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A poor biocompatibility and bioactivity of invasive materials remains major problems for biomaterial- 

based therapy. In this study, we introduced gelatin scaffolds carrying both bone morphogenetic protein-2 

(BMP-2) biomimetic peptide and vascular endothelial growth factor-165 (VEGF) that achieved controlled 

release, cell attachment, proliferation and differentiation. To promote osteogenesis with VEGF, we de- 

signed the BMP-2 biomimetic peptide that comprised BMP-2 core sequence oligopeptide (SSVPT), phos- 

phoserine, and synthetic cell adhesion factor (RGDS). In vitro cell experiments, the scaffold was conducive 

to the adhesion and proliferation of rat bone marrow mesenchymal stem cells (rBMSCs). The micro-CT 

3D reconstruction of the rat cranial bone defect model showed that bone regeneration patterns occurred 

from one side edge towards the center area implanted with the prepared cryogel, and tissue section stain- 

ing analysis demonstrated that the scaffold with double-growth factor can synergistically accelerate bone 

regeneration. These findings suggested that the obtained gelatin cryogel could serve as a cell-responsive 

platform for biomaterial-based nonbearing bone repair. 

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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In this study, we fabricated gelatin scaffolds carrying bone 

orphogenetic protein-2 (BMP-2) biomimetic peptide and vascu- 

ar endothelial growth factor-165 (VEGF) to achieve controlled re- 

ease, cell attachment, proliferation and differentiation. The scaf- 

olds with dual growth factors demonstrated great potential in pro- 

oting bone regeneration. 

With its three-dimensional interconnected porosity, cryogel has 

igh similarity with extracellular matrix (ECM) and becomes an at- 

ractive candidate as base materials for bone tissue engineering [1] . 

ryogel has been widely used for its unique properties of heating 

nd cooling, low cost, lack of immunogenicity, enzymatic degrad- 

bility for matrix metalloproteinase (MMP)-degradable motifs, and 

resence of inherent peptide sequences such as RGD motifs that 

acilitate cell adhesion [ 2 , 3 ]. Gelatin, a denatured product of colla-

en composed of 18 kinds of amino acids (7 of which are essen- 

ial for the human body), is a proteinaceous material obtained by 
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ydrolytic degradation of naturally occurring collagen [ 4 , 5 ]. It con- 

ains no cholesterol that can cause human diseases [6] , and thus 

ainly used as a medicinal capsule, wound dressing, and as a scaf- 

old material in tissue engineering [ 7–15 ]. In addition, only 5% of 

he amino acid residues in the molar ratio are potentially mod- 

fiable by methacrylic anhydride (MA) [16] , implying that most of 

he bioactive amino acid motifs are maintained and functional ( e.g. , 

GD and MMP sequences). Moreover, high-density culture of bone 

arrow mesenchymal stem cells is conducive to the differentia- 

ion of cells into chondrocytes [17] . When the degree of modifi- 

ation of GelMA is close to 80%, the wide cross-linking of macro- 

olecules in the gel can impede cells proliferation, thereby pro- 

oting the differentiation of mesenchymal stem cells into chon- 

rocytes. The degree of modification in 20%–80% GelMA can main- 

ain stable physical and chemical properties [18] . With the increase 

n the degree of modification, the hardness and durability of the 

ryogel increase while the pore size decreases. Therefore, modified 

elatin could overcome the shortcomings of the low mechanical 

trength of cryogel, making it become a suitable scaffold material 

or bone tissue engineering. 
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Scheme 1. Schematic illustration of bioactive gelatin cryogels with BMP-2 

biomimetic peptide and VEGF for synergistically induced osteogenesis. 
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As we know, bone morphogenetic protein-2 (BMP-2) has been 

