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Abstract  This study presents a templating strategy 
using sodium carboxymethylcellulose (CMC), a bio-
degradable and biocompatible polysaccharide, to syn-
thesize porous SiO2–CaO–P2O5–Na2O bioactive glass 
via the sol–gel method. CMC was selected because 
its hydrophilic and film-forming properties facili-
tate homogeneous gelation, and its complete thermal 

decomposition during calcination leaves intercon-
nected pores that enhance scaffold bioactivity. Two 
formulations, CMC5 and CMC10, were prepared 
by incorporating 5 wt.% and 10 wt.% CMC into the 
sol, enabling evaluation of template concentration on 
structure and performance. Characterization revealed 
that CMC templating increased porosity and pore vol-
ume without altering the glass chemistry, while XRD 
confirmed changes in crystallinity with higher CMC 
content. Mechanically, CMC5 achieved improved 
compressive strength (3.6  MPa) and modulus 
(2.1 MPa) compared to pure BG, aligning with can-
cellous bone requirements. In vitro tests demonstrated 
enhanced hydroxyapatite formation in simulated body 
fluid and high cell viability in MC3T3 cultures, par-
ticularly for CMC5. These findings highlight CMC 
templating as a simple and effective approach to tune 
porosity and performance of sol–gel bioactive glass 
for bone tissue engineering applications.
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Introduction

Bioactive glasses (BGs) are widely studied for bone 
tissue engineering because of their ability to bond 
with bone and stimulate cellular responses (Jones 
2015). Their performance is strongly influenced 
by porosity and surface area, which enhance ion 
exchange and support cell proliferation. However, 
achieving interconnected three-dimensional pore 
structures while retaining sufficient strength remains 
a challenge, as increased porosity often reduces 
mechanical stability and can cause stress-shielding 
effects (Dutta et  al. 2017). To overcome these limi-
tations, templating methods have been developed to 
introduce controlled porosity. Sacrificial templates 
such as bacterial cellulose, cellulose nanofiber, PEG, 
rice husk, and sugarcane bagasse have been used to 

create porous BG scaffolds with improved intercon-
nectivity (Gupta et al. 2015; Hu et al. 2022; Lei et al. 
2012; Luo et al. 2016; Qian et al. 2009; Sarmast Sh 
et  al. 2022; Wu et  al. 2009). While effective, these 
approaches often suffer from poor reproducibility or 
limited control over pore morphology. Thus, there 
remains a need for simple, low-cost, and reliable tem-
plating strategies.

Sodium carboxymethylcellulose (CMC) is a 
hydrophilic macromolecule with significant potential 
for various medical and pharmaceutical applications. 
CMC synthesis involves cellulose’s swelling with 
sodium hydroxide, followed by an alkali-catalyzed 
reaction with chloroacetic acid (Sudhakar et al. 2006; 
Babaluei et  al. 2023; Rimpy and Ahuja 2022). It is 
used in tissue regeneration because of its outstanding 
properties, including biodegradability, non-toxicity, 
biocompatibility, film-forming capabilities, and pH 
sensitivity (Babaluei et  al. 2023; Hu et  al. 2018). 
Recent studies have demonstrated various applica-
tions and impacts of CMC in sol–gel processes. CMC 
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plays a crucial role in sol–gel systems by mediating 
polymer interactions, phase separation, and electro-
static balance. For example, its incorporation with 
protonated polyethyleneimine via CO2 leads to poly-
electrolyte complex gels with controlled structural 
organization (Huang et al. 2024). In spray-dried silica 
systems, CMC combined with surfactants acts as a 
structure-directing agent that governs crystallization 
and phase formation (Albar et al. 2023). Likewise, in 
ZnO/SiO2 sol–gel spray drying, CMC actively tailors 
particle morphology and surface chemistry, thereby 
influencing photoluminescence and crystallization 
behavior (Ajiz et al. 2023).

Despite these advantages, systematic evaluation of 
CMC templating on sol–gel templated BG remains 
limited. In this study, we investigate the effect of 
adding sodium CMC at two concentrations (5% and 
10% w/v) on the morphology, porosity, crystallinity, 
mechanical strength, in-vitro bioactivity, antibacterial 
activity, and cell viability of SiO2–CaO–P2O5–Na2O 
BG. By elucidating the role of CMC in modulating 
both structural integrity and biological response, this 
study establishes a simple and effective strategy to 
enhance the performance of sol–gel-derived bioactive 
glass scaffolds for cancellous bone applications.

Materials and methods

Materials

Tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 98%), 
triethyl phosphate (TEP, C6H15O4P, 99%), calcium 
nitrate tetrahydrate (Ca(NO3)2·4H2O, 99%), and 
sodium nitrate (NaNO3, 99%) were purchased from 
Merck (Germany). Sodium carboxymethylcellulose 
(CMC, degree of substitution 0.7, MW ~ 90,000  g/
mol) was obtained from Aprin Advanced Technolo-
gies Development (Tehran, Iran) and used as a sacri-
ficial template. All reagents were of analytical grade 
and used without further purification.

Synthesis of bioactive glass (BG) and 
CMC‑templated BG

The SiO2–CaO–P2O5–Na2O glass (BG) was synthe-
sized by a sol–gel route (nominal molar composi-
tion: 60SiO2–30CaO–6P2O5–4Na2O, mol%). TEOS 
was hydrolyzed in ethanol and deionized water with 

HNO₃ as a catalyst (pH ~ 2). TEP was then added 
dropwise, followed by Ca(NO3)2·4H2O and NaNO3 
under continuous stirring for 1  h. The solution was 
allowed to gel at room temperature and aged for 72 h. 
Drying was carried out at 60 °C for 24 h. The process 
is illustrated in Fig. 1.

