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Abstract: Bone defect repair, particularly for critically sized defects, remains a formidable clinical challenge owing to the limitations 
of conventional bone grafts and single-functional scaffolds. Janus membranes, with their asymmetric structure and capacity for multi- 
functional integration, offer an innovative “all-in-one” solution for bone tissue engineering. This review systematically outlines recent 
advancements in Janus membranes for bone repair, focusing on three core aspects: nanofabrication strategies for achieving asymmetric 
properties (eg wettability, charge, and porosity), multi-functional designs that mimic the natural periosteum for guided bone 
regeneration, antibacterial activity, soft-tissue integration, and haemostasis, and clinical translation potential along with future 
perspectives. This review summarises the progress in the use of Janus membranes as multi-functional nanostructures for bone 
regeneration. It systematically introduces the manufacturing techniques for Janus membranes, such as the layer-by-layer method 
and ion-modification approaches. Furthermore, it focuses on the dual-functional and multi-functional designs of Janus membranes and 
their integration with nanotechnology. In addition, we delve into the current challenges (eg complexity in manufacturing processes and 
limited research on material mechanical properties) and propose potential solutions, such as intelligent manufacturing (eg 3D printing) 
and dynamic response systems. This review provides a comprehensive reference for the field and promotes the clinical translation of 
Janus membranes. 
Keywords: bone defect repair, Janus membranes, osteogenesis, bone tissue engineering, multi-functional integration

Clinical Challenges in Bone Defect Repair
Bones perform critical physiological functions, including physical mobility, protection of internal organs, and regulation of the 
haematopoietic microenvironment. This renewal occurs throughout people’s lives. Bone tissue possesses significant regen
erative capacity and can heal minor trauma.1,2 However, in clinical practice, bone defects occur due to severe trauma, tumours, 
and pathological conditions (such as osteoporosis, osteogenesis imperfecta, and congenital joint disorders). Bone defects 
cannot heal through repair mechanisms when they reach a critical size. This is due to factors such as disrupted blood supply, 
insufficient osteoblasts, poor mechanical stability, lack of growth factors, and impaired bone conduction and induction 
(Figure 1). 3–6 Therefore, bone defects represent a common and clinically challenging problem in fields such as orthopaedics, 
oral and maxillofacial surgery, and neurosurgery. Bone grafting is the clinical “gold standard” for treating bone defects. 
According to the latest data, bone grafting is the second most common tissue transplantation procedure worldwide, after blood 
transfusion.7 Globally, four million people require bone grafts or bone replacement surgery each year. In the United States, the 
number of patients with age-related bone diseases is projected to increase from 2.1 million in 2005 to 3.0 million by 2025. 
With an ageing population in Europe, fracture cases are estimated to increase by approximately 28% between 2010 and 2025. 
Furthermore, substantial treatment costs and loss of patients’ labour capacity impose a heavy socioeconomic burden. 
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Although the “gold standard” of clinical treatment is still based on autologous bone grafts, both autologous and allogeneic 
bone transplantation have drawbacks. Among patients undergoing autologous bone grafting, 20.6% of the cases will have 
problems, including complications, limited availability, longer operation time, additional surgeries, scars and pain at the donor 
site, and extended hospital stay.8,9 Allogeneic grafts also present significant challenges, including limited availability, 
immunogenicity, risk of disease transmission, and high cost, complicating clinical management.10–13

Meanwhile, when bone tissue encounters defects, the periosteum is often accompanied by inevitable damage.14 As an 
integral component enveloping the bone, the periosteum serves critical functions. It is a composite structure used for physical 

Graphical Abstract

Figure 1 Clinical challenges of bone defects.
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bone protection. This structure can serve as a mechanical sensor for sensing mechanical loads, a biochemical molecular 
library for initiating cascade signal transduction, an osteoblast ecological site for bone formation and repair, and an “umbilical 
cord” for nourishing bone tissue.15,16 The dense collagen fibre network of the periosteum itself provides a three-dimensional 
scaffold for adhesion, migration, and proliferation of the migrating cells. Meanwhile, periosteal coverage can prevent the 
growth of surrounding soft tissues and interfere with bony healing.17 In bone defects of critical size, the destruction of the 
periosteum is complete, and the recovery is difficult, which is also an important problem in bone defect repair.18,19

