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Introduction: Micro-sized sponge particulates have attracted extensive attention because of their potential to overcome the intrinsic 
limitations of conventional monolithic scaffolds in tissue engineering. Bioactive nanocomposite microsponges are regarded as 
potential bone substitute materials for bone regeneration.
Methods: Based on a combination of microfluidic emulsion with further freezing and in situ thawing, chitosan (CS)-hydroxyapatite 
(HAP) microsponges were prepared and characterized in terms of their morphology and elemental distribution using a scanning 
electron microscope equipped with an X-ray detector. The swelling ratio, porosity, degradability, antibacterial activity, and bioactivity 
were detected and analyzed. The biological functions of the CS-HAP microsponges were examined to assess the adhesion, prolifera-
tion, and differentiation of in vitro co-cultured rat bone marrow mesenchymal stem cells (rBMSCs). Furthermore, the CS-HAP 
microsponges were used as cell-free scaffolds and implanted into calvarial defects in a rat model to evaluate the in vivo osteogenesis.
Results: The CS-HAP microsponges have a porous structure with high porosity (~76%), good swelling capacity (~1900%), and 
shape-memory properties. The results of in vitro experiments show that the CS-HAP microsponges achieve good bioactivity and 
promote osteogenic differentiation of rBMSCs. Furthermore, the CS-HAP microsponges significantly promote bone regeneration in rat 
calvarial defects.
Conclusion: The bioactive CS-HAP microsponges have the potential to be used as bone substitute materials for bone tissue 
engineering.
Keywords: bioactive, hydroxyapatite, chitosan, nanocomposite microsponges, bone tissue engineering

Introduction
The reconstruction of critical-sized bone defects in clinics generally uses autografts, allografts, and bone graft 
substitutes.1 As the gold standard, autografts are limited by their source and donor site morbidity, while allografts are 
subject to infection and immune rejection.2,3 As a result of advances in bone tissue engineering (BTE), synthetic 
scaffolds serving as porous matrices for tissue formation represent promising biomaterials for bone repair and 
regeneration.4,5

For BTE, porous scaffold materials play a key role in providing a favorable spatial environment for cell adhesion, 
migration, and differentiation.6,7 Traditional BTE relies on three-dimensional (3D) monolithic scaffolds, which have 
limitations in terms of nutrient diffusion, nonuniform cell distribution, and insufficient neovascularization inside the 
scaffolds.6–8 Micro-sized sponge particulates offer the advantages of high porosity, high surface area, excellent elasticity, 
and interstitial spaces.9 These features overcome the intrinsic limitations of conventional 3D scaffolds.10,11 Moreover, 
micro-sized particulates have excellent injectability, ensuring minimally invasive procedures.9
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In our previous study, we proposed an efficient microfluidic method and fabricated uniform, injectable, shape- 
memory chitosan (CS) microsponges, which have no requirement for any potentially cytotoxic cross-linkers or freeze- 
drying process.12 The prepared CS microsponges exhibit great advantages as cell carriers for tissue engineering, 
facilitating in vitro cell attachment and proliferation. Nevertheless, the high degradability and low mechanical and 
osteoconductive properties of CS needs to be improved to satisfy the requirements of further applications.13–15 To 
address this issue, CS is often combined with a bioactive material, such as hydroxyapatite (HAP) or β-tricalcium 
phosphate (β-TCP), to overcome its disadvantages for BTE.15–19 As the major inorganic component of human bone 
and teeth, HAP nanoparticles (nHAP) are known to promote cell adhesion, proliferation, and osteogenic differentiation, 
and can enhance the in vivo repair of bone tissues.20–22 In recent years, CS-HAP composite biomaterials have been 
fabricated and applied for tissue engineering in the form of membranes, scaffolds, and particles.12,18–20,23 Compared with 
3D scaffolds, porous microparticles and the void spaces among them provide a 3D environment for cell adhesion, 
proliferation, and nutrient transfer, and can form self-assembled cell–microparticle aggregates.9,24 Moreover, the dis-
tribution of nHAP in porous materials reduces degradability and promotes the osteoconductive properties of the 
composite material.3,25,26

In this study, uniform and porous CS-HAP nanocomposite microsponges are developed using our previously reported 
method.12 The developed CS-HAP microsponges display a porous structure with high porosity, good swelling capacity, 
and shape-memory properties. The CS-HAP microsponges exhibit good bioactivity and promote osteogenic differentia-
tion in in vitro rat bone marrow mesenchymal stem cells (rBMSCs). Furthermore, the CS-HAP microsponges serve as 
cell-free scaffolds for promoting the in vivo reconstruction of calvarial bone defects. Thus, the developed CS-HAP 
microsponges have great potential to be used as bone substitute materials for BTE, particularly for minimally invasive 
procedures and irregular bone defects.