The carboxymethyl cellulose (CMC) used in this 
study was obtained in powder form (Aprin Advanced 
Technologies Development, Tehran, Iran) and 
employed as a sacrificial template. Samples were 
designated as CMC5 and CMC10, where the num-
ber indicates the weight percentage (wt.%) of CMC 
added to the bioactive glass sol (5 wt.% and 10 wt.%). 
For synthesis, the desired amount of CMC pow-
der was directly dispersed into the freshly prepared 
BG sol and stirred for 1 h to obtain a homogeneous 
BG–CMC sol. After gelation and drying, the samples 
were calcined at 750 °C for 9 h. During this process, 
the incorporated CMC underwent complete thermal 
decomposition, resulting in the formation of intercon-
nected pores within the glass matrix. This templating 
effect of CMC was utilized to control the porosity and 
microstructure of the scaffolds. The aging and sin-
tering conditions were maintained identical to those 
applied to the pure BG samples.

Characterization

Functional groups were analyzed by FTIR spec-
troscopy (Spectrum 100, Perkin Elmer) over 
4000–500  cm−1 with a resolution of 2  cm−1 (120 
scans). Samples were mixed with KBr (300 mg) and 
pressed into pellets. Peaks were identified in both the 
functional group and fingerprint regions.

The morphology was examined using a Scanning 
Electron Microscope (S-3400N, Thermo Scientific, 
USA). The scan was performed at an accelerat-
ing voltage of 20  kV. Prior to imaging, all samples 
were sputter-coated with a thin conductive layer of 
gold (Au) to prevent charging effects. SEM micro-
graphs were acquired at a magnification of 1000 × , 
while inset images were recorded at 5000 × to high-
light finer surface features. In conjunction with SEM 
imaging, Energy Dispersive X-Ray (EDX) analysis 
(Oxford Instruments, Max 20, UK) was carried out to 
determine the elemental composition of the samples, 
namely the Si, Ca, P, Na, and O.

Crystalline phases were analyzed using an X-ray 
Diffractometer (X’Pert Pro PANalytical, PW 3040/60, 
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Netherlands) equipped with a Cu radiation source oper-
ated at 40 kV and 40 mA over the 2θ range of 20–70°. 
A Ni filter was used to suppress Cu Kβ radiation. 
Therefore, the diffraction patterns contained the Cu 
Kα doublet (Kα1/Kα2) with an effective wavelength of 
1.5418 Å.

Prior to phase identification, background correction 
was applied to reduce diffuse scattering contributions 
and improve peak visualization. The diffraction peaks 
were indexed according to the standard PDF database, 
and the major crystalline reflections were assigned 
to sodium calcium silicate (Na2Ca2Si3O9, combeite 
phase).

The crystallite size was determined by the Scherrer 
(1918) Eq. (1), where K = 0.9, λ = 0.15418 nm, β is the 
full width at half maximum (FWHM) in radians, and 
the Bragg angle θ must be supplied in accordance with 
the method of determining its cosine value.

Crystallinity (%) was estimated from the ratio of the 
integrated crystalline peak area ( Ac ) to the total dfracted 
area ( Ac + Aa ) after baseline correction (Eq. 2):

(1)Crystallite Size =
K�

�Cos�
.

where Ac represents the crystalline peak area and Aa 
corresponds to the amorphous halo contribution.

Porosity and apparent density of the BG samples, 
before and after templating, were measured using 
the ethanol displacement method described by Guan 
et  al. (2005). The initial sample weight (Wi) was 
recorded, then the sample was immersed in a known 
volume of ethanol (V1) for 15 min to fill the pores. 
The combined volume of ethanol and sample (V2) 
and the remaining ethanol volume after removal 
(V3) were measured. Porosity and density were cal-
culated as described by Wang et al. (2016):

Pore volume, specific surface area, and average 
pore size of the BG samples were determined via 
BET analysis (Quantachrome, Autosorb-1, USA). 
Porosity before and after templating was estimated 

(2)%Crystallinity =
Ac

Ac + Aa
× 100

(3)%Porosity =
V1 − V3

V2 − V3
× 100

(4)Density =
Wi

V2 − V1

Fig. 1   Graphical abstract
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using nitrogen adsorption/desorption processes. The 
samples underwent two-stage degassing processes 
to remove moisture, i.e. first at 90  °C for 60  min, 
then at 250  °C for 540  min, both at 10  °C/min. 
Measurements were performed under vacuum in a 
nitrogen environment at 77 K.

The swelling experiment involved submerging 
the disc-shaped samples of BG in distilled water. 
The disc-shaped sample was placed in a polyethyl-
ene bottle containing 25  ml of distilled water and 
placed in an incubator at 37 °C for a week without 
agitation. At regular intervals, the disc was taken 
out of the container, and any excess water was gen-
tly removed by wiping the surface with tissue paper. 
The extent of swelling, or changes in the shape of 
the disc sample, was measured. Equation  (5) was 
used to determine the water intake, where Mi rep-
resents the initial mass of the sample, and Mf repre-
sents the final weight of the sample.

Cylindrical specimens for mechanical testing 
were prepared by wet pressing the BG powders 
into cylindrical molds (5.0 ± 0.5  mm diameter and 
10 ± 0.5 mm height), followed by drying at 40 °C to 
obtain dense sample. The compressive mechanical 
properties were then measured according to ASTM 
D638 (Type V) using a universal testing machine 
(Instron 3365, Instron, America) equipped with a 50 
N load cell at a crosshead speed of 5 mm/min.

Bioactivity was assessed by monitoring apatite 
formation on BG surfaces in simulated body fluid 
(SBF) prepared according to Kokubo and Takadama 
(2006) and ISO 23317–2007. Samples were incu-
bated at 37  °C in 32  mL of SBF for 1, 7, 14, 21, 
and 28 days. Two different treatments were applied 
to each sample:

“NR” (non-refreshment): No SBF solution was 
replaced or adjusted throughout the experiment.

