POLITECNICO DI TORINO
Repository ISTITUZIONALE

Dissolution behavior and bioactivity of lithium-doped 45S5 bioglass: An experimental and molecular
dynamics simulation study

Original

Dissolution behavior and bioactivity of lithium-doped 45S5 bioglass: An experimental and molecular dynamics simulation
study / Moghanian, A., Baino, F.. - In: NEXT MATERIALS. - ISSN 2949-8228. - ELETTRONICO. - 13:(2026), pp. 1-11.
[10.1016/j.nxmate.2026.103409]

Availability:
This version is available at: 11583/3017061 since: 2026-10-27T12:51:01Z

Publisher:
Elsevier

Published
DOI:10.1016/j.nxmate.2026.103409

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

13 November 2026



Next Materials 13 (2026) 103409

4 s

ELSEVIER

journal homepage: www.sciencedirect.com/journal/next-materials

Contents lists available at ScienceDirect

Next Materials

Research article

Dissolution behavior and bioactivity of lithium-doped 45S5 bioglass: An
experimental and molecular dynamics simulation study

Amirhossein Moghanian*" @, Francesco Baino "

2 Department of Materials Engineering, Faculty of Engineering, Imam Khomeini International University, Qazvin 34149-16818, Iran
Y Institute of Materials Physics and Engineering, Department of Applied Science and Technology, Politecnico di Torino, Torino, Ttaly

ARTICLE INFO

Keywords:

Bioactive glass
Lithium

Molecular dynamics
Dissolution
Atomic-scale structure

ABSTRACT

This study used molecular dynamics (MD) simulations and experimental analyses to evaluate lithium (Li)-doped
4585 bioglass (45-L) for tissue engineering (TE) applications. Li;O was substituted for NayO in the 45S5 bioglass
composition with 0-20 mol%, then resulting in new materials labeled as 45-L0 to 45-L20. Atomic-scale char-
acteristics were evaluated in terms of short- and medium-range structure. Short-range structure presented pair
distribution function (PDF) and coordination number (CN) of the samples showing that the Li-O bonds were
shorter in the structure due to the smaller ionic radius, and the CN was calculated to be 4.03. Additionally, the
medium-range structure of the Li-doped BGs showed dominant non-bridging oxygens (NBOs) with negligible
P-O-P bonds, while Li,O did not change the bond types significantly. Additionally, Q" analysis showed that the
Li incorporation promoted the formation of Q* species and increased network connectivity (NC) from 1.92 for
45-L0 to 1.96 for 45-L20. Moreover, LioO enhanced structural density but was expected to reduce the dissolution
of BGs. ICP-AES analysis showed that the release of Si** ions decreased with higher LiO content. Meanwhile,
SEM images showed a bioactive behavior of the 45-L5 sample while immersed in SBF solution for 14 days. Taken
together, the integration of MD simulations, ICP-AES data and SEM showed an interesting balance of properties
for moderate Li»O content, and especially the 45-L5 composition can be considered as a promising candidate for

bone tissue regeneration applications.

1. Introduction

For many years, bioceramics have been used for damaged tissue and
bone regeneration; however, the field of bioceramics was changed after
the invention of 45S5 bioglass in 1969 by Prof. Hench [1] with the
chemical composition of 45 wt% SiOj, 24.5 wt% Nay0, 24.5 wt% CaO,
6 wt% P,0s. This material was the first to be defined as “bioactive” as it
could bond with living tissue through a newly-formed surface layer of
hydroxyapatite (HA) [2-4]. BGs are a subgroup of bioactive materials
that can be utilized in many applications because of their bioactivity,
osteoconductive properties, and biodegradability [5,6]. Typically, BGs
can be synthesized using either the conventional melt-quench method,
which is relatively fast and optimal for mass production, or sol-gel ap-
proaches that allow a finer control over composition but are
time-consuming [7]. Silicate-based BGs are the main category of BGs
due to their ability to conduct surface reactions and ion release, while
having the ability to be modified by dopant elements, allowing re-
searchers to design versatile formulations with various compositions

* Corresponding authors.

suitable for a range of biomedical and therapeutic applications [8-10].
From a general perspective, compositional design by ion doping of
glasses and glass-ceramics is very useful to tailor the microstructure and
functional properties of such materials, also beyond the biomedical
scenario (e.g. dielectric properties [11]).

