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A B S T R A C T

Calcium phosphate (CaP) biomaterials have been widely used in hard tissue engineering, but their 
impact on cell metabolism is unclear. We synthesized and characterized hydroxyapatite, β-tri
calcium phosphate, and biphasic calcium phosphate composites to investigate material effects on 
NIH/3T3 cell metabolism. The intracellular metabolites were analyzed employing LC-MS 
metabolomics, and cell metabolic status was assessed comparatively. Our results revealed that 
CaPs adsorb metabolites, particularly amino acids. Furthermore, CaP biomaterials significantly 
influence amino acid and energy metabolism pathways. Specifically, we observed glycolysis and 
TCA cycle activity stimulation, resulting in higher energy consumption in cells adhered to CaP 
surfaces. Our findings suggest that CaPs composed of different ratios of hydroxyapatite (HAp) and 
β-tricalcium phosphate (β-TCP) have a similar impact on cell metabolism alterations. Moreover, 
we observed that the metabolism alterations gradually decreased over time. Our study enhances 
understanding of cell-CaP interplay, paving the way for metabolic regulation biomaterials and 
improving efficacy in tissue engineering and regenerative medicine.

1. Introduction

Bone is distinguished by its unique, organic matrix composition (35 %) and inorganic components (65 %) [1]. Calcium phosphate 
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(CaP) makes up most of the bone’s inorganic substance. In bone, it exists in a form analogous to the mineral hydroxyapatite (HAp) and 
deposits on the collagen matrix [2]. CaP ceramics are similar in composition to bone minerals, giving them excellent biological 
properties that stimulate osteoconduction and osteoinduction [3]. Using CaPs as implanted biomaterials has benefited countless hard 
tissue repairs [4]. Hydroxyapatite and β-tricalcium phosphate (β-TCP) are the most used and potent synthetic bone graft substitutes 
among the many calcium phosphate materials. Both are biodegradable with excellent bioactivity [5]. CaP ceramics exhibit osteo
conductivity through partial dissolution in body fluids, facilitating the reprecipitation of biological apatite on their surface. This 
phenomenon promotes osteoblast cell adhesion, facilitating the production of the bone matrix. Nevertheless, these materials still 
present distinct clinical challenges, including chronic inflammation and degradation rates that do not align with tissue growth rates 
[6]. To achieve a better therapeutic outcome, significant efforts are dedicated to improving the physical, chemical, and biological 
properties of CaPs. The current focus of CaP biomaterial development is mainly on crystallography, morphology, organic/inorganic 
composite, and advanced preparation methods. At the same time, a deeper understanding of the biological mechanism behind CaP 
interactions with organisms is still in demand.

Cell-material interaction is a crucial bridge between biology and materials engineering. Gene expression, protein characterization, 
cell imaging, and histology, from in vitro to in vivo, are mature and widely applied to evaluate a new biomaterial [7]. However, the 
studies about crosstalk at the cell-material interface mainly focus on macromolecules, while the building blocks of living systems, the 
small molecules – metabolites - are belittled aside. Metabolites, including amino acids, lipids, sugars, and organic acids, are constantly 
consumed and formed in the anabolism or catabolism process to maintain cell functions [8]. The catabolic and anabolic cell activities 
altered by contacted materials or cellular microenvironments are directly linked to cell behaviors [9]. Therefore, metabolite profiling 
can be an efficient strategy for analyzing cell-material interaction. The metabolic clues can benefit the understanding and development 
of tissue engineering strategies [10]. On the flip side, the measurement of metabolite changes in the cellular environment has a 
considerable potential to directly or indirectly assess cell adhesion, differentiation, functionalization, and other cell activities. The role 
of metabolites in cell behaviors is getting more and more attention in biomaterial studies. Mass spectrometry-based metabolomics can 
acquire accurate quantitative information on metabolites and their diversity [10,11]. Mass spectrometry enables the simultaneous 
detection and measurement of several hundreds of metabolites, providing characteristic chemical fingerprints and offering 
cutting-edge technology for novel diagnostic and prognostic approaches in contemporary health and medical science research [12]. 
The measured cellular metabolite profiles provide information about catabolic and anabolic regulation in cell health, accurately 
reflecting cellular phenotype [10]. In recent years, metabolomics has become crucial in clinical research, drug discovery, nutritional 
science, and toxicology. Metabolomics studies are widely applied to investigate various human diseases, improve diagnosis, and design 
therapeutic strategies [13]. Similarly, metabolomics could be a powerful tool in advanced biomaterial research and development. The 
influence of CaPs on cell metabolism has not yet been fully understood. Such knowledge about cell-material interaction can aid the 
development of advanced bio-functional materials. Combining metabolomics with other material evaluation techniques can provide a 
comprehensive understanding of complex biomolecular processes.

