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ABSTRACT 

 

Objectives: To utilize layer-by-layer (LBL) self-assembly polyelectrolytes loaded with cyclic 

adenosine monophosphate (cAMP) and to investigate its effect on the osteo/odontogenic 

differentiation of stem cells from apical papilla (SCAPs). 

 

Methods: SCAPs loaded with cAMP using LBL self-assembly with gelatin and alginate 

polyelectrolytes (LBL-cAMP-SCAPs). SCAPs, SCAPs treated by LBL without cAMP (LBL-SCAPs) 

and SCAPs with cAMP in medium (cAMP-SCAPs) were used as control groups. The presence of 

cAMP and phosphorylation of cAMP-response element-binding protein (CREB) were evaluated 

by immunofluorescence and western blotting (WB). The release of cAMP and vascular endothelial 

growth factor (VEGF) were determined by enzyme-linked immuno sorbent assay (ELISA). Cellular 

morphology was investigated by scanning electron microscopy (SEM). Cell proliferation and 

viability were assessed by CCK8 and live/dead staining. The odonto/osteogenic differentiation of 

encapsulated SCAPs was evaluated by Alizarin red staining, quantitative reverse-transcription 

polymerase chain reaction (RT-PCR) and WB. 

 

Results: Immunofluorescence and WB showed LBL-cAMP-SCAPs expressed cAMP and increased 

the phosphorylation level of CREB. ELISA demonstrated a sustained release of cAMP and VEGF 

was present up to 14 days. SEM found LBL-coated SCAPs exhibited a spheroid-like morphology. 

CCK8 and live/dead staining showed that LBL treatment had no significant effect on cell 

proliferation and viability. LBL-cAMP-SCAPs enhanced mineralized nodule formation and up-

regulated the mRNA levels of the osteogenesis-related genes, as well as related transcription 

factor-2 protein level which were revealed by Alizarin red staining, RT-PCR and WB. 

 

Conclusions: LBL self-assembly loaded with cAMP promoted the osteo/odontogenic 

differentiation of SCAPs.  

 

Clinical Significance: LBL self-assembly can be employed as bioactive molecular carrier for 

tissue regeneration. 

  



Introduction  

Stem cells from apical papilla (SCAPs), which reside in the root apex of developing 

permanent teeth, contribute to the formation of radicular pulp and root dentin (1). The wide 

application of SCAPs in bone tissue regeneration is due to they have higher proliferation and 

multipotent differentiation potentials than dental pulp stem cells (2, 3). Exogenous growth factors 

and bioactive small molecules addition through systemic administration are reported to induce the 

multipotent differentiation of SCAPs, such as bone morphogenetic protein (BMP) (4) , insulin-like 

growth factor 1 (IGF-1) (5), vascular endothelial growth factor (VEGF) (6), cyclic adenosine 

monophosphate (cAMP) (7) and so on. Genetic modification, like BMP and VEGF gene-co-

transfection is an alternative way to augment the osteo/odontogenic differentiation potential of 

SCAPs (8).  Similarly, in our previous study, we confirmed that overexpression of cAMP pathway 

downstream molecular, cAMP-response element-binding protein (CREB), promoted the 

osteo/odontogenic differentiation of SCAPs in vitro (9). Activation of cAMP pathway has been 

reported to promote osteogenesis of human mesenchymal stem cells in vitro (10). In an 

ovariectomized mice model, a subcutaneous injection of cAMP substituent once a day increased 

bone regeneration (11). However, lack of sustainable delivery of cAMP underline the need for 

mimicking the in vivo microenvironment for desired application in clinic.  

 

Layer-by-layer (LBL) self-assembly is a thin-film fabrication coating, which primarily 

relies on oppositely electrostatic attraction (polycation or polyanion) (12). Cells surface with 

negative charges attract positively charged polyelectrolyte, and an opposite charge sequentially 

deposit to form multilayers in the next assembly step. During LBL assembly procedures, charged 

bioactive molecules can be incorporated into a multiple layer system without loss of bioactivity. 

