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Abstract
Bone defects present a significant challenge in orthopedics and trauma surgery, necessitating innovative 
approaches to stimulate effective bone regeneration. This study investigated the potential of lithium-doped 
calcium silicate (LiCS) cement to enhance bone regeneration and modulate the immune microenvironment 
to promote tissue repair. We synthesized a LiCS ceramic powder and performed comprehensive analyses of its 
physicochemical properties, including phase composition, morphology, setting time, and mechanical strength. 
The results demonstrated that the incorporation of lithium into calcium silicate significantly increased the 
diametral tensile strength (DTS) and facilitated hydroxyapatite formation compared with undoped calcium silicate. 
In vitro assays revealed that the LiCS cement enhanced the proliferation, adhesion, and spread of Wharton’s 
jelly mesenchymal stem cells (WJMSCs). Additionally, Li-CS cement exhibited remarkable immunomodulatory 
properties by reducing pro-inflammatory cytokines and increasing anti-inflammatory cytokines, promoting the 
polarization of macrophages towards the M2 phenotype. The presence of Li in the cement also significantly 
improved the osteogenic differentiation of WJMSCs, as evidenced by elevated levels of alkaline phosphatase 
and osteocalcin expression. These findings underscore the dual functional capabilities of the LiCS cement in 
enhancing osteogenesis and modulating the immune environment, making it a promising material for bone tissue 
engineering and regeneration.
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Introduction
Bone defects represent a significant challenge in the fields 
of orthopedics and trauma surgery, posing a substantial 
obstacle to the natural healing process owing to their 
extensive size and complexity [1]. Such a defect is defined 
as a bone lesion or gap that cannot heal spontaneously 
within a patient’s lifetime, necessitating interventions to 
restore function and structure [2]. These defects often 
result from traumatic injuries, tumor resection, congeni-
tal anomalies, or surgical interventions, and their man-
agement requires innovative approaches to effectively 
stimulate bone regeneration [3]. The pathophysiology of 
critical-size bone defects is underpinned by an imbalance 
between bone formation and resorption, where natural 
healing mechanisms, including the recruitment of osteo-
progenitor cells and the subsequent bone remodeling 
process, are insufficient to mitigate the defect [4–6].

The interplay between the immune system and bone 
regeneration highlights the importance of creating a 
conducive osteoimmune environment [7–9]. This envi-
ronment, shaped by the body’s response to biomaterial 
implantation, is characterized by an intricate balance 
between immune cell infiltration and cytokine profiles, 
which fundamentally guides the outcome of bone heal-
ing [10]. Macrophages, which are pivotal in orchestrating 
this immune response, display remarkable versatility by 
polarizing into pro-inflammatory (M1) and anti-inflam-
matory (M2) phenotypes, each playing distinct roles 
in the progression of osteogenesis [11–13]. The initial 
inflammatory response, dominated by M1 macrophages, 
sets the stage for subsequent tissue repair by establish-
ing a specific “immune environment” that is crucial for 
biomaterial-mediated osteogenesis [14]. However, the 
transition towards tissue regeneration necessitates a shift 
towards M2 macrophages, emphasizing the need for a 
balanced macrophage phenotype transition to effectively 
suppress inflammation and enable successful bone regen-
eration [15]. Therefore, understanding the dynamics of 
the osteoimmune environment offers a promising avenue 
for optimizing biomaterial design to stimulate osteogen-
esis [16]. By targeting macrophage polarization through 
biomaterials, it is possible to modulate the immune envi-
ronment towards a regenerative phenotype, enhance 
osteointegration, and mitigate disease progression.

The advent of calcium silicate (CS) in the field of bone 
grafting represents a paradigm shift that addresses the 
limitations inherent in traditional bone graft materials 
[17–19]. The pivotal role of CS in promoting enhanced 
osteogenic and angiogenic responses is crucial for suc-
cessful bone regeneration [20]. Unlike conventional 
grafting materials, which offer limited bioactivity and 
often compromise bone healing, calcium silicate-based 
materials exhibit superior bioactive properties, which are 
primarily attributed to the release of soluble silicon ions 

[21–23]. These ions stimulate the expression of genes 
associated with osteoblast differentiation and vascular 
formation, thereby facilitating the repair of critically sized 
bone defects [24]. Moreover, CS supports the deposition 
of a bone-like apatite layer on its surface when immersed 
in body fluids, further enhancing osteoconductivity [25]. 
This feature is crucial for integrating the bone cement 
with the surrounding bone tissue and ensuring the struc-
tural and functional restoration of the defect site.