In this study, we selected calcium phosphate-based bioceramics to study their influence on cell metabolism as they are clinically 
relevant and widely used biomaterials. For this purpose, bioceramics were synthesized via wet precipitation and characterized by X- 
ray diffraction (XRD), contact angle, and cell viability tests. The investigated materials were hydroxyapatite (HAp), β-tricalcium 
phosphate (β-TCP), and biphasic calcium phosphate (BCP) composites with HAp/β-TCP ratios of 95/5 w/w (named H95) and 58/42 
w/w (named H58). The two HAp/β-TCP ratios have been approved on the market and clinically applied (e.g., Calciresorb™ and 
CellCeram™) [14]. Different ratios were included to verify whether BCP composition affects metabolism.

We selected the NIH/3T3 fibroblasts cell line for the model cell culture as these cells are commonly used as cell-material interaction 
models to characterize biomaterials [15]. Cells were cultured on calcium phosphate (CaP) materials for 5 days. Quantitative 
metabolite profiles were determined using LC-MS-based workflow, and statistical analysis was applied to compare the metabolite 
profiles between different groups. Besides the intracellular metabolite profile, the metabolite adsorption on CaP materials was also 
investigated.

We were able to demonstrate that CaPs can adsorb metabolites. Moreover, CaPs altered cellular amino acid metabolism and 
accelerated energy metabolism, and the CAP’s influence on cell metabolism decreased over time. The results expand the current 
understanding of CaP-based bioceramic interactions with cells and demonstrate the applicability of metabolomics in biomaterials 
research.

2. Material and methods

2.1. CaP materials preparation

Calcium phosphate powders were synthesized via the wet precipitation synthesis described by Sokolova1 et al. [16] In brief, 
calcium oxide (CaO, Fluka, from marble, ≥97 %), orthophosphoric acid (H3PO4, Sigma-Aldrich, 85 % w/w), and deionized water were 
used in the wet precipitation reaction. The pH of the reaction media varied between 5.0 and 7.6, depending on the desired phase 
composition of the product. Generally, an acidic pH for the β-TCP phase and an alkaline pH for the HAp phase were set. The pre
cipitates were washed, vacuum-filtered, and dried. Detailed description of procedures is available in supporting information (Synthesis 
of CaPs). The obtained powders were pressed into CaP discs under the pressure of 30 KPa and further sintered with high temperatures 
to produce disks that fit the 24-well plate for cell culture. The temperatures for sintering were as follows: HAP: 990 ◦C; H95: 1030 ◦C; 
H58: 1135 ◦C; TCP: 1100 ◦C. The materials were sterilized by autoclaving at 121 ◦C for 20 min. A contact angle test was applied to the 
sintered CaPs to assess the surface hydrophobicity. 10 ml of deionized water was dropped onto material surfaces and captured by a 
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camera. The angles were measured using ImageJ software.

2.2. The pH and ion release test

The pH test and calcium and phosphate ion release test from the materials were conducted using Dulbecco’s Modified Eagle’s 
medium (DMEM, Gibco) by immersing CaPs disks for 24 h (1 ml/disk). The pH was measured by pH meter (WTW inoLab pH 7110). 
The calcium level in media was measured by calcium colorimetric assay kit (Sigma). 50 μL conditioned media was taken into the 96- 
well plate (Tecan), followed by 90 μL of the chromogenic reagent to each well. 60 μL calcium assay from buffer supplied from the assay 
kits. The plate was incubated at room temperature for 15 min, protected from light, and then immediately measured by the plate reader 
(Tecan), with the absorbance at 575 nm. The phosphate level in media was measured by phosphate assay kit (Sigma). 50 μL condi
tioned media was taken into the 96-well plate (Tecan), followed by 100 μL of the malachite green reagent to each well. The plate was 
incubated for 30 min at room temperature, avoiding light interference. The plate reader (Tecan) set to the absorbance at 620 nm was 
employed for measurements.

2.3. Scanning electron microscope (SEM) imaging

After incubation for 24 h, the NIH/3T3 cells were rinsed with phosphate-buffered saline (PBS). Samples were washed twice with 
PBS (37 ◦C) and fixed in 4 % paraformaldehyde solution for 40 min at room temperature. Then, cells were washed three times with cold 
PBS and dehydrated with gradual ethanol dehydration (25 %, 50 %, 75 %, 90 %, 100 %; 5 min each) and dried for 20 min after adding 
one drop of hexamethyldisilane (Sigma Aldrich, ≥99 %) on top of the material. The original CaP materials were imaged together with 
the cells on materials by SEM. Dried materials were mounted on sample holders with double-sided carbon tape and sputter coated with 
carbon (LEICA EM ACE200, Flash, 20 pulses), and one connective line was drawn with silver paint. SEM images were acquired at 5 
keV, 1 uS scanning speed, and a distance of 3.03 mm (Tescan Vega SEM) using frame averaging with 50 frames.