xtensively used for tissue regeneration applications because it 

elps osteoblast progenitor cell recruitment, angiogenesis, and 

he stimulation of osteogenic differentiation [ 19 , 20 ]. Through the 

ownstream signaling of the Smad and MAPK pathways, BMP-2 

an activate the transcription factors RUNX2 and Osx, and then ini- 

iate osteoblast-specific gene expression ( e.g ., alkaline phosphatase 

ALP), osteocalcin (OCN), and osteopontin (OPN)) to accelerate ec- 

opic and orthotopic bone formation [21–24] . However, its instabil- 

ty limits clinical applications. Fortunately, BMP-2 biomimetic pep- 

ide with the BMP-2 core sequence (SSVPT) can be an alternative to 

atural BMP-2 protein [ 25 , 26 ]. Not only can it maintain efficiency

or significantly elevating osteogenic marker activity through inter- 

ctions with type I and type II BMP receptors [ 20 , 27 ], it can also

educe costs and have higher stability [ 22 , 28 ]. Furthermore, phos- 

horylation of serine promotes the deposition of endogenous cal- 

ium ions through chelation with calcium ions in the human envi- 

onment [29] . Although calcium phosphate minerals themselves do 

ot have bone-inducing biological activity, they can dissolve in the 

ody fluid environment and thereby increase the concentration of 

ocal calcium ions and phosphate ions, which plays an important 

ole in differentiation of BMSCs or pre-osteoblasts [ 30 , 31 ]. 

Bone is a highly vascularized tissue, and the vascular sys- 

em establishes a basis for its calcium-phosphorous and energy 

etabolism [32] . Vascularization plays an important role in osteo- 

enesis, including providing nutrition and oxygen, and transform- 

ng precursor cells and growth factors [33] . Vascular endothelial 

rowth factor 165 (VEGF 165) can strengthen and accelerate both 

ndochondral and intramembranous ossification with angiogene- 

is [34–38] . When a fracture occurs, upregulated VEGF combines 

ith the corresponding receptor, activates the downstream path- 

ay, and promotes the migration and proliferation of vascular en- 

othelial cells (VECs) [39] . In particular, the VEGF 165 subtype, the 

ost general secretion form, can be soluble in vivo and has strong 

ffect on inducing angiogenesis [ 40 , 41 ]. Moreover, VEGF would ac- 

ivate the formation of nitric oxide in endothelial nitric oxide syn- 

hase (ENOS) to improve vascular permeability and deposition of 

lasma proteins in the ECM, thus providing a temporary matrix 

or VEC growth and migration [42] . VEGF can also hydrolyze pro- 

einases in the basement membrane and facilitate the migration 

f VECs to the broken end towards the concentration gradient of 

rowth factor. 

It has been reported that VEGF has already participated in vas- 

ularization of new bone before endochondral ossification [43] . 

ynergistic effects of VEGF and BMP-2 can promote rBMSC prolif- 

ration and differentiation into osteoblasts [44–46] . Angiogenesis 

ccurs earlier than osteogenesis, and VEGF can upregulate the ex- 

ression of BMP-2 [ 47 , 48 ]. More importantly, there is a relationship

etween the way of their interaction and the dosages [49] . Accord- 

ng to Peng [33] and Li’s research [50] , the optimum concentration 

as the key factor for best efficiency when referring to the com- 

ined application of VEGF and BMP-2. For the specific concentra- 

ion ratio, studies pointed out that excess VEGF would influence 

he mineralization of rBMSCs, thus reverse bone regeneration [51] . 

n detail, the optimum concentration of VEGF/BMP-2 was about 

.4:1, but inhibiting effects gained the upper hand when the ratio 

as higher than 0.8:1 [52] . In Spector’s study, VEGF had an impact 

n their migration and differentiation, and the required concentra- 

ion was 100 times lower than that of BMP-2 [ 52 , 53 ]. To achieve

he desired biological response, incorporation of multiple bioactive 

omponents is required. Because of its small size and rapid diffu- 

ion rate, BMP-2 biomimetic peptide (BMPMP) can be immobilized 

n a scaffold to induce osteogenic differentiation and bone regen- 

ration in vivo . For the same reason but for a larger size, it was

lso necessary to incorporate VEGF into carriers ( i.e. , our prepared 

caffolds) to reduce speed of release. 
1957 
In this study, we fabricated and characterized gelatin cryo- 

els formed by cryopolymerization, a method compatible with cy- 

okines that achieves high interconnected porosity, a suitable hy- 

rated pore size, and adequate mechanical properties. To achieve 

he desired bioactivity for osteogenesis, we first introduced both 

ascular endothelial growth factor 165 (VEGF 165) and bone mor- 

hogenetic protein-2 biomimetic peptide (BMPBP) including cell 

dhesion factor (RGDS), phosphoserine, and BMPBP, onto gelatin 

ryogels to promote osteogenesis in different phases ( Scheme 1 ). 