Lithium (Li), a versatile element traditionally used to 
treat mental health disorders, has emerged as a promis-
ing osteogenic agent for bone tissue engineering [26–28]. 
Its application in enhancing bone regeneration is based 
on its biochemical influence on osteogenesis [12]. Spe-
cifically, the action mechanism of Li includes the inhibi-
tion of glycogen synthase kinase-3β (GSK-3β), stabilizing 
β-catenin, and subsequently activating the Wnt signal-
ing pathway, crucial for the promotion of bone growth 
and repair [29]. The incorporation of Li into bioceram-
ics significantly enhances their osteoinductive proper-
ties, leading to improved bone repair outcomes. Li-doped 
bioceramics support the proliferation and differentiation 
of osteoblasts and exhibit enhanced degradation proper-
ties [30]. These features are vital for the effective regen-
eration of bone tissue in both in vitro and in vivo models. 
Moreover, physicochemical modifications induced by Li 
doping, such as increased surface roughness, have been 
identified as beneficial for promoting cell adhesion and 
proliferation and further facilitating bone tissue forma-
tion [31].

In this study, we investigated the efficacy of lithium-
doped calcium silicate bone cement (Li-CS) not only in 
enhancing bone regeneration within bone defects but 
also in modulating the osteoimmune environment to 
support tissue repair (Fig. 1). The objective of this study 
was to evaluate the physicochemical properties and 
osteoinductive potential of Li-CSs along with their abil-
ity to orchestrate immune responses conducive to bone 
tissue formation and repair. By integrating osteoimmu-
nomodulation into the bone cement design, we aimed to 
leverage the role of the immune system in bone healing, 
focusing on the bone cement’s capacity to influence mac-
rophage polarization towards a regenerative phenotype. 
This approach underscores the dual significance of bone 
cement-mediated osteogenesis and immune regulation 
for achieving successful bone regeneration.

Materials and methods
Synthesis of LiCS ceramic powder
The synthesis of bioceramic materials via sintering has 
been described previously [32]. Initially, reagent-grade 
SiO2, CaO, Al2O3, and Li2O (all procured from Sigma-
Aldrich, St. Louis, MO, USA) were combined as founda-
tional matrix materials with the following composition: 
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CaO + Li2O (65%), Al2O3 (5%), and SiO2 (30%). The spe-
cific nominal weight proportions are listed in Table  1. 
These oxide mixtures were thoroughly homogenized 
in anhydrous ethanol and subjected to ball milling at 
300  rpm for an extended period overnight using a cen-
trifugal ball mill (Retsch PM100, Germany). Subse-
quently, these mixtures were relocated to an oven where 
they were subjected to a controlled temperature ramp of 
10℃/min up to a sintering temperature of 1,400℃. The 
powders were then sintered at the apex temperature for 
2  h. After sintering, the products were cooled in a fur-
nace and then ball-milled at 300 rpm for 6 h to achieve 
the desired fineness. The resulting sintered powder was 
amalgamated with water, adhered to a predefined liq-
uid-to-powder ratio (as specified in Table  1), and sub-
sequently cast into Teflon molds with a diameter and 
height of 6 mm and 3 mm, respectively. Previous experi-
mental results indicate that an elevated liquid-to-powder 
ratio confers a mushy texture to the CS material, thereby 

impeding its ability to solidify. All fabricated samples 
were then incubated at 100% relative humidity and main-
tained at a temperature of 37℃ for a 24-h hydration 
period.

Phase composition analysis
The phase composition of the cement was meticulously 
analyzed using an X-ray diffractometer (XRD, Bruker D8 
SSS; Bruker Corporation, Karlsruhe, Germany), operat-
ing within the 2θ range of 20° to 50°. The device settings 
were standardized at 30 kV and 30 mA with a scanning 
speed of 1°/min. This analysis aimed to identify and 
quantify the various crystalline phases present in cement.

Morphology examination
The microscopic morphology of the cement specimens 
was examined using field-emission scanning electron 
microscopy (FE-SEM; JEOL JSM-7800  F; JEOL Ltd., 
Tokyo, Japan). Observations were conducted in the lower 

Table 1 Composition (wt%), liquid-to-powder ratio (L/P), and setting time (Ts) of the Ca-Si-Li cement
Code CaO SiO2 Al2O3 LiO L/P (mL/g) Ts (min)
Li0 65 30 5 0 0.35 16.0 ± 1.7
Li5 60 30 5 5 0.33 14.6 ± 1.9
Li10 55 30 5 10 0.32 11.9 ± 2.2

Fig. 1 Schematic diagram of the LiCS cement and the release of ions affecting macrophage in polarization and WJMSCs in osteogenesis
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secondary electron image mode at an accelerating voltage 
of 3 kV. Additionally, an energy-dispersive spectrometer 
(EDS) attached to the FE-SEM facilitated the elemen-
tal mapping of the specimen surfaces, providing valu-
able insights into the compositional heterogeneity of the 
material.

Determination of the setting time
The setting time of the cement was evaluated after mix-
ing the powder with the liquid and placing it in a cylin-
drical mold. This mold was then stored in an incubator 
set at 37℃ and 100% relative humidity for hydration. 
Gilmore needles (453.6 g) were used in accordance with 
the International Standards Organization 9917-1 guide-
lines for powder/liquid acid-base cements. The setting 
time was defined as the point at which the needle could 
not create a 1-mm deep indentation in three separate 
areas of the cement.