2.4. Specific surface area analysis

The results were calculated using the Brunner-Emmett-Teller (BET) specific surface area theory. The surface area was measured 
with the N2 adsorption system QuadraSorb SI (Quantachrome Instruments, USA). All material tablet samples were broken into pieces 
to fit the container. Excess moisture and vapors were removed at room temperature for 24 h.

2.5. X-Ray diffraction (XRD) characterization of CaPs

The crystalline phase of all sintered CaP discs was determined by XRD (PANalytical Aeris, Netherlands) to verify the composition of 
CaPs. The characterization analysis was performed with X’Pert Data Collector, X’Pert Data Viewer, X’PertHighScore, and the Inter
national Centre for Diffraction Data PDF-2 (ICDD). XRD patterns were recorded using 40 kV and 15 mA, K-α1,2 wavelengths 1.541, 
step size 0.0435◦, within range 2θ from 10◦ to 70◦, time per step 147.39 ms, for crystalline phase identification succeeding ICDD entries 
were used. The crystallographic patterns and corresponding peaks of HAp (ICDD 09-0432) and β-TCP (ICDD 09-0169) were identified 
using X’PertHighScore software (Malvern Panalytical, Worcestershire, UK), based on data from the International Center for Diffraction 
Data (ICDD) database. Detailed instrument settings are given in Table S3. Crystallographic identification of the synthesized phases was 
accomplished by comparing the experimental XRD patterns to ICDD.

2.6. Cell culture and viability tests

NIH/3T3 cell line (ATCC CRL-1658, ECACC 93061524), (6 × 104 cells/ml) were cultured in Dulbecco’s Modified Eagle’s medium 
(DMEM, Gibco) supplemented with 10 % calf serum (Sigma-Aldrich) and 1 % Penicillin-Streptomycin (Gibco). The cells were incu
bated at 37 ◦C in a 5 % CO2 environment. The cells at passage 7 were seeded on material surfaces in a 24-well culture plate with 4 
replicates of each group. The cells seeded in wells without materials were used as control groups. Metabolite extraction was performed 
for all the cells on days 1, 3, and 5 for 4 replicates per group and time point. Cell Counting Kit-8 (CCK-8, Sigma-Aldrich) was used to 
determine cell viability in parallel with 4 replicates in each group. Mycoplasma from culture media was tested by Rapid Mycoplasma 
Detection Kit (AssayGenie) and shown negative.

2.7. Cell attachment analysis

Materials were placed in a 24-well plate, and 3 × 104 cells were seeded in 100 μl and left to attach. The culture medium (su
pernatant) and the cells on the materials were pipetted out for further cell viability tests. Per the manufacturer’s instructions, viability 
was assessed in duplicates using CellTiter-Blue (Promega).

2.8. Metabolite extraction

The methanol-based protocol was employed for the metabolite extraction. It was essential to extract cells directly from the material 
to avoid changes in cell metabolism during detaching. Before the extraction, cell culture media was removed, and cells were washed 
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with ammonium bicarbonate (NH₄HCO₃, Sigma-Aldrich, ≥99.5 %) solution (75 mM, 37 ◦C). Cells were then quenched in cold 80 % v/v 
methanol (CH3OH, Sigma-Aldrich, ≥99.9 %) and harvested by scraping. The harvested samples were centrifuged at 600 RCF at room 
temperature for 5 min, and the supernatant was collected. The collected supernatant was dried by vacuum centrifuge. Afterward, 10 μL 
of the isotopically labeled internal standard mix was added to dried samples, followed by 90 μL of methanol. Reconstituted samples 
were transferred to glass vials and used for liquid chromatography-mass spectrometry (LC-MS) analysis.

The same metabolite extraction procedure was also applied to the CaPs without cultured cells to verify the adsorption of metab
olites by materials. 1 ml complete media was filled in well plates with and without materials for 24 h, and 3 replicates were set for each 
group. The media was removed, the wells were washed with ammonium bicarbonate solution, and cold 80 % v/v methanol was added. 
The methanol solution was collected by pipetting and scraping. The extracts were dried by vacuum centrifuge, and 10 μL of the 
isotopically labeled internal standard mix was added to dried samples, followed by 90 μL of methanol. Reconstituted samples were 
transferred to glass vials and used for liquid chromatography-mass spectrometry (LC-MS) analysis.

