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ABSTRACT: Successful osseointegration and long-term stability of dental implants depend on sufficient

healthy bone tissue at the surgical site. Guided bone regeneration (GBR) has emerged as a critical

treatment modality for alveolar bone defects, utilizing physical barrier membranes to selectively inhibit

soft tissue cell migration and create a favorable environment for osteoblast proliferation. This review

provides a comprehensive overview of recent advancements in GBR barrier membranes, specifically

focusing on biodegradable polymers, biodegradable metals, and novel intelligent systems. We first detail

the application of absorbable polymers, categorizing natural (e.g., collagen, chitosan, silk fibroin) and

synthetic (e.g., polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL))

materials, and discussing strategies to optimize their degradation kinetics and mechanical stability. A

significant portion of this review is dedicated to the burgeoning field of biodegradable metals, particularly

magnesium (Mg)- and zinc (Zn)-based alloys, which offer superior space-maintaining capacity and

inherent bioactivity without the need for secondary removal. Furthermore, we explore novel GBR

membranes characterized by advanced structural designs, such as asymmetric and bioinspired

architecture, and smart responsive systems that respond to pH, light, or enzymes. Special emphasis is

placed on the integration of electroactive materials, nanotechnology, and the emerging role of artificial

intelligence (AI) and flexible sensing for real-time postoperative monitoring. By synthesizing progress

across material science and digital technology, this review outlines the transition of GBR membranes

from passive barriers to active, intelligent therapeutic platforms for precision bone tissue engineering.

KEYWORDS: guided bone regeneration, barrier membranes, biodegradable materials, intelligent

integrated systems, artificial intelligence
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1 Introduction
Dental implantation has become a pivotal solution for the treatment of tooth loss, and adequate

bone volume is a prerequisite for achieving ideal osseointegration of implants [1, 2]. The primary

causes of alveolar bone defects include: congenital developmental anomalies, severe periodontal

disease, bone loss due to periapical lesions, traumatic injuries, secondary defects following tumor/cyst

resection, and disuse atrophy resulting from prolonged tooth loss [3]. Currently, the commonly

employed clinical methods for alveolar bone augmentation include ridge expansion, maxillary sinus

floor elevation, distraction osteogenesis, autologous bone grafting, and guided bone regeneration

(GBR) technology [4, 5].

GBR is widely used in the reconstruction of alveolar bone defects in edentulous areas. Its

principle (Figure 1) involves the placement of a mechanical barrier membrane to isolate the bone

defect from surrounding connective tissues, thereby preventing the infiltration of non-osteogenic cells

and providing a stable environment for osteogenic cell growth [6, 7]. By the 1990s, GBR technology

had gradually matured. It involved the use of barrier membranes to prevent the invasion of soft tissue

cells into bone defects, with or without the combination of bone grafts/substitutes (such as autografts,

allografts, or xenografts), to create optimal conditions for bone regeneration. This established GBR as

an effective method for alveolar bone augmentation, offering new options for patients with inadequate

bone volume [8]. Currently, GBR technology is widely used in oral implantology. Clinical data indicate

that approximately 40% of implant patients require GBR surgery due to bone defects [9].

Given the rapid emergence of digital healthcare, in this review, we propose that the evolution of

GBR barrier membranes is categorized into four generations: ① First-generation (non-resorbable): e-

PTFE and titanium-reinforced membranes offer superior space maintenance but require secondary

surgery and face high exposure/infection risks (30%-40%) [10]. ② Second-generation (resorbable):

Natural collagen and synthetic polymers (e.g., polylactic acid (PLA)) eliminate removal surgery,

though balancing degradation with mechanical support remains critical [11, 13]. ③ Third-generation

tissue-engineered membranes: These utilize novel materials (biodegradable metals (BMs), biomimetic
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nanofibers, and functional modifications), and advanced technologies (e.g., electrospinning), and

additives (e.g., growth factors (BMP-2) or antimicrobial agents) to obtain dual-functional support [11,

12]. Most third-generation membranes are currently in laboratory or pre-clinical stages. ④ Fourth-

generation intelligent membranes (in early stages): These integrate flexible sensing technology and

artificial intelligence (AI) to construct intelligent monitoring systems capable of tracking bone

regeneration progress in real-time and optimizing postoperative management. The absorbable

materials and novel materials employed in GBR barrier membranes are depicted in Figure 1.

Following GBR surgery, the barrier membrane orchestrates a specialized microenvironment

through four key biological phases (Figure 1): Inflammatory phase & fibrin clot formation (24 h): A

hematoma and fibrin clot form, rich in growth factors (bone morphogenetic protein-2 (BMP-2),

transforming growth factor-beta (TGF-β)) that drive subsequent cell migration and angiogenesis [13].

Cell migration & angiogenesis: Osteoblasts and mesenchymal stem cells (MSCs) infiltrate the defect via

new vasculature. Cluster of differentiation 68-positive (CD68⁺) macrophages and osteoprogenitor

cells secrete vascular endothelial growth factor (VEGF) and bone morphogenetic proteins (BMPs) to

direct bone remodeling. Vascular synergy: Early vascularization is critical for osteogenesis and anti-

infection capacity. Even if membranes are exposed, they can support functional vascularization

essential for regeneration [12, 14]. Bone remodeling equilibrium: Osteoblasts and osteoclasts

maintain a dynamic equilibrium during matrix synthesis and mineralization [13].

Clinical GBR membranes face several critical complications: Exposure and infection, leading to

microbial colonization [15]. Degradation mismatch, where rapid resorption or acidic by-products

cause structural collapse and inflammation [12, 16]. Mechanical failure, particularly graft

displacement in vertical augmentation [10]. Bioactivity deficiencies, specifically lacking antibacterial

and osteoinductive components; and surgical trauma, including nerve injury. Success requires

balancing material properties, technique, and patient-specific factors [17].

Based on the aforementioned analysis, an ideal GBR membrane should possess the following

characteristics [18]: ① Biocompatibility: Elicit a moderate tissue response without interfering with

therapeutic outcomes. ② Space-maintaining capacity: Exhibit sufficient mechanical strength and

structural integrity to resist compression by soft tissues. ③ Barrier sealing function: Prevent fibrous
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tissue infiltration, bacterial invasion, and bone resorption while permitting the exchange of oxygen

and nutrients. ④ Bioactivity: Accelerate natural bone healing through pro-angiogenic, osteoinductive,

or similar functionalities. ⑤ Clinical operability: Be easily shaped during surgery without tearing,

maintain its morphology after implantation, and avoid causing soft tissue damage due to excessive

rigidity. ⑥ Antibacterial functionality: Actively inhibit bacterial adhesion and biofilm formation;

⑦ Degradation matching: Demonstrate degradation kinetics synchronized with the bone

regeneration period (typically recommended to be 16 to 24 weeks) and mechanical support

requirements. ⑧ Low complication risk: Minimize adverse events such as membrane exposure,

infection, and inflammation. Guided by these criteria, current research has developed various barrier

membranes to enhance the predictability of GBR therapy, reduce complications, and shorten surgical

duration.

This review specifically focuses on biodegradable GBR materials and novel GBR membranes,

which are currently in the research stage. We propose a fourth-generation classification characterized

by intelligent monitoring systems that integrate flexible sensing and AI. This work evaluates the

respective advantages and limitations of these GBR membrane materials and explores how

interdisciplinary innovations (such as three-dimensional (3D) and four-dimensional (4D) printing,

stimulus-responsive mechanisms, and AI-driven diagnostics) can address current clinical challenges.

By synthesizing advances in materials science and digital technologies, this review outlines a strategic

roadmap toward more precise, predictable, and intelligent bone regeneration therapies.
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Figure 1 Process, principle, current materials and development of GBR barrier membranes.

2 Absorbable polymer GBR membranes

Absorbable GBR membranes are clinically preferred as they eliminate secondary surgeries,

reduce costs, and provide osteogenic capacity comparable to non-resorbable alternatives [19-21].

However, they often face challenges regarding dimensional stability and mechanical strength [11].

Precisely matching degradation kinetics with the bone regeneration cycle remains essential to avoid

clinical failure [22]. These membranes are generally categorized into natural polymers (e.g., collagen)

and synthetic polymers (e.g., PLA) [23].
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2.1 Natural polymers

Natural polymers offer inherent bioactivity [24, 25]. Nevertheless, they present challenges such as

potential immunogenicity, complex purification, risk of zoonotic disease transmission, and highly

variable mechanical or degradation profiles [26].

2.1.1 Collagen membranes

Collagen is the gold standard for natural GBR membranes and the most widely used animal-

derived barrier in clinical practice [27, 28]. Since the 1995 launch of Bio-Gide® [29], collagen has

dominated the market due to its excellent biocompatibility and absorbability [28]. Collagen

membranes are classified by: ① Source: Primarily xenografts (porcine/bovine); allografts are rare

due to ethical and cost constraints. ② Processing Technique: Decellularized matrix (retains

extracellular matrix (ECM) structure), purified Type I collagen, or recombinant collagen (lower

immunogenicity but higher cost). ③ Crosslinking Characteristics: Cross-linked membranes offer

enhanced strength and a 3-6 month degradation period for large defects [30]. Non-cross-linked

membranes degrade rapidly (2-4 weeks) but offer superior biocompatibility for short-term repair [31].

2.1.1.1. Non-crosslinked collagen membranes

The classic Bio-Gide® features a bilayer structure: a dense outer layer to block fibroblasts and a

porous inner layer to facilitate osteoblast migration (Figure 2a) [10, 32, 33]. While the dense layer

remains intact for 60 days, the porous layer often resorbs within 4-8 weeks [92]. Limitations include

insufficient rigidity for vertical augmentation [34], rapid enzymatic degradation [12], immune

responses or transmitting zoonotic diseases [29], and unpredictable batch-to-batch consistency.

2.1.1.2. Cross-linked collagen membrane

Cross-linking chemically interconnects polymer chains to extend the biodegradation period and

improve stability [35]. While this improves space maintenance, excessive cross-linking can increase

stiffness and hinder vascular infiltration [35]. Current methods include physical, chemical, and

biological cross-linking [35, 36].

2.1.1.3. Strategies for improving the functionality of collagen membranes

Osteogenic optimization: To overcome the inherent limitations of pure collagen in bone induction,

various functionalization strategies have been developed to transform passive barriers into bioactive
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scaffolds: (a) Loading growth factors (e.g., BMPs, platelet-derived growth factor-BB (PDGF-BB),

stromal cell-derived factor-1 alpha (SDF-1α)) or autologous bone marrow mesenchymal stem cells

(BMSCs) creates a pro-osteogenic microenvironment. (b) Doping with metal ions such as strontium

(Sr), Zn, or Mg enhances bioactivity. For instance, magnesium oxide (MgO)-deposited membranes

provide sustained magnesium ion (Mg2+) release and antibacterial properties, achieving near-

complete bone healing in 28 days (Figure 2b) [37-39]. (c) Incorporating hydroxyapatite (HAp),

bioactive glass, or silicon nanoparticles modifies surface porosity and ion release [40, 41]. A Janus

bilayer membrane mineralized with strontium-apatite and poly(caprolactone) methacrylate (PCLMA)

promoted stem cell recruitment and M2 macrophage polarization, repairing defects within 12 weeks

(Figure 2c) [42]. (d) The mechanical and functional profile of collagen can be refined through

polymer blending. Integrating collagen with chitosan (CS) improves mechanical strength and adds

antibacterial functionality (Figure 2d) [41].

Antibacterial and immunomodulatory properties: the clinical success of GBR membranes

depends heavily on their ability to manage the host immune response and microbial challenges. (a)

While collagen is biocompatible, it can still trigger a foreign body reaction (FBR). Epigallocatechin

gallate (EGCG)-modified membranes mitigate FBR by promoting M2 macrophage polarization,

upregulating VEGF, BMP-2, and Runt-related transcription factor 2 (RUNX2) to facilitate superior

osteogenesis (Figure 2e) [43-46]. (b) To prevent infection during membrane exposure, agents like

silver nanoparticles (AgNPs), amoxicillin, or curcumin are frequently utilized [47]. To address

concerns regarding dose-dependent toxicity and drug resistance, antimicrobial peptides (AMPs) are

gaining traction as novel alternatives due to their low resistance risk and design flexibility [47]. (c)

The smart coatings that provide on-demand protection are designed. Innovative membranes like

PO/4-BPBA/Mino@COL (PBMC) provide smart antibacterial defense (Figure 2f) [48]. Similarly, the

Janus membrane utilizes dual-drug release (chlorhexidine and curcumin) to provide rapid bactericidal

action and sustained anti-inflammatory effects via the Interleukin-1 (IL-1)/TGF-β pathway (Figure 2g)

[49] .
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Figure 2 Commercial collagen GBR membranes and functional modification of collagen GBR

membranes. (a) Bio-Gide® membrane: left to right: Upper surface macro- and micro-morphology,

lower surface macro- and micro-morphology, cross-sectional micro-morphology. Reproduced with

permission from Ref. [32], © Wiley 2018. (b) Collagen membrane functionalized with MgO via room-

temperature atomic layer deposition. Reproduced with permission from Ref. [39], © Elsevier 2023. (c)

Janus membrane with intrafibrillarly strontium-apatite-mineralized collagen membrane. Reproduced

with permission from Ref. [42], © American Chemical Society 2024. (d) Collagen-CS blended cross-

linked membrane. Reproduced with permission from Ref. [41], © American Chemical Society 2024. (e)

Schematic illustration on the function of EGCG-modified collagen membrane. Reproduced with

permission from Ref. [44], © Elsevier 2019. (f) A novel intelligent oral barrier membrane PBMC was

prepared by combining polyphenols (PO), the commercial bifunctional linker 4-
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(bromomethyl)phenylboronic acid (4-BPBA), and the antimicrobial drug minocycline (Mino) through

layer-by-layer assembly technology. Reproduced with permission from Ref. [48], © Oxford University

Press 2024. (g) Based on the collagen-based Janus bilayer membrane, through the controlled release

of two drugs (chlorhexidine for rapid bactericidal effect and curcumin for long-term anti-

inflammatory action) and the regulation of the IL-1/TGF-β signaling pathway, the membrane

facilitates the polarization of macrophages towards the M2 phenotype. Reproduced with permission

from Ref. [49], © Yang, D. et al. 2025.