Materials and Methods
Preparation of Nanocomposite Microsponges
The microfluidic devices have a co-axial structure consisting of an inner discontinuous phase channel (inner diameter 100 μm) 
and outer continuous phase channel (inner diameter 410 μm). A solution containing 1 wt.% CS (degree of deacetylation ≥ 
95%, viscosity of 100–200 mPa·s) was obtained by dissolution in 2% v/v acetic acid solution. For the CS-HAP composite 
solution, HAP (<100 nm) was added to the CS solution and stirred to obtain a homogeneous CS-HAP solution with a weight 
ratio of 1:1. The obtained solution served as the discontinuous phase. The oil phase was prepared by adding Span 80 to 
cyclohexane with a total emulsifier content of 3% (w/v). Toluene was placed in a beaker and kept between −40°C~−20°C in 
a bath filled with liquid nitrogen. CS-HAP droplets were collected from the microfluidic devices with the solidification bath, 
then treated with pre-cooled NaOH ethanol solution (0.1 M) at −10°C. The obtained CS-HAP microsponges were washed 
adequately and collected for subsequent experiments. Figure 1 shows the scheme used to prepare the porous CS-HAP 
microsponges.

Examination of Morphology, Elemental Composition and Distribution
The morphological, surface, and porous structures of the CS-HAP microsponges were investigated using an optical micro-
scope (OPM; Leica DM2700P, Germany) and a scanning electron microscope (SEM; Zeiss Supra 40, Germany). The phase 
composition of nHAP was characterized by an X-ray diffractometer (XRD; Philips X’Pert PRO SUPER, Netherlands) with Cu 
Kα radiation. The elemental composition and distribution of the CS-HAP surface were measured by energy-dispersive X-ray 
spectroscopy (EDX) using an SEM equipped with an X-ray detector (Oxford Instruments, Ultim Max, UK).

Evaluation of Porosity, Swelling Ratio and Degradation of Scaffolds
The porosity and swelling ratio of the CS-HAP microsponges were measured in a previous study.12,27 We roughly 
estimated these quantities because the small microsponges were difficult to weigh. CS-HAP macroscopic scaffolds were 
prepared by lyophilizing the CS-HAP solution with the same concentration, then treating with 0.1 M NaOH ethanol 
solution. The dried scaffolds were measured as W1 prior to immersion in absolute ethanol for 4 h. The macroscopic 
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scaffolds were weighed as W2 after removing the surface ethanol with filter paper. The porosity analyses were performed 
in five replicates, with the porosity calculated as:

Porosity (%) = [(W2 − W1)/ρV] × 100 (1)
where ρ represents the density of absolute ethanol and V represents the volume of the sample.
For the swelling ratio, the dried scaffolds were weighed as Wd, and then submerged in water for a set period of time. 

Each sample was weighed as Ws after removing the extra water with filter paper. The tests were conducted three times 
and the swelling ratio was evaluated as:

Swelling ratio (%) = [(Ws − Wd)/Wd] × 100 (2).
The CS-HAP microsponges were immersed in 0.1 M saline buffer phosphate (PBS; pH = 7.4) containing 1.5 mg/mL 

lysozyme to evaluate their degradability, following our previous method.12 At the predetermined time points, the CS- 
HAP microsponges were collected and observed under the OPM.

Vitro Bioactivity in Simulated Body Fluid
Simulated body fluid (SBF) was prepared to evaluate the in vitro bioactivity of the CS-HAP microsponges according to 
Kokubo’s method.28 The CS-HAP microsponges were soaked in SBF solution (5 mL) and incubated at 37°C for 1, 4, and 
7 days, and the SBF solution was renewed every 48 h. The CS-HAP microsponges were gently washed with distilled 
water to remove the SBF solution and freeze-dried at −50°C for 12 h. The elemental compositions of calcium and 
phosphate were measured using energy-dispersive X-ray spectroscopy (EDS) coupled with the SEM (SEM-EDS) 
(Oxford Ultim Max, UK).

