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Abstract 

Guided bone regeneration (GBR) is a treatment strategy used to recover bone 

volume. Barrier membranes are a key component of GBR protocols, and their 

properties can impact treatment outcomes. This study investigated the efficacy 

of an experimental, slow-degrading, bilayer barrier membrane for application in 

GBR using in vivo animal models. A synthetic copolymer of poly(lactic 

acid/caprolactone) (PLCL) was used to prepare a slow-degrading bilayer 

membrane. The biodegradability of PLCL was evaluated by subcutaneous 

implantation in a rat model. The barrier function of the PLCL membrane was 

investigated in a rat calvaria defect model and compared with commercially 

available membranes composed of type I collagen (Col) and poly(lactic-co-

glycolic acid) (PLGA). An alveolar bone defect model in beagle dogs was used 

to simulate GBR protocols to evaluate the bone regeneration ability of the 

experimental PLCL membrane. The PLCL membrane showed slow 

biodegradation, resulting in an efficient and prolonged barrier function 

compared with commercial materials. In turn, this barrier function enabled the 

space-making ability of PLCL membrane and facilitated bone regeneration. In 

the alveolar bone defect model, significantly greater regeneration was achieved 

by treatment with PLCL membrane compared with Col and PLGA membranes. 

Additionally, a continuous alveolar ridge contour was observed in PLCL-treated 

bone defects. In conclusion, the PLCL bilayer membrane is a promising 

biomaterial for use in GBR given its slow degradation and prolonged barrier 

function. 
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1. INTRODUCTION 

The presence of sufficient bone volume is correlated with a favorable prognosis 

for prosthetic rehabilitations, especially for dental implant treatments.1,2 Guided 

bone regeneration (GBR) uses surgical techniques and biomaterials to augment 

bone volume, thereby increasing the lifespan and overall aesthetics of dental 

implants and prostheses.3–5 The principle of GBR protocols is simple: to secure 

space for bone regeneration and prevent the invasion of connective or epithelial 

tissue into the bone defect area, allowing osteogenic cells to populate and 

regenerate the defective area.6,7 Thus, barrier membranes are a key element in 

GBR, functioning as a physical barrier against undesirable cells and tissues, 

and guarding the space for bone regeneration.8 

Barrier membranes should show a defined degradation rate that is 

proportional and comparable to the local tissue regeneration.9,10 Bone 

regenerates slower than connective tissue, thus barrier membranes for GBR 

are required to function for an extended period. Non-degradable barrier 

membranes can be implemented, but they require a second surgery for 

retrieval;11,12 which can damage the regenerating tissue below, increasing the 

healing time, the procedural costs, and the burden to the patient. To address 

this issue, we have previously developed a slow-degrading barrier membrane 

for use in GBR composed of a copolymer of poly(lactic acid/caprolactone) 

(PLCL).13,14 Commercial biodegradable membranes were shown to suffer 

severe hydrolytic degradation within the first 3 months of water immersion, 

whereas the experimental PLCL membrane gradually degraded over a period of 

12 months.14 Therefore, the experimental PLCL membrane with slower 



degradation may provide a prolonged barrier function. 

The structural design of the PLCL membrane also contributes to its 

functions. The membrane has a bilayer structure with a compact and a porous 

layer, where both layers are of the same composition but differ in morphology. 

The compact layer has a dense structure and smooth surface, providing an 

impenetrable barrier that was able to successfully block bacterial cells 

approximately one-tenth the size of epithelial cells.15 In contrast, the porous 

layer provides scaffold-like features, supporting cell proliferation and 

differentiation in vitro.14 

In the present study, we investigated the experimental PLCL membrane 

using in vivo models that closely reproduce the clinical application of 

biomaterials. We hypothesized that the slow degradation combined with the 

bilayer design of the GBR membrane could provide a prolonged barrier function 

in vivo, leading to greater bone regeneration. 