2.9. Metabolite analysis

Targeted quantitative metabolite analysis was conducted using HILIC-based liquid chromatography combined with mass spec
trometric detection employing a triple quadrupole mass spectrometer. Metabolites were separated on an ACQUITY UPLC BEH Amide 
1.7 μm 2.1 × 100 mm analytical column (Waters). The gradient elution was carried out using 0.15 % formic acid and 10 mM 
ammonium formate in water as mobile phase A and a solution of 0.15 % formic acid and 10 mM ammonium formate in 85 % 
acetonitrile as mobile phase B. The initial conditions were set to 100 % mobile phase A. After 6 min, a 0.1 min gradient (6.0–6.1 min) 
was started, and the mobile phase A level was reduced to 94.1 %. From 6.1 to 10 min, mobile phase A was set to 82.4 %, and from 10 to 
12 min, mobile phase A was set to 70.6 %. The column was then equilibrated for 6 min at initial conditions. The total analysis time was 
18 min. The mobile phase flow rate was 0.4 mL/min; the injection volume was 2 μL, and the column temperature was 40 ◦C. For MS 
detection, a TSQ Quantis (Thermos Fisher Scientific) triple quadrupole mass spectrometer was used. The MS analysis was performed in 
ESI positive and ESI negative modes using MRM detection (MRM settings are provided in Supplement Information). The ESI spray 

Fig. 1. a) The XRD analysis of CaP disk crystal structure. Red arrows indicate characteristic peaks of β-TCP, and blue arrows indicate distinct peaks 
of HAp. The composites had both patterns, and the peak values varied by the compositions. The intensity and pattern of corresponding peaks 
changed according to the relative composition ratio of HAp/β-TCP. Peaks at 27.80◦ (214), 31.07◦ (210), and 32.42◦ (128), 34.23◦ (220), indicating 
the increase of the HAp phase proportion. b) SEM images of prepared CaP disks. Scale bar = 10 μm c) pH of media immersed with materials. d) The 
SEM images of cells attached to CaP material surfaces. Scale bar = 10 μm. e) Phosphate and calcium ion level of media immersed with materials. 
**P < 0.01, ***P < 0.001 v CON. f) The cell viability was tested by CCK-8 on days 1, 3, and 5. Cell viability is normalized to control samples. 
Synthesized CaPs significantly increased cell viability compared to controls (one-way ANOVA followed Tukey’s multiple comparisons tests, *P <
0.05, **P < 0.01 vs. CON).
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voltage was set to 3.5 kV in positive mode and 2.5 kV in negative mode, the gas heater temperature was set to 400 ◦C, the capillary 
temperature was set to 350 ◦C, the auxiliary gas flow rate was set to 12 arbitrary units, and nebulizing gas flow rate was set to 50 
arbitrary units. For quantitative analysis, seven-point calibration curves with internal standardization were used. Tracefinder 51.1 
General Quan (Thermofisher Scientific) software was used for LC-MS data processing and quantification. Detailed information of 
detected metabolites is shown in Table S4. The metabolite concentration was normalized for further data analysis versus cell counting 
results.

2.10. Data analysis

The metabolomics data analysis was performed with MetaboAnalyst 5.0 [17]. The total amount of metabolites was normalized 
based on the number of cells according to the cell proliferation data. For data preprocessing, obtained concentrations were 
log-transformed and scaled by mean-centering, and each variable was divided by the standard deviation. GraphPad Prism 9 was used 
for statistical analysis. The metabolites with a high adsorption rate (fold change over 0.1 compared to the cell results) were excluded 
from the group comparison. Analysis of variance (ANOVA) was applied for multi-group data. Pathway enrichment analysis used The 
Small Molecule Pathway Database as the pathway library. Fold-change and p-value were calculated for two-group comparisons to find 
significantly changed metabolites. The two-group comparison data was analyzed using the t-test. The cluster analysis was performed 
by principal component analysis (PCA). The machine learning method to rank the metabolite contributions to classification accuracy 
was done by random forest, with 500 trees and 7 predictors.

3. Results

3.1. Characterization of CaP materials

The hydrophilicity test was conducted and presented by the contact angle (Supplemental information, Fig. S1). The angles were 
91.781 (TCP), 92.278 (HAP), 95.020 (H95), and 90.944 (H58). The samples had a mild hydrophobicity, which was acceptable for cell 
cultures, and no significant difference between different CaP samples was observed.

XRD was used to determine the composition of sintered CaP discs (Fig. 1a). Pattern fitting was carried out between 10◦ and 70◦. The 
diffraction patterns showed sharp diffraction peaks, indicating the presence of different crystalline species in CaP discs, including 
β-TCP and HAp. The materials were verified as pure HAp, β-TCP, and BCP with HAp/β-TCP ratios of 95/5 and 58/42. The Ca/P ratio of 
prepared CaPs are presented in Table 1. 