Antibacterial Capacity Test
The antibacterial capacity of the prepared CS microsponges and CS-HAP microsponges was tested against 
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) using the growth turbidity method.27 First, the bacteria 
were cultured overnight in a broth medium. The turbidities were adjusted to 1–2 × 108 CFU/mL with the MacFarland 0.5 
standard at 625 nm. Subsequently, 100 μL of the diluted bacterial suspension with 150 mg of the tested microsponges 
was inoculated into 10 mL of the broth medium, and then incubated at 37°C and shaken (150 rpm) for 18 h. An untreated 
bacterial suspension was used as a control. The optical densities (OD) of the bacterial suspension at 600 nm were 

Figure 1 Schematic representation of preparation method and application of bioactive CS-HAP nanocomposite microsponges.
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measured using a microplate reader (Tecan Infinite 200 Pro, Switzerland) to evaluate the antibacterial capacity. Both tests 
were conducted with five replications. The percentage of bacterial growth inhibition was calculated according to:

Bacterial growth inhibition (%) = [(ODc – ODt)/ODc] × 100 (3)
where ODc and ODt represent the mean OD of the control and treated samples, respectively.
A live/dead staining assay was also taken to evaluate the antibacterial capacity of the CS and CS-HAP microsponges. 

Briefly, S. aureus and E. coli were cultured to the post-log phase, and equal weights of materials were added to 1 mL of 
resuspended bacteria solution (diluted 1000 times). The suspension was then centrifuged at 6000 rpm for 3 min and 
suspended in 50 μL physiological saline after being incubated for 4 h at 37°C. Next, the bacteria were stained with a live/ 
dead staining kit (Invitrogen, USA) for 15 min. Finally, the samples were observed through a fluorescent microscope to 
distinguish dead bacteria (red staining) from live bacteria (green staining).

Cell Isolation and Culture
The rBMSCs were collected and cultured from the tibia and femur of 4-week-old male Sprague–Dawley (SD) rats. The 
tibia and femur bones were washed several times in PBS. The midshaft bone marrow of the tibia and femur was flushed 
out, suspended, and cultured in alpha-minimum essential medium (α-MEM) (Hyclone, USA) containing 20% fetal 
bovine serum (FBS; Corning, USA), 100 U/mL penicillin, and 100 U/mL streptomycin in an incubator with 5% CO2 at 
37°C. When 70%–80% confluence was reached, the rBMSCs were passaged using a 0.25% trypsin-EDTA solution. The 
cells obtained at passage 3 were used in subsequent experiments.

Cell Adhesion and Viability on Scaffolds
The cytotoxicity of the CS-HAP microsponges was examined using a CCK-8 assay (Dojindo, Kumamoto, Japan). 
Briefly, 1×104 rBMSCs with 1×102 microsponges were seeded in a 96-well plate for co-culturing. Five replications were 
performed for each group. After 1, 4, and 7 days of co-culturing, the culture medium was discarded. Then, 100 μL of 
working solution (10% CCK-8 solution in α-MEM) was added and incubated at 37°C for 2 h. Subsequently, the 
supernatant was collected and the OD value was measured at 450 nm. The samples were collected and a live/dead 
assay was conducted (Dojindo, Kumamoto, Japan) following the manufacturer’s instructions. Confocal images were 
obtained by confocal laser scanning microscopy (CLSM; Zeiss LSM 880, Germany). Green fluorescence indicated live 
cells. Red fluorescence indicated dead cells.

Cell attachment tests were conducted according to our previous work.12 For this, a 20-mL suspension of rBMSCs was 
mixed with CS-HAP microsponges at a quantity ratio of 100:1. The number of rBMSCs in 1 mL of the suspension was 
identified as C0. At a predetermined point, 1 mL of the mixed suspension was harvested and the unattached cells were 
counted as Ct. The adhesion efficiency was calculated as (C0 - Ct)/C0 × 100%. To further observe the morphology of cell 
attachment and proliferation, the cell nucleus was stained with 4, 6-diamino-2-phenyl indole (DAPI), and the cytoske-
leton was stained with phalloidin (Sigma-Aldrich, USA). Confocal images were obtained by CLSM. Furthermore, the 
samples were lyophilized and the cell distribution and morphology were observed by SEM.