 

2. MATERIALS AND METHODS 

2.1. Membrane preparation 

The PLCL bilayer membrane was prepared as previously described.13,14 Briefly, 

PLCL was dissolved in 1,4-dioxane (Wako, Osaka, Japan), the copolymer 

solution was poured into a mold, and submitted to freeze-drying to obtain a 

porous film with an approximate thickness of 150 µm. A new solution of PLCL in 

1,4-dioxane was prepared and poured into a second mold, and the previously 

obtained porous film was positioned directly over the new solution. The PLCL 

copolymer was allowed to dry at 60°C generating a compact and dense layer, 



with an approximate thickness of 50 µm, at the bottom of the mold. This 

combined PLCL structure was cooled to room temperature and the resulting 

structure was a bilayer membrane with final thickness of 200 µm, composed of 

a compact layer and a porous layer. The bilayer membrane was sterilized by γ-

radiation and stored at 4°C in a nitrogen atmosphere until use. 

Two types of commercial biodegradable membranes were used as 

controls: a monolayer membrane composed of poly(lactic-co-glycolic acid) 

(PLGA) (GC membrane; GC, Tokyo, Japan) and a bilayer membrane composed 

of type I collagen (Col) (Bio-Gide; Geistlich Pharma AG, Wolhusen, 

Switzerland). 

 

2.2. Subcutaneous biodegradation model 

The protocol for evaluating biodegradation in a rat model was approved by the 

Ethical Committee of the American Association for Accreditation of Laboratory 

Animal Care (AAALAC) International (approval number: 17-070). To investigate 

the degradability of the PLCL membrane in a living tissue, membranes were 

implanted into the subcutaneous space of Fischer 344 (F344) rats. F344 rats 

were selected for their small size and ease of handling. 

Nine-week-old male rats were housed in the Hamri Animal Unit (Hamri, 

Ibaraki, Japan), maintained in individual cages, and provided with water and 

pellet-type animal food ad libitum. For the surgical procedure, rats were 

anesthetized by inhalation of isoflurane gas (Mylan Seiyaku, Tokyo, Japan) at 

2%–3% in pure oxygen as a carrier gas. Once adequate anesthesia was 

obtained, the dorsal hair was shaved off and povidone-iodine solution (Meiji 



Seika Pharma, Tokyo, Japan) followed by 70% ethanol (Wako) was applied for 

disinfection of the back skin. An incision was made along the spine, then the 

skin and fascia were laterally displaced to create bilateral subcutaneous 

pouches. Four separate specimens of each membrane (10 × 10 mm) were 

implanted, two on each side of the animal, and the surgical area was closed 

with sutures. After 16 or 24 weeks, rats were euthanized using carbon dioxide, 

and then the membranes and the surrounding tissues were harvested (n = 4). 

Specimens were fixed using 10% neutral buffered formalin solution (Wako) for 

24 h, embedded in paraffin, and sliced with a microtome (2125RT; Leica, 

Wetzlar, Germany) to obtain 5 μm-thick sections. The sections were placed on a 

glass slide and deparaffinized followed by hematoxylin and eosin (HE) staining. 

A CCD camera (DS-Fi2; Nikon, Tokyo, Japan) attached to a light microscope 

(ECLIPSE CI-L; Nikon) was used for image capture. 

 

2.3. Calvaria defect model 

The protocol of the rat calvaria defect model was approved by the Institutional 

Animal Care and Use Committee of Graduate School of Dentistry (protocol 

number: 26-021-0). 

Ten-week-old, male Sprague-Dawley rats (CLEA Japan, Tokyo, Japan) 

were used in this study. General anesthesia was performed using a mixture of 

three drugs: medetomidine (Domitor; Nippon Zenyaku Kogyo, Tokyo, Japan), 

midazolam (Dormicum; Maruishi Pharmaceutical, Osaka, Japan), and 

butorphanol (Vetorphale; Meiji Seika Pharma). The anesthetic solution 

contained 0.3 mg of medetomidine, 4.0 mg of midazolam, and 5.0 mg of 



butorphanol per kilogram of body weight (bw). Saline was added to the mixture 

to achieve a working volume of 0.1 mL/10 g bw/animal, which was administered 

intra-peritoneally.16 

After anesthesia, the top of the head was shaved, and a flap was raised to 

expose the calvarium. The periosteum was laterally displaced and carefully 

preserved. A standardized 5-mm diameter trephine bur (Micro Tech, Tokyo, 

Japan) was used to prepare bone defects at the left and right parietal bones. 

Barrier membranes were trimmed to a circular shape with a 7-mm diameter to 

completely cover the defect area. According to randomly assigned experimental 

groups, barrier membranes were applied in position to cover each defect area. 