Overall Ca
/

P ratio = ωβ− TCP × 1.5 + ωHAp × 1.67 

SEM was used to characterize the morphology of 4 types of CaP disks (Fig. 1b). The material had a slightly rough but relatively flat 
surface. Ceramic materials sintered at high temperatures had a high degree of sealing on the surface. Cells (about 10 μm) cannot enter 
the material’s interior but can only grow on the surface.

The material did not cause pH changes in the culture medium (Fig. 1c). In the absence of cells, immersion for 24 h reduced the 
calcium concentration of the culture medium. On the contrary, the concentration of phosphate ions is increased by the biomaterial 
(Fig. 1e). The addition of CaPs could cause precipitation of calcium phosphate compounds. This lead to a decrease in the free calcium 
ion concentration in the media as calcium ions bind to phosphate ions and precipitate out of solution.

3.2. Cell viability and attachment

Cell viability responding to a biomaterial is a critical parameter commonly assessed during biomaterial evaluation. Furthermore, 
for quantitative metabolite analysis, different cell numbers can influence quantitative results; hence, it is crucial to normalize obtained 
data to the cell numbers. The CCK-8 measures the metabolic activity of cells by reacting with NAD(H) and NADP(H), therefore 
reflecting the total number of viable cells. The cell viability for material groups was similar to the surface-treated culture plate (Fig. 1f). 
As expected, CaPs showed good biocompatibility, and cell viability was not affected when seeded directly on material surfaces. SEM 
images and cell attachment analysis showed attachment and cell spreading (Fig. 1d and Fig. S2.). The cell viability and attachment 
results confirmed the quality of the synthesized CaP materials in this study.

Table 1 
Ca/P ratio. The crystal form ratio is calculated from the 
XRD analysis results using the formula: Overall Ca/P 
ratio=ωβ− TCP×1.5+ωHAp×1.67.

Materials Overall Ca/P ratio

HAp 1.67
H95 1.66
H58 1.60
TCP 1.50
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3.3. Intracellular metabolic profiling

We employed a targeted quantitative metabolomics approach in this study and analyzed 58 metabolites. Broadly, those metabolites 
fall into 6 related categories: TCA cycle, glycolysis, pentose phosphate pathway, nucleotide synthesis, fatty acid oxidation, and amino 
acid metabolism. The downstream analysis of obtained metabolite data was divided into three parts: in-between CaP materials, be
tween CaPs and the control group, and analysis of longitudinal metabolism changes. The obtained quantitative metabolite values were 
log-transformed, scaled by mean-centering and presented in a heatmap (Fig. 2).

3.4. Metabolites adsorption by CaPs

Understanding the influence of metabolite adsorption is vital as it can alter the cellular microenvironment. Moreover, considering 
the potential adsorption of metabolites onto biomaterial surfaces from cell culture media is essential to address experimental biases, as 
co-extraction with intracellular metabolites may compromise the accuracy of the results. In this study, we focused on intercellular 
metabolite measurements. Therefore, evaluating if the experimental condition could introduce bias in metabolite measurements was 
essential to ensure accurate data interpretation. The experimental procedure included immersion of the cap disk in cell culture media, 
seeding the cell directly on the material, and extracting the intercellular metabolites. Typical cell culture media contains a plethora of 
metabolites to ensure proper cellular functions. These small molecules can adhere to biomaterial surfaces and could be co-extracted 
with intercellular metabolites, resulting in inaccurate metabolite data. To assess the metabolite affinity for adsorption on material 
surface and thus potential interferences when analyzing intercellular metabolite levels, we performed metabolite extraction for CaP 
disks immersed in complete media containing 90 % DMEM and 10 % calf serum without cells. 29 metabolites were found to adsorb 
onto the CaP surface even after washing with PBS (Fig. 2). Compared to the control (cell culture plate), more metabolites were 
adsorbed onto CaP surfaces. CaPs showed a higher affinity with the positively charged amino acids (basic side chains). Lactic acid was 
adsorbed on both CaP and control groups, while the lactic acid level on the CaP surface was almost 4 times lower than the control (on 
the plate). Sulfur-containing amino acids (methionine, taurine, and cystine) had the highest adsorption affinity on CaP surfaces. Both 
CaP and culture plate showed attraction to arginine.

To assess the impact of adsorption on extracted metabolite levels, the quantities of adsorbed metabolites were compared with 
intracellular metabolite levels. This analysis aimed to determine how much adsorption influenced the measured metabolite levels. For 
this purpose, the average concentration of metabolites from the biomaterials group on day 1 was used as a reference to calculate fold 
changes of the CAP group, and the control group was calculated with the intracellular metabolites of the control group (without 
biomaterial) from day 1. 26 metabolites had a high adsorption rate (fold change over 0.1 compared to the cell results) (see Fig. 3).