Real-Time Polymerase Chain Reaction Assays
The 2×105 rBMSCs with 2×103 CS microsponges were co-cultured in 6-well plates. After 14 days of incubation, the cells 
were digested by a 0.25% trypsin-EDTA solution and collected. The total RNA was extracted using TRIzol (Sigma- 
Aldrich, USA). Immediately, complementary DNA (cDNA) synthesis of the extracted mRNA was performed using the 
PrimeScript RT Kit (Takara, Japan). The synthesized cDNAs were used for real-time polymerase chain reaction (RT- 
PCR) analysis using the SYBR premix Ex Taq (Takara, Japan). A 20-μL reaction system was created using Stratagene 
Mx3000p (Agilent Technologies, USA). The Ct values of the sample were analyzed by the 2−ΔΔCt method.

Alkaline Phosphatase Staining and Activity
The 1×105 rBMSCs were seeded in 6-well plates and co-cultured with microsponges using the Transwell apparatus. After 
14 days of culturing in an osteogenic medium, each group was fixed with 4% paraformaldehyde at room temperature for 
30 min and washed twice using PBS, then incubated with an alkaline phosphatase (ALP) kit (Beyotime, China) in the 
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dark for 2 h. The cells were washed three times with PBS and observed under the OPM. Furthermore, an ALP assay kit 
(Beyotime, China) was used to analyze the ALP activity following the manufacturer’s instructions. OD was measured at 
405 nm using a microplate reader.

Animal Surgery of Critical-Sized Calvarial Defects in Rat Model
All animal studies were approved by the Independent Ethics Committee of Anhui Medical University (Approval number: 
LLSC20170177), and were performed in accordance with the “Guide for the Care and Use of Laboratory Animals.” 
A total of 18 male SD rats (250–300 g) were purchased from the Animal Experiment Center of Anhui Medical. The 
calvarial defect model was conducted following a previously described method.29 Briefly, the animals were anesthetized 
with 4% chloral hydrate by intraperitoneal injection, then a sagittal incision was made along the skull. Full-thickness 
flaps were raised to expose the calvarium. A 5-mm bone defect was made in the middle of the skull using a trephine. The 
bone defects were randomly divided into three groups, each containing six animals. In the two experimental groups, the 
bone defects were filled with the CS and CS-HAP scaffolds, respectively; in the control group, the bone defects were not 
filled with any material. The incisions were closed with 3–0 silk sutures. The animals were intramuscularly injected with 
antibiotics for three consecutive days. After a healing period of 12 weeks, the animals were sacrificed with an overdose 
of pentobarbital. The rat calvaria were harvested for further analyses.

Micro-Computed Tomography Analysis of Bone Defects
The calvarial specimens were fixed in paraformaldehyde and scanned by microcomputed tomography (micro-CT; 
AX2000, China) with scanning parameters of 80 kV and 100 μA, an exposure time of 500 ms, and a resolution of 15 
μm. The 3D images were then reconstructed and analyzed using the VG Studio Max 3.4 software (VG Studio MAX, 
Heidelberg, Germany). The bone volume/total volume (BV/TV), trabecular number (Tb. N), and trabecular separation 
(Tb. Sp) values were used to evaluate the new bone formation.

Histological Assessment
The specimens were decalcified in 10% EDTA–2Na and embedded in paraffin. A series of 6-µm-thick sections was 
prepared and stained with hematoxylin-eosin (H&E), Goldner, and immunohistochemical staining according to standard 
protocols. The acquired slices were histomorphometrically examined with the OPM.

Statistical Analysis
All experiments were performed in triplicate, unless otherwise specified. The quantitative data are presented as mean ± 
standard deviation (s.d.), and were processed using SPSS version 17.0.1 (SPSS Inc., Chicago, IL, USA). Tukey’s post- 
hoc test for independent samples was used for comparisons between two groups, and analysis of variance (ANOVA) was 
applied for three or more groups.

