons for the bone damage can be different, such
as injuries, fractures, metabolic or infectious diseases, osteoporosis, or cancer. This is a
significant problem if the pathological disorders are greater than the spontaneous bone
repair linked to the osteoblast’s activity [11]. The process of bone repair in connection with
a fracture, osteoporosis, or implantation procedure may be even more limited if a bacterial
infection accompanies it. Therefore, searching for new compounds with multidirectional
pro-regenerative, osteogenic, and antibacterial activity is crucial [12–14].

Alkaptonuria is a metabolic disorder caused by a deficiency of homogentisate 1,2-
dioxygenase in tyrosine metabolism [15]. As a consequence, homogentisic acid (HGA) does
not undergo metabolic transformations, and over time, it polymerizes and accumulates in
collagen tissues, which leads to ochronosis. The process of ochronotic deposit formation is
not fully understood. HGA is believed to polymerize into a benzoquinone intermediate
before assuming its final polymeric form in collagen tissues [15,16]. One of the most typical
symptoms of AKU is chronic joint degeneration, manifested by structural changes and
mineralization occurring in cartilage tissue [17]. The accumulation of HGA polymers
causes hydroxyapatite deposition, a mineral responsible for bone calcification, which
further hardens the connective tissue [18].

In this study, by mimicking the pathological ossification induced in AKU by HGA
polymers, we aimed to support osteoinduction and osteoblasts maturation by using pyome-
lanin (PyoM) produced by Pseudomonas aeruginosa, previously shown to be cytocompatible
biomimetic of ochronotic deposits. It is possible that due to the above mechanisms ac-
companying AKU, including the local accumulation of HGA polymers, PyoM may have
proregenerative potential toward bone tissue [19–21]. PyoM is a dark brown-to-black
negatively charged extracellular polymeric pigment of HGA produced during L-tyrosine
catabolism [22]. Previously, we obtained two forms of this bacterial pigment: water-soluble
(PyoMsol) and water-insoluble (PyoMinsol), depending on the isolation procedure from
post-cultured supernatants [23]. The chemical analysis of PyoM showed that it contains
quinone and hydroxyquinone groups, which are responsible for antioxidant and reduc-
ing properties, respectively. It has been shown that due to these features, PyoM protects
bacterial cells against oxidative stress and UV light, electron transport, and binding of
metal ions [24,25]. We and other researchers have found that PyoM possesses antibacterial
activity against various bacterial species and supports the regeneration of gastric epithelial
cells in vitro by the neutralization of reactive oxygen species [23,26,27]. PyoM also stim-
ulates the activation of the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB), which is involved in signaling pathways driving inflammatory responses, tissue
reconstruction, including bone tissue, and regeneration processes [23,28].

This study aimed to determine the cytocompatibility of PyoMsol and PyoMinsol in vitro
toward human osteoblasts in conjunction with apoptosis assessment. In addition, cell migra-
tion in a wound healing assay and cell proliferation were assessed, which are determinants
of the pro-regenerative activity of cells. Furthermore, the biological activities of PyoM
toward human osteoblasts were tested regarding the role of PyoM as a biomimetic polymer
of ochronotic deposits in osteoinduction through an assessment of the production of OC as
a unique non-collagen protein of the bone matrix produced by osteoblasts, extracellular
matrix calcification, and ALP involved in osteoblast maturation. Since bone formation
depends on environmental cytokines, we determined the key cytokines, IL-6, TNF-α, and
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IL-10, that regulate this process. In addition, the antibacterial activity of PyoM against
staphylococci, the leading cause of bone infections accompanying medical interventions,
was assessed by a resazurin reduction assay.

2. Results
2.1. Bacterial Pyomelanin Is a Cytocompatible Biomacromolecule Toward Human Osteoblasts and
Diminishes DOX-Induced Cell Apoptosis

In this study, we demonstrated that bacterial pyomelanin (PyoMsol and PyoMinsol
form) was cytocompatible toward hFOB 1.19 human osteoblasts in cell cultures in vitro in
a wide concentration range (Figure 1A). PyoMsol did not reduce the viability of osteoblasts
in concentrations ranging from 1 µg/mL to 1024 µg/mL and met the requirements (>70.0%
of viable cells) for cytocompatibility resulting from the ISO 10993-5-2009 [29] standard. A
similar effect was demonstrated for PyoMinsol; however, at a concentration of 1024 µg/mL,
this PyoM variant caused a significant (p < 0.01) decrease up to 54.7% ± 5.0% in human
osteoblast viability compared to the untreated cells (100% viable cells).
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Figure 1. (A) The percentage of viable hFOB 1.19 osteoblasts after 24 h exposure to different con-
centrations of the water-soluble (PyoMsol) or water-insoluble pyomelanin (PyoMinsol). Osteoblasts
incubated only in medium (NC = 100% cell viability). (B) Diminishing cell apoptosis induced by
doxorubicin (DOX) in the milieu of PyoMsol or PyoMinsol at the concentration of 1 µg/mL. The
Apoptotic Index was determined from the relative fluorescence units (RFUs) of cells exposed to PyoM
vs. RFUs of non-stimulated osteoblasts (NS). The mean ± standard deviation results of four separate
experiments are shown. Statistical significance for ** p < 0.01; *** p < 0.001.
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Neither PyoMsol nor PyoMinsol alone induced cell apoptosis. There was no increase
in the Apoptotic Index (AI) established for the PyoM-treated cells vs. the untreated cells
(Figure 1B). The AI for hFOB 1.19 osteoblasts increased significantly (p < 0.001) after cell
exposure to proapoptotic DOX (positive control in apoptosis assay) up to 1.96 ± 0.17 vs.
AI = 1.00 for DOX untreated cells. We showed that both PyoM variants diminished the
apoptotic effect of DOX. After 24 h of co-stimulation of osteoblasts with DOX and PyoMsol
or PyoMinsol, the AI was significantly (p < 0.001) lower than in cells treated with DOX and
amounted to 1.09 ± 0.08 and 1.37 ± 0.10, respectively. Moreover, PyoMsol abolished the
proapoptotic activity of DOX more effectively (p < 0.01) than PyoMinsol.