The release of biologically active ions from the BG surface may lead
to stimulating osteogenesis, angiogenesis, and antibacterial responses
[12-15]. In recent studies, lithium (Li)-doped BGs (L-BGs) have been
reported to have potential biomedical applications [16-19]. Simila et al.
[20] showed that LipO-containing BGs exhibited in vitro bioactivity
through the formation of an apatite-like Ca-P surface layer after im-
mersion in SBF. Additionally, Wei et al. [21] reported that Li-BG extracts
promoted the proliferation of endothelial cells and Schwann cells, which
are crucial in nerve regeneration. Cordero et al. [22] utilized Li-doped
45S5 bioglass in the treatment of oral diseases and reported that the
alkaline environment produced by the BG elicited antibacterial effects
while promoting the recovery of the microhardness of demineralized
teeth. Additionally, several studies show the positive effect of Li in
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enhancing osteoblast proliferation [23-25].

Experimental assessments are key in evaluating the properties of
BGs; however, they are costly and time-consuming, while having the risk
of laboratory limitations and synthesis defects. To overcome these lim-
itations, computational materials science has been used by scientists as
an efficient alternative method in recent years [26-28]. Molecular dy-
namics (MD) is one of the most powerful tools in simulating various
materials and can effectively predict the properties using potential pa-
rameters and force fields to mimic atomic interactions, thus providing
structural information of BGs for further use in designing optimal
compositions [29-32].

This study aimed to evaluate the effect of LioO on the structure of
45S5 bioglass using MD simulations. LioO was substituted for NasO in
the structure at 0-20 mol%. MD simulations yielded an estimation of
short-range structural data, like pair distribution function (PDF) and
coordination number (CN), as well as medium-range structure data such
as oxygen bonds, Q" distribution, network connectivity (NC), ion clus-
tering, and Fpe. Finally, experimental analyses were conducted to vali-
date the simulations and find a balanced composition to be utilized in
tissue engineering (TE) and biomedical applications.

2. Materials and methods
2.1. Simulation details

All of the L-BG samples in this simulation had a set of partial charge
pairwise potentials. For every BG simulation, the potentials’ short-range
interaction had the Buckingham form (Table 1), and the potentials’
long-range interaction had the Coulomb form. Buckingham potential
forms have been presented by Eq. (1), where A, p, and C are Buckingham
potential parameters, and r is the distance between two atoms. More-
over, Table 2 shows the atomic properties of the simulation box and the
obtained density of the BGs.

r Cc
V(r) = Aexp( - ;}) % @)

The melt-quench procedure was performed using the large-scale
atomic/molecular massively parallel simulator (LAMMPS) package
[36]. The initial configuration was generated with randomly distributed
positions of atoms in the simulation box. The velocity—Verlet algorithm
with a 1 fs timestep was employed, and long-range Coulombic in-
teractions were calculated using the Ewald summation method [37].
Temperature and pressure were controlled using Nosé-Hoover ther-
mostats and barostats [38-40]. The protocol followed these steps:

1. Melting stage:

The system was heated to 5000 K under the NVT ensemble and equili-
brated for 20 ps to ensure complete melting.

2. High-temperature equilibration:
An additional 150 ps of NVT equilibration at 5000 K was added to

eliminate any artificial effects originating from the random initial
atomic distribution.

Table 1

Buckingham potential parameters [33-35].
Pairs A (eV) p &) C (ev/A%)
§it24-0-1.2 13,702.905 0.193817 54.681
Cat1-20-12 7747.1834 0.252623 93.109
pt3.0-0-1.2 26,655.472 0.181968 86.856
Nat0-6:0-1.2 4383.7555 0.243838 30.70
Lit1>0-12 14,566.637 0.245015 81.773
o~ 1.20-1.2 2029.2204 0.343645 192.58
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3. Cooling stage:

The melt was cooled from 5000 K to 3000 K at a rate of 1 K/ps under the
NVT ensemble.

4. Intermediate equilibration:

At 3000 K, the structure was equilibrated for 100 ps under the NPT
ensemble to obtain the density of the BG system.

5. Quenching and final equilibration:

The system was then quenched to 300 K under NPT and equilibrated for
additional 50 ps at 300 K.