Assessment of mechanical strength
The mechanical strength of the specimens was assessed 
after a hydration period of 1 d under conditions of 37℃ 
and 100% humidity. Diametral tensile strength (DTS) was 
measured using an EZ-Test machine (Shimadzu Corp., 
Kyoto, Japan) capable of applying a force up to 1,000 
Newtons at a loading rate of 1 mm/min until failure. The 
DTS value was calculated using the formula DTS = 2  F/
πdh, incorporating the maximum load endured by the 
specimen (F, in Newtons), the diameter (d, in mm), and 
the thickness (h, in mm) of the cement. Compressive 
strength was also assessed using the EZ-Test machine, 
which was defined as P/πr², where P is the peak load at 
failure (in Newtons) and r is the radius of the cement 
specimen. All tests aimed at quantifying the resistance 
of the cement to mechanical stresses were performed in 
sextuplicate for each experimental group to ensure the 
reliability and reproducibility of the results.

Macrophage culture and differentiation
The human acute monocytic leukemia (THP-1) cell 
line was maintained in the RPMI 1640 medium supple-
mented with 10% fetal bovine serum, 10 mM HEPES, 1 
mM sodium pyruvate, and 100 nM penicillin/streptomy-
cin at 37℃ in a humidified incubator with 5% CO2. For 
macrophage differentiation, 5 × 105 cells/mL were seeded 
in fresh RPMI 1640 medium containing 100 ng/mL phor-
bol 12-myristate 13-acetate (PMA, Sigma) in a 24-well 
plate. Adherent cells were washed twice with the culture 
medium (without PMA) and incubated for an additional 
24 h to obtain resting macrophages.

Identification of polarized macrophages
To assess the effect of LiCS cement on macrophage polar-
ization, the cement was placed in the upper chamber of a 

Transwell insert, whereas THP-1-derived macrophages 
were cultured in the lower chamber. Polarization of THP-
1-derived macrophages into M0, M1, and M2 pheno-
types was verified by flow cytometry using phycoerythrin 
(PE)- and fluorescein isothiocyanate (FITC)-labeled anti-
bodies. Macrophages were carefully scraped and placed 
in fluorescence-activated cell sorting (FACS) tubes for 
staining after cleaning in phosphate-buffered saline 
(PBS). M1 macrophages were identified using CD86 (PE) 
markers, whereas M2 macrophages were discriminated 
using CD280 (FITC) markers. After staining, the cells 
were examined using a BD Accuri C6 Plus flow cytom-
eter (BD Biosciences). Each sample was evaluated using 
a minimum of 10,000 recorded events. Data analysis was 
performed using specialized software provided by BD 
Biosciences. Isotype-matched controls served as baseline 
references for comparison, with a typical allowance of 
less than 2% positive cells beyond the established thresh-
olds in the controls. In order to assess ionic release from 
the cements, the medium was collected and measured 
the amounts of Ca, Si, and Li ions by using inductively 
coupled plasma optical emission spectrometer (ICPAES; 
PerkinElmer OPT 1MA 3000DV, Shelton, CT, USA).

Cell viability
The viability of Wharton’s jelly mesenchymal stem cells 
(WJMSCs) was assessed using the PrestoBlue assay. Ini-
tially, the specimens were sterilized by immersion in 75% 
alcohol and subjection to ultraviolet light irradiation for 
30 min in a sterile cabinet. After sterilization, the speci-
mens were washed with PBS and prepared for cell seed-
ing. The cells were directly seeded onto the surfaces of 
the cement specimens at a density of 5 × 104 cells/mL. 
These specimens were then cultured in an incubator at 
37℃ with a humidified atmosphere of 5% CO2. The cul-
ture medium was refreshed every two days. Over vari-
ous culturing periods, cell cytotoxicity was continuously 
and repeatedly evaluated using the PrestoBlue® reagent, 
which measures mitochondrial activity. After cultivation, 
the medium was discarded, and the wells were washed 
twice with PBS. Each well was then filled with 30 µL of 
PrestoBlue® solution and 300 µL of DMEM, followed by 
incubation at 37℃ for 30  min. The assay mixture from 
each well was subsequently transferred to a new 96-well 
plate for spectrophotometric analysis at 570  nm with a 
reference wavelength of 600 nm using a multi-well spec-
trophotometer (Hitachi, Tokyo, Japan). Cells cultured 
directly on the plates without cements were used as 
controls.

Cell morphology
After one, three, and seven days of culture, the cements 
seeded with WJMCs were rinsed with PBS and fixed with 
4% paraformaldehyde (Sigma-Aldrich) for 15  min. The 
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cements were immersed in PBS containing 0.1% Triton 
X-100 (Sigma-Aldrich) to permeabilize the cell mem-
branes. Subsequently, the specimens were incubated 
with phalloidin (Alexa Fluor 488; Invitrogen) for 1  h to 
stain the F-actin cytoskeleton. The solution was then 
discarded, and the cell nuclei were stained with 300 nM 
DAPI (Invitrogen) for 30  min. Dried specimens were 
observed under a confocal microscope (Leica TCS SP8; 
Leica Microsystems, Wetzlar, Germany).

