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Introduction
Non-self-healing lesions are known as critical-sized 
bone defects, which are the smallest size of bone defects 
that are not fully and naturally repaired over time and 
often require therapeutic interventions to initiate bone 
regeneration.1-3 Efficient and effective reconstruction 

of bone tissue is one of challenges in orthopedic clinical 
therapy.4 Bone tissue engineering based on the use of 
mesenchymal stem cells has been proposed as a promising 
therapeutic strategy in this field. Many studies have shown 
that bone tissue engineered based on mesenchymal stem 
cells has been effective in regenerating critical-sized bone 
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Abstract
Introduction: This study aimed to assess the 
potential of poly (acrylic acid)/tricalcium 
phosphate nanoparticles (PAA/triCaPNPs) 
scaffold in terms of biocompatibility and 
osteoconductivity properties the in-vivo 
evaluation as well as to investigate the 
performance of PAA/triCaPNPs scaffold 
(with or without exosomes derived from 
UC-MSCs) for bone regeneration of rat 
critical-sized defect.
Methods: PAA/triCaPNPs scaffold was made 
from acrylic acid (AA) monomer, N,N’-methylenebisacrylamide (MBAA), sodium bicarbonate 
(SBC), and ammonium persulfate (APS) through freeze-drying method. For in vivo evaluation, 
we randomly divided 24 rats into three groups. The rat calvarial bone defects were treated as 
follows: (1) Control group: defects without any treatment, (2) scaffold group: defects treated with 
scaffold only, (3) scaffold+exo group: defects treated with scaffold enriched with exosomes (1 μg/
μL, 150 μg per rat). Eight- and 12-weeks post-surgery, half of the animals were sacrificed and 
bone regeneration was examined through micro-computerized tomography (µ-CT), histological 
staining, and immunohistochemistry (IHC).
Results: Quantitative analysis based on µ-CT scan images at 8 and 12 weeks post-implantation 
clearly indicated that healing rate for defects that were filled with scaffold enriched with exosome 
was significantly higher than defects filled with scaffold without exosome. The H&E and Masson 
staining results revealed that more new bone-like form developed in the scaffold+exo group than 
that in control and scaffold groups. Further, IHC staining for osteocalcin and CD31 confirmed that 
more bone healing in the scaffold+exo group at 12 weeks could be associated with osteogenesis and 
angiogenesis concurrently.
Conclusion: In the present study, we aimed to investigate the therapeutic potential of PAA/
triCaPNPs scaffold as a carrier of human UC-MSC-derived exosome to achieve the exosome-
controlled release on calvarial bone defect. The in vivo results indicated that the exosome-enriched 
scaffold could effectively minify the defect area and improve the bone healing in rat model, and as 
such it could be an option for exosome-based therapy.
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polymer matrix in our previous study. Due to the presence 
of Ca2+ on triCaP nanoparticles surface,32 we confirmed to 
cross-link PAA with triCaP nanoparticles via electrostatic 
bonding.21 

Bone tissue scaffolds should mimic the natural bone 
matrix with suitable physicochemical properties.4 Our 
previous study showed that PAA/triCaPNPs scaffold 
has 3-120 μm pore sizes and 68% porosity. Further, this 
scaffold has shown appropriate mechanical and wettability 
properties, cell attachment, as well as osteoconduction. We 
then evaluated the ability of the PAA/triCaPNPs scaffold 
to carry and release the exosomes derived from umbilical 
cord MSCs (UC-MSCs). 

Our in vitro results revealed that the scaffold has the 
ability to carry and release the exosomes in a controlled 
manner (68% of the exosomes in 14 days), so for further 
evaluation in this study, we aimed to assess the in-vivo 
study of the potential of poly (acrylic acid)/tricalcium 
phosphate nanoparticles (PAA/triCaPNPs) scaffold 
in terms of biocompatibility and osteoconductivity 
properties. Another aim was to investigate the 
performance of PAA/triCaPNPs scaffold (with or without 
exosomes) for bone regeneration of critical-sized defect 
in rat model in three groups: blank group, scaffold group, 
and scaffold+exosome group.