Clinical Application of Bone Tissue Engineering in Bone Defect Repair
Bone tissue engineering (BTE) is an alternative to bone grafting. It aims to promote the regeneration of natural tissues 
and cells by providing a temporary artificial scaffold/microenvironment.20,21 This graft contains all three components 
necessary for tissue regeneration, including bone-conduction scaffolds, bone-inducing signalling molecules, and 
osteoblasts.22,23 BTE provides a scaffold/microenvironment conducive to bone tissue growth/regeneration by simulating 
the extracellular matrix of bone tissue, supporting the formation of a new bone. These scaffolds degrade during the 
formation of new bone.4,24,25 Good BTE usually requires good biocompatibility, osteogenic biological activity, a three- 
dimensional porous structure, excellent mechanical properties, degradability, and processability.26–29

However, traditional BTE scaffolds often have only a single function, making it difficult to address complex clinical 
scenarios. For instance, hydroxyapatite (HA) is an important material in BTE.30 It is the main inorganic component of 
bone tissue and has good biocompatibility and bone-inducing properties. However, the excellent cytocompatibility of 
hydroxyapatite promotes the adhesion and growth of most cell types on its surface. Fibroblasts migrate and proliferate to 
bone defects and form a fibrous envelope, affecting the healing of bone defects.31,32

As mentioned earlier, the periosteum, an important bone structure, plays a significant role in bone repair.33–35 It 
comprises an outer fibrous layer and an inner cambium layer. The outer fibrous layer contains numerous fibroblasts, 
forming a dense collagen fibre network that serves as a mechanical barrier, tension maintenance, and physical barrier. 
The inner cambium mainly comprises numerous osteogenesis-related cells and matrix components that play a role in 
bone generation and repair.36,37 Traditional BTE often uses a single-material scaffold, such as HA ceramics and poly 
L-lactic acid (PLLA) porous bodies, which only provide static bone-conduction scaffolds. It is difficult to simulate the 
exquisite structure and highly complex dynamic functions of the natural periosteum.38,39 Therefore, new types of bone 
tissue-engineered scaffolds need to be developed.

Overview of Janus Membranes
The word “Janus” originated from the name of an ancient Roman god with two opposite faces, one looking forward to 
the past and the other to the future.40 Janus materials are a distinct class of composites characterised by an asymmetric 
chemical composition and spatially segregated functionalities. Janus membranes are an emerging concept in membrane 
science. Membrane materials exhibit asymmetry in morphology, structure, or chemical composition between the two 
sides. This implies that the membranes exhibit anisotropy in these properties across their two surfaces.41,42 Janus 
membranes were first introduced by Cheng and Wiersma in 1982. Since then, research on the manufacture of Janus 
membranes and improvement methods has increased rapidly.43 Currently, common Janus membranes are primarily 
categorised into two types. The first type is wettability differential membranes, characterised by one super hydrophi
lic/hydrophilic surface and one super hydrophobic/hydrophobic surface.44 Another type is the positively charged- 
negatively charged Janus membrane (charge differential Janus membrane), in which the two sides of the membrane 
have opposite surface charges.45 Other types of Janus membranes include those with chemical activity and porosity. This 
article reviews the preparation of Janus membranes and their applications in bone defect treatment.

Design and Fabrication Methods of Janus Membranes
Wettability-Differentiated Janus Membranes
Primary fabrication methods for wettability-differentiated Janus membranes include “A-on-B”, “A-off-B”, and “A-and-B” 
approaches.42
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“A-on-B” refers to the single-side modification of a base material using unidirectional deposition, spraying, light- 
driven modification, vacuum filtration, vapour modification, electrospinning coating, layer-by-layer (LbL) assembly, or 
plasma treatment.42,46–48

“A-off-B” refers to modify one side, then reverse to modify the opposite side using similar methods to achieve 
significant wettability contrast.42,49

“A-and-B” refers to the sequential fabrication of hydrophobic/hydrophilic layers, typically via electrospinning/ 
spraying. Although simple and efficient, this method carries the risk of layer delamination during long-term use owing 
to the inherent asymmetry in wettability.42,50,51 Figure 2 shows the electrospun fabrication of wettability-differentiated 
Janus membranes. Innovative techniques include femtosecond laser micromachining for etching microgrooves/pores on 
pre-stretched silicone, as well as monolithic gradient structures formed through hydrophilicity/hydrophobicity monomer 
gradients, which enable the one-step fabrication of hydrogel membranes with graded pore channels.52–54

