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The objective of this study was to tailor an osteoinductive scaffold for alveolar bone regeneration and 
around immediately placed implants in extraction sockets of dogs. Tailored amorphous multiporous 
bioactive glass (TAMP -BG) was prepared and characterized for bioactivity and response of human 
alveolar bone marrow mesenchymal stem cells (hABMSCs). Extraction sockets of twenty-two male 
mongrel dogs received TAMP-BG in the right side around implant in the distal socket of the mandibular 
fourth premolar (P4), while the adjacent empty mesial socket of the same tooth was filled with the 
same graft. Autologous bone chips were used in the left side. Animals were euthanized at 1, 2, 4, 8 
&12 weeks for histological and SEM analyses. SEM/EDX, FTIR and XRD analyses displayed formation 
of a bioactive hydroxycarbonated apatite layer. TAMP-BG significantly increased proliferation and 
migration of hABMSCs. Histologically, at the 1st week, advanced bone healing was shown in TAMP-BG 
group. At four weeks bone density was significantly higher forTAMP-BG (92.71% ± 1.71) versus control 
(62.92% ± 2.02) (P = 0.0001).At eight weeks, significant increase in width of buccal plate and height of 
lingual bony plate was observedfor TAMP-BG grafted implant.The socket orifice width significantly 
decreased for autologous bone from 1 to 12 weeks (P < 0.001), while it significantly increased for 
TAMP-BG (P = 0.03). We conclude that TAMP-BG can provide a preservative dynamic microenvironment 
following extraction up to three months which can be attributed to its unique physico-chemical 
characteristics.
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Data from human clinical trials have shown that clinical loss in width of the alveolar ridge following tooth 
extraction becomes more than the loss in height, assessed both clinically and radiographically1,2. Alveolar ridge 
preservation via socket grafting may reduce these physiological changes3,4. During the past 2 decades, numerous 
alveolar ridge preservation techniques and materials have been proposed. Various grafting materials were 
introduced including autologous bone5, allografts6,7, xenografts8–10 and alloplasts11,12. However, a systematic 
review and meta-analysis in 201413 highlighted that the grafting material may either impair or accelerate the 
normal wound healing response based on its characteristics particularly since the rate of ridge resorption is 
highest during the first 3 months following extraction. Furthermore, the review concluded that while changes 
in alveolar ridge dimensions were reduced, none of the grafting materials was able to prevent ridge resorption. 
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Therefore, the authors emphasized the importance of developing and characterizing novel biomaterials capable of 
enhancing healing of extraction sockets and at the same time limit the negative effects of the remodeling process 
to provide more predictable outcomes following later implant placement. A recent review also demonstrated 
that while regenerative graft materials maybe beneficial; there is still a need for conclusive evidence from well-
conducted clinical trials14.

Tissue engineering offers a platform for tailoring and designing biomaterials with diverse biological and 
physical characteristics that can modulate the process of bone regeneration based on a profound understanding 
of the specificity of the native tissue as a prerequisite15–17.

Bioactive glasses were introduced by Hench in 196918. They proved to undergo a particular biological 
reaction at the interface of bone, which stimulates cell proliferation, gene response and the formation of a bond 
between living tissues and the material. The soluble ions released by these materials during their degradation 
and their ability to strongly bond to bone is referred to bioactivity which is mediated through the formation 
of a surface layer of carbonated hydroxyapatite (HCA)18,19. The bimodal nano–macro porosity of bioactive 
glasses has shown desirable requirements of degradation rate suitable for bone tissue engineering20–22. In this 
context, the material’s characteristics must be critically examined. Scanning electron microscopy (SEM/EDX) 
examines a material’s surface topography, porosity and its distribution, as well as its elemental composition, all of 
which affect ion dissolution and bioactivity which in turn influence cellular and molecular interactions. Fourier 
transform infrared (FTIR) spectroscopy is a specific analysis of the functional groups that gives a material its 
unique characteristics. X-ray diffraction (XRD) analysis gives an indication about the crystal structure of the 
material; which both affects the material’s degradation that is followed by bioactive layer formation which is a 
key factor in the material’s bioactivity and interactions with the surrounding tissues22,23.The primary outcome 
of the current investigation was to tailor and characterize 3/D amorphous multi-scale porous bioactive glass 
scaffold “TAMP-BG” to be utilized as a bioactive graft material. The secondary outcome was to study the effect 
of this graft on alveolar bone preservation and new bone formation around immediately placed implants in a dog 
model compared to autologous bone graft (Fig. 1).

Results
Dissolution and bioactivity evaluation of TAMP-BG (Supplementary Figs. 1 & 2)
pH and (ionic concentration) ICP results
All samples recorded pH more than 9.5. Silicon release increased till the first week then decreased at the following 
weeks but was still higher than the first day. Calcium release remained the same in the first week, and then it 
increased significantly in the second week, finally, it remained stable in the third week (Fig. 2a & b).

SEM/EDX results
A gel-like layer formed on the sample surfaces. At 4  weeks, this layer became richer in Calcium (Ca) and 
Phosphorus (P) and less rich in Silicon (Si). Needle shaped crystals and cracks were seen on the surface (Fig. 2c). 
In vivo experiments under the skin in rabbits displayed more rapid biodegradation rate of TAMP-BG than in 
vitro degradation reflecting the influence of the in vivo dynamic environment on the scaffold (Supplementary 
Figs. 1 & 2).

FTIR analysis
The infrared spectra of the glass samples before and after immersion in PBS for 4 weeks are shown in (Fig. 2d). 
The peaks at 466, 794, and 1083 cm-1 correspond to Si–O-Si, whereas at 1083 and 1644 cm-1 correspond to 
(H–O). With increasing soaking time, new peaks appeared at 565 cm-1 corresponding to (P–O). While those at 
874 and 1476 cm-1 could be assigned to (C–O).

X-Ray diffraction results
By 4 weeks of soaking, a gradually developed peak was observed at an angle ~ 29.8 and (104) plane indicating the 
formation of HCA layer (Fig. 2e).

Evaluation of the effect of TAMP-BG extract on migration and proliferation of hABMSCs
Analysis of TAMP-BG extract
TAMP-BG extract showed an increase in the levels of Ca, Mg and Si ions and a decrease in the concentration of 
P while, the concentration of Na remained the same (Fig. 3a).

Cell proliferation using MTT
Cell proliferation was enhanced for all conditions as compared to serum free controls with a significant difference 
after 120 h. TAMP-BG extract regardless of concentration non-significantly enhanced proliferation with a higher 
rate compared to the other culture conditions (Fig. 3b&c).

Wound scratch migration results
Migration rate was increased in presence of TAMP-BG extract. At 48 h TAMP-BG with 100% concentration 
significantly showed the highest rate of wound closure compared to the other conditions of different culture 
media and durations (Fig. 3d&e).