Material and Methods
Scaffold preparation
The PAA/triCaPNPs scaffold was made using acrylic acid 
monomer (distilled AA, 2.5 mL, 1.5 M) and tricalcium 
phosphate nanoparticles (triCaPNPs, 75 mg) according to 
the protocol mentioned in our previous article.21 Briefly, 
a mixed solution of AA, MBAA (0.006 mol%), NaOH 
(0.12 mol%), and deionized water were made, and then 
nanoparticles solution was added to it. Under the nitrogen 
atmosphere, ammonium persulfate (APS, 0.012 mol%) 
and sodium bicarbonate (SBC, 0.02 mol%) were added, 
respectively. After heating at 75 °C and washing through 
deionized water for 48-72 hours, the prepared scaffold was 
freeze-dried for 15 hours at -50 °C (Christ GAMMA 1-16 
LSC Freeze Dryers).

Exosome isolation and characterization
To separate the exosomes, we followed this way: briefly, 
UC-MSCs were seeded in flasks and after reaching 
80% confluence, the supernatant was replaced with 
10% exosome-free FBS and DMEM. Every 48 h, the 
medium was collected, centrifuged (300 g, 10 minutes; 
2000 g, 10 minutes; and 10 000 g, 30 minutes), filtered, 
and ultracentrifuged (100 000 g, 70 minutes, 2 times) to 
get exosomes. Through Pierce BCA Protein Assay Kit 
(Bio Basic Inc., Canada), the concentrations of exosome 
proteins were assessed. Western blot analysis was also 
performed for exosomal surface markers such as CD9 and 
CD81 (Abcam, UK). Results of exosome characterization 
were mentioned as previously reported.21 

defects and accelerating repair.5,6 However, direct use of 
these cells has a number of significant limitations, such 
as phenotypic changes of these cells after transplantation, 
low efficiency homing of injected cells, and low survival 
of these cells in transplantation site.6-8 Recently, cell-free 
therapy based on the use of exosomes has been proposed 
as an alternative strategy for bone defect regeneration.7,9 
Due to considering the similarity between exosomes 
and their source cells, these nano-sized extracellular 
vesicles10 can effectively reinforce new bone regeneration 
as a promising treatment in bone tissue engineering.11 
Over the past decade, umbilical cord as an inexhaustible 
source of mesenchymal stem cells (MSCs) with easy and 
non-invasive access, has become a favorable cell source 
for tissue repair. Since there is evidence of the healing12 
and anti-inflammatory properties13,14 of umbilical cord 
mesenchymal stem cell-derived exosomes, many efforts 
have been made to use these exosomes in tissue repair. 
It is essential to utilize a suitable microenvironment for 
exosome entrapment, since exosomes leave bone defect 
sites.9 In a bone defect site, numerous efforts have been 
made to design three-dimensional (3D) porous scaffolds 
that can carry and release exosomes.15,16 Because of their 
advantages, hydrogels have received extensive attention in 
tissue engineering,17 and drug delivery.18

Many researchers are looking to design a 3D hydrogel-
based scaffolds with suitable physicochemical properties 
(such as good porosity and mechanical features),19,20 to 
accelerate new bone formation along with increasing the 
duration of presence of exosomes at the bone defect sites.15 
Indeed, clinical outcomes can be enhanced by 3D scaffolds 
prepared with appropriate biomaterials to provide a 
physical supporter as well as to prevent uncontrolled 
release of exosomes.16

Through mimicking the inorganic-organic construction 
of the bone matrix, we have recently prepared21 a novel 
scaffold made from negatively charged poly (acrylic 
acid) (PAA) due to its carboxylic groups and tricalcium 
phosphate nanoparticles (triCaPNPs) via cross-linking 
and freeze-drying methods. A great pharmaceutical 
polymer, PAA-based polymers possess biodegradability, 
nontoxicity, biocompatibility,22 and an excellent specific 
surface region that would facilitate interactions with 
physiological compartments.23 For tissue engineering24, 

