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A B S T R A C T

Biologically-derived hydroxyapatite is a widely used biomaterial in various clinical applications including bone 
augmentation. However, the osteogenic application of biological hydroxyapatite is limited by inflammatory 
responses, and the underlying mechanism remains unknown. The current study aimed to elucidate the molecular 
mechanisms underlying the inflammatory response to biological hydroxyapatite. Porcine-derived hydroxyapatite 
(PHA) with two sintering temperatures (800 and 1600 ◦C), PHA800 and PHA1600, respectively, were prepared. 
A PHA/macrophage co-culture model was established. Transcriptome, polymerase chain reaction (PCR), and 
enzyme-linked immunosorbent assay (ELISA) analyses were used to determine the inflammatory effects and the 
main pathways activated by PHA800 and PHA1600. Intracellular calcium level, PHA-induced calcium enrich-
ment, and related biological effects were used to determine the molecular mechanism at the PHA-cell interface. 
PHA800 significantly upregulated a TLR4 mediated inflammatory pathway in a calcium influx-dependent 
manner, and the calcium enrichment activity on the surface of PHA800 promoted calcium influx. In contrast, 
the calcium enrichment activity on the surfaces of the PHA1600 and PHA800 pretreated groups was attenuated, 
resulting in decreased calcium influx and mild inflammatory effects. Our results provide a fundamental basis for 
the development of novel bone substitutes that elicit low levels of inflammation response.

1. Introduction

Hydroxyapatite bone substitutes have been widely used in bone 
regeneration. Compared to autologous bone, bone substitutes eliminate 
the need for a second surgery site, which significantly reduces pain in 
patients. Therefore, bone substitutes are ideal bone augmentation 
strategy. However, the simple application of bone substitutes has some 
limitations, including long clinical treatment cycles and limited bone 
formation [1,2]. Therefore, the development of novel bone substitutes 
with high osteogenic efficiency is of significant clinical value.

The proinflammatory effect of hydroxyapaptite both in vitro and in 
vivo has garnered significant attention [3,4]. Clinically, patients 
implanted with bone substitutes are more prone to swelling in the early 
stages, suggesting the occurrence of inflammatory reaction. According 
to the osteoimmunomodulation theory, excessive inflammatory re-
actions triggered by biomaterials are not conducive to long-term 
regeneration [5–7]. This is consistent with the findings of clinical and 
basic studies on hydroxyapatite bone substitutes. Clinical studies indi-
cate that the utilization of bone substitutes alone results in a notable 
prolongation of the healing time for bone regeneration, extending it by 
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3–6 months in comparison with the use of autogenous bone or a com-
bination of the two [1]. Moreover, basic research has revealed that the 
initial bone healing process is delayed when bone substitutes are used 
[8] compared to the natural healing process. These evidence indicate 
that hydroxyapatite-induced inflammation may impede the initiation of 
the bone regenerative process [5], which would suppress the osteogenic 
efficacy and result in delay of bone healing process [8,9]. Therefore, 
clarifying the inflammatory mechanism of hydroxyapatite bone sub-
stitutes is of great significance for the development of novel 
low-inflammatory bone substitutes with improved osteogenic efficacy.

Among the various bone substitutes, biologically-derived hydroxy-
apatite (BHA) especially from mammalian bones (e.g., bovine, camel, 
equine, and porcine) is widely used in clinical practice and laboratory 
studies. Heat treatment is an important step during BHA preparation 
that is used to eliminate organic components and prevent the risk of 
immunological reactions and disease transmission [10]. The sintering 
temperature exhibits a strong correlation with the 
hydroxyapatite-induced inflammatory response, potentially because of 
alterations in the morphology and microstructure caused by the sinter-
ing process [4,11,12]. The underlying mechanism may be related to the 
activation of TLR4 receptors [13]. However, the specific inflammatory 
mechanisms of BHA require further investigation.

In this study, we analyzed porcine bone-derived hydroxyapatite 
(PHA) prepared at two different sintering temperatures (800 ◦C and 
1600 ◦C). After establishing a direct co-culture model, transcriptomics 
was used to identify the immune-regulatory effects and main activated 
pathways. The molecular mechanisms in the PHA-cell interface was then 
elucidated. The aim of the study was to elucidate the inflammatory 
mechanisms of PHA. These results would provide optimized targets for 
the development of novel low-inflammatory biologically-derived bone 
substitutes.