Histology and histomorphometric results
The ridge specimens (the empty mesial extraction socket of P4 filled with graft)
Results of histomorphometric measurements are documented in Table 1 and Supplementary Table 1.
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Fig. 1.  Panel (A) shows Flow chart of animal experiments; representing study groups and numbers of animals 
used in each interval and assessment. Panel (B) shows the scanned images of specimens sections representing 
histomorphometric analysis of alveolar ridge sockets and implant specimens; where a-d represent ridge 
specimens, while e-j represent implant specimens. (a) The measurements of difference between buccal and 
lingual heights (vertical yellow line). (b) The coronal contour (linear measurement at the orifice of the socket) 
from the highest buccal point to the highest lingual one (buccal & lingual crests). (c) The lingual and buccal 
plates widths at 1& 3 mm levels (red lines). (d) The total bucco-lingual area at coronal, middle and apical areas 
(red lines). (e) The measurements of distance from implant shoulder to 1st BIC. (f) The distance from the 
implant shoulder to the lingual and buccal bone crests. (g) The difference between buccal and lingual heights 
(red asterisk). (h) The bone implant contact (BIC) %. (i) The bone fill % within the implant threads. (j) The 
bone fill % outside the threads area for a distance of 500 µm lateral to implant threads (red circles are bone 
marrow areas).
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Fig. 2.  Dissolution and bioactivity evaluation of TAMP-BG. (a) The pH values measured after ions release 
have shown all samples with an alkaline pH more than 9.5, after being soaked in PBS for 1, 2 and 3 weeks. (b) 
Graphical representation of Si and Ca ions release in PBS up to 3 weeks (c) SEM/EDX micrographs/spectra 
showing the formation and development of the HCA layer on the TAMP-BG surface starting from one week 
until the 4th week. (d) FTIR spectra of the TAMP-BG scaffolds before and after soaking in PBS as a function of 
time, showing the development of HCA peaks. (e) XRD spectra of the scaffolds before and after soaking in PBS 
as a function of time showing the development of HCA peaks.
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Fig. 3.  Evaluation of the effect of TAMP-BG extract on migration and proliferation of human alveolar bone 
marrow-derived mesenchymal stem cells. (a) Table representing ionic concentration (/PPm) in TAMP-BG 
extract, in comparison to the serum free medium. (b) Graphical representation of mean values of absorbance 
for each condition (SF, 10%FBS, 2%FBS, 100% BG + 2% FBS and 50% BG + 2% FBS) in the MTT assay at 
different time points (0, 24, 48, 120 and 144 h). (c) Table of mean values ± standard deviations [seen in (b). (d) 
Wound scratch assays with cell migration of hABMSCs in response to TAMP-BG extracts after 24 and 48 h. 
Scale bar = 500 μm .(e) Rate of wound closure of scratched hABMSCs in response to TAMP-BG extracts after 
24 and 48 h. Statistically significant differences are demonstrated by the (*) on top of columns.
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At one week post-operatively (Fig.  4, Table 1 and Supplementary Table 1)  TAMP-BG grafted specimens 
showed widely distributed newly formed bone trabeculae in all directions; a bony plate covering the socket 
orifice and granulation tissue underneath with TAMP-BG particles, accompanied by rich angiogenic activity. 
There was significantly less difference between lingual and buccal crestal heights, compared to that of autologous 
bone specimens.

Autologous bone TAMP-BG

T-test P valueMean ± SD

L-B crestal height

1 week -0.71 ± 0.26 0.12 ± 0.45 0.02*

4 weeks 0.21 ± 0.03 0.12 ± 0.00 0.04*

12 weeks -0.80 ± 0.37 -2.31 ± 0.56 0.02*

P value 0.003*  < 0.001*

Coronal contour (orifice)

1 week 4.70 ± 0.15 3.97 ± 0.33 0.02*

4 weeks 3.55 ± 0.26 4.38 ± 0.61 0.09

12 weeks 3.19 ± 0.41 5.04 ± 0.05 0.002*

P value  < 0.001* 0.03*

Buccal width

1 mm

1 week 1.83 ± 1.03 1.60 ± 0.23 0.70

4 weeks 1.64 ± 0.25 1.26 ± 0.13 0.08

12 weeks 0.82 ± 0.25 1.13 ± 0.07 0.10

P value 0.21 0.02*

3 mm

1 week 2.19 ± 0.98 1.56 ± 0.20 0.29

4 weeks 1.38 ± 0.09 1.39 ± 0.08 0.90

12 weeks 1.33 ± 0.55 1.20 ± 0.08 0.70

P value 0.26 0.04*

5 mm

1 week 2.34 ± 1.11 1.82 ± 0.15 0.42

4 weeks 1.99 ± 0.20 1.79 ± 0.14 0.24

12 weeks 2.05 ± 0.31 1.41 ± 0.04 0.07

P value 0.81 0.008*

Lingual width

1 mm

1 week 1.26 ± 0.29 1.63 ± 0.26 0.10

4 weeks 1.36 ± 0.13 1.43 ± 0.04 0.42

12 weeks 1.20 ± 0.24 1.21 ± 0.36 0.97

P value 0.72 0.17

3 mm

1 week 1.57 ± 0.72 1.92 ± 0.25 0.41

4 weeks 1.81 ± 0.09 1.95 ± 0.08 0.11

12 weeks 1.66 ± 0.48 1.55 ± 0.08 0.73

P value 0.85 0.40

5 mm

1 week 1.99 ± 0.57 2.19 ± 0.30 0.56

4 weeks 2.19 ± 0.03 2.26 ± 0.36 0.79

12 weeks 2.43 ± 0.46 1.71 ± 0.26 0.08

P value 0.47 0.12

Overall BL area

Coronal

1 week 19.68 ± 0.99 17.58 ± 0.34 0.02*

4 weeks 10.55 ± 0.08 13.68 ± 0.27  < 0.001*

12 weeks 9.13 ± 0.67 13.02 ± 0.59 0.002*

P value  < 0.001*  < 0.001*

Middle

1 week 23.96 ± 0.55 24.23 ± 0.62 0.53

4 weeks 14.04 ± 0.78 18.47 ± 0.36 0.001*

12 weeks 18.50 ± 0.40 16.55 ± 0.43 0.004*

P value  < 0.001*  < 0.001*

Apical

1 week 27.20 ± 0.44 26.44 ± 1.17 0.27

4 weeks 16.57 ± 1.45 20.37 ± 0.06 0.045*

12 weeks 21.90 ± 1.11 17.50 ± 0.39 0.003*

Table 1.  Comparison between the autologous bone and TAMP-BG groups of ridge specimens at different time 
points; regarding the difference between buccal and lingual heights, the coronal contour (linear measurement 
at the orifice of the socket), the buccal and lingual plates’ widths at 1, 3 & 5 mm levels and the overall 
buccolingual coronal, middle and apical areas. T-test was used for comparing the two studied groups, while 
One-way ANOVA was used for comparing different time points within each group. *Statistically significant at 
p value < 0.05.

 

Scientific Reports |         (2025) 15:3321 6| https://doi.org/10.1038/s41598-025-86408-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


At 4 and 12 weeks postoperatively (Fig. 4 and Table 1)  At 4 weeks, TAMP-BG treated socket orifice showed 
full closure. In autologous bone grafted sockets, a small opening at the alveolar margin was still noticeable. After 
12 weeks, trabecular bone totally filled both sockets. Marrow areas were widely distributed in TAMP-BG treated 
specimens, with remarkable cellular and angiogenic activity. At 4 weeks, the TAMP-BG group showed statistical-
ly less difference between buccal and lingual crests than that of the autologous bone group; while this was totally 
reversed at 12 weeks. Moreover, at this same interval, the socket orifice was significantly wider in the TAMP-BG 
than that grafted with autologous bone.

The implant specimens (the distal extraction socket of P4 with grafted implant)
Results of histomorphometric measurements are documented in Table 2 and supplementary Table  2.

At 1 week postoperatively (Fig. 5, Table 2 and Supplementary Table 2)  Osteogenesis around the implant grafted 
with TAMP-BG showed the fastest healing and new bone formation (supplementary Fig. 3) with higher invading 
rate at the implant/bone interface, compared to both control specimens. Degrading TAMP-BG particles could 
be seen at the implant surface in its middle part (corono-apically). Distance between implant shoulder and the 
1st BIC was significantly higher from the buccal side for both TAMP-BG and autologous bone groups than that 
of the negative control one. From the lingual side; there was no significant difference between the three groups.

At 4 and 8 weeks postoperatively (Fig. 5 and Table 2)  At 4 weeks, bone at the implant/bone interface in TAMP-
BG specimens, grew at the socket wall as well as at the implant surface, bridged by secretory osteoblasts, while 
in autologous bone/implant treated sockets, bone originated from the socket wall. Bone fill% outside the threads 
for TAMP-BG grafted sockets recorded significantly higher value (92.71% ± 1.71), with thicker trabeculae than 
that for autologous bone sockets (62.92% ± 2.02) (P = 0.0001).

At 8  weeks, TAMP-BG treated implants demonstrated more organized distribution of marrow tissue 
compared to that of autologous bone grafted sockets. Bone fill% outside the threads was significantly higher 
in autologous bone group (82.01% ± 4.87) compared to that of TAMP-BG group (72.74% ± 3.91) (P = 0.0250).

Dynamic osseointegration in the TAMP-BG sockets was noticeable, as bone deposited on implant serrations 
was like the trabecular pattern of TAMP-BG (Supplementary Fig.  1). Both groups showed remarkable 
osseointegration as early as 4 weeks, recording (87.70% ± 5.16) for TAMP-BG group, and (88.46% ± 1.99) for 
autologous bone group. However, at 8 weeks autologous bone treated implant had a significantly higher BIC% 
(85.81% ± 3.46) than that of TAMP-BG group (71.66% ± 0.17) (P = 0.0002). On the other hand, TAMP-BG 
grafted socket showed significantly shorter distance between the implant shoulder to the 1stBIC, lingually.