25 and controlled protein or drug release in target tissues, 
PAA-based polymers have been used as a scaffold.26-27 
Calcium phosphate (CaP) as a bone substitute has been 
broadly utilized in clinical practice.30 Calcium phosphate 
nanoparticles have demonstrated promising functional 
potentials in the field of nanomedicine. These nanoparticles 
are found in comparatively high levels in the body, 
especially in tooth enamel and bone. Additionally, they 
are osteoconductive, biodegradable, and biocompatible.31 
However, because of their unstable suspension and ease of 
agglomeration, pure nanoparticles cannot be used alone; 
thus, we incorporated these nanoparticles into the PAA 
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Assessment of exosome attachment on scaffold surface
To show the attachment of exosomes onto the surface 
of the PAA/triCaPNPs scaffold, we used DiI-labeled 
exosomes. DiI dye was applied based on the manufacturer’s 
protocol. Labeled exosomes were seeded drop by drop 
onto the surface of scaffold. After incubation for 24 hours 
at 37 °C, images were recorded through an Olympus iX53 
microscope.

Degradation behavior of scaffold
We placed dried PAA/triCaPNPs scaffold in well plates 
(n=3) to demonstrate the stability of the scaffold at the 
defect site for in vivo implantation. At 37 °C, the scaffold 
was soaked in PBS (pH=7.4), dried using a freeze dryer 
(Christ GAMMA 1-16 LSC Freeze Dryers), and weighed. 
The scaffold was periodically immersed in PBS and dried 
on time points (for 240 days). It is possible to determine 
whether it degrades after prolonged soaking in PBS based 
on the variation in its weight.

Preparation of experimental groups
In our previous article, in vitro results indicated that 
the exosomes released from PAA/triCaPNPs scaffold 
could significantly enhance the osteogenic commitment 
of human UC-MSCs. Here, we aimed to evaluate the 
performance of PAA/triCaPNPs scaffold (with or without 
exosomes) and its impact on repairing critical-sized 
bone defects when implanted into the rat calvarium bone 
defect model. Briefly, a steel punch was used to make a 
circular scaffold of 6 mm in diameter. The scaffold pieces 
were then sterilized by ethanol and ultraviolet light and 
incubated in basal medium at 37 °C for 24 hours to detect 
possible contamination. Due to the swelling behavior, the 
scaffold pieces reached our desired diameter of 8 mm. 
Afterwards, to prepare the combinations of scaffold/
exosome, we placed the exosomes drop by drop onto the 
surface of scaffolds at a concentration of 1 μg/μL, 150 μg 
per scaffold and placed them in a humid incubator for 18 
hours prior to surgery.

Animals
All animal surgeries were performed as authorized by 
standard guidelines approved by Medical Research Ethics 
Committee of Tarbiat Modares University. For this study, 
24 mature and healthy male Wistar rats (2.5-month-old, 
300±30 g weight) were studied. The rats were randomly 
divided into three groups.

Surgical procedure
For anesthetizing the rats, 20 mg/kg ketamine 
hydrochloride and 5 mg/kg xylazine were injected 
intraperitoneally at 10 minutes before surgery. The dorsal 
part of the skull was sterilized via povidone-iodine (50 
mg/mL) and shaved. Then, the skin over the calvarium 
bone and the periosteum were incised at the sagittal site. 
In each rat, a central cranial defect (circular shape, 8 

mm diameter) was created using a trephine bur (Komet 
Dental, Germany) under irrigating saline (0.9%) while the 
dura matter was not damaged. The cranial bone defects 
were treated as follows:
(1) Control group: defects without any treatment, (2) 
scaffold group: defects treated with PAA/triCaPNPs 
scaffold only, (3) scaffold+exo group: defects treated with 
PAA/triCaPNPs scaffold enriched with exosome (1 μg /μL, 
150 μg per rat).9 After implantation, the skin incision was 
closed with nonabsorbable sutures. Enrofloxacin (2.5 mg/
kg) as an antibiotic was administered per day for 5 days. 
At 8 and 12 weeks post-surgery, half of the rats in each 
group were randomly selected and euthanized by CO2 
inhalation. Then, the calvarial defect sites were harvested 
and fixed to 48 hours in 4% paraformaldehyde for further 
analysis.