For positioning the commercial membranes, the manufacturer’s instructions 

were followed; for positioning the PLCL membrane, the compact layer faced the 

periosteum, and the porous layer faced the bone defect. Subsequently, the 

periosteum was repositioned and closed with an absorbable suture (Vicryl 6-0; 

Ethicon, Bridgewater, NJ, USA), and the dermis was closed with a non-

absorbable suture (Nescosuture 4-0; Alfresa Pharma, Osaka, Japan). Calvaria 

were harvested at 4 weeks post-surgery (n = 3) or 8 weeks post-surgery (n = 5). 

 

2.4. Alveolar bone defect GBR model 

The protocol for the dog alveolar bone defect model was approved by the 

AAALAC International (approval number: 13-H065). Male beagle dogs (weight: 

8–11 kg) were obtained from Kitayama Labes (Nagano, Japan) and housed in 

individual cages under a controlled environment in the Hamri Animal Unit 

(Hamri). Beagle dogs were provided with water and pellet-type animal food ad 



libitum. 

The anesthetic solution contained equal amounts of ketamine 

hydrochloride (Ketalar; Daiichi Sankyo Propharma, Tokyo, Japan) and xylazine 

(Ceractal; Bayer, Leverkusen, Germany) and was administered at 0.4 mL/kg 

bw/animal via intramuscular injection. In addition, a subgingival injection of 

lidocaine (Dentsply-Sirona, Tokyo, Japan) was administered to the surgical site 

for local anesthesia. Before the operation, enrofloxacin (Baytril; Bayer, 

Leverkusen, Germany) at 10 mg/kg bw was administered intramuscularly to 

prevent infections, and the surgical site was disinfected with povidone-iodine 

solution (Meiji Seika Pharma). 

The fourth mandibular premolar (P4) was extracted, and a buccal 

dehiscence-type cavity was formed in the P4 socket using a micromotor unit 

(Vivamate G5; Nakanishi, Tochigi, Japan) and a fissure bur (Morita, Suita, 

Japan). The final bone defect prepared had an anteroposterior length of 10 mm, 

a depth of 5 mm, and a buccolingual width of 4 mm. Next, a bone substitute 

material (Cytrans Granules; GC) was applied to fill in the bone defect area and 

the different barrier membranes were used to cover the defect. Four 

experimental conditions were established: sham treatment, using bone 

substitute material only; PLGA treatment, using bone substitute and PLGA 

membrane; PLCL treatment, using bone substitute and PLCL membrane; and 

Col treatment, using bone substitute and Col-based membrane (n = 4). Finally, 

the flaps were repositioned and the gingiva was closed with 4-0 nylon sutures. 

Buprenorphine (Lepetan; Otsuka Pharmaceutical, Tokushima, Japan) was 

subcutaneously administered at 20 μg/kg bw for pain relief once a day for 



4 days. Twelve weeks after implantation, the animals were euthanized, and 

mandibles were collected for micro-computed tomography (micro-CT) 

observation and histological analysis. 

 

2.5. Micro-CT and histological evaluation 

To quantify the newly formed bone in the rat and dog models, retrieved samples 

were scanned by micro-CT (R_mCT2; Rigaku, Tokyo, Japan) with a 20 × 20 

mm scan field of view and 40 μm resolution. Bone areas were identified using 

the density values of a hydroxyapatite phantom control (200–800 mg/cm3) as 

reference. The volume ratio of regenerated bone in relation to the defect site 

was determined using image analysis software (TRI/3D-BON; RATOC, Tokyo, 

Japan) as previously described.17 

Histological evaluation of newly formed bone was performed after the 

micro-CT scanning. Specimens were fixed by neutral buffered formalin solution 

(Wako), then decalcified using Morse solution (Wako) for 2–6 days until 

adequate decalcification was achieved. Specimens were embedded in paraffin 

using an automatic paraffin-embedding device (CT-Pro20; Genostaff, Tokyo, 

Japan) and sliced into 5-μm thick sections using a microtome (2125RT). For 

observation, HE staining and Masson-Goldner staining were performed, and a 

light microscope (ECLIPSE CI-L) coupled with a CCD camera (DS-Fi2) was 

used for image capture. Masson-Goldner staining indicates the state of bone 

maturation; newly synthesized bone matrix appears as green and mineralized 

mature bone appears as red. Additionally, images were captured with polarized 

light to further distinguish host tissues from the remaining structures of the 



barrier membranes. 