“R” (refreshment): SBF solutions were refreshed 
every 24 h to maintain a pH of 7.42.

After incubation, samples were rinsed, dried, 
and analyzed for presence of hydroxyapatite using 
SEM (S-3400N, Thermo Scientific, USA) and 
XRD (X’Pert Pro PANalytical, Netherlands). Ion 
release (e.g., Ca) was quantified via ICP-OES 

(5)ΔW% =
Mf −Mi

Mi
× 100

(PerkinElmer® Optima 7300 DV, USA) using fresh 
SBF as a control.

In-vitro degradation study of the BGs was per-
formed in PBS solution at pH 7.4 and 37  °C for 
a week. Initially, the weight of each specimen 
was measured. Then, the samples were carefully 
removed from the media, washed with distilled 
water, and dried in a desiccator for 24  h at room 
temperature. Mi and Mf denoted the initial and final 
weight of the dried samples at each sampling time, 
respectively. Equation (7) was used to calculate the 
degradation:

The disk shape specimens with a diameter of 
10 ± 2 mm and height of 2 ± 1 mm were prepared as 
recommended in ISO 23317–2007 for bioactivity and 
biodegradation measurement.

In-vitro antibacterial activity of BG samples was 
tested against S. aureus (ATCC® 6538, Gram-pos-
itive) and E. coli (ATCC® 8739, Gram-negative). 
Bacteria were cultured in NB or LB broth, serially 
diluted to ~ 108 CFU/mL, and 10 mg of UV-sterilized 
samples were incubated with 1 mL of bacterial sus-
pension at 37 °C and 150 rpm for 18 h. Optical den-
sity at 600  nm (ODs) was measured, and bacterial 
inhibition (%) was calculated as:

Cell viability was evaluated using an MTT assay 
with MC3T3 mouse embryonic fibroblasts (Cia-
petti et  al. 1993; Mukundan et  al. 2013; Rezaeipour 
et al. 2023). Approximately 7 × 103 cells were seeded 
per well in 96-well plates and incubated for 24 h to 
allow attachment. The culture medium was then 
replaced with 100  µL of sample extracts prepared 
by incubating 0.1  g of BG or BG–CMC in DMEM 
at 37 °C overnight, diluted to 25%, 50%, and 100%. 
After 24 h incubation at 37 °C with 5% CO2, 10 µL 
of MTT solution (5  mg/mL in PBS) was added to 
each well to achieve a final concentration of 0.5 mg/
mL, followed by 3  h incubation. The medium was 
removed, and 100 µL of DMSO was added to dissolve 
the formazan crystals. Absorbance was measured at 
570 nm using a microplate reader, and cell viability 

(6)Degradation% =
Mi −Mf

Mi
× 100

(7)Bacterial inhibition% =
ODc − ODs

ODc
× 100
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(%) was calculated relative to the untreated control 
after blank correction:

The data were analyzed using one-way ANOVA 
with Holm-Bonferroni post-hoc analysis. The values 
presented are means ± standard deviation for three 
independent replicates, and statistical significance was 
denoted as *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.

Results and discussion

Fourier transform infrared (FTIR) spectroscopy.

The FTIR spectra of BG, CMC5, and CMC10 confirmed 
the characteristic of silicate and phosphate bands typical 

(8)

Cell Viability% =
Absorbance sample(mean)

Absorbance control(mean)
× 100

of sol–gel BG (Fig.  2, Table  1) (Haghighi et  al. 2021; 
Sarmast Sh et  al. 2023). The broad absorption band 
in the range of 3000–3500  cm⁻1 corresponds to O–H 
stretching vibrations. This peak originates from surface 
hydroxyl groups (≡Si–OH) and adsorbed water mol-
ecules remaining after sol–gel synthesis, as commonly 
reported for sol–gel-derived bioglasses (Zeitler and Cor-
mack 2006; Dubey et  al. 2021). The slight shift of the 
band toward ~ 3000 cm⁻1 is attributed to strong hydrogen 
bond between hydroxyl groups, resulting in band broad-
ening. These surface silanol groups are important, as 
they serve as nucleation sites for hydroxyapatite forma-
tion during immersion in simulated body fluid (Kokubo 
and Takadama 2006; Gupta and Santhiya 2017).

Morphology analysis

The SEM–EDX analysis provided insights into the 
microstructure and elemental composition of BG 

Fig. 2   FTIR spectra of pure BG and BG-CMC
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and BG-CMC. The pure BG sample displayed a 
uniform, dense, flaky and compact morphology. In 
contrast, the addition of 5 wt.% CMC resulted in a 
more uniform distribution of smaller particles and a 
refined porous structure (Fig. 3b). The SEM image of 
CMC10 showed larger, more spherical particles and 
smoother surfaces, indicating the templating effect of 
CMC (Fig. 3c).

Variations in surface morphology and porosity 
are closely associated with the influence of CMC on 
the sol–gel process and gelation behavior of the BG 
matrix. As a water-soluble polymer, CMC forms a 
gel-like network in solution and interacts with Ca2+ 
ions and bicarbonate species during sol formation, 
affecting the organization of the developing gel. The 
incorporation of 5% CMC likely enhanced these 
interactions, promoting greater pore interconnectiv-
ity and overall porosity. In contrast, lower CMC con-
tents produced smaller pore diameters and a more 
compact network, consistent with the microstructural 
observations (Bi et al. 2020; Silva et al. 2021). Dur-
ing methylcellulose hydrolysis with HNO3, the pref-
erential attack on amorphous regions and expansion 
of crystalline domains may have induced structural 
rearrangement within the cellulose matrix (Silva et al. 
2021), further influencing pore evolution. At higher 
CMC concentrations, its pronounced thickening effect 
led to a denser gel and smoother surface, as observed 
in the CMC10 sample. Such structural differences are 

expected to influence subsequent ion exchange, apa-
tite nucleation, and mechanical integrity, highlighting 
the critical role of CMC content in tuning the micro-
structure and performance of sol–gel-derived bioglass 
scaffolds.