Therefore, LBL approach has been applied to controllable drug delivery for encapsulation of fungi 

(13), bacteria (14) and mammalian cells, like mesenchymal stem cell and neural stem cells (15, 

16). We utilized LBL technique to coat collagen and VEGF on titanium surface. The results 

showed that multilayers by LBL process on a titanium surface promoted the attachment and growth 

of endothelial progenitor cells in vitro, and induced the spontaneous endothelialization of synthetic 

cardiovascular implants in vivo (17).  

 



Gelatin and alginate are electrically charged natural macromolecules, which are effectively 

utilized in LBL self-assembly reaction. Gelatin derived from denatured collagen is composed of 

modified natural extracellular matrix components. The amino group of gelatin spontaneously 

converts into a polycation in water, and is then able to attract carboxyl groups of alginate (18). 

Alginate is a polysaccharide and possesses excellent cytocompatibility and preferable ability for 

cell encapsulation (19). Alginate hydrogel enhanced osteogenic potential of dental pulp stem cells, 

periodontal ligament stem cells and gingival mesenchymal stem cells (20, 21). Therefore, dental-

derived stem cells encapsulated by alginate scaffold were considered as a promising approach for 

bone tissue engineering. Additionally, LBL encapsulation with gelatin and alginate 

polyelectrolytes was reported has no effect on viability, proliferation or differentiation of neural 

stem cells (16).  However, the application of LBL by gelatin and alginate polyelectrolytes in 

encapsulation of dental stem cells has rarely been studied. 

 

The aim of this paper is to employ LBL self-assembly technique to encapsulate SCAPs 

with cAMP.  

 

We hypothesized that SCAPs encapsulated with cAMP using LBL self-assembled gelatin and 

alginate polyelectrolytes promoted the osteo/odontogenic differentiation of SCAPs in vitro, which 

would contribute significant progress toward the application of bioactive delivery in dental tissue 

regeneration. 

 

Materials and methods 

LBL encapsulation preparation  

SCAPs were harvested as described previously (22). SCAPs (2×106) were centrifuged in a 

15 ml tube to remove the culture medium. 5 ml of 0.1% gelation solution (containing 1 mM cAMP) 

(Sigma-Aldrich, St Louis, MO, USA) was added to the tube, and the tube was gently centrifuged 

at 100 r/min for 10 min. Then, the supernatant was discarded after centrifugation at 2000 r/min for 

5 min. The cells were washed with 5 ml phosphate-buffered saline (PBS), then the tube was 

centrifuged again to discard the supernatant. After washing the cells for a second time, 5 ml of 0.1% 

alginate (Sigma) was added to the tube under centrifugation at 100 r/min for 10 min. Then, the 

tube was centrifuged for a second time at 2000 r/min for 5 min. The cells were washed with PBS, 



and the tube was centrifuged again. After the third layers, 5 ml of 0.1% gelatin (containing 1 mM 

cAMP) was added. Then, the cells were washed with PBS, and three layers SCAPs were acquired 

(LBL-cAMP-SCAPs) (Fig. 1). SCAPs encapsulated with gelatin and alginate without cAMP 

addition were denoted LBL-SCAPs. SCAPs with cAMP added into the medium were denoted as 

cAMP-SCAPs.  

 

Immunofluorescence staining of cAMP 

LBL-cAMP-SCAPs were seeded on the coverslips and fixed in 4 % paraformaldehyde for 

10 min at room temperature. After the cells were rinsed with PBS, 0.25 % Triton X-100 was added 

for permeabilization for 3 min. Then the cells were incubated with 1 % BSA in PBS for blocking 

for 1 hour. Next, cells were incubated with primary anti-cAMP (EP8471, Abcam, HongKong, 

China) at 4 ℃ overnight. On the following day, after being rinsed with PBS for three times, 

secondary antibody (Alexa-488, Abcam) was added for 1 hour in the dark at room temperature. 

The nuclei were stained with DAPI for 5 min in the dark and rinsed with PBS. Finally, the presence 

of cAMP on the surface of LBL-cAMP-SCAPs was captured by fluorescent microscope. 