 

2.6. Statistical analysis 

The two-way analysis of variance (ANOVA) was used, and a significant 

difference was defined as a value of p < 0.05. The graphical representation of 

this analysis shows the mean and standard deviation bars. 

 

3. RESULTS 

3.1. Biodegradation of the barrier membrane 

Biodegradation of the membranes in the rat subcutaneous space is shown in 

Figure 1. PLGA membrane showed severe degradation at week 16, and 

remnants of the membrane structure were entirely infiltrated by host cells 

(Figure 1A). Col membrane was not found in the tissue at week 16 after 

implantation, indicating complete degradation by the host (Figure 1B). 

Conversely, PLCL membrane prevented cell infiltration through the compact 

layer, which resulted in the formation of a cell lining directly above this layer 

(Figure 1C). The porous layer showed partial infiltration by host cells, acting as 

a scaffold for the cells in direct contact. 

After 24 weeks, PLGA and Col membranes were completely degraded 

(Figure 1D,E). PLCL membrane showed progressive degradation while 

maintaining the bilayer structure (Figure 1F). The porous layer of the PLCL 

membrane showed greater cell infiltration compared with that at week 16, 

however, the compact layer maintained a clear separation from the host cells. 

These results indicated that PLCL membrane maintained an efficient barrier 



function, as well as providing a scaffold, after 24 weeks of implantation. 

 

3.2. Bone regeneration in calvaria defect model 

Micro-CT images of the parietal bones of rats showed that all membranes 

supported bone regeneration (Figure 2A). No significant differences were 

observed in the volume of newly formed bone relative to the defect size among 

the three groups at week 4 (Figure 2B). After 8 weeks, all treatments showed an 

average bone regeneration of over 50% of the original defect area, and PLCL 

membrane group showed significantly greater bone regeneration (71.8% ± 

14.6%) in comparison with PLGA and Col membrane groups (Figure 2B). 

The histological observations of regenerated bone at week 4 are shown in 

Figure 3A,B. All membranes showed cell infiltration allowing for bone 

regeneration; however, only PLGA and PLCL membranes showed a barrier 

function against soft tissue. Col membrane was completely populated by host 

cells and acted as a scaffold but not as a barrier. The magnified images in 

Figure 3B show that the degradation of PLGA membrane was accompanied by 

cell invasion into the membrane structure. Col membrane was indistinguishable 

from the host soft tissue and entirely populated by host cells. PLCL membrane 

showed initial degradation of the porous layer with cell infiltration, however, the 

compact layer showed a cell lining directly in contact with the membrane 

surface but no cell infiltration. 

Figure 3C,D shows HE staining of the calvaria at week 8. Treatment with 

PLGA membrane resulted in uneven bone formation with severe degradation of 

the membrane and complete infiltration by host cells. Col membrane had 



collapsed into the bone defect, creating a concavity, and reducing the vertical 

space for bone regeneration. As a result, thinner bone formation was observed 

after Col membrane treatment compared with PLGA and PLCL membranes. 

PLCL membrane maintained the bilayer structure, which showed further 

degradation of the porous layer and infiltration by host cells on the bone defect 

side. However, the compact layer of PLCL membrane preserved its barrier 

function against cell infiltration (Figure 3D). 

Bone regeneration in the rat calvaria defect model was evaluated by 

Masson-Goldner staining (Figure 4), which allows visualization of the bone 

maturation by distinguishing between newly synthesized bone matrix, which 

appears green, and mineralized mature bone, which appears red. The 

panoramic view shows bone regeneration with mineralized mature bone for all 

treatments without the presence of fibrosis; however, PLCL and Col treatments 

resulted in greater maturation than observed for the defects treated with PLGA 

(Figure 4A). In the magnified view, new bone matrix deposition could be seen 

for all treatments, and mature bone could be observed in direct contact with 

PLCL and PLGA membranes, (Figure 4B). The residual membranes were 

observed under polarized light (Figure 4C), which indicated that the bilayer 

structure of the PLCL membrane was preserved; however, PLGA membrane 

showed advanced degradation and Col membrane was completely degraded, at 

8 weeks post-surgery. Therefore, the prolonged barrier function of PLCL 

membrane provided the required space and promoted bone regeneration in the 

calvaria defect model. 