10 cytokine and enzyme activity assays
WJMSCs were cultured at a density of 5 × 104 cells/well 
on the LiCS cements in 6-well plates. After incubation 
for 24  h, the culture medium was replaced with a dif-
ferentiation medium. To evaluate the concentrations 
of interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and 
interleukin-10 (IL-10), as well as the activities of alka-
line phosphatase (ALP) and osteocalcin (OC) expression, 
enzyme-linked immunosorbent assay (ELISA) kits (Invit-
rogen) were used according to the manufacturer’s proto-
cols. The concentrations of IL-1β, IL-6, and IL-10 in the 
supernatants were measured after one and three days. 
ALP activity was assessed on days three and seven by lys-
ing the cells in NP40 cell lysis buffer and centrifuging at 
6000 rpm for 15 min using a pNPP ALP assay kit (Bioas-
say Systems). Total protein content was measured using 
a bicinchoninic acid (BCA) protein detection kit (Invit-
rogen), and the relative ALP activity was calculated as 
the ratio of ALP absorbance to the total protein content. 
The OC levels were determined using an ELISA kit (Invi-
trogen) after 7 and 14 days of cultivation, and increased 
OC levels were observed in the Li5 and Li10 groups after 
14 days. Cytokine concentrations and enzyme activities 
were determined in triplicates from six separate experi-
ments for each condition tested.

11 mineralization assay
After 7 and 14 days of cell culture, as described previ-
ously, the specimens were washed several times with PBS 
and fixed with 4% paraformaldehyde (Sigma-Aldrich) 
for 15  min. Subsequently, they were stained with 0.5% 
Alizarin Red S (Sigma-Aldrich) at pH 4.0 for 15 min and 
then examined with an upright fluorescence microscope 
(BX53, Olympus, Tokyo, Japan) at 200× magnification. 
The cells were then rinsed with PBS and immersed in 
20% methanol and 10% acetic acid to dissolve the staining 
dye deposited on calcium. The dissolved dye was trans-
ferred to a new 96-well plate and quantified using a spec-
trophotometer at 450 nm. Both staining and quantitative 
analyses were conducted using six independent samples.

Statistical analysis
One-way analysis of variance was used to assess signifi-
cant differences between groups, and Scheffé’s multiple 
comparison test was used for each specimen. P < 0.05 was 
considered statistically significant.

Results and discussion
Characterization of cement specimens
The X-ray diffraction (XRD) patterns of the Li-substi-
tuted cement specimens are depicted in Fig.  2A. The 
diffraction patterns of the Li0, Li5, and Li10 samples 
exhibited distinct peaks indicative of various crystal-
line phases. For Li0, the dominant peaks are marked by 
symbols corresponding to CS phases, dicalcium sili-
cate (C2S) and tricalcium silicate (C3S), noted predomi-
nantly at 2θ values such as C2S = 21.9°, 29.6°, 32.7°, 47.6°, 
and C3S = 31.2° and 34.2° [33]. The Li5 and Li10 samples 
showed a shift in peak intensities with additional peaks at 
Li₂SiO₃ = 32.8° and 43.2° and Li₂Si₂O₅ = 23.9°, 37.4°, 39.3°, 
and 45.7°, which were identified with Li silicate phases. 
These changes suggested the incorporation of Li into the 

Fig. 2 (A) XRD patterns, (B) FTIR spectra, and (C) Diametral tensile strength (DTS) of calcium silicate cement with different lithium contents (Li0, Li5, and 
Li10)
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cement matrix, which likely altered the silicate network. 
In addition, the setting times of LiCS cement are listed 
in Table  1. The setting time of LiCS cement was short-
ened with increased Li content that showed a setting 
time ranging from 16.0 ± 1.7  min (Li0) to 11.9 ± 2.2  min 
(Li10). Li addition was indicated to enhance the hydra-
tion processing by accelerating the rupture of the hydra-
tion protective film, improving the hydration and the 
early strength of the cement [34]. A suitable setting time 
would give the orthopedic surgeon more operation time 
[35]. Zhao et al. developed calcium silicate cement with 
initial setting times of over 1  h, which was too long for 
clinical applications [36].

