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Abstract 
Background and Aim: Craniomaxillofacial bone defects are commonly 
reconstructed using bovine bone scaffolds, where stable growth factor 
release is critical for effective bone regeneration. This study 
investigated the release profile of insulin-like growth factor (IGF) and 
platelet-derived growth factor (PDGF) from deproteinized bovine bone 
mineral (DBBM), freeze-dried bovine bone (FDBB), and decellularized 
freeze-dried bovine bone (dc-FDBB) scaffolds following application of 
freeze-dried secretome.    
Materials and Methods: In this in vitro experimental study, scaffolds 
were first immersed in secretome and incubated at 4°C for 24 hours to 
facilitate absorption, followed by an optional freeze-drying step. After 
rehydration, the release kinetics of IGF and PDGF was measured at 1, 
8, 24, and 48 hours using ELISA. Comparisons were made with one-
way ANOVA followed by the Tukey’s HSD test (alpha=0.05).    
Results: FDBB scaffolds treated with freeze-dried secretome exhibited 
the highest and most sustained release of IGF over 48 hours compared 
to other groups (26.774±4.079 ng/mL; P<0.05); while PDGF release 
was generally lower in freeze-dried groups compared to controls 
(8.587±2.184 ng/mL; P=0.197). 
Conclusion: The results showed that freeze-drying influences the 
release profile of IGF and PDGF and its sustainability from secretome-
loaded bovine bone scaffolds, with potential implications for optimizing 
scaffold bioactivity in bone tissue engineering applications.  
Keywords: Insulin-Like Growth Factor I; Platelet-Derived Growth 
Factor; Secretome; Tissue Scaffolds  
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Introduction 
Craniomaxillofacial bone defects due to 

trauma, infection, congenital anomalies, or 
surgical resections remain a critical challenge in 
reconstructive surgery, as they are characterized 
by substantial loss of bone volume and 
compromised structural integrity and function 
[1,2]. Successful reconstruction in this region is 
particularly demanding due to the need to restore 
both biomechanical stability and esthetic 
appearance, as well as to support complex 
functions such as mastication, speech, and facial 
expression [3–5]. Autologous bone grafts, 
harvested from intraoral or extraoral donor sites, 
are widely recognized as the gold standard for 
treating such defects [6,7]. They provide 
osteogenic, osteoinductive, and osteoconductive 
properties, which are essential for bone 
regeneration. However, despite their clinical 
efficacy, autografts are limited by donor site 
morbidity, restricted graft volume, prolonged 
surgical time, and the potential for unpredictable 
resorption, all of which underscore the need for 
alternative biomaterials [8,9]. 

Xenogenic bone substitutes, particularly 
bovine-derived scaffolds, have attracted 
considerable interest as a viable alternative due 
to their wide availability, structural similarity to 
human bone, and their capacity to promote bone 
regeneration [10,11]. Bovine bone scaffolds 
retain critical components of the native bone 
matrix, including both organic and inorganic 
fractions, which confer osteoconductive and 
osteoinductive properties. Nevertheless, the 
biological performance of these scaffolds is highly 
dependent on the employed processing 
techniques [12,13]. For example, deproteinized 
bovine bone mineral (DBBM) involves extensive 
removal of organic components, yielding a stable 
mineral phase that supports osteoconduction but 
may exhibit diminished osteoinductivity [14,15]. 

Freeze-dried bovine bone (FDBB), in contrast, 
preserves a higher proportion of bioactive 
organic constituents, potentially enhancing 
osteoinductive potential but at the expense of 
retaining immunogenic residues [16,17]. 
Decellularized freeze-dried bovine bone (dc-
FDBB) represents a further refinement, whereby 
decellularization techniques are applied to 
reduce immunogenicity while maintaining 
extracellular matrix components and the natural 
bone microarchitecture. Importantly, the 
incorporation of lyophilization (freeze-drying) as 
a stabilization method plays a dual role: it 
safeguards thermo-sensitive proteins and 
structural features of the scaffold while 
preserving bioactive molecules crucial for 
orchestrating regenerative processes [16,18,19]. 

