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Background: Silver-doped nanostructured bioglasses have emerged as promising biomaterials for bone repair due to their 
bioactivity and potential to modulate immune–inflammatory responses. Objective: To assess immune–inflammatory modulation 
by silver-doped nanostructured bioglasses during bone repair in rat calvarial defects. Methods: In this study, nanostructured 
bioglasses were synthesized using a melt-quench method with silicon dioxide, sodium carbonate, calcium carbonate, and 
phosphorus pentoxide as precursors, followed by the incorporation of silver(I) oxide at concentrations ranging from 0.25 to 1.50 
wt%. Results: Structural characterization confirmed the amorphous nature of the materials and the homogeneous incorporation 
of silver (Ag), forming nanoscale features at the bioglass surface. Eighty male Wistar rats were subjected to critical-size 
calvarial defect surgery to evaluate tissue response, inflammatory modulation, and systemic safety after bioglass implantation. 
Histological analysis demonstrated limited residual material particles and predominantly mild inflammatory infiltrates across 
treated groups, while hepatic and renal tissues exhibited preserved histoarchitecture, confirming the absence of systemic 
toxicity. Systemic cytokine profiling revealed a concentration-dependent immunomodulatory effect. Pure bioglass (Ag-0.00) 
and high silver content (Ag-1.50) enhanced the production of anti-inflammatory cytokines interleukin-4 and interleukin-10, 
whereas intermediate Ag concentrations (Ag-0.50–0.75) selectively increased pro-inflammatory mediators, including tumor 
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1. Introduction

Bone regeneration remains a major clinical challenge, 
particularly in conditions associated with trauma, infection, 
tumor resection, or congenital defects. Effective bone healing 
depends on a tightly coordinated sequence of inflammatory, 
cellular, and remodeling events that are critically regulated by 
both innate and adaptive immune responses. Immediately after 
injury or biomaterial implantation, neutrophils and monocytes/
macrophages are rapidly recruited to the defect site, where 
they participate in debris clearance and initiate early molecular 
signaling. Although this acute inflammatory phase is essential 
for repair, excessive or prolonged inflammation can impair 
angiogenesis, osteoblast differentiation, and extracellular 
matrix deposition, ultimately compromising regenerative 
processes.1-3

Advances in osteoimmunology have demonstrated that 
bone repair relies on a finely regulated immune environment 
characterized by the dynamic interplay between pro-
inflammatory mediators, such as interleukin (IL)-6, tumor 
necrosis factor alpha (TNF-α), and interferon gamma 
(IFN-γ), and regulatory cytokines, including IL-4 and IL-10. 
Disruption of this balance may lead to persistent inflammation 
and altered tissue remodeling. An updated overview of these 
immunological mechanisms in orthopedic and regenerative 
contexts has been provided by Moldovan et al.,4 underscoring 
the importance of immune profiling in bone repair studies.

Despite significant advances in regenerative strategies, 
effective bone repair remains particularly challenging in 
scenarios involving extensive bone loss or disruption of the 
extracellular matrix. In such conditions, bone substitutes 
are required to provide temporary structural support while 
being progressively resorbed and replaced by newly formed 
bone.5-8 The success of this process depends not only on the 
intrinsic bioactivity of the material but also on its capacity 
to elicit a controlled host response. Upon implantation, 
biomaterials inevitably interact with the immune system, 
triggering nonspecific cellular responses that may support 
or impair tissue repair.9 Although numerous organic and 
synthetic bone substitutes have been developed, none fully 
satisfy the criteria required for predictable and reproducible 

bone regeneration, highlighting the need for experimental 
approaches capable of systematically assessing host–material 
immune interactions.3,10

Within this context, bioglasses have emerged as widely 
used platforms in bone regeneration research due to their 
bioactivity, ability to form a hydroxycarbonate apatite layer, 
controlled ionic dissolution, and compatibility with bone-
forming cells.3,7 Their performance as bone substitutes is 
strongly influenced by the immune environment, reinforcing 
the relevance of immune-focused analytical frameworks when 
evaluating these materials.6,10

Nanostructured bioglasses represent a significant 
technological advancement, as nanoscale features enhance 
surface reactivity, dissolution kinetics, and interactions 
with immune and progenitor cells. These properties 
make nanostructured systems particularly suitable for 
investigating immune-mediated mechanisms associated with 
bone repair and biomaterial integration.11-15 Accordingly, 
osteoimmunomodulation has become a central concept in the 
evaluation of regenerative biomaterials, emphasizing the need 
for experimental strategies that integrate immune readouts 
into material assessment.13-15

The incorporation of metallic ions, particularly silver (Ag), 
has been widely explored to modify the biological behavior 
of bioglasses. While Ag is traditionally investigated for its 
antimicrobial and physicochemical properties, accumulating 
evidence indicates that it can also influence immune signaling 
in a concentration-dependent manner.14,16 However, most 
studies have focused on limited Ag concentrations or have 
prioritized material characterization, with comparatively less 
emphasis on standardized approaches to assess systemic and 
local immune–inflammatory responses across a defined dose 
range.