2.2. Pyomelanin Promotes the Migration of Osteoblasts in Wound Healing Assay

Migration of osteoblasts was significantly enhanced in the wound area after 24, 48,
and 72 h, and the effectiveness of wound closure was 63.1% ± 9.2%, 72.2% ± 11.7%, and
95.1% ± 7.6%, respectively (Figure 2A). Similar results were shown for osteoblasts exposed
to PyoMinsol. PyoMinsol, at the same time points as PyoM, significantly promoted the cell
migration by up to 44.7% ± 9.6%, 69.4% ± 6.4%, and 93.2% ± 6.7% confluence, respectively.
Only after 24 h of exposure to PyoMsol did the cells migrate more effectively (p < 0.05) than
the cells treated with PyoMinsol. The migration of untreated hFOB 1.19 osteoblasts in the
scratched area was 32.7% ± 9.5%, 58.0% ± 10.6%, and 82.8% ± 6.7% after 24, 48, and 72 h,
respectively. Representative images of hFOB 1.19 osteoblast migration after 24, 48, and 72 h
of PyoM stimulation are shown in Figure 2B.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 4 of 20 
 

 

incubated only in medium (NC = 100% cell viability). (B) Diminishing cell apoptosis induced by 
doxorubicin (DOX) in the milieu of PyoMsol or PyoMinsol at the concentration of 1 µg/mL. The 
Apoptotic Index was determined from the relative fluorescence units (RFUs) of cells exposed to 
PyoM vs. RFUs of non-stimulated osteoblasts (NS). The mean ± standard deviation results of four 
separate experiments are shown. Statistical significance for ** p < 0.01; *** p < 0.001. 

Neither PyoMsol nor PyoMinsol alone induced cell apoptosis. There was no increase in 
the Apoptotic Index (AI) established for the PyoM-treated cells vs. the untreated cells 
(Figure 1B). The AI for hFOB 1.19 osteoblasts increased significantly (p < 0.001) after cell 
exposure to proapoptotic DOX (positive control in apoptosis assay) up to 1.96 ± 0.17 vs. 
AI = 1.00 for DOX untreated cells. We showed that both PyoM variants diminished the 
apoptotic effect of DOX. After 24 h of co-stimulation of osteoblasts with DOX and PyoMsol 
or PyoMinsol, the AI was significantly (p < 0.001) lower than in cells treated with DOX and 
amounted to 1.09 ± 0.08 and 1.37 ± 0.10, respectively. Moreover, PyoMsol abolished the 
proapoptotic activity of DOX more effectively (p < 0.01) than PyoMinsol. 

2.2. Pyomelanin Promotes the Migration of Osteoblasts in Wound Healing Assay 
Migration of osteoblasts was significantly enhanced in the wound area after 24, 48, 

and 72 h, and the effectiveness of wound closure was 63.1% ± 9.2%, 72.2% ± 11.7%, and 
95.1% ± 7.6%, respectively (Figure 2A). Similar results were shown for osteoblasts exposed 
to PyoMinsol. PyoMinsol, at the same time points as PyoM, significantly promoted the cell 
migration by up to 44.7% ± 9.6%, 69.4% ± 6.4%, and 93.2% ± 6.7% confluence, respectively. 
Only after 24 h of exposure to PyoMsol did the cells migrate more effectively (p < 0,05) than 
the cells treated with PyoMinsol. The migration of untreated hFOB 1.19 osteoblasts in the 
scratched area was 32.7% ± 9.5%, 58.0% ± 10.6%, and 82.8% ± 6.7% after 24, 48, and 72 h, 
respectively. Representative images of hFOB 1.19 osteoblast migration after 24, 48, and 72 
h of PyoM stimulation are shown in Figure 2B. 

 
Figure 2. (A) The migration effectiveness of hFOB 1.19 osteoblasts determined in a scratch assay. 
Osteoblasts were cultivated for 24 h, 48 h, or 72 h in the presence of water-soluble (PyoMsol) or water-
insoluble pyomelanin (PyoMinsol) at a concentration of 1 µg/mL Mean ± standard deviation of five 
separate experiments are shown. * p < 0.05; ** p < 0.01; *** p < 0.001, statistically significant differences. 
Cells not stimulated with PyoM (NS). The reference wound closure of non-stimulated cells is 
marked on the graph with dashed green line. (B) Representative images of hFOB 1.19 osteoblast 

Figure 2. (A) The migration effectiveness of hFOB 1.19 osteoblasts determined in a scratch assay.
Osteoblasts were cultivated for 24 h, 48 h, or 72 h in the presence of water-soluble (PyoMsol) or
water-insoluble pyomelanin (PyoMinsol) at a concentration of 1 µg/mL Mean ± standard deviation
of five separate experiments are shown. * p < 0.05; ** p < 0.01; *** p < 0.001, statistically significant
differences. Cells not stimulated with PyoM (NS). The reference wound closure of non-stimulated
cells is marked on the graph with dashed green line. (B) Representative images of hFOB 1.19 os-
teoblast migration after 24, 48, and 72 h of water-soluble (PyoMsol) or water-insoluble pyomelanin
(PyoMinsol) stimulation. In the microscopic images, the red dashed lines indicate the width of the
overgrown crack.
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2.3. Pyomelanin Promotes Maturation of Human Osteoblasts

Transcriptomic analyses revealed that the PyoMsol-treated osteoblasts were activated
compared to the untreated cells, as shown by the number of differentially expressed
transcripts. The non-treated cells revealed 1307 transcriptional changes, and the PyoMsol-
treated cells exhibited 1431 significant changes (Table S1). Relative changes in expression
were also more pronounced in the case of the pyomelanin-treated cells. A selection of
transcripts relevant to osteoblast activation are presented in Figure 3. Transcriptomic
changes associated specifically with hFOB 1.19 activation and differentiation upon PyoMsol
treatment include a significant upregulation of bone morphogenic protein (BMP)-2 and a
tendency to an increased expression of liver-/bone-/kidney-specific or tissue-nonspecific
(TNSALP) form of alkaline phosphatase related to the bone maturation, in conjunction with
the upregulation of phosphatidylinositol 3-kinase–serine/threonine kinase (PI3K-Akt) and
calcium-dependent signaling pathways involved in cell proliferation and differentiation.
The upregulation of the above proteins in the osteoblasts exposed to PyoMsol confirms that
PyoM may play a role in osteoinduction.
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lanin (PyoMsol). (A) Ontology analysis of differentially expressed genes overexpressed in hFOB1.19
osteoblasts during differentiation in osteoinductive media utilizing the ShinyGo 0.77 online plat-
form [30]. (B) List of transcripts relevant to osteoblastic differentiation of hFOB cells in comparison
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between proliferative and differentiation conditions for PyoMsol-treated and non-treated cells.
(C) A summary of transcriptomic changes observed between hFOB 1.19 cells differentiating un-
der standard conditions versus cells differentiating in media supplemented with PyoMsol. RNA was
isolated from cells incubated in proliferative or differentiation conditions for 14 days. The change in
BMP-2 expression between non-treated and treated cells (marked in red) exceeded the Log 2 FC of 2,
preset as the threshold for our analysis. ALPL, liver-/bone-/kidney-specific or tissue-nonspecific
(TNSALP) ALP form, ALPP, placental ALP form; BMP, bone morphogenic protein; CGMP-PKG, cyclic
guanosine monophosphate protein kinase G; COL, collagen; OCN, osteocalcin; OPG, osteoprotegrin,
RUNX, runt-related transcription factors; TGF-Beta, transforming growth factor beta; PI3-Akt, PI3-
Akt; phosphatidylinositol 3-kinase, serine/threonine kinase (protein kinase B); Rap1, Ras-proximate-1
or Ras-related protein-1.