In parallel with the development of scaffold 
processing methods, regenerative medicine has 
increasingly emphasized the role of biological 
cues in directing bone healing. In this context, the 
mesenchymal stem cell (MSC)-derived secretome 
has emerged as a promising therapeutic tool 
[20,21]. Unlike cell-based therapies that face 
challenges related to cell survival, 
immunogenicity, and regulatory concerns, 
secretome-based strategies provide a cell-free 
alternative capable of delivering a complex 
repertoire of bioactive molecules. The secretome 
comprises cytokines, chemokines, growth 
factors, and extracellular vesicles that collectively 
regulate cellular recruitment, angiogenesis, 
osteogenesis, and immunomodulation [22,23]. 
Among these components, insulin-like growth 
factor (IGF) and platelet-derived growth factor 
(PDGF) have received particular attention for 
their synergistic roles in bone regeneration. 
PDGF is primarily active during the early phases 
of healing, promoting angiogenesis, fibroblast 
recruitment, and extracellular matrix remodeling 
[24,25]. Conversely, IGF contributes to sustained 
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osteoblast proliferation, differentiation, and 
matrix mineralization, thereby supporting the 
long-term consolidation and maturation of new 
bone tissue [24,26]. 

The integration of secretome with bovine-
derived scaffolds offers an innovative approach 
to enhance scaffold bioactivity while maintaining 
their structural and mechanical advantages. 
Supplementing scaffolds with secretome 
followed by lyophilization, not only stabilizes 
these bioactive molecules but also enables 
controlled release over time, a critical factor for 
orchestrating sequential stages of bone healing 
[22,27]. However, the influence of different 
scaffold processing methods—DBBM, FDBB, and 
dc-FDBB—on the release kinetics and 
preservation of secretome-derived growth 
factors has not yet been comprehensively 
evaluated. 

Therefore, the present study was designed to 
investigate the release profile of IGF and PDGF 
from bovine bone scaffolds after secretome 
supplementation and freeze-drying. By 
elucidating how scaffold processing influences 
the delivery and bioavailability of these growth 
factors, this research aimed to provide 
mechanistic insights into scaffold–secretome 
interactions and to advance the optimization of 
xenogenic biomaterials. Ultimately, the findings 
are expected to contribute to the development of 
more effective strategies for craniomaxillofacial 
bone defect reconstruction, bridging the gap 
between scaffold engineering and biological 
stimulation for enhanced tissue regeneration 

 
Materials and Methods 
This in vitro, experimental study was conducted 
in accordance with the Declaration of Helsinki 
and approved by the Health Research Ethical 
Clearance Commission of the Faculty of Dental 
Medicine, Universitas Airlangga, No. 

0972/HRECC.FODM/IX/2024. This in vitro 
experimental study employed a longitudinal 
design, dividing samples into six groups: (1) 
DBBM + secretome (control), (2) FDBB + 
secretome (control), (3) dc-FDBB + secretome 
(control), (4) DBBM + secretome, freeze-dried, 
(5) FDBB + secretome, freeze-dried, and (6) dc-
FDBB + secretome, freeze-dried. The research 
took place at the Faculty of Pharmacy Universitas 
Airlangga, from September to November 2024. 
 
Sample size calculation: 
The sample size was calculated using the Federer 
(resource equation) approach, where (n−1) (t−1) 
must be at least 15; n is the number of samples 
per group, and t is the number of experimental 
groups (treatments) [28]. In this study, t=6, 
therefore 5(n−1)≥15, resulting in n≥4. 
Accordingly, four samples were included in     
each group. 
 
Preparation of bone scaffolds: 
1. DBBM: It was obtained from the National 

Research and Innovation Agency of Indonesia, 
made of bovine cancellous bone (5×5×5 mm 
blocks), chemically cleaned with 3% hydrogen 
peroxide, rinsed, then deproteinized by 
heating at 1000°C, dried (≤10% water), 
packed, and sterilized by gamma irradiation. 

2. FDBB: It was obtained from the National 
Research and Innovation Agency of Indonesia, 
made of bovine femur blocks (5×5×5 mm), 
cleaned as above, underwent freeze-drying at 
-80°C using Lyovapor™ L-250 (Buchi, Essen, 
Germany) until water content reached <10%, 
and then sterilized by gamma irradiation. 