The EDX analysis confirmed the presence of key 
components such as silica (Si), sodium (Na), and 
calcium (Ca) in all samples. The detected amount of 
SiO2 in BG, CMC5, and CMC10 was 40.9%, 42.15%, 
and 41.51%, respectively. These slight deviations in 
the elemental composition compared to the elements 
in 45S5 Bioglass® suggest that incorporating CMC 
does not significantly alter the elemental composition 
but rather improves the structural properties of the 
bioglass.

Porosity and density analyses

Porosity is a critical parameter in scaffold design, 
governing cell attachment, nutrient diffusion, and 
vascularization. As shown in Fig.  4, the porosity 
values were approximately 52.5% for BG, 60% for 
CMC5, and 58% for CMC10, with corresponding 
apparent densities ranging from 0.86  g/cm3 (BG) to 
0.93–0.96 g/cm3 for the BG-CMC samples. Although 
the BG–CMC samples exhibited higher average 
porosity and density values than pristine BG, the 
relatively large standard deviations indicate substan-
tial variability between samples. Therefore, these 

Table 1   FTIR characteristic bands of the synthesized BG

* This vibrational mode is associated with the presence of Ca2+ and Na+ among the tetrahedron glass network
** These Vibrational modes are assigned to the symmetric Si–O–Si stretching vibration in crystalline silicate SiO4

4−

Band number (cm−1) Vibration mode References

600–610 P–O bending vibrations in PO4
3− groups  Sarmast Sh et al. 

(2023)
703–703 **Symmetric Si–O–Si streching vibrations  Haghighi et al. 

(2021)
805–804 Attributed to BO (bridging Oxygen)  Haghighi et al. 

(2021)
930 **Symmetric Si–O–Si streching vibrations  Haghighi et al. 

(2021)
933 *Si–O–2NBO (non-bridging oxygen) stretching vibrations  Sarmast Sh et al. 

(2022)
1085–1061 Asymmetric stretching of bridging oxygen  Haghighi et al. 

(2021)
1210–1216 P═O Stretching vibrations  Sarmast Sh et al. 

(2023)
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differences should be interpreted cautiously. The error 
bars shown in Fig. 4 represent the standard deviation 
(mean ± s.d.).

This trend may reflect partial particle rearrange-
ment and compaction during the thermal degradation 
of the CMC template, which facilitates closer packing 
of the bioglass network. Such behavior suggests that 

templating with CMC influences scaffold architecture 
without substantially altering bulk density.

BET analysis (Table 2) revealed that incorporat-
ing 5 wt.% CMC into the sol approximately dou-
bled the average pore size while reducing the sur-
face area by ~ 20% compared to 45S5 Bioglass®. 
The surface areas of BG (5.459  m2/g) and CMC5 

Fig. 3   SEM and EDX of a BG b CMC5 and c CMC10
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(3.836  m2/g) remained higher than that of 45S5 
Bioglass® (2.7  m2/g; Jones 2015), indicating that 
moderate CMC addition enhances pore develop-
ment without severely compromising surface area. 
The observed reduction in surface area, despite the 
increase in pore size, is likely due to partial coales-
cence or collapse of smaller pores during heat treat-
ment, leading to a more open but less finely struc-
tured texture.

According to IUPAC classification, both BG and 
CMC5 are macroporous structures (Baino et  al. 

2016). This can be attributed to the sol–gel syn-
thesis route and thermal degradation of the CMC 
template, which together promote the formation of 
uniformly sized pores during calcination. Moreover, 
SEM micrographs (Fig.  3) revealed interconnected 
macropores (> 100  µm), particularly in CMC5, 
aligning with the overall porosity range (52–60%) 
obtained from ethanol displacement. Such macro-
architectural features are beneficial for cell infiltra-
tion and vascularization, consistent with the struc-
tural requirements of cancellous bone scaffolds 
(Dubey et al. 2021; Szczodra et al. 2023). Click or 
tap here to enter text. Click or tap here to enter text.

Crystallinity analysis

The XRD patterns of BG, CMC5, and CMC10 scaf-
folds are presented in Fig. 5a. The diffraction profiles 
exhibited broad amorphous features together with 
several low-intensity crystalline reflections, indicating 

Fig. 4   Porosity and density comparision

Table 2   The results of BET analysis of BG and BG-CMC5 
Scaffold

Samples Surface area 
(m2/g)

Total pore vol-
ume (cm3/g)

Pore size (nm)

BG 5.459 0.217 79.50
CMC5 3.836 0.325 169.32



	 Cellulose

Vol:. (1234567890)

partial crystallization of the bioglass system after heat 
treatment. A broad diffuse hump was observed between 
approximately 22° and 37° (2θ), corresponding to 

the amorphous silica-rich glass network commonly 
reported for bioactive glass materials (Jones 2015).

Several crystalline reflections were observed 
near 32–35° (2θ), which are consistent with sodium 

Fig. 5   a X-ray diffraction (XRD) patterns of BG, CMC5, and 
CMC10 scaffolds showing the amorphous halo and crystal-
line reflections tentatively attributed to Na₂Ca₂Si₃O₉-related 
crystalline domains. The major diffraction features near 32°, 
33°, 35°, 44°, 49°, and 60° (2θ) are indicated for clarity. b 
Crystallinity (%). c Crystallite size of the fabricated scaffolds. 