The assessment of cell proliferation was made based on DNA quantification using a
fluorescence assay, in which the fluorescence intensity of DNA corresponds to the number
of cells. In the cell cultures stimulated with PyoMsol or PyoMinsol, the number of cells
was higher within the cultivation period (p < 0.05) compared to the unstimulated cells
(Figure 4A). The mean number of cells after 28 days of stimulation with either PyoMsol
(3.67 × 105 ± 0.16 × 105) or PyoMinsol (3.49 × 105 ± 0.15 × 105) was significantly higher
(p < 0.05) than the number of cells in the untreated cultures (2.85 × 105 ± 0.09 × 105).
PyoMsol promoted efficient osteoblast proliferation on the 7th day of osteogenic culture
compared to the cells on the first day of the experiment.
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standard deviation. The experiment was performed four times. Statistical significance is indicated 
by * at p < 0.05. (C) Representative images of calcification process in cell culture of osteoblasts ex-
posed for 24 days to PyoMsol or PyoMinsol or not stimulated (NS). The cells were stained with 4% 

Figure 4. The influence of pyomelanin (PyoM) on cell growth, alkaline phosphatase production,
and bone cell calcification. (A) Number of hFOB 1.19 osteoblasts after 1, 7, 14, 21, or 28 days of
incubation with water-soluble pyomelanin (PyoMsol), water-insoluble pyomelanin (PyoMinsol), or
culture medium alone, i.e., unstimulated cells (NS). (B) The activity of alkaline phosphatase (ALP)
produced by hFOB 1.19 osteoblasts in cell cultures exposed to PyoMsol, PyoMinsol, or culture medium
alone (NS) after 7, 14, 21, or 28 days are shown in international units (IU). Results are shown as mean
± standard deviation. The experiment was performed four times. Statistical significance is indicated
by * at p < 0.05. (C) Representative images of calcification process in cell culture of osteoblasts exposed
for 24 days to PyoMsol or PyoMinsol or not stimulated (NS). The cells were stained with 4% alizarin
The stained mineralized extracellular matrix of osteoblasts was observed under an inverted-phase
contrast microscope. Calcium deposits were assessed quantitatively on the basis of absorbance values
at 405 nm using a standard curve developed with hydroxyapatite.
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Moreover, the stimulation of the osteoblasts with PyoMsol or PyoMinsol led to a sig-
nificant increase in ALP production (Figure 4B). On the 28th day of culture, the ALP
concentration reached 6.67 ± 0.35 IU/mL, 5.61 ± 0.26 IU/mL, and 4.70 ± 0.29 IU/mL after
7, 14, 21, and 28 days of culture, respectively (p < 0.05).

The secretion of osteocalcin (OC) by the osteoblasts, the specific biomarker of osteoge-
nesis, increased significantly in the supernatants of the culture of hFOB 1.19 osteoblasts ex-
posed to PyoMsol throughout the entire culture period (Figure 5A), with the highest level ob-
served on the 28th day. The level of OC on the 7th day increased up to 901.0 ± 85.3 pg/mL
or 668.1 ± 117.7 pg/mL and 2440.2 ± 128.3 pg/mL or 961.2 ± 97.7 pg/mL on 28th day,
respectively. Significant differences (p < 0.05) in OC secretion were also observed in the cell
cultures containing PyoMinsol vs. the unstimulated cell cultures, but only on the 21st day
of culture.
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Figure 5. Secretion of osteocalcin and cytokines by osteoblasts exposed to PyoM. (A) The levels of
osteocalcin (OC), (B) the levels of interleukin (IL)-6, (C) the levels of IL-10, and (D) the levels of tumor
necrosis factor (TNF)-α in cell cultures of hFOB 1.19 exposed to water-soluble pyomelanin (PyoMsol),
water-insoluble pyomelanin (PyoMinsol), or culture medium alone, i.e., non-stimulated cells (NS),
after 1, 4, 7, 11, 14, 18, 21, 25, and 28 days. Results are shown as mean ± standard deviation. The
experiment was performed four times. * p < 0.05 indicates statistically significant differences.

The elevated levels of ALP and OC in the cell cultures of osteoblasts in the milieu of
PyoMsol or PyoMinsol (Figures 4B and 5A) were associated with an increased calcification
process (Figure 4C).

As shown in Figure 5B, the production of pleiotropic interleukin IL-6, which is in-
volved in bone formation, increased significantly (p < 0.05) throughout the entire course of
the experiment in the osteoblasts culture treated with PyoMsol, reaching 291.5 ± 6.0 pg/mL
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on day 28, compared to the unstimulated cultures (58.0 ± 10.4 pg/mL). The increasing
trend in IL-6 secretion was also demonstrated for the cell cultures treated with PyoMinsol;
however, the difference was statistically significant from the 14th day of culture.

A similar secretion profile was found for IL-10, which has regulatory activity in the
immune system and also promotes osteogenesis. The maximum concentrations of IL-10 in
the hFOB 1.19 osteoblast cultures exposed to PyoMsol or PyoMinsol was demonstrated on the
14th day of the experiment, and they were 849.1 ± 82.3 pg/mL and 471.2 ± 47.5 pg/mL,
respectively (Figure 5C). Then, the concentration of IL-10 decreased over time in the
cell cultures exposed to PyoMinsol, while in the cell cultures treated with PyoMsol, there
was a second peak of IL-10 elevation from 25th day to the 28th day of culture. At the
endpoint, on the 28th day, the concentration of IL-10 in the osteoblast culture supernatant
after stimulation of the cells with PyoMsol or PyoMinsol was significantly higher (p < 0.05)
compared to the culture of osteoblasts propagated in the culture medium alone, amounting
to 740.9 ± 79.8 pg/mL, 252.6 ± 37.7 pg/mL, and 174.6 ± 20.5 pg/mL, respectively.