3. dc-FDBB: FDBB was obtained from the 
National Research and Innovation Agency of 
Indonesia, with an additional decellularization 
step using sodium lauryl ether sulfate after 
freeze-drying, then packed and sterilized by 
gamma irradiation. 
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Secretome preparation: 
Human umbilical cords (donors <40 years, 

elective caesarean section, no comorbidities) 
were obtained from the Stem Cell Institute, ITD 
Universitas Airlangga. The preparation was done 
according to a previously described method 
[17,18]. The tissue was enzymatically digested 
with collagenase IV and DNAase I, cultured in α-
MEM + 10% fetal bovine serum (Gibco BRL, 
Gaithersburg, MD, USA) [29], epidermal growth 
factor, penicillin/streptomycin, and glutamine 
(Merck KGaA, Darmstadt, Germany), under 
standard conditions (5% CO₂, 37°C) in an 
incubator (Memmert, Brussels, Belgium). The 
cells were validated by immunocytochemistry 
using positive (CD105, CD90, CD73) and negative 
(CD45, CD14, CD34) markers (Biolegend, 
California, USA), and expanded to passage. After 
reaching 80% confluence, the cells were shifted 
to serum-free medium for 48 hours to collect 
secretome. The supernatant was centrifuged at 
407 g for 5 minutes and 1,630 g for 3 minutes, 
aliquoted, and stored at -20°C (GEA, Dusseldorf, 
Germany) until use. 

 
Scaffold-secretome application and freeze-drying: 

Each scaffold block was immersed in 400 μL of 
secretome and incubated for 24 hours (37°C, 98% 
humidity, 5% CO₂). In freeze-dried groups, the 
scaffolds were subsequently freeze-dried at -
80°C. All scaffolds were then rehydrated with 5 
mL of phosphate-buffered saline (PBS; Merck 
KGaA, Darmstadt, Germany) and stored at -20°C 
in a freezer until use. 

 
Growth factor release assay: 

DBBM, FDDB, and dc-FDDB were randomly 
chosen to be incubated in PBS under standard 
conditions (5% CO₂, 37°C). At time points of 1, 8, 
24, and 48 hours post-rehydration, PBS 

supernatant was sampled for quantification of 
released IGF and PDGF using enzyme-linked 
immunosorbent assay (ELISA) kits (Bioassay 
Technology Laboratory, Zhejiang, China). 
Absorbance was read at 450 nm.  

 
Statistical analysis: 

Data analysis included using the Shapiro-Wilk 
test for normality assessment and Levene’s test 
for evaluation of variance homogeneity to 
confirm the assumptions for parametric analysis. 
Accordingly, one-way ANOVA was applied to 
detect between-group differences, followed by 
Tukey’s HSD test when significant (P<0.05) to 
control for type I error in multiple comparisons. 
When normality was met, but variances were 
unequal, the Welch’s ANOVA was performed, 
followed by an appropriate post-hoc test for 
unequal variances (Games–Howell test), when 
applicable. When the normality assumption was 
not met, the Kruskal–Wallis test was used, with 
Dunn’s multiple-comparison test applied        
when required. 

For repeated measures across different time 
points, repeated-measures ANOVA was applied 
to detect within-group changes over time, and 
when pairwise comparisons were required, the 
Bonferroni-adjusted paired t-test was used to 
reduce the risk of type I error. The analysis was 
conducted using GraphPad Prism version 9.0.2 
(GraphPad, CA, USA). 

In addition to P-values, effect sizes were 
reported where appropriate to support the 
interpretation of the findings. This experimental 
in vitro study was not based on a priori power 
calculation because reliable prior effect size 
estimates were not available; therefore, sample 
size adequacy was justified using the Federer 
(resource equation) approach. 
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Results 
IGF release profile: 

The IGF release profile across different 
scaffold groups at each time point is summarized 
in Table 1, and the individual IGF release profile 
across different time points is illustrated in 
Figure 1.  