Crystallinity was determined from the ratio of crystalline peak 
area to the total diffracted area after baseline correction. Sta-
tistical analysis was performed using one-way ANOVA with 
Holm–Bonferroni post-hoc test (n = 3). Data are presented 
as mean ± standard deviation. *P ≤ 0.05, **P ≤ 0.01, and 
***P ≤ 0.001
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calcium silicate (Na2Ca2Si3O9)-related crystalline 
domains commonly reported in partially crystallized 
45S5-derived bioactive glass systems (Hench and 
Jones 2015; Sugumaran et  al. 2024). However, due 
to the partially amorphous nature of the samples and 
the broad diffraction features, the phase assignment 
was considered tentative. Only the major reproduc-
ible peaks were considered for phase interpretation to 
avoid overestimation of low-intensity statistical noise.

The calculated crystallinity values were approxi-
mately 40%, 30%, and 27% for BG, CMC5, and 
CMC10, respectively (Table 3 and Fig. 5b). The grad-
ual reduction in crystallinity with increasing CMC 
concentration suggests that the polymeric template 
inhibited crystal nucleation and growth while promot-
ing retention of the amorphous glassy phase. Dur-
ing thermal decomposition, CMC generates gaseous 

products and additional porosity within the scaffold 
structure, thereby increasing structural disorder and 
limiting long-range atomic rearrangement required 
for crystal growth. Similar reductions in crystallin-
ity and mixed amorphous/crystalline behavior have 
also been reported in 45S5 bioactive glass systems 
prepared under different processing conditions (Sugu-
maran et  al. 2024). Comparable observations were 
previously reported for porous bioactive glass and 
glass–ceramic systems containing polymeric pore-
forming agents (Wu et al. 2011; Baino et al. 2018).

The crystallite sizes estimated using the Scherrer 
equation were approximately 29 nm for BG, 28 nm 
for CMC5, and 35  nm for CMC10 (Table  3 and 
Fig. 5c). The slightly larger crystallite size observed 
for CMC10 may be associated with localized crys-
tal coarsening within isolated crystalline regions 
despite the overall reduction in bulk crystallinity.

Swelling profile

Swelling behavior critically affects scaffold per-
formance by governing fluid transport, nutrient 
exchange, and degradation kinetics (Aki et  al. 
2020; Zeitler And Cormack 2006). As shown in 

Table 3   The crystallinity and crystallite size of BG and BG-
CMC samples

Sample name Crystallinity% Crystallite size (nm)

BG 40.27 ± 0.15 28.88 ± 2.41
CMC5 30.50 ± 0.57 28.52 ± 0.30
CMC10 27.14 ± 0.35 34.89 ± 0.06

Fig. 6   Swelling profiles 
of bioglass before and 
after templating. Statistical 
tests used were a one-way 
ANOVA with Holm-
Bonferroni post-hoc (n = 3). 
Values are means ± s.d. for 
three independent replicates
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Fig.  6, BG and CMC5 exhibited the highest water 
uptake on day 4, with rates of 16.79% and 11.2% 
per day, respectively, and corresponding discharge 
rates of 4.5% and 3.6% per day. In contrast, the 
CMC10 swelled throughout the observation periods 
at an average rate of 16.67% per day. The markedly 
higher swelling in CMC10 is attributed to its lower 
degree of crystallinity and crosslinking, which facil-
itates greater water penetration into the BG network 
(Rimpy And Ahuja, 2022). These structural effects 
enable efficient swelling–deswelling dynamics and 
enhance fluid convection within the scaffold (Dubey 
et al. 2021; Szczodra et al. 2023).

Mechanical properties

Mechanical properties are critical for evaluating 
the regenerative potential of scaffolds, particularly 
for bone repair. A range of factors including pore 
size, homogeneity, morphology, and configuration, 
strongly influence the scaffold’s mechanical perfor-
mance (Dubey et  al. 2021). Compressive strength 
defined as the maximum stress sustained before 
fracture or a sharp stress drop, is a key indicator of 
load-bearing capacity (Kane and Roeder 2012). Fig-
ure  7a–c presents the stress–strain curves, compres-
sive strength, and Young’s modulus for BG, CMC5, 
and CMC10 scaffolds. The maximum stress values 
extracted from the curves were 3.07 ± 0.65  MPa 
(BG), 4.24 ± 0.58 MPa (CMC5), and 8.36 ± 0.72 MPa 
(CMC10), confirming significant enhancement with 
CMC addition.

The compressive stress–strain relationship 
(Fig.  7a) illustrates the elastic behavior of the scaf-
folds under load, where the samples initially undergo 
elastic deformation and store energy before fracture. 
Compressive strength was determined as the maxi-
mum stress value before the stress drop on the curve, 
representing the load-bearing limit of each scaffold. 
Effective energy dissipation within the intercon-
nected pore structure is essential for maintaining 
mechanical integrity under compression (Yadav And 
Maji 2019; Zamani et al. 2019). The maximum com-
pressive strengths recorded from the curves were 
3.07 ± 0.65 MPa for BG, 4.24 ± 0.58 MPa for CMC5, 
and 8.36 ± 0.72  MPa for CMC10, corresponding to 
strain-to-failure values of approximately 35%, 25%, 
and 18%, respectively. These results confirm a signifi-
cant enhancement in mechanical performance with 

CMC addition, which can be attributed to hydrogen 
bonding between hydroxyl (–OH) groups of methyl-
cellulose and silanol (Si–OH) groups on the bioglass 
surface, as well as interchain cross-linking during 
the sol–gel process (Rimpy and Ahuja, 2022). The 
compressive strength values of the bioglass scaffold, 
before and after templating, fall within the compres-
sive strength range of cancellous, trabecular, and tib-
ial bones as shown in Table 4.

SEM analysis (Fig.  3) revealed interconnected 
macropores (> 100 µm) for both CMC5 and CMC10 
scaffolds, consistent with enhanced pore interconnec-
tivity seen in BET results. CMC addition increased 
the average pore size from 79.5 nm (BG) to 169.3 nm 
(CMC5), and extrapolated data for CMC10 suggest a 
further increase to ~ 360 nm, with total pore volume 
rising to ~ 0.488  cm3/g and surface area decreas-
ing to ~ 2.69  m2/g. Such textural evolution improves 
energy dissipation pathways within the scaffold, 
thereby sustaining higher compressive stress prior to 
failure (Eqtesadi et al. 2015).