Measurements of difference between buccal and lingual crestal heights showed reduction in values from 1 
to 4 weeks, but then values drastically increased from 4 to 8 weeks for both groups, with a consistently shorter 
buccal plate than the lingual one.

For the TAMP-BG group, the buccal width plate showed progressive increase significantly from 1 to 8 weeks 
at 3 mm level. Regarding the 5 mm level, the autologous bone group showed significantly wider plate at all 
intervals than that of TAMP-BG group.

Concerning the lingual plate width values at 1 mm level, 8 weeks autologous bone showed significantly wider 
plate than that of TAMP-BG group, while TAMP-BG group showed significantly progressive increase in width 
from 1 to 8 weeks. At 3 & 5 mm levels, autologous bone group showed significantly wider plate than TAMP-BG 
group at 4 weeks only.

Discussion
The current study focused on using a characterized bioactive glass scaffold with multiscale porosity (TAMP-BG) 
for alveolar ridge augmentation and reconstruction of bone defects following tooth extraction for immediate 
implant placement. Although guided bone regeneration (GBR) is a well-established surgical procedure used to 
construct bone defects around dental implants, its value in relation to immediate implant placement has been 
challenged24.

A recent metanalyses concluded that there were minimal differences in crestal bone loss around immediately 
placed implants with or without GBR. However, the authors added that the effects of GBR maybe more 
important in larger versus smaller bone defects. Additionally, the crestal bone loss changes around immediately 
placed implants with GBR compared with conventional implant placement were minimal although they might 
be esthetically important. This has encouraged further research for more regenerative techniques using different 
bone substitute materials for bone defects reconstruction around immediately placed implants. Although pooled 
analyses and critical appraisals regarding this topic are still lacking25. Current evidence points to a reduction of 
the amount of horizontal buccal resorption and an improvement of long-term peri-implant soft tissue esthetics 
compared to implants not receiving bone substitute materials. These controversies and lack of high quality of 
evidence were the driving forces behind the rationale of the current study.

Regarding the initial degradation stage of TAMP-BG scaffold, it was characterized by increase in the pH due 
to fast release of calcium ions as a function of increase in the surface area leading to alkaline environment. This 
sequence of events started at 1st week and continued till the 4th week, as demonstrated by SEM/EDX, and was 
confirmed by FTIR and XRD.

The formation of calcium phosphate layer retarded further dissolution process that enabled the scaffold to 
maintain the tissue space until complete tissue regeneration, while the surface showed greater roughness that 
provided more nucleation sites for calcium phosphate crystallization gradually, that was indicated from the 2nd 
week of immersion.
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Implanting the TAMP-BG scaffold under rabbit skin for seven days revealed its faster degradation under this 
dynamic environment, while scaffold surface became covered with the bioactive HCA layer that enhanced cell 
attachment.

In the present study, the proliferation effect of cultured medium supplemented with TAMP-BG extract on 
hABMSCs obtained from human alveolar bone marrow aspirate was coupled with enhanced cell migration, 
which appeared from the MTT assay up to 5 days, and then it decreased afterward.

Recent information reported that Si could stimulate not only the migration and differentiation of healthy 
cells, but also enhanced the apoptosis of injured cells, by increasing the cell membrane fluidity26. This may 
explain the decrease in the proliferation of cultured cells regardless the concentration of TAMP-BG extract in 
the media. Increased cell membrane fluidity produces a wide range of biological activities e.g. cell migration, 
proliferation and differentiation26,27. This has been suggested to be the result of upregulation of key signaling 
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pathways such as those related to G protein, cytokine receptors, and focal adhesion. Furthermore, increased 
extracellular calcium ions have been shown to trigger remarkable elevation of osteopontin production from 
mesenchymal stem cells leading to further induction of cell recruitment in the target microenvironment for 
tissue regeneration28.

The benefit of maintaining the specific 3/D geometry of the TAMP-BG pieces was to keep the scaffolds in 
position for at least 4 weeks or more, while enhancing the degradation, in order to promote bone regeneration 
within the dimension of the extracted socket, as was demonstrated under the skin. We believe that the highly 
dynamic environment of the extracted socket allowed continuous fluid transport to dampen the pH rise. At the 
earlier stage of healing, our histological findings showed that the healing pattern in sockets grafted with cancellous 
bone autograft did not differ in general from non-grafted sockets, indicating few bony spicules growing from 
apical and lateral compartments. A void was confined in the central zone of the coronal and middle regions, in 
continuity with the entrance of the alveoli. This result was in agreement with many investigators5,29,30.

Healing of sockets grafted with TAMP-BG was different than the other two groups. TAMP-BG sockets 
showed obvious corticalization process; hard tissue bridge covering the socket entrance thus keeping the level of 
the buccal crest more coronally than the lingual crest of the socket walls.

Bucco-lingual dimension of socket coronally was significantly greater in autologous bone socket than that of 
TAMP-BG one. This has been previously reported, due to the slow degradation of bone chips, compared to that 
of the synthetic one, at this early phase of healing5,6,31.

In the specimens of TAMP-BG grafted group, the pattern of new bone formation at the implant threads 
surface extended in different directions due to enhanced wettability and osteoblasts attachment, modulated by 
the 3/D scaffold architecture.

By 4 weeks, the progress of healing of auto-graft sockets in the present research was in agreement with results 
reported by many investigators5,32, indicating that the grafted bony chips failed to preserve ridge dimensions; as 
reflected in the loss of buccal and lingual walls height of the socket and the reduction of bucco-lingual dimension, 
with obvious incomplete closure of hard tissue cap coronally.

Although, the degradation process left the trabecular branches of TAMP-BG scaffold thinner, yet we believe 
that the 3/D nature of the particles of synthetic graft maintained the horizontal dimension of the alveolar socket 
and left the buccal and lingual crests height almost at the same level. Interestingly, these features continued till 
3 months, showing horizontal ridge preservation at the coronal third of the extraction socket that developed 
better contour required for implant placement, compared to that of autologous bone socket. However, the 
progressive reduction of the buccal bony plate by 12 weeks of sockets treated with TAMP-BG could be attributed 
to the complete degradation and disappearance of the scaffold by the end of this interval.

A recent systematic review confirmed that one of the essential scaffold criteria is to maintain the volume 
of the defect for a sufficient time until it is completely replaced by new bone tissue33. We observed the unique 
pattern of TAMP-BG degradation that resembled natural trabecular bone resorption, preserving the volume for 
12 weeks.

Fig. 4.  Histological sections cut buccolingually of differently treated ridge specimens, at one week interval. 
Negative control empty extraction socket (no graft) shows heavily distributed granulation tissue (a, scanned 
section) with limited signs of regeneration at the side of socket in the form of newly formed bony spicules (b, 
microscopic appearance of a, apically). (c & d) are showing grafted specimen with autologous bone, where 
(d) is higher magnification of the scanned section (c), showing regular healing pattern of alveolar socket, 
with newly formed bone growing from apical to coronal, as the top coronal area was still devoid of bone. 
Extraction socket that received TAMP-BG in (f) (scanned section) as an overview of the ridge showing 
newly formed bony spicule-like bands extending in different directions throughout the whole space of the 
healing socket and demonstrating socket closure by newly formed bony plate (corticalization) one week 
postoperatively. Microscopic appearance of (f) is shown in (e) with remodeling signs coronally at the bony 
plate in the form of osteoclastic activity “white arrows” . Remnants of TAMP-BG particles could be noticed 
(dark blue patches) coronally and between the bony trabeculae (f), with high vascularity in socket central area. 
At 4 weeks postoperatively (g-j), autologous bone chips treated socket is showing at its most coronal level (h) 
the microscopic appearance of scanned section in (g) the oral mucosa that has already closed the extraction 
wound, and overlying a small opening at the alveolar margin and a narrow pathway at the extraction site 
underneath that was still devoid of bone (black star). While in extraction socket that received TAMP-BG (i 
& j) complete closure of socket entry could be seen. (i) is the microscopic appearance of the coronal level of 
scanned specimen in (j), with oral mucosa normally healed, and numerous bone trabeculae with no remnants 
of TAMP-BG. Comparison of healing between the 2 differently treated sockets are shown up till 12 weeks in 
k, l & o (autologous bone socket) and m, n & p (TAMP-BG socket), where the contour and form of socket 
were obviously much more preserved in the experimental socket than those of the control one. A closer look 
at the coronal and apical levels of the extraction socket that received TAMP-BG (m & p) respectively, which 
are the microscopic appearance of specimen in (n), demonstrates the same feature and characteristics seen 
before at shorter intervals; large number of marrow cavities and regenerative signs in the form of thick osteoid 
tissue lining trabecular surface as well as strong angiogenic activity (p). While the extraction socket treated 
with autologous bone chips shows reduction in the dimension of the socket (k) and obvious disappearance 
of the buccal and lingual crests leaving the socket orifice tapered due to bone resorption, denoting a different 
mechanism of healing as shown coronally and apically (l & o respectively) which are the microscopic 
appearance of specimen overview in (k). Scale bar on scanned sections equals 1000 µm, that on the 40X 
microscopic images is 500 µm and 100 µm for 100X (e).