µ-CT analysis
Micro-computed tomography (µ-CT) is an imaging 
technique using X-ray to assess the inside of critical bone 
defect site with the scaffold in situ, which was performed 
on a μ-CT scanner (LOTUS-inVivo Micro-CT Scanner, 
BN Imaging Technology Company, Iran) at a resolution of 
15 μm, a voltage of 55 kV at a greyscale threshold of 150. 
Reconstructed µ-CT images were obtained by RadiAnt 
DICOM viewer. The bone mineral density (BMD), new 
bone volume fraction (BV/TV), and trabecular thickness 
were all calculated statistically using the μ-CT software.33 
For calculating the new bone volume in scaffold and 
scaffold+exo groups, the mean bone volume of the 
control group (without any treatment) was subtracted 
from them. Equivalent sites in rats were examined for 
standardization.34

Hematoxylin−Eosin and Masson’s trichrome staining
For histological analysis, calvaria were decalcified in 
EDTA (10% w/v) at 37 °C for 28 days and then dehydrated 
in ethanol series. Thereafter, specimens were embedded 
in paraffin. The paraffin blocks were cut into 5-μm-thick 
sections. Subsequently, Hematoxylin−Eosin (H&E) and 
Masson’s trichrome (Sigma Aldrich, UK) staining were 
performed. 

Immunohistochemistry (IHC) analysis
IHC is used to detect the presence of osteocalcin 
(OCN: a specific protein expressed and secreted solely 
by osteoblasts35) and CD31 (a protein to demonstrate 
the presence of endothelial cells in histological tissue 
sections). The process was performed using anti-
OCN antibody based on standard protocol. Briefly, 
the paraffin-embedded tissue samples were de-waxed 
and rehydrated in xylene twice for 10 min each. Then, 
the slides were immersed in ethanol series (100%, 95%, 
70%, 50% respectively, for 5 min each) and water. After 
antigen retrieval and reducing endogenous peroxidase 
activity, the sections were subsequently incubated with 
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primary antibody (Anti-Osteocalcin, Abcam, ab13420, 
monoclonal (OCG3), diluted 1:250 and Anti-CD31, 
Abcam, ab281583, monoclonal, diluted 1:50) at 4 °C 
overnight. Next, the sections were labelled with the 
secondary antibody and visualized. Using ImageJ software 
and four slides from each group, quantitative analysis of 
IHC results was performed. 
 
Data analysis
ANOVA analysis or t-test was used to assess the difference 
between results. All data is presented as mean ± standard 
deviation. Data analysis was performed through GraphPad 
Prism. P < 0.05 was considered significant.

Results
Previously we investigated the effects of the scaffold on 
osteogenesis in vitro. Compared to cells cultured on 
plates, UC-MSCs implanted on PAA/triCaPNPs scaffold 
significantly enhanced osteogenesis. We also mentioned 
in the previous article that the scaffold had the ability to 
carry and release exosomes extracted from UC-MSCs.21 In 
this paper, we seek to confirm these results in vivo. 

Structure of 3D scaffold
PAA/triCaPNPs scaffold cross-sectional thickness was 
prepared and observed by SEM. According to the analysis, 
the scaffold showed a 3D multiscale pore structure with 
68% porosity21 (Fig. 1A)

Assessment of exosome attachment on scaffold surface
To indicate the attachment of exosomes to the surface of 

PAA/triCaPNPs scaffold, we used DiI-labeled exosomes. 
After incubating for 24 hours at 37 °C, as displayed in Fig. 
1B, the red-labeled vesicles are present on the surface of 
the scaffold, showing the ability of the exosomes to be 
attached onto the scaffold surface.

Degradation behavior of scaffold
To show the stability of PAA/triCaPNPs scaffold in 
defect site, we placed the pieces of scaffold in PBS at 37 
ºC for eight months. As shown in Fig. 1C, it is obvious 
that scaffold weight gets heavier over time up to seventh 
month. It's possible that the scaffold takes in PBS during 
soaking, and because PBS contains salts that are stored in 
the scaffold's pores, they accumulate and get heavier over 
time.

Preparation of experimental groups
The scaffold pieces with a diameter of 6 mm were sterilized 
and incubated in basal medium at 37 ºC for 24 hours to 
detect possible contamination. As displayed in Fig. 2, due 
to the swelling behavior, the scaffold pieces reached our 
desired diameter of 8 mm.

The surgical procedure was performed as shown 
in Fig. 3A (1-5). Next, the calvarial defect sites were 
harvested at 8 and 12 weeks after surgery. Fig 3B displays 
a macroscopic view of the rat skull (defect site and almost 
three millimeters around the defect).

