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A B S T R A C T   

Mesoporous bioactive glasses (MBGs) have displayed great potential in dental restorations and bone regeneration 
for their controllable structure and great bioactivity. In this work, we have systematically investigated the effect 
of nitrogen on structure evolution, apatite-forming ability and cytotoxicity in MBG by successfully preparing the 
N-containing MBG nanospheres by a modified sol-gel method. It is interesting to demonstrate that all obtained 
samples exhibit uniform interstitial mesoporous nanospheres microstructure, with the particles size increases as 
the nitrogen addition increases from 5 to 15 mol.%. Notably, a large amount of blooming flower-like hy
droxyapatite deposited on the surface of 15N-MBG after immersed in simulated body fluid for 7 days, exhibiting 
excellent apatite-forming ability. It is highlighted that the incorporation of nitrogen can stimulate cell prolif
eration at early incubation time. Moreover, all the MBGs have no obvious inhibitory impact on the hPDLCs 
growth at extracted concentration. Furthermore, via glass network connectivity analysis from molecular dy
namics simulations, the decrease of network connectivity caused by the incorporation of nitrogen could provide 
looser glass network and higher bioactivity, which explains the experimental results well.   

1. Introduction 

Since the first developed 45S5 bioglass by Larry L. Hench in 1969 
[1], bioactive glasses (BGs) have aroused extensive attentions due to 
their excellent bioactivity and osteogenic effects, which can apply in 
biomedical applications such as dental restorations, bone regeneration 
and drug delivery [2–4]. Compared with melt-quenching method, bio
glasses synthesized by sol-gel method exhibit higher bioactivity due to 
their homogeneous chemical composition and potential mesoporous 
structures [5–8]. Considerable works show that BGs possess excellent 
bioactivity behavior because they can rapidly deposit bone-like hy
droxyapatite (HA) layers on their surface through chemical reactions 
when in contact with physiological fluids, which provides them strong 
bonding with bone tissue [9]. Furthermore, mesoporous bioactive 
glasses (MBGs) with controllable structure such as fibers and spheres, 

can further promote the bioactivity for their large surface area, well 
dispersity and tunable porosity [10–14]. 

Recently, various additions have been incorporated into BGs, such as 
boron [9, 15], strontium [16], silver [17, 18], magnesium [19] and ni
trogen [20, 21], etc., to improve the bioactivity, antimicrobial and cell 
culture properties. Furthermore, previous studies have demonstrated 
that the biological behavior of MBGs can be improved by including 
additional therapeutic ions. For example, B2O3-containing MBGs can 
promote its conversion to HA layer and the proliferation of MC3T3-E1 
cells [9, 22]. Zn substituted MBG scaffolds allowed a controlled zinc 
release, which greatly influences the osteoblast cell development, 
showing in vitro antibacterial capacity [23, 24]. Moreover, 
Rubidium-containing MBG scaffolds support angiogenesis, osteogenesis 
related gene expression of hBMSCs and antibacterial activity [25]. It is 
noteworthy that the surface nitridation can improve the bone cell 
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response for the melt-derived porous bioactive silicate/borosilicate glass 
composite scaffolds (ICIE16/BSG) via a nitridation process with hot gas 
N2/ammonia at 550 ◦C, which displayed a quicker degradation rate and 
high HA superficial layer formation [21]. Moreover, the nitrogen-rich 
PVD silicon nitride can not only stimulate cellular proliferation but 
also show antipathogenic efficacy [26]. Additionally, the incorporation 
of nitrogen to oxynitride bioglasses exhibited their improved physical 
properties, such as hardness and elastic modulus, via flowing N2 at high 
temperature (1400 ◦C), however, there was no significant change in 
biological activity [27, 28]. The results imply that lower temperature is 
more conducive to improve the biological activity for nitrogen modified 
BGs. However, there are still some problems for N-containing BGs, such 
as the uncontrollable morphology, low bioactivity, especially, the 
mechanism between glass network structure and biological activity 
influenced by the incorporation of nitrogen has not been well eluci
dated. Therefore, it is of great significance to prepare N-containing 
MBGs with high bioactivity and good dispersion, and further reveal the 
effect of nitrogen on the structure evolution and biological properties by 
combining experiments and simulations. 