2.1.2 Gelatin

Gelatin is derived from the partial hydrolysis of collagen. Its peptide chains retain some arginyl-

glycyl-aspartic acid (RGD) sequence fragments, but the cell adhesion activity is significantly lower

than that of natural collagen [50, 51]. Gelatin is a material certified by the U.S. Food and Drug

Administration (FDA) for internal use. Currently, the three-layer composite membrane, Wennuo®

augmented Gingival Matrix, made from gelatin and PCL via electrospinning, has been approved by the

National Medical Products Administration (NMPA) of China for Class III medical device registration.

Research progress of gelatin-based GBR membranes:

Improving biocompatibility: The loss of activity is often compensated for by methods such as

cross-linking RGD short peptides (e.g., grafting CGRGDS) to enhance adhesion and combining with

active factors (e.g., BMP-2) to synergistically promote osteogenesis.

Doping or chemical modification can expand additional functionalities: Drug delivery

functionalization: For instance, loading simvastatin (Sim) into PLGA microspheres combined with a

gelatin-CS composite significantly enhanced osteogenic differentiation (demonstrated by a 50%

increase in alkaline phosphatase activity) and angiogenesis [52]. Antioxidant modification: Gelatin

grafted with caffeic acid (GelCA) exhibited enhanced antioxidant properties [53]. Doping with

nanomaterials and metal ions: Examples include incorporating nano-HAp (nHAp) [54] or Cu ion [55].

Myoung Hwan Kim et al. [56] fabricated a gelatin GBR membrane containing silicon-substituted Hap

(Si-HAp) using 3D printing. This membrane featured an interconnected porous structure to support

cellular activities.
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Multi-layer structure design (e.g., Janus structure [54] or multilayer gradient structure). Qingbin

Han et al. [57] prepared the composite barrier membrane of gelatin methacrylate (GelMA)/HAp/HAp

membrane, which achieves the dual functions of barrier function and osteogenesis promotion through

a double-layer structure (Figure 3a).

Improve mechanical properties: Pure gelatin membranes exhibit drawbacks such as low

mechanical strength and an uncontrollable degradation rate; therefore, they are often combined with

polymers like CS, PLA, or sodium alginate [58]. Additionally, chemical and enzymatic cross-linking

techniques are employed to enhance their mechanical properties [58, 59]. For example, sodium

alginate/gelatin/two-dimensional (2D) transition metal carbides, nitrides, and carbonitrides (MXenes)

composite membranes can reach a tensile strength of 41 MPa, a 48-hour swelling rate of 1012%, and a

28-day degradation rate of 40% [60]. Mengmeng Jin et al. [61] prepared a polydopamine-coated

copper-doped mesoporous silica (PDA-Cu/MSN)/gelatin-waterborne polyurethane composite GBR

membrane, achieving the integration of mechanical properties, degradation balance, antibacterial

activity, pro-angiogenesis, and osteogenic functions (Figure 3b)

2.1.3 Chitosan (CS)

Chitosan (CS), a cationic polysaccharide derived from chitin, is valued for its excellent

biocompatibility, hydrophilicity, and film-forming ability [62, 63]. Its unique cationic nature confers

inherent anti-inflammatory and antibacterial properties against oral pathogens like P. gingivalis [64,

65]. Additionally, CS undergoes lysozyme-mediated degradation into non-toxic products.

To address the low mechanical strength and rapid degradation of pure CS, current research

focuses on: Composite Modification: Incorporating inorganic fillers (HAp, β-tricalcium phosphate (β-

TCP), bioactive glass) or carbon-based materials (GO, CNTs) enhances structural integrity and

bioactivity [64]. For instance, an injectable silk-fibroin-reinforced carboxymethyl chitosan (CMCS)

hydrogel functionalized with bioactive glass demonstrated osteogenic performance comparable to

Bio-Gide® while inhibiting infection (Figure 3c) [66]. Therapeutic Integration: CS membranes serve

as local delivery vehicles for statins, antibiotics, or growth factors (BMP-2/6) [67]. A Janus-type CS

membrane featuring a mineralized/BMP-6-loaded porous surface and a PCL-nanofiber-coated dense

Ju
st

 A
cc

ep
te

d



13

surface effectively meets GBR requirements (Figure 3d) [18, 67]. Functional Grading: Multilayered or

asymmetric configurations further optimize cell growth and barrier function [52].

2.1.4 Silk fibroin (SF)

Silk fibroin (SF), a fibrous protein composed of 18 amino acids, is an FDA-approved biomaterial

that degrades into non-toxic metabolites without immunogenic risk [68]. Its mechanical properties

and degradation kinetics are highly tunable by modulating the β-sheet (silk-II) content through

ethanol, ultrasonic, or thermal treatments [69]. Notably, SF membranes exhibit a wet-state elastic

modulus (up to 45 MPa) and tensile strength (8.39 MPa) significantly superior to traditional collagen

membranes (3.3 MPa), effectively preventing structural collapse during healing [70, 71]. Current

research focuses on optimizing SF for GBR through: Bilayer or trilayer asymmetric structures [72, 73]:

Multi-layered designs feature a dense layer to block bacteria (reducing S. aureus adhesion by 70%)

and a porous layer to promote osteogenesis. For example, a sandwich membrane (nZnO/SF; SF;

nHA/SF) demonstrated potent antibacterial activity and enhanced bone regeneration in periodontal

defect models (Figure 3e) [74]. Bio-inspired Design [75]: Spider silk-inspired membranes utilize

conical micropores to facilitate directional fluid transport, improving nutrient supply to the bone

defect. Functional Compositing: Hybridizing SF with HAp, MgO, graphene, antibacterial nanoparticles

(silver, curcumin, ZnO), or LAPONITE® further synergizes osteogenic and antimicrobial properties

[74, 76, 77]. Mechanical Property Optimization: Sequential cross-linking (photo-cross-linking followed

by ethanol treatment) produces hydrogel membranes with high compressive strength (>1 MPa) and

stable 12-week degradation profiles (Figure 3f) [78].

2.1.5 Bacterial cellulose (BC)

Bacterial cellulose (BC) is a high-purity nanofibrous material produced via microbial fermentation,

characterized by high crystallinity and a unique 3D network [79, 80]. BC demonstrates excellent

biocompatibility and mechanical properties [81, 82]. Its electrospun fiber diameters (20-100 nm)

form a highly porous structure (porosity >90%) that facilitates nutrient permeation and cell adhesion

[83]. Notably, BC exhibits a wet-state tensile strength of 100-200 MPa, significantly surpassing

collagen (5-50 MPa), providing superior space maintenance for bone defects.
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Current research focuses on structural design and surface functionalization to optimize BC for

GBR [81, 84]. Janus Membranes: Hongling Zhou et al. [84] fabricated a bilayer BC/Ti3C2Tx MXene

membrane featuring a dense barrier layer and a porous osteogenic layer. This composite achieved a

tensile strength of 15.0 MPa (19.5 times that of pure MXene) and a degradation rate (25% over 8

weeks) that matches the bone regeneration cycle (Figure 3g). Surface functionalization: Shuyi Wu et

al.[83] developed an asymmetric membrane by grafting polyacrylamide onto a dense BC layer,

followed by chlorination (BC-g-PNCl) to provide multi-mechanism antibacterial properties. A loose CS-

HAp layer was then integrated via freeze-drying to promote osteogenic cell infiltration. This system

demonstrated mechanical properties matching gingival tissue while effectively blocking fibroblast

invasion and accelerating bone repair in vivo (Figure 3h).

2.1.6 Alginate

Alginate, a polysaccharide derived from alginic acid, is valued for its biocompatibility and ability

to form ECM-like hydrogels through ionic cross-linking [85, 86]. While its flexible structure allows it to

serve as an effective barrier, pure alginate membranes often lack the mechanical rigidity to prevent

collapse into defect sites, which can compromise osteogenesis [10, 18]. To address these limitations,

several optimization strategies are employed: Material compositing: Reinforcing alginate with

polymers or inorganic particles (e.g., chitosan, nHA, β-TCP) significantly enhances viscosity and

compressive strength [60, 87-89]. Specifically, nHA increases network branching, reducing plasticity

while improving structural stability [90]. In situ gelation: injecting alginate solutions for in situ ionic

cross-linking with CaCl2 allows the membrane to conform precisely to complex bone defect geometries

[90]. Advanced functional compositing: Xiaoli Qin et al. [60, 91] developed sodium

alginate/gelatin/MXene (SGM) films featuring a double-cross-linked network. These films achieved a

high tensile strength (41 MPa) and demonstrated significant promotion of rBMSC proliferation and

mineralization (Figure 3i). By incorporating glycerol as a plasticizer, the researchers increased the

elongation at break to 360%, providing the high flexibility required for clinical handling while MXene

enhanced the membrane’s HAp-deposition capacity (Figure 3j).
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2.1.7 Agarose

Agarose, a seaweed-derived polysaccharide, forms a 3D hydrophilic network that mimics the

extracellular matrix, offering excellent biocompatibility and low immunogenicity [92, 93]. Its high

permeability and scaffold-forming ability provide essential structural support for cell migration and

proliferation in bone defects. To overcome the rapid degradation (days to weeks) and mechanical

fragility of pure agarose in hydrated states, research focuses on composite reinforcement. Integrating

agarose with HAp or polylactide significantly enhances its compressive strength, allowing the

membrane to withstand soft-tissue pressure and maintain space stability while synergistically

promoting the osteogenic differentiation of mesenchymal stem cells [304]. Specifically,

agarose/poly(D, L-lactide) composites have successfully demonstrated the ability to guide bone

regeneration in rabbit femoral models.

2.1.8 Poly(3-hydroxybutyrate) (PHB)

PHB is a microbial polyester that degrades into β-hydroxybutyrate, a non-cytotoxic human

metabolite [94, 95]. With an elastic modulus of 3.5 GPa, PHB matches the mechanical support of

cortical bone. However, its high crystallinity (> 60%) and brittleness (5% elongation) necessitate

toughening via plasticizers or blending with PCL, which also recalibrates the 12-24 month degradation

period to a more clinically relevant 3-6 months [96-98]. While electrospun PHB nanofibers (100-500

nm) effectively mimic the ECM, the polymer’s inherent hydrophobicity (contact angle > 90°) requires

surface amination or PEG-blending to facilitate cell adhesion. Furthermore, PHB lacks intrinsic

bioactivity; thus, functionalization with BMP-2 or silver nanoparticles is essential to provide

osteoinductive and antibacterial properties [99, 100]. Despite processing challenges like a narrow

thermal window, modified PHB remains a potent candidate for space-maintaining GBR scaffolds.

2.1.9 Hyaluronic acid (HA)

Hyaluronic acid (HA), a major ECM component composed of D-glucuronic acid and N-

acetylglucosamine, is highly hydrophilic and non-immunogenic [101]. Its capacity to promote bone

healing and periodontal mineralization is comparable to collagen membranes, making it an ideal GBR

candidate [18, 102-104]. When combined with allografts, HA membranes effectively accelerate bone

defect repair [105]. For enhanced functionality, Kaichi Chang et al. developed gelatin/HA membranes
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cross-linked with genipin and loaded with hinokitiol [106]. These scaffolds achieved a high cross-

linking degree (> 84%), providing delayed degradation and potent antibacterial activity against S.

aureus and E. coliwithout sacrificing tensile properties or biocompatibility.
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Figure 3 Research status of natural polymer barrier membranes. (a) GelMA/HAp/HAM barrier

membranes. Reproduced with permission from Ref. [57], © Elsevier 2025. (b) Schematic

representation of Cu-MSN/GP-PDA GBR membrane. Reproduced with permission from Ref. [61], ©

Jing, M. et al 2025. (c) Schematic illustration of A photo-thermal dual crosslinked chitosan-based

hydrogel membrane. Reproduced with permission from Ref. [66], © Elsevier 2025. (d) Chitosan-based

double-faced barrier membrane coated with functional nanostructures and loaded with BMP-6.

Reproduced with permission from Ref. [67], © SpringerLink 2020. (e) Sandwich-like nanocomposite

(nZnO, nHA) electrospun silk fibroin membrane. Reproduced with permission from Ref. [74], ©

Elsevier 2022. (f) Silk fibroin hydrogel membranes. Reproduced with permission from Ref. [78], ©

Elsevier 2023. (g) A Janus, robust, biodegradable BC/Ti3C2Tx MXene bilayer membranes for GBR: (i)

schematic illustration of the janus BC/MXene membrane, (ii) SEM cross-section microstructure

morphology of the BL membranes, (iii) Representative micro-CT images of the rat calvaria defects in

Blank group, MXene group, and BC/Ti3C2Tx MXene bilayer membranes at 4-week and 8-week post-

surgery. Reproduced with permission from Ref. [84], © Elsevier 2024. (h) BC-g-PNCl/CS-HAP

membranes: (i) Schematic illustration of structures and protective behaviors in commercial collagen

membrane and BC-g-PNCl/CS-HAP; (ii) Side view macroscopic image showing asymmetric bilayer

structure and thickness of BC-g-PNCl/CS-HAP (scale bar = 200 μm), (iii) digital photos of BC-g-

PNCl/CS-HAP before, during, and after the application of a load of 1 g in the wet state, (iv) Digital

photos of bending and twisting for BC-g-PNCl/CS-HAP (inset: digital photo after bending and twisting).

Reproduced with permission from Ref. [83], © Wu, S. et al. 2024. (i) The preparation process of the

Sodium Alginate/Gelatin/MXene Composite Membrane (SGM) composite membranes. Reproduced

with permission from Ref. [60], © Informa UK Limited 2023. (j) The preparation process of the

Sodium alginate/glycerol/MXene (SgM) composite membrane, stress-strain curve, cytotoxicity, and

cell adhesion of SgMmembranes. Reproduced with permission from Ref. [91], © Elsevier 2024.