µ-CT analysis of new bone formation
As displayed in Fig. 4, the micro-CT results indicated that 
compared with the control group, much more new bone 

Fig. 1. SEM photograph of freeze-dried cross-section of PAA/triCaPNPs scaffold structure; scale bars: 500 and 100 μm. The scaffold shows 68 % porosity 
(A). Photomicrograph of exosomes attached on scaffold 24 h after seeding. Exosomes stained with DiI dye; scale bars: 100 μm (B). Degradation behavior 
of PAA/triCaPNPs scaffold in PBS at 37 °C (C).
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was generated in the scaffold groups. These results were 
clearly repeated at both timepoints. Note that according 
to the prediction, in the 12 weeks after surgery, the rate of 
new bone formation was far higher in both groups with 
scaffold compared to the control group, particularly in 
scaffold+exo group. Also, bone volume fraction (BV/TV), 
BMD, and trabecular thickness were calculated to the 
measure new bone formation rate. The results confirmed 

Fig. 3. Surgical procedure (A): The rat skull was sterilized and shaved (1), Skin and periosteum were  slit and the skull bone was pierced using a trephine bur 
(2), PAA/triCaPNPs scaffold or  PAA/triCaPNPs scaffold enriched with exosomes were implanted (3), Skin incision was  closed (4), and Surgical rats in three 
groups (5); A macroscopic view of calvarial defect sites  were harvested at 8 and 12 weeks after surgery (B). 

Fig. 4. Reconstructed µ-CT images at 8 (A-C) and 12 (D-F) weeks after implantation. As shown, at both  points in time, the defect diameter that was implanted 
with PAA/triCaPNPs scaffold enriched with  exosomes was clearly decreased compared to PAA/triCaPNPs scaffold and control. 

Fig. 2. Swelling behavior of PAA/triCaPNPs scaffold by passing 24 hours 
that it was exposed to the  culture medium .

that the largest extent of new bone was formed in the 
scaffold+exo group three months post-implantation (Fig. 
5; P < 0.05).

Histology staining analysis
To evaluate the new bone-like tissue formation, H&E 
staining was performed at 8 and 12 weeks post-surgery. 
As depicted in Fig. 6, deposition of new bone increased 
in scaffold+exo group compared with the other two 
groups. The Masson staining results are shown in Fig. 7. 
These results also represented more new bone-like form 
development in the scaffold+exo group than in control 
and scaffold groups. In the control group at both time 
points, more bounded connective tissue was seen rather 
than bone-like tissue at the edges of the defect site.

IHC analysis
To confirm the new bone-like tissue formation, IHC 
staining was done. A higher expression of osteogenic 
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marker (OCN) was statistically revealed in the 
scaffold+exo group than in the other groups (Fig. 8a,b) 
(P < 0.05). Based on the results, over time, the difference 
between scaffold+exo group and other groups has 
increased (P < 0.01). Furthermore, the expression of 
CD31 as a key marker for capillary endothelial cells was 
examined. As indicated in Fig. 8c,d, in the scaffold+exo 
group more CD31 positively stained cells were detected 
after 12 weeks than in the control and scaffold groups 
(P < 0.05), but no significant differences were recorded 
between scaffold+exo and scaffold groups after 8 weeks. 
This suggests that more neovascularization occurred in 
scaffold+exo group than in the scaffold group after 12 
weeks.

Discussion
Accelerating bone healing is one of the orthopedic 
challenges that requires further study. Although stem cell 
therapy has been shown to be effective, many studies have 
shown that paracrine functions play a role as effective 
mechanisms of treatment.9,36 Numerous studies have 
reported that exosomes, as nanocarriers of biological 
biomolecules,10,37 are the major paracrine factors secreted 
by mesenchymal stem cells that have impressive effects 
on tissue regeneration.7,38 Easy and non-invasive access 
to the umbilical cord as a source of MSCs,39 as well as 
good proliferative properties and high differentiation 

capacity,40,41 make these cells a reliable source for exosome 
extraction. Previous studies have found that human 
UC-MSCs, like bone marrow MSCs, promote bone 
differentiation in a bone defect animal model.42,43

Exosomes leave the bone site defect quickly if they 
are directly injected at site. As such, many studies have 
aimed to prepare a scaffold using suitable biomaterials for 
entrapping, prolonging their presence, as well as action 
time and, thus, to reinforce their positive effects.9,15,44

We have prepared a novel scaffold (PAA/triCaPNP) by 
the cross-linking method as described.21 Now, this study 
aims to assess the potentials of the new 3D scaffold with 
and without exosomes for bone regeneration in calvarial 
defect animal models.