6. Structural analysis stage:

After the equilibration, the simulation was continued for an addi-
tional 20 ps under the NVE ensemble at 300 K, with one configuration
recorded every 10 fs, yielding 2000 equilibrium configurations per
simulation used for temporal averaging of the structural descriptors.

Structural properties were analyzed using the final equilibrated
configuration at 300 K. Fig. 1 shows the simulated structure of BGs with
different Li;O content. The weighted average method was used to
calculate the average bond length according to this equation: rg, =

28 . In addition, this was calculated from the distance 0 to the first

> o8
minimum of the PDF curve after its first peak so that only the average
bond length was calculated.

2.2. Experimental details

The L-BG samples were synthesized using the melt-quench approach
at 1450 °C. All the reagents were supplied by Merck KGaA (Germany),
specifically silicon dioxide (SiOj, purity > 99.5%), calcium carbonate
(CaCOg, purity > 99.0%), sodium carbonate (NapCOs, purity > 99.5%),
diphosphorus pentoxide (P20s, purity > 98.0%), and lithium carbonate
(LizCOs3, purity > 99.0%). The nominal composition of the 45S5 (in wt
%) was 45.0% SiO9, 24.5% CaO, 24.5% Nay0, and 6.0% P30s. Lithium
was introduced at the expense of NasO (both are monovalent cations).
Subsequently, the molten glass was quenched, followed by annealing at
500 °C for 30 min to relieve internal stresses, and then was slowly cooled
to room temperature at a rate of 5 °C/min. The produced glass samples
were ground and passed through a 45 pm sieve to obtain powders with
particle size below 45 pm to be used for dissolution testing. Ion con-
centrations were evaluated using inductively coupled plasma atomic
emission spectroscopy (ICP-AES), and the pH values were measured by a
calibrated pH meter. For the dissolution test, 0.2 g of glass powder was
immersed in 20 mL of SBF in polyethylene containers. To ensure con-
sistency in dissolution measurements, the particle size of the glass
powders was kept below 45 pm for all tests, and the surface area-to-
volume (Sa/Vs) ratio was fixed at 0.1 cm’l, following the relationship
Sa/Vs = 0.1 cm™ L. At predetermined time intervals (6, 12, 18, and
24 h), the immersion solution was collected for analysis. The concen-
trations of Si and Li ions released into the SBF were determined by ICP-
AES. Additionally, the pH of the solution was measured at each time
point. The dissolution analysis was performed with 3 repetitions, and
the values were reported as mean + standard deviation. Additionally,
field emission scanning electron microscopy (FESEM, model: SEM5000,
CIQTEK, China) was employed, operated at an accelerating voltage of
1 kV, to observe the formation and morphology of calcium-phosphate
phases. Before FESEM observation, the samples were coated with a
thin layer of gold to achieve electrical conductivity.
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Composition and number of atoms adopted in the simulation, along with the resulting density.

BGs Number of Si Number of Ca Number of Li Number of Na Number of O Number of P Total number of Density obtained (g/
atoms atoms atoms atoms atoms atoms atoms cm3)

45-L0 461 269 0 488 1565 52 2835 2.673801

45-L1 461 269 20 468 1565 52 2835 2.675595

45-L3 461 269 60 428 1565 52 2835 2.657314

45-L5 461 269 100 388 1565 52 2835 2.654027

45-18 461 269 160 328 1565 52 2835 2.650549

45- 461 269 200 288 1565 52 2835 2.626729
L10

45- 461 269 300 188 1565 52 2835 2.608347
L15

45- 461 269 400 88 1565 52 2835 2.595322
L20

Fig. 1. Simulated structure of the BGs with different LioO content, each sphere representing one single atom (yellow: Si, green: Ca, pink: P, light blue: Na, dark blue:

Li, red: O).
2.3. Statistical analysis

For each glass composition, three independent MD simulations were
performed, and three independent ICP-AES measurement where carried
out. Additionally, the results are presented as mean + standard devia-
tion, and relative error bars have been presented in the corresponding
figures.

3. Results and discussion
3.1. Short-range structure

Before examining the intermediate-range structure of the BGs
simulated in this study, the short-range structure is first studied using
characteristics such as PDF and CN. After obtaining the bond distribu-
tion function, the average X-O CN is calculated based on the distance
from X (X: Si, P, Ca, Na, Li) using Eq. (2). The obtained results for PDF
are shown in Fig. 2. The average lengths of Si-O and P-O bonds were
1.606 + 0.054 A and 1.490 + 0.042 A, respectively. Furthermore, con-
cerning the bonds of the network modifying elements with oxygen, the
bond lengths were 2.369 + 0.0097 A, 2.370 + 0.0190 A, and 1.949
+0.090 A for Ca-0, Na-0, and Li-O, respectively.