It can be a very effective approach to design new bioactive glasses 
and analysis the relevant mechanism by the integrated experimental and 
simulations studies. Recently, molecular dynamics (MD) simulations 
have been applied to evaluate the network structure and bioactivity for 
bioactive glasses at atomic level [29–31]. For instance, the effect of B2O3 
substitution in SrO-containing BGs has been clarified by molecular dy
namic (MD) simulation, displaying an increase in network connectivity 
(NC) with the increasing incorporation of boron [30]. NC value is an 
indication of bioactivity for oxide glass, and the glass with higher NC 
value generally suggest lower dissolution, which further devotes to 
weaker bioactivity [32, 33]. However, to the best of our knowledge, 
there is rarely simulation study conducted on N-containing bioactive 
glasses. 

In this work, N-containing MBG nanospheres based on 
60SiO2–30.8CaO-9.2P2O5 (mol.%, Ca/P = 1.67) system were synthe
sized by a modified sol-gel method employing surfactant. The effect of 
nitrogen incorporation on structural evolution, apatite-forming ability 
and cytotoxicity were systematically investigated by experiments. 
Furthermore, we utilized ab initio molecular dynamic simulations to 
understand the atomic-level structure evolution of glasses, with the 
experimental studies, to reveal the relationship of the network structure 
and bioactivity of N-containing bioactive glasses. 

2. Experimental 

2.1. Materials preparation 

Tetraethyl orthosilicate (TEOS), triethyl phosphate (TEP), calcium 
nitrate tetrahydrate (CN), ethyl acetate (EA), ethanol absolute (EtOH) 
and ammonium hydroxide (1 M NH4OH) were purchased from Sino
pharm Reagent Co. Ltd. (Beijing, China). Hexadecy ltrimethyl ammo
nium bromide (CTAB) was supplied by Macklin (Shanghai, China). 
Ethylenediamine (C2H8N2) were provide from Aladdin (Shanghai, 
China). All chemical reagents above were analytical grade. Deionized 
water (DW) was obtained from a water purification system (Milipore S. 
A.S., France). 

2.2. Bioglasses synthesis 

In this research, we synthesize N-containing MBG samples based on 
60SiO2–30.8CaO-9.2P2O5 (mol.%, Ca/P = 1.67) systems by modified 
sol-gel method with templates. Herein, we use TEOS, CN and TEP as the 
precursors of SiO2, CaO and P2O5, and C2H8N2 as nitrogen source, 
respectively. Firstly, 0.7 g CTAB was dissolved in 33 mL DW under 
magnetic stirring at ambient temperature until the solution became 
transparent completely, and then 10 mL of EA was added into the so
lution for 30 min stirring with micro-emulsion droplets formed. After 

that, 7 mL NH4OH (1 mol/L) was added by injected dropwise as tem
plate corrodent and hydrolysis catalyst. After stirring for 15 min, 3.6 mL 
TEOS, 0.95 mL TEP and 2.089 g CN were sequentially added into the 
above mixture in every 30 min interval. The resultant solution was 
vigorously stirred for another 3 h to obtain white suspensions. The white 
precipitate was collected by centrifugation, rinsed with EtOH and DW 
for 3 times in turn, then dried at 60 ◦C for 24 h to get dried gel. Finally, 
the samples were calcined at 600 ◦C under air to remove surfactants and 
nitrates. For N-containing MBG samples, different amount of C2H8N2 
was added to the mixture after adding NH4OH for 15 min. According to 
the molar ratio of nitrogen concentration in the glass, the samples were 
denoted as MBG, 5N-MBG and 15N-MBG, respectively. The corre
sponding compositions of prepared samples are listed in Table 1. 

2.3. Characterization of bioglasses 

The obtained samples before and after immersed in SBF solution 
were characterized by XRD (Miniflex 600, Rigaku, Japan) analysis, 
operated under Cu-Kα radiation (wavelength of 0.15418 nm) with 2θ 
angle from 10◦ to 70◦ at a scan speed of 4 ◦/min. The functional groups 
of the corresponding samples were characterized by FTIR spectroscopy 
(Nicolet-5700, Thermo, America) using 100 mg KBr mixed with 1 mg 
glass powder during the range of 400–4000 cm− 1. The surface 
morphology of the samples was detected by SEM (SUPRA-55, Zeiss, 
Germany) and TEM (Jem-2100F, Jeol, Japan) analyses. The N2 
adsorption-desorption isotherms of the samples were measured by a 
surface and micropore size analyzer (3flex, Micromeritics, America) to 
determine the textural properties using Brunauer-Emmett-Teller (BET) 
and Barrett-Joyner-Halanda (BJH) methods. The samples were degassed 
at 250 ◦C under vacuum for 3 h to remove moisture and other con
taminants before testing. 