Selected infrared spectra of LiCS with varying Li con-
tents after hydration are presented in Fig. 2B. The spec-
tra show characteristic absorption peaks, which provide 
insights into the chemical structure and bonding of the 
materials. The broad absorption bands around 3300 cm− 1 
in all three spectra were attributed to the stretching 
vibrations of the O–H bond, indicating the presence of 
hydroxyl groups or adsorbed water. At approximately 
1625  cm− 1, a distinct absorption peak was observed 
assigned to the bending vibration of H–O–H, which was 
associated with the interlayer water molecules. This peak 
was present in all three samples, indicating that the incor-
poration of Li did not significantly affect the amount of 
interlayer water. The absorption bands around 1416 cm− 1 
were attributed to the asymmetric stretching vibrations 
of CO3

2− groups, indicative of the presence of carbon-
ate compounds such as calcium carbonate. These peaks 
were observed in all spectra, suggesting that carbonation 
occurred regardless of the Li content. Notable peaks 
around near 941  cm− 1 corresponded to the asymmetric 
stretching vibrations of Si–O–Si bonds, which are char-
acteristic of the silicate structure in calcium–silicate–
hydrate. These peaks were slightly less intense in the Li10 
sample, suggesting some degree of structural modifica-
tion with higher Li content. Additionally, the absorption 
bands at approximately 850 cm− 1, observed prominently 
in the Li0 and Li5 spectra, were related to the symmetric 
stretching vibrations of Si–O–Si bonds. The presence and 
intensity of these bands across all the spectra indicate 
that the fundamental silicate structure remained intact 
with the addition of Li. These bands diminished in inten-
sity with increasing Li content, indicating potential struc-
tural changes or reduced polymerization of the silicate 
network in the presence of Li. In summary, the infrared 
spectra indicate that the addition of Li to calcium silicate 
hydrate affects the hydroxyl and carbonate contents as 
well as the silicate network structure.

Figure  2C shows the DTS values of the hardened cal-
cium silicate samples with varying Li contents. DTS 
values indicate the mechanical strength of the samples 
under tension, which is a critical property in structural 

applications. The DTS values for the control sample 
without Li (Li0) were approximately 1.17 ± 0.08  MPa. 
Incorporating 5% Li (Li5) into the calcium silicate signifi-
cantly increases the DTS to around 2.73 ± 0.32 MPa. This 
enhancement suggests that Li incorporation strengthens 
the calcium silicate matrix, likely by improving the bond 
strength within the material. For the sample with 10% 
Li (Li10), the DTS value increased further to approxi-
mately 3.45 ± 0.35 MPa. This indicates a continuing trend 
of strength improvement with increasing Li content, 
suggesting that Li ions play a vital role in enhancing the 
structural integrity of calcium silicate. Statistical analy-
sis showed that the differences in the DTS values among 
Li0, Li5, and Li10 were significant (P < 0.05). This con-
firms that the Li content has a significant impact on the 
mechanical properties of calcium silicate. The significant 
increase in strength with the addition of Li can be attrib-
uted to the formation of new phases or improved crys-
tallinity within the calcium silicate matrix. In summary, 
the incorporation of Li into calcium silicate significantly 
enhanced its diametral tensile strength. Li-doped CS 
exhibited an increase in the DTS values, demonstrating 
the potential of Li as a reinforcing agent in calcium sili-
cate-based materials.

In vitro immersion experiment
SEM images of calcium silicate cements with varying Li 
contents at different time points following immersion 
in SBF are shown in Fig.  3A. On day 0, the Li0 cement 
showed a relatively smooth surface with minor irregulari-
ties, whereas the Li5 and Li10 cements exhibited rough 
and irregular surfaces. The increased surface roughness 
of Li5 and Li10 was beneficial for early cellular adhesion 
and attachment. This is because rough surfaces enhance 
fibrin entrapment, promote the adhesion of osteogene-
sis-related cells, and improve the mechanical stability of 
biomaterials after transplantation [37]. By day one of SBF 
immersion, spherical apatite clusters began to form on 
the surfaces of all the cements. These clusters were more 
pronounced on the Li10 cement, indicating a higher rate 
of apatite formation. The Li10 cement displayed larger 
aggregates of apatite, approximately 1  μm in diameter, 
compared to Li0 and Li5. This trend continued on day 
three, when the Li10 cement showed extensive apatite 
coverage, suggesting that a larger surface area was avail-
able for apatite formation. The Li0 cement exhibited min-
imal apatite formation over the same period, highlighting 
the role of Li in promoting surface mineralization. The 
Li5 cement exhibited intermediate levels of apatite for-
mation, indicating the dose-dependent effect of Li on 
apatite nucleation and growth. The incorporation of Li 
into calcium silicate cement significantly enhanced their 
ability to support hydroxyapatite formation [38]. This is 
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consistent with the findings of our previous study, which 
highlighted the impact of Li on HA formation [39].