2. Results and discussion

2.1. Establishment of in vitro direct co-culture model

Previous studies have shown that macrophage (MΦ) is one of the 

immune cells with unique regulatory ability and excellent plasticity 
when interacting with biomaterials. Therefore, we focused on macro-
phage to investigate how the bone substitute regulates their inflamma-
tory responses. The core requirement of an in vitro model is that it 
recapitulate the complex interactions between the materials and cells. 
Based on previous studies [14–17], PHA was prepared and sintered at 
two different temperatures (800 ◦C and 1600 ◦C) to generate PHA800 
and PHA1600 (Fig. 1A). PHA1600 exhibited increased grain size, ag-
gregation tendency, crystallinity, with similar elemental distribution 
compared to PHA800 (Fig. 1BC).

The appropriate form of material-cell contact that reflects the 
cellular inflammatory response was then explored. First, an indirect 
culture model was established (Fig. 2A). The model showed optimal cell 
viability (Fig. 2, a1), and allowed for effient isolation of RNA (Fig. 2, a2). 
However, PCR revealed very mild inflammatory reaction in the cells 
(Fig. 2, a3), indicating that the indirect culture model may not accu-
rately evaluate the inflammatory response to hydroxyapatite. Next, a co- 
culture model was established. Conventional sized apatite particles were 
used for co-culture in strategy 2 (Fig. 2B). Results of the CCK-8 assay 
showed that cell viability was not significantly affected (Fig. 2, b2), but 
RNA could not be effectively extracted (Fig. 2, b3), indicating high af-
finity for nucleic acids of hydroxyapatite that could separate DNA/RNA 
from other cellular components [18]. Therefore, the co-culture model 
was modified, and fine-grained apatite was used in strategy 3 (Fig. 2C). 
The CCK-8 assay revealed that cell viability was unaffected in this model 
(Fig. 2, c2, Supplementary Fig. 1). In terms of RNA extraction, although 
RNA could not be effectively extracted in the 5 mg/mL PHA group, it 
could be effectively extracted in the 0.04, 0.2, and 1 mg/mL PHA groups 
(Fig. 2, c3, Supplementary Fig. 1). PCR was performed in the 0.2 and 1 
mg/mL groups to evaluate cellular inflammatory effects. The 1 mg/mL 
group effectively reflected the cellular inflammatory effects (Fig. 2, c4). 
Therefore, a 1 mg/mL concentration of the material was used for the in 
vitro co-culture models in subsequent experiments.

It should be noted that RNA extraction from cells co-cultured with 
clinically-used conventional-sized hydroxyapatite has always been a 
challenge because of the adsorption of hydroxyapatite [19]. To resolve 
this problem, it is necessary to modify the material, use alternative 

Fig. 1. Preparation and characterization of porcine bone-derived hydroxyapatite (PHA). (A) Preparation flow diagram. (B) Morphological and elemental 
distribution detection via SEM, TEM and EDX. (C) XRD detection.
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Fig. 2. Establishment of co-culture model in vitro. (A) Strategy i: Indirect culture with conditioned medium. (B) Strategy ii: Direct culture with particles of regular 
size. (C) Strategy iii: Direct culture with particle size below 250 μm. (a1, b2, c2) CCK-8 cytotoxicity test (n = 5). (b1, c1) Optical microscopy observation. (a2, b3, c3) 
RNA quantitative detection (n = 3). (a3, c4) Canonical inflammatory genes expression of macrophages (n = 3). The data are expressed as means ± standard deviation 
(SD). Statistical analysis was conducted using the unpaired two-tailed Student’s t-test and ANOVA, followed by Tukey’s multiple comparison post hoc test. *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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detection methods, such as immunofluorescence and ELISA, or switch to 
an indirect culture model. In the present study, we refer to the cell 
co-culture method of nano hydroxyapatite [20–22]. Due to methodo-
logical constraints, this study focused on the immunological properties 
of bone substitute materials with particle sizes less than 0.25 mm. 
Further research is needed to explore the immunological properties of 

bone substitute with particle sizes greater than 0.25 mm.