2.4. In vitro bioactivity test 

The immersion test in simulated body fluid (SBF) was introduced to 
investigate in vitro bioactivity of the prepared BGs. The SBF solution was 
prepared according procedures of Kokubo [34] by dissolving quantita
tive NaCl, NaHCO3, KCl, K2PHO4•3H2O, MgCl2•6H2O, CaCl2 and NaSO4 
in DW, with the pH value equal to 7.4 by slowly adjusting with 1 M HCl 
and Tris at 37 ◦C. The pressed samples with the size of Φ10 mm × 2 mm 
were immersed in SBF solution with a concentration ratio of 1.5 mg/ml 
in a water bath kept at 37 ◦C for 7 days. To ensure the ion concentration 
was consistent with that in the physiological environment, the solution 
was replaced every 2 days. The samples after SBF immersion were 
investigated by XRD, FTIR and SEM analyses. 

2.5. Cell cultivation and cytotoxicity analysis 

The human periodontal ligament cells (hPDLCs) were cultivated in 
Alpha-Modified Eagle’s Medium (α-MEM) containing 10% fetal bovine 
serum (FBS) in an incubator at 37 ◦C with an atmosphere containing 5% 
CO2. The BG powders were sterilized at 121 ◦C for 20 min for auto
claving, then added into serum-free α-MEM medium at a concentration 
rate of 1 mg/ml, mixed for 24 h on a 37 ◦C shaker. Subsequently, the 
extracted solution was further diluted to 0.05, 0.1, 0.2, 0.4 and 0.8 mg/ 
mL. The hPDLCs were placed in a 96-well plate at a density of 5 × 104 

cells per well and incubated for 24 h to allow cell adhesion. After the 
removal of supernatant, cell culture medium was replaced with different 

Table 1 
The compositions (mol.%) of the prepared N-containing MBG samples.  

Sample SiO2 CaO P2O5 N 

MBG 60 30.8 9.2 0 
5N-MBG 60 30.8 9.2 5 
15N-MBG 60 30.8 9.2 15  
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concentration of glasses extraction and cultured for 1, 3 and 7 days. The 
cells grown in original medium without any glass was denoted as control 
group. 

The proliferation of hPDLCs was evaluated by a Cell Counting kit-8 
(CCK-8, Dojindo, Japan). The wells with cultured cells were rinsed 
with PBS solution twice, then cultured in 100 μL fresh medium con
taining 10 μL CCK-8 solution for 2 h. The optical density (OD) value was 
measured using a microplate spectrophotometer at a wavelength of 450 
nm. The cellular morphology was observed at different incubation time 
of 1, 3 and 7 days. Each experimental group was performed for five times 
to reduce deviation. All data was processed through One-way ANOVA 
with a Post Hoc test and expressed as means ± standard deviation (SD). 
P-value < 0.05 was considered statistically significant. 

2.6. Ab initio molecular dynamic details 

The detailed structures of BG in atomic grade have been conducted 
by the Born-Oppenheimer ab initio molecular dynamic (AIMD) simula
tion using Vienna Ab-initio Simulation Package (VASP) with a canonical 
ensemble Nose-Hoover thermostat (NVT) [35, 36]. The calculations 
inputs and results were dealt with the ALKEMIE platform [37]. 

The numbers of Si, O, Ca, P and N atoms in the simulation models 
were listed in Table 2. The fixed density of 2.172 g/cm3 was measured 
according to Pycnometer Test Method. The density is calculated ac
cording the equation as follows: 

ρ =
Wdry

V2 − V1
(1)  

where Wdry is the dry weight of samples, and V2-V1 is the changed vol
ume of water before and after immersion. The glass system was simu
lated by the simulating melt-quench process, distinguished form 
experimental method, with a time step of 1.5 fs. The simulated systems 
were firstly melted at 2000 K for 2000 steps, then quenched to 900 K for 
5500 steps, finally kept at 900 K for 4500 steps. We used the final 500 
steps to analyze the state vibration density of states (VDOS) through the 
formula [9]: 

f(ω) =
2
π

∫ ∞

0
C(t)cos(ωt)dt (2)  

where C(t) is the velocity autocorrelation function, and ω is the vibra
tion frequency. 