Results and Discussion
Material Preparation and Characterization
The morphology of the emulsified CS-HAP droplets was observed under the OPM, showing that the spherical droplets with 
uniform size were well-dispersed in aqueous solution (Figure 2A). The pre-cooled toluene solution was prepared to solidify 
the droplets, and micro-sized ice crystals were observed to be randomly distributed over the whole droplets. After the droplets 
had been treated with pre-cooled NaOH ethanol solution to melt the ice crystals in the solid microspheres, the porous 
structures of the CS-HAP microsponges were obtained, as shown in Figures 2B and C. Subsequently, the microstructures of 
the CS-HAP microsponges were observed by SEM after lyophilization (Figure S1). SEM images with different magnifications 
suggest that the microsponge surface has a random network of pores measuring several micrometers (Figures 2D–F and S2); 
the white arrows in Figure 2F represent nHAP. XRD analysis verified the incorporation of HAP in the CS-HAP composite 
microsponges. The XRD peaks are a very good match with the JCPDS standard XRD card No. 86–1199 for HAP (Figure 2G). 
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Elemental mapping performed by SEM-EDX indicates that there is a uniform distribution of phosphorus and calcium on the 
microsponge surface (Figures 2H and I).

The porosity of the CS-HAP scaffolds was evaluated as ~76%, which is lower than that of the CS microsponges (~84%) 
prepared by the same method.12 This decrease in porosity may relate to the addition of HAP in the polymer matrix.30 The 
microsized sponges with a porous structure facilitate cell attachment and promote the transfer of oxygen and nutrients.9 

Moreover, the porous structure is favorable for elastic deformation. The shape-memory property of the CS-HAP micro-
sponges ensures simple implementation and minimal invasiveness.31 The photographs in video S1 show that the CS-HAP 
microsponges can withstand external pressure from tweezers, and rapidly recover to almost their initial shape after the 
pressure is removed. The porous sponge-like structure and impressive shape-memory property contribute to the swelling 
behavior.27 The swelling ratio of the CS-HAP scaffolds was calculated to be as high as ~1900% (Figure S3). The volume of 
the lyophilized microsponges increases after immersion in water for 30 min (Figure S4). The slight expansion of the 
microsponges could be beneficial to the dense filling of scaffolds in bone defects. The CS-HAP microsponges undergo very 
slow in vitro degradation (Figure S5). Compared with the CS microsponges,12 the introduction of HAP seems to delay the 
degradation process. This property is expected to facilitate new in vivo bone integration by providing more permanent 
structural support.

Figure 2 Material characterizations of CS-HAP microsponges. (A–C) OPM images of uniform CS-HAP droplets and porous CS-HAP microsponges. (D–F) SEM images 
showing the morphology of porous-structured CS-HAP microsponges at different magnifications (white arrows represent nHAP in (F)). (G) XRD pattern of HAP 
nanoparticles. (H and I) SEM-EDX mapping images revealing the distribution of P and Ca on microsponge surface.
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Vitro Bioactivity in SBF
The formation of bone-like apatite on the surface of BTE scaffolds is important for bone regeneration, producing bonding 
to the native bone tissue and facilitating osteoblast adhesion and proliferation.32 The bioactivity of biomaterials can be 
estimated by in vitro mineralization in an SBF medium to predict the in vivo bone bioactivity and regeneration ability.33 

After 1, 4, and 7 days of immersion in SBF, the morphology of the mineralized crystals was observed by SEM. 
Mineralized crystals were formed on the surface of the CS-HAP microsponges, and the amount of the crystals obviously 
increased over time (Figures 3A and B). The Ca/P ratio of the CS-HAP microsponges was calculated by SEM–EDS 
analysis, and was found to increase continuously over time (Figure 3C). This tendency is in good agreement with the 
SEM observations. This increase in Ca/P ratio over mineralization time might be caused by HCO3

− in the SBF. The 
existence of HCO3

− may lead to the deposition of carbonated HAP on the CS-HAP microsponge surface.34 The increased 
Ca/P ratio and formation of bone-like apatite on the surface indicates that the CS-HAP microsponges have good 
bioactivity, helping to ensure integrity with in vivo native bone.32,33