These results show that the lengths of Si-O and P-O bonds, which are
related to network-forming elements, are shorter than the lengths of the

network-modifying elements with oxygen. Concerning the Li cation, it
was observed that Li-O bond has a shorter length than other cations in
the structure, which can be attributed to its small atomic radius: this
causes Li to occupy less space than Na and, as a result, the molar volume
of BGs decreases. In an MD study, Tilocca et al. [41] reported the Si-O
bond length to be approximately 1.6 A, which is in excellent agreement
with the findings of the present work. In another study by Gong et al.
[42], the Ca—O bond length was reported to be 2.36 A. Al-Hasni et al.
[43] reported the P-O bond to be between 1.49 A and 1.59 A, which is
consistent with the results reported in this study. Other estimations of
modifier—oxygen bond lengths were given by Huang et al. [44] (Na-O
bond length equal to 2.4 A) and Asahi et al. [45] (Li-O bond length
equal to 1.9 ;\).

CNy = 4xp; /rgij(r)rzdr @)
0

The average CN of X-O bonds was calculated (Fig. 3) according to
their first coordination shell which is determined based on Cutoff radius
mentioned in Table 3. The average CN of Si-O and P-O was calculated to
be 4.0 + 0.0002 and 4.0 £ 0.0, respectively, which indicates that the
short-range structures of the glass network are SiO4 and PO4. The
average CN of Ca-O and Na-O was obtained to be 6.277 + 0.049 and
6.590 + 0.089, respectively, when the cut-off radius was 3.1 A and
3.3 A, respectively. These results showed that Ca and Na form a
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Fig. 2. Pair distribution function of bonds in L-BGs.

structure close to the octahedral one with their surrounding oxygens.
The average CN of Li-O was also calculated to be 3.470 + 0.044. How-
ever, the results show that with the increase of Lio,O amount in the
composition of the simulated BGs, the average CN of Li-O, Ca-O, and Na-
O also increases. The increase in the average CN of these bonds can be
attributed to the average Li-O CN because it is lower than the CN of Na-
O, and the difference is about 2. As a result, by replacing one Li atom
with Na, almost two oxygens attached to Na can no longer be attached to
Li, and these two oxygens must bond with other cations or Li itself,
which increases the number of O bonds with the cations of the network
and also increases the average CN while increasing Li»O. According to
the study of Malavasi et al. [46], the Si-O CN was obtained to be 4 in a
wide range of glasses, which indicates that the network building unit of
silicate glasses is tetrahedral. The results reported by Mead et al. [47]
reported the Ca-O CN in the range of 5.4-6.4. According to the study of
Xiang et al. [48], the average Na-O CN was obtained in the range of
5.6-5.8. In another study by Du et al. [49], the average P-O CN was

reported to be 4.0 According to the study by Zekri et al. [50], the average
Na-O CN was reported to be in the range of 5.46-5.95. The difference
between those values and the results obtained in the present study can
be attributed to the different chemical compositions of the simulated
glass systems. Similarly, in another study [51], an average Li-O bond
length of 2.01 A and an average Li-O CN of 3.7 were reported, which are
also in good agreement with the findings of this study.

3.2. Distribution and density of bonds

In order to investigate the network continuity, the distribution of the
type of oxygen in the structure was investigated. In this study, O with at
least one network modifier atom is called a non-bridging oxygen (NBO),
and the bridging oxygens (BOs) are classified into three categories: Si-O-
Si, Si-O-P, and P-O-P. The obtained results are shown in Fig. 4 and
Table 4. According to these results, it is observed that the distribution of
P-O-P and Si-O-P is approximately 0% and 2%, respectively.
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Fig. 3. Coordination number of atoms in L-BGs.

Table 3
PDF first peak and minima, cutoff distance, and average coordination number of
X-0Os.