 

Western blot analysis 

Cells were lysed in RIPA lysis buffer, containing 1 mM phenylmethylsulfonyl fluoride 

(PMSF, Beyotime) on ice for 30 min. The denatured proteins (30 μg) from each sample were 

separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were 

then transferred onto 0.22-µm polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, 

MA) at 200 mA for 1 hour. After blocking in 5% (w/v) non-fat dried milk dissolved in Tris-

buffered saline with Tween (TBST) at room temperature for 1 hour, the membranes were incubated 

overnight at 4°C with a primary antibody (p-CREB, CREB and Runx 2; Abcam). Finally, the 

membranes were washed three times for 10 min each with TBST for 10 min before incubation in 

horseradish peroxidase-conjugated secondary antibodies (1:5000, Santa Cruz, Texas, USA) for 1 

hour at room temperature. The protein bands were visualized using enhanced electro 

chemiluminescence reagent (Advansta, USA). GAPDH (Proteintech, Wuhan, China) was used as 

an internal control in these experiments. 

 

 



Enzyme linked immunosorbent assay (ELISA) 

To determine cAMP release from the LBL-cAMP-SCAPs, the culture supernatant was 

evaluated using ELISA (R&D Systems, Minnesota, USA) according to the manufacturer’s 

instructions. The paracrine effect of LbL thin films on VEGF (Dakewe, Shenzhen, China) was also 

tested using ELISA. At each time interval, supernatants were collected and replaced with an equal 

volume of fresh medium. Finally, spectrophotometry was used to determine the concentration at 

540 nm. 

 

Scanning electron microscopy (SEM) analysis  

The cellular morphology of LBL treated SCAPs (LBL-cAMP-SCAPs and LBL-SCAPs), 

cAMP-SCAPs and SCAPs were analyzed by SEM for time points at 1, 3 and 7 days. Cells were 

fixed in fixative buffer (containing 2.5% glutaraldehyde) overnight at 4 ℃. After being dehydrated 

with graded alcohols and dried, the cells were sprayed with gold and viewed using scanning 

electron microscopy (SEM, Hitachi TM-1000, Japan).  

 

Cell proliferation and viability 

The rate of cell proliferation was investigated using Cell Counting Kit-8 (CCK-8; Dojindo, 

Tokyo, Japan) according to the manufacturer’s protocol. Cells at a density of 1 × 104 cells/well 

were seeded in 96-well plates. At 1, 3, 5, and 7 days, CCK-8 solution was added to the medium 

for another 4 hours. Absorbance was measured using spectrophotometry at 450 nm to determine 

the number of viable cells in each well. The background absorbance of wells containing medium 

and CCK-8 solution but without cells was also measured. The viability was determined after 1, 3 

and 5 days of culture using live/dead staining. Acridine orange and propidium iodide solution were 

dissolved in ethanol to prepare stock solutions with concentrations of 3 μg/ml and 5 μg/ml, 

respectively. 1 μl of each solution was added into 10 ml of PBS to make a dye mixture. Prior to 

staining, the medium was discarded, and the cells were washed with PBS three times. Subsequently, 

1 ml of working solution was added to each plate for 30 min. Finally, the cells were observed with 

a fluorescence microscope (TE2000-E, Nikon).  

 

 

 



Alizarin red staining 

Cells were cultured in a mineralization-inducing medium containing 50 μg/ml ascorbic 

acid, 10 mM β-glycerophosphate, and 10 nM dexamethasone (Sigma). After 21 days of 

mineralization induction, the cells were rinsed twice with PBS and fixed with 4% 

polyoxymethylene for 15 min. Then, the cells were stained with 2% Alizarin red in the dark for 30 

min. Photomicrographs of the mineralized nodules were captured. To quantitatively determine the 

calcium content, 500 μl of 10% cetylpyridinium chloride (Aladdin, Shanghai, China) was added 

to each well to dissolve the nodules. Aliquots (100 μl) of the supernatant were then measured at 

an absorbance of 562 nm on a multiplatereader (μQuant MQX200, Bio-Tek).  

