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Evaluation of the inflammatory 
and osteogenic response induced 
by titanium particles released 
during implantoplasty of dental 
implants
Jorge Toledano‑Serrabona1,2, Begoña M. Bosch3, Leire Díez‑Tercero3, F. Javier Gil3,4*, 
Octavi Camps‑Font1,2*, Eduard Valmaseda‑Castellón1,2*, Cosme Gay‑Escoda1,2 & 
Mª Ángeles Sánchez‑Garcés1,2

Implantoplasty is a mechanical decontamination technique that consists of removing the threads and 
polishing and smoothing the dental implant surface. During implantoplasty there is a large release of 
titanium metal particles that might provoke a proinflammatory response and reduce the viability of 
osteogenic cells. We analyze the inflammatory and osteogenic response induced by Ti6Al4V particles 
released during implantoplasty and by as-received commercially pure Ti particles. Macrophages 
stimulated with metal particles obtained by implantoplasty and with as-received Ti particles showed 
an increased proinflammatory expression of TNF-α and a decreased expression of TGF-β and CD206. 
Regarding cytokine release, there was an increase in IL-1β, while IL-10 decreased. The osteogenic 
response of Ti6Al4V extracts showed a significant decrease in Runx2 and OC expression compared to 
the controls and commercially pure Ti extracts. There were no relevant changes in ALP activity. Thus, 
implantoplasty releases metal particles that seems to induce a pro-inflammatory response and reduce 
the expression of osteogenic markers.

Peri-implantitis is defined as a pathological condition caused by bacterial biofilms and characterized by inflam-
matory changes in the peri-implant mucosa, with progressive bone loss around an osseointegrated dental 
implant1. This biological complication can jeopardize the implant-prosthetic restoration if left untreated. The 
treatment of peri-implant diseases includes the decontamination of the implant surface by means of mechanical, 
chemical or electrolytic techniques2–4. It must be pointed out that the literature does not clearly indicate superior-
ity of one specific decontamination protocol over the others4. In fact, most of these decontamination techniques 
are not able to completely remove the biofilm from the dental implant surface, probably due to the macro and 
micro-design of the implant and the defect configuration5–9. Clinical studies have suggested that the resolution 
of the peri-implant disease may be influenced by other factors than the method of surface decontamination10–12.

Several studies have confirmed the association between peri-implant diseases and bacterial biofilm1,13,14. 
Nevertheless, other factors might cause inflammation and marginal bone loss around dental implants, as sug-
gested by the 2017 World Workshop on the classification of peri-implant diseases1. Among these factors, particles 
of titanium (Ti) and other metals seem to favour bone loss and inflammation of the peri-implant mucosa15–18. 
Most implants are made of commercially pure titanium or alloys with other metals, and accumulation of Ti in 
peri-implant tissues has been associated with peri-implantitis19. Besides, Ti debris promotes DNA damage in 
oral epithelial cells through activation of the molecular markers CHK2 and BRCA120.

Macrophages are one of the principal elements in the inflammatory immune response and play an impor-
tant role in bone homeostasis21,22. As a result of the stimuli that these cells are exposed to, macrophages are 
able to polarize into M1 (proinflammatory phenotype) or M2 (anti-inflammatory phenotype)23. In response 
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to particulate foreign body material (i.e., wear metal particles) M1 macrophages can express different pro-
inflammatory cytokines, chemokines and growth factors that favours osteoclastogenesis24,25.

It has been suggested that metal particles may induce an aseptic bone loss around the dental implants16,26. 
These metal particles can be released into the peri-implant tissues through different mechanisms, including 
implant insertion, corrosion, friction, or surface decontamination methods of the dental implant, such as implan-
toplasty (IP). In addition, fretting corrosion can also stimulate the release of metal ions and particles into peri-
implant tissues in the absence of bacteria27–29. Several in vitro cell-based assays in cultured human macrophages 
reported that Ti particles induce the secretion of pro-inflammatory cytokines17,30. However, the immunological 
characteristics of metal particles released during IP remain unclear. Such debris has shown physicochemical 
properties characteristic of implant polishing and has been associated to lower corrosion resistance31,32.