To address this methodological gap, the present study 
describes a reproducible experimental framework to evaluate 
systemic and local immune–inflammatory responses 
elicited by nanostructured bioglasses doped with increasing 
Ag concentrations (0.00–1.50 wt%) using a rat calvarial 
critical-size defect model. The central premise of this 
work is that a dose-resolved experimental design enables 

necrosis factor alpha and interferon gamma. These patterns suggest that Ag content influences the balance between immune 
activation and resolution phases during bone repair. Intermediate concentrations were associated with improved tissue 
organization and histological features compatible with early reparative processes, whereas higher concentrations favored a 
regulatory inflammatory profile compatible with later stages of healing. Conclusion: Overall, the findings demonstrate that 
Ag incorporation enables fine-tuned, dose-dependent modulation of immune–inflammatory responses while maintaining 
systemic biocompatibility, supporting the potential of Ag-doped nanostructured bioglasses as multifunctional candidates 
for bone repair applications.
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systematic assessment of how variations in Ag content are 
reflected in distinct immune–inflammatory readouts, without 
presupposing specific mechanistic pathways. Regulatory 
and pro-inflammatory cytokines were therefore selected as 
standardized indicators to capture these responses within the 
proposed framework.

2. Materials and methods

2.1. Synthesis and characterization

Nanostructured bioglasses belonging to the silicon dioxide–
sodium oxide–calcium oxide–phosphorus pentoxide vitreous 
system were synthesized using the melting method. Analytical-
grade precursors—silicon dioxide (30–60 wt%), sodium 
carbonate (10–40 wt%), calcium carbonate (10–40 wt%), and 
phosphorus pentoxide (1–10 wt%) were homogenized and 
subjected to controlled thermal treatment between 1,000 and 
2,000 °C. This process ensured adequate mixing and structural 
stability of the resulting bioglass. The nanostructured variants 
were doped by adding Ag oxide to achieve Ag contents of 
0.25–1.5 wt%, following a procedure described in a patent 
application (INPI: BR 10 2025 003053 5).

The materials underwent structural and morphological 
characterization to confirm their amorphous nature and 
evaluate the possibility of crystalline phase formation. 
X-ray diffraction analyses were performed using a Bruker 
(United States) D8 Focus diffractometer with a copper 
anode and monochromator, covering an angular range 
of 20° to 60° (2θ) at a scanning speed of 2°/minute, all 
at room temperature. Complementary optical absorption 
spectroscopy was performed at ambient conditions using 
a Shimadzu (Japan) ultraviolet–visible–near-infrared 
3600 spectrometer, with a spectral resolution of 1 nm, 
to assess the electronic transitions and optical responses 

of the synthesized samples. Additionally, surface 
topography and particle morphology were examined 
using atomic force microscopy (AFM) with a Shimadzu 
(Japan) SPM 9700 system. Both dynamic and phase 
modes were employed with NT-MDT cantilevers, and 
the acquired data were processed using the Gwyddion 
software (version 2.63), enabling the generation of 
two- and three-dimensional images and surface profile 
analyses.

2.2. Animals and experimental design

All experimental procedures were conducted in accordance 
with the Guide for the Care and Use of Laboratory 
Animals (National Institutes of Health) and approved by 
the Institutional Animal Care and Use Committee (CEUA/
UNIUBE, protocol no. 004/2021).

A total of 80 male Wistar albino rats (Rattus norvegicus) 
(Animal Facility of the Federal University of Uberlândia 
(UFU), Brazil), weighing 140–160 g, were housed in 
standard polypropylene cages under controlled environmental 
conditions (22 ± 2 °C, 55 ± 5% relative humidity, 12 hours 
light/dark cycle). Animals had free access to water and a 
commercial diet (Nuvilab CR-1, Brazil).