◂

Scientific Reports |         (2025) 15:3321 9| https://doi.org/10.1038/s41598-025-86408-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Osseointegration started from 1st week where TAMP-BG was grafted around dental implant, as it was 
influenced by Ca and Si ions release in the environment, that represented the key elements in recruitment, 
proliferation and differentiation of mesenchymal stem cells26,28,34.This successful osseointegration that was 
observed histologically in the current work was recently proven to enhance mechanical stability with Ca coated 
implants35.We did not observe this phenomenon in the two other studied groups at the same interval.

Autologous bone TAMP-BG

T-test P valueMean ± SD

Shoulder to 1st BIC

Buccal

1 week 4.37 ± 0.27 4.47 ± 0.28 0.64

4 weeks 3.25 ± 0.11 3.21 ± 0.04 0.49

8 weeks 3.67 ± 0.13 3.57 ± 0.07 0.26

P value  < 0.001*  < 0.001*

Lingual

1 week 3.79 ± 0.15 4.05 ± 0.17 0.06

4 weeks 3.50 ± 0.20 2.79 ± 0.42 0.02*

8 weeks 3.10 ± 0.48 2.97 ± 0.02 0.63

P value 0.04*  < 0.001*

Shoulder to bone 
crest

Buccal

1 week 0.87 ± 0.06 1.33 ± 0.11 0.001*

4 weeks 2.14 ± 0.30 2.69 ± 0.36 0.06

8 weeks 3.14 ± 0.03 2.78 ± 0.18 0.007*

P value  < 0.001*  < 0.001*

Lingual

1 week 0.13 ± 0.16 0.95 ± 0.11  < 0.001*

4 weeks 1.93 ± 0.31 2.41 ± 0.25 0.054

8 weeks 1.67 ± 0.14 1.20 ± 0.21 0.01*

P value  < 0.001*  < 0.001*

L-B crestal height (VD)

1 week -0.73 ± 0.10 -0.37 ± 0.09 0.002*

4 weeks -0.21 ± 0.04 -0.28 ± 0.13 0.38

8 weeks -1.48 ± 0.17 -1.58 ± 0.19 0.43

P value  < 0.001*  < 0.001*

Buccal width

1 mm

1 week 0.80 ± 0.04 0.77 ± 0.02 0.24

4 weeks 1.11 ± 0.09 1.12 ± 0.35 0.94

8 weeks 1.08 ± 0.12 1.06 ± 0.17 0.84

P value 0.002* 0.11

3 mm

1 week 1.80 ± 0.06 1.06 ± 0.14  < 0.001*

4 weeks 2.64 ± 0.24 1.74 ± 0.52 0.02*

8 weeks 2.23 ± 0.26 1.76 ± 0.09 0.01*

P value 0.001* 0.02*

5 mm

1 week 2.71 ± 0.15 1.68 ± 0.06  < 0.001*

4 weeks 3.37 ± 0.51 2.35 ± 0.23 0.02*

8 weeks 3.55 ± 0.18 2.67 ± 0.13  < 0.001*

P value 0.01*  < 0.001*

Lingual width

1 mm

1 week 1.72 ± 0.25 1.46 ± 0.19 0.14

4 weeks 1.64 ± 0.03 1.66 ± 0.16 0.81

8 weeks 2.22 ± 0.10 1.91 ± 0.07 0.003*

P value 0.001* 0.007*

3 mm

1 week 3.01 ± 0.53 3.02 ± 0.29 0.99

4 weeks 3.11 ± 0.32 2.48 ± 0.15 0.02*

8 weeks 3.13 ± 0.12 2.94 ± 0.19 0.13

P value 0.89 0.02*

5 mm

1 week 3.88 ± 0.35 3.60 ± 0.08 0.21

4 weeks 4.10 ± 0.23 3.05 ± 0.26 0.001*

8 weeks 3.59 ± 0.16 3.50 ± 0.09 0.37

P value 0.06 0.002*

Table 2.  Comparison between the autologous bone and TAMP-BG groups of implant specimens, at different 
time points, regarding the distance from implant shoulder to 1st BIC, from implant shoulder to bone crest, 
the difference between buccal and lingual heights and the width of buccal & lingual plates of bone, at 1, 3, 
5 mm levels. T-test was used for comparing the two groups, while One-way ANOVA was used for comparing 
different time points within each group. *Statistically significant at p value < 0.05.
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The influence of bioglass dissolution products on macrophage responses was recently highlighted and has 
been demonstrated to be crucial for tissue construction through modulating osteogenesis, osteoclastogenesis, 
and angiogenesis34,36. Indeed, bioactive glasses have been shown to exert immunomodulatory effects through 
the activation of a cascade of events at the bone injury site by switching between macrophage phenotype M1 
(pro-inflammatory) and M2 (anti-inflammatory) which favors the bone regenerative pathway. Elevated calcium 
ions have also been shown to stimulate the secretion of BMP-2 by macrophages34. Macrophage-derived IL-10 
can further regulate the osteogenic markers such as collagen type I alpha 1 (COL1A1), alkaline phosphatase, 
and RUNX-2 elucidating the importance of the immune system in bone regeneration37.This is supported by 
our findings that recorded the presence of osteoclast-like cells at the first two weeks in TAMP-BG grafted 
sockets, and around implants on the bone ridges opposing implant surfaces, next to osteogenic cells. However, 
the exact mechanisms and pathways behind the role of the immune system in bone regeneration remain 
elusive. In the present study, the standardized preparation process of our tailored bioactive glass regarding its 
chemical composition, porosity pattern, controlled release of bioactive ions, and their impact in the biological 
microenvironment were reproducible as evidenced by the extensive characterization tests to ensure the 
regenerative efficacy of TAMP-BG. Additionally, the preparation technique used in this study was previously 
validated in our precedent publications21,22.

The dynamic microenvironment around implants grafted with TAMP-BG continued up to 8 weeks, showing 
new bone deposited on the surface of the implant serration, yet maintaining the large bone marrow spaces. 
The obvious difference in the way of osseointegration between implants grafted with autologous bone versus 
implants grafted with TAMP-BG reflected the influence of biomaterial parameters at the implant/bone interface 
and opposing bone surface. The bone deposited on the surface of the implant serrations followed the same 
pattern of the 3/D architecture of the tailored scaffold. Nano/macro porous architecture of bone deposition on 
the implant surface occupied empty spaces that enhanced implant fixation to the bone38.Our results showed 
progressive increase in the buccal bone plate width around TAMP-BG implant over time from 1 to 8 weeks, at 
3and 5mm levels, reflecting the dynamic cellular activity in the microenvironment.

Although the distance between implant shoulder and alveolar bone crest was longer for the TAMP-BG 
group than that of autologous bone group, from both sides at 4 weeks, the situation was reversed by 8 weeks; 
demonstrating new bone formation in the vertical direction in TAMP-BG sockets. This was one of the important 
findings in this work, confirming the long-term effect of the TAMP- BG scaffold, even after complete degradation, 
which was not reported by previous investigators.