 

Quantitative reverse-transcription polymerase chain reaction 

The treated cells were cultured in 6-well plates in a mineralization-inducing medium for 

the times indicated, and total RNA was extracted from the cells in each group using TRIzol reagent 

(Invitrogen) according to the manufacturer’s protocols. For each sample, RNA was subjected to 

reverse transcription using the PrimeScript II System (Takara, Tokyo, Japan). Quantitative real-

time PCR gene expression analyses were performed with the SYBR Premix Ex Taq kit (Takara) 

using the Mx3000P Real-Time QPCR System (Stratagene, USA). The primers used for the RT-

PCR were purchased from Sangon (Shanghai, China) and were as follows: 

 

β-actin (Forward: GCCAAGTGGGTGGTATAGAGG, Reverse: 

GTGGGATGGTGGGTGTAAGAG), collagen type Ⅰ (Col Ⅰ) (Forward: 

AAGGACAAGAGGCACGTCTG, Reverse: CGCTGTTCTAGTGGTAG), runt-related 

transcription factor 2 (Runx2) (Forward: CGCCTCACAAACAACCACAG, 

Reverse:ACTGCTTGCAGCCTTAAATGAC), osteocalcin (OCN) (Forward: 

GGCAGCGAGGTAGTGAAGAG, Reverse:CTGGAGAGGAGCAGAACTGG), alkaline 

phosphatase (ALP) (Forward: CCACGTCTTCACATTTGGTG, Reverse: 

AGACTGCGCCTGGTAGTTGT). The expression level of β-actin was used as an internal control. 

The relative gene expression values were calculated via the 2−ΔΔCt method. 

 

 

 



Statistical analysis 

Data were analyzed by statistical SPSS 24.0. One-way analysis of variance was used to 

compare the difference between experimental groups. The statistical significance was set at p value 

less than 0.05. Data obtained from this study were expressed as the mean ± standard deviation (SD) 

from at least three independent experiments. 

 

RESULTS 

The presence of encapsulated cAMP by LBL  

The presence of cAMP on the surface of LBL-cAMP-SCAPs was detected on day 1 to day 

7, which were encapsulated with gelatin (containing cAMP) and alginate polyelectrolytes (Fig. 2). 

Control groups did not show fluorescence of cAMP (data not shown). The results indicated that 

the successful encapsulation of cAMP. CREB is a down-stream signaling molecule of cAMP 

pathway. LBL-cAMP-SCAPs group had the greatest amount of phosphorylation of CREB at 

different time points (Fig. 3A). Compare to cAMP-SCAPs group, phosphorylation of CREB was 

significantly enhanced in  LBL-cAMP-SCAPs group at day 3 (Fig. 3B). The prolonged release of 

cAMP was assessed by ELISA. LBL-cAMP-SCAPs group exhibited an increasing release profile 

of cAMP from day 1 to day 14 (Fig. 4A). The results indicated that a sustained cAMP delivery by 

LBL over a long time period. In addition, the release of VEGF was tested to investigate the 

paracrine effect of LBL-cAMP-SCAPs. The results showed the release of VEGF increased until 

14 days, which was associated with cAMP release (Fig. 4B). 

 

The characterization of encapsulated SCAPs 

Cellular morphology was visualized by SEM to observe the LBL coated SCAPs on day 1, 

3 and 7 (Fig. 5). At 1 day, LBL-coated SCAPs (LBL-SCAPs and LBL-cAMP-SCAPs groups) 

expanded slightly and exhibited a spheroid-like morphology, while SCAPs and cAMP-SCAPs 

stretched broadly and showed a spindle-like morphology. LBL-coated SCAPs exhibited narrow 

stretching on day 3 and day 7, while control SCAPs fully spread with long filopodia, as shown in 

Fig. 5. The spreading area in the LBL-treated groups was much more restrained compared with 

that in the SCAPs group, which was calculated by using Image J (Fig. 6).  