Thus, the main objective of this paper was to evaluate the inflammatory response induced by Ti metal par-
ticles released during IP based on macrophage cell culture (THP-1). The secondary objective was to evaluate 
the osteogenic response triggered by such metal debris based on human bone marrow mesenchymal stem cell 
(BM-MSC) culture.

Results
Analysis of cytotoxicity in macrophage cell culture.  As shown in Fig. 1, cells cultured with the undi-
luted extracts of Ti6Al4V and Ti particles and their 1:2 dilution were cytotoxic at 24 and 48 h. In addition, 
extracts of Ti6Al4V particles were likewise cytotoxic at 1:10 dilution at both 24 and 48 h. Hence, the inflamma-
tory response was assayed with the dilution considered to be non-cytotoxic (1:100).

Macrophage gene expression analysis.  Lipopolysaccharide (LPS) stimulation produced a statistically 
significant increase (p < 0.05) in the expression of the proinflammatory markers (TNF-α, IL-1β and CCR7) com-
pared to TCP, as well as a decrease in the expression of CD206, which is an anti-inflammatory marker (Fig. 2).

When macrophages were stimulated with the Ti extracts, a significant increase (p < 0.05) in TNF-α expression 
was observed at 48 h of stimulation, while IL-1β expression decreased at 24 h and increased again at 48 h. In 
addition, at 48 h there was a significant increase in IL-10 expression, as well as a decrease in CD206 expression. 
On the other hand, macrophages stimulated with Ti6Al4V extracts exhibited an increase in TNF-α expression at 
48 h, while IL-1β expression decreased at 24 h, but without differences versus TCP at 48 h. The Ti6Al4V extracts 
induced a decrease in the expression of the proinflammatory surface marker CCR7.

Lastly, in the Ti6Al4V extracts there was an increase in the expression of TNF-α and IL-10, as well as a 
decrease in the expression of the CCR7 and CD206 markers at 48 h compared to commercially pure Ti (p < 0.05).

Macrophage cytokine release analysis.  Only LPS (positive control of inflammation) was able to induce 
the release of the proinflammatory cytokine TNF-α at 24 h of stimulation. On the other hand, the levels of the 
proinflammatory cytokine IL-1β were significantly higher (p < 0.05) in comparison with TCP in the presence of 
LPS and Ti extracts, but not with Ti6Al4V (Fig. 3).

At 24 h of stimulation, a significant increase was observed in the expression of the anti-inflammatory cytokine 
IL-10 in the presence of Ti6Al4V extracts (p < 0.05), but we detected a decrease in IL-10 at 48 h. Regarding the 
Ti extracts, no statistically significant differences were observed with respect to TCP (Fig. 3).

Analysis of cytotoxicity in human bone marrow‑derived mesenchymal stem cells (BM‑MSCs) 
culture.  As shown in Fig. 4, undiluted extracts of Ti6Al4V and Ti particles and their 1:2 dilution were cyto-
toxic for BM-MSCs at 3 and 7 days. In addition, extracts of the alloy particles were likewise cytotoxic at 1:10 dilu-
tion at both 3 and 7 days. Although a statistically significant decrease in metabolic activity was observed for Ti 
extracts at 1:10 and 1:100 dilution and Ti6Al4V extracts at 1:100 dilution, these concentrations were considered 
to be non-cytotoxic, because they were above the cytotoxicity threshold. Therefore, for the following experi-
ments corresponding to the analysis of osteogenic response, the 1:100 dilution was used in both types of extracts.