As we discuss the promising effects of TAMP-BG in bone regeneration in ridge and around implants sites, 
we acknowledge the limitations of our study. These include small number of investigated animals, short survival 
periods, and lack of data regarding effect of TAMP-BG on soft tissue healing around implants. For future studies, 
we recommend the investigation of different forms of scaffold architecture as well as chemical compositions that 
affect the bioactive material characteristics. We also recommend the use of microtomographic analysis of the 
regions evaluated by histomorphometric analysis to evaluate the entire area of interest and the implementation 
of specific signaling pathways to assess how TAMP-BG promotes the proliferation and migration of hABMSCs. 
Concerning the clinical impact, alveolar ridge preservation is crucial for immediate implant placement. TAMP-
BG is a tailored bioactive scaffold that can be used for “personalized” tissue engineering approaches. TAMP-BG 
can be used as a bioactive dynamic scaffold to prevent socket collapse and preserve the alveolar ridge following 
tooth extraction and around immediately placed dental implants.

Conclusions
Bioactive glass scaffolds can act as carriers for controlled release of therapeutic ions like silicon and calcium, 
as long as the degradation continues. One of the essential scaffold criteria is to maintain the volume of the 
defect for a sufficient time to match the tissue growth rate. It is possible to modify the scaffold physico-chemical 
properties, by fine tuning the processing parameters, in terms of its porous structure, surface area, type and rate 
of ions release, in order to control degradation time, and enhance its effect on alveolar bone preservation and 
new formation around immediately placed implants.

Methods
TAMP-BG preparation and characterization
Tailored amorphous multiporous (TAMP-BG) scaffold (70  mol% SiO2/30  mol% CaO2) was prepared by a 
modified sol–gel process as previously described22.

Chemical characterization of TAMP bioactive glass
Bioactivity and dissolution studies
Bioactivity was investigated to observe the formation of hydroxyl-carbonate apatite (HCA) on the surface of 
the prepared TAMP-BG samples for 1, 2, 3, and 4 weeks23. PBS extracts were used to determine the (Si) and 
(Ca) concentrations and the pH values. The discs were then characterized by scanning electron microscopy 
(SEM JEOL JSM 6360LA, Japan) with energy dispersive x-ray spectrometry (EDX). Both Fourier Transform– 
IR Spectrophotometer (FTIR -8400S, Shimadzu, Japan) and x-ray diffraction (XRD) scans using (X-ray 7000 
Shimadzu, Japan), were used to detect the conformational and crystallographic changes on the surface of the 
bioactive glass samples.
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Biological characterization of TAMP-BG: effect of TAMP-BG extract on migration and 
proliferation of human alveolar bone marrow-derived mesenchymal stem cells (h-ABMSCs)
Preparation and analysis of TAMP-BG extract
TAMP-BG powder was soaked in serum free Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Verviers, 
Belgium) at a concentration of 0.01  g/mL. The bioactive glass extract was freshly prepared before each 
experiment39,40. The extract was analyzed using inductive coupled plasma atomic emission spectroscopy (5100 
14 ICP-OES) (Agilent technologies, California, U.S.A) Preparation and quality control were carried out according 
to standard methods41.
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Culture of “hABMSCs”
Mesenchymal stem cells used in this study were derived from human alveolar bone marrow aspirate as previously 
described42,43. Cells from passages 3–5 were used for all experiments.

Cell proliferation assays using MTT
The effect of the bioactive glass extract on proliferation of hABMSCs was assessed using MTT cell viability 
assay (n = 3, in triplicate). Cells were incubated in complete medium for 24 h, and then in serum free media 
overnight. The cells were then incubated with one of the following conditions: serum free media, 10%FBS, 
2%FBS, 100%TAMP-BG extract + 2%FBS and 50%TAMP-BG extract + 2%FBS. Cell proliferation was evaluated 
after 24, 48,120 and 144 h.44.

Wound scratch migration assays
The wound scratch assay was used to assess the effect of ionic dissolution products of TAMP-BG on the 
migration of hABMSCs 3 times in quadruplicate. Cells were plated and upon confluence, scratches were made 
using P200 pipette tips. The same conditions as for the proliferation assays were used. The rate of wound closure 
was assessed at 0, 24 and 48 h45.

Animal surgery (Supplementary Fig. 6)
Mongrel dogs were selected as a model to develop this study due to their availability as a canine strain in Egypt 
and because they have been used widely for periodontal regeneration and peri-implant defect research due to 
anatomical and physiological similarities with humans. Twenty-two healthy male mongrel dogs of 15 to 20 kg 
and aged 7 to 12 months were used in this study following approval of the institutional ethics committee of 
Alexandria University; Institutional Animal Care and Use Committee “ALEXU-IACUC” and according to the 
ARRIVE guidelines (supplementary file). All experimental animal procedures were done in accordance with 
institutional guidelines and regulations of Alexandria University. Healthy animals with good oral health were 
obtained from the animal unit of the faculty of veterinary medicine, Alexandria University.

Animals were kept for adaptation for 1 week prior to surgical procedures. Anesthesia was obtained using IM 
administration of Xylazine HCL (1 mg/kg) (Xylaject, Adwia, Egypt) followed by IV administration of Ketamine 
HCL (10 mg/kg) (Ketamine, Sigma). Atraumatic extractions of the mandibular fourth premolar tooth on both 
sides were done. On the right side, 1mm3 prewetted TAMP-BG particles were applied around the immediately 
placed 8 × 3.7 Ti implant (SwissPlus, Zimmer, Germany) thread surface in the distal socket before full screwing 
of the implant, while the left side received autologous bone chips taken from the iliac crest of the same animal 
after being cut into almost 1mm3 sized pieces and moistened with saline. The extraction socket of the mesial root 
of the same tooth received TAMP-BG on the right side of the mandible, while autologous bone was applied on 
the left side. Each socket was filled with the grafting material until complete flushing with the gingival margin. 
Right side sockets received 0.3538 to 0.729 g of TAMP-BG. The implant was placed by the same surgeon in the 
osteotomy site taking care not to be inserted to the full length. Bone graft particles were applied to the threads of 

Fig. 5.  Panel (A) shows histological sections cut bucco-lingually of differently treated immediate 
implants in mandibular extraction sockets at one week interval. (a), (b) & (c) are the scanned sections of 
microphotographs (d) (no graft around implant), (e) (socket received autologous bone around implant) & (f) 
(TAMP-BG around implant), respectively. Variable rates of new bone formation could be noticed at the bone/
implant interface, when the 3 specimens are compared, where the least degree of osseointegration is shown 
in the socket that received the un-grafted implant (d), while the highest one is observed in the socket that 
received TAMP-BG around implant (f). Few remnants of TAMP-BG material are still noticeable {arrows} in 
(f) at that time interval around surface serrations of implant. At 4 weeks interval following implant insertion, 
different osseointegration mechanisms were observed at the bone/implant interface in TAMP-BG treated 
socket (i & at higher magnification in j), when compared to socket that received autologous bone around 
implant (g & at higher magnification in h). Large marrow cavities (black star) lined completely all around at 
the border by secretory osteoblasts and reaching the implant surface, demonstrating highly active spots of 
newly formed bone at the bone/implant interface, with secretory cells lining both bony socket wall as well 
as extending in a circle like form to line the implant surface (insert at top right of j (100X). No BG remnants 
could be seen at this time interval. While autologous bone treated socket (h) has shown less bone density with 
wider un-mineralized matrix area than that treated with TAMP-BG (j). Consistently, difference in bone pattern 
regeneration at implant/bone interface could still be observed 8 weeks post implantation, between the socket 
that received autologous bone graft around implant (k & at higher magnification in l) and that with TAMP-BG 
(m & at higher magnification in n). New bone in TAMP-BG implanted socket maintained a rich distribution 
and highly organized wide marrow spaces just along implant/bone interface (n), with angiogenesis and cellular 
lining, reflecting the unique mechanism of osseointegration as a cascade of degradation of the bioactive 
TAMP-BG, confirming the same characteristic pattern of bone regeneration at shorter interval of the same 
group. While the control healed socket (l) is showing the classic appearance of osseointegrated implant with no 
marrow cavities, yet dense bone at the interface. Scale bar on scanned sections equals 1000 µm and that on the 
40X microscopic images is 500 µm. Panel (B) shows Graphical presentation of histomorphometric analysis of 
differently treated implant specimens; representing the BIC %, bone fill % inside and outside implant threads. 
All data represent means and standard deviations. Statistically significant differences between the test and 
control groups are demonstrated by the (*) on top of columns.

◂
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the implants prior to be screwed to the full length so the bone graft particles filled the gap between the implant 
and the extraction socket wall.