The XRD patterns indicate significant changes in the 
crystalline structure over time. New peaks emerged at 
approximately 31.8° and 32.7° (marked by asterisks) cor-
responding to the formation of hydroxyapatite, a bio-
logically relevant phase that suggests potential bioactivity 
[40]. Interestingly, the Li0 sample showed higher peak 
intensities than Li5 and Li10, which can be attributed 
to the larger crystal sizes and higher crystallinity rather 
than the amount of hydroxyapatite present. Despite the 
lower peak intensities in the Li5 and Li10 samples, the 
SEM observations confirmed more extensive hydroxy-
apatite formation in these samples. This discrepancy sug-
gests that while the Li5 and Li10 cements exhibit more 
hydroxyapatite coverage and possibly thicker layers, their 
crystalline domains might be smaller or less crystalline 
than those of Li0. The incorporation of Li into calcium 
silicate cements significantly enhanced their ability to 
support hydroxyapatite formation. The increased sur-
face roughness and larger surface area of the Li5 and Li10 
cements promoted better cellular adhesion and faster 
mineralization. According to Zhang et al., modifications 
in calcium silicate materials, including the addition of 
Li, can improve bioactivity and promote the formation 
of biologically relevant phases, such as hydroxyapatite 
[41]. Furthermore, the increased hydroxyapatite forma-
tion observed in the Li5 and Li10 samples was critical for 
bone regeneration applications. Hydroxyapatite is known 
for its excellent biocompatibility and osteoconductiv-
ity, rendering it a favorable material for bone repair and 
regeneration. Materials with a higher hydroxyapatite 

content tend to exhibit improved bone bonding and 
integration [42]. Additionally, the rougher surface mor-
phology observed in the SEM images of the Li5 and Li10 
cements was beneficial for osteointegration.

Immunomodulatory capability of LiCS cement
To evaluate the immunomodulatory capability of LiCS 
cement in vitro, as shown in Fig. 4, the LiCS cement was 
placed in a transwell system and co-cultured with mac-
rophages. As illustrated in Fig.  4A, the macrophages 
themselves were derived from monocytes and did not 
proliferate. No significant differences were noted in 
cell growth among the groups treated with the Ctl, Li0, 
Li5, or Li10 cement, and no apoptosis was observed. 
Hence, the LiCS cement did not exhibit cytotoxicity. 
To understand the role of the LiCS cement in modulat-
ing the immune microenvironment and promoting tis-
sue repair, flow cytometry was used to determine the 
macrophage phenotype. The levels pf pro-inflammatory 
M1 macrophage-specific marker CD86 (Fig.  4B) and 
the anti-inflammatory M2 macrophage-specific marker 
CD280 (Fig. 4C) were measured after two days of culture 
with LiCS cement. Compared to the Ctl, the expression 
of CD86 decreased significantly from 35.9 to 25.2% with 
the addition of Li0 cement. The groups with Li5 and Li10 
cements showed further reductions of 17.1% and 15.0%, 
respectively. In the case of the M2 macrophage-specific 
marker CD280, the levels in the Ctl group increased 
from 34.5 to 49.3% with the addition of Li0 cement and 
further increased to 54.2% and 67.9% in the Li5 and Li10 
groups, respectively. After two days of culture, no sig-
nificant change was noted in the Ctl group, whereas the 

Fig. 3 (A) SEM images of calcium silicate cements with varying lithium contents (Li0, Li5, and Li10) at different time points (Day 0, Day 1, and Day 3) after 
immersion in simulated body fluid (SBF). (B) The XRD patterns highlight the formation of hydroxyapatite after SBF immersion
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addition of Li cement gradually polarized the macro-
phages towards the M2 phenotype. In the immune sys-
tems, macrophages play an important role in immune 
protection, and a specific macrophage phenotype is nec-
essary for tissue regeneration. In fact, M1 macrophages 
secreted inflammatory cytokines such as IL-1β and 
TNF-α to moderate the inflammatory reaction. In con-
trast, anti-inflammatory M2 macrophages release pro-
tissue repair factors such as IL-10 and TGF-β to stimulate 
tissue regeneration [43].

Table 2B shows the ion concentrations in the medium 
after two days. The Si concentrations were approximately 
2.12 ± 0.21 mM, 1.98 ± 0.24 mM, and 1.91 ± 0.19 mM for 
Li0, Li5, and Li10, respectively. In addition, the Li5 and 
Li10 cement released 0.71 ± 0.12 mM and 1.33 ± 0.19 mM 
Li ions after two days. In a prior study, Liu et al. con-
firmed that a culture medium with a Li-ion concentra-
tion of less than 14.56 µg/mL did not display cytotoxicity 
[27]. Our results showed that the maximum amount of 
Li ions released from the Li10 cement was lower than 
2.0 µM, supporting the conclusion that the LiCS cement 
fabricated in this study did not exhibit cytotoxicity [44]. 
Immune cells interact with bone regeneration, and this 
interaction plays a temporary role in the healing process 
after damage because of sustained high levels of inflam-
matory factors [45]. WJMSCs cultured with LiCS cement 
showed reduced expression of TNF-α and IL-1β and a 
dose-dependent increase in IL-10 expression [39]. The 
aforementioned data and research outcomes strongly 

demonstrate that Li could dope CS cement with an excel-
lent immune regulatory effect, promoting the polariza-
tion of macrophages from a pro-inflammatory phenotype 
(M1) to a pro-repair phenotype (M2).