Figure 1.   Effect of Ti (A) and Ti6Al4V (B) particles upon THP-1 cell metabolic activity after 24 h and 48 h 
culture. Metabolic activity results were represented as percentage relative to an unstimulated control (TCP) and 
compared with the TCP of each day. Values < 80% metabolic activity (red line) which were significantly different 
(p < 0.05) from TCP were considered cytotoxic. Statistically significant differences (p < 0.05) are represented with 
*.
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BM‑MSCs gene expression analysis.  The Ti6Al4V extracts produced a significant decrease (p < 0.05) in 
Runx2 expression at days 7, 14 and 21 compared to the controls, and at days 14 and 21 compared to cells stimu-
lated with Ti extract (Fig. 5). Additionally, stimulation with Ti6Al4V extracts induced a decrease in the expres-
sion of the OC marker at days 14 and 21 compared to the control osteogenic medium and to the Ti extracts. On 
the other hand, stimulation with the Ti extracts did not produce significant differences versus the controls in 
terms of Runx2 expression.

Regarding ALP expression, the use of extracts produced a significant decrease at day 3, while at day 14 this 
reduction could only be seen in Ti extracts. At day 14, expression in the presence of both extracts significantly 
(p < 0.05) exceeded the controls.

Figure 2.   Effect of stimulation with Ti and Ti6Al4V alloy extracts upon gene expression of proinflammatory 
(TNF-α, IL-1β and CCR7) and anti-inflammatory markers (IL-10, TGF-β and CD206) in the THP-1 
macrophage cell line. Statistically significant differences (p < 0.05) are represented with * when comparison was 
made versus TCP and with the symbol # when comparison was made versus Ti.
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Alkaline phosphatase (ALP) activity assay.  ALP activity was not significantly different when com-
pared to the control osteogenic medium. The Ti6Al4V and Ti extracts showed no statistically significant differ-
ences, which indicates that these extracts had no detectable influence upon ALP protein expression and activity 
(Fig. 6).

Figure 3.   Effect of stimulation with Ti and Ti6Al4V alloy extracts upon the release of proinflammatory (TNF-α 
and IL-1β) and anti-inflammatory cytokines (IL-10) in the THP-1 macrophage cell line. Statistically significant 
differences (p < 0.05) are represented with * when comparison was made versus TCP and with the symbol # 
when comparison was made versus Ti.

Figure 4.   Effect of Ti (A) and Ti6Al4V (B) particles upon the metabolic activity of human bone marrow-
derived mesenchymal stem cells (BM-MSCs) cultured for 3 and 7 days. Metabolic activity results were 
represented as percentage relative to an unstimulated control (TCP) and compared with the TCP of each day. 
Values < 80% metabolic activity (red line) which were significantly different (p < 0.05) from TCP were considered 
cytotoxic. Statistically significant differences (p < 0.05) are represented with *.
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Discussion
In the present in vitro study, we evaluated the inflammatory and osteogenic response induced by Ti6Al4V 
particles released during implantoplasty and by as-received commercially pure Ti particles. To the best of our 
knowledge, this is the first paper to analyze the immunological effects induced by Ti6Al4V debris released during 
IP upon THP-1 and BM-MSCs. Our results suggests that both commercially pure Ti and Ti6Al4V particles may 
trigger an inflammatory response, because they can promote the expression and release of proinflammatory genes 
and cytokines. Moreover, Ti6Al4V extracts produced a significant decrease in the osteogenic markers Runx2 and 
OC in comparison with control osteogenic medium, but there was no effect on ALP activity.

Several limitations of the present study should be disclosed. Firstly, although this study followed ISO 10993-5 
for the performance of cellular assays, due to the biological nature and complexity of the process of inflammation, 
future studies should assess the immunological response triggered by metal particles released during IP in an 
in vivo experimental scenario. Secondly, THP-1 cell line has limitations because does not consistently behave as 
human macrophages33. However, it must be pointed out that the genetic homogeneity of THP-1 minimizes the 
degree of variability in the cell phenotype, which facilitates reproducibility of findings33,34. Finally, as grinding 
changes the properties of the metal and renders it more susceptible to corrosion32, using IP debris from com-
mercially pure Ti implants could be interesting.