EGF 165 can strengthen and accelerate both endochondral and 

ntramembranous ossification with angiogenesis. BMPBP enhanced 

BMSC adhesion and proliferation and intensified the deposition 

f endogenous calcium ions via the chelation reaction of calcium 

ons in vitro cell experiments and in vivo animal experiments. The 

ryogels have excellent biocompatibility and suitable physicochem- 

cal properties that stimulate bone regeneration under physiologi- 

al conditions in clinical applications. 

The repair of bone defects has always been a major problem 

n the field of clinical treatment. Bone tissue engineering is an 

ffective way that combines advanced biomaterials to pursue the 

est bone repair effect. The idea of repairing biomaterials should 

nvolve a scaffold that can mimic natural bone tissue structure 

nd possess appropriate mechanical properties and bioactive fac- 

ors such as BMP or VEGF to enhance bone conductivity and to 

ccelerate new bone formation. It is necessary to further optimize 

he performance of scaffold materials. In this study, VEGF 165 and 

MPBP, consisting of cell adhesion factor (RGDS), phosphoserine, 

nd BMPBP, were loaded onto gelatin cryogel and interact with 

ost osteoblasts and vascular endothelial cells. The whole cryogel 

ystem synergistically promotes angiogenesis and osteogenesis to 

chieve a better bone defect repair effect. 

The construction of the vascular network system is a prereq- 

isite for bone tissue to survive and to integrate with host tis- 

ue, seed cells, cytokine slow-release systems and scaffold ma- 

erials. High porosity and appropriately sized pores of the cryo- 

el can ensure cell penetration, vascular growth, nutrient deliv- 

ry and removal of metabolic waste. First, gelatin was modified by 

ethacrylic anhydride, which could improve the mechanical prop- 

rties and meet the requirements of bone tissue engineering ap- 

lications. One of the double cytokines, BMP-2 biomimetic pep- 

ides, could promote mineral deposition on the cryogel scaffold 

nd the adhesion of cells and promote the proliferation and dif- 

erentiation of BMSCs. From the expression level of osteogenesis- 
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Fig. 1. Scan electron micrograph images of GelMA cryogels with different concen- 

trations. Scale bars (from up to down): 200, 100, and 50 μm. 
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elated genes, we further confirmed the results of cell adhesion, 

lkaline phosphatase activity and mineralization. As a result, com- 

ining the gelatin scaffolds with double cytokines together, adjust- 

ng the release rate of those factors, and considering the prop- 

rties of BMPBP and VEGF, we first bonded BMPBP to GelMA by 

urface functionalization of Michael addition between -NH 2 and - 

 = C-COOH and then incorporated VEGF by physical entrapment. 

ith the degradation of gelatin scaffolds, VEGF was rapidly ini- 

ially released by diffusion and first boosted angiogenesis at the 

arly bone healing stage. Subsequently, BMPBP was slowly exposed 

ver a sustained period of time to provide sufficient bioactive units 

n the interior of gelatin scaffolds, induced osteogenic differentia- 

ion, and promoted bone tissue regeneration with VEGF synergisti- 

ally. 

The cryogel physicochemical properties included methacry- 

ated grafting degree, bulk mechanical properties, and facilitation 

f mineralization. We found proton peaks of double bonds in 

ethacrylamide at chemical shifts of 5.5 and 5.7 ppm (Fig. S1 in 

upporting information) implied the successful synthesis of GelMA, 

nd the resulting degree of substitution was 61.2% by comparing 

he proton peaks of methylene and residual free ε-amino groups. 