Cell proliferation and morphology of WJMSCs cultured on 
LiCS cement
All the cements displayed a time-dependent increase 
in cellular proliferation (Fig.  5A). Specifically, the Li10 
cement exhibited significantly higher cellular prolifera-
tion at each time point (one, three, and seven days) than 
the Li0 cement (P < 0.05). On day seven of culture, Li10 
showed the highest absorbance, indicating the highest 
cell proliferation, followed by Li5 and Li0. The absor-
bance values of the Li10 and Li5 cements were approxi-
mately 20% and 10% higher than those of the Li0. These 
results suggest that the addition of Li enhances the bio-
activity of the calcium silicate cements, promoting better 
cell proliferation. From the fluorescence staining results 
(Fig.  5B), we observed more cells on the Li5 and Li10 
cements on days three and seven compared to the Li0. 
Cells on the Li10 cements exhibited extensive spreading 
and well-defined F-actin microfilaments, indicating good 
cell adhesion. The surface areas covered by immunofluo-
rescence staining were larger in the Li5 and Li10 groups, 
suggesting higher cell density and better cell attachment. 
Morphological analyses indicated that the presence of 
Li in the cements enhanced cell adhesion and spread-
ing. This observation aligns with previous findings that 
Li incorporation in biomaterials improved cell-material 
interactions by increasing hydroxyapatite and providing 
better cell anchorage points. Additionally, the role of Li 
in promoting osteogenesis via the activation of RUNX2, a 
key transcription factor in bone formation has been dem-
onstrated earlier. It may also contribute to enhanced cell 
adhesion [46]. Li ions can stimulate the Wnt/β-catenin 

Table 2 Concentrations of Ca, Si, and Li ions in the medium after 
culturing for one day

Ca (mM) Si (mM) Li (mM)
Li0 1.35 ± 0.24 2.12 ± 0.21 0.00 ± 0.00
Li5 1.22 ± 0.19 1.98 ± 0.24 0.71 ± 0.12
Li10 1.18 ± 0.18 1.91 ± 0.19 1.33 ± 0.19

Fig. 4 (A) The growth conditions of macrophages co-cultured with LiCS cement in a transwell system for 12, 24, and 48 h. Expression of (B) M1 macro-
phage marker CD86 and (C) M2 macrophage marker CD280 after 48 h of co-culture in the transwell system
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signaling pathway, which is crucial for cell proliferation 
and differentiation. This pathway plays a vital role in the 
maintenance of stem cells and tissue regeneration. The 
activation of this pathway leads to the accumulation 
of β-catenin in the cell nucleus, which then triggers the 
transcription of proliferation-related genes [47].

Inflammatory cytokine and osteogenic marker analysis
Li ions exert anti-inflammatory effects [48]. The levels of 
inflammatory cytokines, including IL-1β, IL-6, and IL-10, 
were analyzed to evaluate the inflammatory response. As 
illustrated in Fig.  6A, IL-1β concentration was signifi-
cantly reduced in the Li10 group compared to the Ctl, 
Li0, and Li5 groups after one and three days of culture 
(P < 0.05). Similarly, IL-6 levels (Fig. 6B) were lower in the 
Li10 group than in the other groups at both time points 
(P < 0.05). This reduction in proinflammatory cyto-
kines suggests the potential of LiCS cements to mitigate 
inflammation in the context of tissue engineering. Con-
versely, the anti-inflammatory cytokine IL-10 (Fig.  6C) 
showed significantly higher expression in the Li10 group 
than in the other groups after 1 and 3 days of culture 
(P < 0.05). The elevated levels of IL-10 further support the 
hypothesis that the LiCS cements possess anti-inflamma-
tory properties. This anti-inflammatory effect is crucial 
because inflammation can impair tissue regeneration and 
the integration of bone grafts [49]. The expression levels 
of osteogenic markers, including ALP and OC, were eval-
uated to assess the osteogenic potential of the cements. 
Figure  6D shows the relative activity of ALP in the 
cements after three and seven days of culture. Initially, no 
significant differences were noted in ALP activity across 

all groups after three days. However, after seven days, the 
ALP activity in the Li10 group was significantly higher 
than that in the Ctl, Li0, and Li5 groups (P < 0.05). A simi-
lar trend was observed for OC concentration (Fig.  6E), 
where the Li10 group showed the highest levels after 7 
and 14 days of culture (P < 0.05). These results indicate 
that LiCS cement enhances osteogenic differentiation, 
rendering it a promising candidate for bone regeneration 
applications. Additionally, the increase in ALP and OC 
levels in the Li10 group suggested that Li ions may play 
a critical role in promoting the differentiation of mesen-
chymal stem cells into osteoblasts. This is supported by 
studies showing that Li can activate the Wnt/β-catenin 
signaling pathway, which is pivotal for osteogenesis [30]. 
These results suggested that Li10 cements not only pro-
moted the protein expression of M2 phenotypic polariza-
tion but also up-regulated the osteogenic-related protein 
expression.