2.2 Synthetic polymers

Synthetic aliphatic polyesters are favored for their highly tunable morphology, mechanical

strength, and degradation [107]. However, acidic by-products can trigger inflammation, and slow

degradation, such as PCL’s 2-year timeline, may mismatch bone healing [108]. Next-generation GBR
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research focuses on multi-component composites to synergistically optimize biocompatibility,

mechanical support, and synchronized resorption [109, 110].

2.2.1 Polylactic acid (PLA)

PLA is a semi-crystalline aliphatic polyester derived from lactic acid monomers. In GBR, the most

common isoforms are PLLA (semi-crystalline, high strength, > 5 year degradation) and PDLLA

(amorphous, 4-12 month degradation), the latter of which better aligns with the bone regeneration

cycle [111, 112]. While PLA is cost-effective and widely used, its inherent brittleness and acidic

degradation by-products necessitate specific optimization strategies.

① Physicochemical and mechanical optimization: a) Hydrophilicity and plasticity: Hydrophilicity

& Plasticity: Pure PLA is hydrophobic and rigid. Incorporating hydrophilic substances like silk fibroin

or softeners (e.g., NMP, PNIPAAm, lauric acid) enhances its flexibility, allowing it to conform to

complex bone defects without mandatory titanium nail fixation [113]. b) Degradation Control: PLA

degrades via ester bond hydrolysis into CO2 and H2O. To prevent localized inflammation caused by

PLLA’s slow resorption or to extend PDLLA’s barrier function, researchers use blending or

copolymerization to tune the resorption rate [114]. Notably, PLA maintains space longer than collagen

membranes (which often resorb within 3-4 months), making it superior for cases where bone grafts

require stable protection beyond 6 months [115].

② Bio-functionalization: a) Osteoinductivity: Bioactive agents such as pearl powder, bioglass,

HAp, or growth factors (e.g., BMP-2) are incorporated to shift PLA from a passive barrier to an active

scaffold [116]. Asymmetric PLA/HAp@MnO2 membranes catalyze H2O2 into O2, reducing oxidative

stress and promoting M2 macrophage polarization [117]. Double-sided porous membranes modified

with copper-tannic acid networks (PLAM-MPN) inhibit pro-inflammatory signals and promote

angiogenesis in periodontal defects [118]. b) Antibacterial properties: Since pure PLA lacks

antimicrobial properties (1.28% inhibition against E. coli), surface modifications with polydopamine,

nano-silver, or antibiotics are employed to prevent postoperative infection [119].

③ 3D Printing: Precise, personalized GBR membranes can be fabricated using PLA/HA

composites based on patient CT data. These printed membranes and their corresponding absorbable

PLA screws provide excellent mechanical stability and fit (Figure 4a-c) [120]. Fused deposition
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modeling (FDM)-printed porous PLA structures exhibit significantly higher mechanical strength than

traditional solvent-casted films [121, 122].

Clinically established products include GUIDOR® (pure PLA) and Resolut Adapt® (PLA/PGA

copolymer) [123].

2.2.2 Poly(lactic-co-glycolic acid) (PLGA)

PLGA is a random copolymer of lactic acid (LA) and glycolic acid (GA) [124]. Its degradation cycle

is highly tunable (1 month to 1 year) by adjusting the LA/GA ratio; higher GA content accelerates

resorption but increases localized acidity, necessitating neutralization via alkaline additives like HAp

[125]. Compared to PLA, PLGA features an amorphous structure with superior hydrophilicity,

flexibility, and cell adhesion, though its mechanical strength diminishes more rapidly during

degradation [126].

Current design strategies of PLGA GBR membranes mainly focuses on: Hydrogel-Integrated

Membranes: Yuting Wang, et al [127] developed the PLGA-PGN membrane by infiltrating electrospun

PLGA with a photocrosslinkable hydrogel (PEGDA/GelMA/nanosilicates). This composite exhibits

exceptional wet-state space-maintaining properties, exceeding those of commercial membranes by 55

times, and significantly enhances early-stage bone formation (Figure 4d). Asymmetric multilayers

functionalization: Vivian Inês dos Santos et al. [128] combined dry phase inversion with

electrospinning to create a dense PLGA/HAp barrier layer and a porous PLGA/HAp/β-TCP scaffold

layer. This design successfully prevents fibroblast infiltration while facilitating osteoblast migration

(Figure 4e). 3D printing customized design: Beyond traditional casting, 3D printing via multi-head

deposition systems (MHDS) allows for the fabrication of PCL/PLGA/β-TCP membranes with fully

interconnected pores and biomimetic surface roughness, offering precise anatomical adaptation [129]

(Figure 4f).

2.2.3 Polycaprolactone (PCL)

PCL is a semi-crystalline aliphatic polyester known for its high flexibility (elongation at break 400-

600%) and low melting point [130, 131], While it offers superior ductility compared to PLA, its low

rigidity (tensile strength 15-30 MPa) and slow degradation (2-3 years) often mismatch the 3-6 month

bone regeneration cycle [132].
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Current research focuses on optimizing PCL for GBR applications: Degradation & Hydrophilicity:

To accelerate resorption and reduce foreign body retention, PCL is typically copolymerized with

PLA/PGA or blended with natural polymers (e.g., gelatin, silk fibroin) [133-135]. Introducing

hydrophilic groups (-OH, -COOH) can overcome PCL’s inherent hydrophobicity to improve cell

adhesion. Mechanical Reinforcement: While flexible enough to fit complex bone contours, PCL

requires additives like silica nanoparticles or carbon nanotubes to enhance its resistance to sustained

mechanical loads [136, 137]. Bio-functionalization: To impart osteoinductivity and antibacterial

properties, PCL is combined with bioactive ceramics (nHA, β-TCP), growth factors (BMP-2), or

antibiotics (metronidazole) [87, 138]. Abdullrahman M. Al-Bishari et al. [377] engineered a triple-

layer electrospun PCL/Gelatin membrane (MFM/Van-Sr-Qk) that achieves 21-day sustained release of

vancomycin, strontium, and Qk peptide. This system synergistically enhances angiogenesis,

osteogenesis, and antibacterial defense against S. aureus. Manufacturing & clinical status: PCL’s

versatility allows for the fabrication of porous scaffolds or nanofibers via electrospinning [139], 3d

printing (Figure 4g) [140, 141] etc. Although PCL offers a long-acting barrier function, it remains

largely in the experimental stage, with few approved commercial GBR products currently available.

Balancing its degradation rate with mechanical support remains the primary hurdle for large-scale

clinical translation.

2.2.4 Polyglycolic acid (PGA)

PGA is a high-strength synthetic polyester characterized by rapid degradation (1-3 months) and a

high melting point (> 200°C), making it suitable for load-bearing surgical applications [142, 143].

While its tensile strength (110 MPa) is double that of PLA, its fast resorption and acidic by-products

often necessitate modification to match the bone regeneration cycle [142]. Currently, the

commercially available Cytoflex® Resorb membrane is made of PGA, PLA, and PLGA copolymers with

good biocompatibility. Preclinical studies have shown that it maintains the barrier function within 8

weeks and can be completely absorbed within 6 months [13].

At present, the optimization directions and research status of PGA for GBR membranes are as

follows: Degradation and stability: To synchronize resorption with bone healing, PGA is often

copolymerized (as seen in the commercial Cytoflex® Resorb) or blended with collagen and HAp [144].
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HA further serves to neutralize the acidic environment generated during GA hydrolysis [145].

Structural design: Advanced manufacturing, including electrospinning and 3D printing, creates porous

architectures that facilitate nutrient exchange [146]. Byung Nam Kim et al. [146] developed an SF-

PGA hybrid scaffold by compounding electrospun silk fibroin (SF) with a 3D-printed PGA frame. The

SF layer acts as a stable barrier (0.1% degradation at 8 weeks), while the PGA scaffold (48%

degradation) promotes robust pre-osteoblast proliferation, significantly increasing new bone volume

in rabbit models (Figure 4h). Cijun Shuai, et al [145] utilized laser 3D printing to fabricate

PLLA/PGA/HAp composite scaffolds. The inclusion of PGA enhances hydrophilicity and weight loss

(25% at 28 days), promoting HAP exposure and apatite deposition (Figure 4i). Surface coating

modification: Coating PGA with materials like PHB or chitosan reduces the localized concentration of

acidic products, thereby mitigating inflammatory reactions while enhancing the membrane's epithelial

barrier function.

Currently, most PGA-based GBR research is in the preclinical phase. Future efforts require multi-

center clinical trials to validate the long-term safety and efficacy of these high-strength, fast-resorbing

barriers before widespread adoption.

2.2.5 Polyethylene glycol (PEG)

PEG is a linear, hydrophilic polymer linked by ether bonds, offering exceptional biocompatibility,

injectability, and the ability for in situ molding to fit complex defect contours [147]. Clinically, PEG

membranes effectively reduce bone resorption during alveolar ridge preservation, performing

particularly well in the coronal region compared to traditional collagen barriers [148]. Their

resorbable nature eliminates secondary surgeries, reducing infection risks and patient discomfort.

Despite these benefits, PEG membranes often exhibit low mechanical strength, making space

maintenance difficult in high-stress areas. Precise control over degradation rates remains challenging,

and some studies suggest PEG may be slightly inferior to collagen regarding early soft-tissue healing,

with potential risks of dehiscence [149].

Current research focuses on enhancing PEG’s structural and biological performance. Composite

Systems: Blending or copolymerizing PEG with PLA or PCL and introducing inorganic fillers (e.g., HAp)

significantly improves mechanical stiffness and osteoblast differentiation [150, 151]. For instance,
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electrospun PEG/PCL composites outperform pure PCL in lateral ridge defects due to PEG’s superior

hydrophilicity, which facilitates cell adhesion [152]. Cross-linking and smart hydrogels: PEG can be

cross-linked into hydrogel membranes via enzymatic or photo-initiated processes [153, 154].

Advanced smart hydrogels are being developed with pH, ROS, or enzyme responsiveness to enable on-

demand antibacterial and anti-inflammatory functions [155].

The commercially available Straumann® MembraGel is applied as a liquid that conforms precisely

to the defect before solidifying within 20–50 seconds, stabilizing the bone graft and providing an

immediate tissue barrier (Figure 4j) [148, 156]. Future translation will prioritize 3D printing and

gradient structures to achieve personalized, multi-functional GBR solutions.

2.2.6 Polydioxanone (PDO)

PDO is a synthetic polymer offering excellent flexibility, mechanical strength, and a predictable 6–

8 month degradation cycle that matches the bone regeneration window [157-159]. Unlike collagen,

PDO is produced uniformly, carries no risk of zoonotic disease transmission, and avoids immunogenic

reactions, making it an ideal alternative for patients with specific religious or ethnic restrictions

regarding animal-derived materials [159, 160].

Current research focuses on enhancing its inherent bioactivity through modification: Antibacterial

Functionalization: Victoria L. Abdo et al. [161] used glow discharge plasma to load amoxicillin onto

PDO membranes (AMX-PDO). This system maintains the substrate's tensile strength while

significantly reducing oral pathogen infiltration (e.g., P. intermedia). Composite Strategies: Blending

with bioactive ceramics (e.g., HA) or utilizing electrospinning to create 3D nanofibrous networks

further optimizes osteoconductivity and cell guidance [159].

The commercially available Plenum® Guide membrane resorbs fully via cellular metabolism

within 6–12 months, yielding new bone microstructure comparable to traditional collagen barriers

(Figure 4f) [162].
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Figure 4 Research progress of synthetic polymer GBR membranes. (a-c) Design of the custom PLA

GBR membrane (i-iii) and screws (iv-vi). FDM-printed GBR membranes in two different configurations

(ii, iii). Designed screw (iv); (v) from left to right M2 and M3 screw manufactured in horizontal

configuration and 3 mm screw 3D-printed in vertical configuration and (vi) M3 screw FDM-printed in
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horizontal configuration after the manual threading process. Reproduced with permission from Ref.

[120], © Elsevier 2025. (d) Schematic presentation of the fabrication of electrospun PLGA film into

PGN hydrogel. Evaluation of film plasticity (i-viii). Reproduced with permission from Ref. [127], ©

Wang, Y. et al. 2024. (e) Illustration of the placement of a bilayer membrane of PLGA/HAp/β-TCP

bilayer membrane. The dry phase inversion layer prevents fibroblast infiltration, whereas the

electrospun layer improves osteoblastic adhesion and proliferation. Reproduced with permission

from Ref. [128], © Elsevier 2020. (f) PCL/PLGA/β-TCP membrane produced using 3D printing

technology. Pores were triangularly structured and completely interconnected. SEM images of the

prepared PCL/PLGA/β-TCP membrane, and a rough surface, which was produced by incorporating

TCP powder. Reproduced with permission from Ref. [163], © Shim, J. et al. 2015. (g) 3D printed

MgNH4PO4·6H2O (MNP) and polycaprolactone (PCL) composite GBR membrane (from left to right):

Schematic illustration of the 3D-printing fabrication of the MNP-PCL membrane; The macroscopic

view of the 3D printed membrane; The microscopic view of the 3D printed membrane; Flexibility and

thermo-plasticity of 3D printed membrane. Reproduced with permission from Ref. [141], © Elsevier

2024. (h) SF-PGA hybrid scaffold (including silk fibroin nanofiber membrane prepared by

electrospinning and PGA scaffold with 400 μm pore size prepared by hot-melt 3D printing).

Reproduced with permission from Ref. [146], © American Chemical Society 2019. (i) Typical optical

images of the PLLA/HAp, 1PLLA/1PGA/HAp, and PGA/HAp scaffolds seen from the top, and micro-CT

images of the PLLA/HAp, 1PLLA/1PGA/HAp, and PGA/HAp scaffolds after 4 and 8 weeks of

implantation. Reproduced with permission from Ref. [164], © Elsevier 2021. (j) Photograph series

showing the dehiscence defect at the implant, the application of the bone substitute material and the

placement of the PEG membrane (PEG group), and final contouring of the PEG membrane according to

the study protocol. The membrane overlapped the walls of the defect by at least 2 mm. The thickness

was approximately 1 mm. No fixation was needed as the gel adheres to the surrounding tissues.