Fig. S2A (Supporting information) showed that the compres- 

ive modulus of the cryogels increased from 2.5 kPa to 32 kPa, 

hile the concentration of GelMA increased from 2.0% to 5.0%. 

his increase can be explained by the decreasing interconnected 

orosity of cryogels as shown in Fig. S2B (Supporting informa- 

ion). It was clear that the interconnected porosity of the cryo- 

el decreased rapidly from 65% to 18%. The interconnected poros- 

ty of the cryogel can also be seen from the SEM results ( Fig. 1 ).

elMA cryogels (2%–5%) all showed a through-connected porous 

caffold structure with abundant interconnected holes. As the con- 

entration of GelMA increased, interconnected holes decreased in 

ize and became denser. When 2% GelMA was added, we observed 

nterconnected holes with a diameter of approximately 100 μm, 

hich is suitable for cell growth and transportation of nutrients 

nd metabolic wastes. The microstructure results observed by SEM 

ere aligned with the interconnected porosity we calculated be- 

ore. Considering the above experimental results, for small non- 

earing bone defects, the 2% GelMA cryogel has the most suitable 

ore structure for cell growth while simultaneously satisfying the 

asic mechanical properties of bone tissue engineering scaffolds. 

herefore, in this study, a 2% GelMA cryogel was chosen as an ideal 

caffold f or further cell and animal experiment s. 

We studied surface topographies of mineralized cryogels with 

ifferent concentrations of BMPMP (Fig. S3 in Supporting infor- 

ation). Three groups all had mineral deposition on their sur- 
1958 
ace, and cryogels with higher BMPBP concentrations showed 

ore visible mineral deposition. The designed and synthesized 

MP-2 biomimetic peptide, which contains phosphorylated serine, 

helated calcium ions in simulated body fluids (SBFs) and gener- 

ted more calcium and phosphorus deposition. The Ca-P ratio on 

he surface of mineralized colloids was obtained by energy dis- 

ersive spectrometry. The elements C, N and O were taken as the 

asis, and the surface of the nonmineralized colloid scaffold did 

ot contain Ca and P. In contrast, the surface Ca-P ratios of the 

ineralized cryogels, the Gel-LBMP and Gel-HBMP groups, were 

P 1.02%, Ca 0.18%), (P 1.27%, Ca 0.22%), and (P 1.40%, Ca 0.38%), 

espectively (Table S1 in Supporting information). This result was 

onsistent with the results of the thermal field SEM, and can be 

xplained by the phosphorylated serine in BMPMP. However, the 

ifference in Ca-P ratios among groups was not obvious, which 

ay cause by the low concentration of polypeptide. At the same 

ime, this result may be due to good biocompatibility of gelatin it- 

elf. Gelatin has a certain role in inducing mineral deposition in 

imulated body fluid. 

To closely monitor cell morphology and adhesion, after incorpo- 

ating cytokines for 24 h, we observed rBMSCs on the cryogels by 

onfocal laser scanning microscopy. As shown in Fig. S4A (Support- 

ng information), cells survived and grew well in the scaffold, and 

ells were more aggregated in cryogels containing BMPMP than in 

ure cryogels. However, cells in the Gel-BMPMP-VEGF group gath- 

red more tightly and spread well, showing contact pseudopodia 

nd a larger spreading area. The cell adhesion factor RGDS, which 

onsists of BMPMP, can specifically bind to adhesion proteins on 

he cell surface to promote cell attachment in cryogels. In addi- 

ion, cells in the cryogel containing BMPMP and VEGF presented 

ifferent adhesion morphologies as shown in Fig. S4B (Supporting 

nformation). Because of the narrow or wide network structure in- 

ide the cryogel bulk, cells changed their shapes into correspond- 

ng elongated, shuttled and spheroidal shapes, indicating the excel- 

ent biocompatibility of cryogels composed of BMPMP and VEGF. 

The proliferation of BMSCs on the scaffold was calculated by 

he CCK-8 assay. As shown in Fig. S5 (Supporting information), 

he cell number of BMSCs on all the scaffold groups increased 

ell with culturing time. Groups with high BMPMP concentration 

ave obvious higher cell numbers than groups with low BMPMP. 