2.2. PHA800 induced a TLR4-mediated inflammatory response in an 
extracellular calcium influx-dependent manner

It is well documented that hydroxyapatite induces inflammation by 

Fig. 3. PHA800 triggered significant inflammatory response of macrophages. (A) Schematic diagram of co-culture using strategy iii for 24 h followed by 
transcriptome sequencing. (B) The principal component analysis (PCA). (C) Venn diagram. (D) The top 10 terms of GO analysis for biological process in differentially 
upregulated genes (PHA800 vs. Blank). (E) Heatmap of differentially upregulated genes for immune system-related terms. (F–G) RT-qPCR (F) and ELISA (G) of 
canonical inflammatory gene/protein expression of macrophages. Different expressed RNAs with |log2(FC)| value > 1 and adjusted p-value <0.05 were deemed 
significant for further analysis. Statistical analysis was conducted using the ANOVA followed by Tukey’s multiple comparison post hoc test. *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001.
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activating the TLR4 pathway. Because PHA shares a similar chemical 
composition and structure with hydroxyapatite, we hypothesized that 
PHA may trigger inflammation by activating the TLR4 pathway. To test 
this hypothesis, we used transcriptomics, PCR, and ELISA to analyze 
specific pathways. Principal component analysis (PCA) showed good 
quality control of the transcriptome samples (Fig. 3B). Total gene 
expression variations were determined using a Venn diagram (Fig. 3C), 
volcano plots, and a cluster heatmap of gene expression (Supplementary 
Fig. 2). The cluster heatmap showed that blank vs. PHA800 had the 
largest number of differential genes, whereas blank vs. PHA1600 had 
more similar gene expression patterns than blank vs. PHA800. Gene 
ontology (GO) enrichment analysis revealed upregulation of immune- 
related terms in the PHA800 group compared with that in the blank 
group (Fig. 3D–Supplementary Table 1). The cluster heatmap from the 
immune system-related terms demonstrated significant upregulation of 
inflammation-related genes in the PHA800 group, whereas the 
PHA1600 and blank groups shared similar expression levels of immune- 
related genes (Fig. 3E). PCR and ELISA verified the gene and protein 
expression levels of the canonical inflammatory factors (IL-1β, IL-1Rn, 
TNF-α, and IL-6) (Fig. 3F and G).

To identify the specific activated pathways, GO enrichment analysis 
was performed between PHA800 and PHA1600, highlighting immune 
system process and external side of the palsma membrane as predomi-
nant terms (Fig. 4A and B, and Supplementary Tables 2 and 3). Kyoto 
Encyclopedia of Genes and Genomes (KEGG) revealed the top five 
enriched pathways, highlighting multiple inflammatory pathways 
including NOD-like receptor and NF-κB signaling pathways 
(Fig. 4C–Supplementary Table 4). The gene heatmap related to the NOD- 
like receptor signaling pathway showed an obvious increase in the 
PHA800 group compared to that in the PHA1600 and blank groups 
(Fig. 4D). Reactome enrichment analysis was then used, highlighting a 
differentially upregulated signaling pathway of the TLR4 cascade based 
on genes in NOD-like receptor and NF-κB signaling pathways (Fig. 4E). 
The gene heatmap related to the Toll-like receptor signaling pathway 
showed an obvious increase in the PHA800 group compared to that in 
the PHA1600 and blank groups (Fig. 4F). The upregulation of TLR4- 
MyD88-independent pathway was noticed which was in accordance 
with previous study using nano hydroxyapatite [23] (Fig. 4E). The TLR4 
activation may further activate the NOD pathway and the downstream 
pathways, including NF-κB (Fig. 4CD), due to the crosstalk between 
TLR4-and NOD1/2 [24]. Therefore, the biologically-derived bone sub-
stitutes may activate a variety of canonical inflammatory pathways, 
such as MyD88-independent, NOD, and NF-κB pathways through TLR4 
activation. The upregulation of the key genes in the TLR4-and 
NOD-related signaling pathway were then verified (Fig. 4G).