In the glass system, the tetrahedron formed by the atoms (Si/P) are 
referred to Qn distribution, where “n” is the number of bridging oxygen 
atoms which connected to the central atom in tetrahedron. The glass 
network connectivity (NC) was calculated from the equation [33] as 
follows: 

NCoverall =
NCSi × [SiO2] + NCP × 2[P2O5]

[SiO2] + 2[P2O5]
(3)  

where [x] (x = SiO2, P2O5) represents the mol.% ratio of x in different 
glass system, NCy (y = Si, P) was calculated by the following equation: 

NCy =
∑4

n=0
n×Qy

n. (4)  

3. Results and discussion 

3.1. Characterization of the prepared MBGs 

The phase structure of MBG samples after calcined at 600 ◦C were 
characterized by XRD analyses, as shown in Fig. 1(a). All the samples 
exhibit a broad peak around 2θ = 15◦~35◦, which indicates amorphous 
characteristic of the calcined MBG, 5N-MBG and 15N-MBG samples. 
Compared with MBG, the incorporation of nitrogen into the glasses does 
not have a significant effect on the amorphous structure. It should be 
mentioned that compared with the crystallization structure, the amor
phous nature of BGs could be more beneficial for biological activity due 
to the higher dissolution in physiological fluid [38]. 

FTIR analysis was carried out to analyze the functional groups of 
MBG and N-containing MBGs, as shown in Fig. 1(b). The obvious ab
sorption bands at 465 and 1090 cm− 1 are attributed to the typical Si-O-Si 
non-stretching vibration and Si-O-Si symmetrical bending vibration [25, 
39]. The peaks observed at 964 cm− 1 are belonged to the non-bridging 
oxygen bonds (Si-O-NBO) [40]. Moreover, the peaks appeared at 800 
cm− 1 could be related to C–N bending vibration [41, 42], whose in
tensity increases with increasing nitrogen concentration. It is worth 
noting that there is gradually increased intensity of the absorption peaks 
around 1635 and 3440 cm− 1 with the increasing nitrogen in BGs, which 
can be ascribed to N–H stretching overlapped with O–H bond [43, 44], 
indicating that nitrogen have been successfully incorporated into glass 
network structure. The OH groups can be related to water absorbed from 

Table 2 
The number of atoms in different glass systems for AIMD simulations.  

Sample Si Ca P O N 

MBG 36 18 12 120 0 
5N-MBG 36 18 12 140 8 
15N-MBG 36 18 12 165 18  

Fig. 1. (a) XRD and (b) FTIR spectra of N-containing MBG samples calcined 
at 600 ◦C. 
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environment, suggesting the prepared glasses are hydrophilic. 
Fig. 2 shows the surface morphology of prepared MBGs samples. It is 

clear that all samples exhibit uniform mesoporous nanospherical 
microstructure with corrosive pores on their surfaces, derived by 
modified sol-gel method employing CTAB as surfactant. Moreover, the 
average particles size is about 70 nm for MBG sample, then significantly 
increases to about 85 nm for 5N-MBG, and 150 nm for 15N-MBG sam
ples, respectively, as shown in Fig. 2(a)-(c), suggesting that the incor
poration of nitrogen has promoted effect on the growth of MBG 
nanospheres. TEM morphology of N-containing MBG nanospheres was 
further detected, as shown in Fig. 3(a)-(c). It is obvious that all the 
samples exhibit nanospheres with radial mesoporous structure after 
removal of template molecules. The size of nanospheres increases with 
the increase of nitrogen content, which is consistent with the result 
observed by SEM. It is clear that the nanospheres of MBG sample is about 
70 nm, then significantly increases up to about 150 nm for 15N-MBG 
samples, which proves that the incorporation of nitrogen can promote 
the increase of MBG nanospheres and further enhance bioactive prop
erties for their large specific surface area. In addition, SEAD spectra in 
Fig. 3(d) suggest that 15N-MBG has amorphous feature [34, 45], which 

is consistent with XRD result. 
Fig. 4 represents the schematic illustration of formation process of N- 