The level of TNF-α was significantly (p < 0.05) higher in the cell culture supernatants
after stimulation of the cells with PyoMsol or PyoMinsol on the 28th day, amounting to
391.2 ± 28.2 pg/mL and 517.0 ± 38.5 pg/mL, respectively, compared to the unstimulated
osteoblasts, at 55.5 ± 14.7 pg/mL (Figure 5D).

2.4. Antibacterial Activity of PyoM Toward Staphylococcus spp.

The dose–response curves and MIC50 of PyoM against the reference S. aureus ATCC
29,213 and two clinical isolates (S. aureus MRSA and S. felis) are shown in Figure 6. The
MIC50 was defined as the lowest concentration of bacterial PyoM at which 50% of the
bacterial cells were killed. Both forms of PyoM significantly (p < 0.001) reduced the viability
of the reference and clinical strains of Staphylococcus spp., as examined by the resazurin
reduction assay. The lowest MIC50 (57.6 µg/mL) for PyoMsol was observed for the clinical
S. aureus MRSA strain, while the highest MIC50 (153.1 µg/mL) was identified for the
reference S. aureus ATCC 29213. A similar inhibition of metabolic activity was shown for
PyoMinsol, where the lowest MIC50 (93.3 µg/mL) was obtained for S. aureus MRSA, and
the highest MIC50 (200.9 µg/mL) was demonstrated for S. aureus ATCC 29213. PyoMsol
effectively limited the metabolism of the tested bacteria compared to PyoMinsol, which
resulted in a significantly (p < 0.001) lower MIC50.
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3. Discussion

Bone is a dynamic tissue that undergoes continuous remodeling. This process includes
bone formation followed by bone resorption, involving both osteoblasts and osteoclasts,
respectively. Injured bone tissue can self-repair, restoring the damaged part to its original
structure and mechanical strength [31,32] Data from 2019 show that there were 178 million
bone fractures, which is 33.4% more than the number in 1990 [33]. The increasing number
of bone fractures, including those related to osteoporosis, and the observed trends in the
rising costs of treating these diseases have prompted researchers to look for new substances
that stimulate the regeneration of bone tissue that can be used individually or as part of a
biocomposite [34–36]. Polymers of HGA, responsible for the excessive ossification in AKU,
and pyomelanin, which is a biomimetic of ochronotic deposits produced by Pseudomonas
aeruginosa, could be good candidates [19–21].

This study demonstrated that PyoMsol and PyoMinsol are cytocompatible biopolymers
for human hFOB 1.19 osteoblast cells in a wide range of concentrations. In previous studies,
we showed that PyoMsol and PyoMinsol do not reduce the cell viability of reference L-929
mice fibroblasts, human THP-1 monocytes, and human AGS gastric epithelial cells [23,26].
Ferraz et. revealed that PyoM isolated from the Pseudomonas putida bacteria is not toxic to
human A-375 skin epithelial cells, Hep G2 liver epithelial-like cells, and Caco-2 colorectal
epithelial cells [37]. Moreover, PyoM isolated from Halomonas titanicae and Pseudomonas
stutzeri showed a high level of cytocompatibility with human HaCeT keratinocytes and
L-929 fibroblasts, respectively [24,38]. Our previous in vitro studies on the insect Galleria
mellonella larvae model also confirmed the biocompatibility of both forms of PyoM isolated
from P. aeruginosa [23].
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In this study, PyoMsol and PyoMinsol did not induce apoptosis in human osteoblasts
and partially limited DOX-induced programmed cell death in these cells. Importantly,
co-stimulation of osteoblasts with PyoMsol led to a complete abolition of DOX-induced
apoptosis. These data are consistent with the results obtained using gastric epithelial cells,
AGS, co-stimulated with PyoM and lipopolysaccharide (LPS) Escherichia coli or Helicobacter
pylori, where PyoM reversed LPS-induced apoptosis [26]. The potential anti-apoptotic
effect of PyoM may reflect the anti-oxidative properties of this bacterial polymer [24].
PyoM-mediated neutralization of reactive oxygen species (ROS), increasing the frequency
of DNA breaks, may prevent apoptotic cell death [26]. This antioxidant effect of PyoM in
the environment where tissue regenerative processes occur, including bone tissue repair,
may be particularly beneficial. The place where tissue damage occurs is infiltrated by
immunocompetent inflammatory cells, which, when activated, secrete cytokines needed
in the regeneration processes, but these cells also deliver ROS and proteolytic enzymes,
which, in excess, promote tissue damage. Therefore, control over oxidative stress in the
repair environment is necessary.

Osteoblasts are involved in bone formation and remodeling of bone tissue. Osteoblast
progenitor cells undergo proliferation and secrete a bone matrix, which is then mineral-
ized [39]. Proliferation of progenitor cells is correlated with the production of collagen,
fibronectin, and OPN and a higher deposition of transforming growth factor-β (TGF-β)
receptor 1. Later on, cell proliferation is diminished, and the cells enter the maturation step,
where they secrete COL1 and produce ALP to mature the extracellular matrix. The final
step in bone development is matrix mineralization, which is related to the production of
OPN, OC, and bone sialoprotein, with the continued production of ALP and COL1 [39].
The development of bone tissue by osteoblasts and its remodeling by osteocytes are under
the control of cytokines, including IL-6, TNF-α, or IL-10 and TGF-β [9,39].

Cell migration is an early marker of regeneration processes, followed by the ability
of cells to proliferate. In this study, we showed that both PyoM variants promoted the
migration of osteoblasts in a wound healing assay. The effectiveness of bone tissue devel-
opment and its remodeling depend on progenitor cell replication effectiveness and mature
osteoblast lifespan [40]. In this study, we showed that the number of cells exposed for
28 days to PyoMsol or PyoMinsol was higher than the number of cells in cultures without
PyoM. Interestingly, PyoMsol on the 7th day of culture promoted osteoblast proliferation.
These results suggest that PyoMsol could potentially play a role of an osteoblast-growth-like
factor, and both PyoMsol and PyoMinsol are able to drive cell maturation. It has been shown
in transctiptomic studies that the upregulation of PI3-Akt and calcium-channel-related
signaling pathways are involved in bone cell maturation [41–43]. The preliminary tran-
scriptomic analysis performed in this study showed that in the milieu of PyoM, there was
an increase in transcripts of BMP-2 and a tendency to an increased expression of TNSALP
related to bone maturation and the upregulation of PI3K-Akt and calcium-dependent
signaling pathways involved in cell proliferation and differentiation.