Critical-size calvarial bone defects were surgically created 
in the right parietal bone, lateral to the sagittal suture, using 
a 4 mm trephine bur coupled to a contra-angle handpiece 
(20,000 rpm) under continuous sterile saline irrigation. The 
defect depth was standardized at 1.5 mm, with special care 
to avoid damage to the underlying dura mater. All procedures 
were performed under sterile conditions, and representative 
images of defect creation and material placement are shown 
in Figure 1.

Figure 1. Surgical procedure for the rat calvarial critical-size defect model. (A) Exposure of the parietal bone following skin incision and periosteal 
reflection, showing the standardized circular critical-size defect immediately after drilling with a trephine bur under constant saline irrigation. (B) Image 
taken immediately after defect preparation. (C) Critical-size calvarial bone defect filled with silver-doped nanostructured bioglass.
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Animals were randomly allocated into eight experimental 
groups (n = 10 per group): (i) control (C): defect filled with 
blood clot only; (ii) Ag-0.00 (pure bioglass): defect filled with 
undoped bioglass; (iii) Ag-doped bioglasses: defects filled 
with nanostructured bioglass doped with Ag oxide at 0.25, 
0.50, 0.75, 1.00, 1.25, or 1.50 wt%.

The sample size was defined a priori based on precedent 
in the literature, using rat calvarial critical-size defect models 
for biomaterial evaluation. Similar studies commonly employ 
group sizes of 8–10 animals to enable histopathological and 
immunological analyses while adhering to ethical principles 
for animal experimentation. Accordingly, a group of 10 
animals per experimental condition was selected, consistent 
with previously reported designs.17

At four weeks postoperatively, animals were euthanized 
via intraperitoneal injection of xylazine hydrochloride (50 
mg/kg), following humane endpoints and ethical standards.

2.3. Histopathological and immunological evaluation

After euthanasia, calvarial specimens were collected, 
fixed in 10% neutral buffered formalin, decalcified in 10% 
ethylenediaminetetraacetic acid, and processed for paraffin 
embedding. Serial sections (5 μm) were stained with 
hematoxylin–eosin and examined under light microscopy 
(Olympus BX41®, Olympus, Japan). The presence of 
residual bioglass crystals and the degree of inflammatory 
cell infiltration were assessed semi-quantitatively by three 
blinded observers, both within the defect area and at its 
periphery. The scoring criteria were: 0 = absent, 1 = mild, 2 
= moderate, and 3 = intense. For statistical analysis, scores 
0 and 1 were pooled (mild/absent), and scores 2 and 3 were 
pooled (moderate/intense).

To assess potential systemic toxicity, histopathological 
examinations were also performed on liver and kidney tissues 
collected immediately after euthanasia. Hepatic evaluation 
included inflammatory cell infiltration, hydropic degeneration, 
cellular swelling, sinusoidal dilation, vascular congestion, 
perivascular infiltrate, and necrosis. Renal evaluation 
included alterations in filtration space (increased or reduced), 
cortical and medullary cell swelling, vascular congestion, 
cytoplasmic vacuolization, inflammatory cell infiltration, 
tubular dilatation, hyaline material deposition, and necrosis. 
All parameters were graded according to a semi-quantitative 
scale of intensity (0 = absent, 1 = mild, 2 = moderate, 3 = 
severe). Data are summarized in descriptive tables (Tables 1 
and 2) for comparison between the C and the bioglass groups.

In parallel, systemic immune modulation was investigated 
by quantifying plasma cytokines. Blood was collected via 
cardiac puncture into heparinized tubes, centrifuged at 3,000 
rpm for 10 min, and plasma samples were stored at −80 °C 

until analysis. Cytokine concentrations (IL-4, IL-10, IL-6, 
TNF-α, and IFN-γ) were determined using enzyme-linked 
immunosorbent assay (ELISA; BD Biosciences, United 
States), according to the manufacturer’s instructions, and 
expressed in pg/mL.

2.4. Statistical analysis

Data were analyzed using GraphPad Prism 8.1. Normality was 
assessed using the D’Agostino–Pearson test. Non-parametric 
data were analyzed using the Mann–Whitney test or Kruskal–
Wallis with Dunn’s post hoc test. Parametric data were 
analyzed using one-way analysis of variance with Tukey’s 
post hoc test. Statistical significance was set at p < 0.05.