At 1 hour, the mean amount of released IGF 
(ng/mL) was the highest in the dc-FDBB freeze-
dried group (18.973±2.777 ng/mL), followed by 
the FDBB freeze-dried (18.375±3.084 ng/mL) 
and DBBM freeze-dried (15.977±0.973 ng/mL) 
group. The control values ranged from 12.307 to 
18.579 ng/mL. Data were normally distributed 
and homogeneous; one-way ANOVA revealed 
significant differences among the groups 
(P<0.05). The Tukey’s post-hoc HSD test showed 
significant differences between dc-FDBB freeze-
dried vs. FDBB control (P=0.025), FDBB freeze-
dried vs. FDBB control (P=0.044), and FDBB 
freeze-dried vs. DBBM control (P=0.036) groups.  

At 8 hours, the median IGF level across the 
groups ranged from 11.866 to 21.773 ng/mL. Due 
to non-normal distribution of data in the dc-FDBB 
freeze-dried group, the Kruskal-Wallis test was 
applied, showing no significant difference 
(P=0.057). At 24 hours, the mean level of released 
IGF was the highest in the dc-FDBB freeze-dried 
group (22.930±2.043 ng/mL), followed by the 
FDBB freeze-dried (21.458±2.731 ng/mL) and 
DBBM freeze-dried (20.455±1.891 ng/mL) 
groups, and the lowest mean IGF levels were 
observed in the control groups. Normality and 
homogeneity were confirmed, and ANOVA 
indicated a significant difference in this regard 
among the groups (P<0.05). Significant 
differences were found between several groups 
including dc-FDBB freeze-dried and FDBB control 
(P=0.001). At 48 hours, the freeze-dried FDBB 
group showed the highest release (26.774±4.079 
ng/mL), followed by the DBBM freeze-dried 

(21.741±1.250 ng/mL) and dc-FDBB freeze-dried 
(20.276±1.146 ng/mL) group. Controls had lower 
mean values. Data normality was confirmed; 
however, variance was heterogeneous, leading to 
the use of Welch’s ANOVA, which found no 
significant difference among the groups (P≥0.05). 
 
PDGF release profile: 

The PDGF release profile across different 
scaffold groups at each time point is summarized 
in Table 2, and the individual PDGF release 
profiles across different time points are 
illustrated in Figure 2. At 1 hour, the mean 
amount of released PDGF ranged from 
7.421±2.111 ng/mL in dc-FDBB freeze-dried 
group to 8.804±0.270 ng/mL in the dc-FDBB 
control group. Normal distribution and 
homogeneity were confirmed, and ANOVA 
showed no significant difference (P=0.793). At 8 
hours, the mean values ranged from 6.986±0.246 
ng/mL (dc-FDBB freeze-dried) to 10.426±1.466 
ng/mL (FDBB control). Data were normal but 
heterogeneous; the Welch’s ANOVA indicated no 
significant difference (P=0.078). 

At 24 hours, the mean amount of released 
PDGF varied between 8.666±1.627 ng/mL and 
10.268±0.756 ng/mL with confirmed normality 
and homogeneity; ANOVA showed no significant 
difference (P=0.829). At 48 hours, the mean 
values ranged from 8.587±2.184 ng/mL (DBBM 
freeze-dried) to 11.266±0.962 ng/mL (FDBB 
control). Data distribution and variance were 
normal and homogeneous; ANOVA confirmed no 
significant difference (P=0.197). These results 
demonstrate that freeze-drying influenced the 
sustained release of IGF variably across scaffold 
types, with FDBB freeze-dried scaffolds showing 
the highest sustained IGF release at 48 hours. 
PDGF release, however, showed less variation 
across groups and time points.
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Table 1. IGF release profile in the study groups at 1, 8, 24, and 48 hours 
 

Time Group Mean (ng/L) SD (ng/L) Shapiro Wilk 
(p)a 

Levene's Test 
(p)b 

One-way 
ANOVA (p)c 

1 hour 

dc-FDBB Secretome Freeze Dried 
(n=3) 18.73 2.777 0.106 

0.173 0.021 * 

FDBB Secretome Freeze Dried (n=3) 18.375 3.084 0.509 

DBBM Secretome Freeze Dried (n=3) 15.977 0.973 0.524 

dc-FDBB Secretome (n=3) 16.093 1.040 0.744 

FDBB Secretome 
(n=3) 12.307 1.996 0.598 

DBBM Secretome 
(n=3) 18.579 2.178 0.212 

Time Group Median 
(ng/L) 