In addition, plasma surface modification technology provides another important route for the direct and efficient 
construction of Janus interfaces with wettability contrast.55 As a “top-down” dry process, plasma treatment (eg, using 
radio-frequency oxygen plasma) bombards the material surface with high-energy particles. This process enables cleaning, 
etching at the nanoscale, and the introduction of polar functional groups, such as hydroxyl (-OH) and carboxyl (-COOH) 
groups, allowing precise and controllable alteration of the surface chemical composition and wettability of the material. 
The core advantage of this technique is that it can perform a unilateral treatment on a single-material membrane to 
achieve wettability reversal from hydrophobic to super-hydrophilic without the need to prelaminate two materials with 
different properties, thus simplifying the Janus membrane fabrication process. Concurrently, ion-modification technology 
can adjust the porosity and mechanical properties of a material, representing an efficient preparation pathway.56–58

Charge-Differentiated Janus Membranes
Membranes with opposite surface charges represent another important category, enabling directional ion transport and 
efficient separation in ion sieving, wastewater treatment, and battery separators.57 Naturally, cell membranes exhibit 
a typical Janus structure with a positively charged extracellular side, and a negatively charged cytoplasmic side, 
facilitating asymmetric ion transport.45,59,60 Common artificial charge-differentiated Janus membranes are bipolar 
membranes that combine anion-exchange membranes (AEM) and cation-exchange membranes (CEM) via lamination, 
forming bipolar interfaces. The fabrication methods include polyelectrolyte LbL assembly and membrane charge density 
modulation.61,62

Other Asymmetric Janus Membranes
Janus membranes exhibit opposing properties on their two sides. Besides wettability and charge, they include membranes 
with asymmetric conductivity, chemical activity, and porosity gradients. These three categories of Janus membranes have 
distinct preparation methods.63–66 For porosity/pore gradient asymmetry, spin coating-phase separation combined 
with electrospinning-gradient deposition are typically used. Chemically asymmetric versions utilise hydrogel in situ 

Figure 2 Schematic of layer-by-layer electrospinning of wettability-differentiated Janus membranes.
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polymerisation along with a dual-sided functionalised coating, whereas electrical conductivity variations rely on coating/ 
phase inversion paired with spray deposition of conductive materials.43

Janus membrane fabrication relies on diverse materials and processing techniques. The main polymer materials, 
manufacturing technologies, and characteristics commonly used in bone repair Janus membranes are summarised in 
Table 1.

Advantages of Janus Membranes in Bone Defect Repair
In regenerative medicine for bone defects, guided bone tissue regeneration (GBR) relies on the spatial maintenance and tissue- 
selective guidance functions of barrier membranes.75 In clinical practice, barrier membranes for guided bone regeneration are 
primarily classified as non-resorbable and resorbable.76,77 Non-resorbable membranes (such as polytetrafluoroethylene 
membranes) require secondary surgical removal and carry the risk of early membrane exposure and infection. However, 
owing to their exceptional mechanical and barrier properties, they remain an indispensable option for treating large, non- 
contained, or vertical bone defects.77,78 The advantage of resorbable barrier membranes over non-resorbable membranes is the 
elimination of the need for subsequent surgical removal. They are classified as natural polymers (collagen) and synthetic 
polymers (aliphatic polyesters). Among the available resorbable membranes, collagen membranes play a dominant role in 
clinical practice because of their solid scientific foundation and extensive clinical validation.79,80

However, current mainstream clinical barrier membranes (such as collagen and polytetrafluoroethylene membranes) 
are mostly homogeneous or simple bilayer structures, exhibiting significant limitations: their passive isolation properties 
make it difficult to dynamically regulate the bone repair microenvironment, and they lack the capacity for active 
intervention in osteoblast activity, angiogenesis, and the immune response;76 their antibacterial efficacy is limited, 
often requiring additional loading of antimicrobial agents; their capacity for immunomodulation is restricted, relying 
solely on the inherent properties of the material; and they lack proangiogenic effects. Scaffold materials widely used in 

Table 1 Comparison of Main Polymer Materials, Manufacturing Techniques, and Characteristics for Janus Bone Repair Membranes

Polymer 
Type

Representative 
Materials

Common 
Manufacturing 
Techniques

Advantages Disadvantages and Challenges

Synthetic 
polymer

Polylactic acid 
(PLA)67,68

Electrospinning, 
electrostatic spraying, 

phase separation, casting 

moulding

Excellent biocompatibility; Strong 
processability.