Table 1. Histological scores of hepatic tissue in control and 
bioglass-treated rats after four weeks

Parameter
Control group (n = 10) Bioglass-treated group 

(n = 10)

0 1 2 3 0 1 2 3

Presence of 
inflammatory cells 1 7 1 0 2 8 0 0

Hydropic 
degeneration 7 3 0 0 7 1 2 0

Cellular swelling 7 3 0 0 8 1 1 0

Sinusoidal dilation 9 1 0 0 9 1 0 0

Vascular congestion 8 1 0 0 7 1 1 0

Perivascular 
infiltration 6 3 1 0 7 1 2 0

Necrosis 7 3 0 0 8 1 1 0

Note: 0 = absent; 1 = mild; 2 = moderate; 3 = severe. Bioglass-treated group refers 
to the group treated with pure bioglass. 

3. Results

3.1. Characterization of nanostructured bioglass

X-ray diffraction analysis confirmed the amorphous nature 
of the synthesized bioglass, as evidenced by the presence of 
broad diffraction bands without detectable crystalline phases. 
A characteristic peak was observed between 22° and 30°, 
consistent with the presence of vitreous materials. The full-
width at half maximum analysis supported the nanostructured 
profile of the material, and progressive Ag incorporation 
resulted in a slight decrease in peak intensity, possibly 
reflecting increased structural disorder or the formation 
of nanoscale Ag clusters without distinct diffraction peaks 
(Figure 2).

Optical absorption spectra revealed an intrinsic absorption 
band around 240 nm, associated with the bioglass matrix, and 
a broad localized surface plasmon resonance peak between 
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360 and 420 nm, confirming the presence of Ag nanoparticles 
(AgNPs) within the matrix. The localized surface plasmon 
resonance peak intensity increased proportionally to Ag 
content, while slight spectral shifts suggested changes in 
nanoparticle size and distribution. Absorbance beyond 500 
nm remained low, indicating homogeneous dispersion without 
significant aggregation (Figure 3).

Atomic force microscopy was employed to characterize 
the nanostructured bioglass and assess the distribution of 
AgNPs within its structure. Figure 4A presents the AFM 
phase image, where distinct contrast variations were observed, 
confirming the localization of nanoparticles along the material 
surface. The heterogeneous contrast suggests differences in 
composition, adhesion, or viscoelastic properties, while the 
sharply defined central region surrounded by fragmented 

structures indicates localized deposition or degradation 
processes relevant to the interaction of bioglass with 
biological environments.

The three-dimensional topography of an individual 
nanostructure (Figure 4B) highlights protrusions with 
lateral dimensions of approximately 1 µm, consistent with 
the presence of AgNP agglomerates. The corresponding 
topographic profile analysis (Figure 4C) provides quantitative 
data, showing thickness variations up to ~150 nm. Cross-
sectional profiles further reveal asymmetric slopes: Profile 
1 displays a steeper transition, while Profile 2 exhibits a 
more gradual one, suggesting heterogeneous nanoparticle 
distribution along the surface.

Altogether, these AFM analyses confirm the successful 

Table 2. Histological scores of renal tissue in control and bioglass-treated rats after four weeks

Parameter Control group (n = 10) Bioglass-treated group (n = 10)

0 1 2 3 0 1 2 3
Increased filtration space 9 1 0 0 10 0 0 0
Reduced filtration space 8 1 1 0 9 1 0 0
Cortical cellular swelling 8 2 0 0 8 1 1 0

Medullary cellular swelling 8 1 1 0 9 2 0 0

Cortical vascular congestion 9 1 0 0 7 2 1 0

Cytoplasmic vacuolization 7 2 1 0 8 2 0 0

Infiltration of inflammatory cells 10 0 0 0 9 1 0 0

Distal convoluted tubule dilation 10 0 0 0 9 1 0 0

Deposition of hyaline material 1 7 2 0 2 6 2 0

Necrosis 2 7 1 0 1 8 1 0
Notes: 0 = absent; 1 = mild; 2 = moderate; 3 = severe. Bioglass-treated group refers to the group treated with pure bioglass. 

Figure 2. X-ray diffraction patterns of pure and silver (Ag)-doped (0.25–1.5 wt% Ag) nanostructured bioglasses. These analyses confirm the amorphous 
nature and homogeneous incorporation of Ag in all compositions.

Journal of Biological Methods  | Volume 13 | Issue 1 |� 5



Ribeiro, et al.� Immunological effects of silver bioglasses

Figure 3. Optical absorption spectra of pure and silver (Ag)-doped nanostructured bioglasses.