In this study, we selected ALP and OC as markers of osteoblast activation and matura-
tion in conjunction with an assessment of calcification to determine whether the studied
PyoM variants could increase the osteogenic activity of osteoblasts. ALP is an extracellular
membrane-bound enzyme that hydrolyzes the ester of monophosphate at an alkaline pH
that is highly expressed in the cells of mineralized tissue [44]. In bones, ALP is an early
marker of osteoblast activity and bone formation, and it plays an essential role in bone
mineralization [45]. This study revealed that PyoMsol and PyoMinsol led to a significant
increase in ALP activity in cell cultures of osteoblasts.

OC, a non-collagen bone matrix protein, is specific for osteoblasts [46]. It has been
shown that OC, which is secreted into the bone microenvironment, binds to calcium ions
in hydroxyapatite and also provides mechanical bone strength due to complexing with
collagen via OPN [47]. We showed that bacterial PyoM significantly increased the secretion
of OC by osteoblasts in cell cultures in vitro. The elevated production of ALP and OC by
osteoblasts exposed to PyoM was related to an increased calcification process, as shown by
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the number of calcium deposits in the cell cultures, which supports the suggestion about
the pro-regenerative activity of PyoM toward bone cells.

In vivo, bone development and remodeling are facilitated by different cytokines pro-
duced by osteoblasts and inflammatory cells, including neutrophils, macrophages, and T
lymphocytes [9]. IL-6 is involved in the differentiation of osteoblast precursors and protect-
ing osteoblasts from apoptosis [48,49]. In response to IL-6, osteoblasts produce ALP, OC,
and bone sialoprotein, resulting in the development of bone nodule formation and bone
matrix mineralization [50]. This cytokine protects bone tissue against elevated resorption
by osteoclasts by diminishing the expression of receptor activator for nuclear factor κB
ligand (RANKL) in this set of cells and by increasing the production of IL-10 and IL-4,
which downregulate the activity of osteoclasts [51]. In this study, we demonstrated that
PyoMsol and PyoMinsol significantly stimulated osteoblasts to secrete IL-6, although in the
presence of PyoMsol, the levels of IL-6 were higher. The higher number of viable osteoblasts
during cultivation in osteoconduction conditions and the more effective neutralization of
DOX-induced apoptosis in the presence of PyoMsol may be dependent on a higher level of
IL-6 in these cell cultures.

Our results indicate that the stimulation of human osteoblasts with bacterial PyoMsol
or PyoMinsol resulted in a significantly increased production of IL-10, which indirectly in-
duces bone formation through the p38 mitogen-activated protein kinase (MAPK) signaling
pathway [52]. Moreover, IL-10 inhibits the differentiation of osteoclasts in the early steps
of this process by diminishing RANKL expression and the expression of nuclear factor of
activated T-cells (NFATC1) [53–55]. Animal experiments have proven that IL-10-deficient
mice exhibit reduced bone mass, increased mechanical fragility, and inhibition of bone
formation [56,57]. Bacterial PyoM may potentially be beneficial in controlling excessive
osteoclastogenesis through IL-10.

TNF-α induces bone resorption and promotes osteoclast formation from bone-marrow-
derived macrophages as well as osteoclast differentiation [58]. TNF-α initiates and activates
osteoclasts to resorb bone, which may benefit bone repair during bone healing. It has been
shown that this cytokine, in low concentrations, stimulates the differentiation of osteoblasts
from mesenchymal precursors. However, in high concentrations, TNF-α inhibits bone
formation [59,60]. In this study, the concentration of TNF-α in the cultures of osteoblasts
exposed to the tested PyoM variants was higher than in the control cell cultures. The level
of TNF-α was higher after the treatment of the cells with PyoMinsol than after treating
them with PyoMsol. This may have been a result of different ligand–TNF-α receptor
interactions; however, the explanation of this suggestion needs further study. The observed
elevated TNF-α secretion in response to PyoM may suggest a role of this cytokine in the
development of bone tissue and/or remodeling. Considering the role of TNF-α in driving
the inflammatory response, the lower activity of PyoMsol compared to PyoMinsol in TNF-α
induction may be beneficial for the bone-formation process. Although our data indicate
that PyoM influenced the production of the studied cytokines by osteoblasts, at this stage of
research, it is difficult to explain why the osteoblasts responded with a stronger production
of IL-6 in the environment of PyoMsol compared to that of PyoMinsol. Further studies are
also necessary to deepen the knowledge about the possible mechanisms differentiating
the PyoM variants as TNF-α stimulators and to confirm the role of PyoM in driving the
production of IL-10 and its role in the regulation of osteogenesis.

The increasing number of antibiotic-resistant bacterial species has become a significant
problem worldwide in medical practice. This situation requires the development of new
substances with antibacterial potential that can be part of new therapies, including the us-
age of biocomposites for bone regeneration, reducing the risk of infection [61]. In this study,
PyoMsol and PyoMinsol exhibited antibacterial activities towards clinical Staphylococcus
strains isolated from bone infections. The bacterial killing was more effective after treat-
ment of the tested strains with PyoMsol than with PyoMinsol. Other researchers have also
demonstrated the antibacterial and antifungal properties of PyoM. For example, melanin
from Pseudomonas balearica successfully reduced the viability of pathogenic S. aureus, E. coli,
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and Candida albicans [62]. Xu et al., based on experiments with Vibrio parahaemolyticus and
S. aureus, suggested that PyoM damages bacterial cell membranes [63]. PyoM has also been
shown to inhibit the growth of H. pylori [26,64].

This work is a starting point to elucidate the antiapoptotic, proregenerative, and
osteoinductive mechanisms of PyoM, providing insight into the characteristics of osteoblast
maturation marker activity. PyoM, unlike HGA, increased ALP activity, did not induce
a cytotoxic effect, and supports osteoblast proliferation [65]. However, further molecular
studies are required to determine the mechanism by which bacterial PyoM promotes
osteoblast maturation. The effects of PyoM toward osteoclasts should be investigated to
determine whether PyoM does not affect osteoblast–osteoclast homeostasis.

The effectiveness of PyoM as a proregenerative and osteoinductive biocomponent
should be further confirmed in a dedicated animal model. Our preliminary study confirmed
the biocompatibility of PyoM in a mice model, thus prompting further experiments in vivo.