The scaffold was observed for eight months in PBS at 
37 ºC to determine whether it could be implanted into 
the human body for an extended period of time without 
degrading.45 The scaffold begins to degrade in the 
seventh month, but before that, the weight of the scaffold 
increased. It is thought that the PAA slowly hydrolyzes 
in PBS, which is the cause. Water molecules easily 
penetrate the polymer network because of the structure 
of the pores. The hydrolytic groups in PAA make it easy 
for the water molecules to be absorbed onto the scaffold 
surface. Hydrolysis results in the dissociation of the bonds 
after that. As a result, molecular structure collapse may 
also disrupt the crosslinks between molecules and the 

Fig. 5. Quantitative analysis of new bone formation based on µ-CT images at 8 and 12 weeks by using  BV/TV (A), BMD (B), trabecular thickness (C). (*P < 
0.05, ** P < 0.01, ***P<0.001). 

Fig. 6. Histological evaluation (HE staining) at the endpoint of 8 (A) and 12 (B) weeks; scale bars: 500 µm and 50 µm. B: new bone, BM: new bone matrix, 
M: remaining material from implanted scaffold, P: visible pores from implanted scaffold, Yellow arrow: osteoblast, Blue arrow: osteocyte inside lacuna.
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electrostatic force between PAA and Ca2+.45, 46 Because of 
this, it has been confirmed that this scaffold covers the 
bone tissue's period of repair. 

Qualitatively, in comparison with control, the 3D 
reconstructed micro-CT scan images showed that some 
new bone was formed inside of defects in both groups 
that were filled with the PAA/triCaPNPs scaffold, while 
in the control group, new bone was formed only at the 
margin of the defect. This result well indicated that the 
prepared scaffold provided a suitable platform for bone 
ingrowth. These observations were completely consistent 
with the results obtained from the in vitro study. In other 
words, the 3D microenvironment with interconnected 
porosity provided by the PAA/triCaPNPs scaffold could 
help improve the osteoconductive capability which leads 
to micronutrient directing, cell recruitment, migration, 
proliferation, and differentiation.4,31,47 Based on our 
previous study, the pore size range of PAA/triCaPNPs 
scaffold was within 3-120 μm. In the literature, in a bone 
scaffold, 5 μm for new functional microvascular networks 
and 40-100 μm for osteoid formation have been suggested 
as the optimal pore size range4: thus, a multiscale porous 
structure of this scaffold provides a suitable substrate to 
form more new bone in the groups filled with scaffold, 
compared with the control group.

Further, quantitative analysis based on CT scan images 
at 8 and 12 weeks after implantation clearly indicated 
that healing rate for defects filled with scaffold enriched 
with exosome was significantly higher than defects filled 

with scaffolds without exosome (P < 0.05). As displayed 
in Fig. 5, BV/TV, BMD, and trabecular thickness in the 
scaffold+exo group increased by 2.6-fold, 3.7-fold, and 
2-fold respectively (P < 0.05) compared to that in the 
scaffold group at 8 weeks and 2.4-fold, 2.2-fold, and 1.7-
fold respectively (P < 0.05) at 12 weeks after implantation. 
According to the results of µ-CT scan analysis and 
histological examinations, the exosomes released from the 
scaffold have been able to play an effective role in promoting 
repair at the bone defect site in the rat model. Thus, the 
results of the current study are consistent with studies that 
examined the effect of exosomes extracted from UC-MSCs 
on bone repair.12,48 For example, Wang and colleagues49 

prepared a coralline hydroxyapatite (CHA)/silk fibroin 
(SF)/glycol chitosan (GCS)/difunctionalized polyethylene 
glycol (DF-PEG) self-healing hydrogel. They showed bone 
regeneration levels in hydrogel containing exosomes were 
significantly higher than those of the hydrogel and control 
groups. Zhou et al50 focused on evaluating the mechanism 
of osteogenesis by human UCMSC-derived exosomes. 
They injected PBS or exosomes at the fracture site in 
SD rats. According to the Western Blotting results, the 
expression levels of β-catenin and Wnt3a in the exosome-
treated group were significantly higher than those in the 
control group and PBS injection group (P < 0.01). So, they 
deduced that these exosomes are involved in bone healing 
through the Wnt signaling pathway. 