containing MBG nanospheres. Herein, CTAB surfactants form stable 
spherical micelles through self-assembly, and then combine with EA to 
form oil-water micro-emulsion droplets as liquid template for meso
porous nanospheres. The aqueous ammonia promotes the hydrolysis and 
polymerization of TEOS and TEP to form Si-OH silicate oligomers with 
hydrophilic groups, which continuously arranges in the hydrophilic area 
of curved interface of the plate emulsion micelles [46, 47]. Here, C2H8N2 
was used as nitrogen source and incorporated into bioglass during 
sol-gel process. Finally, the templates were removed by sintering process 
to obtain N-containing MBG nanospheres with radial mesoporous 
structure. 

The N2 adsorption-desorption isotherms were performed to analysis 
the textural properties of MBG in terms of surface area and pore size 
distribution, as shown in Fig. 5. It exhibits that isotherms are convex 
upwards in low relative pressure (P/P0) from Fig. 5(a). On the contrary, 
the isotherms rise rapidly in the higher P/P0 area due to the adsorbent 
underwent capillary condensation. All isotherms are classified as type Ⅳ 
with H3 hysteresis loops, suggesting the mesoporous structure and the 
presence of slit-shaped pores [46]. Mesoporous structure is confirmed by 
the pore size distribution in Fig. 5(b). It shows that the pore size of the 
samples is mostly distributed between 2 and 33 nm. Because the samples 
exhibit nanospheres with radial mesoporous structure as TEM images in 
Fig. 3 shown, it is considered that the pore size near the center of 
nanospheres will be small, while the pore closed to the surface of 
nanospheres will be large, then the variation range of pore size distri
bution is reasonable large. In general, pore sizes larger than 100 μm 
enable cell seeding, facilitate osteoblast cell proliferation, alkaline 
phosphatase activity and osteogenic expression [48]. Moreover, nano
pores (<2 nm) and mesoporous (2–50 nm) allow biomolecule trans
portation for any nutrition, waste removal, signaling, and promote 
adsorption of biological agents and cell [49]. Zhao at al. reported 
MBG-poly composite scaffolds with pore size around 3.8 nm can stim
ulate bone regeneration in the calvarial defects [50]. Yun at al. also 
demonstrated MBG nanospheres with pore size about 28.3 nm could 
show good cellular viability for J774 cells [51]. Therefore, the pore size 
distribution of MBG samples in this work could be conducive to promote 
cellular viability and stimulate bone regeneration. The corresponding 
values of specific surface area, pore volume and average pore size of the 
samples by BET and BJH method are listed in Table 3. The specific 
surface area is 193.24, 225.25 and 271.01 m2/g and the average pore 
size is 12.66, 11.01 and 8.44 nm for MBG, 5N-MBG and 15N-MBG 
samples, respectively. It is notably that N-containing MBGs exhibit 

Fig. 2. SEM images of (a) MBG, (b) 5N-MBG, (c) 15N-MBG nanospheres.  

Fig. 3. TEM micrographs of (a) MBG, (b) 5N-MBG, (c) 15N-MBG nanospheres 
and (d) SAED image of 15N-MBG nanospheres. 
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larger specific surface area than that of MBG, signifying that the addition 
of nitrogen can significantly improve the textural properties of MBG. 
Moreover, the large specific surface area with interstitial mesoporous 

structure for N-containing MBG samples could be helpful for high 
dissolution ability and excellent biological activity [52]. 