Titanium is a transitional element used in dental implantology and orthopedics due to its high biocompat-
ibility, corrosion resistance and mechanical properties35. The vast majority of osseointegrated dental implants are 
made of c.p. Ti or Ti alloys36. Ti6Al4V alloy contains 6% of Al and 4% of V which differs from the composition 
of c.p. Ti36. Both materials are considered bioinert due to the formation of a spontaneous oxide layer composed 
mainly of TiO2 but which may incorporate other small contents of Al or V37. This protective oxide layer can be 

Figure 5.   Effect of stimulation with Ti and Ti6Al4V alloy extracts upon gene expression of osteogenic 
markers Runx2, ALP and OC in cultured human bone marrow-derived mesenchymal stem cells (BM-MSCs). 
Statistically significant differences (p < 0.05) are represented with * when comparison was made versus 
osteogenic medium (Osteo) and with the symbol # when comparison was made versus Ti.
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lost by corrosion38, generating ions and nanoparticles that can remain in the peri-implant tissues or migrate 
systemically19,39. Regarding Ti6Al4V alloys, a previous in vitro study showed that the metal particles of implan-
toplasty release higher concentration of V and Al ions compared to Ti ions31. Both ions have been associated 
with local adverse effects, neurotoxicity and negative cell viability response40–42. In the present study, we used 
a dilution 1:100 because it allowed the viability of the used cells. To the best of authors’ knowledge, there are 
no clinical studies in the literature describing the concentration of metal ions in the peri-implant tissues after 
implantoplasty43. Therefore, future in vivo studies are needed to evaluate the effect of Ti, Al and V ion concen-
trations on peri-implant tissues.

Some concerns have been raised during the past few years regarding the role of Ti and metal particles in the 
development of aseptic osteolysis or “peri-implantitis” in dental implants1,26. Therefore, we decided to conduct 
an in vitro analysis of the inflammatory and osteogenic response triggered by the metal debris released during IP. 
Firstly, we determined the cytotoxicity of each extract of Ti particles (Ti6Al4V and commercially pure Ti) in the 
THP-1 macrophage cell line at 24 h and 48 h. Titanium extracts reduced THP-1 cell viability at concentrations 
higher than 1:10 dilution, while in the case of Ti6Al4V extracts this phenomenon occurred at concentrations 
higher than 1:100 dilution (Fig. 1). This finding is consistent with the data from previous publications reporting 
that the release of Al and V ionic species may have a detrimental effect upon cells40,42,44. On the other hand, both 
extracts (Ti6Al4V and commercially pure Ti) induced a proinflammatory response by promoting the polarization 
of macrophages towards M1 through the expression and release of proinflammatory genes and cytokines. We 
found some discrepancies between levels of mRNA and protein, which is a common finding in this type of cell 
culture assay45,46. Eger et al.30 reported that metal particles detached during the scaling of SLA dental implants 
were engulfed by macrophages and triggered a marked inflammatory response, with the release of IL-1β, IL-6, 
TNF-α. These cytokines are also related to the activation of osteoclasts via the activation of RANKL expression, 
thereby inducing bone resorption17,37,47.

Regarding osteogenic response, Ti extracts reduced the viability of the cultured BM-MSCs at concentra-
tions > 1:10 dilution, while in the case of Ti6Al4V extracts this occurred at concentrations > 1:100 dilution (Fig. 4). 
Titanium particles can affect BM-MSC viability by inducing apoptosis through activation of the tumour sup-
pressor proteins p53 and p73—this circumstance being dependent upon material composition, particle dosage 
and time48. Once cytotoxicity was evaluated, we analysed gene expression and ALP activity of the BM-MSCs. 
Gene expression assays showed that the Ti6Al4V alloy could inhibit osteogenesis—its effects being particularly 
relevant in relation to the Runx2 and OC markers (Fig. 5), which are an early and late indicator, respectively, of 
osteogenic differentiation49,50. On the other hand, we found no relevant differences regarding the activity of ALP 
(Fig. 6), an enzyme that releases inorganic phosphate, needed for the mineralization of bone tissue.