X-0 First Peak First minima Cutoff Average CN
bonds distance
Si-0 1.596 1.80 + 0.01 2.0 4.0 + 0.0002
+0.0043
Ca-O 2.369 3.141 3.1 6.277
+ 0.0097 + 0.065 +0.049
Na-O 2.37 £ 0.019 3.315 3.3 6.590
+0.425 +0.089
P-0 1.490 + 0.005 1.605 2.0 4.0 £0.0
+0.010
Li-O 1.95 =+ 0.0057 2.403 2.5 3.470
+ 0.068 +0.044

Furthermore, the distribution of NBOs is, on average, 68%. The type of

oxygen does not change with the substitution of Li>O instead of NayO.
Therefore, it can be expected that the substitution of Li,O does not
change the distribution of broken bonds in the network. It is also
observed that the distribution of Si—-O-Si bonds is about 30%, which is
higher compared to other bonds: this is due to the dominance of the
silicate network distribution over the phosphate network, which is due
to the higher amount of SiO, than P50s. As mentioned, due to the
dominance of the silicate network over the phosphate network, there is
almost no P-O-P bond in the network of BGs. The density of oxygen was
also investigated, as shown in Fig. 4a. It is observed that with increasing
the amount of Li3O in BGs, the density of Si-O-Si, total oxygens, and
NBOs increases. This increase for Si-O-Si, NBOs and total oxygens is from
12 (Bonds/nm®) to 13.4 (Bonds/nt), from 28.00 (Bonds/nm®) to 30.05
(Bonds/nmg), and from 40.91 (Bonds/nm>) to 44.33 (Bonds/nmg’),
respectively. Since the distribution of oxygen types and the number of
oxygen is constant, reducing the volume of the simulation box increases
the density of the aforementioned items. Therefore, it is expected that
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there will be more oxygen at the contact surface between the LipO-rich
BGs and the biological solution. Hence, for the same thickness of the BGs
simulated in this study, the LipO-rich BGs degrade more slowly. Since
the distribution of P-O-P and Si-O-P is generally low in the structure and
no significant changes in their density have been observed, these bonds
are generally less important in simulated BGs and do not play a role in
determining the balanced composition.

3.3. Q" distributions, network connectivity, and Fye;

To examine the network connections in detail, the distribution of Q"
was first examined. Q" are species of network-forming unit structures,
such as SiO4 and PO4, where n is the number of BOs. A detailed exam-
ination of the distribution of Q" species is important in determining
some key properties of BGs, like the solubility. Using the distribution of
Q", the number of network connections can be obtained according to Eq.
(3) [52]. Figs. 5a and 5b show the distribution of Q" and the NC of the
simulated BGs, respectively. Moreover, the distribution values of Q" and
NC are reported in Table 5. The results show that the distribution of Q°
for the simulated BGs is approximately equal to 8.41% + 0.80%. The

Table 4
Ratio and density of oxygen bonds in the L-BGs.
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distribution of Q', Q% Q% and Q* is also equal to 24.76% =+ 1.48%,
36.72% + 1.95%, 25.19% 25.20 + 0.99%, and 4.92% 4.91 + 0.50% on
average, respectively. These results indicate that the highest distribution
of Q" is related to Q2 which is one of the important characteristics of
45S5 BGs that have a chain structure. The NC for the simulated BGs is
approximately 1.935 + 0.014, but this value has also increased with
increasing LizO. The results of the distribution of Q? and Q® show that,
with increasing LisO and decreasing NayO, the distribution of Q2 has a
decreasing trend while the distribution of Q? has also increased; on the
contrary, the value of other Q" is approximately constant, and the
changes are small compared to these types of Q". This trend has
increased the density of the structure and, as a result, the NC has
increased in general with higher Li;O content, while increasing Q> and
decreasing Q2. However, structural fluctuations of the amorphous BG
and the limitations of the MD simulation cause the NC not to have a
monotonic behavior, yet the results follow a general increase in NC.
Taken together, it can be suggested that, by replacing Li,O with NayO,
the degradability of BGs can potentially decrease. This finding is
consistent with previous studies on silicate-based glass systems, where
changes in the composition of the glasses and the status of
network-modifying elements govern the Q" distribution and NC [53].