Reproduced with permission from Ref. [156], ©Wiley 2020.
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2.3 Design strategies for polymer GBR membranes

Current strategies for polymer GBR membranes focus on transitioning from passive barriers to

bioactive, structurally optimized scaffolds (Figure 5).

The core design principle involves hybridizing natural and synthetic polymers to achieve

performance complementarity. Natural polymers (e.g., collagen, CS) offer superior biocompatibility

and cell affinity but suffer from poor mechanical control. Synthetic polymers (e.g., PLA, PCL) provide

excellent processability and tunable degradation. Mainstream strategies, such as PCL/collagen

composites, retain the mechanical integrity of synthetics while incorporating the biological signaling

of natural materials.

Preparation methods: Electrospinning can produce nanofibrous structures that mimic the

natural extracellular matrix. These structures possess a high specific surface area and porosity, which

are beneficial for cell attachment and nutrient exchange. Furthermore, 3D printing technology allows

for precise control over the overall morphology and internal channel architecture of the membrane.

Methods such as phase separation and solvent casting/particulate leaching are commonly employed

to create sponge-like scaffolds with three-dimensionally interconnected macropores, providing space

for cell infiltration and tissue vascularization.

Structural design: Modern membranes are shifting toward bilayer asymmetric or gradient

functional configurations. The dense top layer serves as a physical barrier to prevent soft-tissue

invasion. Conversely, the highly porous bottom layer facilitates the migration, proliferation, and

ingrowth of osteoblasts and vascular endothelial cells. This directed architecture is fundamental to

achieving guided regeneration.

Bio-functionalization: To act as an active inducer, several functionalization strategies are

employed: 1) Biofactor Loading: Encapsulating growth factors (e.g., BMP-2) into microspheres or

fibers for sustained, controlled release; 2) Inorganic Integration: Incorporating nHAp or bioglass to

enhance osteogenic activity and bone-membrane integration; 3) Surface Modification: Grafting

peptide sequences (e.g., RGD) to improve initial cell adhesion; 4) Immunomodulation: Engineering

materials to polarize macrophages toward a pro-regenerative M2 phenotype, optimizing the local

healing microenvironment.
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Figure 5 Design strategies for polymer GBR membranes.

3 Biodegradable metal GBR membranes

Biodegradable metals (BMs) are metal materials that degrade gradually in the body, elicit

appropriate host responses by releasing corrosion products, and completely degrade after helping the

host complete tissue repair without leaving any residue [165]. At present, several representative

series of BMs have been developed, including magnesium (Mg)-based [166], zinc (Zn)-based [167],

iron (Fe)-based [168], and molybdenum (Mo)-based [305]. BMs possess outstanding biodegradability,

excellent mechanical strength, ductility, formability, osteogenic ability, anti-inflammatory properties,

pro-angiogenic effects, neurogenic stimulation, and antimicrobial properties [169]. The primary
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advantage of degradable metal implants is that they eliminate the need for secondary surgery while

maintaining excellent mechanical properties [170]. Currently, research on GBR membranes of

degradable metals primarily focuses on Mg-based and Zn-based metals [170, 171].

3.1 Mg and Mg alloys

Mg, an essential cation for human physiology, is highly valued for GBR membranes due to its

excellent biocompatibility and biodegradability, which eliminates secondary removal surgeries [172-

175]. Unlike traditional titanium alloys, Mg-based metals avoid stress-shielding effects because their

elastic modulus (40–50 GPa) closely matches natural bone (10–30 GPa) [176-178]. Furthermore,

released Mg2+ ions actively promote osteoblast proliferation and mineralization [179-181].

However, several challenges hinder clinical translation: Corrosion Control: Rapid degradation can

lead to premature structural failure and hydrogen gas evolution [182, 183]. Microenvironment:

Localized pH elevation (8.0–9.0) and Mg2+ overload (>50 mmol/L) may impair soft-tissue healing or

cellular function. Mechanical Integrity: Stress corrosion and galvanic coupling with titanium fixation

systems necessitate the development of compatible degradable Mg-based screws. Overcoming these

barriers requires advances in compatible degradable Mg-based screws. [184, 185], surface

modification [320-322], 3D printing [186, 187], and compatible fixation systems [188] to balance

degradation kinetics with mechanical and biological responses.

Several studies on degradable Mg-based GBR membranes have been reported (as summarized in

Table 1), with details provided below.

① Pure Mg

Frank Witte et al. developed a pure Mg GBR membrane (NOVA-Mag®, botiss biomaterials GmbH,

Germany), the first of its kind to receive CE certification, with dimensions of 30 × 40 mm, a thickness of

140 μm (Figure 6a), and a purity of 99.95% [189-192]. The membrane was secured in vivo using

biodegradable Mg screws fabricated from Mg alloy WZM211 and coated with magnesium fluoride

(MgF₂) (Figure 6b) [193]. After 4 weeks of degradation, the Mg screws still exhibited superior

mechanical performance compared to polymeric screws. In vivo studies confirmed that the Mg screws

provided sufficient fixation during the critical early healing phase and were completely absorbed

within 52 weeks (Figure 6c). This pure Mg barrier membrane was used to reconstruct the buccal or
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palatal walls of severely compromised extraction sockets [194] and maxillary sinus floor elevation

surgeries [195]. All clinical cases utilizing this Mg membrane demonstrated excellent bone

regeneration (Figure 6d), with the newly formed bone presenting a thick cortical layer, but larger

sample sizes and long-term studies are needed for further verification [194, 196]. The clinical

advantages of the Mg membrane include: complete absorption without the need for removal; its

synthetic origin, eliminating the need to harvest autogenous cortical bone from additional surgical

sites; promotion of cortical bone formation; high mechanical strength capable of stabilizing the defect

space; and ductility allowing contour adaptation to the defect morphology.

②Mg alloys

The properties of Mg alloys can be tailored through the addition of alloying elements. Altering

microstructural characteristics can effectively decelerate the degradation of Mg alloys both in vitro

and in vivo, reduce localized hydrogen evolution and pH elevation, and ultimately enhance their

biocompatibility, making them suitable for use as GBR barrier membranes. Various novel high-

performance Mg alloys, such as Mg-Zn, Mg-Ca, and Mg-Sr alloys, have been continuously developed for

such applications [197, 198].

Mg-Zn alloy: Zn, an essential trace element, slows alloy degradation through a Zn oxide layer and

eutectic phases, while released Zn²⁺ ions are harmlessly excreted [199]. Furthermore, Zn enhances the

tensile strength and hardness of Mg-Zn alloys [200]. Heat treatment and surface fluoridation of a Mg-

5Zn-0.5Zr alloy enhanced ductility and corrosion resistance, with early Mg²⁺ release promoting >80%

new bone formation [201]. Mg-Zn-RE alloy membrane demonstrated biocompatibility and

osteoinductive potential in rat cranial defects [202]. Adding yttrium can optimize the microstructure

of Mg alloys, boosting strength and wear resistance. For example, adding 0.5wt.% Y element in Mg-

6Zn-4Si Mg alloy increasing the tensile strength by 50%, the elongation by 65%, and reducing the

wear rate under a 1N load by 50% [203]. Mg-Zn-Gd alloy has a yield strength (YS) of 150 MPa, an

ultimate tensile strength (UTS) of 235 MPa, and an elongation of 22.5%, suitable for GBR membrane

space maintenance [204].

Mg-Ca alloy: Calcium (Ca) is essential for bone healing, refines Mg alloy grains, and enhances

strength, creep resistance, and corrosion resistance, even in small amounts [197, 205]. Alloy
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composition critically influences performance. The Mg-0.8Ca-5Zn-1.5Ag (ZQ71) alloy demonstrated

superior corrosion resistance and slower degradation than variants with higher or no Ag content. Its

released ions stimulated significantly higher osteogenic activity and bone substitution, making it ideal

for biodegradable grafts [206]. The Mg-0.2Ca-0.2La alloy exhibited a refined microstructure with

excellent strength and ductility. Crucially, it maintained structural integrity under bending stress,

required for adapting to alveolar contours, with a low corrosion rate (0.09 mm/year) and only 5.9%

volume loss after 12 weeks in vivo, promoting significant bone growth [207, 208]. Addressing

multifunctional needs, a novel Mg-Ca/Mg-Cu bilayer membrane was developed. This design integrates

function: the Mg-Ca layer supports bone regeneration, while the Mg-Cu layer provides tailored

antibacterial properties. It exhibited excellent mechanical stability (421.0 MPa bending yield strength),

retained 86.4% volume after 21 days, and promoted osteogenesis via synergistic Mg²⁺/Ca²⁺ release,

with Cu²⁺ ions enhancing antibacterial effects [209] (Figure 6e). These advancements demonstrate

that through precise alloying and structural design, Mg-Ca-based alloys can achieve the mechanical

integrity, controlled degradation, biocompatibility, and bioactivity required for next-generation GBR

membranes.

Mg-Sr alloy: A study evaluated Mg-1.5Sr alloy membranes for mandibular defect repair in dogs.

Compared to collagen membranes, the Mg-Sr group showed significantly higher CBCT grayscale values

and bone volume fraction at 12 weeks. Histology revealed thicker, more interwoven new bone,

demonstrating that Mg-Sr alloy membranes effectively enhance high-quality bone regeneration [210].

Mg-Ag alloy: Mg-Ag alloys offer enhanced corrosion resistance, biocompatibility, and osteogenic

activity. Mg-9Ag provides optimal mechanical properties (205.7 MPa tensile yield strength, 20.3%

elongation). Despite a slightly increased corrosion rate, alloys demonstrate strong antibacterial

efficacy against oral pathogens and support cell migration and osteogenic differentiation, making

them promising for guided tissue regeneration (GTR) membranes [211].

Mg-Al alloy: A Mg-Al-Zn-Mn-Ag alloy membrane, in a rat skull defect model, exhibited excellent

biocompatibility over 48 weeks, maintained structural integrity for 8 weeks, and degraded at a rate

compatible with bone regeneration. By 48 weeks, defects were nearly fully covered by new bones

without inflammation [212].
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③Coating modification

The rapid degradation rate of Mg in physiological environments remains a critical bottleneck

limiting its clinical application. Surface modification techniques enable the construction of

multifunctional coating systems (e.g., corrosion-resistant barriers and bioactive inductive layers),

which allow for precise regulation of Mg’s degradation kinetics while concurrently imparting

enhanced biocompatibility.

1) MgF₂ coating

Fluorination treatment creates a protective composite layer (oxides and hydroxyfluorides (e.g.,

MgO, Mg (OH)₂, and Mg(OH)ₓF₂₋ₓ)) on Mg surfaces, acting as a physical barrier against rapid corrosion

and hydrogen bubble accumulation [213]. A Mg-5Zn-0.5Zr alloy treated with solution heat treatment

and surface fluoridation demonstrated improved ductility and corrosion resistance, releasing

appropriate Mg²⁺ concentrations to promote >80% new bone formation [201]. Similarly, HF-treated

Mg fixation screws showed reduced gas formation, slower biodegradation, and enhanced

osseointegration compared to untreated screws, inducing a macrophage layer rather than fibrous

tissue response [188]. MgF₂-coated Mg-2Zn-0.46Y-0.5Nd GBR membranes with strategic hole designs

were compared to BioGuide® membranes in beagles. At 3 months, the Mg group showed comparable

new bone formation (45.44% vs. 43.49%) and vertical bone height, with complete membrane

degradation and island-like new bone formation. Although rare earth elements accumulated in lymph

nodes, no histopathological changes occurred, supporting fluorinated Mg alloys as promising GBR

membrane materials [214].

2) Ca-P coating

Ca-P coatings significantly enhance the biocompatibility, bioactivity, and corrosion resistance of

Mg-based implants [215, 216]. Wei Peng et al. [208] found Ca-P coatings improve Mg films’ corrosion

resistance in vivo and in vitro, reducing H₂ release, but their thinness and fast degradation fail to meet

the 12-week clinical requirement. Shuang Wu et al. [217, 218] used PEO and HT to form a dense

coating on pure Mg meshes, reducing degradation and increasing bone volume at skull defects. Lili Tan

et al. [219] prepared Ca-P-coated Mg films for GBR; they degraded in 8 weeks (vs. 1 week for pure Mg),

outperforming Ti films at 4 weeks but inferior at 8-12 weeks, requiring further degradation reduction.
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Yujia Han et al. [220] fabricated a DCPD/MgF₂ Janus film with suitable degradability and selective

osteogenic/soft tissue healing abilities (Figure 6f). Jiawen Si et al. [204] applied a Ca-P coating to Mg-

2.0Zn-1.0Gd alloy, enhancing corrosion resistance, cytocompatibility, antibacterial activity, and

promoting new bone formation in rabbit defects. Jun Gao et al. [221] fabricated a porous-yet-dense HA

coating on Mg₂ZnMnCaCe alloy via hydrothermal technology, improving hydrophilicity, corrosion

resistance, and cell adhesion. These advances highlight Ca-P coatings as effective strategies to tailor

Mg-based GBR membrane degradation and bioactivity.

3) PVD coating: Daniel Rothamel et al. [222] passivate Mg membranes for GBR/GTR via a method

based on ion implantation combined with physical vapor deposition (PVD). Compared to pure Mg

membranes, the PVD coating did not cause gas cavity formation while inducing fewer anti-

inflammatory macrophages than both pure Mg membranes and collagen membranes.