Antimicrobial Activity and Biocompatibility of Scaffolds
CS has good biodegradability, biocompatibility, and antimicrobial activity, making it an attractive biomaterial for tissue 
engineering.17 To investigate whether the addition of HAP influences the antimicrobial activity, the growth turbidity of 
S. aureus and E. coli co-cultured with both the CS and CS-HAP microsponges was calculated. As shown in Figure 4A, 
both the CS and CS-HAP microsponges effectively inhibit the bacterial growth and exhibit similar bacterial growth 
inhibition ratios. There was no significant change in antimicrobial activity after integrating HAP, which is consistent with 
previous results.35 The live/dead staining of E. coli and S. aureus further confirmed the results of the growth turbidity 

Figure 3 In vitro bioactivity of the CS-HAP microsponges in SBF after 1, 4, and 7 days. (A) Low magnification of SEM images of mineralized CS-HAP microsponges. (B) High 
magnification of SEM images of mineralized CS-HAP microsponges. (C) Evaluation of the molar ratio of Ca/P by EDS.
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(Figure S6). The large difference in the antimicrobial activity of CS and CS-HAP microsponges against S. aureus and 
E. coli can be explained by the different susceptibility of gram-negative and gram-positive bacteria to CS.36

For the in vitro biocompatibility evaluation, the CCK-8 assay was used to estimate the biocompatibility of CS-HAP 
microsponges. Figure 4B shows that the number of cells increased over time. The cell proliferation increased signifi-
cantly on days 4 and 7 in the CS and CS-HAP groups, compared with the control group. This can be explained by the 
porous structure and rough surface facilitating cell attachment, proliferation, and extracellular matrix (ECM) 
production.9,12 Moreover, the void spaces among the CS-HAP microsponges provide micrometer-sized pockets for 
cellular invasion and proliferation.9 The results of the live/dead assay suggest that the cells remained viable and exhibited 
a good cell morphology within 7 days of culture (Figure 4C). These results demonstrate the good biocompatibility of the 
CS-HAP microsponges.

Cell Attachment, Proliferation and Morphology on Scaffolds
One challenge faced by scaffold materials in BTE is providing adequate space for cell attachment, proliferation, and 
differentiation.37 The porous CS-HAP microsponges developed in this study are expected to promote cell adhesion and 
proliferation. As shown in Figure S7, the cell adhesion efficiency increased continuously after cell seeding. Almost 80% 
of the cells adhered to the CS-HAP microsponges, similar to the percentage of CS microsponges.12 The morphology of 
cell attachment and proliferation was further observed using CLSM. The CLSM images show that rBMSCs attach to and 
on the CS-HAP microsponges over the culture time. After 7 days of co-culturing, there is a remarkably high intensity of 

Figure 4 Bacteria and cell response to CS-HAP microsponges. (A) Bacterial growth inhibition of the CS and CS-HAP microsponges. (B) Cell viabilities by CCK-8 assay after 
1, 4, and 7 days. (C) CLSM images of live/dead morphology of rBMSCs co-cultured with CS-HAP microsponges after 1, 4, and 7 days. *P value < 0.05 compared with the 
control group.
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red and blue fluorescence on and among the CS-HAP microsponges (Figure 5A). Cell filopodia are tightly connected 
with the CS-HAP microsponges. SEM was used to visualize the morphology of the rBMSCs on the CS-HAP micro-
sponges (Figure 5B). The cells were found to be firmly attached to the surface, and elongated into a spindle-like structure 
within 4 days of co-culturing. On day 7, the rBMSCs extended more filopodia and connected nearby microsponges 
together, resulting in self-assembled cell–microsponge aggregates (Figure 5B), in line with the concept of bottom-up 
organization.38 These results indicate that the CS-HAP microsponges are suitable for cell attachment and proliferation 
when transplanted to bone defects.

In vitro Osteogenic Differentiation Analysis
To investigate the effects of the added HAP on osteogenic differentiation, we used RT-PCR to measure the expression of 
two osteogenic markers: bone morphogenetic protein 2 (BMP-2) and runt-related transcription factor 2 (Runx2). The 
BMP-2 and Runx2 gene expressions in the CS group and the CS-HAP group were found to be significantly upregulated 
compared with the control group, and the expressions of BMP-2 and Runx2 in the CS-HAP group were significantly 
higher than in the CS group (Figures 6A and B). These results indicate that CS can be used alone or incorporated with 
HAP to promote bone regeneration, and the existence of HAP enhances the expression of osteogenic genes compared 
with pure CS.13

To further confirm the in vitro osteogenic potential of the scaffolds, the ALP activity of rBMSCs on day 14 
was investigated. As shown in Figures 6C–E, quantitative analysis of ALP activity and ALP staining illustrate 
similar tendencies as for the expression of osteogenic genes. These excellent osteogenic differentiation results for 
rBMSCs indicate that the CS-HAP microsponges are promising bone substitute materials for further BTE 
applications.