Fig. 2. The heatmap of the complete metabolite profile for 5 groups at 3 different time points. Metabolites are nucleosides, sugar metabolites, 
carnitine family, and amino acids. Metabolites that adsorbed on CaP surfaces are labeled by *.
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3.5. CaP material phase composition influence on cell metabolism

We used PCA and ANOVA to investigate if CaP phase composition influenced metabolite levels. No distinct clusters for CaP samples 
with various phase compositions were observed with PCA. (Fig. 4). With ANOVA, in all 3 days the residuals presented a normal 
distribution (Supplemental information, Fig. S3). To follow up on a potential correlation with hydroxyapatite content, we performed 
the pattern search between CaPs (Supplemental information, Fig. S5), i.e., correlate metabolite changes to HAP phase content (0, 58 %, 
95 %, and 100 %). Although few metabolites were found to increase or decrease with the changes in HAp content, the correlation 
coefficients were too low to draw any conclusions.

3.6. CaP biomaterials influence cell metabolism

Glycolysis was the most significantly changed one from pathway enrichment analysis, followed by other energy metabolism 
pathways and gluconeogenesis fructose and mannose degradation (Fig. 5a). Statistical data analysis, including PCA and t-test, was 
performed to identify metabolites with significant changes induced by CaP bioceramics. PCA score plots revealed a close clustering of 
the CaP materials group and a substantial separation between the materials group and the control group (Fig. 5d). The metabolite 
levels at the earlier time point had significantly higher variation compared with the later time points, suggesting a more substantial 
distinction between CaPs and control groups at the initial phase of biomaterials exposure (Fig. 5c). Proline level was up to 5 times 
higher in CaP groups over all 3 time points. Notably, the reduction of any amino acid was not observed with CaP groups. On the other 
hand, levels for compounds involved in energy metabolism were significantly lower upon exposure to CaPs (Fig. 5b). For example, ATP 
levels in material groups were 4 times lower than the control groups (Fig. 5e). At the same time, levels of fructose 1,6-bisphosphate 
(FBP), a critical molecule in the glycolysis metabolic pathway, were 10 times reduced in cells exposed to CaPs (Fig. 5e).

3.7. Analysis of metabolism changes over time

Metabolism is a dynamic process. Therefore, we extracted metabolites at 3-time points to obtain data about temporal CaP’s in
fluence on cell metabolism. PCA score plot (Fig. 6a) showed a clear separation of material and control groups for all time points. 
However, the distance between the groups on the PC1 axis diminishes over time.

We found compounds of energy metabolism (G6P, F6P, FBP, and lactic acid) and nucleotides (ATP and ADP) significantly altered 
with prolonged CaP exposure time. The level of nucleobase adenosine was rapidly increased, whereas the taurine level was gradually 
reduced, and fold change compared to control decreased from 4 on day 1–1.2 times on day 3.
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for intracellular metabolite levels, average values for the materials group collected on day 1 were used. Metabolites with a high adsorption rate (a 
fold change greater than 0.1 compared to the intracellular results) were excluded from further analysis.
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J. Fan et al.                                                                                                                                                                                                             Heliyon 10 (2024) e39753 

7 



(caption on next page)

J. Fan et al.                                                                                                                                                                                                             Heliyon 10 (2024) e39753 

8 



The metabolic alteration caused by CaPs during the 3-time points was compound-specific. Some metabolites indicated a trend 
toward narrowing the disparities between CaP groups and control groups, approaching that of the control groups (Figs. 6b and 7). 
Among these, the difference in carbohydrate metabolism was more profound (Fig. 7). Levels of G6P and F6P initially were close to the 
control and increased over time. FBP was exhausted on the first day. Although FBP increased over time, the level was still lower than 

Fig. 5. a) Pathway enrichment analysis b) The heatmap of nucleotides and pentose phosphate pathway/glycolysis metabolites on day 1. c) The 
volcano plot of metabolites. Lines in the volcano plot link the significant metabolites on different days. The lines provided clues about the direction 
of changes and the metabolite’s ability to distinguish between the material and control groups. Thresholds: log2 (fold change) > 2 or < -2, and 
-log10(p) > 1. Fold change was calculated from CON for each metabolite, fold change = (metabolite level in CaP)/(metabolite level in CON). d) PCA 
for all CaP and control groups from days 1, 3, and 5 (n = 4). e) The metabolite level of ATP and FBP from each group on day 1. *P < 0.05, & P <
0.0001 (n = 4).
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Fig. 7. The changes of metabolite levels in glucose metabolism.
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Fig. 8. The metabolic pathway map of detected metabolites. Metabolites were marked as up/down regulated or non-significant changes by color 
code. The covered pathways include glycolysis, the pentose phosphate pathway, nucleotide synthesis, the TCA cycle, carnitine biosynthesis, and the 
urea cycle.
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the control. ATP had dynamic changes, and ADP slightly decreased over time. Also, on the first day, α-Ketoglutaric acid was about half 
the amount of the control, and lactic acid was 9 times higher than the control. Both of these subsequent metabolites were steadily 
approaching the control. α-Ketoglutaric acid, a key metabolite in the TCA cycle, was increasing, while lactic acid, a final product of 
anaerobic glycolysis, was decreasing (see Fig. 8).