After 7 and 14 days of culture, the terminal miner-
alization of the osteogenic differentiation of WJMSCs 
was assessed using Alizarin Red S staining for calcium 
deposition, as illustrated in Fig. 7. On Day 0, the material 
surfaces are devoid of any cellular presence or mineral 
deposition, presenting a uniform pinkish background 
which is indicative of the material’s base color before 
any treatment or cellular activity has taken place. After 
seven days of growth, it was visually evident that all of 
the cements had very little calcium accumulation on their 
surfaces and that the staining intensities were quite simi-
lar. However, the dark pink staining on the cement sur-
faces after 14 days of growth showed that Li5 and Li10 
had higher quantities of calcium deposition (Fig. 7A). The 

Fig. 5 (A) Cell viability assay results showing the absorbance of calcium silicate scaffolds with varying lithium content (Li0, Li5, and Li10) over one, three, 
and seven days of culture. Data are presented as the means ± SEM; n = 6 for each group. The symbols “*” and “#” denote statistically significant differences 
(P < 0.05) between Li5 and Li0 and between Li10 and Li0 groups, respectively. (B) Fluorescent staining images of cells cultured on cements with different 
lithium content (Li0, Li5, and Li10) on days three and seven, showing cell morphology and distribution. Scale bar: 150 μm
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Fig. 7 (A) Alizarin Red S staining and (B) quantification of calcium mineral deposits by WJMSCs cultured on LiCS cement over different time points. Data 
are presented as the means ± SEM; n = 6 for each group. The symbol “*” denotes statistically significant differences (P < 0.05) between the groups

 

Fig. 6 Analysis of inflammatory and osteogenic markers in samples with different lithium content over various culture times. (A) Concentration of inter-
leukin-1 beta (IL-1β) on days one and three, (B) Concentration of interleukin-6 (IL-6) on days one and three, (C) concentration of interleukin-10 (IL-10) on 
days one and three, (D) relative activity of alkaline phosphatase (ALP) on days three and seven, and (E) concentration of osteocalcin (OC) on days 7 and 
14. Data are presented as the means ± SEM; n = 6 for each group. The symbols “*” and “#” denote statistically significant differences (P < 0.05) between Li5 
and Li0 and Li10 and Li0 groups, respectively
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quantitative outcomes (Fig.  7B) corroborated the visual 
observations and highlighted distinct disparities among 
the groups at different time points. A significant differ-
ence was observed between Li10 and the other groups 
(P < 0.05), highlighting its superior Ca-binding affinity. 
The inter-group comparison further highlighted a nota-
ble difference between Li10 and Li0 (P < 0.05), further 
affirming the enhanced Ca deposition in the presence 
of Li. Expanding the purview to the 14-day data, Li10 
exhibited sustained superiority in Ca mineralization, 
maintaining significant differences from all other groups. 
Furthermore, comparative analysis accentuated the dis-
tinguishing Ca affinity of Li10 over Li5 and Li0 (P < 0.05), 
which is consistent with the observed hierarchical stain-
ing intensities. Therefore, the anti-inflammatory proper-
ties observed in the Li10 group may mitigate the adverse 
effects of chronic inflammation, which is a common chal-
lenge in cement-based therapies. LiCS cement can not 
only enhance the expression of early osteogenic-related 
proteins but also increase mineralization, which may 
be associated with the polarization of M2 macrophages 
under Li ion stimulation and then the BMP2 secretion 
that stimulates osteogenesis differentiation through the 
Smad signaling pathway [50]. Therefore, the enhanced 
osteogenic differentiation suggests that LiCS cement can 
accelerate bone healing, promoting a more conducive 
environment for tissue regeneration.

Conclusion
This study explored the innovative integration of LiCS 
cement to synergize its osteogenic and immunomodu-
latory capabilities for enhanced bone regeneration. Li, a 
known stimulator of osteogenesis, and calcium silicate, 
which is known for its superior bioactivity, were strate-
gically combined to create a composite with exceptional 
properties. Our findings revealed that LiCS cement not 
only significantly increased the diametral tensile strength 
and promoted rapid hydroxyapatite formation but also 
demonstrated remarkable bioactivity by enhancing the 
proliferation, adhesion, and spreading of WJMSCs. 
Moreover, the LiCS cement exhibited profound immu-
nomodulatory effects, as evidenced by the reduction of 
pro-inflammatory cytokines and the promotion of mac-
rophage polarization towards the anti-inflammatory M2 
phenotype. This dual function was further supported 
by enhanced osteogenic differentiation, as indicated by 
elevated levels of alkaline phosphatase and osteocalcin 
expression. These comprehensive in vitro results high-
light the potential of LiCS cement as a dual-action mate-
rial capable of orchestrating osteogenesis and immune 
modulation. Thus, LiCS cement is a promising candidate 
for bone tissue engineering and regeneration. In vivo 
studies are essential to validate these promising findings 

and fully elucidate the clinical potential of LiCS cement 
in bone repair and regenerative applications.
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