The degradation products are acidic. 
There are shortcomings in mechanical 

properties.

Polycaprolactone 

(PCL)31,69

Electrospinning, hot 

pressing, and casting 
moulding

Good biocompatibility; The 

degradation rate is slow and 
controllable.

It has a relatively weak osteogenic 

induction effect. Insufficient mechanical 
strength.

Polyurethane 
(PU)70,71

Chemical polymerisation, 
electrospinning

Good biocompatibility; Excellent 
mechanical properties; The surface is 

easy to functionalise.

The degradation performance is 
controversial. It cannot directly promote 

osteogenic differentiation.

Natural 

polymer

Collagen, gelatin72 In-situ mineralisation, 

freeze-drying, 

electrospinning (after 
cross-linking)

Unique nano-topological structure; 

Completely biodegradable; 

Outstanding bone regeneration 
performance.

The mechanical properties are extremely 

weak; The degradation rate is too fast; 

The extraction process is complex.

Chitosan and its 
derivatives73

Cast film forming, freeze- 
drying, shear flow self- 

assembly

Natural antibacterial activity; Good 
biocompatibility; The structure is easy 

to modify.

It has extremely poor water solubility and 
is complex to process. Weak mechanical 

properties.

Bacterial 

cellulose74

Nanofiber self-assembly 

and vacuum filtration

It is completely biodegradable and has 

strong processing adaptability. 

Outstanding mechanical properties.

Relatively weak biological activity; 

Aperture and connectivity limitations.
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BTE, such as hydroxyapatite and polylactic acid-based polymers, although possessing structurally biomimetic character
istics, lack effective physical barrier functions and cannot achieve precise separation between soft tissue and bone 
regeneration areas.68 Conventional electrospun nanofiber membranes can provide a physical barrier, but their single- 
component and homogeneous structures struggle to simultaneously integrate bioactive functions such as osteogenesis 
promotion, antibacterial activity, and immunomodulation.81

Leveraging their asymmetric structure and multi-functional integration characteristics, Janus membranes, through the 
synergistic design of materials science and biology, can combine multiple functions into a single entity, offering 
a breakthrough solution for bone defect treatment.49 Their core advantage stems from the meticulous selection of 
materials and structural design, which integrates a variety of seemingly contradictory functions, enabling active and 
precise regulation of the bone repair process (Figure 3).

Core Advantages: From Multi-Functional Integration to Biomimetic Design
Therefore, its value for clinical translation is highlighted by the following three core advantages: Multi-functional integration, 
simultaneous achievement of a physical barrier, local delivery of antimicrobial agents, and immunomodulation, significantly 
reducing the risk of postoperative infection recurrence; Enhanced Regenerative Efficacy for Complex Bone Defects: The 
sustained release of osteogenic factors from the functional layer can accelerate mineralised matrix deposition and shorten the 
healing period; Biomimetic Replacement of Natural Periosteum Function: The bilayer structure mimics the outer layer (dense 
fibrous barrier) and inner layer (osteogenic cambium layer) of the periosteum, providing a biomimetic repair template for bone 
defects (Figure 4). For example, in the dual-functional synergy of barrier and osteogenesis, a dense hydrophobic layer (such as 

Figure 3 Janus Membrane Dual-Functional Mechanism: Simultaneous Barrier Isolation and Osteogenic Microenvironment Regulation.
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PCL and PLA) effectively blocks fibroblast infiltration, and the dense PCL layer developed by Pan et al31 can isolate soft-tissue 
interference and provide a stable environment for bone regeneration. Functionally, bone regeneration is promoted by loading 
osteogenic active substances (such as HAp and strontium apatite). The functional side of the HAp/PLA membrane designed by 
Ma et al67 significantly induced osteogenic differentiation of human adipose-derived mesenchymal stem cells (hADSC). 
Sun et al82 fabricated an antibacterial PVP/ZIF-8 layer based on a previous study. It can rapidly release Zn2+ in the acidic 
environment of an infection to achieve precise local sterilisation, realising antibacterial, osteogenic, and barrier functions. 
Zhang et al’s PLA-metal-phenolic network (MPN) membrane has a dense surface that simulates the fibrous layer to block soft 
tissues, and the porous surface promotes vascularisation and osteogenesis through the Cu2+ -monic acid network.68 This design 
achieves the reproduction of “anatomy - function”. The double-layer design precisely replicated the functions of the outer and 
inner osteogenic layers of periosteum. Lai et al reported that the ferroelectric Janus membrane of Lai et al83 regulates the 
microenvironment through polarisation. The negative electrode surface promotes the osteogenic differentiation of BMSCs, 
whereas the positive electrode surface enhances the proliferation of fibroblasts and synchronises the repair of soft and hard 
tissues. In addition, Janus membranes integrate haemostasis and osteogenesis. The carboxymethyl chitin/HAP membrane 
features a dense B-side layer that rapidly absorbs water and concentrates coagulation factors.21 Simultaneously, the porous 
A-side layer provides an osteoconductive microenvironment for bone formation. This dual-function design addresses the 
problem of synergy between intraoperative bleeding control and bone regeneration.