Animal Experiment Histological Analysis and Evaluation
A bioactive scaffold with an ideal microstructure is vital in inducing the infiltration of stem cells and promoting tissue 
regeneration by recruiting the surrounding BMSCs, rather than preload cells. Scaffolds with rough and porous structures 
can facilitate cell adhesion, proliferation, osteogenic differentiation, and bone regeneration.6,22,39 To investigate the 
potential of the CS-HAP microsponges for in vivo bone regeneration, the CS and CS-HAP microsponges were implanted 
as cell-free scaffolds into calvarial bone defects in rats. After 12 weeks of healing, the newly formed bone was analyzed 

Figure 5 Cell attachment, proliferation, and morphology. (A) Phalloidin/DAPI staining of rBMSCs seeded on the CS-HAP microsponges after 4 and 7 days of culturing 
(phalloidin: red, DAPI: blue). (B) SEM images showing rBMSCs (marked by pseudo-color) adhered on the surface of CS-HAP microspheres after culturing for 4 and 7 days.
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by micro-CT with 3D reconstructions and 2D slice images (Figure 7A). The quantitative analysis demonstrates that BV/ 
TV and Tb. N are significant higher in the CS and CS-HAP groups than in the control group, and the values in the CS- 
HAP group are significantly higher than in the CS group (Figures 7B and C); Tb. Sp is relatively low in all groups 
(Figure 7D).

To confirm the micro-CT results, H&E, Goldner, and immunohistochemical staining were conducted to assess the new bone 
formation. The histological results (Figure 8) show that the CS-HAP group exhibits more organized and mineralized bone tissue 
than the CS group and control group. This is mainly because the CS-HAP group has support materials for cell proliferation and 
temporary structural support for tissue ingrowth. Moreover, the slow degradation rate and osteoconductive property of CS-HAP 
microsponges contribute to bone formation in the bone defects. The immunohistochemical staining of representative osteogenic- 
related gene markers including osteopontin (OPN) and BMP-2 was performed to obtain insights into the osteogenic effects. The 

Figure 6 Osteogenic differentiation in rBMSCs. (A and B) Expression of BMP-2 and Runx2 mRNA in rBMSCs at the predetermined time. (C) Quantitative analysis of ALP 
activity. (D and E) Digital photographs and OPM images of the ALP staining of rBMSCs after 14 days of culturing. *P value < 0.05 compared with the control group; #P < 0.05 
compared with the CS group.
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expressions of OPN and BMP-2 were higher than in the control group (Figure S8). The histological results further indicate that 
the existence of HAP promotes the osteogenic differentiation of rBMSCs and bone formation, in agreement with earlier 
findings.3 Based on the above results, CS-HAP promotes new bone formation for the reconstruction of critical-sized calvarial 
defects in rats.

Figure 7 Micro-CT analyses of bone regeneration in rat calvarial defects. (A) 3D reconstructions and 2D slice images of micro-CT of the specimens after treatment for 12 
weeks. (B–D) Quantitative comparisons of BV/TV, Tb. N, and Tb. Sp of the newly formed bone. * P value < 0.05 compared with the control group; #P < 0.05 compared with 
the CS group.
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Conclusions
Bioactive nanocomposite microsponges have been successfully synthesized through microfluidic emulsion with further 
freezing and in situ thawing. The porous CS-HAP microsponges exhibit good in vitro biocompatibility and bioactivity, 
contributing to enhancing cell attachment and proliferation, and promoting osteogenic differentiation of rBMSCs. 
Moreover, the shape-memory characteristics and large swelling ratio of the CS-HAP microsponges are very conducive 
to applications concerning irregular bone defects, such as tooth extraction fossa and maxillary sinus in stomatology. The 
slow degradation rate in the process of in vivo osteogenesis may act to improve the quality of the newly formed bone and 
reduce the healing time. In summary, the CS-HAP microsponges developed in this study are promising bone substitute 
materials for BTE applications.
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