4. Materials and Methods
4.1. Growth Conditions of Pseudomonas aeruginosa

The growth conditions of P. aeruginosa were established as previously described [23,26].
Briefly, P. aeruginosa Mel+ strain (Collection of Department of Immunology and Infectious
Biology, University of Lodz, Poland) was inoculated after thawing onto a Luria Broth (LB)
agar plate and incubated for 24 h in a microbiological incubator (37 ◦C). Next, the single
colony was isolated and incubated in liquid LB (anaerobic conditions, 37 ◦C, 18 h) until log-
phase. Pyomelanin Minimal Medium II (PMM II) (patent application number: PL438865)
was used to increase the PyoM production [23,26]. PMM II was inoculated with 1.0 mL of
bacterial suspension (1.0 McFarland scale) and incubated for 5 days (37 ◦C, 120 rpm). The
cultures were transferred to room-temperature conditions after the appearance of a black
color and exposed to sunlight to stimulate the PyoM production of the pigment.

4.2. Isolation and Purification of PyoMsol and PyoMinsol

Water-soluble pyomelanin (PyoMsol) and water-insoluble pyomelanin (PyoMinsol)
were obtained as previously described [23,26]. To isolate the PyoMinsol, the supernatant
from a centrifuged culture of P. aeruginosa was acidified with 6.0 M HCl (PolAura, Dywity,
Poland) up to pH 2.0. After washing the PyoMinsol pellet with HCl and twice with distilled
water, the PyoMinsol pellet was suspended in ethanol (Chempur, Piekary Śląskie, Poland)
and then heated in a water bath (95 ◦C, 30 min.). The PyoMinsol was washed with ethanol
(2×) and air-dried. The bacterial cell culture supernatant was incubated with chloroform
(ratio 1:1) for 24 h (room temperature, shaking at 120 rpm) to obtain the PyoMsol. A
separating funnel was used to separate the aqueous phase. The protein contaminants were
removed by centrifugation, and then the PyoMsol was purified by ultrafiltration (MWCO:
30 kDa) (Sartorius, Göttingen, Germany). The PyoMsol was dried overnight at 50 ◦C.
Affinity chromatography was performed to remove the endotoxin (Pierce™ High-Capacity
Endotoxin Removal Spin Columns, Thermo Scientific, Waltham, MA, USA). The PyoMinsol
and PyoMsol were stored at 4 ◦C in the dark after washing the pellets with chloroform,
ethyl acetate, ethanol, and water.

4.3. Osteoblast Growth Conditions

The hFOB 1.19 osteoblasts were cultured in DMEM/Nutrient Mixture F-12 Ham
(Gibco, Zug, Switzerland) with the addition of bovine serum (heat-inactivated) and ge-
neticin (0.3 mg/mL; Gibco, Zug, Switzerland) in the conditions of an incubator (33 ◦C,
5% CO2), as previously described [66]. For the test, the cell suspension (1 mL, 5 × 105/mL)
was added to a 6-well cell culture plate (Thermo Fisher Scientific, Waltham, MA, USA).
Following the initial overnight incubation (cell adhesion), the medium was removed, and
the control wells were completed with 1.5 mL of osteogenic medium (DMEM/Nutrient
Mixture F-12 Ham), with 1% heat-inactivated fetal bovine serum, 0.3 mg/mL geneticin
(Gibco, Zug, Switzerland), 50 µg/mL ascorbate-2-phosphate (Sigma Aldrich, Darmstadt,
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Germany), 1 µM dexamethasone (Sigma Aldrich, Darmstadt, Germany), and 10 mM
β-glycerophosphate (Sigma Aldrich, Darmstadt, Germany). The test wells were supple-
mented with 1.5 mL of PyoMsol or PyoMinsol (1 µg/mL) dissolved in osteogenic medium.
Next, the osteoblasts were cultured at 39 ◦C with 5% CO2, and the osteogenic medium with
or without the PyoM variants was changed in a three-day cycle. The supernatant samples
were collected after 4, 7, 11, 14, 18, 21, 24, and 28 days and stored at −80 ◦C. These samples
were then used for evaluation of the osteogenic markers. Cell lysates were collected on 7,
14, 21, and 28 days for the proliferation assessment and alkaline phosphatase (ALP) activity
quantification, while the cell culture supernatants were collected to evaluate the level of
the selected cytokines.

4.4. Determination of PyoMsol and PyoMinsol Cytocompatibility Towards Osteoblasts

Studies on the cytocompatibility of PyoMsol and PyoMinsol were carried out using
human fetal hFOB 1.19 osteoblasts (ATCC, Rockville, MD, USA), as indicated in the
ISO-10993-5-2009 [29] standard. The viability of the untreated cells and the cells treated
with the PyoM variants was determined on the basis of the cells’ ability to reduce 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide salt (MTT, Sigma Aldrich, Saint
Louis, MO, USA) [23,66]. We used cells cultured in DMEM/Nutrient Mixture F-12 Ham
(Gibco, Zug, Switzerland) with bovine serum (heat-inactivated) and geneticin (0.3 mg/mL;
Gibco, Zug, Switzerland) at 33 ◦C with 5% CO2 and >90% humidity. The cell suspension
(100 µL, 4 × 105/mL) was added to a 96-well cell culture plate and incubated overnight
as per the above procedure to receive adherent cells. The solutions of the tested PyoMsol
or PyoMinsol were added to the wells (6 repetitions). After 24 h of incubation, the cell
monolayers were checked under an inverted contrast-phase microscope. The control cell
cultures (in medium without PyoM) consisted of a positive control (PC) with 100% cell
viability. Next, 20 µL of MTT (5 mg/mL) was added to the wells, and the plates were
incubated for 4 h and then centrifuged (1200 rpm, 10 min). The supernatants were replaced
with 100 mL of DMSO to dissolve the formazan crystals. After dissolving the formazan
crystals, the absorbance was measured at 570 nm (Multiskan EX, ThermoFisher, Waltham,
MA, USA).

4.5. The Assessment of Cells Undergoing Apoptosis

Cells undergoing apoptosis were identified using a commercial terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling (TUNEL) assay (Cell Meter TUNEL Apoptosis
Assay Kit, AAT Bioques, Sunnyvale, CA, USA), as previously described [26]. After 24 h, the
hFOB 1.19 osteoblasts that were treated with PyoMsol or PyoMinsol (1 µg/mL) were stained
fluorescently. The fluorescent dye facilitated the detection of the cells undergoing apop-
tosis by targeting the nicks in their DNA. Doxorubicin (DOX, Sigma Aldrich, Darmstadt,
Germany) at a concentration of 50 µM was used as a positive control for the induction of
osteoblast apoptosis. The level of osteoblast apoptosis exposed simultaneously to the PyoM
variants and DOX was also verified. The fluorescence intensity of the apoptotic cells was
measured (SpectraMax® i3x Multi-Mode Microplate Reader, Molecular Devices, San Jose,
CA, USA) at 550 nm (excitation) and 590 nm (emission). The relative fluorescence units
(RFUs) of the PyoM-stimulated cells vs. the RFUs of the cells not stimulated with PyoM
constituted the Apoptotic Index.