Research with LPS model has confirmed that TLR4 recognizes the 
surface structure of LPS, when the extracellular calcium influx through 
calcium channels such as TRPM7 assisted [25]. Based on this, we hy-
pothesized that calcium influx is required for PHA-induced TLR4 acti-
vation of macrophage. Calcium influx was first confirmed in the PHA800 
group (Fig. 5A–C). The intracellular Ca2+ concentration in macrophages 
significantly increased between 12 and 24 h in the PHA800 group 
compared to that in PHA1600 and blank groups (Fig. 5BC). A specific 
TRPM7 calcium channel blocker, FTY720, was used to establish a cal-
cium blockade model (Fig. 5D). Following FTY720 treatment, the 
intracellular Ca2+ concentration was significantly lower than that of the 
blank group (Fig. 5E), suggesting that the calcium blockade model was 
successfully established. PCR verified that most of the canonical in-
flammatory factors were significantly downregulated or showed no 
significant difference compared with that in the blank group (TNF-α, 
IL-1rn, IL-6, IL-1β, NF-κB, NLRP3) (Fig. 5F), which strongly supports the 
hypothesis.

Previous studies on nano-HA have hypothesized that TLR activation 
requires calcium influx for auxiliary activation [20]. To the best of our 
knowledge, this is the first study to confirm that the xenograft PHA 
activates macrophage TLR4-mediated inflammatory pathway in an 

extracellular calcium influx-dependent manner. Patricia et al. identified 
a similar mechanism in a study of the BCP/blood cell complex [9]. This 
complex induces inflammation by activating TLR- and NOD-axes pe-
ripheral blood mononuclear cells. The authors proposed that the acti-
vation of the NOD axis was mainly due to BCP-induced calcium-deficient 
hemolysis, followed by an increase in extracellular ATP. As blood and 
blood cell components were not involved in the current in vitro model, 
we believe that the inflammation mainly originates from the direct 
stimulation of the xenografts.

2.3. Calcium enrichment activity at the PHA800 surface induces 
extracellular calcium influx

After confirming calcium influx, extracellular calcium sources were 
futher investigated. Xenograft materials can enrich the culture medium 
with calcium ions, as reported previously [26]. The calcium ion 
enrichment properties of PHA800 and PHA1600 were determined using 
ICP. The results showed that after 24 h of immersion, PHA800 enriched 
calcium ions in the culture medium, whereas PHA1600 did not (Fig. 6A). 
These evidence arose hypothesis that the enrichment of Ca2+ on the 
surface of PHA800 triggers calcium influx and subsequent biological 
effects, whereas the PHA1600 interface did not adsorb Ca2+ and failed to 
initiate subsequent calcium influx or inflammatory effects.

As the different morphology of PHA800 and PHA1600 may affect 
immune response (Fig. 1), the hypothesis that calcium enrichment may 
trigger calcium influx cannot be fully confirmed by the above tests. We 
set PHA800 and PHA800-pretreated groups with the same morphology, 
composition and structure. Using sequential ICP detection, calcium ion 
enrichment activity was observed over time (Fig. 6B). The enrichment 
activity was the strongest in the first 30 min and gradually weakened to 
reach a plateau at approximately 48 h, indicating that the calcium 
enrichment activity ended after infiltrating the culture medium for 48 h. 
The PHA800 group pretreated with Dulbecco’s modified Eagle’s me-
dium (DMEM) for 48 h was designated as PHA800-pretreated group, 
abbreviated PHA800 (pre) (Fig. 6C). Such setting can further demon-
strate the role of calcium enrichment activity in activating 
inflammation.

Analysis of intracellular Ca2+ levels confirmed that the degree of 
calcium influx in PHA800 (pre) was significantly lower than that in 
PHA800 at the end of the calcium enrichment activity (Fig. 6D), indi-
cating that calcium enrichment activity enhances calcium influx. PCR 
and ELISA revealed that the expression of inflammatory factors in 
PHA800 (pre) group was significantly lower than that in the PHA800 
group (Fig. 6E and F), confirming that calcium enrichment activity 
directly participates in the regulation of inflammation through calcium 
influx. Transmission electron microscopy (TEM) analysis revealed that 
no significant change in the micromorphology of the two groups. Unlike 
in a previous study [27], no rod-like crystals were observed (Fig. 6G), 
which ruled out the potential influence of morphological differences. 
X-ray diffraction (XRD) confirmed that the crystallinity of PHA800 (pre) 
was lower than that of PHA800 (Fig. 6H), indicating that the calcium 
enrichment activity is caused by calcium phosphorus crystallization 
process at the PHA800 interface rather than a transient adsorption 
process. The specific crystallization mechanism may involve potential 
adsorption, which requires further research.

