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Abstract: Existing artificial periostea faces difficulty in supporting entire bone repair cycle due 

to the absence of adhesion-centric design and effective cell manipulation, leading to poor 

inhibition of soft tissue infiltration and induction of osteogenesis and angiogenesis. Here, we 

presented a Janus periosteum with interior surface adhesion and exterior anatomical patterns to 

mimic the structure and function of natural periosteum. We employed photo-crosslinkable 

polymers to replicate the exterior anisotropic surface structured microgrooves for cell fate 

manipulation and assemble gecko-inspired fibrillar setae arrays for interior surface adhesion. 

To further bolster its underwater adhesiveness, mussel-inspired poly (dopamine 

methacrylamide- co -hydroxyethyl methacrylate) (PDMH) was coated onto the periosteum 

surfaces. Our periosteum presented adhesiveness with strong shear and normal adhesion in both 

dry and wet conditions due to the coordinated interactions of micro setae arrays and PDMH 

coating; it also boasted effective cell modulation for enhanced synchronous osteogenesis and 

angiogenesis, without the aid of growth factors. Moreover, the Janus periosteum was found to 
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enhance bone regeneration in vivo with increased new bone formation and neovascularization. 

We envision that our Janus periosteum will be able to streamline bone fracture surgical repair 

as a rapidly adhesive, low-maintenance yet robust bandage to significantly cut down the healing 

phase. 

 

1. Introduction 

Periosteum is a dense tissue membrane covering the exterior bone surface. Due to its osteogenic 

and angiogenic nature, periosteum has been considered critical to bone reconstruction.[1] 

Currently, artificial periosteum are mostly fabricated by cell sheets,[2] acellular dermis,[3] 

electrospun fibers[4] and hydrogels;[5] however, these artificial periosteum require additional 

fixation during implantation due to their limited adhesiveness to the bone defect site, which 

may also compromise their functionality to inhibit the soft tissue ingrowth and prevent fracture 

wound from scar tissue formation.[1b] Moreover, most of these artificial periosteum fail to 

reflect the intrinsic biological function (e.g., osteogenesis and angiogenesis) of the natural 

periosteum. To enhance the osteogenesis and angiogenesis capability, direct incorporation of 

vulnerable biomolecules (e.g. growth factors) has been used;[5-6] nevertheless, the outcome of 

this strategy is not satisfactory due to the uncontrollable release and the possible side-effects 

(e.g., carcinogenicity). This calls for artificial periosteum with strong tissue adhesion to avoid 

fixation procedure and prevent scar tissue ingrowth, as well as synchronous osteogenesis and 

angiogenesis potential with no involvement of fragile biomacromolecules, for enhanced bone 

regeneration. 

Previously, our group has developed fluid, photo-crosslinkable poly (lactide-co-propylene 

glycol-co-lactide) dimethacrylates (PGLADMA).[7] This polymer is initially fluid and can be 

solidified upon light exposure for a few seconds. Moreover, the crosslinked PGLADMA 

demonstrates excellent mechanical property (Young’s modulus ⁓ 19 MPa) and non-swelling 

after water immersion, which allows for fabrication of sophisticated structures. Plus its 



  

3 

biocompatibility, PGLADMA is more superior in terms of fabrication of artificial periosteum 

compared to poly(ethylene glycol) diacrylate or gelatin methacryloyl hydrogels. Here, we 

sculpt the materials with delicate surface textures to construct an adhesive Janus periosteum 

(Figure 1). We first molded fibrillar arrays (2 μm in diameter and 4 μm in height) mimicking 

gecko feet pad on one side of the Janus periosteum for tissue adhesiveness. This fibrillar array 

dimension has proven capability to generate strong friction and adhesion force with surrounding 

tissues.[8] We then carved microgrooved patterns (with 40, 80, 120 µm interval) resembling the 

anatomically topographical surface texture of natural periosteum on the other side of the Janus 

periosteum. These microgrooved patterns have proven capability to stimulate osteogenesis and 

angiogenesis by modulating the cell morphology and cell focal adhesion (FA) without the aid 

of growth factors.[9] To further increase the tissue adhesiveness especially under physiological 

wet environments, we modified the periosteum surface by immobilizing the mussel-inspired 

catechol-rich poly (dopamine methacrylamide -co- hydroxyethyl methacrylate) (PDMH) co-

polymer through one-step dip-coating.[10] The adhesive catechol group could form strong 

bonding with the tissue through the hydrogen bonding, π-π interactions and thiol reduction.[11] 