In order to investigate the strength of the simulated BGs, Eq. (4) [54]
was used to acquire the measurements of Fye; as an indicator of the
structure strength (Fig. 5¢). This parameter is used to quantify the
structural strength using cation interactions, BOs, and NC, to better
evaluate the chemical durability of a certain glass composition and
shows how tightly bound the glass structure is. According to this rela-
tionship, N is the total number of atoms, X is the cations in the structure,
CNx-o is the average CN of the X-O bond, and SBS is the single-bond
strength; the estimates for these values were taken from Sun’s
research [55]. According to the obtained results, it can be seen that the
network strength trend increases with increasing LioO and decreasing
NagO. These results, together with those about the distribution of Qz, Q3,
NG, and the density of X-Os, indicate that by replacing Li;O with NayO,
the degradability of BGs decreases, and therefore they are expected to
exhibit less ion release in biological fluids or solutions.

NC=Y" @'n 3

Cation

Fret = N Xx: nxCNx_oSBSx_oNC 4)

3.4. Ion clustering

The homogeneity of BGs is important because the more heteroge-
neous the BGs are, the more uneven the ion release and the more the
structure of the BGs will be, which will reduce the efficiency of BGs in
therapeutic applications. The homogeneity of BGs can also contribute to
sudden changes in NC. In addition, clustering can increase the tendency
of crystalline phases to develop from the patent glass, which may affect
bioactivity. Eq. (5) [52] allows calculating the R factor, which is used to
calculate the degree of structural homogeneity and the tendency of

BGs Ratio of Bonds (%) Density of Bonds (Bonds/nm®)
Si-O-Si Si-O-P P-O-P Non BO Si-O-Si Si-O-P P-O-P Non BO All X-0

45-L0 29.33% 2.17% 0.06% 68.43% 11.99865 0.888789 0.026141 27.99685 40.91043
45-L1 29.46% 2.11% 0.06% 68.37% 12.12219 0.867749 0.026295 28.1361 41.15233
45-L3 29.71% 1.92% 0.00% 68.37% 12.27239 0.791767 0 28.2397 41.30386
45-L5 29.58% 1.92% 0.00% 68.50% 12.33509 0.79925 0 28.55986 41.69419
45-L8 30.22% 1.66% 0.00% 68.12% 12.79029 0.70306 0 28.82547 42.31882
45-L10 30.03% 1.66% 0.06% 68.24% 12.73343 0.704402 0.027092 28.93468 42.3996
45-L15 29.39% 2.11% 0.00% 68.50% 12.72506 0.912885 0 29.65492 43.29287
45-120 30.22% 1.92% 0.06% 67.80% 13.39802 0.849769 0.028326 30.05348 44.32959
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Fig. 5. Medium-range structural properties of L-BGs are shown as (a) Q" distribution, (b) Network connectivity (NC), (c) Fpet-

Table 5

Q" distribution and network connectivity of L-BGs.
BGs NC Q° (%) Q' (%) Q* (%) Q® (%) Q* (%)
45-L0 1.9259 + 0.0031 7.60 + 0.45 25.84 + 0.46 37.82 4+ 1.37 23.59 + 0.74 5.07 + 0.44
45-L1 1.9298 + 0.0025 7.61 £0.73 25.93 + 0.65 37.23 +1.08 24.37 + 0.42 4.87 +£0.24
45-L3 1.9298 + 0.0058 8.58 + 0.27 25.34 +£ 0.84 35.28 £1.18 26.12 + 0.43 4.68 + 0.28
45-15 1.9220 + 0.0047 8.37 + 0.52 24.95 + 0.73 37.04 + 1.16 25.34 + 0.34 4.29 + 0.48
45-L8 1.9454 + 0.0032 8.38 + 0.60 23.39 + 0.67 38.79 + 1.06 24.17 + 0.44 5.26 + 0.32
45-L10 1.9376 + 0.0052 9.75 £ 0.60 21.25 + 0.66 38.71 £ 1.04 25.93 +£0.38 4.29 £ 0.29
45-L15 1.9230 + 0.0054 9.16 + 0.56 26.12 + 0.95 33.53+1.15 25.73 £ 0.98 5.36 £ 0.59
45-L20 1.9649 + 0.0026 7.80 + 0.46 25.15 + 0.74 35.28 + 1.32 26.32 + 0.63 5.46 + 0.40

atoms to be clustered with each other, to measure the homogeneity of
BGs. Fig. 6 and Table 6 show the R factor for the homogeneous distri-
bution of cations in the chemical composition. As long as R is greater
than 1, the X atoms form clusters in the structure, while if R = 1, the
distribution is uniform.