Figure 4. Atomic force microscopy (AFM) phase images of nanostructured bioglasses. (A) White arrows indicate surface heterogeneities associated 
with nanostructured domains. (B) Representative phase contrast highlighting differences in surface interactions. (C) Phase profile along the selected 
line, illustrating surface variation across the analyzed region. Scale bar: 1 µm; magnification: 50,000×.
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incorporation of AgNPs into the bioglass matrix. The observed 
morphological and topographical features highlight an overall 
dispersed pattern with local heterogeneity, which may play 
a crucial role in enhancing bioactivity, osteointegration, and 
antimicrobial performance of the nanostructured bioglass.

3.2. Histopathological evaluation 

Inter-observer reproducibility for histological scoring was 
excellent, with a Kappa index of 97.46 ± 4.07%, demonstrating 
consistency across evaluations.

Residual crystals were absent in the C group, while 
treated groups exhibited a dose-dependent increase in 
crystal persistence. Lower Ag concentrations (≤0.50 wt%) 
showed fewer and more dispersed remnants, whereas groups 

containing ≥0.75 wt% Ag presented significantly greater 
crystal retention (p < 0.001), which is consistent with the 
slower dissolution expected for higher dopant levels (Figure 
5A-C).

Inflammatory cell infiltration was assessed in two regions: 
between crystals and at the defect border. In general, treated 
groups showed mild or absent inflammatory cell infiltration, 
supporting good local biocompatibility. However, the Ag-0.00 
group exhibited marked border inflammation, despite milder 
scores for the between-crystals region. Among Ag-containing 
groups, the highest inflammatory scores were observed in 
Ag-1.00, Ag-1.25, and Ag-1.50, which corresponded with 
greater crystal retention (p < 0.001). In contrast, Ag-0.50 
and Ag-0.75 showed the lowest inflammatory levels in both 

Figure 5. Histological sections of rat calvaria and quantification of residual crystals. (A) Neoformed tissue within the bone defect showing abundant silver 
crystals (black) surrounded by fibrous connective tissue. Scale bar: 50 µm, magnification: 400×. (B) Bone occupying the defect area, with underlying 
fibrous connective tissue interspersed among crystals. Scale bar: 50 µm, magnification: 400×. (C) Percentage of samples with moderate to intense (scores 
2 + 3) residual crystals. Ag denotes groups implanted with nanostructured bioglasses containing silver at different concentrations; vertical bars represent 
the proportion of samples with residual crystals. All letters (a, b, c, and d) represent statistically significant differences at the same level of significance 
(p < 0.001), as determined by one-way ANOVA followed by Tukey’s multiple comparisons post hoc test. 
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regions (Figure 6A-D).

In the C group, the defect was predominantly filled with 
fibrous/connective tissue, with mild inflammatory infiltrates at 
the border, consistent with the absence of implanted material. 
Importantly, no foreign body granulomas, necrosis, abscesses, 
or multinucleated giant-cell reactions were observed in any 
group, and the dura mater remained intact.

These findings indicate a clear concentration-dependent 
pattern. Intermediate Ag levels (0.50–0.75 wt%) were 
associated with lower inflammation and fewer residual 
crystals, while higher concentrations led to more persistent 
material fragments and an increase in inflammatory cell 
recruitment.

3.3. Systemic histological evaluation

Histological analysis of hepatic and renal tissues was 
performed to investigate potential systemic effects associated 
with the implantation of Ag-doped nanostructured bioglasses. 
Overall, no relevant toxicological alterations were observed 
in either organ, regardless of Ag concentration.

In the liver, both C and treated groups exhibited 
predominantly mild histological alterations, including 
occasional hydropic degeneration, discrete perivascular 
inflammatory cell infiltration, and minimal vascular 
congestion. These findings were sporadic and comparable 
across groups. Hepatocellular necrosis was rare, occurring 
only in isolated samples, without any apparent association 
with Ag content. Importantly, no extensive inflammatory foci, 
fibrotic changes, or granulomatous reactions were detected 
(Figure 7A).

Renal histological evaluation similarly demonstrated 
preserved tissue architecture in all experimental groups. The 
most frequent findings were mild tubular dilation, discrete 
cytoplasmic vacuolization, and limited vascular congestion, 
all of which were sporadic and of low severity. Glomerular 
structures remained intact, with no evidence of sclerosis, 
mesangial expansion, or inflammatory cell infiltration. No 
severe renal lesions were observed in any group (Figure 7B).