2.4. Implications for the development of novel low-inflammatory bone 
substitute

The process of osteogenesis induced by bone repair materials is 
multifaceted, involving factors such as surgical technique, the 
morphology of the remaining bone, and immune reactions. Although 
PHA1600 showed mitigated inflammation, its osteogenic capacity tends 
to diminish as the pore structure is compromised when the temperature 
exceeds 1000 ◦C [28–30], since high-temperature (>1000 ◦C) sintered 
materials may not be conducive for the growth of cells and bone 
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Fig. 4. PHA800 induced inflammatory response of macrophages via a potential TLR4- and NOD-related pathways. (A–B) The GO enrichment analysis shows 
the top 10 terms for biological process (A) and cellular component (B) in differentially upregulated genes (PHA800 vs. PHA1600). (C) KEGG analysis reveals the top 5 
pathways enriched in differentially upregulated genes (PHA800 vs. PHA1600). (D) Heatmap of differentially upregulated genes for the term “NOD-like receptor 
signaling pathway”. (E) The Reactome enrichment analysis highlighting a differentially upregulated signaling pathway of TLR4 cascade based on genes in NOD-like 
receptor signaling pathway and the NF-κB signaling pathway (PHA800 vs. PHA1600) by ClueGO. (F) Heatmap of differentially upregulated genes for the term “Toll- 
like receptor signaling pathway”. (G) RT-qPCR of canonical gene expression related to the TLR4- and NOD-signaling pathways in macrophages. Different expressed 
RNAs with |log2(FC)| value > 1 and adjusted p-value <0.05 were deemed significant for further analysis. Statistical analysis was conducted using the ANOVA 
followed by Tukey’s multiple comparison post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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formation [31]. As for PHA800, bone regeneration is still possible once 
the inflammatory phase subsides. This is attributed to the use of a barrier 
membrane in clinical practice, which confines the inflammatory envi-
ronment to the bone microenvironment to some extent. We hypothesize 
that if the inflammatory response triggered by PHA800 were mitigated, 
its osteogenic efficiency could be further enhanced. Consequently, the 
findings of this study do not endorse the idea that high-temperature 
sintered materials inherently surpass those sintered at lower tempera-
tures. The results are intended solely to elucidate the impact of sintering 
temperature on the inflammatory response of macrophages.

Based on the results of the present study, we propose the following 
strategies to alleviate the proinflammatory effects of hydroxyapatite: 
Calcium enrichment activity induced in vitro: As PHA800 (pre) 
showed a decrease in the level of inflammation, pretreatment with 
calcium- and phosphorus-containing solutions in vitro (e.g., culture 
medium, blood, and serum) to reduce the active level of surface calcium 
enrichment may effectively reduce the inflammatory response of hy-
droxyapatite. Specific procedures for clinical applications, such as 

solvent type and pretreatment duration, will be determined in subse-
quent studies. Organic coating: Bone substitutes with organic-coating, 
such as gelatin, collagen, chitosan, and hyaluronic acid, have been 
widely developed in clinics and laboratories. From the perspective of 
hydroxyapatite, organic coating can reduce the degree of hydroxyapa-
tite contact with immune cells in the early stage. Ideally, hydroxyapatite 
should undergo calcium enrichment in the humoral environment until a 
stable crystal phase is reached. Immune cells preferentially recognize 
organic components, and this will help to avoid the inflammatory effect 
of immune cells triggered by calcium enrichment activity, so as to create 
an improved microenvironment for bone regeneration. Nutrient trace 
element modification: Hydroxyapatite has abundant active binding 
sites, which can be used to introduce inorganic ions (e.g., fluorine, zinc, 
magnesium, and copper) to regulate the immune microenvironment and 
improve the osteogenic efficiency of osteoblasts [32–35]. The mixed use 
of these strategies may have better synergistic effects, which requires 
further research.