 



To assess whether cellular morphology changes would affect the proliferation of SCAPs, 

the proliferation of cells was quantitatively evaluated by CCK8 assay. Each group showed similar 

OD absorbance from day 1 to day 7, revealing that LBL treatment did not influence SCAPs 

proliferation in a dynamic period (Fig. 7). The viability of the cells in each group was further 

determined by live/dead staining. Each group showed similar green fluorescence intensity with 

few dead cells at the indicated times. The result was in accordance with the CCK8 assay, indicating 

LBL using gelatin and alginate polyelectrolytes had great cytocompatibility (Fig. 8).  

 

The effect of LBL on the differentiation of SCAPs 

The calcium content was quantified by alizarin red staining. Fig. 9A showed that more 

mineralized nodules were deposited in the LBL-cAMP-SCAPs and cAMP-SCAPs groups. The 

quantitative results of calcium measurements revealed extracellular matrix formation in the cAMP 

treated groups (Fig. 9B). Consistently, the expression of osteogenic-related genes was further 

detected by RT-PCR. The mRNA expression level of ALP, Runx2, COL I and OCN were 

significantly enhanced in the LBL-cAMP-SCAPs and cAMP-SCAPs groups (Fig. 9C-D). 

Moreover, the LBL-cAMP-SCAPs group expressed highest the protein level of Runx2, as shown 

in Fig. 10. These above results indicated that encapsulated cAMP using LBL could function as a 

carrier for cAMP release and was able to successfully induce the osteo/odontogenic differentiation 

of SCAPs.  

 

Discussion 

Stem cells, growth factors and scaffolds are the three crucial components of tissue 

engineering strategies. To deliver external factors to achieve a long-term effect remains a major 

challenge. The conventional method used to deliver chemicals is through a systemic administration 

in the culture medium in vitro or administrate an in vivo local injection to achieve a rapid release, 

whereas the drawback is lack of inherent drug delivery (7). To address the need for delivery 

biomolecule, LBL self-assembly technique were used as a drug carrier to achieve a sustained 

release of cAMP in this study. 

 

LBL system could incorporate the charged bioactive molecules without compromising 

their bioactivity (16). It has been widely used for the delivery of growth factors (23), such as IGF-



1 (16), insulin (24), BMP-2 (25) and VEGF (26). It was reported that the release of BMP-2 loaded 

on a hydroxyapatite scaffold by LBL could last for a period of 4 weeks (25). The release of IGF-

1 from LBL polyelectrolyte multilayers coated on titanium implant peaked at 7 days and gradually 

decreased until 28 days (27). In this study, we first observed the persistency of cAMP on the 

surface of SCAPs, and the fluorescence intensity gradually decreased from day 1 to day 7. This 

result verified that the encapsulation of cAMP by LBL was successfully applied on SCAPs. CREB 

is a downstream molecular of cAMP pathway. Its expression was activated by cAMP loaded by 

LBL from day 1 to day 7. The result was confirmed by ELISA, which revealed that cAMP release 

exhibited a burst release within 7 days, followed by a persistent release last for 14 days. The release 

of encapsulated biomolecules mainly relies on the hydrolysis of LBL films to degrade the entire 

polyelectrolyte layers (28). As a result, cAMP was released as the gelatin and alginate were 

hydrolyzed. It was reported that cAMP increased the mRNA expression of VEGF and promoted 

the vascularization of endothelial cells (29).  Enhancement of VEGF release was detected in this 

study, indicating that cAMP had a paracrine effect on other factor, which may have synergistic 

effects on regulating cell behaviors. Therefore, these findings provided evidence that LBL films 

could successfully serve as a reservoir for cAMP delivery.  

 

Morphological analyses revealed that LBL treated SCAPs exhibited a spheroid-like 

morphology at day 1, and narrowly spread on day 3 and 7. The results indicated the versatile 

method of cAMP encapsulated by LBL polyelectrolytes above was indeed present. A previous 

study reported that spheroid formation of adipose-derived stem cells enhanced cell regenerative 

capacity and delayed cell senescence (30). Therefore, we assessed whether cellular morphology 

changes would affect stem cell activities. CCK8 assay showed that the pattern of cell growth in 

LBL-encapsulated SCAPs remained similar to control groups over a dynamic period. Additionally, 

viability of SCAPs did not notably differ between LBL-encapsulated SCAPs and control groups. 