ased on the result, the scaffolds showed no apparent cytotoxi- 

ity or adverse effects on cell growth, and cell proliferation was 

oncentration-dependent on the BMP-2 biomimetic peptide. In the 

nitial period of time, the Gel-HBMP-VEGF group gathered signif- 

cantly more cells than the Gel, Gel-LBMP, and Gel-LBMP-VEGF 

roups. Over time, both the Gel-HBMP-VEGF groups and Gel-HBMP 

roups had dramatically significant differences in Gel groups and 

ad significant differences in Gel with low BMPMP scaffolds on 

ays 3 and 7. It has been reported that BMP-2 has the ability 

o induce the proliferation and differentiation of bone marrow 

esenchymal stem cells into chondrocytes and osteoblasts, pro- 

ote the maturation of osteoblasts, help angiogenesis, participate 

n bone and cartilage growth and tissue reconstruction, and accel- 

rate the process of bone defect repair [ 19 , 20 ]. Therefore, the cell

roliferation was dependent on BMP content in the early stage of 

ell growth. It should be noted that the cell number of the Gel- 

BMP groups was slightly higher than that of the Gel-LBMP-VEGF 

roups, but there was no significant difference between them. This 

esult was consistent with the point of view that the effect of BMP- 

 on BMSCs might be inhibited when VEGF content is high [34] . It

s possible that the amount of BMPMP released in the early stage 

as lower, but the accumulated amount of BMPMP on day 7 was 

igher than the optimal amount of BMPMP balanced with VEGF, 

nd there was slight inhibition of cell growth. 

To assess the effect of cryogels on the osteogenic differentia- 

ion of BMSCs, the activities of ALP were evaluated. As shown in 
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Fig. 2. (A) ALP activity and (B) BCA protein content of rBMSCs after incubated with Gel, Gel-LBMP, Gel-LBMP-VEGF, Gel-HBMP, and Gel-HBMP-VEGF scaffolds for 7 and 14 

days, respectively. (C) Optical macro images of alizarin red staining of rBMSCs cultured on Gel, Gel-LBMP, Gel-LBMP-VEGF, Gel-HBMP, and Gel-HBMP-VEGF scaffolds for 14 

days. 
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ig. 2 A, during the initial period of time, the ALP activity of the 

el-LBMP group increased significantly compared with that of the 

el group. When the BMPMP concentration was low, regardless of 

hether VEGF was added, it had no significant effect on ALP activ- 

ty on the 7 th day. However, the ALP activity of the Gel-LBMP-VEGF 

roup was significantly higher than that of the Gel-LBMP group on 

he 14 th day, which indicated that BMPMP cooperated with VEGF 

etter and promoted BMSCs to differentiate into osteoblasts when 

t reached a certain level. In addition, there was a significant differ- 

nce between the Gel-HBMP group and the Gel-LBMP group, and 

he difference was more obvious as the culturing time was pro- 

onged. Furthermore, the ALP activity of Gel-HBMP-VEGF showed 

he most significant growth difference among all the groups, and 

he increase in Gel-HBMP-VEGF was more significant than that of 

he Gel-HBMP group. A similar trend was observed in terms of the 

CA protein content among groups ( Fig. 2 B). The difference was 

hat the increase in BCA protein in the low BMPMP group resulted 

n a higher content than that of ALP activity. We also examined the 

fficiency of osteogenic differentiation in the mineralization stage 

y using Alizarin Red S staining as a marker of inorganic calcium. 

he results showed a more intuitive mineralized formation in os- 

eogenic medium under macroscopic view ( Fig. 2 C). BMSCs cul- 

ured in Gel-HBMP-VEGF scaffolds showed the most apparent min- 

ralized formation compared with Gel-LBMP and Gel scaffolds on 

he 14 th day, which confirmed the above results. 

To clarify the effect of scaffolds on the expression of osteogenic 

ifferentiation-related genes in BMSCs, we studied several cell 

ifferentiation-related marker genes, including RUNX2, ALP, OCN, 

PN and Col I, which are essential during osteogenesis after 7 and 

4 days of culture in osteogenic medium. We focused on groups in- 

luding GEL, GEL-BMPMP and GEL-BMPMP-VEGF to study the role 

f BMPMP and VEGF in gelatin cryogels. The results of real-time 

olymerase chain reaction (RT-PCR) analysis were shown in Fig. S6 

Supporting information). On day 7, ALP expression was relatively 

ow in the absence of BMP-2. In contrast, the ALP gene expression 

f BMSCs in cryogels containing BMPMP and VEGF showed a sig- 

ificant difference from that of the gel group in the early stage, 

nd the difference was more significant on the 14 th day. These re- 

ults suggested that BMP-2 cooperating with VEGF has a strong 

otential to induce early osteogenic differentiation of hMSCs in 

 short time. ALP is an early osteogenic marker that is mainly 

istributed on nuclear transport proteins, promoting cell matura- 

ion and bone tissue calcification. The expression of ALP could re- 

ect the differentiation level of osteoblasts. The higher the activ- 

ty of ALP is, the more obvious the differentiation of BMSCs into 

ature osteoblasts is. Moreover, the Gel-BMPMP-VEGF group was 
1959 
lso significantly different from the Gel-BMPMP group, indicating 