④Mg-Reinforced polymer composite GBR membranes

Biopolymer coatings enhance Mg alloy corrosion resistance in GBR membranes through two

primary mechanisms: a physical barrier effect that prevents corrosive media contact, and the

elimination of microgalvanic corrosion risk due to the absence of potential differences [223]. William

R. Wagner et al. [358] developed an electrospun PLGA/Mg mesh/PLGA & DBM membrane. The Mg

mesh improved flexural strength and modulus, promoting BMSC proliferation and osteogenic

differentiation, with significantly enhanced bone repair at 12 weeks in rat calvarial defects. Yu Guo et

al. [224] prepared a CS-Mg membrane by immersing Mg₃Gd alloy in chitosan solution, achieving

comparable degradation rate, cell adhesion, and bone formation to commercial Heal-All membranes in

rabbit defects. Mike Barbeck et al. [225] combined HF-treated Mg mesh with natural collagen

membrane. Treated Mg showed higher cytocompatibility, prevented gas cavity formation, and

degraded via monocyte phagocytosis over 12 weeks, unlike untreated Mg which triggered fibrous

tissue reaction. Xin Du [226] and Hao Yang Zhang et al. [227] fabricated fluoride-coated AZ91 alloy-

reinforced PLA composite membranes via hot pressing, achieving significantly higher mechanical

properties lasting at least 3 weeks without cytotoxicity. Feilong Wang et al. [228] designed a

sandwich-structured PLGA/Mg scaffold/PLGA-collagen membrane. The optimal PLGA-to-collagen

ratio (100:10) demonstrated superior osteogenic performance with reduced strain, integrating
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mechanical support, controlled degradation, and enhanced biocompatibility for GBR applications

(Figure 6g).

⑤ 3D-printed Mg scaffolds for GBR

Mg 3D printing faces three core challenges: oxidation/combustion risk requiring inert

environments, density defects from poor powder flowability and residual stress, and difficulty

regulating degradation rates to match tissue repair cycles [229, 230]. Mg is compounded with

polymers and ceramics, and composite scaffolds are prepared through low-temperature 3D printing

(such as extrusion molding and inkjet printing) [231]. Yao Wang et al. [232] used selective laser

melting to fabricate a titanium template, pressure-infiltrated molten Mg-1Zn-1Ca alloy, then etched

away the titanium to obtain a porous Mg scaffold. The scaffold was negatively charged with NaOH

treatment and dip-coated with collagen solution (pH=5), followed by dialysis, freeze-drying, and

EDC/NHS cross-linking to create a collagen-coated (COL/Mg) composite scaffold. This composite

maintains mechanical properties matching human bone while controlling Mg²⁺ release within the 2–

10 mmol/L therapeutic window. It demonstrates significantly improved corrosion resistance and

biocompatibility, promotes endothelial cell migration and osteoblast differentiation, and effectively

enhances vascularized bone regeneration in rat skull defects without systemic adverse effects (Figure

6h).
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Figure 6 Current research status of Mg-based alloys as a potential candidate material for GBR

membranes. (a) pure Mg GBR barrier membranes (NOVA-Mag® , botiss biomaterials GmbH, Germany)

and the implantation procedure (from left to right): physical view of the Mg membrane, filling the

defect site with bone graft material, trimming the membrane to the desired shape using NOVA-Mag®

scissors, bending the membrane to adapt to the contour of the defect, securing the membrane from

both buccal and palatal/lingual aspects, and suturing the wound. Reproduced with permission from

Ref. [189], © Elsevier 2022. (b) From left to right: Absorbable Mg fixation screw (NOVA-Mag®

Fixation Screw, XS type, botiss biomaterials GmbH, Germany); installing the fixation screw to the

NOVA-Mag® connector; once the screw is fully seated, its drive segment will fracture and detach,

leaving a smooth, flat surface at the screw head. Reproduced with permission from Ref. [193], ©

Elsevier 2022. (c) 3D images of the Mg screw corroding after implantation into Yucatan minipigs after

2 weeks, 4 weeks, 8 weeks and 52 weeks [193], © Elsevier 2022. (d) The CBCT scan reveals that the

buccal cortical bone plate has been restored following the application of the Mg membrane.

Reproduced with permission from Ref. [194], © Elad, A. et al. 2023. (e) Schematic diagram illustrating

the use of a Mg-Ca/Mg-Cu bilayer membrane. Reproduced with permission from Ref. [209], ©

Elsevier 2025. (f) Cross section and surface structure of DCPD/MgF2 membrane of Mg-2Zn-0.5Nd-

0.5Zr alloy, and the Micro-CT images of the bone of DCPD/MgF2 coatings after 12 weeks. Reproduced

with permission from Ref. [220], © Elsevier 2025. (g) Structural Diagram of MgP10C: inner-layer Mg

scaffolds and bottom and top layer PLGA/collagen hybrid (top); macro view and shaped state of

MgP10C. Reproduced with permission from Ref. [228], © Elsevier 2025. (h) Schematic illustration of

fabrication of COL/Mg composite scaffolds. Reproduced with permission from Ref. [232], © American

Chemical Society 2025.Ju
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Table 1 Research progress of Mg-based GBR barrier membranes

Raw

materials

Author and

year

Product Name (main

materials)

Manufacturer /

Preparation

Method

Size/

Thickness

Animal / Clinical

experiments
Performance features

Pure

Mg
Akiva Elad,

2023 [233]

NovaMag®membrane/

Pure Mg (Purity: 99.95%)

(CE certification)

Botiss

biomaterials

GmbH

30×40 mm

/140 μm

Clinical patients

aged between 60

and 68 years old

1. The maximum tensile stress is 183.0 ± 10.7 MPa.

2. 4 months post-surgery, good cortical bone

regeneration.

3. Good healing of soft tissue.

4. High stability and good operability.

Mg-Zn

Alloy

Da-Jun Lin,

2017 [234]
Mg-5Zn-0.5Zr

ECO-casting,

heat treatment

modification,

HF-treatment

2×13 cm /0.4

mm

24 SD rats with

calvarial defect

models

1. Minimized stress corrosion and crevice corrosion.

2. New bone regeneration.

3. F coating had better long-term corrosion

resistance.

Mingyu

Zhao,

2020[235]

Mg-Zn-RE (6 wt.% Zn and

0.90 wt.% Gd, 0.75 wt.%

Y, 0.96 wt.% Ce and 0.08

wt.% La)

Melt casting
5×5 mm/110

µm

44 SD rats calvarial

bone defect models

1. Mg matrix degraded first, then Zn dissolved and

REs were released slowly

2. Good biocompatibility.

3. Enhanced bone formation.

Mg-Ca

Alloy

Hewei

Chen,

2021 [206]

Mg-0.8Ca,

Mg-0.8Ca-5Zn-1.5Ag

Mg-0.8Ca-5Zn-2.5Ag

Melt casting
2.5×4 mm/ 2

mm

15 SD rats femoral

condyle defect

models

1. ZQ71 exhibited the lowest degradation rate.

2. Good biocompatibility.

3. Antibacterial properties.

4. ZQ71 showed higher osteogenic activity and bone

substitution rate than ZQ63 and ZQ.

Kai Chen, Mg-0.2Ca-0.2La Melt-casting 8×11 mm/ 2 Cytocompatibility 1. Sufficient strength and adequate ductility.

Just 
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pted
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2022 [236] mm assay and cell

migration

2. Higher SCC resistance.

3. Favorable HGF cellular response.

4. Good cytocompatibility.

Wufei Ge

2022 [208]

Mg-0.2Ca-0.2La
Melt-casting

10×10 mm/

1.5 mm

32 SD rats femoral

condyle

osseointegration

models

1. Slow and uniform in vitro and vivo degradation.

2. Good osteogenesis capability.

3. No local or systemic adverse effect.

Mg-Ga

and Mg-

Cu alloy

Yanbo Shan

2024 [237]

Mg-Ca/Mg-Cu bilayer

membrane

Melt-casting and

online heating

rolling process

10×10 mm/

0.5 mm

30 SD rats cranial

bone defect models

1. Good yield strength.

2. Outstanding volume stability.

3. Antibacterial properties.

4. Superior bone regeneration.

Mg-Ag

Alloy

Sihui

Ouyang

2024 [211]

Pure Mg

Mg-5 wt% Ag

Mg-9 wt% Ag
Melt-casting

10×10 mm/

1mm

Cytotoxicity,

migration,

osteogenic

differentiation

1. Superior tensile strength, flexural strength,

plasticity, and acceptable corrosion.

2. Promote healing in periodontal tissue.

3. Antibacterial effects.

Mg-Sr

alloy

Shanning

Zhang,

2020 [210]

Mg-1.5 Sr alloy
Microarc

oxidation

15×5mm/

3.38mm

6 hybrid dogs

mandible buccal

fenestration bone

defect models

1. Good osteogenic effect.

2. Degradation rate is not exactly matched with the

regeneration process of bone tissue.

Ca-P

coating

ShuangWu,

2019 [238]

PEO/HT-treated Mg

mesh/ Mg foils

(99.9% purity)

Roll, plasma

electrolytic

oxidation,

hydrothermal

treatment

10×10mm

(hole

diameter of

0.4 mm)/

0.4mm

Skull models of 16

SD rats

1. Decreased the biodegradation rate.

2. Improved bone regeneration in vivo.

Just 
Acce

pted

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/adverse-event
https://www.sciencedirect.com/topics/engineering/pure-magnesium
https://www.sciencedirect.com/topics/engineering/ultimate-tensile-strength
https://www.sciencedirect.com/topics/physics-and-astronomy/flexural-strength
https://www.sciencedirect.com/topics/engineering/general-corrosion
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Wei Peng,

2019 [239]

Ca-P-coated Mg

membrane

Roll and rapid

solidification

8×8mm/

50μm

Skull defect models

of 9 New Zealand

White rabbits

1. Lower corrosion rate.

2. More uniform corrosion.

3. Better bioactivity.

4. Could not meet the clinical service time (at least

12 weeks)

ShuangWu,

2021 [240]
Ca-P-Coated Mg Mesh

Roll and alkali-

hydrothermal

treatment

10×10mm

(hole

diameter of

0.4 mm)/

0.1mm

Calvarial defect

models of 8 SD rats

1. The corrosion rate and osteogenesis capability

can be tailored.

2. Higher osteogenesis capability.

3. Low degradation.

Jiawen Si,

2021 [204]

Ca-P-coated Mg-2.0Zn-

1.0Gd alloy membrane

Melt and

immerse

10×10mm /

0.6mm

Calvarial bone

defects models of

48 New Zealand

white rabbits

1. Excellent mechanical properties.

2. Good cytocompatibility.

3. Unsatisfying early gas formation.

Jinying Du,

2022 [221]

HA-coated Mg-2Zn-Mn-

Ca-Ce alloys
HAp coating

10×10 mm /

1mm

Cell proliferation-

cytotoxicity, cell

adhesion tests

1. Porous outer surface and compact inner layer.

2. Outstanding hydrophilicity.

3. Higher anticorrosion.

4. Good biocompatibility.

MgF2

coating

Da-Jun Lin,

2017 [234]

MgF2 coating Mg-5Zn-

0.5Zr

ECO-casting

techniques, heat

treatment, HF-

treatment

2×13 cm /0.4

mm

Skull models of 8

SD rats

1. Excellent corrosion resistance.

2. Lower bone regeneration ability of MgF2 coating

on Mg membrane.

Zi-Yu Yan,

2022 [241]
Mg-2Zn-0.46Y-0.5Nd

HF-treatment 4×8 mm

(hole

a mandibular

second molar

1. Small holes for nutrition supply.

2. Good biocompatibility.

Just 
Acce

pted
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diameters:

1.2 mm or

0.5 mm)/

150-200 μm

distal bone defect

in eight beagle

dogs

3. Without subcutaneous emphysema or increasing

infection risk.

4. Good osteogenic effect.

Yujia Han,

2025 [220]

CaHPO4·2H2O (DCPD) /

MgF2 on Mg-1.98Zn-

0.54Nd-0.59Zr

Chemical

conversion, HF-

treatment,

chemical

deposition

10×8 cm /0.3

mm

Mandibular defect

models of 20 New

ZealandWhite

rabbits

1. The DCPD coating: enhanced osteogenic

performance,

2. The MgF2 coating: promoted fibroblast

recruitment and adhesion.

Mg-

reinforced

Yingqi

Chen,

2018 [242]

Mg-PLGA@HA&DBM on

AZ31 alloy

Electrospinning,

electrospraying

15 × 10 mm/

0.7-1 mm

Calvarial defect

models of 25 SD

rats

1. Flexural stress and modulus.

2. Stimulated the bone regeneration.

3. Combined beneficial effect in vitro and in vivo.

Yu Guo,

2019 [224]

CS coating-Mg3Gd

membrane

Dip-coating Mg

with chitosan

10× 10 mm/

1 mm

42 skull implant

models in New

ZealandWhite

rabbits

1. Suitable degradation.

2. Good biocompatibility.

3. Promoted bone regeneration.

Mike

Barbeck,

2020 [243]

AZ31 Mg meshes and

collagen membranes

(Jason Membran, Botiss

biomaterials GmbH)

HF-treatment

and embedded in

native collagen

membranes

0.5×0.5 cm2

18 skull implant

models in New

Zealand white

rabbits

1. Outstanding volume stability.

2. Good cyto- and biocompatibility.

Xin Du

2020 [244]

AZ31 Mg Alloy-

Reinforced PLA-

Integrated Membrane

HF-treatment

and integration

directly

30×5 mm/

120 μm

Cell Proliferation

Test

1. Appropriate degradation rate.

2. Better corrosion resistance.

3. Good cyto- and biocompatibility.

Just 
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Polymer

composite

membran

e

Hao Yang

Zhang,

2020 [227]

Fluoride-coated AZ91

reinforced PLA

membrane

HF-treatment

and hot pressing

12 ×2 mm/

0.15 mm
Cell viability

1. Superior mechanical properties.

2. Complete degradation.

3. Appropriate degradation rate and ion release.

4. Sustained cell viability.

Feilong

Wang

2025 [228]

Pure Mg-reinforced PLGA

collagen hybrid sandwich

membranes

Laser cutting

technology and

membrane

applicator

8×16 mm/

200 μm

Calvaria defect

models of 20 SD

rats and

mandibular defect

models of 10 SD

rats

1. Good shaping properties.

2. The inner layer: excellent space maintenance.

3. The out-layer: regulated degradation rate and

biocompatibility.