To the best of our knowledge, this is the first study to manipulate material surface structure to 

integrate strong tissue adhesion and effective cell fate regulation into one periosteum. Our 

adhesive Janus periosteum was found to tightly adhere to the natural bone under dry and wet 

conditions. Meanwhile, they could substantially promote osteogenesis and angiogenesis in vitro 

and in vivo. These unique features make our adhesive Janus periosteum highly desirable for 

bone regeneration and endow it with great clinical therapeutic efficacy. 
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Figure 1. Schematic illustration of the bio-inspired Janus periosteum with anisotropic tissue 

adhesion and anatomical structure for bone regeneration. The periosteum is composed of 

mussel byssus inspired PDMH co-polymer coated PGLADMA matrix sculpted with gecko 

inspired fibrillar setae arrays and periosteum mimicking microgrooved patterns. 

 

2. Results and Discussion 

We synthesized PGLADMA monomer as the matrix materials of the Janus periosteum. This is 

due to its fluidity and photo-crosslinkability which allows for creation of sophisticated surface 

structure. Fourier-transform infrared spectroscopy (FTIR) was performed to characterize the 

synthesized PGLADAM (Figure S1). The peak at 1190 cm-1 of polypropylene glycol (PPG) 

corresponded to the 'C-O-C' stretches, the peak at 1747 cm-1 of poly (lactide-co-propylene 

glycol-co-lactide) (PGLA) corresponded to 'C=O' stretches which indicated the attachment of 

the lactide (LA) to PPG. In the spectra of PGLADMA, there was an additional peak at 1640 
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cm-1 due to 'C=C' stretches of the methacrylate groups in the final product. The above results 

confirmed the successful synthesis of PGLADMA.  

We also used FTIR to characterize the PDMH synthesis (Figure S2). The peak at 1290 

cm−1 in dopamine methacrylamide (DMA) and PDMH corresponded to the phenolic 'C–O–H' 

stretching of the catechol groups and the peaks at 1400-1600 cm-1 corresponded to the benzene 

skeleton. The disappearance of the peak at 1640 cm−1 in hydroxyethyl methacrylate (HEMA) 

and DMA indicated an efficient polymerization. Besides, the new peak at 1650 cm−1 

corresponded to the ‘C=O’ stretching of amide in PDMH, which further confirmed the chemical 

structure of the PDMH.[10b, 12] 

We then fabricated the adhesive Janus periosteum made of PGLADMA using photo-

crosslinking-assisted injection molding and PDMH dip-coating (Figure 2A). To evaluate the 

structure integrity of the fabricated adhesive Janus periosteum, we examined the morphology 

of the PGLADMA-PDMH surfaces using scanning electron microscopy (SEM). We found that 

the exterior of the adhesive Janus periosteum was carved with precise microgrooves at 40 μm, 

80 μm or 120 μm intervals (Figure 2B-D) and the other surface was covered with gecko feet 

pad like fibrillar setae arrays (2 μm in diameter and 4 μm in height) (Figure 2E). Such high-

resolution structure could be attributed to the excellent moldability of the PGLADMA polymer 

and indicated that the coating process has no detrimental effect on the surface structure. Besides, 

the cross-sectioned images further demonstrated the anisotropic nature of the adhesive Janus 

periosteum (Figure S3).  

To evaluate the success immobilization of PDMH on the PGLADMA surfaces, we then 

investigated the chemical compositions of the PGLADMA surfaces using X-ray photoelectron 

spectroscopy (XPS) (Figure 2F). The appearance of the N 1s at about 400 eV could be observed 

in all PDMH coating samples and with the increase of the PDMH concentration from 1 mg/mL 

to 5 mg/mL, the signal intensity of the N 1s increased. These results confirmed that the PDMH 

could be immobilized onto the PGLADMA surfaces, and the coating amount could be simply 



  

6 

modulated by the PDMH concentration, which enables the precise modulation of adhesive 

strength by PDMH coating.  