Range 
(ng/L) 

Shapiro Wilk 
(p)a 

Levene's Test 
(p)b 

Kruskal-
Wallis (p)d 

8 hours 

dc-FDBB Secretome Freeze Dried  
(n = 3) 20.638 20.600-

22.842 0.028 * 

− 0.057 

FDBB Secretome Freeze Dried (n = 3) 20.797 20.578-
22.305 0.223 

DBBM Secretome Freeze Dried (n = 3) 20.704 15.128-
23.045 0.558 

dc-FDBB Secretome (n = 3) 18.780 15.232-
19.295 0.223 

FDBB Secretome 
(n = 3) 11.866 11.598-

17.239 0.080 

DBBM Secretome 
(n = 3) 21.773 20.808-

32.404 0.143 

Time Group Mean (ng/L) SD (ng/L) Shapiro Wilk 
(p)a 

Levene's Test 
(p)b 

One-way 
ANOVA (p)c 

24 
hours 

dc-FDBB Secretome Freeze Dried (n = 
3) 22.930 2.043 0.667 

0.135 0.001 ** 

FDBB Secretome Freeze Dried (n = 3) 21.458 2.731 0.441 
DBBM Secretome Freeze Dried (n = 3) 20.455 1.891 0.242 

dc-FDBB Secretome (n = 3) 19.168 2.948 0.060 

FDBB Secretome 
(n = 3) 12.162 1.941 0.249 

DBBM Secretome 
(n = 3) 17.200 0.405 0.577 

48 
hours 

dc-FDBB Secretome Freeze Dried  
(n = 3) 20.276 1.416 0.861 

0.019 * 0.072 

FDBB Secretome Freeze Dried (n = 3) 26.774 4.079 0.508 

DBBM Secretome Freeze Dried (n = 3) 21.741 1.250 0.790 

dc-FDBB Secretome (n = 3) 18.713 0.913 0.734 

FDBB Secretome 
(n = 3) 14.661 3.228 0.188 

DBBM Secretome 
(n = 3) 16.206 5.468 0.112 

 

a P≥0.05 indicates that the data are normally distributed. 
b P≥0.05 indicates that the variance between groups is homogeneous. 
c One-way ANOVA if the data meet the requirements for normal distribution in all groups and the variance between groups is homogeneous. 
One-way Welch's ANOVA if the data meet the requirements for normality, but the variance between groups is not homogeneous. 
d Reported as median and range (minimum and maximum values); Kruskal-Wallis test if the data do not meet the requirements for normal 
distribution in all groups. 
* P<0.05; ** P<0.01 
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Table 2. PDGF release profile in the study groups at 1, 8, 24, and 48 hours 
 

Time Group Mean (ng/L) SD (ng/L) Shapiro Wilk 
(p)a 

Levene's 
Test (p)b 

One-way 
ANOVA (p)c 

1 hour 

dc-FDBB Secretome Freeze Dried  
(n = 3) 7.421 2.111 0.732 

0.060 0.793 

FDBB Secretome Freeze Dried (n = 3) 7.751 1.730 0.154 

DBBM Secretome Freeze Dried (n = 3) 7.906 0.668 0.871 

dc-FDBB Secretome (n = 3) 8.804 0.270 0.555 

FDBB Secretome 
(n = 3) 8.267 0.545 0.780 

DBBM Secretome 
(n = 3) 8.381 1.060 0.309 

Time Group Median 
(ng/L) 

Range 
(ng/L) 