4. Discussion

Despite the prevalent use of CaP-based biomaterials in clinical applications, their impact on cell metabolism remains understudied. 
We aimed to explore the cellular perturbations induced by calcium phosphates. In this study, we focused on three aspects: (I) 
metabolite adsorption on biomaterials, (II) biomaterial influence on cell metabolism, and (III) longitudinal changes in cell metabolism.

Metabolite adsorption on biomaterials is crucial in metabolism studies, as it can impact measured intracellular concentrations due 
to co-extraction with cellular metabolites. Adsorbed metabolites on material surfaces enhance their availability to cells, potentially 
modulating microenvironment and cellular functions. Our results showed an increased affinity of several compounds toward CaPs. 
Cystine is excessively adsorbed on CaP ceramics. Cystine is the oxidized and predominant form of cysteine in non-reducing envi
ronments, such as the extracellular space [18]. Our results suggest that the CaP ceramic surfaces provide a reducing extracellular 
environment to cells via the adsorption of oxidized metabolites. This aligns with numerous reports noting high cell viability on CaPs, 
suggesting that their physicochemical properties mitigate oxidative stress. Besides cysteine, other amino acids were adsorbed by CaPs. 
Notably, the amino acids with basic side chains (His, Lys, and Arg) adsorbed to CaPs at a higher level. The hydroxyl group from CaPs 
attracts the amino acids by interacting with the amino groups (Gln) or carboxy (Ser, Trp, and Tyr). Carnitine and its metabolites are 
also adsorbed on CaP surfaces utilizing similar interactions. Carnitine’s function in cells is to transport fatty acids into the mito
chondria, indicating that cells that come into contact with CaPs have altered energy metabolism [19]. Taurine, a sulfur amino acid 
with diverse biological functions, adsorbs on CaP surfaces by its amino group, and there was no trace of taurine on the culture plate 
surface. Taurine substantially impacts energy metabolisms [20]. The ability of biomaterials to adsorb small molecules can be utilized 
in future research to develop advanced biomaterials that modulate cellular phenotypes by altering the microenvironment.

Our results showed that the intracellular metabolite profiles did not significantly differ for materials with various CaP composi
tions. For decades, CaPs such as HAp and β-TCP have been employed in bone tissue repair, demonstrating satisfactory clinical per
formance [21]. While differences in properties like degradation rates are well-documented, the impact of these CaP materials on cell 
metabolism at the molecular level appears comparable. The differences between materials, such as degradation and hard tissue 
regeneration rates, are usually reported over several weeks [22]. Here, we exposed cells to CaPs for 5 days, which might not be 
sufficient to capture material composition-induced differences in cell metabolism. Therefore, for further data analysis, we merged 
results obtained from CaP groups and focused on the general perturbations caused by the material.

The results showed that CaP strongly influenced central carbon metabolism and interconnected pathways, including amino acid 
metabolism, glycolysis, tricarboxylic acid (TCA) cycle, and nucleotide metabolism. Intracellular amino acid levels were increased upon 
exposure to CaPs, including the amino acids not adsorbed on material surfaces: citrulline, aspartic acid, and ornithine. This hints that 
the exposure to CaPs provided the stimulus for increased amino acid biosynthesis. Arginine, hydroxyproline, and proline levels were 
significantly increased at all investigated time points. These amino acids are interconnected with numerous metabolism pathways 
[23].