 

Figure 2. Fabrication and characterization of the adhesive Janus periosteum. (A) Schematic 

diagram depicting the photo-crosslinking-assisted injection molding technique to fabricate the 

Janus periosteum. SEM images of the adhesive Janus periosteum including microgroove-

patterned surface with different microgroove width of (B) 40 μm, (C) 80 μm and (D) 120 μm 

and (E) fibrillar arrays on the adhesion surface. (F) XPS spectra and (G) N 1s XPS spectra of 

the naked PGLADMA and PDMH-coated PGLADMA with varying PDMH concentrations. 

The PGLADMA, PGLADMA/DMA-1, PGLADMA/DMA-3, and PGLADMA/DMA-5 

denoted the naked Janus periosteum and the Janus periosteum with 1, 3, 5 mg/mL PDMH 

coating respectively. The magnified image is the high-resolution N1s XPS spectra of the 

coatings. 
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On the account of the successful fabrication of the adhesive Janus periosteum, we then 

moved to the evaluation of the adhesiveness of the periosteum. Ideally, the artificial periosteum 

should stably adhere to the defect site and withstand the pressure from the body fluids in both 

shear and normal directions to avoid rupture or detachment post-implantation. Such 

adhesiveness could therefore inhibit the possible osteolytic zone and bone resorption. The shear 

and normal tissue adhesion strength of our periosteum in dry and wet conditions were assessed 

as illustrated in Figure 3A. Under dry condition, we found that either the gecko inspired pattern 

(GP) or the mussel inspired adhesive PDMH coating could significantly increase the shear and 

normal adhesion strength due to the exploitation of Van der Waals or the catechol-rich surface 

chemical structure.[13] The strongest adhesion could be achieved when both designs were 

combined because of the coordinated interfacial friction and bonding. The shear and normal 

adhesion strength of the GP-PDMH-5 group exhibited 3.6 N/cm2 and 2.8 N/cm2, which was 

comparable with the previous studies (Figure 3C).[14] To provide an index for the application 

of the Janus periosteum under physiological wet condition, we also evaluated the shear and 

normal adhesion strength under water. As expected, the PDMH coating exhibited improved 

water-resistant capacity compared to the GP structures; however, it was still observed that the 

combination of the GP structures and the PDMH coating could generate stronger adhesion 

underwater as the GP/PDMH-5 group presented 1.9 and 1.6 N/cm2 of the shear and normal 

adhesion strength (Figure 3D). Additionally, the application of the adhesive Janus periosteum 

to fresh bone could withstand 800 g weight (Figure 3B). These results demonstrated our 

adhesive Janus periosteum embodied robust dry and wet adhesion in their respective 

applications.  
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Figure 3. Characterization of the adhesion strength of the Janus periosteum. (A) Schematic 

diagram showing the testing protocol of the shear and normal adhesion strength. (B) 

Application of the anisotropic periosteum to fresh bone, which could withstand a 800 g weight. 

(C) Quantification of the shear (Ci) and normal (Cii) adhesion strength under dry condition. (D) 

Quantification of the shear (Di) and normal (Dii) adhesion strength under wet condition. GP 

referred to the naked gecko inspired adhesion surface, PDMH-1 referred to the no pattern 

surface with 1 mg/mL PDMH coating, and the GP-PDMH-1, GP-PDMH-3, and GP-PDMH-5 

referred to the GP surface with 1, 3, and 5 mg/mL PDMH coating respectively. *p < 0.05 and 

#p < 0.05 were compared with the no pattern and GP group respectively.  

 

With adhesive properties of our Janus periosteum established, we proceeded to the 

evaluation of their biocompatibility in which the rat mesenchymal stem cells (rMSCs) were 

used as a model cell since it is highly relevant to bone defect regeneration.[15] We seeded the 

rMSCs onto the periosteum with different PDMH coating concentration to evaluate its effect 

on the cell behaviors. We found all materials groups can favorably support rMSC survival, 

adhesion and proliferation with over 90% viability (Figure 4A-D). After the PDMH coating, 

the PGLADMA/PDMH groups demonstrated obvious pseudopodia shape on the surfaces with 
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significantly increased cell spreading area compared to the naked PGLADMA group (Figure 

4D). Besides, the quantitative analysis of cell proliferation also presented that the PDMH 

coating could substantially increase cell proliferation with PGLADMA/PDMH-5 groups 

showing the highest proliferation rate (Figure 4E). This may be attributed to the bioactive 

protein adsorption as evidenced in Figure S4 during cell culture. All in all, the above results 

indicated that our Janus periosteum embodied superior bone tissue adhesiveness and excellent 

biocompatibility in bone regeneration.  