Semi-quantitative histopathological scoring (Tables 1 
and 2) revealed comparable distributions of scores among 
C and treated groups, confirming the absence of significant 

Figure 6. Histological sections and quantification of inflammatory cell infiltration. (A) Region beneath the bone within the defect, showing mild 
infiltration of mature lymphocytes (arrow) and dispersed crystals. Scale bar: 50 µm, magnification: 400×. (B) Scattered mature lymphocytes (arrow) 
and crystals located at the periphery of the bone defect. Scale bar: 50 µm, magnification: 400×. (C) Percentage of samples presenting mild or absent 
inflammatory infiltrates (scores 0 + 1) between crystals. (D) Percentage of samples presenting mild or absent inflammatory infiltrates (scores 0 + 1) at 
the defect periphery. All letters (a, b, c, and d) represent statistically significant differences at the same level of significance (p < 0.001), as determined 
by one-way ANOVA followed by Tukey’s multiple comparisons post hoc test.  
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hepatotoxic or nephrotoxic effects after four weeks of 
exposure to nanostructured bioglasses. Representative 
photomicrographs illustrating the preserved hepatic and 
renal morphology are presented in Figure 7, corroborating 
the quantitative and descriptive findings.

Collectively, these results indicate that, within the 
evaluated experimental period, implantation of Ag-doped 
nanostructured bioglasses did not induce detectable systemic 
toxicity in liver or kidney tissues. Nevertheless, the absence 
of long-term exposure and Ag bioaccumulation analyses is 
acknowledged and further addressed in the discussion.

3.4. Immunological assessment

Systemic cytokine profiling revealed distinct, concentration-
dependent immunomodulatory effects of Ag-doped bioglasses 
(Figures 8 and 9). Anti-inflammatory cytokines IL-4 and IL-
10 were markedly upregulated in specific groups. IL-4 levels 
were significantly elevated in Ag-0.00 (52.3 ± 4.1 pg/mL) 
and Ag-1.50 (67.8 ± 5.2 pg/mL) compared with all other Ag-
treated groups–Ag-0.25 (38.6 ± 3.9 pg/mL), Ag-0.50 (41.2 ± 
4.4 pg/mL), Ag-0.75 (39.5 ± 3.7 pg/mL), Ag-1.00 (42.1 ± 4.0 
pg/mL), Ag-1.25 (44.7 ± 4.1 pg/mL)–and the C group (36.8 ± 
3.5 pg/mL) (Figure 8A). IL-10 production peaked in Ag-1.50 
(73.6 ± 5.8 pg/mL), significantly surpassing all other groups, 
including Ag-0.00 (48.5 ± 4.5 pg/mL), indicating a strong 
anti-inflammatory and regulatory response at the highest Ag 
concentration (Figure 8B).

Pro-inflammatory cytokines exhibited selective modulation 
across groups. IL-6 levels were highest in Ag-0.00 (61.2 ± 5.1 
pg/mL), significantly above all other groups: Ag-0.25 (42.4 
± 4.3 pg/mL), Ag-0.50 (44.1 ± 3.9 pg/mL), Ag-0.75 (45.8 ± 
4.0 pg/mL), Ag-1.00 (43.5 ± 4.2 pg/mL), Ag-1.25 (41.9 ± 
3.8 pg/mL), Ag-1.50 (40.7 ± 3.5 pg/mL), and C (39.6 ± 3.6 
pg/mL) (Figure 9A). TNF-α displayed a biphasic response: 

Ag-0.25 (56.7 ± 4.9 pg/mL) and Ag-1.00 (58.3 ± 5.2 pg/mL) 
showed moderate increases, whereas Ag-0.75 (71.5 ± 6.0 pg/
mL) induced the highest systemic TNF-α levels, significantly 
exceeding all groups except Ag-0.50 (63.2 ± 5.4 pg/mL) 
(Figure 9B). IFN-γ modulation was restricted to Ag-0.25 (35.1 
± 3.7 pg/mL) and Ag-0.75 (52.8 ± 4.6 pg/mL), with the latter 
significantly higher, suggesting selective T helper cell type 1 
activation (Figure 9C).

Collectively, these results suggest that the Ag content 
of nanostructured bioactive glasses critically shapes 
systemic immune responses. Very low (Ag-0.00) and 
very high (Ag-1.50) Ag concentrations favored anti-
inflammatory signals, whereas intermediate levels (Ag-
0.50–0.75) enhanced pro-inflammatory activity. This dose-
dependent immunomodulation may be relevant for balancing 
inflammation and repair during bone regeneration, reinforcing 
the biomedical potential of Ag-doped bioactive glasses.