Some controversy has arisen regarding the use of antibiotic in in vitro cell culture studies51. The use of 
antibiotic can affect different aspects of the cells, such as cell metabolism or cell differentiation52,53. In this line, 
Ryu et al.51 highlighted that penicillin–streptomycin antibiotic can alter gene expression in a human cell line. In 
contrast, antibiotics use has been recommended by standard cell culture protocols to maintain aseptic conditions 
and to reduce the risk of sample contamination53. This fact is especially important in THP-1 cell line since these 
cells are sensible to bacteria and their metabolic products54. Thus, we decided to use 1% penicillin–streptomycin 
in both cell culture to reduce bacterial contamination that could impact on macrophage polarization. Future 
studies should analyse the influence of not introducing an antibiotic in cell assays with metal particles.

In a way similar to the dental clinical scenario, metal particles are also generated in orthopedics, though in 
this case through friction of the joint surfaces. Such released metal debris can enter the cells via endocytosis and 
induce adverse biological effects, such as aseptic osteolysis55–58. Obando-Pereda et al.59 reported that these wear-
generated particles triggered the expression of proinflammatory cytokines such as TNF-α, IL-1β and IL-6. The 
release of these cytokines may also induce osteoclastogenesis and lead to aseptic loss of the joint prosthesis60,61. 
We found that both Ti6Al4V particles generated by IP and commercially pure Ti particles activated the above-
mentioned cytokines. Furthermore, Ti6Al4V particles decreased the expression of Runx2 and OC, which means 
that such metal debris may inhibit osteogenesis. Indeed, Runx2 plays a pivotal role in osteoblast differentiation 

Figure 6.   Effect of stimulation with Ti and Ti6Al4V alloy extracts upon ALP activity in cultured human 
bone marrow-derived mesenchymal stem cells (BM-MSCs). Statistically significant differences (p < 0.05) are 
represented with * when comparison was made versus TCP and with the symbol # when comparison was made 
versus Ti.
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and in bone formation through transcriptional regulation of their target genes, while OC is involved in osteoblast 
activity and mineralization in the later stages of bone formation62.

Conclusions
Within the limitations of the present study, Ti6Al4V and c.p. Ti metal particles increased proinflammatory genes 
and cytokines. In turn, Ti6Al4V particles generated by implantoplasty reduced the expression of osteogenic 
markers. Animal and human studies are needed in order to confirm the possible role of Ti6Al4V and Ti particles 
in the development of bone resorption or peri-implant inflammation.

Methods
Titanium metal particles.  In the present in-vitro study, use was made of a previously published protocol 
to collect metal particles released during IP of Ti6Al4V dental implants31,32. In order to replicate the clinical pro-
cedure of IP, metal particles were collected from Ti grade V dental implants (Ti6Al4V) using a standardized pro-
cedure consisting of the sequential use of a fine-grained tungsten carbide bur and two silicon carbide polishers63. 
The characterization of the material sample, including composition, granulometry, crystalline structure, mor-
phology, ion release, nanoindentation and corrosion behaviour has been described in previous publications31,32. 
On the other hand, a Ti powder, purchased from NanoShel (Chapel St., UK), was used as control in order to 
compare with inflammatory and osteogenic cell cultures with the tested Ti alloy IP particles (Ti6Al4V). This 
c.p. Ti has a powder size distribution that ranged from 30 to 70 nm, which was similar to the size of some metal 
particles released during implantoplasty31.