It was reported that LBL using gelatin and alginate would not affect the proliferation or viability 

of MSCs and neural stem cells, due to both of gelatin and alginate display excellent 

cytocompatibility and have suitable physical properties for bioengineering (16, 26). cAMP 

pathway is involved in proliferation and apoptosis, which are related to cell type and stimulus 

concentration. Previous research revealed that activation of cAMP increased the proliferation of 

stem cell-derived retinal pigment epithelium and neural stem cells (31, 32), while it suppressed 



bladder smooth muscle cell proliferation (33). However, in this study, cAMP encapsulated by LBL 

showed no detrimental effect on SCAPs’ proliferation and viability.   

 

cAMP was reported to induce the osteogenic differentiation of MSCs in vitro (7, 10). 

Therefore, LBL self-assembly technique was employed as a cAMP carrier to mimic the in vivo 

microenvironment to achieve a long-term effect. Although cAMP was encapsulated by LBL, it 

still had an inductive effect on matrix formation, as demonstrated by more calcified nodule 

formation in the LBL-cAMP-SCAPs group. Runx2 is an osteoblast specific transcription factor 

that is involved in osteoblast differentiation and bone maturation (34). Notably, cAMP 

encapsulated by LBL significantly induced the protein expression of Runx2 from 1 week to 3 

weeks. In addition, ALP and Col Ⅰ are two important factors of early osteogenic differentiation, 

while OCN is regarded as a marker of late stage (35, 36). The analysis of osteogenic genes showed 

that cAMP encapsulated by LBL enhanced the osteogenic differentiation at the indicated time 

points. These results confirmed that cAMP loaded by LBL were well-preserved without a loss of 

intrinsic bioactivity on inducing the osteo/odontogenic differentiation of SCAPs. 

 

cAMP was proven to be an effective factor for inducing the osteo/odontogenic 

differentiation. However, in order to achieve a local concentration of cAMP in vivo, subcutaneous 

injection of cAMP once a day was performed to increase bone regeneration in ovariectomized 

mice (7). LBL approach was applied for cAMP delivery to achieve a prolong release in this study. 

There are two primary ways to apply the LBL technique in regeneration engineering. One is 

coating the surface of the scaffold or implant to achieve well-compatibility and high differentiation 

ability (37-39). The surface of the implant loaded with IGF-1 using the LBL technique, which 

potentially accelerates bone formation in osteoporotic conditions both in vitro and in vivo (27). 

Encapsulation of BMP-2 by LBL method on titanium scaffold also enhanced ectopic bone 

formation (40). Moreover, multilayer films fabricated by LBL on polyethylene terephthalate 

substrates, significantly promoted human MSCs attachment, proliferation and osteogenic 

differentiation (41). Alternatively, LBL multilayer films containing chemical stimuli can be used 

to encapsulate single cell to simultaneously deliver functional molecules. Neural stem cell 

encapsulated with IGF-1 using LBL promoted the survival and induced the neurogenesis (16). 

Similarly, it was reported that VEGF-encapsulated mesenchymal stem cells by LBL had a 



sustained release of VEGF, thus promoting angiogenesis after transplantation into myocardial 

infarcted areas of rats (26). Fibroblast growth factor-2 loaded by LBL encapsulated dermal papilla 

cell exhibited excellent hair follicle regeneration capability in vivo (42). In agreement with other 

reports, we demonstrated that cAMP encapsulated by LBL allowed sustained release of cAMP and 

had an inductive effect on the osteo/odontogenic differentiation of SCAPs. The results provide a 

potential strategy for utilizing cAMP encapsulated by LBL in dental regeneration. For the in vivo 

study, animal experiments will be further conducted in the future.  

 

Conclusion  

In conclusion, gelatin/alginate loaded with cAMP was prepared to coat SCAPs using LBL 

self-assembly. The coating showed sustained release of cAMP and had no effect on the 

proliferation and viability of SCAPs, indicating the biocompatibility of the LBL approach. 