 



3.3. Tissue regeneration in the GBR model 

To evaluate the behavior of the experimental PLCL bilayer membrane in a 

GBR model that closely reproduces the clinical situation, a standardized bone 

defect was prepared in the mandible of beagle dogs. Figure 5A shows micro-CT 

images of the surgical site after 12 weeks of implantation. All the bone defects 

were partially regenerated, including in the sham-treatment group where no 

barrier membrane was used. Bone defects treated with PLCL membrane 

showed a continuous and regular alveolar ridge contour compared with defects 

treated with control membranes. PLGA and Col membrane treated defects 

exhibited an uneven and irregular alveolar ridge contour, which was similar to 

that of sham-treated defects. Quantitative analysis revealed that PLCL 

membrane had significantly greater tissue regeneration, including marrow and 

cortical bone regeneration, compared with sham and control treatments (Figure 

5B). These differences may be attributed to the prolonged barrier function of 

PLCL membrane, which prevented the infiltration of connective and epithelial 

tissues into the defect area. 

The histological images at 12 weeks after surgery are shown in Figure 5C. 

The defects treated with bone substitutes and PLCL membrane showed greater 

replacement of the substitute material with bone marrow and cortical bone. 

Bone substitutes were observed surrounded by fibrous tissue in the defects 

treated with control membranes or sham treatment. This observation indicated 

that invading cells from the surrounding soft tissues may have deposited fibrous 

tissue, which in turn restricted the replacement of bone substitutes for new 

bone. 



 

4. DISCUSSION 

Barrier membranes are key biomaterials for GBR protocols because of their 

ability to secure the space for bone regeneration and allow osteogenic cells to 

regenerate within the bone defect. In the present study, a PLCL membrane with 

a bilayer structure displayed an efficient barrier function in vivo and promoted 

bone regeneration with a favorable alveolar ridge contour in a GBR 

experimental model. 

Increasing the time to degradation of barrier membranes has been 

attempted in several studies.18–20 The strategies differed depending on the base 

material for membrane fabrication, and cross-linking and copolymerization were 

the two most common strategies.21 Cross-linked membranes often show 

decreased degradation rates but are accompanied by cytotoxic effects caused 

by the cross-linking agents, raising concerns regarding the higher rates of 

postoperative complications, compared with other membranes.19,20 

Copolymerized synthetic polymers are considerably less toxic because medical 

grade polymers can be hydrolyzed in the body and the degradation products 

can be excreted by several mechanisms.22,23 The degradation rate of PLCL 

membrane obtained via the copolymerization of biodegradable polymers used 

in the present study has been previously analyzed,13–15 and herein we showed 

that the slow degradation of this biomaterial resulted in an extension of the 

barrier function. 

The subcutaneous implantation model was used to elucidate two different 

properties of the PLCL membrane, which are directly related to the bilayer 



structure. The compact layer provided an efficient barrier, creating a clear 

interface between the membrane and the host tissue, with cells adhered to the 

surface of this layer but with no cell invasion. The porous layer allowed cell 

infiltration and performed a scaffold-like role, providing three-dimensional 

support for cell adhesion and proliferation. PLGA and Col membranes did not 

show barrier behavior; these membrane structures were thoroughly populated 

by host cells and were completely degraded by 24 weeks. The behavior of the 

control membranes was more suggestive of a scaffold than of a barrier 

membrane.24,25 Although, PLGA membrane could be considered to have acted 

as a barrier for at least 4 weeks. 