Sterilization of samples of Ti and collection of extracts.  We separately sterilized IP debris (test) and 
c.p. Ti powder (control) with 96° ethanol. The latter was eliminated by three centrifugation cycles at 7200 rpm 
during 5 min and washing with Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma-Aldrich, Sant Louis, USA). 
After the last centrifugation, DPBS was discarded, and the required volume of cell culture medium was added in 
order to obtain a final concentration of 0.2 g of sample per ml of medium. Cell assays were performed by indirect 
culture with extracts according to section 8.2 of ISO 10993–5: after separation of metal particles and medium, we 
carried out the assays using this culture medium that had been previously exposed to metal particles.

Both samples (Ti6Al4V and c.p. Ti) were incubated for 72 h at 37 °C. In the case of the assays performed with 
the THP-1 macrophage cell line, the metal particles were incubated in supplemented Roswell Park Memorial 
Institute (RPMI) 1640 medium with L-glutamine and sodium bicarbonate (reference: r8758, Sigma-Aldrich, 
Sant Louis, USA) and supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, Sant Louis, USA) and 
1% penicillin–streptomycin (Fisher Scientific, Hampton, USA). On the other hand, in the assays with BM-MSCs 
we used the mesenchymal stem cell basal medium (reference: C-28013, Sigma-Aldrich, Sant Louis, USA) sup-
plemented with 125 pg/ml rh FGF basic, 15 ng/ml rh IGF-1, 7% FBS, 2.4 mM L-Alanyl-L-Glutamine (reference: 
PCS-500–041, ATCC, Manassas, USA) and 1% penicillin–streptomycin (Fisher Scientific, Hampton, USA).

Cell culture and differentiation of THP‑1 macrophage cell line.  The THP-1 macrophage cell line 
was obtained from DSMZ (ACC 16) (Braunschweig, Germany) and the cell suspension culture was maintained 
at 3 × 105 cells/ml in RPMI 1640 medium (Sigma-Aldrich, Sant Louis, USA) supplemented with 10% fetal bovine 
serum (FBS) (Sigma-Aldrich, Sant Louis, USA) and 1% penicillin–streptomycin (Fisher Scientific, Hampton, 
USA). Cells were cultured in a humidity-controlled incubator at 37 °C with 5% CO2 supply. To enhance adhe-
sion of the cells to the culture plates, we seeded them at a density of 3 × 104 cells/cm2 in the presence of phorbol 
12-myristate 13-acetate (PMA) (Sigma-Aldrich, Sant Louis, USA) for 6 h. Then, the medium with PMA was 
removed, washed with DPBS, and the cells were exposed to the extracts previously obtained. In all assays, cells 
cultured with medium containing a concentration of 100 ng/ml lipopolysaccharide (LPS) (Sigma-Aldrich, Sant 
Louis, USA) were used as a positive control for inflammation64, and cells cultured without extract (tissue culture 
plate, TCP) were used as negative controls for inflammation.

Analysis of cytotoxicity in macrophage cell culture.  An indirect contact cytotoxicity test was per-
formed according to the guidelines specified in UNE EN ISO 10,993-5: "Biological evaluation of medical 
devices" part 5, entitled: "In vitro cytotoxicity tests". Cytotoxicity was calculated with the cell survival index, 
which indicates cytotoxicity at < 80%.

Cells were incubated for 24 and 48 h with different dilutions of the extract: undiluted and diluted extract 
1:2, 1:10, 1:100 and 1:1000, using complete medium for the dilutions. We assessed cell adhesion and morphol-
ogy by light microscopy before and after contact with the extracts. Once the assay was completed, we assessed 
cell viability through metabolic activity using resazurin sodium salt reagent (Sigma-Aldrich, Sant Louis, USA). 
Accordingly, we cultured cells in their medium with resazurin (10 μg/ml) for 3 h in the incubator at 37 °C and 
5% CO2. Then, we measured absorbance at 570 and 600 nm using a plate reader (Infinite 200 PRO, Tecan, 
Männedorf, Switzerland).