4. Discussion

Biomaterials are increasingly recognized as active modulators 
of host immune responses, with their biological behavior 
being strongly influenced by composition, surface chemistry, 
and structural characteristics. Upon implantation, biomaterials 
are inevitably identified as foreign entities, triggering 
inflammatory cascades aimed at isolating, remodeling, or 
resorbing the material. While inflammation is a necessary 
component of tissue repair, its magnitude and duration 
critically shape host responses, particularly in bone repair 
models, where excessive or prolonged inflammation may 
alter tissue organization and remodeling dynamics.18-20 In 
this context, experimental approaches that can systematically 
capture immune–inflammatory responses are essential for the 
biological evaluation of biomaterials.

In the present study, the proposed experimental framework 

Figure 7. Histological analysis of (A) hepatic and (B) renal tissues of rats after four weeks of bioglass implantation in calvarial bone defects. No 
significant histopathological alterations were observed in either tissue. Scale bar: 50 µm, magnification: 400×.
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enabled the detection of systemic immune modulation induced 
by both pure and Ag-doped nanostructured bioglasses. Across 
formulations, cytokine profiling revealed a shift toward a 
regulatory immune environment, characterized by increased 
levels of IL-4 and IL-10. Importantly, Ag incorporation 
accentuated these effects in a concentration-dependent 
manner, demonstrating the sensitivity of the methodological 
approach to resolve dose-related immunological variations. 
Although macrophage phenotypes were not directly assessed, 
the observed cytokine profiles are consistent with regulatory 
immune signaling patterns commonly reported in biomaterial 
implantation models.21

Comparable immune–inflammatory trends have been 
described in studies evaluating other nanostructured 
biomaterials, including titanium oxide-based surfaces, in 
which early inflammatory signaling is followed by sustained 
production of regulatory cytokines.22,23 Within this framework, 

the present findings indicate that the applied methodology 
is capable of capturing dynamic immune responses 
associated with material composition and ion incorporation. 
Nevertheless, mechanistic pathways such as macrophage 
polarization states, receptor-level activation, or intracellular 
signaling cascades were not experimentally evaluated and 
therefore cannot be inferred from the current dataset.

Although macrophage phenotype markers such as 
CD86 (M1) and CD206 (M2) were not assessed by 
immunohistochemistry, the cytokine profile evaluated in 
this study provides functional insights into the immune 
environment elicited by the biomaterials. Regulatory cytokines 
IL-4 and IL-10, as well as pro-inflammatory mediators IL-6, 
TNF-α, and IFN-γ, have been widely employed in preclinical 
osteoimmunology studies as complementary indicators of 
immune activation states.24,25 However, these mediators do 
not substitute for direct cellular phenotyping, which remains 

Figure 8. Plasma concentrations of anti-inflammatory cytokines (A) IL-4 and (B) IL-10 in Wistar rats. Values are expressed as mean ± standard error 
of the mean. Statistical analysis was performed using the Kruskal–Wallis test followed by Dunn’s multiple comparisons post hoc test; different letters 
indicate statistically significant differences (p < 0.05).
Abbreviation: IL: Interleukin.
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essential for mechanistic interpretation.26

The modulation of IL-10 observed herein aligns with 
previous reports describing biomaterial-mediated regulation 
of immune responses during bone repair.27,28 IL-10 plays a 
central role in limiting excessive inflammation and regulating 
oxidative stress. Consistent with systemic cytokine data, 
histopathological evaluation of calvarial defects revealed 
predominantly mild inflammatory infiltrates across treated 
groups, with preserved tissue architecture and absence of 
foreign body granulomatous reactions. This correspondence 
supports the internal consistency of the methodological 
approach in linking systemic immune markers with local 
tissue responses, without implying direct causal mechanisms.

Pro-inflammatory cytokines exhibited distinct 
concentration-dependent patterns. IL-6 levels were more 
pronounced in the pure bioglass group, whereas Ag 
incorporation was associated with a reduction in its expression. 

While transient IL-6 signaling is a known component of early 
inflammatory responses following biomaterial implantation, 
sustained elevation has been associated with altered 
tissue remodeling.29 TNF-α and IFN-γ levels also varied 
according to Ag content, further illustrating the capacity of 
the experimental design to detect nuanced immunological 
changes across material formulations.20,30-33 These findings 
underscore the importance of modulating inflammation in 
a controlled manner rather than completely suppressing it.