 

Figure 4. Biocompatibility of the Janus periosteum. (A) Representative Live/Dead images of 

rMSCs on different Janus periosteum on day 1. Green and red fluorescence indicated viable 

and dead cells, respectively. (B) Representative Actin/DAPI staining images of rMSCs on 

different Janus periosteum. Green and blue fluorescence indicated cell filaments and nuclei, 

respectively. Quantitative evaluation of (C) cell viability and (D) cell spreading area. (E) Cell 

proliferation of rMSCs on different Janus periosteum measured using the MTT Cell 

Proliferation Kit. *p < 0.05 compared with the naked PGLADMA group. 
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In our designed Janus periosteum, we aim to modulate the cell behaviors though the 

biomimicking microgrooved patterns We therefore evaluated the effect of the microgrooved 

patterns on the in vitro osteogenesis and angiogenesis, which is the major function of 

periosteum. We adopted the PGLADMA/PDMH-5 groups which presented the best capacity to 

promote cell adhesion with microgrooved topological structure to create biophysical cues to 

regulate cell behaviors. Here, we selected rMSCs and human umbilical vein endothelial cells 

(HUVECs) to evaluate the induced osteogenesis and angiogenesis.[1a, 9b] As shown in Figure 

5A and E, both the rMSCs and HUVECs presented oriented arrangement with F-actin 

assembled in the direction parallel with the patterns after 3 days of incubation. In contrast, the 

cells on the flat surface demonstrated a random arrangement without any skeleton orientation. 

Statistical analysis was also carried out to quantify the cell alignment. Approximate 65% and 

46% of the rMSCs in 40 μm and 80 μm microgrooved patterns were rearranged in the 0-10 

degree; however, the cell alignment drastically decreased in the 120 μm microgrooved pattern. 

Similarly, the 40 μm microgrooved pattern also presented the best orientation effect of 

HUVECs with 61% HUVECs were rearranged in the 0-10 degree (Figure 5B, F). Our results 

agreed with the former literature that patterns with narrow widths could be beneficial for cell 

alignment.[16] Intriguingly, after 3 and 7 days of incubation, we found that the early osteogenic 

marker of alkaline phosphatase (ALP) activity were drastically promoted in the 40 μm 

microgrooved pattern groups compared to the flat surface (Figure 5C). We then used the 

quantitative reverse transcription-polymerase chain reaction (qRT-PCR) to examine the relative 

expression of the osteocalcin (OCN) protein, which is often used as a marker for the bone 

formation process. Our result indicated the relative expression of the OCN was substantially 

increased compared to flat surface which was in well agreement of the ALP activity analysis 

(Figure 5D).  

Encouraged by the osteogenesis results, we then used the qRT-PCR to study the relative 

expression of the angiogenic genes of the HUVECs including vascular endothelial growth 
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factor A (VEGF-A) and endothelial nitric oxide synthase (eNOS). We found the 40 μm 

microgrooved pattern exhibited substantial promotion of both VEGF-A and the eNOS gene 

expression, indicating that the highly longitudinally oriented HUVECs in 40 μm microgrooved 

pattern could present superior angiogenic potential (Figure 5G, H). These results could be 

attributed to the transmitting contraction stresses and mechanically balanced structure in the 

alignment morphology.[9c, 17] To sum up, our results suggested that the periosteum-mimicking 

microgrooved pattern could be a promising tool for synchronous modulation of osteogenesis 

and angiogenesis for enhanced bone regeneration.  