Fig. 5. Calcium influx is essential for PHA800-induced inflammation. (A) Sequential intracellular Ca2+ detection from 30 min to 24 h using fluorescence in-
tensity. (B) Intracellular Ca2+ level at 12 h and 24 h. (C) Fluorescence imaging of intracellular Ca2+ after 24 h stimulation. (D) Schematic diagram of the estab-
lishment of calcium channel blockade model. (E) Intracellular Ca2+ detection after FTY720 treated. (F) RT-qPCR of canonical inflammatory gene expression after 
treated with FTY720. Statistical analysis was conducted using the unpaired two-tailed Student’s t-test and ANOVA, followed by Tukey’s multiple comparison post hoc 
test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 6. Calcium enrichment activity induced calcium influx-related inflammatory response. (A) ICP detection of Ca2+ in supernatant of PHA800 and 
PHA1600. (B) Sequential ICP detection of Ca2+ in supernatant of PHA800 from 5 min to 48 h. (C) Schematic diagram of the preparation of PHA800 pretreatment. (D) 
Intracellular Ca2+ level of PHA800 and PHA800 (pre) at 12 h and 24 h. (E–F) RT-qPCR (E) and ELISA (F) of canonical inflammatory gene/protein expression of 
macrophages in PHA800 and PHA800 (pre). (G) TEM observation of PHA800 and PHA800 (pre). (H) XRD detection of PHA1600, PHA800 and PHA800 (pre). 
Statistical analysis was conducted using the unpaired two-tailed Student’s t-test and ANOVA, followed by Tukey’s multiple comparison post hoc test. *p < 0.05, **p 
< 0.01, ***p < 0.001, and ****p < 0.0001.
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3. Conclusion

PHA800 upregulates a TLR4 mediated inflammatory response, 
which is closely associated with calcium influx triggered by the calcium 
enrichment activity on its surface. PHA1600- and PHA800-pretreatment 
groups lower the levels of calcium influx and attenuate inflammatory 
response owing to mild calcium enrichment activity on the surface 
(Fig. 7).

4. Materials and methods

4.1. PHA preparation

PHA was prepared through chemical and thermal treatments, as 
previously described [14,15,36]. In brief, cancellous bone obtained from 
porcine femoral epiphysis was subjected to boiling in distilled water for 
2 h to degrease and facilitate the removal of soft tissue such as perios-
teum and bone marrow. The bones were dissected into regular blocks (5 
mm3) using cut-off machines (Accutom-50, Struers, Ballerup, Denmark) 
with cooling water. These blocks were then calcinated at 800 ◦C or 
1600 ◦C, employing a heating rate of 10 ◦C/min, and maintained at this 
temperature for 2 h in air within a muffle furnace to obtain PHA800 and 
PHA1600.

4.2. Physicochemical evaluation

SEM (SU8220, HITACHI, Japan) analysis was performed to observe 
the surface morphology. The inner morphology was examined using 
TEM (Tecnai G2 Spirit, FEI, the Netherlands). The elemental composi-
tion and distribution were analyzed using EDX (SU8220, HITACHI, 
Japan). XRD (Empyrean, Panalytical, the Netherlands) was employed 
for the characterization of crystallization patterns.

4.3. Cell culture

The RAW 264.7 cell line was purchased from Procell Life Science and 
Technology Co., Ltd. The Dulbecco’s modified Eagle’s medium 
(C11885500BT, Thermo Fisher, China) supplemented with 10 % (v/v) 
fetal bovine serum (10099141, Thermo Fisher, China) and 1 % (v/v) 

penicillin-streptomycin (15140122 Thermo Fisher, China) was used as a 
complete culture medium. PHA800 and PHA1600 blocks underwent 
sterilization via irradiation with gamma rays at a dose of 25 kGy before 
utilization. Cells were cultured with a complete culture medium under a 
humidified atmosphere containing 5 % CO2 at 37 ◦C, with passages 
performed at a 1:3 ratio upon achieving 80 % confluence.

For indirect culture with conditioned medium (Strategy 1), the 
complete medium was added with PHA800 with a ratio of 50 mg/ml for 
24 h. After centrifugation at 1000g for 5 min, the supernatant was 
aspirated and filtered using a 0.22 μm filter to obtain the conditioned 
medium. Cells were then cultured with the conditioned medium for 
cytotoxicity assay and PCR analysis. For direct co-culture (Strategy 2), 
cells were cultured with the complete medium with PHA800 in a ratio of 
20 mg/ml for RNA extraction. For direct co-culture (Strategy 3), 
PHA800 was grinding and sieving to obtain particles under 250 μm. 
Cells were cultured with a complete medium with PHA800 in a ratio of 
5/1/0.2/0.04 mg/ml respectively for cytotoxicity assay and PCR anal-
ysis. PHA1600 was tested for cytotoxicity and RNA extraction at a 
concentration of 1 mg/ml.