The quantification of regenerated bone in the rat calvaria defect model 

showed that all membranes promoted bone regeneration; however, histological 

observations revealed that only PLCL membrane had an intact structure and 

provided a barrier against connective and epithelial tissues. In particular, PLCL 

membrane had a greater volume ratio of regenerated bone, compared with Col 

membrane, a material expected to show bioactive properties.26,27 The bioactive 

properties of several collagen-based membranes are assumed to be derived 

from their ability to induce cytokine production in local cells, subsequently 

creating a microenvironment conducive to cellular proliferation and 

differentiation.28,29 Regardless of its bioactivity, Col membrane showed a lack of 

space-making ability but still acted as a scaffold, and the results reported here 

agree with previous reports.29–31 These results can also be discussed with 

regards to the differences in structure and composition among the barrier 

membranes. Col membrane presents a mesh-like structure, hydrophilic and 



permeable in aqueous environments, allowing greater cell infiltration.14,15 PLGA 

shows interconnected pores that also allow cell infiltration, however the 

hydrophobic nature of this material may slow down permeability. PLCL is 

characterized by wide pores that permitted cells to infiltrate the porous layer,14 

though the presence of a compact layer in direct contact with the surgical flap 

prevented epithelial cell invasion of the bone defect. In essence, bone 

regeneration is strongly dependent on osteogenic cells to produce bone matrix, 

and invading epithelial or soft tissue cells disturb the process of regeneration 

leading to fibrosis.32,33 

Considering the mechanical properties of biodegradable barrier 

membranes in comparison with non-degradable membranes, studies have 

recommended that bone-substitute materials are used in conjunction with 

biodegradable membranes to provide physical support and prevent 

collapse.34,35 In the in vivo GBR model, a carbonate apatite bone substitute with 

demonstrated osteoconductivity was used.36,37 Defects treated with bone 

substitute and PLCL membrane had significantly greater regeneration than 

those treated with bone substitute and PLGA or Col membranes. This result 

indicated that, even though membrane collapse can be prevented by the use of 

bone grafting materials, the efficient barrier function of PLCL membrane against 

invading cells further promoted regeneration, compared with the other 

membranes. Furthermore, the PLCL membrane may have contributed to the 

formation of a regular and continuous alveolar ridge contour in the defects 

treated with this biomaterial. 

 



5. CONCLUSION 

The slow-degrading bilayer PLCL membrane showed prolonged functions, 

compared with other tested membranes. The compact layer was responsible for 

efficiently blocking undesirable cells from invading bone defects, while the 

porous layer performed a scaffold-like role, supporting cell adhesion and 

proliferation. These properties resulted in greater bone regeneration for defects 

treated with PLCL membrane, compared with those treated with commercial Col 

or PLGA membranes. Overall, it was demonstrated that the PLCL bilayer 

membrane is useful for GBR applications. 
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Figure legends 

FIGURE 1  Histological images of the subcutaneous degradation of 

membranes stained by HE. (A, D) PLGA, (B, E) Col, and (C, F) PLCL at (A–C) 

week 16 and (D–E) week 24. Black arrowheads indicate the limits of implanted 

membranes. Scale bars: 100 μm. 

FIGURE 2  (A) Micro-CT images of rat calvaria at 4- and 8-weeks post-surgery. 

Scale bars: 1 mm. (B) Volume ratios of regenerated bone calculated for each 

experimental condition. The same letters indicate there was no significant 

difference between experimental conditions (p < 0.05, mean ± SD). 

FIGURE 3  Histological images of rat calvaria stained by HE at (A, B) 4 weeks 

and (C, D) 8 weeks post-surgery. (A, C) Cross-section of bone defects and (B, 

D) magnified images. Black arrowheads indicate the limits of calvaria defects. 

Empty arrowheads indicate cell linings in contact with the PLCL compact layer. 

Scale bars: (A, C) 1 mm; (B, D) 100 μm. m: membrane; rb: regenerated bone; 

st: soft tissue; cc: cranial cavity. 

FIGURE 4  Histological images of rat calvaria stained by Masson-Goldner at 8 

weeks post-surgery. Black arrowheads indicate the limits of calvaria defects. 

Asterisks indicate newly deposited bone matrices. m: membrane; cc: cranial 

cavity. Scale bars: (A) 1 mm; (B, C) 100 μm. 

FIGURE 5  Alveolar bone defects treated with barrier membranes and bone 

substitutes at 12 weeks post-surgery. (A) Micro-CT images of the surgical site. 

(B) Volume ratios of regenerated tissue and bone substitutes for each 

experimental condition. (C) Histological images of treated bone defects stained 

by HE. Scale bars: (A, B) 2 mm, *p < 0.05, mean ± SD. 
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