3.2. In vitro bioactivity assessment 

To assess in vitro bioactivity, we investigated the apatite-forming 
ability by immersing the samples in SBF solution. As shown in Fig. 6 
(a)-(c), the surface morphologies of all samples obviously change after 
immersed in SBF solution for 7 days. The newly uniform depositions on 
the surface of MBG sample are short rod-like, while thicker deposited 
layers can be observed on the surface of 5N-MBG and 15N-MBG samples. 
It is visible that the deposition crystals of 5N-MBG are flake flower-like 
shape. Moreover, a large amount of sediments aggregates into denser 
apatite layer on the surface of 15N-MBG sample, looking like blooming 
flowers with lots of needle-like leaves. It is considered that N-containing 
MBGs has a higher specific surface area compared with MBG sample, 
which could provide more HA nucleation sites when immersed in SBF 
solution. Moreover, the looser glass network connectivity of N-con
taining MBGs could enhance the ions exchange with SBF solution, 
resulting in promoted HA crystallization and high bioactivity with finer 
flower-like HA crystals on bioglass surface. The EDS analysis after im
mersion in SBF for 7 days is as illustrated in Fig. 6(d)-(f). It is noted that 
not only the Ca and P content increases but the Ca/P ratio also increases 
caused by the incorporated nitrogen. The calculated Ca/P atom ratio of 
the formed apatite precipitates is 1.46, 1.50 and 1.58 for MBG, 5N-MBG 
and 15N-MBG samples respectively, which is in agreement with litera
ture ranged from 1.3 to 1.7 [53, 54]. The highest Ca/P ratio of 15N-MBG 
is 1.58, which is quite close to the theoretical value of 1.67 of HA [55], 
showing excellent bioactive property. The denser HA precipitations 
owing to incorporated nitrogen can be clearly observed by SEM 
morphology in comparison with MBG. The results support that the 

Fig. 4. Schematic representation of the prepared process of N-containing MBG nanospheres.  

Fig. 5. (a) The N2 adsorption-desorption isotherms and (b) pore size distribu
tion of N-containing MBG samples. 

Table 3 
The textural properties of MBG and N-containing MBG samples by BET and BJH 
method.  

Sample Specific surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Average Pore size 
(nm) 

MBG 193.24 0.61 12.66 
5N-MBG 225.25 0.62 11.01 
15N- 

MBG 
271.01 0.67 8.44  
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incorporation of nitrogen can provide more nucleation sites for ions 
exchange with SBF solution [56], thereby promote the biomineraliza
tion behavior, indicating the enhanced bioactivity of N-containing 
MBGs. 

The deposition on the surface of samples after immersion are further 
investigated by XRD and FTIR analysis, as shown in Fig. 7. All samples 
show new diffraction peaks at 2θ = 25.9◦, 31.7◦, 34.0◦, 39.5◦, 46.9◦, 
53.4◦ and 49.4◦, which are corresponded to HA phase [Ca10(PO4)6(OH), 
(PDF#086–0740)] [57], indicating the deposition of HA on the surface 
of all samples due to ion exchange with SBF solution. Compared with 
MBG sample, the intensity of HA diffraction peaks increases with 
increasing nitrogen in MBG samples, suggesting better bioactivity for 
N-containing MBG samples. In addition, the diffraction peaks appeared 
at 2θ = 21.4◦, 23.8◦ and 26.6◦ for all samples are identified as SiO2 [58], 
which could be ascribed to the broken Si-O-Si and newly-formed Si-OH 
in glass grid structure, and further polymerizes to form SiO2 crystalline 
after immersed in SBF. The intensity of SiO2 peak of N-containing MBGs 
is more pronounced in contrast to MBG. The results suggest that the 
amorphous MBG nanospheres present high dissolution ability, espe
cially, the increased nitrogen in MBG can promote the release of high 
quantity of Si ions, which combines with –OH in SBF solution and form 

more SiO2 crystals. 
FTIR spectra of the samples after immersed in SBF are illustrated in 

Fig. 7(b). All the samples show a double new absorption peaks appeared 
at 563 and 606 cm− 1, ascribed to the P-O bending vibration of the 
phosphate group [25, 59], which effectively proves the HA deposition 
on the surface of MBG samples. Moreover, compared with MBGs before 
SBF immersion, the absorption peaks at 1637 and 3448 cm− 1 are iden
tified as the N–H stretching. The peaks located at 800 cm− 1 are related 
to C–N bending vibration, due to the solution of nitrogen ion into SBF 
solution. The other peaks not mentioned here are similar to FTIR spectra 
before SBF immersion. These results manifest that HA crystals can be 
enhanced with the increasing nitrogen in MBG samples, which effec
tively improves in vitro bioactivity. 