Macrophage gene expression analysis.  Gene expression was analyzed by real-time quantitative poly-
merase chain reaction (RT-qPCR). We analyzed proinflammatory markers (CCR7, TNF-α and IL-1β genes) and 
anti-inflammatory markers (CD206, TGF-β and IL-10 genes). In turn, RNA was isolated according to the rec-
ommendations of the manufacturer with the NucleoSpin RNA kit (Macherey–Nagel, Düren, Germany), which 
included DNase treatment. Once extracted, we quantified RNA using a microplate reader (Take3, Bio-Tek, Win-
ooski, USA). Then, we retrotranscribed RNA into cDNA using the Transcriptor First Strand cDNA Synthesis kit 
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(Roche, Basel, Switzerland) according to the recommendations of the manufacturer. We used qPCR to detect 
gene expression with the QuantiNova SYBR Green PCR Kit (Qiagen, Hilden, Germany): 10 ng of cDNA was 
amplified by an initial activation step of two minutes at 95 °C, denaturation for 5 s at 95 °C, and 40 cycles of 
hybridization/extension for 10 s at 60 °C using the CFX96 Real-Time System (BioRad, Hercules, USA). Prim-
ers used to detect specific genes in the amplification are detailed in Table 1. We normalized gene expression to 
the mean cycle threshold (Ct) of the constitutive β-actin gene. The 2−ΔΔCt method was used to compare mRNA 
expression between conditions, taking the cells cultured in tissue culture plate (TCP) value as reference.

Macrophage cytokine release analysis.  After culturing the macrophages with the extracts for 24 and 
48 h, we collected the supernatants to quantify the release of proinflammatory (TNF-α and IL-1β) and anti-
inflammatory (IL-10) cytokines by macrophages into the culture medium. Quantification was performed using 
commercially available ELISA kits (Thermofisher Scientific, Waltham, USA), following the recommendations of 
the manufacturer.

Cell culture and differentiation of in human bone marrow‑derived mesenchymal stem cells 
(BM‑MSCs).  The BM-MSCs were obtained from ATCC (PCS-500-012) and cultured in Mesenchymal Stem 
Cell Basal Medium (ATCC; PCS-500-030) supplemented with 125 pg/ml rhFGF basic, 15 ng/ml rhIGF-1, 7% 
FBS, 2.4 mM L-alanyl-L-glutamine (ATCC; PCS-500-041) and 1% penicillin–streptomycin (Fisher Scientific, 
Hampton, USA). We kept the cell culture density at 3000 cells/cm2. Subsequently, for cytotoxicity assay, BM-
MSCs were seeded at a density of 9500 cells/cm2, while for gene expression, alkaline phosphatase (ALP) activity 
and proliferation assays we seeded them at a density of 8000 cells/cm2. In all assays, extracts were generated 
using osteogenic medium, which was composed of medium supplemented with 10 mM β-glycerophosphate, 
50 μg/ml ascorbic acid and 0.1 μM dexamethasone (Sigma-Aldrich, Sant Louis, USA). As control, we used BM-
MSCs exposed to osteogenic medium but without contact with the microparticles.

Analysis of cytotoxicity BM‑MSCs culture.  The BM-MSCs were exposed for 3 and 7 days to differ-
ent dilutions of the extracts made using osteogenic medium: undiluted and diluted extract 1:2, 1:10, 1:100 and 
1:1000. Metabolic activity was then analyzed by resazurin reduction assay. The BM-MSCs were incubated for 
45 min at 37 °C in the presence of medium with a concentration of 50 μg/ml of resazurin sodium salt. Resazurin 
reduction was quantified in the same manner as described in previous sections.

BM‑MSCs gene expression analysis.  Gene expression was analyzed at days 3, 7, 14 and 21 by RT-qPCR 
using the same protocol as that employed for the THP-1 gene expression assays. The genes analyzed were Runx2, 
alkaline phosphatase (ALP) and osteocalcin (OC). Primers used to amplify these genes are described in Table 1.