Moreover, cAMP loaded by LBL resulted in more extracellular matrix formation and osteogenic 

markers expression, ultimately leading to an enhancing effect on the osteo/odontogenic 

differentiation of SCAPs. These findings demonstrated that the potential of using LBL as a 

reservoir for cAMP delivery was able to promote the differentiation of SCAPs, which could be a 

promising therapy for dental regeneration.  
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Figure 1. Schematic of LBL encapsulation process. SCAPs were suspended in gelatin with/without 

cAMP solution (polycation) for the first layer. After centrifugation, SCAPs were exposed to 

alginate solution. The polyanion attached to polycation surface to form a second layer. Lastly, 

SCAPs were added into gelatin with/without cAMP solution again to complete three layers. LBL-

SCAPs: SCAPs encapsulated with gelatin and alginate without cAMP. LBL-cAMP-SCAPs: 

SCAPs encapsulated with gelatin and alginate with cAMP. SCAPs with cAMP added into the 

medium were denoted as cAMP-SCAPs. 

 

 

 

 

 



Figure 2.  Characterization of LBL-cAMP-SCAPs. Immunofluorescence staining displayed the 

expression of cAMP on SCAPs. The membrane surface was coated with cAMP (green) while 

nuclei was stained with DAPI (blue). Scale bar: 200 μm. 

 

 

 

 

 

 

 



Figure 3.  A. Protein expression levels of CREB and p-CREB were determined by western blotting 

at the indicated time points. GAPDH was used as a loading control.  B. Quantification of p-CREB 

protein levels. **p<0.01 and ***p<0.001 compared with the SCAPs; ##p<0.01 compared with the 

LBL-cAMP-SCAPs group. p: phosphorylation. 

 

 

 

 

 

 

 

Figure 4.  A-B: Cumulative release curves of cAMP and VEGF were detected by ELISA. LBL-

cAMP-SCAPs were cultured in 12-well plates. The supernatant was collected at time points from 

1 day to 14 days.  

 

 

 

 

 

 

 

 

 

 



FIGURE 4 (a and b) Cumulative release curves of cAMP and VEGF were detected by ELISA. 

LBL-cAMP-SCAPs were cultured in 12-well plates. The supernatant was collected at time points 

from 1 day to 14 days 

  



 

Figure 5.  Morphological changes of SCAPs and LBL-loaded SCAPs were detected by SEM on 

days 1, 3 and 7. SCAPs and cAMP-SCAPs stretched broadly. LBL-SCAPs and LBL-cAMP-

SCAPs exhibited a spheroid morphology.  

 

 

 



Figure 6. The spreading area of each group was quantified by Image J based on the SEM results. 

**p<0.01 and ***p<0.001 compared with the SCAPs. 

                             

  



Figure 7. The proliferation of each group at indicated time points was measured by CCK8 assay.  

                                   

 

 

 

 

  



Figure 8. Live/dead staining of SCAPs and LBL loaded SCAPs at the indicated time points was 

shown on day 1, 3 and 7. Live cells were labeled green.  

 

 

 

 

 

 



Figure 9. Differentiation of SCAPs and LBL-loaded SCAPs. The cells were cultured in a 

mineralization-inducing medium for the indicated time. (A) Calcium depositions were assayed via 

Alizarin red staining. (B) Quantitative analysis of Alizarin red staining. (C-D) Osteogenic gene 

levels were assayed by RT-PCR.  β-actin was used as an internal control. **p<0.01 and 

***p<0.001 compared with the SCAPs; #p<0.05 or ###p<0.001 compared with the LBL-cAMP-

SCAPs. Scale bars: 500 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Figure 10. The effect of LBL on the protein expression of Runx2. (A) Protein expression level of 

Runx2 was determined by western blotting. (B) Quantification of protein levels were shown. 

**p<0.01 and ***p<0.001 compared with the SCAPs; #p<0.05 compared with the LBL-cAMP-

SCAPs. 
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