hat the addition of VEGF enhanced the osteogenesis induced by 

MPMP. On the 7 th day, the expression of Runx-2 showed a sig- 

ificant difference among the groups, but it was relatively weak 

n the 14 th day. There was still a significant difference between 

he group with BMPMP and the pure Gel group, but there was 

o significant difference between the Gel-BMPMP-VEGF group and 

he Gel-BMPMP group. Runx-2 was expressed in the early stage of 

MSC differentiation, and the expression level gradually decreased 

n the later stage. For BMP-2-induced osteogenesis, Runx-2 is the 

ain transcription factor that stimulates osteoblast marker genes 

n the early stage of differentiation. The same expression of Col I 

as observed on the 14 th day, but the difference was that there 

as no significant difference in the expression of Col I among the 

roups on the 7 th day. OCN reflects the differentiation and matura- 

ion of osteoblasts and the expression of OCN increases during the 

ate differentiation and mineralization stage of osteoblasts. It was 

bvious that OCN showed almost no expression in each group on 

he 7 th day. On both the 7 th and 14 th days, the expression level of 

PN followed the preceding trend of the Gel-BMPMP-VEGF group 

 Gel-BMPMP group > Gel group. OPN and OCN are osteogenic 

arkers of BMSCs in the early and late stages of osteogenic differ- 

ntiation, and OPN also has rich expression in the late stage. 

In summary, PCR analysis confirmed the results of cell ad- 

esion, alkaline phosphatase activity and mineralization deposi- 

ion at the gene level. After culturing in osteogenic medium for 

 weeks, the results showed that the expression levels of os- 

eogenic differentiation-related genes in double-cytokine-coated 

ryogels were generally significantly upregulated compared with 

hose observed in pure cryogels. The expression levels of these 

ve genes in the Gel-BMPMP-VEGF group were always the high- 

st among the three groups. In fact, it has been proven that BMP- 

 guides the expression of osteogenic marker genes through the 

mad and MAPK signaling pathways. BMP-2 was also reported 

o promote cell homing. Extracellular BMP-2 is absorbed by cells 

hrough reticulin-mediated endocytosis. It has a specific binding 

ffinity with VEGF. The isoelectric point of BMP-2 is 8.5, and BMP-2 

as a positive surface at pH 7.4. It is known that positively charged 

aterials can facilitate cell adhesion, which is consistent with the 

xpression data in Fig. S5. The overall results here indicated that 

MP-2 had great potential to induce osteogenic differentiation of 

MSCs in 3D culture, and VEGF was superior for assisting the BMP- 

 peptide. 

Micro-CT images presented accurate information on new bone 

egeneration after scaffold implantation ( Fig. 3 A). New bone 

rowth showed that the GEL-BMPMP-VEGF group had the best ra- 



L. Wang, L. Chen, J. Wang et al. Chinese Chemical Letters 33 (2022) 1956–1962 

Fig. 3. (A) Micro-CT 3D reconstruction images of newly bone tissues at 2, 4 and 8 

weeks after implantation of Gel, Gel-BMPMP, and Gel-BMPMP-VEGF scaffolds into 

rat cranial defects. (B) Proportion of new bone formation (BV/TV) and (C) total 

bone mineral density (total BMD) were calculated to analyze the effect of Gel, Gel- 

BMPMP, and Gel-BMPMP-VEGF scaffolds on repairing bone defects. 
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iologic performance compared with all other groups. For the scaf- 

old group, the new bone grew from the surrounding edge to the 

enter of the defect. With increasing healing time, different de- 

rees of repair were observed in each scaffold group at different 

ime periods compared with those immediately after the opera- 

ion. In particular, the GEL-BMPMP-VEGF group showed an obvi- 

usly better bone repair effect than the other groups at 2 weeks 

ostoperatively and achieved almost complete regeneration at 8 

eeks postoperatively. To analyze quantitatively the amount and 

uality of new bone formation, bone volume fraction (BV/TV) and 

otal BMD were determined as shown in Figs. 3 B and C. The bone

issue volume/total tissue volume (BV/TV) and total bone mineral 

ensity (BMD) of the scaffold group were all significantly higher 

han those of the control group at all time points. However, the 

EL-BMPMP-VEGF group presented the highest BV/TV and total 

MD, which implied quicker and more fruitful bone regeneration. 