The results show that the distribution of Ca in the structure of the
simulated BGs is constant and does not change with increasing Li;O and
decreasing NayO, but the distribution of Na and Li in the simulated BGs
is inversely proportional to each other. In this way, the distribution of Na
in Na-rich compounds is almost constant, but with increasing Li»O in the
BG, the distribution of Na becomes more heterogeneous. The reason for
this can be attributed to the lower number of Na atoms in the simulation
box, which causes the Na atoms to be located in very close or very far
positions relative to each other, while in high amounts of Na atoms these
atoms fill the empty positions in the structure that were in the low

number state; as a result, the distance between Na atoms tends to con-
stant values, which causes the distribution of Na atoms to be homoge-
neous. In the simulation data, Na atoms in the 45-L.20 BG did not fill a
series of sites on the surface, but in the 45-L0 BG, almost the entire
surface was filled with Na atoms. These cases also apply to Li homoge-
neity, and hence it can be seen that in BGs poor in LizO, the Rya-Na factor
tends to 1, but the Ry;; factor shows values higher than 3.0, which in-
dicates the heterogeneous distribution of Li atoms in these compounds.
On the contrary, in compounds rich in LizO, the Ry;; factor tends to 1,
and the Ry,.na factor reaches values higher than 2.0. Promising values of
the Ry and Rya.na factors are observed in the BGs 45-L5, 45-L8, and
45-L10. The values of Rya-Na and Ryj.p in 45-L10 glass are close to each
other compared to other BGs, which indicates that the distribution of
these atoms in the structure is similar to each other.
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atoms to be clustered to each other.
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3.5. Experimental Evaluation

3.5.1. Ion release

Fig. 7a shows the release rate of Si ions from the surface of BG
samples doped with Li-O in SBF during 24 h of immersion. According to
the results, the dependence of the release behavior of Si ions from the
glass surface on time was confirmed in all samples, and with increasing
Li>O content in the chemical composition of the samples, the concen-
tration of Si ions measured in SBF decreased. The highest release rate of
Si ions was reported for L0-45, and the concentration of Si ions released
in SBF decreased monotonically with higher Li;O content. Moreover, the
results were in accordance with the network structure of the glass
samples predicted by MD simulations, and the decrease in Si ion release
in samples containing higher amounts of Li2O was confirmed by
increasing Si-O-Si bonds and the amount of NC in the simulated glass
network. In addition, according to Fig. 7b, the different behavior of Li
ion release from the surface of the samples was shown compared to Si
release: the rate of Li ion release from the surface of the BG samples in
SBF increased with increasing immersion time and the amount of Li-O in
the chemical composition of the samples. Furthermore, the release rate

CNx_x+1 L. . .
Ry y= ——**XT- 5) of Li ions from the surface of the samples increased with a greater slope
4/3 x ard x (%X) up to 6 h after immersion of the samples in SBF due to the dissolution of
the glass network and after that, the highest and lowest release rates
were observed in samples 45-L20 and 45-L1, respectively, up to 24 h of
immersion. The amount of Li ions released from sample 45-L0 was
Table 6
Ion clustering data of BGs.
BGs 45-10 45-L1 4513 4515 45-18 45-L10 45-L15 45-1.20
Rca-ca 1.486418 1.489436 1.548976 1.496766 1.439235 1.429647 1.291199 1.357037
Ry 1i - 3.618937 1.933863 1.443801 1.355663 1.178661 1.156669 1.08914
RNa-Na 1.236846 1.225514 1.267403 1.275872 1.310798 1.351868 1.514168 2.211373
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Fig. 7. ICP-AES evaluation of SBF after 24 h of BGs immersion, presenting Si and Li concentrations and pH values.
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measured to be zero up to 24 h of immersion in the SBF solution due to
the absence of Li2O in its chemical composition. In addition, in order to
accurately investigate the ion exchange and dissolution of the BG
network, the pH of the SBF of the studied samples was measured, and the
results are presented in Fig. 7c. According to this figure, the presence of
Li-O in the chemical composition of the samples, due to its alkaline
property, led to an increase in the pH of the SBF. Meanwhile, the pH of
the SBF of the samples increased at a high rate during the first 6 h of
immersion due to the dissolution of the glass network and the rapid
exchange of alkali ions Na* and Li* with HsO* from the solution. In
addition, according to the results of glass simulation, with the increase
in Li-0 in the chemical composition of the samples, the NBO content also
increased, which is in accordance with the increase in the number of
sites available for ion exchange due to the location of the alkali ion
modifiers Li* in the BG network. The combined MD and experimental
results indicate that the investigated compositions exhibit a trade-off
between structural stability and dissolution behavior. Higher Li;O
content leads to enhanced NC, Q® fraction, oxygen density, and Fyet,
resulting in a more polymerized glass network and reduced Si ion
release. Additionally, lower Li;O contents showcased high Li-ion ag-
gregation, which may lead to non-uniform ion distribution. In contrast,
BGs with higher Li»O content exhibited improved structural homoge-
neity but lower dissolution, due to the lower network polymerization.
Taken together, among the investigated compositions, 45-L5 provides a
promising combination of structural stability, homogeneous Li distri-
bution, and controlled ion release.