4.4. Cytotoxicity assay

Cytotoxicity assay was used to screen suitable cell culture models 
using the CCK-8 cell counting kit (CK04, DOJINDO, Japan). Cells were 
resuspended and seeded at a density of 2000 cells per well on a 96-well 
plate, followed by incubation with complete medium, conditioned me-
dium, or direct culture with PHA800 and PHA1600. The medium was 
renewed every 2 days. At day 1, 3, and 5, the medium was exchanged 
with DMEM solution containing 10 % CCK-8, and the cells underwent a 
1 h incubation period. The absorbance (OD value) of individual wells 
was measured at 450 nm using a microplate analyzer (Epoch2, Amer-
ica). Five wells were analyzed in parallel for each group.

4.5. RNA-seq and bioinformatic analysis

RNA-seq was used to reveal the main activation pathways of cellular 
inflammatory response. Total RNA extraction of raw 264.7 was con-
ducted using TRIzol (R0016, Beyotime, China) after 1 day culture. To 
synthesize cDNA, RNA samples were first purified, fragmented, and 

Fig. 7. Schematic figure of porcine bone-derived hydroxyapatite triggering inflammatory response of macrophages. Active calcium enrichment on PHA800 
surface initiates calcium influx, leading to the upregulation of a potential TLR4-, NOD-related inflammatory response. The calcium enrichment activity remained low 
at the surface of PHA1600 and PHA800 (pre), which inhibited the initiation of calcium influx leading to a decreased inflammatory response compared with PHA800.
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reverse transcribed into cDNA. BGI Group was responsible for the 
preparation of the entire cDNA library and the sequencing of the tran-
scriptome. The transcriptome sequencing data generated were subjected 
to screening using SOAPnuke (version 1.5.2) and then aligned to the 
reference genome using HISAT2 (version 2.0.4). The position informa-
tion of the confirmed sequences in the genome was obtained using 
Bowtie2 (version 2.2.5) with clean reads. The expression levels of genes 
were calculated using RSEM (version 1.2.8) software. The analysis was 
conducted using the Dr.Tom platform (https://biosys.bgi.com), which 
employed two commonly used indicators, TPM and FPKM, to reflect 
gene abundance. Differential expression analysis was performed using 
the DESeq2 tool. The criteria for filtering in the analysis were: when the | 
log2(FC)| value of a gene was greater than 1 and the Q-value was less 
than 0.05, the gene expression difference was considered significant and 
included in subsequent analysis.

Principal component analysis (PCA), Gene Ontology (GO) analysis of 
biological processes, cellular components, and molecular function, 
Kyoto Encyclopedia of Genes and Genome (KEGG) pathway, analysis 
were conducted using the Dr.Tom platform and DAvID Bioinformatics 
Resources (v6.8). Cytoscape plugin ClueGO was used (v2.5.8) for further 
visualization of REACTOME enrichment analysis and gene correlation 
analysis. Data visualization was performed using TBtools (version 
1.100), R Studio (version 5.0), GraphPad Prism (version 9.0.0), and the 
Hiplot platform (https://hiplot.com.cn/). The bioinformatics analysis 
and data visualization were completed by the researchers.

4.6. RT-qPCR analysis

RT-qPCR was used to validate transcriptomic results and to assess the 
level of inflammation at the gene level. Total RNA extraction of raw 
264.7 was conducted using TRIzol (R0016, Beyotime, China) after 6 h 
culture. RNA samples from each group were subjected to concentration 
and purity detection by measuring absorbance at wavelengths of 280 nm 
and 260 nm. Following the instructions of the reverse transcription kit, 
500 ng of RNA was used for cDNA synthesis using the Synthesis 
SuperMix kit (11141ES60, YEASEN, China). The Hieff qPCR SYBR Green 
Master Mix (11202ES08, YEASEN, China) was used to perform RT- 
qPCR. Subsequently, based on the cDNA sequence information pro-
vided by NCBI, corresponding primers were designed and validated 
using the BLAST database (Supplementary Table 5). GAPDH was chosen 
as the reference gene, and mRNA expression levels of related genes were 
detected using SYBR real-time fluorescence quantitative PCR pre-mix in 
a 384-well plate.