3.3. Cytotoxicity evaluation 

The cytotoxicity was evaluated by optical density (OD) of hPDLCs 
incubated in α-MEM medium containing different concentration of MBG 
samples for 1, 3 and 7 days, as illustrated in Fig. 8. Generally, higher OD 
value indicates better cell proliferation ability and lower cytotoxicity for 
biomaterials. It is observed that cell proliferation of all MBG samples 

Fig. 6. SEM images and EDS distribution of (a) (d) MBG, (b) (e) 5N-MBG and (c) (f) 15N-MBG after immersed in SBF for 7 days.  
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increases with the increasing incubation time from 1 day to 7 days, 
indicating that no cytotoxicity is observed for all samples. Compared 
with control group, the MBG and N-containing MBG groups mostly 
exhibit higher OD value from 1 to 7 days cultivation, indicating that the 
medium with MBG powders can provide positive effect on hPDLDs 
growth, especially for N-containing MBG groups. Only a little inhibition 
of cell proliferation can be observed on higher extracted concentration 
(0.8 mg/ml) for MBG group. In addition, higher OD value for N-con
taining MBG groups suggests the enhanced cell proliferation ability. It is 
detected that N-containing MBGs significantly promote cell proliferation 
in the early incubation time, however, the positive effect gradually 
weakens as the incubation time increases to 7 days, which may ascribe 
to the higher Si ions released into the medium [60, 61]. Previous study 
also evaluated that NH2 functionalized MBG scaffolds have no signifi
cant toxic effects on bone cell [62]. It is worth noting that 15N-MBG 
group exhibit excellent cell proliferation even at high extracted con
centration of 0.8 mg/ml, suggesting that nitrogen ions release from the 
glass can improve the cell proliferation to a certain extent [62]. 
Whereas, other study showed boron-containing MBG with similar BG 
composition reduced the cell proliferation with 0.8 mg/ml concentra
tion of sample [9]. Moreover, it was reported that NH2-treated BG 
remarkably increased the concentration of Ca and Si ion in intracellular 
and in cell culture medium [63], and up-regulated osteogenesis gene 
expression of hBMSCs both in the presence and absence of biological 
stimuli [64, 65], which could well explain that N-containing MBGs can 
enhance cell viability with the increase of nitrogen concentration. 

Furthermore, the morphology of hPDLCs incubated in α-MEM 

medium containing 0.4 mg/ml different samples for 1, 3 and 7 days, as 
detected in Fig. 9. It is obvious that cell proliferation significantly en
hances with the increasing incubation time from 1 day to 7 days for all 
observed groups, with the typical fibro-blasted morphology for living 
hPDLCs [66]. Moreover, 15N-MBG sample shows better cell prolifera
tion compared with the other groups, which is consistent with the ten
dency of OD value. Therefore, our results reveal that all MBG 
nanospheres have no obvious inhibitory impact on hPDLCs growth at 
extracted concentration and the incorporation of nitrogen can further 
promote cell proliferation at the early incubation time. 

3.4. Ab initio molecular dynamic simulations 

To better understand the relationship of the effect of nitrogen on the 
structure and bioactivity, AIMD simulations are applied to explore the 
atomic structure information of N-containing MBG. Fig. 10(a) shows the 

Fig. 7. (a) XRD and (b) FTIR spectra of N-containing MBG nanospheres after 
immersed in SBF for 7 days. 

Fig. 8. The optical density of human periodontal ligament cells (hPDLCs) 
incubated in α-MEM medium with different concentration of N-containing MBG 
samples for (a) 1, (b) 3 and (c) 7 days. * Statistically significant difference in 
MBG groups compared with the control group (p<0.05). 
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radial distribution functions (RDFs) and final structure snapshot of 
simulated 5N-MBG after annealing process. The RDFs of 5N-MBG pre
sent the characteristics of short-range order and long-range disorder, 
which are consistent with the amorphous nature of the samples by XRD 
analyses. The bonding cutoff distances of P-O and Si-O are fitted around 
2.03 and 2.13 Å, respectively. Moreover, the bond angle distributions 
(BADs) were investigated to analyze the angle inside a polyhedron of 
glasses, and plots of BADs for simulated 5N-MBG are shown in Fig. 10 
(b). Bond angles at the highest intensity peak of both O-Si-O and O-P-O 
are located around 109◦, which are consistent with MD results for 45S5 
glass [35] and boron-containing bioglasses [32, 67]. Furthermore, the 
vibrational feature of the glass was calculated by Eq. (1) at 900 K from 
Fourier transformation, and the partial simulative vibrational density of 
state of 5N-MBG is shown in Fig. 10(c). The first low frequency peak 
located around 100 cm− 1 is contributed by the common vibration of all 
ions [32], which becomes stronger with the nitrogen increases. The 
second strong peak around 470 cm− 1 can be assigned to Si-O-Si sym
metrical bending vibration model. It is noted that the peak around 790 
cm− 1 is belong to bending vibration of nitrogen, well agreed with FTIR 
results of N-containing MBGs. Additionally, the region between 470 and 
780 cm− 1 is generally associated with stretching and bending vibrations 
caused by phosphorous, silicon and oxygen in the tetrahedrons units 
[29]. No significant change was observed in term of radial distribution 
functions (RDFs), bond angle distribution (BADs) and vibration density 
of states (VDOS) for simulated MBG, 5N-MBG and 15N-MBG samples. 
Herein, we only show the relevant structure information of 5N-MBG. 