4.6. Assessment of Cell Migration in “Wound Healing Assay–Scratch Assay”

The migration of the hFOB 1.19 osteoblasts was determined using a “wound heal-
ing assay–scratch assay”, according to a previously described procedure [26,67]. Cells
were added to six-well plates (5 × 105 cells per well) in DMEM/Nutrient Mixture F-12
Ham (Gibco, Zug, Switzerland) supplemented with bovine serum (heat-inactivated) and
geneticin (0.3 mg/mL; Gibco, Zug, Switzerland) and were incubated (33 ◦C, 5% CO2) to
obtain confluent cell monolayers, which were then scratched. Widening of the scratch was
treated as the beginning (time: 0 h) of wound repair. The culture medium was removed,
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and PyoMsol or PyoMinsol solutions were added. Wound images at 0, 24, 48, and 72 h were
registered with a digital camera in an inverted contrast-phase microscope (Motic AE2000,
Xiamen, China). The wound width was measured using the software Motic AE (version
Motic Images Plus 2.0 ML, Xiamen, China). The effectiveness of wound healing in the
presence of PyoM was determined as the percentage of wound closure compared to wound
closure in the cell cultures with untreated cells.

4.7. Osteoblast Proliferation

A CyQUANT cell proliferation assay (Invivogen, San Diego, CA, USA), based on
the measurement of fluorescence, was used to assess the cell proliferation, as previously
described [66,68]. Osteoblasts after 7, 14, 21, and 28 days of exposure to PyoM were washed
with phosphate-buffered saline (PBS) and frozen at −80 ◦C. To assess the proliferation,
the cells were thawed and lysed in a buffer containing CyQUANT-GR fluorescent dye, as
recommended by the manufacturer. The fluorescence was measured at 480 nm (excitation)
and 520 nm (emission) using a SpectraMax i3x Multi-Mode Microplate Reader (Molecular
Devices, San Jose, CA, USA). Quantifying the cell proliferation was performed using a
standard curve based on a known cell number.

4.8. Whole-Cell Transcriptomic Analysis by RNA Sequencing

hFOB 1.19 cells grown at 33 ◦C (proliferative conditions) or at 39 ◦C (osteoinductive
conditions) were subjected to lysis using RNAse-free water mixed with TRIzol LS Reagent
(Thermo Fisher Scientific, Waltham, MA, USA). RNA was isolated using Direct-zol™ RNA
Miniprep Plus (Zymo Research, CA, USA), as recommended by the manufacturer. DNA
contamination was removed using a TURBO DNA-free™ Kit (Thermo Fisher Scientific,
Waltham, MA, USA). The RNA quantity was evaluated using Agilent RNA 6000 Nano Kit
Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA).

The preparation of total RNA sequencing libraries was performed following the
protocol described in Kawka et al., 2023 [69]. Isolation of RNA, development of the library,
and RNA sequencing were conducted three times. Purified RNA beads (2 µg) (AMPure
XP, Becton Dickinson, Burlington, NC, USA) underwent rRNA depletion using a Ribo-off
rRNA Depletion Kit (Human/Mouse/Rat, Vazyme, Nanjing, China). The sequencing
libraries were then prepared using a KAPA Stranded RNA-Seq Kit (KAPA Biosystems,
Roche, Basel, Switzerland). The quantity and quality of the libraries were assessed using an
Agilent 2100 BioAnalyzer with a DNA 1000 chip. Subsequently, the cDNA libraries were
sequenced using a NextSeq 550 system with a NextSeq 500/550 Mid Output v.2 Sequencing
Kit (150 cycles, 2 × 75 bp) (Illumina, San Diego, CA, USA), ensuring a yield of 5 to 10 million
paired-end reads per sample library. For the analysis of RNA-Seq data, Cutadapt version
2.8 was exploited to eliminate sequencing adapters, followed by quality trimming using
Sickle version 1.33, allowing for a threshold quality of 30% and a minimal read length of
20 base pairs. Reads that met the preset quality criteria were aligned to human genome
GRCh38 (retrieved from the gencode database, downloaded on 1 December 2018) with
STAR RNA-seq aligner version 2.7 [70]. The sequencing counts were calculated by the
STAR script. In order to estimate transcriptional changes, we utilized the Degust RNA-Seq
analysis platform with default parameters (originally designed by D.R. Powell) [71]. In the
current study, transcripts exhibiting a log2 fold change greater than or equal to an absolute
value of 1.585 (representing a change of threefold or more) and a false discovery rate (FDR)
of less than 0.05 were considered differentially expressed.

4.9. Determination of Alkaline Phosphatase Activity, Osteocalcin and Calcification

The activity of ALP was assessed using cell lysates based on the hydrolysis of para-
nitrophenylphosphate (p-NPP) hydrolysis [66,68]. A total of 100 µL of p-NPP (4 µg/µL)
was added to cell lysates (100 µL) in a 96-well plate. The plates were incubated for 30 min at
37 ◦C. The enzymatic reaction was stopped with 2 M NaOH solution. A standard developed
with 0 to 10 IU/mL of ALP (Thermo Scientific, Waltham, MA, USA) was used to calculate
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the activity of ALP in the tested samples, given in international units (IU). The absorbance
was measured at 405 nm (Multiskan EX reader, Thermo Scientific, Waltham, MA, USA).

The concentration of OC was determined using specific enzyme-linked immunosor-
bent assay (ELISA) kits (R&D Systems, Minneapolis, MN, USA), as recommended by the
manufacturer [66,68].

The wells of a 96-well half-area plate (Greiner Bio-One GmbH, Kremsmünster, Austria)
were coated overnight at room temperature with cytokine-specific capture antibodies in
PBS, then washed three times in washing buffer (PBS/0.05% Tween 20) and blocked for 2 h
with 5% Tween 20 in PBS. Next, the wells were washed again, and the tested supernatants
or serial dilutions of the reference recombinant human OC (50 µL) were added, and the
plate was incubated overnight at 4 ◦C. Then, the wells were washed and incubated for 2 h
with a biotinylated monoclonal antibody diluted at 1:60 in 5% Tween 20/PBS. After the
washing, an enzyme streptavidin–horseradish peroxidase solution (diluted 1:40) was added
for 20 min at room temperature. After washing, a mixture (1:1) of tetra-methylbenzidine
(TMB) and hydrogen peroxide was applied. The colorimetric reaction was stopped with
1 M H2SO4, and the absorbance was measured at 450 nm using a Multiskan EX reader
(Thermo Scientific, Waltham, MA, USA).