 

Figure 5. Cell alignment evaluation of the (A) rMSC and (E) HUVECs on the periosteum 

mimicking microgrooved patterns using actin/DAPI staining at day 3. Green and blue 

fluorescence indicates cell filaments and cell nuclei respectively. Statistical analysis of cell 
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alignment of (B) rMSC and (F) HUVECs. The inserted images were the schematic of the 

quantification methods. (C) ALP activity evaluation of the rMSC after 3 and 7 days of 

incubation and (D) relative expression of the OCN gene. Relative expression of the 

angiogenetic (G) VEGF-A and (H) eNOS genes of the HUVECs. *p < 0.05 compared with the 

flat surface group. 

 

While previous characterizations were able to prove the effectiveness of our Janus 

periosteum in terms of adhesiveness and bioactivity under controlled environments, its long-

term clinical relevance under physiological conditions remain unexplored. Hence, we used the 

rat critical-sized calvarial defect model to characterize the therapeutic performance of the Janus 

periosteum in vivo due to its superior repeatability, excellent cost effectiveness and capacity 

for osteogenesis and angiogenesis evaluation (Figure. 6 B).[4, 18] We prepared four kinds of 

periosteum: the membranes without any pattern in both surface (Flat-Flat group); the 

membranes with one gecko inspired surface and one naked surface (Flat-GP group); the 

membranes with one gecko inspired surface and one microgrooved surface (microgroove-GP 

group); the membranes with one gecko inspired surface and one microgrooved/PDMH coating 

surface (microgroove/PDMH-GP group). This grouping is to compare the effect of gecko feet 

pad structure, microgrooved pattern and the PDMH coating on the bone regeneration. Blank 

group without any implantation was used as control. Micro-computed tomography (micro-CT) 

was utilized to assess the macro bone regeneration after 4- and 8-week post-operation.[19] The 

new bone tissue could be observed in the defect site for all experimental groups and the 

microgroove group presented significantly larger new bone area compared to the flat group, 

indicating such anatomical pattern could effectively promote the bone regeneration (Figure 

6A). Moreover, the microgroove/PDMH group demonstrated the maximum new bone 

formation with highest bone mineral density (BMD) and bone tissue volume/total tissue volume 
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(BV/TV) values, implying the synergistic influence of microgrooved patterns and the PDMH 

coating on accelerating bone regeneration (Figure. 6 C-D).  

 

Figure 6. In vivo therapeutic performance of our Janus periosteum. (A) Micro-CT 

reconstruction results presenting the new bone area of different experimental groups. (B) 

Typical photograph of the established critical-sized calvarial defect model. Quantitative 

analysis of (C) BMD and (C) BV/TV 4- and 8-week post-operation. BMD: bone mineral 

density; BV/TV: bone volume/total volume. *p < 0.05 compared with the Flat-Flat group and 

#p < 0.05 compared with the Flat-GP group. 

 

Histological hematoxylin and eosin (H&E) and Masson's trichrome staining was also used 

to assess the newly formed bone tissues. In H&E staining, the microgroove/PDMH-GP group 

presented the maximum woven bone structure on week 4 and lamellar bone structure on week 

8 compared to other groups, indicating the most active osteogenesis process (Figure S5). 

Notably, the Flat-Flat groups were mostly covered by fibrous connective tissues with little 

adjacent bone formation compared with other groups with adhesion surface patterns, indicating 
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our proposed adhesion surface could effectively adhere to the bone and inhibit the soft tissue 

infiltration. We further performed the Masson's trichrome staining to assess the bone 

regeneration. More red staining indicating the mature lamellar bone could be found in the 

microgroove-GP and microgroove/PDMH-GP groups, while other groups showed more blue 

stained immature woven bone or osteoids (Figure S6). We also used immunofluorescence 

staining of alpha smooth muscle actin (α-SMA) and OCN protein to investigate if the 

periosteum with anatomical patterns could promote the synchronous osteogenesis and 

angiogenesis. The α-SMA is enriched in vessel tissue and the OCN is identified as an essential 

marker for bone formation.[20] The neovasculature stained with α-SMA (red staining) were 

mostly located around the neighboring tissues of the newly formed bone (green staining).[21] In 

accordance with the in vitro qPCR results, the microgroove-GP and microgroove/PDMH-GP 

groups showed more α-SMA and OCN positive cells within the defect site compared to other 

groups, demonstrating their greater efficacy at promoting osteogenesis and angiogenesis 

(Figure 7A). Quantitatively, the microgroove/PDMH-GP groups presented 4.1 and 3.4 folds of 

blood vessel numbers and relative OCN intensity compared to the blank groups (Figure 7B, C). 