The elastic modulus is a critical parameter in 
evaluating the biomechanical performance of a 
bone implant, as a higher elastic modulus indicates 
increased resistance to deformation. Matching the 
scaffold’s stiffness with that of the host tissue facili-
tates stress transfer along the interface zone, leading 
to stable bonding and osteointegration. The Young’s 
modulus values (Fig.  7c) were 0.21 ± 0.04  MPa 
(BG), 2.1 ± 0.31  MPa (CMC5), and 5.5 ± 0.45  MPa 
(CMC10). Generally, the increase in stiffness with 
higher CMC content is consistent with the observed 
rise in density and reduced porosity, indicating more 
compact strut structures and fewer voids for defor-
mation. Matching the scaffold’s stiffness with that of 
cancellous bone facilitates stress transfer and osteoin-
tegration (Baino and Fiume 2019; Hu et al. 2017).

In‑vitro biomineralization study

Morphology

The bioactivity of bioglass was evaluated using an 
in-vitro test, where the BG material was immersed 
in a simulated body fluid (SBF) solution at 37 °C for 
28 days. Samplings were collected at specified inter-
vals. The presence of HA was screened by analyz-
ing SEM images of the sample surfaces. Figures  8 
and 9 illustrated the formation of the appetite layers 
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Fig. 7   a stress- strain 
behavior b compressive 
strength and c young modu-
lus of the Samples. (n = 5). 
Statistical tests used were 
a One-way ANOVA with 
Holm-Bonferroni post-hoc. 
Values are means ± s.d. for 
three independent replicates 
***P ≤ 0.001
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on the BG and BG-CMC surfaces after immersion in 
the SBF for 14 days. Both the BG and CMC5 sam-
ples exhibited microcracks after 14 days, which were 
attributed to physical and chemical reactions between 
the sample surfaces and the SBF solution, primarily 
driven by water erosion and ion exchange processes 

(Luo et  al. 2016). Additionally, both samples were 
coated by a non-uniform hydroxyapatite (HA) layer, 
with the R-sample showing a lower density compared 
to the NR-sample (Figs. 8a, b and 9a, b). As the min-
eral layer densified, the HA crystal slowly filled the 
microcracks. Across all samples, PO4

3− and Ca2+ ions 

Table 4   Compressive strength of BG and BG-CMC scaffolds in comparison with stress ranges of natural bones

Samples Compressive 
strength (MPa)

Bone category (stress range, MPa) References

BG 3.07 ± 0.65 Cancellous bone (1.5–45)  Baino And Fiume 2019; Ramlee et al. 2019; Szczodra 
et al. 2023CMC5 4.24 ± 0.58 Cancellous / lower Trabecular bone (2–12)

CMC10 8.36 ± 0.72 Lower trabecular (2–12)

Fig. 8   SEM–EDX images of SBF—non-refreshment (NR-Sample) a BG b CMC5 c CMC10
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diffused through the porous silica gel layer into the 
simulated body fluid (SBF), leading to ionic super-
saturation and the subsequent formation of water-rich 
CaO–P2O5 sediments that coated the silica gel layer 
(Chen et al. 2018). After 28 days of immersion under 
non-refreshment conditions (NR-Samples), the sur-
faces of both the BG and CMC5 samples were fully 
covered with HA crystals (Fig. 8a), with CMC5 sam-
ple exhibited a denser and more uniform HA layer 
compared to BG and CMC10 (Fig. 8b).

In contrast, under constant pH conditions (R-sam-
ples), none of the samples developed a fully dense 
HA coating (Fig. 9). This suggests that while pH sta-
bilization may promote HA formation, the develop-
ment of a continuous and stable layer likely requires 
a longer immersion period (López-Ortiz et al. 2020; 
Sarmast Sh et  al. 2023). Furthermore, CMC10 

exhibited minimal HA deposition under both NR and 
R conditions, indicating that the surface characteris-
tics of CMC10 samples which are bulky and dense 
inhibited the nucleation and growth of HA crystals 
(Eqtesadi et al. 2015). Since the rate of mineral depo-
sition is closely associated with the material’s bioac-
tivity, the reduced HA formation on CMC10 reflects 
its lower bioactivity (Gupta and Santhiya 2017; 
Moghanian et al. 2021).

Energy-dispersive X-ray (EDX) analysis after 
28 days in SBF (Figs. 8 and 9) confirmed the forma-
tion of bone-like apatite, as evidenced by the pres-
ence of Si, P, Ca, and O peaks. The stoichiometric 
Ca/P ratio of natural HA (Ca₅(PO₄)₃(OH)) is 1.67 
(Hu et al. 2022). Over time, the accumulation of Ca 
and P ions on the glass surface supports the forma-
tion of bioactive mineral phases conducive to bone 

Fig. 9   SEM–EDX images of SBF refreshment (R-Sample) a pure BG b CMC5 c CMC10
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Fig. 10   a pH evaluations 
profile b Ca concentra-
tion of NR- sample c Ca 
concentration of R-sample 
after immersion in SBF for 
28 days
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Fig. 11   XRD of a NR-samples b R-samples incubated in simulated body fluid for 28 days
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regeneration. The Ca/P ratios for the samples, pre-
sented in Table 4, highlight the significant influence 
of CMC templating on calcium-phosphate deposi-
tion. Notably, the CMC5 sample exhibited a higher 
Ca/P ratio, indicating enhanced uptake of calcium 
and phosphate ions from the SBF and promoting 
more robust HA formation compared to other sam-
ples. Overall, NR samples demonstrated higher 
Ca/P ratios than their R counterparts, which can be 
attributed to the absence of SBF refreshment and the 
resulting gradual pH increase. This condition likely 
facilitated prolonged ion exchange and allowed suffi-
cient time for the transformation of newly deposited 
mineral phases into a denser, more stable HA layer 
(López-Ortiz et al. 2020; Sarmast Sh et al. 2023).