Histological and immunohistochemical analyses were per- 

ormed to verify the osteogenic ability of this double-cytokine- 

ombined cryogel system in vivo (Fig. S7 in Supporting informa- 

ion). The H&E staining results showed that the defect of bone 

issue in the control group (without any implantation, the wound 

ealed naturally) was still prominent and the drilling site was ob- 

ious, which means the bone regeneration tissue was less, and the 

oundary between the new tissue and the surrounding normal tis- 

ue was incoherent at week 2 post-implantation. Meanwhile, in the 

roup implanted with cryogels, cartilage fibers were found to vary- 

ng degrees, and the newly formed cartilage structure was not sim- 

lar to the natural bone tissue. In addition, there was more con- 

ective tissue and new cartilage fibers in the groups containing 

MPMP than in the pure Gel group, while a small amount of bone 

rabeculae, which was similar to the natural bone structure, ap- 

eared in the Gel-BMPMP-VEGF group. Over time, new bone tra- 

eculae gradually appeared in the control group at 4 weeks af- 

er surgery. Moreover, round and oval hypertrophic chondrocytes 

ere found in the Gel-BMPMP group and Gel-BMPMP-VEGF group, 

hich is a medium-term phenomenon that is difficult to capture. 

hese chondrocytes buried in the cartilage stroma and formed car- 
1960 
ilage lacuna. At 8 weeks after surgery, the new connective tissue 

n the control group was still not fused with the surrounding bone 

issue while the bone connective tissue in the Gel group was well 

onnected with the surrounding bone tissue, which showed that 

he cryogel scaffold played a good bridging role in the process of 

one tissue repair. A similar phenomenon could be seen in the Gel- 

MPMP group and Gel-BMPMP-VEGF group, but the connective tis- 

ue was replaced by more bone trabeculae. The gap between bone 

rabeculae was the smallest, and the connective tissue in the mid- 

le grew tightly together in the Gel-BMPMP-VEGF group. Subse- 

uent Masson trichrome staining was used to show collagen in the 

onnective tissue, which was labeled blue while other tissues were 

tained red. The results showed that there was no obvious connec- 

ive tissue and almost no stained collagen in the control group in 

he early postoperative period, but collagen fibers appeared in the 

ther three groups, and the Gel-BMPMP-VEGF group appeared to 

ave the most collagen fibers among them. In the early bone re- 

air stage, there was less red-stained area but more blue-stained 

rea around the bone nucleus and osteoblasts. As the repair time 

ncreased, collagen fibers appeared in the control group. In the 

el-BMPMP-VEGF group, the red-stained area increased gradually, 

nd the blue-stained area correspondingly reduced the color depth. 

ewly mature bone tissue increased gradually in the middle and 

ater periods of bone repair. At 8 weeks after surgery, there was a 

arge area of red-stained area and a small amount of blue-stained 

rea, which indicated that collagen fibers were gradually replaced 

y mature bone tissue. In summary, the implantation of cryogels 

ade the progress of bone tissue repair enter the middle and late 

tages in advance, and the double cytokines further promoted the 

epair task. 