Shapiro Wilk 
(p)a 

Levene's 
Test (p)b 

Kruskal-
Wallis (p)d 

8 hours 

dc-FDBB Secretome Freeze Dried 
 (n = 3) 6.986 0.246 0.921 

0.033* 0.078 

FDBB Secretome Freeze Dried (n = 3) 7.554 1.168 0.823 

DBBM Secretome Freeze Dried (n = 3) 7.278 3.168 0.300 

dc-FDBB Secretome (n = 3) 8.697 0.724 0.267 

FDBB Secretome 
(n = 3) 10.426 1.466 0.929 

DBBM Secretome 
(n = 3) 8.438 2.006 0.513 

Time Group Mean (ng/L) SD (ng/L) Shapiro Wilk 
(p)a 

Levene's 
Test (p)b 

One-way 
ANOVA (p)c 

24 
hours 

dc-FDBB Secretome Freeze Dried  
(n = 3) 9.055 2.911 0.211 

0.084 0.829 

FDBB Secretome Freeze Dried (n = 3) 9.213 1.031 0.313 

DBBM Secretome Freeze Dried (n = 3) 8.918 0.808 0.467 
dc-FDBB Secretome (n = 3) 8.666 1.627 0.993 

FDBB Secretome 
(n = 3) 10.268 0.756 0.474 

DBBM Secretome 
(n = 3) 8.742 1.214 0.952 

48 
hours 

dc-FDBB Secretome Freeze Dried  
(n = 3) 8.624 1.739 0.632 

0.183 0.197 

FDBB Secretome Freeze Dried (n = 3) 9.202 0.316 0.571 

DBBM Secretome Freeze Dried (n = 3) 8.587 2.184 0.460 
dc-FDBB Secretome (n = 3) 9.483 1.326 0.786 

FDBB Secretome 
(n = 3) 11.266 0.962 0.962 

DBBM Secretome 
(n = 3) 10.548 1.178 0.230 

a P≥0.05 indicates that the data are normally distributed. 
b P≥0.05 indicates that the variance between groups is homogeneous. 
c One-way ANOVA if the data meet the requirements for normal distribution in all groups and the variance between groups is homogeneous. 
One-way Welch's ANOVA is used if the data meet the requirements for normality, but the variance between groups is not homogeneous. 
* P<0.05; ** P<0.01 
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Figure 1. IGF release profile in the study groups at (A) 1 hour, (B) 2 hours, (C) 3 hours, and (D) 4 hours 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. PDGF release profile for each group at (A) 1 hour, (B) 2 hours, (C) 3 hours, and (D) 4 hours 
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Discussion  
This study evaluated the release profile of IGF 

and PDGF from bovine bone scaffolds processed 
via deproteinization (DBBM), freeze-drying 
(FDBB), and decellularization combined with 
freeze-drying (dc-FDBB), following secretome 
supplementation with and without 
lyophilization, monitored over a 48-hour period. 
The results provide new insights into the 
influence of scaffold processing and 
lyophilization on growth factor stabilization and 
delivery, which are central determinants of 
scaffold-mediated bone regeneration. 

Decellularization effectively reduced 
immunogenic potential by removing cellular 
components while retaining critical extracellular 
matrix constituents, which are indispensable for 
osteoinduction and preserving the natural bone 
architecture [16,17]. Freeze-drying further 
enhanced the bioactivity of scaffolds by 
stabilizing thermolabile proteins, minimizing 
hydrolytic degradation, and reducing microbial 
contamination [30,31]. Together, these processes 
underscore the importance of balancing 
structural preservation with biological 
functionality when designing next-generation 
xenogenic biomaterials. 

Notably, the freeze-dried FDBB secretome 
group demonstrated the most gradual and 
sustained release of IGF across the 48-hour 
observation period. This finding supports the 
hypothesis that lyophilization contributes to 
protein stabilization by converting soluble 
proteins into a solid amorphous state, thereby 
protecting their tertiary and quaternary 
structures from hydrolytic cleavage and 
enzymatic inactivation [24,25]. The sustained IGF 
availability is particularly significant, given IGF’s 
central role in osteoblast proliferation, matrix 
synthesis, and mineralization. Predictable release 
kinetics are critical for maintaining prolonged 
osteogenic activity and reducing the risk of 
premature scaffold resorption or incomplete 

defect healing. In contrast, non-freeze-dried 
scaffolds, especially DBBM controls, exhibited 
declining IGF concentrations, indicating 
compromised protein stability and highlighting 
the insufficiency of unmodified scaffolds for 
controlled biofactor delivery [32,33]. 