These promising results could be attributed to the biophysical cues of the anatomical patterned 

periosteum, due to the modulation of cell morphology and cell focal adhesion.[22] Taken 

together, through synchronous osteogenesis and angiogenesis enhancement, our Janus 

periosteum could lead to a more effective bone regeneration and provide auspicious prospect 

for the clinical treatment of bone fracture. 
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Figure 7. (A) Immunofluorescence staining of α-SMA (red), OCN (green) protein and DAPI 

(blue) in skull sections 4- and 8- week post-operation. The white arrows indicate the neo blood 

vessels. Quantification of (B) blood vessel numbers and (C) relative OCN intensity within the 

corresponding section. *p < 0.05 compared with the Flat-Flat group and #p < 0.05 compared 

with the Flat-GP group. 

 

3. Conclusion 

In summary, we have developed a bio-inspired Janus periosteum with anisotropic surface 

adhesion and anatomical pattern for bone regeneration. The resultant Janus periosteum is 

integrated with the fibrillar setae arrays of gecko feet, adhesive protein of mussel byssus and 

the anatomical topographic microgrooved patterns of the natural periosteum. Such periosteum 

presented anisotropic adhesiveness with strong shear and normal adhesion in both dry and wet 
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condition and effective cell modulation for synchronous osteogenesis and angiogenesis in vitro 

and in vivo. Our anisotropic periosteum with superior tissue adhesion and new bone and 

neovascular regeneration capacity demonstrated great potential for clinical regeneration of bone 

defects. 

 

4. Experimental Section 

Materials: PPG, LA, MAC, stannous octoate, HEMA, phenylbis (2,4,6-trimethylbenzoyl) 

phosphine oxide (Irgacure 819) were purchased from Macklin reagent (Shanghai, China). DMA 

was purchased from Kaiwei chemical (Shanghai, China). Azobisisobutyronitrile, 

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), methylene chloride was purchased 

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). rMSCs and HUVECs were 

purchased from Cyagen Inc. (Suzhou, China). Minimum Essential Medium α (α-MEM), 

osteogenic medium, endothelial cell medium (ECM), penicillin/streptomycin (PS), fetal bovine 

serum (FBS), phosphate-buffered saline (PBS) were all obtained from Gibco (USA). The 

Live/Dead assay kit, ALP activity assay, Alexa Fluor™ 488 Phalloidin, 4’, 6-diamidino-2-

phenylindole (DAPI), MTT Cell Proliferation Kit were purchased from the Thermo Fisher 

(USA). All other chemical reagents were purchased from Aladdin (Shanghai, China) if not 

specified.  

 

Synthesis of PGLADMA: Photo-crosslinkable PGLADMA polymer was synthesized following 

our previous protocol by a two-step reaction.[18a] Briefly, 40 g PPG and 23 g LA were mixed 

together and reacted for 6 hours at 150oC under nitrogen protection with stannous octoate as 

catalyst to obtain the PGLA. Then, methacrylate moieties were grafted to the PGLA chain by 

incorporation of 4.22 g methacryloyl chloride at 0oC, both of which were diluted in 

dichloromethane. The product was purified by vacuum filtration after dissolving in diethyl ether 

and collected after rotary evaporation of the residual solvent. The attenuated total reflectance 
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Fourier transform infrared (ATR-FTIR) (Bruker, US) was adopted to characterize the 

synthesized PGLADMA.  

 

Synthesis of PDMH: The PDMH was synthesized according to previous study.[23] Briefly, the 

inhibitor of HEMA was first removed by basic alumina. Then, 1.7 mL HEMA, 0.62 g DMA 

and 42 mg azobisisobutyronitrile were added to a round flask with 10 mL DMF. The mixture 

was bubbled with nitrogen for 30 minutes followed by co-polymerization at 60oC. The resulting 

mixture was diluted by 10 mL methanol followed by dropwise adding into 150 mL diethyl ether 

to precipitate the synthesized PDMH copolymer. The purified co-polymer was thoroughly dried 

in a vacuum oven. ATR-FTIR was used to characterize the synthesized PDMH copolymer.  