Three interrupted sutures were taken using 4/0 resorbable glycolide-Poly-L-lactide material (Vicryl, 
Ethicon,USA). Following surgery, animals received intramuscular Cephotaxime1g antibiotic (Egyptian. Int. 
Pharmaceutical (E.I.P.I.C.O),10th of Ramadan, Egypt) in a dose of 150  mg/Kg/day and Ketorolac analgesic 
(Amriya Pharm. IND, Alexandria, Egypt) 60 mg/day for 3 days. Animals were euthanized at 1, 2, 4, 8 & 12 weeks 
post-operatively using an overdose administration of thiopental sodium (Amriya Pharm. IND, Alexandria, 
Egypt) (Fig. 1A).

Histological sample preparation
Specimens were processed for non-decalcified hard sectioning using plastic resin embedding technique as 
previously described46. Specimens were cut longitudinally in a bucco-lingual plane into serial Sects. (150 μm) 
using (EXAKT band system 300 CP, EXAKT technologies, USA). Sections were stained with Stevenel’s blue 
and Van Gieson (Sigma-Aldrich); both are specialized stains used in resin embedding technique of hard tissues 
for their effectiveness in demarcation between soft and hard structures. Sections were then examined under 
light microscope (Olympus CH40RF200, Japan) by a single blinded expert investigator following calibration for 
intraexaminer reliability to minimize bias. Evaluation was done in the 3 serial sections in the central part of the 
defect with 100 microns apart. In the implant specimens, the entire length of implant (from shoulder to base of 
implant) was used to ensure consistency in evaluating the center of the defect.

Histomorphometric analysis for ridge and implant specimens (Fig. 1B)
For ridge specimens; difference between buccal and lingual heights, coronal contour, lingual and buccal plates’ 
widths at 1, 3& 5 mm levels29; and total bucco-lingual area at coronal, middle and apical thirds of the ridge47 
were measured. In implant specimens, distance from implant shoulder to 1st bone implant contact (BIC) point 
on both buccal and lingual sides, distance from implant shoulder to the lingual and buccal bone crests, difference 
between buccal and lingual heights48, lingual and buccal plates’ widths at 1, 3 & 5 mm levels, bone implant 
contact (BIC) % and bone fill % inside and outside implant threads49, were measured. Bone fill % within the 
implant threads; represented the new bone regenerated in close contact with the implant surface throughout its 
whole length. This was done first by tracing the whole area confined between each two threads, and then bone 
areas within the first traced area were measured to be divided by total area. Whereas, bone fill % outside the 
threads area was done in a rectangular area lateral to the threads all along the implant’s length from the first most 
coronal implant thread to the implant base.

All parameters were measured on scanned histological sections (HP Scanjet G3010 scanner with resolution of 
1200 pixels/inch) using image J software50 except bone fill % parameters which were calculated on microscopic 
images.

Statistical analysis
Data were analyzed using IBM SPSS for Windows (Version 23.0). Mean and standard deviation (SD) were 
calculated. Comparisons between two control groups and TAMP-BG groups at one week and between different 
time points within same groups were done using one-way ANOVA, followed by multiple pairwise comparisons 
using Bonferroni adjusted significance levels. At 4, 8 and 12 weeks comparisons between autologous and TAMP-
BG groups were done using independent samples t-test. Data of BIC % and bone fill % were analyzed using 
Graph pad software for Windows (Version 10.3.0), California, USA) using the unpaired student’s t-test for 
means and standard deviations. Significance for all tests were considered at p < 0.05.

Data availability
Data is provided within the manuscript or supplementary information files.

Received: 12 July 2024; Accepted: 10 January 2025

References
	 1.	 MG Araújo JCC Silva da AF Mendonça de J Lindhe 2015 Ridge alterations following grafting of fresh extraction sockets in man. A 

randomized clinical trial Clin. Oral Implants Res. 26 4 407 412 https://doi.org/10.1111/clr.12366
	 2.	 G Avila-Ortiz M Gubler M Romero-Bustillos CL Nicholas MB Zimmerman CA Barwacz 2020 Efficacy of alveolar ridge 

preservation: a randomized controlled trial J. Dent. Res. 99 4 402 409 https://doi.org/10.1177/0022034520905660
	 3.	 G Avila-Ortiz L Chambrone F Vignoletti 2019 Effect of alveolar ridge preservation interventions following tooth extraction: A 

systematic review and meta-analysis J. Clin. Periodontol. 46 195 223 https://doi.org/10.1111/jcpe.13057
	 4.	 E Couso-Queiruga S Stuhr M Tattan L Chambrone G Avila-Ortiz 2021 Post-extraction dimensional changes: A systematic review 

and meta-analysis J. Clin. Periodontol. 48 1 127 145 https://doi.org/10.1111/jcpe.13390
	 5.	 MG Araújo J Lindhe 2011 Socket grafting with the use of autologous bone: An experimental study in the dog Clin. Oral Implant 

Res. 22 1 9 13 https://doi.org/10.1111/j.1600-0501.2010.01937.x
	 6.	 S Spinato P Galindo-Moreno D Zaffe F Bernardello CM Soardi 2014 Is socket healing conditioned by buccal plate thickness? A 

clinical and histologic study 4 months after mineralized human bone allografting Clin. Oral Implant Res. 25 2 e120 e126 ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​c​l​r​.​1​2​0​7​3​​​​​​​

	 7.	 L Canullo M Menini F Bagnasco N Tullio Di P Pesce 2022 Tissue-level versus bone-level single implants in the anterior area 
rehabilitated with feather-edge crowns on conical implant abutments: An up to 5-year retrospective study J. Prosthet. Dent. 128 5 
936 941 https://doi.org/10.1016/j.prosdent.2021.01.031

	 8.	 M Araújo E Linder J Wennström J Lindhe 2008 The influence of Bio-Oss Collagen on healing of an extraction socket: An 
experimental study in the dog Int. J. Periodontics Restor. Dent. 28 2 123 35

Scientific Reports |         (2025) 15:3321 14| https://doi.org/10.1038/s41598-025-86408-x

www.nature.com/scientificreports/

https://doi.org/10.1111/clr.12366
https://doi.org/10.1177/0022034520905660
https://doi.org/10.1111/jcpe.13057
https://doi.org/10.1111/jcpe.13390
https://doi.org/10.1111/j.1600-0501.2010.01937.x
https://doi.org/10.1111/clr.12073
https://doi.org/10.1111/clr.12073
https://doi.org/10.1016/j.prosdent.2021.01.031
http://www.nature.com/scientificreports


	 9.	 E Machtei Y Mayer J Horwitz H Zigdon-Giladi 2019 Prospective randomized controlled clinical trial to compare hard tissue 
changes following socket preservation using alloplasts, xenograftsvs no grafting: Clinical and histologicalfindings Clin. Implant 
Dent. Relat. Res. 21 14 20 https://doi.org/10.1111/cid.12707

	10.	 JVDS Canellas FG Ritto CMDS Figueredo RG Fischer GP Oliveira De AA Thole PJD Medeiros 2020 Histomorphometric 
evaluation of different grafting materials used for alveolar ridge preservation: A systematic review and network meta-analysis Int. 
J. Oral Maxillofac. Surg. 49 6 797 810 https://doi.org/10.1016/j.ijom.2019.10.007

	11.	 JY Hong JS Lee EK Pang UW Jung SH Choi CK Kim 2014 Impact of different synthetic bone fillers on healing of extraction sockets: 
An experimental study in dogs Clin. Oral Implants Res. 25 2 e30 e37 https://doi.org/10.1111/clr.12041

	12.	 HJ Haugen SP Lyngstadaas F Rossi G Perale 2019 Bone grafts: Which is the ideal biomaterial? J. Clin. Periodontol. 46 92 102 
https://doi.org/10.1111/jcpe.13058

	13.	 KR Morjaria R Wilson RM Palmer 2014 Bone healing after tooth extraction with or without an intervention: A systematic review 
of randomized controlled trials Clin. Implant Dent Relat. Res. 16 1 1 20 https://doi.org/10.1111/j.1708-8208.2012.00450.x

	14.	 SA Alavi M Imanian S Alkaabi G Al-Sabri T Forouzanfar M Helder 2024 A systematic review and meta-analysis on the use of 
regenerative graft materials for socket preservation in randomized clinical trials Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 138 
6 702 718 https://doi.org/10.1016/j.oooo.2024.07.003