Histopathological analysis additionally revealed the 
presence of residual bioglass particles, particularly in groups 
with higher Ag concentrations, without evidence of excessive 
inflammatory infiltrates or foreign body reactions. These 
observations indicate that material persistence alone does 
not necessarily correlate with adverse immune outcomes, 
highlighting the relevance of integrating histological 
evaluation with immune profiling when assessing biomaterial–
host interactions.34-36

Figure 9. Plasma concentrations of pro-inflammatory cytokines (A) interleukin-6 (IL-6), (B) tumor necrosis factor alpha (TNF-α), and (C) interferon 
gamma (IFN-γ) in Wistar rats. Values are expressed as mean ± standard error of the mean. Statistical analysis was performed using the Kruskal–Wallis 
test followed by Dunn’s multiple comparisons post hoc test. All letters (a, b, c, and d) represent statistically significant differences at the same level of 
significance (p < 0.001), as determined by one-way ANOVA followed by Tukey’s multiple comparisons post hoc test.  
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Systemic safety represents a critical consideration in 
studies involving Ag-containing materials. Histological 
evaluation of hepatic and renal tissues demonstrated only 
mild and sporadic alterations, with no significant differences 
between the C and treated groups at the four-week time point. 
Although these findings support short-term biocompatibility, 
the experimental framework was not designed to assess 
long-term Ag accumulation or chronic systemic effects, 
which remain important topics for future methodological 
refinement.37-39

From a methodological standpoint, several limitations of the 
present study should be acknowledged. Immune–inflammatory 
responses were primarily evaluated through systemic 
cytokine profiling, without direct immunohistochemical 
characterization of immune cell subsets, such as macrophage 
phenotypes. Analyses were conducted at a single experimental 
time point, which limited the assessment of both early and 
late dynamic immune responses following biomaterial 
implantation. Although histopathological evaluation provided 
qualitative information on local inflammatory patterns, tissue 
organization, and material persistence, quantitative analyses 
of immune cell populations, molecular signaling pathways, 
and new bone formation were not performed; therefore, no 
claims regarding the extent of bone regeneration are made. 
In addition, tissue Ag accumulation was not quantitatively 
assessed. While histological evaluation of liver, kidney, and 
local defect tissues did not reveal overt structural damage 
or severe inflammatory alterations, analytical quantification 
of Ag biodistribution and long-term systemic exposure was 
not conducted. These limitations define important directions 
for future investigations aimed at expanding and refining 
the immune-focused methodological framework described 
in this study.

From a materials characterization perspective, the 
amorphous structure identified by X-ray diffraction is 
characteristic of bioactive glasses and is associated with 
controlled ion release and surface reactivity.40,41 Ultraviolet–
visible spectral features consistent with Ag incorporation 
further confirmed the successful integration of the dopant 
within the glass matrix and its concentration dependence.42,43 
In addition, nanoscale surface features identified by AFM 
are relevant methodological parameters, as nanotopography 
influences protein adsorption and cell–material interactions.

Collectively, the present study demonstrates that the 
proposed experimental framework enables reproducible, 
dose-resolved assessment of systemic and local immune–
inflammatory responses elicited by Ag-doped nanostructured 
bioglasses. While the findings support the applicability of 
this approach for biomaterial evaluation, the study does 
not address specific immune cell phenotypes, intracellular 
signaling pathways, antimicrobial activity, or long-term 

outcomes. These limitations define important directions 
for future methodological developments aimed at refining 
immune-focused strategies for biomaterial assessment.

5. Conclusion

Silver-doped nanostructured bioglasses elicited dose-
dependent modulation of immune–inflammatory responses 
in a rat calvarial defect model, as reflected by systemic 
cytokine profiles. Variations in Ag content were associated 
with changes in regulatory cytokines, such as IL-4 and IL-
10, and pro-inflammatory mediators, including IL-6, TNF-α, 
and IFN-γ, highlighting the sensitivity of the proposed 
framework to detect immune-related differences among 
material formulations. Histopathological evaluation indicated 
the absence of overt local or systemic toxicity at the evaluated 
time point, supporting the short-term biocompatibility of the 
tested materials. Further studies incorporating quantitative 
bone assessment, immune cell phenotyping, and long-term 
evaluation are required to expand the translational relevance 
of these findings.
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