4. Good osteogenic effects.

Just 
Acce
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https://www.sciencedirect.com/topics/engineering/complete-degradation
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3.2 Zn and Zn Alloys

Zn is an essential trace element crucial for nucleic acid metabolism and signal transduction, with

a recommended daily intake of 8–11 mg for adults [245, 246]. Since 2011, Zn-based alloys have been

proposed as biodegradable implant materials, with validated applications in orthopedics and

cardiovascular fields [247]. Compared to Ti and Mg, Zn-based alloys offer distinct advantages for GBR

membranes [248, 249]: they exhibit favorable mechanical properties and degrade without hydrogen

gas release, eliminating subcutaneous emphysema risk associated with Mg [250, 251]. Released Zn²⁺

ions provide dual osteogenic and anti-resorptive effects, promoting osteoblast proliferation and

matrix synthesis while inhibiting osteoclast differentiation via RANKL signaling [252]. With a standard

electrode potential between Mg and Fe, Zn demonstrates moderate, tunable degradation without gas

evolution [253]. Its Young's modulus (108 GPa) can be optimized through alloying to better match

bone mechanics, while processed pure Zn exhibits 20-60% elongation for easy intraoperative shaping

[254]. Zn also integrates anticoagulation properties with osteogenesis, enabling timed functional

transition from early thrombus prevention to subsequent bone regeneration [255-257].

Major limitations and challenges of Zn as a GBR membrane material [249]: Zn ions have a

narrow therapeutic window: concentrations below 60 μmol/L enhance cellular activity, while levels

exceeding 140 μmol/L inhibit proliferation and may cause DNA damage [258]. Micro-galvanic

corrosion in alloys can accelerate ion release, requiring controlled release strategies. Zn is also

susceptible to stress corrosion cracking in physiological environments, with studies showing 13.6%

strength reduction after 20 days in Hank's solution under strain. Additionally, static in vitro models

may overestimate toxicity, as dynamic physiological conditions can mitigate adverse effects,

necessitating long-term in vivo validation.

Optimization strategies include developing low-toxicity binary alloys (e.g., Zn-Mg/Ca/Li) to

balance osteoinduction with safe ion release [259]; surface functionalization through micro/nano-

structured coatings; and 3D printing for personalized pore structures [251]. Zn-based GBR

membranes demonstrate significant potential for complex bone defect repair due to their osteogenic

promotion, hydrogen-free degradation, and mechanical adaptability. Clinical translation requires

overcoming challenges in controlled ion release, stress corrosion resistance, and precise toxicity

modulation.
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The current research status of Zn and Zn alloy-based GBR membranes is summarized as follows

(Table 2):

① Pure Zn: Hui Guo et al.[260] evaluated pure Zn membranes with different pore sizes (non-porous,

300 μm, 1000 μm) against titanium controls in rat calvarial defects. The 300 μm pore membrane

demonstrated osteogenic capacity comparable to non-porous titanium, establishing pure Zn as a

promising GBR material with suitable degradation rate and mechanical properties amenable to

alloying enhancement (Figure 7a-c). Kai Chen et al. [261] investigated pure Zn degradation in

artificial saliva simulating membrane exposure scenarios. After 28 days, the degradation rate was

approximately 31.42 mm/year, with corrosion products including zinc phosphate (Zn₃(PO₄)₂),

calcium phosphate (CaP), and zinc oxide (ZnO). Pure zinc GBR membranes (50 μm thick, with pore

sizes of 300/600 μm) still exhibit an ultimate tensile strength of more than 50 MPa after being soaked

in simulated body fluid (SBF) for 45 days even following U‑ bending (significantly superior to

commercial absorbable membranes), meeting the clinical application standards for GBR [262].

② Zn alloy

Zn-Cu alloy: Ping Li et al. [263] evaluated as-rolled Zn-xCu alloys (x=1,2,4 wt%) for

craniomaxillofacial fixation. Zn-4Cu exhibited superior mechanical properties with uniform corrosion

morphology and no significant cytotoxicity. Released Zn ions promoted osteoblast and periosteal cell

proliferation while inhibiting oral multispecies biofilms. Wentai Zhang, et al [264] developed Zn-

0.5Cu-xFe alloys via hot extrusion. Zn-0.5Cu-0.2Fe achieved optimal strength-ductility balance (202.3

MPa UTS, 41.2% elongation) with accelerated but uniform degradation, no cytotoxicity, and inhibited

bacterial adhesion (Figure 7d).

Zn-Li alloy: Yu Zhang et al. [265] prepared 0.1 mm Zn-0.8Li-(Mg,Ag) alloys via casting and hot

rolling. Zn-0.8Li-0.2Ag exhibited refined equiaxed grains (2.3 μm) with homogeneous LiZn₄

nanoprecipitates, achieving 97.9% elongation, superior corrosion resistance, and good

biocompatibility. Ultrahigh pressure supersaturated solid solution treatment effectively eliminates the

LiZn4 phase in Zn-Li alloys, resulting in uniform degradation and significantly enhanced strength and

formability [266]. The released Li+ ions exhibit anti-inflammatory effects and promote bone healing,

demonstrating great potential for application in biodegradable oral materials such as GBR membranes.

Zn-Fe/Zn-Mg alloy: Ying Liu et al. [267] fabricated Zn-0.5Fe membranes via powder sintering and

rolling, achieving refined microstructure and reduced micro-galvanic corrosion. Xin Chu et al. [268]

Ju
st

 A
cc

ep
te

d



43

developed Zn-0.5Fe-0.05Mg and Zn-0.5Mg-0.05Fe membranes. Tensile strengths reached 331.2 MPa

and 352.2 MPa (vs. 88.9 MPa for pure Zn) with elongations of 25.8% and 20.2%. Corrosion rates were

0.180-0.210 mm/year with grade 0-1 cytotoxicity. After 12 weeks in vivo, BV/TV ratios reached

30.3% and 65.5%, demonstrating exceptional osteogenic potential. By adopting the accumulative roll

bonding (ARB) method, ultrafine-grained Zn matrices reinforced by in-situ generated MgZn₂ and

Mg₂Zn₁₁ nanoparticles can be obtained by alternately stacking pure Zn sheets and Mg powder and

repeating rolling cycles. This alloy exhibits an ultra-high tensile strength of approximately 560 MPa, a

yield strength of about 540 MPa, and a uniform elongation of around 12%, which are far superior to

most conventional Zn alloys. Meanwhile, the refined microstructure can reduce the degradation rate,

and enhance biocompatibility, demonstrating great application potential in the field of high-strength

GBR membranes [269].

Zn-Ti alloy: Xin Chu et al. [270] fabricated Zn-0.5Ti-0.5Fe and Zn-0.5Ti-0.5Mg membranes.

Tensile strengths reached 145.3 MPa and 164.4 MPa (vs. 85.9 MPa for pure Zn) with elongations of

30.2% and 19.3%. Corrosion rates accelerated to 0.181-0.199 mm/year. After 12 weeks implantation,

BV/TV ratios reached 30.3% and 65.5%, confirming strong GBR potential.

Zn-Ca alloy: A common challenge in the application of Zn alloys for implants is balancing

antibacterial efficacy and biocompatibility. Xiangmin Li et al. [271] addressed the antibacterial-

biocompatibility trade-off in Zn-Ca alloys via bottom circulating water-cooled casting and rolling,

significantly refining CaZn₁₃ precipitates. The processed Zn-0.3Ca alloy achieved 49% elongation, the

highest among Ca-containing Zn alloys, with superior antibacterial activity against E. coli and S. aureus,

reduced cytotoxicity, improved degradation uniformity, and enhanced osteogenic induction.

In addition to the Zn alloys mentioned above, Zn alloys co-doped with bioactive elements like Ag

and Se (Zn-4Ag-2Se alloy) through casting and hot rolling can endow the membranes with favorable

mechanical properties, tunable degradation behavior, potent antibacterial activity, and even selective

antitumor performance, which are highly beneficial for infection inhibition and postoperative safety in

oral implantation [272].

③ Coating on Zn alloys

Wenjie Xu et al. [273] developed double-sided composite membranes (DSZM) by electrospinning

PCL/chitosan nanofiber layers on pure Zn mesh. DSZM exhibited ~25.6 MPa UTS (6× Bio-Gide), low

corrosion rate (17 μm/year), sustained Zn²⁺ release (~0.23 μg/mL/month), excellent

Ju
st

 A
cc

ep
te

d



44

cytocompatibility, osteogenic promotion, and antibacterial activity against S. aureus, with superior

performance in rat maxillary defects (Figure 7e). Kai Chen et al. [274] fabricated Mg/Cu-MOF coatings

on pure Zn, creating an alkaline microenvironment with Zn²⁺/Mg²⁺/Cu²⁺ release promoting calcium

phosphate deposition, osteogenesis, angiogenesis, and antibacterial effects (Figure 7f). Fanyu Yan et

al. [275] constructed bilayered ss-HMC/Zn membranes integrating hierarchically mineralized collagen

with Zn, providing mechanical barrier function and self-induced osteogenic microenvironment

without supplements (Figure 7g). Hongyan Tang et al. [276] deposited Nb₂C MXene coatings on Zn via

self-assembly, achieving controllable degradation, NIR-II photothermal response, >99% antibacterial

efficacy, free radical scavenging, and immunomodulatory capacity (Figure 7h).

④ 3D-printed Zn meshes

Yanping Liu et al. [256] fabricated personalized porous curved pure Zn meshes via laser powder

bed fusion, subsequently coating with chitosan/gelatin cryogel. This composite enabled nutrient

transmission, prevented fibroblast infiltration, maintained structural integrity > 60 days, and achieved

sustained Zn²⁺ release mitigating cytotoxicity while demonstrating osteogenic and anti-infective

capabilities (Figure 7 i, g).
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Table 2 Research progress of Zn-based GBR barrier membranes.

Raw

materials

Author

and year
Main materials

Manufacturer /

Preparation

Method

Size/

Thickness (mm)

Animal /

Clinical

experiments

Performance features

pure Zn

Hui Guo

2020

[277]

pure Zn membrane

(Pure Zn foil

(99.998% purity))

Laser cutting

technology

10×20 mm/ 30

μm (pore

diameter: 300 and

1000 µm )

Calvarial defect

models of 40 SD

rats

1. Laser cutting reduced the mechanical properties.

2. Suitable degradation rates.

3. Acceptable cytocompatibility and favorable osteogenic

ability.

Kai Chen

2021

[261]

Zn-based

membranes

(pure Zn bars (99.99

wt%))

Extruded pure Zn

bars

thickness of 1.2

mm

Cytotoxicity

test

1. The degradation rate: 31.42 μm / year.

2. The corrosion products: Zn3(PO4)2, Ca3(PO4)2,

CaHPO4, Zn5(CO3)2(OH)6, and ZnO.

3. Acceptable cytocompatibility.

4. High antibacterial activity (Porphyromonas

gingivalis).

Ping Li

2019

[278]

Zn-4Cu alloy
Melt-casting and

rolling

10×10 mm/ 1.8

mm

Cytotoxicity

test

1. Enhanced the mechanical properties.

2. Uniformmode of corrosion.

3. No apparent cytotoxic effect.

4. Inhibited abundant biofilm formation of mixed oral

bacteria.Just 
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Zn-Cu

Alloy

Wentai

Zhang

2021

[279]

Zn-0.5Cu-xFe

(x = 0.1, 0.2 and

0.4 wt%) alloys Melt-casting and

extruded

10×10 mm/ 1.5

mm

Cytotoxicity

test

1. Adding Fe reduces the elongation at fracture.

2. More uniform degradation behavior.

3. No cytotoxic effects.

Zn-Li

Alloy

Yu Zhang

2019

[280]

Zn-0.8%Li-(Mg, Ag)

alloys

Melt-casting and

hot rolled with

intermediate

annealing

Thickness of 0.1

mm

Cytotoxicity

tests and

proliferation

evaluation

1. Zn-Li-Mg alloy exhibited the highest yield strength and

ultimate tensile strength, but a lower elongation than

other alloys.

2. The corrosion rates were ranked as Zn-Li-Mg > Zn-

Li > Zn-Li-Ag.

3. Good biocompatibility.

Zn-Fe

Alloy

Ying Liu

2022

[281]

Zn-0.5Fe alloy

membrane

Powder sintering,

hot extruded and

hot rolling

16×16 mm/ 0.1

mm

Cytotoxicity

assays

1. More uniform fine microstructure.

2. Higher tensile strength.

3. Higher corrosion resistance.

4. Aadequate biocompatibility

Xin Chu

2025

[268]

Zn-0.5Fe-0.05Mg and

Zn-0.5Mg-0.05Fe

alloy GBR

membranes

Vacuum

atomization

process, reduction

process Fe

powders

20 mm/ 0.1 mm

8 skull implant

models in New

Zealand White

rabbits

1. Refined the grain size of the alloy.

2. Improved mechanical properties.

3. Faster corrosion rate (Zn-based alloys).

4. Grade 0-1 cytotoxicity.

5. Promoted bone growth.

Zn-Ti

Alloy

Xin Chu

2024

Zn-0.5Ti-0.5Fe and

Zn-0.5Ti-0.5Mg alloy

Powder

metallurgy, gas
20 mm/ 0.5 mm

New Zealand

rabbit cranial

1. Favorable mechanical properties.

2. Good degradability and biocompatibility.
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[282] GBR films atomization,

H2 reduction,

hydrogen

embrittlement

parietal defect

models

3. Zn-0.5Ti-0.5Mg had higher corrosion potential,

corrosion current density and corrosion rate.

4. Superior new bone growth ability.

Zn-Ga

Alloy

Xiang-Min

Li

2024

[283]

BCWC-rolled alloy

(Zn-0.3Ca)

Bottom circulating

water-cooled

casting (BCWC),

hot/cold rolling

10×10 mm/ 0.1

mm

Cytotoxicity,

osteogenic

differentiation

1. Elongation is the highest among Zn-Ca alloys.

2. Corrosion uniformity.

3. Antibacterial activity (E. coli and S. aureus).

4. Good osteogenic differentiation ability.

Coating

Kai Chen

2024

[274]

Bimetallic Mg/Cu-

MOF) coatings on

pure Zn (99.99

wt %) )

hydrothermal

method
20 mm

18

subcutaneous

Infection Model

in SD rats

1. Regulate the degradation rate and water stability.

2. Promoted osteoblast differentiation.

3. Enhanced the vascularization of endothelial cells.

4. Superior antibacterial activity.

Fanyu Yan

2025

[275]

Hierarchical

mineralized collagen

coated pure Zn

membrane

Acid etching,

micro polishing

pre-treatments,

self-assembly and

biomimetic

mineralization

10 × 20 mm/ 139

μm

Calvarial defect

models of 40 SD

rats

1. Barrier function and space maintenance capacity.

2. Relatively uniform degradation mode.

3. Promoted the migration and osteogenic differentiation

of BMSCs.