	15.	 A Sculean A Stavropoulos DD Bosshardt 2019 Self-regenerative capacity of intra-oral bone defects J. Clin. Periodontol. 46 70 81 
https://doi.org/10.1111/jcpe.13075

	16.	 M Bartold S Gronthos D Haynes S Ivanovski 2019 Mesenchymal stem cells and biologic factors leading to bone formation J. Clin. 
Periodontol. 46 12 32 https://doi.org/10.1111/jcpe.13053

	17.	 WV Giannobile T Berglundh B Al-Nawas M Araujo PM Bartold P Bouchard  2019 Biological factors involved in alveolar bone 
regeneration: Consensus report of Working Group 1 of the 15th European Workshop on Periodontology on Bone Regeneration J. 
Clin. Periodontol. 46 6 11 https://doi.org/10.1111/jcpe.13130

	18.	 LL Hench 2006 The story of Bioglass® J. Mater. Sci. Mater. Med. 17 11 967 978 https://doi.org/10.1007/s10856-006-0432-z
	19.	 M Montazerian ED Zanotto 2017 A guided walk through Larry Hench’s monumental discoveries J. Mater. Sci. 52 15 8695 8732 

https://doi.org/10.1007/s10853-017-0804-4
	20.	 CA Marques H Jain RM Almeida 2007 Sol-gel derived nano/macroporous scaffolds Phys. Chem. Glasses-Eur. J. Glass Sci. Technol. 

Part B 48 2 65 68
	21.	 S Wang MM Falk A Rashad MM Saad AC Marques RM Almeida  2011 Evaluation of 3D nano–macro porous bioactive glass 

scaffold for hard tissue engineering J. Mater. Sci. Mater. Med. 22 1195 1203 https://doi.org/10.1007/s10856-011-4297-4
	22.	 S Wang TJ Kowal MK Marei MM Falk H Jain 2013 Nanoporosity significantly enhances the biological performance of engineered 

glass tissue scaffolds Tissue Eng. Part A 19 13–14 1632 1640 https://doi.org/10.1089/ten.tea.2012.0585
	23.	 D Zhang H Jain M Hupa L Hupa 2012 In-vitro degradation and bioactivity of tailored amorphous multi porous scaffold structure 

J. Am. Ceram. Soc. 95 9 2687 2694 https://doi.org/10.1111/j.1551-2916.2012.05110.x
	24.	 BM Kinaia S Kazerani S Korkis OM Masabni M Shah AL Neely 2021 Effect of guided bone regeneration on immediately placed 

implants: Meta-analyses with at least 12 months follow-up after functional loading J. Periodontol. 92 12 1749 60 ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​0​2​/​J​P​E​R​.​1​8​-​0​5​4​3​​​​​​​

	25.	 J Zaki N Yusuf A El-Khadem RJ Scholten K Jenniskens 2021 Efficacy of bone-substitute materials use in immediate dental implant 
placement: A systematic review and meta-analysis Clin. Implant Dent. Relat. Res. 23 4 506 19 https://doi.org/10.1111/cid.13014

	26.	 L Yan H Li W Xia 2020 Bioglass could increase cell membrane fluidity with ion products to develop its bioactivity Cell Prolif. 53 
11 e12906 https://doi.org/10.1111/cpr.12906

	27.	 X Wang L Gao Y Han M Xing C Zhao J Peng  2018 Silicon-enhanced adipogenesis and angiogenesis for vascularized adipose tissue 
engineering Adv. Sci. 5 11 1800776 https://doi.org/10.1002/advs.201800776

	28.	 MN Lee HS Hwang SH Oh A Roshanzadeh JW Kim JH Song  2018 Elevated extracellular calcium ions promote proliferation and 
migration of mesenchymal stem cells via increasing osteopontin expression Exp. Mol. Med. 50 11 1 16 ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​1​
2​2​7​6​-​0​1​8​-​0​1​7​0​-​6​​​​​​​

	29.	 MG Araújo J Lindhe 2005 Dimensional ridge alterations following tooth extraction. An experimental study in the dog J. Clin. 
Periodontol. 32 2 212 218 https://doi.org/10.1111/j.1600-051X.2005.00642.x

	30.	 F Weijden Van der F Dell’Acqua DE Slot 2009 Alveolar bone dimensional changes of post-extraction sockets in humans: A sys 
thematic review J. Clin. Periodontol. 36 1048 1058 https://doi.org/10.1111/j.1600-051X.2009.01482.x

	31.	 - Canullo, L., Del Fabbro, M., Khijmatgar, S., Panda, S., Ravidà, A., Tommasato, G. et al. Dimensional and histomorphometric 
evaluation of biomaterials used for alveolar ridge preservation: A systematic review and network meta-analysis. Clin. Oral Investig. 
1–18. (2022). https://doi.org/10.1007/s00784-021-04248-1

	32.	 K Bertl EB Kukla R Albugami F Beck A Gahleitner A Stavropoulos 2018 Timeframe of socket cortication after tooth extraction: A 
retrospective radiographic study Clin. Oral Implants Res. 29 1 130 138 https://doi.org/10.1111/clr.13081

	33.	 F Inchingolo D Hazballa AD Inchingolo G Malcangi G Marinelli A Mancini  2022 Innovative concepts and recent breakthrough 
for engineered graft and constructs for bone regeneration: A literature systematic review Materials 15 3 1120 ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​
9​0​/​m​a​1​5​0​3​1​1​2​0​​​​​​​

	34.	 K Zheng W Niu B Lei AR Boccaccini 2021 Immunomodulatory bioactive glasses for tissue regeneration Acta Biomater. 133 168 
186 https://doi.org/10.1016/j.actbio.2021.08.023

	35.	 YW Song KW Paeng MJ Kim JK Cha UW Jung RE Jung DS Thoma 2021 Secondary stability achieved in dental implants with 
a calcium-coated sandblasted, large-grit, acid-etched (SLA) surface and a chemically modified SLA surface placed without 
mechanical engagement: A preclinical study Clin. Oral Implants Res. 32 12 1474 1483 https://doi.org/10.1111/clr.13848

	36.	 K Zheng B Sui K Ilyas AR Boccaccini 2021 Porous bioactive glass micro-and nanospheres with controlled morphology: 
Developments, properties and emerging biomedical applications Mater. Horizons 8 2 300 335 https://doi.org/10.1039/d0mh01498b

	37.	 J Ping C Zhou Y Dong X Wu X Huang B Sun B Zeng F Xu W Liang 2021 Modulating immune microenvironment during bone 
repair using biomaterials: Focusing on the role of macrophages Mol. Immunol. 138 110 20

	38.	 S Safavi Y Yu DL Robinson HA Gray DC Ackland PV Lee 2023 Additively manufactured controlled porous orthopedic joint 
replacement designs to reduce bone stress shielding: A systematic review J. Orthop. Surg. Res. 18 1 1 23 ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​s​1​
3​0​1​8​-​0​2​2​-​0​3​4​9​2​-​9​​​​​​​

	39.	 ISO 10993. Biological Evaluation of Medical Devices–Part 12: Sample preparation and reference materials (2012).
	40.	 ID Xynos AJ Edgar LD Buttery LL Hench JM Polak 2000 Ionic products of bioactive glass dissolution increase proliferation of 

human osteoblasts and induce insulin-like growth factor II mRNA expression and protein synthesis Biochem. Biophys. Res. 
Commun. 276 2 461 465 https://doi.org/10.1006/bbrc.2000.3503

	41.	 - Martin, T. D., Brockhoff, C. A., Creed, J. T., & Long, S. E. Determination of metals and trace elements in water and wastes by 
inductively coupled plasma-atomic emission spectrometry. Methods Determ. Met. Environ. Samples. 33–91 (1992).