A substantial disturbance of energy metabolism and higher energy consumption of the cells caused by CaPs was presumed. The 
levels of G6P and F6P, two intermediates of the glycolysis pathway formed in the first and second steps, respectively, were higher than 
the control. In contrast, the FBP, formed at the sixth step of glycolysis, was significantly downregulated by CaPs (Fig. 7.). The enzyme 
that catalyzes the irreversible conversion of F6P, phosphofructokinase-1 (PFK-1), is the rate-limiting enzyme of glycolysis [24]. The 
significant reduction of FBP indicates that glycolysis and the following energy metabolisms are extensively enhanced. As a result, the 
depletion of FBP could be a signature of CaP biomaterials instructing the energy metabolism switch. FBP can also indirectly alter lactic 
acid production by influencing glucose metabolism, especially glycolysis [25,26]. A low FBP and high lactic acid levels can result from 
increased glycolysis. Consequently, in pathway analysis, the most prominent alterations were observed in glycolysis, indicating a 
potential shift in glucose utilization for energy production. Moreover, the impact extended to various interconnected pathways, 
including amino acid metabolism, suggesting a broad-reaching effect on cellular functions. The perturbations observed in gluco
neogenesis and fructose degradation pathways hint at alterations in carbohydrate utilization and the potential rerouting of these 
substrates within the metabolic network.

Amino acids and sugars are essential raw materials for the synthesis of nucleotides. For example, purine synthesis requires glycine, 
aspartic acid, and one-carbon units from amino acid metabolism [27]. Despite the high substrate level, CaPs significantly impair 
nucleotide synthesis, particularly the purine nucleotide cycle, as evidenced by a drastic reduction in the total amount of nucleotides, 
despite the precursor fructose 6-phosphate (F6P) being metabolized to ribose 5-phosphate via the pentose phosphate pathway 
[28–30].

The chemical composition of CaPs themselves modulates the cellular microenvironment by releasing calcium and phosphate ions 
and affecting cellular functions [31]. Low calcium concentrations have been reported to enhance cellular energy transduction, 
modulating three TCA cycle dehydrogenases (pyruvate, isocitrate, and α-ketoglutarate) [32]. Simultaneously, phosphate ions 
contribute phosphoryl groups for various cellular processes, where phosphorylation, a reversible reaction, regulates protein activity 
[33]. Oxidative phosphorylation in ATP synthesis involves phosphate group participation, aligning with the enhanced phosphoryla
tion induced by CaP biomaterials. ATP and other nucleotides store and transfer chemical energy within the cell, vital for cell pro
liferation [34]. Our results showed that the nucleotide concentrations were significantly decreased. Activated cells with a high 
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phosphorylation level consume more energy, while energy metabolism was notably regulated because of the interaction with CaP. 
Depleted ATP and glycolytic metabolite levels indicated the metabolic impact on energy consumption and pathway regulation.

We noted diminishing metabolic disparities between CaP and the control group over time (Fig. 6a). This trend is particularly 
notable for lactic acid and acetylcarnitine levels (Fig. 6c). A shift in cellular energy utilization was evident across the 5 days. Initially, 
lactic acid levels were approximately ninefold higher than the control, decreasing by nearly half on day 5 (Fig. 7). Which indicates that 
early exposure to CaPs heightened anaerobic glycolysis. Simultaneously, the α-ketoglutaric acid level was reduced by half compared to 
the control level but reached near equivalence by day 5. The enzymatic production and reduction of α-ketoglutarate are irreversible, 
making it a valuable indicator of TCA cycle activity [35–37]. α-ketoglutarate decarboxylase is a rate-limiting step of the TCA cycle 
[32]. The depletion of α-ketoglutarate on the first day indicated a high energy consumption requirement from the TCA cycle suggesting 
that the cells are actively dividing and proliferating; this phenomenon suggests enhanced anaerobic glycolysis, typically observed 
when the TCA cycle cannot meet energy demands or under limited oxygen supply conditions.

The initial exposure to CaPs resulted in a shock pressure on the cellular energy metabolism response to biomaterials with stronger 
glycolysis, presented by more extensive variability in metabolite profiles. At a later time point, the metabolic alteration diminished, 
tending towards cellular homeostasis, which demonstrated the ability of cells to adapt to a new environment caused by CaP.

5. Conclusion

We demonstrated that calcium phosphates significantly influenced cell metabolism and the cellular microenvironment. These 
synthesized CaPs absorbed small molecules, particularly amino acids, affecting amino acid levels and energy pathways, notably 
glycolysis. Different HAp and β-TCP ratios in CaPs showed similar impacts on cell metabolism. Cells interacting with CaP surfaces 
displayed increased energy consumption due to heightened glycolysis and TCA cycle activity, gradually declining over time. These 
insights deepen our understanding of cell interactions with CaPs, shedding light on their clinical performance and opening new av
enues for novel biomaterials capable of regulating metabolism.

6. Limitations of the study

This study’s primary limitation lies in using fibroblasts as the model cell line instead of bone-specific cells like osteocytes or os
teoblasts, which would be more relevant for bioceramic materials research. Using bone cells could yield a more clinically relevant 
understanding of the molecular mechanism alterations induced by biomaterial. Additionally, expanding the number of analyzed 
metabolites could enhance the depth of analysis.
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