Evaluation of pH values and ion concentration

Figure 10a illustrates the pH variation of NR-Samples 
during the immersion time. The NR samples exhibited 
pH variation (∆pH) ranging from 0.46 to 0.82. BG and 
CMC5 samples showed a sharp pH increase within the 
first seven days, followed by a transient drop on day 7 
and a gradual rise over the subsequent three weeks. In 
contrast, CMC10 displayed an initial increase, fluctu-
ating between days 7 and 21, before reaching its peak 
in the final week. These fluctuations are attributed to 
differences in the Ca2+ ions release among the sam-
ples (Anand et al. 2022; Luo et al. 2022).

Figure 10b shows that the calcium ion release pro-
files of BG and CMC5 under non-refreshment (NR) 

conditions closely resemble those of 45S5 Bioglass®, 
supporting its use as a reference material (Wajda And 
Sitarz 2018). The alignment between calcium ion con-
centration and pH trends suggests a strong correlation, 
likely due to the disordered atomic structure of sol–gel-
derived bioglass, which facilitates ion release compared 
to crystalline materials (Li et al. 2019). Among the NR 
samples, CMC5 exhibited the highest Ca2+ release, 
attributed to its enhanced porosity and surface area 
resulting from templating process (Ramlee et al. 2019).

In contrast, R-samples showed lower initial Ca2⁺ 
concentrations (Fig. 10c), with a gradual increase over 
time. While BG maintained a similar trend to its NR 
counterpart, CMC5 and CMC10 displayed a steady 
rise in ion release throughout the 28  day period. All 
samples reached a near-constant Ca2+ release rate dur-
ing the final week. These findings indicate that con-
stant pH conditions promote sustained ion diffusion 
but may delay the formation of a dense HA layer. XRD 
analysis supports this, showing that while constant pH 
facilitates CaO–P2O5 layer formation, it may inhibit 
complete HA crystallization within 28 days. This sug-
gests that the initial stages of the bone-bonding process 
occur within this timeframe for BG and CMC5 under 
NR conditions (Luo et  al. 2022). CMC10 exhibited 
distinct behavior compared to other samples, show-
ing the lowest pH and calcium ion variation in both 
NR and R groups. Unlike BG and CMC5, CMC10 did 
not follow the expected progression of the initial four 
stages of the bone-bonding process within the 28 day 
period. This deviation is likely due to its lower poros-
ity and smoother surface, which limit ion exchange and 
hinder HA formation. Additionally, reduced calcium 
availability from the bulk material may further restrict 
HA layer development, resulting in higher residual cal-
cium ion concentrations in the surrounding medium 
(Hu et al. 2022; Luo et al. 2022).

Crystallinity analysis

Figure  11 presents the XRD patterns of NR and R 
samples. Comparison with the Joint Committee on 
Powder Diffraction Standards (JCPDS #09–0432) 
confirms the presence of hydroxyapatite (HA) phases, 
with diffraction peaks observed between 2θ = 20° 
and 70°. Characteristic reflections at 2θ = 24°, 26°, 
29°, and 32° correspond to the (002), (122), (211), 
and (310) planes of HA, while additional peaks at 
2θ = 39° and 49° represent the (222) and (213) planes, 

Fig. 12   a The biodegradation rate of BG and BG-templated 
samples within 7  days. b The average of weight loss after 
7  days. Statistical tests used were a One-way ANOVA with 
Holm-Bonferroni post-hoc (n = 3). Values are means ± s.d. for 
three independent replicates. ***P ≤ 0.001

◂

Table 5   Ca/P ratio of HA layer formation after 28  days 
immerssion in SBF solution

Ca/P Ratio

Sample name NR- samples R- samples

BG 1.65 1.62
CMC5 1.68 1.64
CMC10 1.37 1.25
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indicating the formation of stable HA crystals (Hu 
et al. 2022; Sarmast Sh et al. 2023).

Both NR and R groups exhibited (211) and (310) 
peaks across all samples. However, the (002) and (122) 
peaks were exclusive to CMC5 in both groups, while the 
(222) peak appeared only in BG and CMC5 under NR 
conditions. Notably, the (213) peak was present in all 
NR samples but was detected only in CMC5 among the 
R samples. These findings suggest that HA formation 
did not strictly follow ideal stoichiometric conditions. 
Nevertheless, the presence of additional HA reflec-
tions in CMC5 indicates that templating with 5% CMC 
enhances bioactivity and promotes the development of 
a more robust and stable HA layer under both static and 
pH-controlled conditions. Conversely, maintaining a 
constant pH of 7.42 introduced a more complex environ-
ment for BG samples, potentially due to the presence of 
additional ions or molecules within the crystalline lattice 
or on the surface. Under these conditions, the reaction 
favored acidic environments, promoting the stoichio-
metric formation of the monoclinic phase, which con-
tributes to the stabilization of HA structures commonly 
found in bone tissue (López-Ortiz et al. 2020; Sarmast 
Sh et al. 2023). SEM and EDX analyses confirmed the 
development of an HA layer in these samples. However, 
the robust HA layer observed on BG and CMC10 under 
constant pH conditions (R-samples) was not consistently 
reproduced. This suggests that SBF rehydration and pH 
stabilization may extend the time required for the trans-
formation of initial mineral deposits into a dense and 
stable HA layer (López-Ortiz et  al. 2020; Sarmast Sh 
et al. 2023; Xiao et al. 2022).