Alkaline phosphatase (ALP) activity assay.  To quantify the ALP activity in the samples, we used a 
colorimetric method based on the conversion of p-nitrophenyl phosphate to p-nitrophenol in the presence of 
ALP. We lysed samples cultured with the extracts and with osteogenic medium with 200 μl of 0.1% Triton X-100 
in 1xTE buffer (Sigma-Aldrich, Sant Louis, USA), followed by three freeze–thaw cycles. Subsequently, 50 μl of 
sample were combined with 50 μl of a mixture in 1:1:1 ratios of 1.5 M 2-amino-2-methyl-1-propanol buffer 
(Sigma-Aldrich, Sant Louis, USA), 20 mM phosphatase substrate solution (Sigma-Aldrich, Sant Louis, USA) 
and 1 mM MgCl2. The samples were incubated for 30 min at 37 °C, and we stopped the reaction using 1 M 
NaOH. The production of p-nitrophenol was quantified by measuring the absorbance at 405 nm and comparing 
it against a standard curve prepared with known concentrations of p-nitrophenol. Results were then normalized 

Table 1.   List of primer sequences used for the gene expression analysis.

Gene Forward (sequence 5’-3’) Reverse (sequence 5’-3’)

Inflammation-associated genes

M1 (pro inflammatory)

TNF-α TTC​CAG​ACT​TCC​TTG​AGA​
CACG​

AAA​CAT​GTC​TGA​GCC​AAG​
GC

IL-1β GAC​ACA​TGG​GAT​AAC​GAG​
GC ACG​CAG​GAC​AGG​TAC​AGA​TT

CCR7 GGC​TGG​TCG​TGT​TGA​CCT​AT ACG​TAG​CGG​TCA​ATG​CTG​AT

M2 (anti-inflammatory)

IL-10 AAG​CCT​GAC​CAC​GCT​TTC​TA ATG​AAG​TGG​TTG​GGG​AAT​
GA

TGF-β TTG​ATG​TCA​CCG​GAG​TTG​
TG TGA​TGT​CCA​CTT​GCA​GTG​TG

CD206 CCT​GGA​AAA​AGC​TGT​GTG​
TCAC​ AGT​GGT​GTT​GCC​CTT​TTT​GC

Osteogenesis-associated genes

Runx2 CCC​GTG​GCC​TTC​AAGGT​ CGT​TAC​CCG​CCA​TGA​CAG​TA

ALP GGA​ACT​CCT​GAC​CCT​TGA​
CC TCC​TGT​TCA​GCT​CGT​ACT​GC

OC CGC​CTG​GGT​CTC​TTC​ACT​AC CTC​ACA​CTC​CTC​GCC​CTA​TT

Housekeeping gene β-actin AGA​GCT​ACG​AGC​TGC​CTG​
AC AGC​ACT​GTG​TTG​GCG​TAC​AG
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to the results obtained in the proliferation assay. Cell proliferation was quantified by measuring the amount of 
dsDNA in the samples with the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, USA) following 
the recommendations of the manufacturer. We mixed 100 μl of sample and 100 μl of a 1:200 dilution of Pico-
Green reagent in a black 96-well plate.

Statistical analysis.  All assays were performed in triplicate, except for ALP activity, which was conducted 
in quadruplicate. Data were expressed as the mean ± standard deviation (SD). Statistical analysis was performed 
using MINITAB (version 18, Minitab Inc.). Nonparametric testing was used, for although the normal distribu-
tion of each dataset was confirmed by the Anderson–Darling normality test, homoscedasticity was ruled out 
(Barlett and Levene’s test for homogeneity of variances). Therefore, we used the Kruskal–Wallis test for multiple 
comparisons and the Mann–Whitney U-test for individual (one-to-one) comparisons. Statistical significance 
was considered for p < 0.05.

Data availability
The datasets generated and/or analysed during the current study are available in the Gene Expression Omnibus 
(GEO) repository, https://​www.​ncbi.​nlm.​nih.​gov/​geo/​query/​acc.​cgi?​acc=​GSE20​2419.
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