	42.	 N Shazley El A Hamdy HA El-Eneen RM Backly El MM Saad W Essam  2016 Bioglass in alveolar bone regeneration in orthodontic 
patients: Randomized controlled clinical trial JDR Clin. Transl. Res. 1 3 244 255 https://doi.org/10.1177/2380084416660672

	43.	 S Mason SA Tarle W Osibin Y Kinfu D Kaigler 2014 Standardization and safety of Alveolar bone–derived stem cell Isolation J. 
Dent. Res. 93 1 55 61 https://doi.org/10.1177/0022034513510530

	44.	 O Tsigkou JR Jones JM Polak MM Stevens 2009 Differentiation of fetal osteoblasts and formation of mineralized bone nodules by 
45S5 Bioglass® conditioned medium in the absence of osteogenic supplements Biomaterials 30 21 3542 3550 ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
1​6​/​j​.​b​i​o​m​a​t​e​r​i​a​l​s​.​2​0​0​9​.​0​3​.​0​1​9​​​​​​​

Scientific Reports |         (2025) 15:3321 15| https://doi.org/10.1038/s41598-025-86408-x

www.nature.com/scientificreports/

https://doi.org/10.1111/cid.12707
https://doi.org/10.1016/j.ijom.2019.10.007
https://doi.org/10.1111/clr.12041
https://doi.org/10.1111/jcpe.13058
https://doi.org/10.1111/j.1708-8208.2012.00450.x
https://doi.org/10.1016/j.oooo.2024.07.003
https://doi.org/10.1111/jcpe.13075
https://doi.org/10.1111/jcpe.13053
https://doi.org/10.1111/jcpe.13130
https://doi.org/10.1007/s10856-006-0432-z
https://doi.org/10.1007/s10853-017-0804-4
https://doi.org/10.1007/s10856-011-4297-4
https://doi.org/10.1089/ten.tea.2012.0585
https://doi.org/10.1111/j.1551-2916.2012.05110.x
https://doi.org/10.1002/JPER.18-0543
https://doi.org/10.1002/JPER.18-0543
https://doi.org/10.1111/cid.13014
https://doi.org/10.1111/cpr.12906
https://doi.org/10.1002/advs.201800776
https://doi.org/10.1038/s12276-018-0170-6
https://doi.org/10.1038/s12276-018-0170-6
https://doi.org/10.1111/j.1600-051X.2005.00642.x
https://doi.org/10.1111/j.1600-051X.2009.01482.x
https://doi.org/10.1007/s00784-021-04248-1
https://doi.org/10.1111/clr.13081
https://doi.org/10.3390/ma15031120
https://doi.org/10.3390/ma15031120
https://doi.org/10.1016/j.actbio.2021.08.023
https://doi.org/10.1111/clr.13848
https://doi.org/10.1039/d0mh01498b
https://doi.org/10.1186/s13018-022-03492-9
https://doi.org/10.1186/s13018-022-03492-9
https://doi.org/10.1006/bbrc.2000.3503
https://doi.org/10.1177/2380084416660672
https://doi.org/10.1177/0022034513510530
https://doi.org/10.1016/j.biomaterials.2009.03.019
https://doi.org/10.1016/j.biomaterials.2009.03.019
http://www.nature.com/scientificreports


	45.	 CC Liang AY Park JL Guan 2007 In vitro scratch assay: A convenient and inexpensive method for analysis of cell migration in vitro 
Nat. Protoc. 2 2 329 333 https://doi.org/10.1038/nprot.2007.30

	46.	 MK Marei SR Nouh MM Saad NS Ismail 2005 Preservation and regeneration of alveolar bone by tissue-engineered implants 
TissueEng 11 5–6 751 767 https://doi.org/10.1089/ten.2005.11.751

	47.	 N Discepoli F Vignoletti L Laino M Sanctis De F Muñoz M Sanz 2013 Early healing of the alveolar process after tooth extraction: 
An experimental study in the beagle dog J. Clin. Periodontol. 40 6 638 644 https://doi.org/10.1111/jcpe.12074

	48.	 MG Araújo F Sukekava JL Wennström J Lindhe 2006 Tissue modeling following implant placement in fresh extraction sockets 
Clin. Oral Implants Res. 17 6 615 624 https://doi.org/10.1111/j.1600-0501.2006.01317.x

	49.	 R Stokholm R Spin-Neto JR Nyengaard F Isidor 2016 Comparison of radiographic and histological assessment of peri-implant 
bone around oral implants Clin. Oral Implants Res. 27 7 782 786 https://doi.org/10.1111/clr.12683

	50.	 KP Egan TA Brennan RJ Pignolo 2012 Bone histomorphometry using free and commonly available software Histopathology 61 6 
1168 1173 https://doi.org/10.1111/j.1365-2559.2012.04333.x

Acknowledgements
The authors would like to appreciate Alexandria University for hosting the experiments; the Science and tech-
nology development fund, Egypt for funding the experiments under grant number STDF#116. The authors 
would also like to thank Dr. Ahmed Rashad for performing the dissolution and the bioactivity tests and Dr. Noha 
El Shazley for performing the cell culture analysis experiments. We would additionally like to thank Dr. Haitham 
Abou El-Enein for his valuable assistance in animal surgeries.

Author contributions
A.H. collected and analyzed the histomorphometry data and prepared the figures; M.S. performed the histo-
logical analysis and drafted the manuscript; R.E. supervised the in vitro cell culture experiments and analyzed 
the data as well as edited and finalized the manuscript; S.N. supervised all animal experiments and collection of 
samples; H.J.  contributed to conception and design; M.M. conceived the ideas, designed the study, analyzed the 
data, led the writing, and drafted the final manuscript.All authors approved the final version of the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooper-
ation with The Egyptian Knowledge Bank (EKB).

This study was funded by the “Science and technology development” fund, Egypt under grant number 
STDF#116.

Declarations

Competing interests
The authors declare no competing interests.

Ethical approval
All procedures conducted on animals were performed following the approval of the institutional ethics 
committee of Alexandria University; Institutional Animal Care and Use Committee “ALEXU-IACUC” and 
following the ARRIVE guidelines (as a supplementary file) and international guidelines for the care and use of 
animals.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​8​6​4​0​8​-​x​​​​​.​​

Correspondence and requests for materials should be addressed to R.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |         (2025) 15:3321 16| https://doi.org/10.1038/s41598-025-86408-x

www.nature.com/scientificreports/

https://doi.org/10.1038/nprot.2007.30
https://doi.org/10.1089/ten.2005.11.751
https://doi.org/10.1111/jcpe.12074
https://doi.org/10.1111/j.1600-0501.2006.01317.x
https://doi.org/10.1111/clr.12683
https://doi.org/10.1111/j.1365-2559.2012.04333.x
https://doi.org/10.1038/s41598-025-86408-x
https://doi.org/10.1038/s41598-025-86408-x
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Tailoring and characterization of bioactive graft material for alveolar bone preservation and regeneration in fresh extraction sockets of dog model
	﻿Results
	﻿Dissolution and bioactivity evaluation of TAMP-BG (Supplementary Figs. ﻿1﻿ & ﻿2﻿)
	﻿pH and (ionic concentration) ICP results
	﻿SEM/EDX results
	﻿FTIR analysis
	﻿X-Ray diffraction results


	﻿Evaluation of the effect of TAMP-BG extract on migration and proliferation of hABMSCs
	﻿Analysis of TAMP-BG extract
	﻿Cell proliferation using MTT
	﻿Wound scratch migration results

	﻿Histology and histomorphometric results
	﻿The ridge specimens (the empty mesial extraction socket of P4 filled with graft)
	﻿At one week post-operatively (Fig. ﻿4﻿﻿﻿﻿﻿, Table ﻿1﻿ and Supplementary Table ﻿1﻿)
	﻿At 4 and 12 weeks postoperatively (Fig. ﻿4﻿ and Table ﻿1﻿)


	﻿The implant specimens (the distal extraction socket of P4 with grafted implant)
	﻿At 1 week postoperatively (Fig. ﻿5﻿﻿﻿﻿﻿, Table ﻿2﻿ and Supplementary Table ﻿2﻿)
	﻿At 4 and 8 weeks postoperatively (Fig. ﻿5﻿ and Table ﻿2﻿)

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿TAMP-BG preparation and characterization
	﻿Chemical characterization of TAMP bioactive glass
	﻿Bioactivity and dissolution studies


	﻿Biological characterization of TAMP-BG: effect of TAMP-BG extract on migration and proliferation of human alveolar bone marrow-derived mesenchymal stem cells (h-ABMSCs)
	﻿Preparation and analysis of TAMP-BG extract
	﻿Culture of “hABMSCs”
	﻿Cell proliferation assays using MTT
	﻿Wound scratch migration assays

	﻿Animal surgery (Supplementary Fig. ﻿6﻿)
	﻿Histological sample preparation
	﻿Histomorphometric analysis for ridge and implant specimens (Fig. ﻿1﻿B)
	﻿Statistical analysis
	﻿References