 

Fabrication of the anisotropic periosteum: The gecko inspired and natural periosteum 

mimicking polydimethylsiloxane (PDMS) negative molds were fabricated using standard 

microfabrication techniques by Nanzhi Institute of Advanced Optoelectronic Integration 

(Nanjing, China). The PGLADMA precrosslinking solution was prepared by thoroughly 

mixing 90 wt.% PGLADMA, 9 wt.% HEMA and 1 wt.% Irgacure 819 by the homogenizer. 

Then, the precrosslinked PGLADMA polymer was first placed between two PDMS negative 

molds with 250 µm interval. One PDMS mold was carved with fibrillar arrays (2 μm in diameter 

and 4 μm in height) and the other was carved with microgrooved patterns (40, 80, 120 µm). 

The PGLADMA was then treated with vacuum to remove the trapped air, followed by photo-

crosslinking with a UV lamp (365 nm, 5 mW/cm2) for 200 seconds to fully crosslink the 

PGLADMA. For the PDMH coated Janus periosteum, the PDMH was first dissolved in the 

ethanol with 1, 3, 5 mg/mL concentration. Then, the prepared naked Janus periosteum was 

immersed in different concentration of the PDMH/ethanol solution for 2 hours followed by the 

vacuum dry overnight at room temperature.  
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Tissue adhesion characterization: Both shear and normal tissue adhesion tests under dry and 

wet condition were performed based on previous protocol.[14] Briefly, a 10 mm × 10 mm porcine 

sausage skin membrane was glued to the glass slide and the other side of the porcine sausage 

skin was used for the adhesion test. Then, the fabricated anisotropic periosteum was cut into 10 

mm × 10 mm and also glued to the glass slide. The surface with the gecko inspired pattern was 

used for the adhesion test. The shear and normal adhesion tests under dry condition were first 

performed. In the shear adhesion test, the prepared glass slides were placed together in the 10 

mm × 10 mm area compressed with a constant 10 N force to establish a good contact with each 

other. Then, the two glass slides were pulled in parallel to the glass surface at a constant rate of 

1 mm/min to measure the shear tissue adhesion strength. In the normal adhesion test, the tightly 

contacted glass slides were pulled perpendicularly to the glass surface at a constant rate of 1 

mm/min to measure the normal tissue adhesion strength. To further characterize the tissue 

adhesion behavior under wet condition, we also performed the wet adhesion test in which the 

two prepared slides were contacted and compressed under water. Then, the shear and normal 

tissue adhesion were measured following the previous protocol. 

 

In vitro biocompatibility characterization: The rMSCs were used to assess the cell viability, 

adhesion, proliferation of the naked PGLADMA and the PDMH coated PGLADMA. Briefly, 

all the samples (10 mm in diameter) were sterilized and pre-soaked in culture medium for 24 

hours prior to cell seeding. Then, rMSCs were seeded onto the surface of the samples at 1×104 

cells/cm2 and incubated for 1, 2 and 3 days with α-MEM supplemented with 10% FBS and 1% 

PS in the incubator. At pre-determined time points, the Live/Dead assay kit and MTT Cell 

Proliferation Kit were adopted to characterize the cell viability and cell proliferation according 

to the manufacturer’s protocol respectively. Further, cell morphology was tested by staining the 

intracellular filament F-actin by Alexa Fluor™ 488 Phalloidin and cell nuclei by DAPI 

according to the manufacturer’s protocol. To calculate the cell spreading area, the stained F-
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actin fluorescent images were first converted into binary images using Image J software and 

then the surface coverage (indicates cell spreading area) of the binary images was quantified.[24] 

 

In the protein absorption test, the fluorescein isothiocyanate labelled bovine serum albumin 

(FITC-BSA) was used as a model protein. Briefly, the different samples (10 mm in diameter) 

were immersed in the 0.5 mg/mL FITC-BSA solution for 12 hours at 37oC. Then, fluorescence 

microscope (Nikon, Japan) was used to detect the fluorescence signal of the samples. The 

fluorescence intensity from each sample was calculated using Image J software with 

background signal subtraction. Six randomly-chosen area (80 μm × 80 μm) was adopted for 

each experimental group.[25] In terms of the characterization of cell morphology and 

cytoskeleton organization, 1×104 cells/cm2 of the rMSCs or HUVECs was seeded onto the 

natural periosteum mimicking side of the anisotropic periosteum (10 mm in diameter) followed 

by 3 days of incubation. Then, the cell cytoskeleton organization was evaluated by the previous 