Therefore, with its multidimensional functional integration, dynamic microenvironment regulation, and biomimetic 
structural design, the Janus membrane has emerged as a new-generation candidate material driving the advancement of 
GBR technology towards intelligence and precision, demonstrating its irreplaceable application potential in the field of 
complex bone defect repair.

Intrinsic Mechanism: The Internal Link Between Nanoscale Features and Biological 
Effects
The immense potential of Janus membranes for bone defect repair originates from the intrinsic link between their 
precisely designed nanoscale features and biological effects.84 By asymmetrically constructing the wettability, charge, 
porosity, surface topography, and chemical composition on the two sides of the membrane, Janus membranes create two 
biological interfaces at the nanoscale, achieving active “spatial programming” of cell behaviour and tissue regeneration 
(Table 2). These physicochemical properties act synergistically to form the theoretical basis for achieving the core 
function of “preferential selection of bone cells over fibroblasts”.85

Figure 4 Functional schematic of the Janus membranes.
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First, from the perspective of physical topography, the nanofibrous structure of the membrane surface can precisely 
mimic the physical environment of the natural extracellular matrix. By providing a smooth nano-topography, the dense 
side effectively inhibited the adhesion and migration of fibroblasts, functioning as a reliable physical barrier. Conversely, 
the porous or rough side provides critical anchoring points for osteoblasts by simulating the micro/nanomorphology of 
the bone matrix. This activates signalling pathways, such as those involving integrins, guiding osteoblasts to home, 
spread, and differentiate directionally towards the bone defect area.69,74 Furthermore, their controllable physical structure 
is more conducive to the loading and sustained release of drugs and various growth factors, making Janus membranes 
more comprehensive and better suited for addressing the complex bone defect environment.31

Building on this, the surface chemistry and charge characteristics further endow Janus membranes with intelligent 
cell-selective capabilities. The difference in hydrophilicity/hydrophobicity determines the directional transport of liquids 
and selectively regulates the adhesion behaviour of different cells by influencing the adsorption conformation of 
biological molecules, such as fibronectin.69,74 In addition, imparting opposite surface charges on both sides of the 
membrane can mimic the asymmetric charge distribution of the cell membrane. This design not only directly disrupts the 
negatively charged bacterial membrane through electrostatic interactions to achieve efficient physical antibacterial effects 

Table 2 Key Material Properties Regulating the Osteogenesis and Barrier Functions of Janus Membranes

Physical and 
Chemical 
Properties

The Mechanism of Action on the 
Osteogenic Functional Side

The Mechanism of Action on the Barrier 
Function Side

Representative 
Research

Porosity/pore 

size

High porosity/through channels: Promotes the 

migration of osteoblasts/stem cells, nutrient 
diffusion and vascularisation; It provides 

a three-dimensional space for extracellular 

matrix deposition and the growth of new bone.

Low porosity/dense structure: Physically blocks 

fibroblasts from penetrating; Form an effective 
physical isolation layer.

The PCL dense layer of Pan 

et al31 The porous collagen 
layer of Zhou et al74

Surface 

roughness/ 
topology

Micro-nano rough/ECM-like topology: Mimics 

natural bone ECM to provide more anchor 
points for cells; By activating various signal 

transduction pathways, the expression of 

osteogenic genes is directly upregulated.

Smooth surface: Reduces the adhesion sites 

available to cells; It is not conducive to the 
spread of fibroblasts and inhibits their 

proliferation and function.

Prajatelistia et al86 chitin 

nanofiber surface.