Hongyan

Tang 2025

[276]

Nb₂C MXene coated-

pure Zn (99.9%)

Drop coating and

vacuum drying

Coating thickness:

1.3-3.5μm

Subcutaneous S.

aureus

infection model

of 6 rats

1. Slow degradation rate with a reduction of 74%.

2. Antibacterial rate > 99% against E. coli and S. aureus;

3. Promoting soft tissue healing and bone regeneration;

4. Anti-inflammatory and antibacterial effects.
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3D

printing

Zn GBR

mesh

Yanping Li

u

2025[12]

1A gas-atomized

spherical pure Zn

powder

Electrophoretic

deposition, laser

powder bed fusion

additives

1 mm × 14 mm/

20 × 20 × 20 mm

Cytocompatibili

ty, osteogenic

capability

1. A complex and manufacturable curved surface.

2. Unit cell integrity and uniform stress.

3. Efficient nutrient transfer.

4. Inhibiting 100 % fibroblasts infiltration.

5. Osteogenesis and anti-infection capacity in vitro.

6. Reduced the biodegradation rate.
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Figure 7 Current research status of Zn-based alloys as a potential candidate material for GBR

membranes: (a) Macroscopic images of pure Zn membrane with 300 μm pores (left) and scanning

electron microscope (SEM) graphs of the corresponding magnified areas of yellow rectangles in left

(right). Reproduced with permission from Ref. [260], © Elsevier 2020. (b) Typical surface

morphologies of Zn membrane with 300 μm pores after immersion in Hank’s solution for 60 days.

Reproduced with permission from Ref. [260], © Elsevier 2020. (c) Representative micro-CT images

of pure Zn membrane with 300 μm after implantation for 6 and 10 weeks, respectively (New bone

formation areas were circled by yellow lines, and the edges of bone defect area were marked with

yellow arrowheads). Reproduced with permission from Ref. [260], © Elsevier 2020. (d) Schematic of

strategy to fabricate hot-extruded Zn-0.5Cu-xFe alloys as GBR membranes; Mechanical performance

of the hot-extruded Zn and Zn-based alloys; Relative cell metabolic activities of L929, Saos-2, and

TAg cells after 24 h of incubation with sample extracts determined by CCK-8 assay; Antibacterial

rates of pure Zn and ZnCuFe (0.2 wt%) alloy to both planktonic S. gordonii and mixed oral bacteria

after 12 h of incubation. Reproduced with permission from Ref. [264], © Elsevier 2021. (e)

Schematic illustration of bone-defect repair treated with GBR membrane, preparation process, and

photographs for biodegradable Single Zn mesh membrane (ZM), Single-sided complex PCL-CS Zn

mesh membrane (SSZM), and Double-sided complex PCL-CS Zn mesh membrane (DSZM).

Reproduced with permission from Ref. [273], © Elsevier 2024. (f) Schematic diagram of synthesizing

bimetallic Mg/Cu-MOF coatings on pure Zn discs. Reproduced with permission from Ref. [274], ©

American Chemical Society 2024. Digital photos of Mg/Cu-MOF-coated samples. Reproduced with

permission from Ref. [274], © American Chemical Society 2024. (g) ss-HMC was coated on the Zn

surface via a self-assembly strategy. Reproduced with permission from Ref. [275], © Wiley 2025. (h)

Schematic illustration of MXene coating deposition on Zn substrate surface, and schematic diagram

of MXene-coated Zn to control degradation for osteogenesis, soft tissue healing and antibacterial

activity. Reproduced with permission from Ref. [276], © Elsevier 2025. (i) The personalized porous

Zn substrate is designed using an adaptively unit-cell arrayed filling method to achieve a complex

curved surface shape while ensuring the integrity of unit cells and uniform stress distribution.

Subsequently, the Zn substrate is fabricated by laser powder bed fusion additive manufacturing and

serves as both the bracing structure and template for conformal electro-growth of CSG cryogel to

obtain the CSG/Zn composite membrane. Reproduced with permission from Ref. [284], © Elsevier
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2025. (g) Digital photos of the personalized morphology of the 3D-printed Zn substrate and CSG/Zn

composite membrane designed based on the shape of a patient’s alveolar bone defect (left);

Representative digital photos of the 3D-printed Zn substrate and CSG/Zn composite membrane

immersed for 60 days (middle); Alizarin red staining of 3D-printed Zn substrate and CSG/Zn

composite membrane at 21 days (right). Reproduced with permission from Ref. [284], © Elsevier

2025.

4 Novel GBR membranes

4.1 Advanced structural design

4.1.1 Asymmetric membranes

To address the distinct biological microenvironments of the soft tissue and bone defect sides,

asymmetric GBR membranes utilize interface-specific designs [11, 285]. The soft tissue interface

acts as a physical barrier against fibroblast migration while promoting tissue integration and

antibacterial protection. Conversely, the bone interface features topographies and chemistries that

facilitate protein adsorption and osteogenic differentiation [285]. Current asymmetric designs

include: ① Structurally asymmetric membranes. Inspired by natural nacre, researchers fabricated

bilayer membranes (dense nacre-like layer/porous layer) via self-assembly and ice-templating [286].

These exhibit superior mechanical properties and biocompatibility compared to Bio-Gide® (Figure

8a). ② Functionally asymmetric membranes: These multi-layers are loaded with different agents

[285]. A Janus-type GBR membrane was constructed by a stepwise electrospinning technique [54,

287]: The inner layer was composed of random gelatin fibers loaded with HAP for osteogenesis; the

outer layer consisted of aligned PCL nanofibers loaded with poly([2-

(methacryloyloxy)ethyl]trimethylammonium chloride-co-2-aminoethyl methacrylate hydrochloride)

(P(DMC-AMA)), resisting epithelial tissue invasion and bacterial infection (Figure 8b).

③ Asymmetric laminated composite membranes: Integrate membranes with different specific

functions into a single membrane. For example, an antibacterial layer-osteoinductive layer-

mechanical support layer composite membrane [11]. Preparation methods include solution casting,

phase inversion, freeze-drying/cryogelation, gas foaming, electrospinning, and 3D or 4D printing [11,

285].

4.1.2 Bioinspired structural membranes
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Bio-inspired GBR membranes emulate the multiscale features of natural tissues, such as pore

gradients and surface topographies, to optimize cell migration and nutrient transport. ① Spider

Silk-Inspired: Wenze Chen et al. [75] fabricated a double-layered silk fibroin membrane with cone-

shaped microporous passageways (CSMP-DSF membrane) (Figure 8c) containing tapered

microchannels within a smooth, dense layer, which guides rapid and directional liquid transport

from the dense layer to the rough, loose layer, offering excellent mechanical strength and anti-

bacterial adhesion comparable to Bio-Gide®. ② Nacre & Bouligand-Inspired: Shui Yuan et al. [288]

integrated nacre-like "brick and mortar" discontinuities into a fiber-based Bouligand structure

(Figure 8d). This nanocomposite (d-BLG) achieved a tensile strength of 12.43 MPa and superior

toughness of 6.70±0.63 MJ/m³, outperforming disordered or pure organic membranes. In rat

calvarial models, the d-BLG structure demonstrated significantly higher new bone volume than

commercial collagen membranes after 8 weeks.

4.1.3 Integrated barrier-scaffold membranes

Traditional GBR treatments combining membranes with bone grafts often fail in large defects

due to graft displacement and insufficient mechanical support. Integrating GBR membranes with 3-D

porous scaffolds offers a robust solution for reconstructing extensive soft and hard tissue

deficiencies [289]. ① Multifunctional Nano-networks: Shuyi Wu et al. [83] developed a dual-layered

system featuring a dense, N-halamine-functionalized BC layer to block fibroblasts and bacteria,

paired with a loose CS-HAp micro-network. This loose layer conforms to bone defects, creating a

pro-osteogenic microenvironment. ② Gradient Scaffolds: Li Yuan et al. [290] fused an electrospun

PLGA/fish collagen membrane with a 3D-printed PLGA/nHAp scaffold. This biodegradable gradient

structure effectively guided oral tissue regeneration in beagle dog models (Figure 8e). ③

Periosteum-Bone Mimicry: Inspired by the natural periosteum-bone complex, Jiye Zhang et al. [291]

utilized personalized negative molds and phase separation to fabricate a hierarchical PLGA/BCL

scaffold. Similarly, Mengqi Zhang et al. [291] designed a hierarchical structure where a dense surface

prevents soft-tissue invasion, while a loose underside promotes protein adsorption. The internal

macropores, synergized with loaded baicalein, further stimulate angiogenesis and osteogenesis

(Figure 8f).
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Figure 8 New-generation structural designs of GBR membranes: (a) The bilayer nanocomposite

membrane consisting of a porous layer and a dense nacre-like layer. Reproduced with permission

from Ref. [286], © Elsevier 2019. (b) Schematic of the sequential fractional electrospinning process

of hierarchical Janus nanofibrous membrane: The inner layer is random gelatin (GEL) nanofibers

loaded with HAp, and the outer layer is oriented polycaprolactone (PCL) nanofibers loaded with P

(DMC-AMA), and genipin cross-linking is used to improve stability and mechanical properties.

Reproduced with permission from Ref. [54], © Wiley 2021. (c) Double-Layered Silk Fibroin

Membrane with Cone-Shaped Microporous Passageways (CSMP-DSF membrane): the smooth

surface (S-surface) is oriented towards the soft tissue, and the rough surface (R-surface) faces the

bone defect area; SEM images of the smooth surface (top), the rough surface (bottom), conical

microporous channels (top) and a cross-section of CSMP-DSF membrane (bottom); after grafting the

defects (alveolar bone defects in cynomolgus monkeys) with bone substitute material, the CSMP-DSF

membrane was positioned over the defect site and secured with membrane screws (top), and the

wound margins were then meticulously sutured (bottom). Reproduced with permission from Ref.
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[75], © Wiley 2024. (d) Schematic illustration of bioinspired design of a multicomponent nacre-

inspired discontinuous bouligand (d-BLG) membrane; Cross-sectional SEM image of the d-BLG

membrane showing a corrugated pattern; Digital photographs of d-BLG membrane; shape

conformable capabilities of d-BLG membrane. Reproduced with permission from Ref. [288], © Wiley

2025. (e) PFC/PHA integrated scaffold prepared by electrospinning and 3D printing, the integrated

scaffold prevents undesirable cell migration and provides a stable space for bone repair. Reproduced

with permission from Ref. [290], © Springer Nature 2024. (f) Schematic illustration of personalized

fabrication and bone repair processes of PLGA/BCL-S with hierarchical porous structure.

Reproduced with permission from Ref. [291], ©Wiley 2024.

4.2 Smart responsive GBRmembranes

Smart responsive GBR membranes represent a paradigm shift from static barriers to dynamic

sensing-decision-execution systems. By integrating stimuli-responsive molecules (e.g., pH-sensitive

MOFs) and nano-intelligent carriers (e.g., light-responsive liposomes) into GBR substrates, these

adaptive scaffolds detect biochemical cues, such as inflammatory pH drops or thermal shifts, to

trigger "on-demand" therapeutic release.

①Stimuli-responsivemechanisms.

Enzyme/infection-responsive: To minimize systemic toxicity, Min He et al. covalently grafted

metronidazole (MNA) onto gelatin nanofibers via ester linkages, forming an insoluble prodrug (Pro-

MNA). This bond remains stable under physiological conditions but specifically hydrolyzes in the

presence of bacterial esterases, ensuring targeted, long-term antibacterial efficacy (Figure 9a) [292].

pH-responsive: Yiyuan Xie et al. developed a bilayer PCL/Col/ZIF-8 composite membrane

(Figure 9b). This system utilizes the pH-dependent release of Zn ions from metal-organic

frameworks (MOFs) to synergistically promote angiogenesis and bone regeneration [293].

Light-responsive: Electrospun PLLA membranes doped with black phosphorus (BP) and

calcium peroxide (CPO) utilize NIR (808 nm) laser irradiation to induce photothermal effects,

accelerating phosphorus release and osteogenesis [294]. Advanced scaffolds using AIE nanoparticles

and BP nanosheets (AIE NPs@BP NSs@FSs) further modulate the immune microenvironment by

promoting M2 macrophage polarization and eliminating biofilms under NIR-II irradiation (Figure

9c) [295].

②4D printing and shape memory
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4D printing advances GBR by creating scaffolds that evolve in shape or function over time in

response to external stimuli (such as heat and light) [296-300]. However, existing 4D printed

scaffolds have problems such as inappropriate deformation conditions (e.g., excessively high

transformation temperature), inherent hydrophobicity, and lack of bone regeneration function [301].

Xiaodong Guo et al. [302] fabricated a dual-tunable scaffold using direct ink writing (DIW). By

compounding a hard PLMC/nHA framework with a soft nHA@PDA/GelMA hydrogel, they achieved

an ideal transition temperature (38.8°C) matching human physiology, and shape memory

functionality (97% fixation, 90% recovery) triggered by NIR/thermal stimuli, and continuous release

of pargyline (PGL) to drive osteogenic differentiation (Figure 9d).
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Figure 9 (a) Schematic illustration of the trilayer functional membranes (pro-MNA loaded gelatin

aligned nanofiber/PCL random nanofiber/Gelatin aligned nanofiber) in displaying their functions

for improving bone regeneration performance. Reproduced with permission from Ref. [292], ©

Elsevier 2020. (b) Fabrication process of the asymmetric bilayer PCL/Col/ZIF-8 composite

Ju
st

 A
cc

ep
te

d



57

membrane: The membrane was prepared by electrospinning a PCL/Col polymer blend (mass ratios

of 1:1 and 1:1.5), followed by the in situ hydrothermal growth of ZIF-8 crystals on one side of the

bilayer structure. Reproduced with permission from Ref. [293], © Wiley 2021. (c) Schematic

illustration of the fabrication and therapeutic mechanism of AIE NPs@BP NSs@FSs for treating

infected cranial bone defects in rats. Reproduced with permission from Ref. [295], © Wiley 2025. (d)

Schematic illustration of the concept of the morphology and function dual-adjustable 4D-printed

scaffold composed of a hard 4D-printed shape-morphing framework and a soft functionalized

hydrogel for the regenerative repair of complex bone defects in the oral and maxillofacial region.