Interestingly, PDGF release remained 
relatively uniform across scaffold types and time 
points, with DBBM controls demonstrating 
marginally more stable levels. This profile is 
consistent with PDGF’s recognized role as an 
early-phase mediator in bone repair, where 
transient signaling is sufficient to initiate 
angiogenesis, fibroblast migration, and 
progenitor cell recruitment [34,35]. Unlike IGF, 
sustained PDGF release may be less critical, as 
short-term activity can effectively trigger the 
cascade of early healing events. This observation 
aligns with prior evidence suggesting that PDGF 
serves primarily as a rapid-response growth 
factor, complementing the prolonged action of 
osteogenic mediators such as IGF [25]. 

The complementary release dynamics of IGF 
and PDGF identified in this study provide a 
compelling rationale for tailoring scaffold 
processing methods according to specific 
regenerative requirements [36]. For instance, 
scaffolds designed for large or chronic defects, 
where long-term osteogenesis is critical, would 
benefit most from freeze-dried FDBB secretome, 
given its capacity for sustained IGF delivery. 
Conversely, situations requiring robust early 
angiogenic and proliferative signaling may allow 
greater flexibility in scaffold type, as PDGF 
release was consistent across conditions [37]. 
These findings underscore the potential of 
combinatorial or staged scaffold designs to 
synchronize early vascularization with long-term 
matrix deposition, thereby optimizing the overall 
regenerative outcome [16,17]. 

From a translational perspective, these results 
highlight the promise of integrating MSC-derived 
secretome with xenogenic scaffolds as a cell-free 
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regenerative strategy. Compared with cell 
transplantation approaches, secretome 
supplementation offers advantages in terms of 
safety, scalability, and regulatory acceptance, 
while still harnessing the paracrine activity of 
stem cells [20,26]. Moreover, lyophilization as a 
processing technique adds practical value by 
enabling storage stability, reduced handling 
complexity, and the possibility of off-the-shelf 
clinical products, which are highly desirable in 
craniomaxillofacial reconstructive settings. 

Nevertheless, several limitations should be 
acknowledged. The present study was conducted 
under in vitro conditions, which cannot fully 
replicate the complex cellular, vascular, and 
mechanical microenvironment of living tissues. 
Growth factor interactions with immune cells, 
endothelial cells, and osteoclasts in vivo may 
substantially modify the release kinetics and 
regenerative outcomes observed here. 
Furthermore, the evaluation was restricted to 
two representative growth factors, whereas the 
MSC secretome contains a diverse array of 
cytokines, chemokines, and extracellular vesicles 
that likely act in concert. Future studies 
employing in vivo models and multi-omic 
profiling approaches are warranted to validate 
scaffold–secretome interactions and to identify 
the optimal scaffold configurations for clinical 
translation. 

In summary, this study demonstrated that 
scaffold processing and lyophilization 
significantly influenced the release kinetics of IGF 
and PDGF from bovine-derived bone scaffolds. 
Freeze-dried FDBB secretome scaffolds exhibited 
superior capacity for sustained IGF release, 
supporting prolonged osteogenic activity, while 
PDGF release remained relatively stable across 
scaffold types, consistent with its role in early-
phase healing. These findings provide a 
foundation for rational scaffold design, where the 
combination of secretome supplementation and 

lyophilization may be strategically applied to 
enhance craniomaxillofacial bone regeneration. 

 
Conclusion 

This study showed that IGF release 
significantly differed among different scaffold 
groups at 1 and 24 hours; whereas, PDGF release 
did not. Freeze-dried scaffolds demonstrated a 
more stable IGF release compared to non-freeze-
dried scaffolds. Among the tested groups, freeze-
dried FDBB secretome provided the most gradual 
and sustained IGF release up to 48 hours, while 
PDGF release remained comparable across 
scaffolds, with DBBM control exhibiting a 
relatively stable pattern. Further in vivo studies 
are needed to confirm scaffold characteristics and 
identify the optimal option for osteogenesis. 
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