Alizarin red (sigma Aldrich, Darmstad, Germany) staining was used to evaluate the
mineralization process in cell cultures of osteoblasts, as previously described [72].

The cells (5 × 105/mL) were cultured in osteogenic medium with or without PyoMsol
or PyoMinsol for 24 days at 39 ◦C with 5% CO2. The cells were then washed with PBS
and fixed with 4% formalin for 20 min and washed thrice again with PBS. Next, the
cells were stained with 4% alizarin adjusted to pH 4.1 for 30 min at room temperature
and then washed 4 times with deionized water. The imaging of the stained mineralized
extracellular matrix of the osteoblasts was performed under an inverted-phase contrast
microscope (Motic AE2000, Xiamen, China). Calcium deposits were assessed quantitatively
as follows: acetic acid (10%) was added to each well (500 µL), and the plates were incubated
at room temperature for 30 min with shaking (100 rpm). The osteoblasts were detached and
transferred with 10% acetic acid to 1.5 mL microcentrifuge tubes. The samples were heated
to 80 ◦C for 10 min and then cooled on ice for 5 min. After centrifugation, the supernatants
were transferred to new tubes and neutralized using 10% ammonium hydroxide. The
absorbance values were measured at 405 nm (Multiskan EX, ThermoFisher, Waltham, MA,
USA). The number of calcium deposits was assessed using a standard curve developed
with hydroxyapatite (Sigma Aldrich, Darmstadt, Germany).

4.10. Cytokine Release Profile Characterization

The concentration of interleukin IL-6, IL-10, and TNF-α in the osteogenic culture
media of osteoblasts incubated for 4, 7, 11, 14, 18, 21, 25, and 28 days with PyoMsol or
PyoMinsol was determined using specific enzyme-linked immunosorbent assay (ELISA)
kits (R&D Systems, Minneapolis, MN, USA), as recommended by the manufacturer. The
wells of 96-well half-area plate (Greiner Bio-One GmbH, Kremsmünster, Austria) were
coated overnight at room temperature with cytokine-specific capture antibodies in PBS,
then washed three times in washing buffer (PBS/0.05% Tween 20) and blocked for 1.5 h
with PBS with 1% bovine serum albumin (BSA). After washing the wells, the tested cell
culture supernatants or serial dilutions of the reference recombinant human cytokines
(50 µL), used for establishing the standard curve, were added and incubated overnight at
4 ◦C. Then, the wells were washed and incubated for 2 h with a biotinylated monoclonal
antibody diluted at 1:60 in PBS/1% BSA. Following washing, an enzyme streptavidin–
horseradish peroxidase solution (diluted 1:40) was added for 20 min at room temperature.
After washing, a mixture (1:1) of tetramethylbenzidine (TMB) and hydrogen peroxide was
applied. The colorimetric reaction was stopped with 1 M H2SO4. The absorbance was
measured at 450 nm using a Multiskan EX reader (Thermo Scientific, Waltham, MA, USA).
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4.11. Antibacterial Activity of PyoMsol and PyoMinsol

The antibacterial activity of PyoMsol and PyoMinsol was determined against the refer-
ence Staphylococcus aureus ATCC 29,213 and two clinical strains isolated from bone infection,
namely, S. aureus resistant to methicillin (MRSA) and S. felis. The minimum inhibitory
concentration (MIC) was evaluated using a resazurin reduction assay [73]. The bacteria
were cultured in Mueller–Hinton Broth (MHB) to the mid-log phase, and the inoculum
was standardized to 5 × 105 CFU/mL, as recommended by European Committee on An-
timicrobial Susceptibility Testing (EUCAST) guidelines [74,75]. PyoMsol or PyoMinsol were
added to the wells of a 96-well plate (Nunc, Rochester, NY, USA) with 100 µL MHB. PyoM
were diluted (2-fold dilutions) at a concentration ranging from 1 to 1024 µg/mL. After
the addition of the bacterial suspension (100 µL/well), the plates were incubated for 24 h
at 37 ◦C. The control wells contained the bacterial suspension without the tested PyoM
(positive control of bacterial growth). Additionally, wells with the bacterial medium only
(negative control) were included. To each well, 20 µL of 0.02% resazurin solution (Sigma
Aldrich, Darmstadt, Germany) in sterile PBS was added for 3 h. The fluorescence was
measured at 560 nm (excitation) and 590 nm (emission) (SpectraMax® i3x Multi-Mode
Microplate Reader, Molecular Devices, San Jose, CA, USA).

4.12. Statistical Analysis

GraphPad Prism version 9.1.0 for Windows (GraphPad Software, San Diego, CA, USA)
was used to perform the statistical analyses and create the graphs. ANOVA with Dunnett’s
post hoc test was used to compare the data.

5. Conclusions

Recently, many innovative biomolecules have been tested in order to create novel
bone regeneration strategies. The “perfect biomolecule” for the regeneration of bone
defects would support not only the growth and differentiation of osteoblasts, minimizing
cell apoptosis, but also reduce the risk of bacterial infections. A novel approach seems
to be the controlled imitation of pathological processes dependent on the deposition of
HGA polymers occurring in AKU to enhance the osteoinduction, mineralization, and
regeneration of bone tissue. The data presented in this study indicate that polymeric PyoM
isolated from P. aeruginosa is cytocompatible with osteoblasts, and it promotes cell survival
and differentiation in conjunction with the limitation of cell apoptosis. The results presented
in this study lead to considering PyoM as a stimulator of osteoinductive processes and
osteoblast maturation. The stimulation of osteoblasts with PyoM provided appropriate
conditions to promote in vitro bone regeneration by increasing the cell migration and
production of essential ossification markers, including ALP, OC, and increased calcification.
Moreover, PyoM stimulated osteoblasts to increase the production of IL-6, IL-10, and TNF-
α, which are involved in osteogenesis. Although both the PyoM variants displayed quite
similar properties, PyoMsol appears to have greater osteoinductive and pro-regenerative
potential due to the upregulation of cell proliferation. PyoMsol showed a weaker ability
to stimulate the production of pro-inflammatory TNF-α by osteoblasts. This difference
may also promote PyoMsol over PyoMinsol due to it diminishing the risk of a deleterious
inflammatory response as a result of medical intervention. The activation of osteoblasts
with PyoM presents an opportunity to develop PyoM-modified biocomposites for potential
therapeutic applications in regenerative medicine. The antibacterial properties of PyoM
reinforce this idea.

However, further research is needed to deeply explain the mechanism of action of
PyoM and to determine whether or not PyoM affects osteoblast/osteoclast homeostasis.
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