Moreover, we calculated the average coordination number distri
bution of Si, Ca, P and N with the increasing nitrogen for simulated MBG 
samples, as illustrated in Fig. 10(d). Both Si and P as network formers 

have stable fourfold coordination with oxygen and remain unchanged 
with composition for all samples [33]. It is noteworthy that the average 
coordination numbers of Ca and N increase from 4.94 to 5.79 and 2.07 to 
2.58 with increasing nitrogen concentration, respectively. The coordi
nation number of nitrogen is mostly a mixture of [2]N and [3]N, with the 
majority of nitrogen ions twofold coordinated for 5N-MBG and threefold 
coordinated for 15N-MBG respectively. Further, the calculated 
three-coordinated nitrogen [3]N increases from 25% in 5N-MBG to 66% 
in for 15N-MBG, while the two-coordinated nitrogen [2]N obviously 
decreases due to nitrogen increases in MBGs. Consequently, the results 
speculate that the introduction of nitrogen do not destroy the internal 
tetrahedral structure of silicate glass, which mutually verifies with 
experimental analyses. Compared with Si and P, the lower coordinate 
number of nitrogen is considered to have great effect on glass structure, 
such as network connectivity, which could promote the dissolution of 
ions in glass and affect the bioactivity of N-containing MBGs [27]. 

The glass network connectivity (NC) is an effective measurement to 
analyze the dissolution and biological activity of glass systems [32]. 
Table 4 lists the NC value of all glass systems calculated by AIMD sim
ulations. The NCSi of MBG is 2.67±0.02, which obviously decreases to 
2.37 ± 0.02 for 15N-MBG, while the NCp decreases from 1.75 ± 0.02 for 
MBG to 1.50 ± 0.02 for 15N-MBG. Consequently, the NCoverall tends to 
decrease from 2.44 ± 0.01 to 2.10 ± 0.03 as nitrogen concentration 
increases from 0 to 15 mol.%. The results demonstrate that the incor
poration of nitrogen has an important effect on the network structure of 
glass, especially can significantly reduce NCSi and NCp, and then affect 
NCoverall value. It was reported that silicate glasses with NC value be
tween 2 and 3 can exhibit good biological activity [33]. The lower NC 
will provide wider floppy regions, which allows more water molecules 
penetrate into the glass structure for exchanging ions and promotes the 
formation of HA [68], which is consistent with the experimental results. 
The excellent bioactivity for N-containing MBGs could contribute to the 
increase of non-bridging oxygen atoms and the less-cross-linked glass 
network by the formation of three-coordinated nitrogen [3]N. 

4. Conclusions 

In summary, the N-containing MBG nanospheres were successfully 
prepared by modified sol-gel method employing surfactant, and the ef
fect of nitrogen on the structure and bioactivity was evaluated by 
combining experimental and AIMD simulations. All the samples exhibit 
regularly uniform mesoporous nanospherical microstructure with 
amorphous characteristic, with particles size and specific surface area 
increase with increasing nitrogen concentration. It is highlighted that 
15N-MBG surface has been covered with a large amount of blooming 
flower-like HA precipitation, indicating that preferable bioactivity for N- 
containing MBGs. All the samples express good cell proliferation and no 
obvious inhibitory impact on the hPDLCs growth at extracted concen
tration. Furthermore, the results obtained from AIMD simulations 
demonstrate that the decrease of NCoverall with the increase of nitrogen, 
which contributes to good bioactivity for N-containing MBGs. The re
sults illustrate that N-containing MBG nanospheres have excellent bio
logical properties, which have great potential for biomedical 
applications. 
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