F-actin/DAPI staining. The cell orientation was calculated by measuring the cytoskeleton 

orientation angles using Image J software. The orientation angle was defined as the difference 

between the major cytoskeleton axis and the microgroove axis. Ten cells were selected for the 

calculation of each group.[26] 

 

Osteogenesis and angiogenesis potential assessment: The rMSCs were seeded onto the 

prepared periosteum mimicking side of the Janus periosteum (10 mm in diameter) with 5×104 

cells/cm2 density. At pre-determined time points, ALP activity assay was used to quantify the 

ALP activity of rMSCs on different samples. In addition, the relative expressions of 

osteogenesis-related gene OCN was measured by qRT-PCR. Total RNA was extracted from 

rMSCs using Total RNA Kit (Omega, China) and was reverse transcribed into complementary 

DNA (cDNA) using the PrimeScript RT Master Mix Kit (Takarabio, China). GAPDH was used 

as an internal control for normalization. To evaluate the therapeutic efficacy of the anisotropic 
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periosteum on angiogenesis, prepared samples (10 mm in diameter) were seeded with HUVECs 

with 5×104 cells/cm2 density and cultured using ECM. Then, the relative expressions of 

angiogenesis-related genes including VEGF-A and eNOS were quantified after 7 days of 

culture via the above-mentioned qRT-PCR protocol. The primer sequences were listed in Table 

S1. 

 

In vivo bone regeneration assessment: Male Sprague-Dawley rats aged 7-8 weeks and weighing 

250 - 300 g were used to establish critical-sized calvarial defect model.[5, 20, 27] All animal 

procedures were performed in accordance with protocols approved by the Ethics Committee of 

the Affiliated Suzhou Hospital of Nanjing Medical University. After anesthesia and disinfection, 

a longitudinal incision was created on the rat skull. Next, two bilateral critical-sized defects (5 

mm in diameter) were made by dental trephine. The defects were filled with different Janus 

periosteum or left untreated. We closed the wounds with sutures and kept the rats individually 

in cages. After 4- and 8-week post-operation, the rats were sacrificed by CO2 asphyxiation. 

Skull samples were harvested and fixed with 4% paraformaldehyde for the subsequent 

assessment. Micro-CT (SkyScan, Belgium) was adopted to characterize the 3D structure of the 

reconstructed bone tissue in the defect area with the settings of 65 kV, 385 mA, and 1 mm Al 

filter and the system software. BMD and BV/TV were quantitatively evaluated by CTAn 

software (Bruker, Belgium). Briefly, we first import the reconstructed images into the CTAn 

software after calibration and set a circular region of interest (ROI) (consisting of 100 slices, 

0.5 mm in diameter) to cover the defect sites. Then, we applied the ROI for the analysis of all 

samples and set the threshold values from 61 to 255. The BMD (g/cm3) and BV/TV for the 

ROI was obtained by the software.[28] Then, the harvested calvaria samples were decalcified 

with 10% EDTA, embedded in paraffin, and sliced into 5 µm sections. The tissue sections were 

stained with H&E and Masson's trichrome staining to observe newly formed bone tissue. α-
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SMA and OCN immunofluorescence staining (Abcam, UK) was additionally performed to 

evaluate the formation of blood vessels.[29] 

 

Statistical analysis: All experiments were conducted in quadruplicate unless otherwise 

indicated. The data were presented as the mean ± standard deviation (SD). Statistical difference 

was analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparison test (SPSS Statistics, USA). p-value < 0.05 was considered statistically significant. 
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A bio-inspired Janus periosteum with anisotropic surface adhesion and anatomical pattern for 

bone regeneration was developed. It integrated with the fibrillar setae arrays of gecko feet, 

adhesive protein of mussel byssus and the anatomical topographic microgrooved patterns of the 

natural periosteum. Such anisotropic periosteum with tissue adhesion, new bone and 

neovascular regeneration demonstrated great potential for clinical bone regeneration.  
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