Previous studies have shown that the action underlying 
mechanisms of exosomes secreted from human UCMSC 

Fig. 7. Histological evaluation (Masson’s Trichrome staining) at the endpoint of 8 (A-C) and 12 (D- F) weeks; scale bar: 50 µm 
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as an intercellular messenger may be related to increasing 
expression of hypoxia-inducible factor‐1α51 (HIF-1α: 
as mediator of promotion of angiogenesis), BMP-2, and 
VEGF in target cells.52 In addition, it was demonstrated 
that exosomes secreted from human UCMSC were able 
to improve vascularization at the wound site by the Wnt4 
protein (as a protein present in UCMSC‐Exos), which can 
stimulate Wnt/β‐catenin pathway in endothelial cells.36 

Here, in line with other articles, by comparing the 
results in the two groups of scaffold+exo and scaffold, 
we confirmed the great biological role of UCMSC‐Exos 
in healing the bone defect site. As depicted in Fig. 8 in 
the scaffold+exo group, more OCN stained area was 
detected after 8 and 12 weeks than that in the scaffold 
group (*P < 0.05), suggesting osteogenesis activities of 
the exosomes-enriched scaffold to improve the bone 
regeneration. Also, in the scaffold+exo group, more CD31 
positively stained cells were detected at 12 weeks than in 
the scaffold group, suggesting more neovascularization 
occurred due to exosome presence (P < 0.05). However, 
at 8 weeks, no significant differences were recorded 
between these two groups. As such, IHC staining for 
osteocalcin (as a specific bone marker) and CD31 (as a 

key marker for capillary endothelial cells) confirmed that 
more bone healing in the scaffold+exo group at 12 weeks 
could be associated with osteogenesis and angiogenesis 
concurrently.

Due to the presence of tricalcium phosphate 
nanoparticles in PAA/triCaPNPs scaffold, we previously 
verified21 that the physicochemical properties of 
PAA polymer were improved in favor of osteogenic 
differentiation. Nanoparticles can improve the surface 
roughness of scaffolds, which often correlates with 
marked changes in cell bioactivities, cell morphology, and 
the secretion of regulatory factors.53 In general, surface 
roughness develops cell attachment, cell migration, 
and ECM production.54 Thus, it seems that tricalcium 
phosphate nanoparticles have increased the surface 
roughness of PAA; besides electrostatic interactions, 
surface roughness can lead to increased likelihood of the 
exosome interaction with the PAA/triCaPNPs scaffold.

The study limitations included the unknown exact 
mechanism of osteogenesis of exosome-enriched scaffold 
as well as the exact mechanism of interaction between 
exosomes and PAA/triCaPNPs scaffold which certainly 
warrants further study.

Fig. 8. Assessment of expression of osteocalcin (OCN) in rat calvarial defects at 8- and 12-weeks  post-surgery using immunohistochemical staining 
(A), Quantitative analysis of OCN  expression (B). Assessment of expression of CD31 in rat calvarial defects at 8- and 12-weeks  post-surgery using 
immunohistochemical staining, black arrows show the blood vessels  suggesting that more neovascularization occurred in the scaffold-exo group than in the 
other  groups (C), Quantitative analysis of CD31 expression (D) (*P < 0.05, ** P < 0.01, ***P<0.001). 
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Conclusion
This study aimed to investigate the therapeutic potential 
of PAA/triCaPNPs scaffold as a carrier of human UC-
MSC-derived exosome to achieve the exosome-controlled 
release on calvarial bone defect in animal models. The in 
vivo results revealed that the exosome-enriched scaffold 
could effectively minify the defect area and improve the 
bone healing in the rat model, so it could be an option for 
exosome-based therapy.
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