3.5.2. In vitro bioactivity

Fig. 8 displays SEM images of the 45-L5 sample after 14 days of
immersion in SBF. As observed, the surface is almost completely covered
by a newly-formed layer with globular agglomerates on the top. This
cauliflower-like morphology is the typical “fingerprint” of the apatite-
like Ca-P layers that were commonly reported to cover the surface of
BGs after immersion in SBF. Although this morphology is fully consistent
with apatite formation on various types of silicate BGs [56,57] — and can
thus further support the ionic dissolution of the 45-L5 yielding such a
new phase —, SEM alone cannot conclusively identify the nature of this
phase as crystalline HA, which would need to be confirmed by com-
plementary investigations like XRD. Microcracks are usually observed in
this newly-formed layer due to the prolonged immersion and the volume
change of the sample after drying [58]. Higher magnifications showed
spheres with cauliflower-like morphology with sub-micron sizes. The
packed morphology of the spheres has sustained the nucleation and
growth process, while being supported by the moderate ion release
process of the 45-L5 sample in SBF. This Ca-P layer development after 14
days of immersion confirms the in vitro bioactivity of the 45-L5 sample
and its potential for bone TE applications.

4. Conclusions

This study utilized LAMMPS software to simulate Li-doped 45S5 BGs
(0-20 mol% Li5O) based on MD simulations. 45-L0 to 45-L20 BGs were
synthesized using the melt-quench method, and the Li;O was substituted
with NayO to ensure consistency in the charge distribution of the final
structure of the simulated L-BGs. To evaluate the structural properties,
short- and medium-range structures were analyzed as in properties of
PDF, CN, oxygen bonds, Q" species, NC, Fye, and ion clustering. Addi-
tionally, ICP-AES and SEM were used to ensure the experimental eval-
uations were in line with simulation data. PDF curves showed a 1.606 A
length for Si-O bonds and a CN of 4, determining the tetrahedral for-
mation in the glass structure by the silicate network. Moreover, Li-O had
the shortest bond length among the modifying atoms of the structure,
with 1.949 A in length. The Q" distribution favored Q3 with higher Li,O
content, leading to an increasing NC, hence a more integrated structure
in the BGs. Ion clustering showed a homogeneous distribution of atoms
for moderate LioO contents in BGs; therefore, 45-L5 was considered a

Next Materials 13 (2026) 103409

Fig. 8. SEM micrographs of the 45-L5 sample after 14 days of immersion in SBF
with magnifications of (a) 3 kx, (b) 5 kx, and (c) 10 kx.

promising candidate according to MD results to have controlled and
balanced release of ions in the SBF. In addition, ICP-AES analysis showed
that the Si ion release rate was reduced with higher Li>O content during
the 24 h SBF immersion, and pH values of the SBF were increased;
meanwhile, the SEM images of 45-L5 revealed the formation of an
apatite-like Ca-P surface layer on the surface of the sample after 14 days
of immersion in SBF, indicating sustained ion release and bioactivity.
Taken together, the dissolution of the BGs in the physiological envi-
ronment leads to a beneficial role in designing valuable biomaterials for
TE applications. Overall, based on the MD simulations data and exper-
imental evaluations, 5 mol% of LioO substitution for NayO in the
composition of 45S5 bioglass was expected to have favorable results of
degradability and bioactivity, therefore making this glass a promising
candidate to be used in TE and biomedical applications.
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