In addition, we further labeled several exceptional biochemical 

arkers of bone formation, including CD31, Col I and OCN, to indi- 

ate the osteoinductivity of the double-cytokine combined cryogel 

ystem in vivo ( Fig. 4 ). CD31 is a specific marker molecule along

ascular endothelial cells, and its immunohistochemical staining 

epresented the vascularization of each group in the bone defect 

ite. The results showed that there was new angiogenesis with dif- 

erent diameters in the group implanted with cryogels at 2 weeks 

fter surgery. There was only a few CD31-positive staining at 2 

nd 4 weeks after surgery and slightly more vascular endothe- 

ial cells at 8 weeks after surgery in the control group. There was 

ore CD31-positive staining in the Gel group, Gel-BMPMP group 

nd Gel-BMPMP-VEGF group, but the Gel-BMPMP-VEGF group ex- 

ibited the most vascularization. The above phenomena indicated 

hat VEGF in the cryogel system could promote the formation of 

ascular endothelial cells and bone tissue vascularization to a large 

xtent, and the synergistic effect of VEGF and BMPMP could pro- 

uce a better bone repair effect. The immunohistochemical stain- 

ng results of Col I indicated the formation of fibrocollagen in dif- 

erent stages of bone repair. In the Gel-BMPMP-VEGF group, a large 

mount of fibrocollagen appeared and was densely distributed at 2 

eeks after surgery, followed by the Gel-BMPMP group. At 8 weeks 

fter surgery, the fibrocollagen in the Gel-BMPMP-VEGF group was 

elatively reduced and replaced by mature bone tissue (red). At this 

ime, there was more fibrocollagen in the Gel-BMPMP group than 

n the Gel group at the previous stage. The immunohistochemi- 

al staining results of Col I were almost consistent with the Mas- 

on trichrome staining results. BMPMP promoted osteogenic dif- 

erentiation and secreted more collagen, and the synergistic effect 

f VEGF and BMPMP promoted the process of osteogenic differ- 

ntiation. OCN, as an osteogenic marker in the late stage of os- 

eogenic differentiation of BMSCs, showed a small amount in the 

el-BMPMP group at 2 weeks after surgery and was more abun- 

ant in the Gel-BMPMP-VEGF group. Sparsely distributed positive 

taining of OCN was found at 8 weeks after surgery in the control 

roup. Based on the above immunohistochemical staining results, 
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Fig. 4. The immunohstochemical staining specific for anti-CD 31, Col I and OCN 

images of the bone regeneration tissues in different groups at 2, 4 and 8 weeks 

after surgery. 
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EGF embedded in the cryogel system began to play an impor- 

ant role in promoting the generation of vascular endothelial cells 

n the early stage, and the synergistic effect of VEGF and BMP-2 

iomimetic peptide promoted the process of osteogenic differenti- 

tion and bone tissue repair. 

Overall, we designed a novel nonload-bearing bone repair sys- 

em that aimed at promoting bone generation and will have 

romising prospects in clinical application. This bone repair sys- 

em consisted of BMP-2 biomimetic peptide (BMPMP), VEGF cy- 

okines, and modified gelatin cryogels. We chose 2% GelMA as a 

ytokine-coated architecture, which had a hundred-micron aper- 

ure structure for cell growth and migration. When the con- 

entration ratio of BMP-2 biomimetic peptide to VEGF was 3:2 

0.06 mg/mL:0.04 mg/mL), the prepared double-cytokine-coated 

ryogel system most effectively promoted the proliferation and dif- 

erentiation of bone marrow mesenchymal stem cells. In addition, 

icro-CT analysis of in vivo animal experiments showed that the 

el-BMPMP-VEGF group had an obvious advantage in bone re- 

air at 2 weeks after surgery and was almost completely repaired 

t 8 weeks after surgery. Compared with the other groups, the 

one tissue regeneration rate of the Gel-BMPMP-VEGF group was 

he fastest, and the bone repair degree was the highest. The re- 

ults of immunohistochemical analysis also showed that the cryo- 

el scaffolds could play an excellent bridging role in the process 

f bone tissue repair, and the coating of the double cytokines fur- 
1961 
her promoted the process to obtain a better repair effect. In detail, 

EGF physically embedded in the cryogel played an important role 

n promoting vascularization in the early stage; subsequently, the 

ynergistic effect of VEGF and BMP-2 biomimetic peptide promoted 

he process of osteogenic differentiation and bone tissue repair. 

In conclusion, we explored the optimal concentration ratio of 

MP-2 biomimetic peptide and VEGF in vitro and demonstrated its 

ffect of promoting bone formation in vivo . The BMP-2 biomimetic 

eptide and VEGF from the cryogel system could develop syner- 

istic effects on bone defect repair to a certain extent. This pa- 

er demonstrated the potential of this double-cytokine-containing 

ryogel as a bone tissue engineering scaffold and is instructive in 

romoting research in the field of bone defect repair. 
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