Reproduced with permission from Ref. [302], ©Wiley 2025.

4.3 Electroactive GBR membrane

Biopiezoelectric materials generate localized currents in vivo, restoring the physiological

electrical microenvironment to accelerate bone regeneration [303, 304]. Common matrices include

PVDF, PLLA, and silk fibroin, often enhanced with piezoelectric fillers like barium titanate (BT) or

boron nitride nanotubes (BNNTs).

Key research highlights include: ①Enhanced bioactivity: PVDF/PCL/HA nanofibrous scaffolds

exhibit 20% higher piezoelectric performance than PCL, leading to a 12% increase in mineralization

and alkaline phosphatase activity [305]. ② Rapid regeneration: BT/PLA composite membranes with

optimized d₃₃ coefficients (7.03 pC/N) have demonstrated near-complete closure of rat calvarial

defects within 12 weeks, with bone density approaching normal tissue [306]. ③ Ultrasound-driven

therapy: PGBT membranes under 100 mW/cm² ultrasound stimulation generate a 130 mV

piezoelectric voltage, providing antibacterial effects and osteogenesis without additional poling

[307]. Similarly, bilayer PLLA/PLLA-ZnO membranes leverage the synergy of piezoelectricity and

Zn2+ release to achieve anti-inflammatory and regenerative goals (Figure 10a) [308]. The most

reported piezoelectric GBR membranes are currently fabricated using electrospinning technology

(Figure 10b), 3D printing and solution casting technique [309]. Future development requires

optimizing signal precision, mechanical properties, and biocompatibility through interdisciplinary

mechanistic studies.

4.4 Nanomaterial-based GBR membranes

Integrating advanced nanomaterials into GBR membranes offers transformative improvements

in conductivity, mechanical strength, and bioactive delivery. ① MXenes: These 2D transition metal
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carbides/nitrides offer exceptional electrical conductivity and hydrophilicity [310-312]. Sijie Wan et

al. [313] fabricated densified MXene films with extraordinary tensile strength (755 MPa) and

toughness (17.4 MJ·m⁻³), using roll-to-roll doctor-blading (Figure 10c). These films demonstrate

superior electromagnetic shielding and photothermal conversion. Furthermore, combining MXene

with BC significantly improves membrane flexibility, biocompatibility, and degradation kinetics [84].

② Carbon-based nanomaterials: Graphene and carbon nanotubes (CNTs) are utilized primarily to

reinforce polymer matrices and enhance cell adhesion [314, 315]. For example, single-walled carbon

nanotubes (SWCNTs) dispersed in hyaluronic acid have been shown to selectively promote

osteoblast proliferation (Figure 10d). While promising, these applications remain largely in the

laboratory phase [315]. ③ Metal-Organic Frameworks (MOFs): MOFs provide high specific surface

areas and tunable porosity, serving as ideal carriers for growth factors and antibacterial agents

[316]. Their chemical versatility allows for smart responsiveness, such as pH-triggered drug release

to combat postoperative infections. When hybridized with traditional materials like collagen or PLA,

MOFs enhance membrane hydrophilicity and nutrient permeability, facilitating rapid integration

with host bone tissue [293].
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Figure 10 (a) Schematic diagram of the structure and applications of the double-layered

piezoelectric PLLA-ZnO composite GBR membrane. Reproduced with permission from Ref. [308], ©

Wiley 2025. (b) Design and fabrication of a biodegradable piezoelectric Janus membrane for

simultaneous antibacterial and bone regenerative therapy in periodontitis; Pure PLLA and

PLLA/Gelatin (PG) membranes were fabricated using electrospinning. Reproduced with permission

from Ref. [317], © American Chemical Society 2025. (c) Photograph of a roll of scalable sequentially

bridged MXene (S-SBM) film with a width of 25 cm; The S-SBM membrane outperforms existing

commercial and previously reported photothermal GBR membranes in osteogenic efficiency; 3D-

reconstructed micro-CT images of whole rat calvarial bone in S-SBM group. Reproduced with

permission from Ref. [313], © Springer Nature 2024. (d) Single-walled carbon nanotube membranes

accelerate active osteogenesis in bone defect. Reproduced with permission from Ref. [315], ©

American Chemical Society 2022.

4.5 Functional additives for GBRmembranes

To transition from passive barriers to bioactive scaffolds, functional materials are increasingly

incorporated into GBR membrane matrices to achieve multi-target therapy (Figure 11).

① Bioactive Substances and Osteoinduction: Inorganic compounds, including HAp, β-TCP, and

bioglass, are primary additives that stimulate osteogenic differentiation and regulate bone

remodeling through ion release (e.g., Mg²⁺, Zn²⁺, Sr²⁺) [318]. Due to their inherent brittleness, these

are typically integrated with polymers (e.g., PLA, PCL) in three configurations [18, 150]: Composite

Fillers: Blending particles into the matrix to enhance bioactivity and mechanical support. Surface

Coatings: Depositing inorganic layers to improve bone-tissue integration. Asymmetric Bilayers:

Utilizing a porous inorganic layer for bone ingrowth and a polymeric layer for soft-tissue exclusion.

Beyond minerals, the loading of cytokines and growth factors (e.g., BMP-2, VEGF) provides direct

signaling to accelerate regeneration. However, synchronizing the release kinetics and material

degradation with the pace of new bone formation remains a significant technical hurdle.

② Advanced antibacterial strategies: GBR membranes utilize both chemical and physical

strategies to realize antibacterial properties. Chemical Agents: Beyond traditional antibiotics, which

risk inducing resistance, researchers are incorporating metal ions (Ag, Cu, Zn). These generate

reactive oxygen species (ROS) to disrupt bacterial membranes while potentially promoting

osteogenesis. However, their release must be strictly controlled to avoid cytotoxicity [319]. Physical
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Therapies: Photodynamic Therapy (PDT) and Photothermal Therapy (PTT) utilize photosensitizers

or materials like MoS2 to eliminate bacteria via light-induced ROS or localized heat [320]. The

challenge lies in balancing bacterial eradication with the thermal or oxidative tolerance of

surrounding periodontal tissues.

③ Improving mechanical support: Natural and synthetic polymers often lack the compressive

strength required to maintain space for bone growth. Performance is enhanced by incorporating

inorganic reinforcing particles or employing advanced fabrication techniques like 3D printing,

electrospinning, and cross-linking to tailor porosity and stiffness. BMs (e.g., Mg, Zn) offer superior

mechanical support, though their rapid degradation requires precise tuning to match the

regenerative timeline.

④ Anti-inflammatory and synergistic modulation: Loading substances that modulate

inflammatory factors, such as non-steroidal anti-inflammatory drugs (NSAIDs, e.g., ibuprofen,

piroxicam), into the membrane can inhibit cyclooxygenase activity. This prevents the conversion of

arachidonic acid into prostaglandins, which are detrimental to periodontal regeneration, thereby

reducing the inflammatory response [321]. An electrospun poly(lactic-co-carbonate) (PDT)

composite nanofibrous membrane incorporating MXene and β-TCP via in situ doping, synergistically

enhancing bone regeneration through combined electrical stimulation and osteoinductive activity

[322].
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Figure 11 Supplemental additives commonly used to improve the performance of GBR membranes.

5 Prospects and challenges

5.1 Key future research directions

The evolution of GBR membranes is undergoing a paradigm shift toward intelligent integrated

systems, synergizing advanced materials science with digital health to achieve multifunctional,

personalized, and autonomous regenerative platforms (Figure 12).

① Multifunctional composite membranes: Integrating multiple technologies enables biomimetic

structures (electrospun nanofibers mimicking ECM, biomimetically mineralized membranes) and

combinations of diverse biomaterials to achieve synergistic antibacterial, anti-inflammatory, pro-

angiogenic, and osteoinductive effects [323, 324]. For instance, copper-loaded polydopamine-coated

Zn membranes, and MSCs or exosomes-loaded membranes.

② Smart responsive membranes: To synchronize therapy with biological healing, smart

responsive membranes utilize pH- or enzyme-sensitive triggers to release therapeutic agents, such

as lysozyme for infection control or PLGA-encapsulated BMP-2 for sustained osteogenesis [325, 326].

③ Personalized design: Leveraging patient CT data and 3D printing, membranes can now be

customized to fit complex bone defects precisely, reducing surgical adjustment time [327]. 3D-
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printed Ti mesh is in preclinical stages, and the printing of BMs (Mg, Zn) and polymers represents a

nascent but vital frontier.

④ Precision medicine: GBR membranes can be tailored according to patient-specific genetic

profiles (e.g., vitamin D receptor gene polymorphisms) or metabolic states (e.g., pro-inflammatory

microenvironments in diabetic patients). For instance, high Mg2+ release coatings can compensate

for low osteogenic activity, while antioxidant-functionalized membranes can mitigate the pro-

inflammatory microenvironments found in diabetic patients, advancing toward a one-patient-one-

membrane strategy.

⑤ Green manufacturing: Environmentally friendly biodegradable materials, via biosynthetic

processes or natural polymer modification, enable fully degradable membranes (e.g., BC-based),

reducing the environmental impact of non-resorbable materials.

⑥ Sensor-integrated membrane: Although wearable devices have been applied in rehabilitation

management, issues with patient compliance often hinder the effectiveness of real-time monitoring.

The integration of wearable sensors (e.g., pressure sensors, biomarker detectors) [328, 329] into

GBR membranes enables real-time monitoring of bone regeneration progress and early warning of

postoperative complications, thereby improving therapeutic outcomes, extending implant longevity,

and opening new avenues for the development of next-generation GBR membranes.

⑦ AI is revolutionizing GBR by optimizing the entire development-to-clinical chain. (a) Machine

learning enables high-throughput screening of material compositions, predicting how parameters

like pore size and degradation rates influence osteoblast adhesion [330]. Neural networks can

simulate in vivo degradation kinetics under mechanical loading, ensuring biocompatibility by

preventing premature membrane failure or inflammatory responses. (b) Deep learning algorithms

provide non-invasive efficacy assessments by analyzing CBCT/MRI data to quantify new bone

volume and density [331]. With > 90% concordance with histological findings, these models replace

invasive biopsies. Furthermore, AI identifies early imaging signals of complications, such as edema

or abnormal vascularity, to establish predictive risk models [332, 333]. (c) AI utilizes patient CT data

to construct 3D models for one-patient-one-membrane precision, optimizing scaffold geometry for

complex defects. When integrated with wearable sensors, machine learning enables dynamic

feedback, regulating the release of bioactive agents (e.g., BMP-2) based on real-time inflammatory

markers [329].
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Figure 12 Future development of GBR membranes toward intelligent integrated systems.

5.2 Major challenges

Despite rapid advancements, GBR membranes face multifaceted hurdles in clinical translation

and material performance (Figure 13).

① Optimization of material properties: A primary challenge lies in balancing competing

characteristics: high mechanical strength and barrier function often compromise the porosity

required for nutrient transport. Furthermore, achieving precise bioactivity regulation remains

difficult; growth factors must be released at specific dosages and timelines to promote osteogenesis

without triggering adverse immune responses. Additionally, matching degradation kinetics to

individual bone healing rates is complex, as healing capacity varies significantly based on patient

systemic health and the specific defect site.

② Advancements in manufacturing technologies: While 3D printing enables personalized

scaffolds, printing complex curved surfaces often results in uneven stress distribution or mechanical

failure. High-resolution printing of micro-pores also frequently suffers from blockage, hindering

scalability. Similarly, nanotechnology integration faces hurdles in achieving uniform nanoparticle

dispersion and ensuring the long-term toxicological safety of nano-enhanced matrices. Mass-

producing these complex, gradient, or multilayered architectures at a low cost remains a significant

technical barrier.
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③ Expansion of clinical applications: The interaction between GBR membranes and

combination therapies, such as immediate implant placement or orthodontic loading, warrants

further study to ensure membranes do not impede osseointegration or soft-tissue healing.

Furthermore, current membranes often struggle with high-difficulty cases, including severe bone

deficiencies caused by periodontitis or systemic comorbidities like diabetes and osteoporosis, which

fundamentally alter the local regenerative microenvironment.

④ Safety and long-term efficacy evaluation: The introduction of novel materials (e.g., carbon

nanomaterials, biodegradable Mg, or Zn alloys) necessitates rigorous validation. Beyond acute

cytotoxicity, research must address the long-term systemic impact of degradation byproducts. There

is currently a critical lack of longitudinal data (spanning decades) regarding the performance of

smart or composite membranes in diverse populations. Understanding late-stage biological

responses and long-term bone volume maintenance is essential for establishing these technologies

as the gold standard in regenerative medicine.
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Figure 13 The challenges that GBR membranes will face in the future.

6 Conclusions
GBR membranes are transitioning from passive physical barriers to active, intelligent

therapeutic platforms. While natural and synthetic polymers remain clinical staples due to their

biocompatibility and tunable degradation, BMs (Mg, Zn) are emerging as superior alternatives,

offering excellent space maintenance without the need for secondary surgery. Future advancements

lie in fourth-generation intelligent membranes that integrate flexible sensors and AI for real-time

postoperative monitoring and treatment. Despite challenges in balancing mechanical strength with

degradation kinetics, mass production, and clinical safety, these interdisciplinary innovations pave

the way for personalized, predictable, and precise bone tissue engineering.
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