In‑vitro degradation study

Figure  12a shows the degradation profiles of BG and 
CMC samples after one week of immersion in PBS 
at pH 7.4. CMC5 and CMC10 exhibited more weight 
loss than BG, indicating higher degradation rates. BG 
showed the highest degradation on day 1, remained sta-
ble through day 6, and increased again on day 7. CMC5 
displayed fluctuating degradation, with significant mass 
loss on days 4 and 5. CMC10 showed the most rapid 
degradation within the first two days, followed by fluc-
tuations and a final increase on day 7. After one-week, 
cumulative weight loss was approximately 22% for BG, 
25% for CMC5, and 29% for CMC10.

These results highlight the influence of porosity 
and surface morphology on degradation behavior. 

The higher degradation in templated samples is 
attributed to increased porosity and surface area, 
which enhance fluid penetration and ion exchange. 
Controlling the degradation rate is critical for main-
taining scaffold stability and aligning degradation 
with new bone formation (Dubey et  al. 2021). Tai-
loring scaffold properties can help balance degrada-
tion and swelling behavior to optimize performance 
in bone tissue engineering applications (Rimpy And 
Ahuja 2022).

In‑vitro antibacterial evaluation

The antibacterial activity of BG, CMC5 and CMC10 
was evaluated against Staphylococcus aureus and 
Escherichia coli (Hu et al. 2022). The silicate-based 
bioglasses, such as 45S5 Bioglass®, exhibit anti-
bacterial properties through mechanisms such as pH 
elevation, increased osmotic pressure, and physical 
disruption of bacterial membranes by sharp particles. 
The release of Si, Ca, PO₄3−, and Na+ ions into the 
surrounding medium raises pH and osmotic pres-
sure, while calcium and alkali ions disrupt bacterial 
membrane potential, collectively inhibiting bacterial 
growth (Anand et al. 2022; Moghanian et al. 2021).

As shown in Table 6 and Fig. 13, all samples dem-
onstrated excellent antibacterial efficacy against E. 
coli than S. aureus, likely due to differences in cell 
wall structure between Gram-negative and Gram-pos-
itive bacteria (Ciołek et al. 2019; Zamani et al. 2019). 
Among the samples, CMC10 exhibited the lowest 
antibacterial activity. While BG and CMC5 showed 
similar inhibition against E. coli, CMC5 achieved 
approximately 10% higher inhibition against S. 
aureus compared to BG. This enhanced performance 
is attributed to the increased release of Ca2⁺ ions from 
the CMC5 scaffold, which contributed to its superior 
antibacterial efficacy (Table 5).

In‑vitro biological evaluation

Figure 14 shows the quantitative MTT results. A sig-
nificant increase in viability (P < 0.001) was observed 
for the 25% extracts of BG and CMC5, with cell 
viability > 90%, while CMC10 showed lower values. 
All samples exceeded 70% viability at this dilution, 
confirming their “nontoxic” classification. Although 
CMC10 possesses high overall porosity and inter-
connectivity, its larger crystallite size and reduced 
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surface area (as indicated by BET analysis) can limit 
initial cell adhesion, leading to slightly reduced via-
bility (Szczodra et  al. 2023). In contrast, the mod-
erate pore size and higher surface area of BG and 
CMC5 provided a more favorable substrate for cell 
attachment and proliferation. The reduced viability 
observed in the 100% extract is attributed to rapid 
alkali ion release and transient pH increases in vitro 
(Rezaeipour et al. 2023). However, under physiologi-
cal conditions, buffering by body fluids mitigates 
these effects. Thus, the high cell viability observed 
at 25 and 50% extract concentrations confirms the 
intrinsic biocompatibility of BG and CMC5 scaffolds 
and supports their potential for safe implantation.

Conclusion

This study presents an alternative templating 
approach using sodium methylcellulose (CMC) with 
varying weight per volume percentages (5 and 10) 
to create a porous SiO2–CaO–P2O5–Na2O bioglass 
via the sol–gel method. The addition of CMC sig-
nificantly influenced the morphology and porosity 
of the bioglass samples. The CMC5 sample exhib-
ited high porosity (56%), larger pore size (169 nm), 
and increased total pore volume (0.325 cm3/g) com-
pared to the BG sample. This can be attributed to 
the influence of CMC on the sol–gel process and 
gelation of the bioglass matrix. Additionally, the 

Fig. 13   Bacterial inhibition of E. coli and S. aureus (n = 3). Statistical tests used were a one-way ANOVA with Holm-Bonferroni 
post-hoc. P < 0.05
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CMC5 sample demonstrated excellent in-vitro bio-
activity by forming a more stable HA layer when 
immersed in SBF and exhibiting the highest anti-
bacterial efficiency. Furthermore, the templating 
process led to remarkable enhancements in the 
compressive strength and elastic modulus values 
of the produced bioglass, rendering it suitable for 

cancellous bone applications. The biocompatibility 
of all samples was confirmed through MTT assay 
assessment, indicating high cell viability and pro-
liferation for BG and CMC5. Consequently, these 
findings contribute to the utilization of the templat-
ing approach with a 5 wt.% CMC template, present-
ing a promising method for synthesizing porous 

Table 6   pH changes during bacteria inhibition

S. aureus E. coli

Sample name Initial pH Final pH Initial pH Final pH

BG 6.71 ± 0.22 9.76 ± 0.18 6.75 ± 0.10 9.76 ± 0.14
CMC5 6.71 ± 0.22 9.92 ± 0.42 6.75 ± 0.10 9.80 ± 0.51
CMC10 6.71 ± 0.22 9.35 ± 0.20 6.75 ± 0.10 9.68 ± 0.17

Fig. 14   Percentage viability of 3T3 cultured with 25%, 50% and 100% extraction of bioglass samples in 18 h. Statistical tests used 
were a One-way ANOVA with Holm-Bonferroni post-hoc. ***P < 0.001 and *P < 0.05
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bioactive glass materials. This development holds 
potential for bone tissue engineering applications.
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