4.7. Enzyme-linked immunosorbent assay (ELISA) detection

TNF-α was selected to validate the transcriptomic results and further 
evaluate the inflammatory level of pretreated PHA800. After 1/2/3 
days’ incubation, supernatants were extracted respectively. The protein 
expression levels of TNF-α were detected using an ELISA kit (CSB- 
E08054m, CUSABIO, China) following the instructions provided. 
Briefly, 100 μl supernatants were added to the ELISA plate. The liquid 
was removed after 2 h incubation. Biotin-antibody (100 μl) was added 
and removed after 1 h incubation followed by washing. HRP-avidin was 
added and removed after 1 h incubation followed by washing. TMB 
substrate was added in the dark at 37 ◦C for 30 min. Stop solution was 
added to stop the chromogenic reaction. The OD value was measured at 
450 nm using a multifunctional microplate reader (CSB-E04741m-IS, 
CUSABIO, China). The concentration is calculated according to the 
standard curve and formula provided in the instructions.

4.8. Intracellular calcium detection

Intracellular calcium detection was used to clarify the role of calcium 
channels and cytosolic calcium ions in the activation of inflammatory 
pathways. Fluo-4 AM (S1061S, BEYOTIME, China) was used to measure 

the cytoplasmic calcium concentration in macrophage cells. After cell 
adherence, hydroxyapatite suspension (100 μl) was added to each well, 
and the plates were further incubated at 37 ◦C for 0.5/6/12/24 h. At 
each timepoint, the culture medium was aspirated from the wells, and 
the plates were washed twice with PBS to remove excess hydroxyapatite. 
Fluo-4 working solution was then prepared according to the instructions 
and added (100 μl) to each well, incubate at 37 ◦C in the dark for 30 min. 
The fluorescence intensity was measured using a fluorescence micro-
plate reader with Ex/Em wavelengths of 490/525 nm (Synergy H1, 
Biotek, USA). Typical fluorescence images were captured using a fluo-
rescence microscope with Ex/Em wavelengths of 470/525 nm (Axio, 
Zeiss, Germany).

Calcium channel blocking model: TRPM7 inhibitor FTY720 (10 
nM) was added to each well and incubated for 6 h. The medium was 
removed, following 100 μl hydroxyapatite suspension added to each 
well for 24 h. Fluo-4 working solution was prepared according to the 
instructions and added to each well, incubating at 37 ◦C in the dark for 
30 min. The fluorescence intensity was measured using a fluorescence 
microplate reader (Ex/Em = 490/525 nm).

PHA800 pretreated model: PHA800 was immersed in complete 
medium at 2 mg/ml for 48 h. The medium was removed by centrifu-
gation at 1000 rpm for 5 min to obtain PHA800 (pre). Samples were 
prepared for subsequent intracellurlar calcium detection and PCR test.

4.9. Calcium enrichment activity evaluation

Inductively coupled plasma-optical emission spectroscopy (ICP-OES, 
Agilient 720 ES, USA) was used to describe the calcium enrichment 
activity on the surface of bone substitute. Firstly, PHA800/1600 was 
placed in DMEM solution in 10 mg/ml. The concentration of Ca2+ in the 
supernatant was measured using inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) after 24 h incubation. According to 
the result, a specific sequential ICP detection of Ca2+ in PHA800 was 
implemented at 5 min/2/6/12/24/48 h of incubation.

4.10. Statistical analysis

Data were expressed as mean ± standard deviation when they fol-
lowed a normal distribution. Before intergroup comparison, homoge-
neity of variance was confirmed. Non-paired t-tests were used for 
comparisons between the two groups. For comparisons among multiple 
groups with equal variances, one-way analysis of variance (ANOVA) was 
employed, followed by Tukey’s Honestly Significant Difference (HSD) 
post-hoc test for pairwise comparisons. If the variances were unequal, 
the Kruskal-Wallis test was used. Statistical analysis was performed 
using GraphPad Prism (version 9.0.0), with p-values <0.05 considered 
statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001). The absence of asterisks indicates no statistically significant 
differences in the data.
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