Wettability 
(hydrophilicity/ 

hydrophobicity)

Hydrophilic/super hydrophilic: Promotes 
protein adsorption and forms a protein layer 

conducive to cell adhesion; Enhance the initial 

adhesion and spreading of osteoblasts.

Hydrophobicity/super hydrophobicity: Adsorbs 
fibrinogen, etc, forming protein conformations 

that are not conducive to cell adhesion; 

Passively resist protein adsorption and cell 
adhesion.

The hydrophilic surface of 
HAp and the hydrophobic 

surface of PLA in Ma 

et al67

Surface charge Negatively charged surface: Electrostatic 
attraction of positively charged calcium ions 

(Ca2+) promotes heterogeneous nucleation of 

hydroxyapatite and accelerates mineralisation. 
Simulate the microenvironment of charged 

bone matrix.

Positively charged surface: It destroys the 
negatively charged bacterial cell membrane 

through electrostatic action, achieving physical 

antibacterial effects. It may inhibit the adhesion 
of negatively charged fibroblasts.

The polarised surface of 
ferroelectric materials of 

Lai et al83

Release of 

bioactive ions

Controllable release of various metal ions or 

bioactive substances, etc.: Cu2+: Significantly 

promotes angiogenesis and provides blood 
supply support for osteogenesis; Zn2+: It 

provides antibacterial functions while 

promoting osteogenesis; Ions, as signalling 
molecules, directly regulate the expression of 

osteogenesis-related genes within cells.

No or very little release of bone-promoting 

ions: The barrier side is usually composed of 

bioinert materials, lacking bioactive signals and 
unable to stimulate excessive soft-tissue 

proliferation.

Sr2+ release of Zhao 

et al.72 Zhang et al 

released Cu2+.68
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but also actively attracts positively charged calcium ions in vivo, creating favourable conditions for the heterogeneous 
nucleation of hydroxyapatite, significantly accelerating the osseointegration process.87

More importantly, loading functional nanomaterials, such as hydroxyapatite and strontium-apatite nanobelts, as active 
carriers onto specific functional layers is a core strategy for achieving multi-functional synergy and manipulating the micro
environment. These nanoscale components can continuously and controllably release bioactive ions (eg, Ca2+, Sr2+, Zn2+) during 
degradation. These ions act as key chemical signalling molecules that regulate the intracellular environment. By activating core 
osteogenic signalling pathways, such as Wnt/β-catenin and BMP/Smad, and simultaneously modulating the immune micro
environment, they precisely intervene in the entire bone regeneration process at the chemical level.72,74

Compared with traditional homogeneous or simple bilayer bone defect repair membranes (such as collagen or 
polytetrafluoroethylene membranes), the core advantages of Janus membranes are their asymmetric nanostructures and 
high degree of multi-functional integration. Traditional membranes primarily rely on a physical barrier for passive 
isolation, offering singular functionality, and struggle to simultaneously meet complex clinical needs, such as antibacter
ial activity, pro-angiogenesis, and immunomodulation. In contrast, Janus membranes achieve a paradigm shift from 
“passive barrier” to “active regulation” by constructing distinct physicochemical properties (eg wettability, charge, and 
porosity) on the two sides of a single membrane. This enables synchronous guidance of bone regeneration, inhibition of 
infection, and promotion of soft-tissue integration, providing a more precise and efficient “all-in-one” solution for 
repairing complex and infected bone defects. The design philosophy of Janus membranes begins at the nanoscale, 
integrating physical barriers, chemical signals, and bioactive factors into an asymmetric system, realising the “spatial 
programming” of the complex biological process of bone repair.

Current Applications of Janus Membranes in Bone Defects
Osteogenic and Barrier Functions
As the most fundamental and core functional design of Janus membranes, the “barrier-osteogenesis” dual-functional synergy 
serves as the cornerstone for achieving GBR.88 Fibroblast invasion during bone repair impedes osteogenesis. A barrier- 
covering defect is essential as a physical barrier and space maintainer.76,89,90 This section focuses on the design of Janus 
membranes that do not possess inherent active antimicrobial capabilities, primarily relying on their physicochemical proper
ties to achieve barrier and osteogenic functions, and elucidates the fundamental working principle of functional barrier 
membranes. Table 3 summarises the core design strategies of current Janus membranes for barrier and osteogenesis purposes.

Ma et al67 successfully prepared a different-impregnated Janus membrane composed of hydroxyapatite (HAp) nanoribbons/ 
polylactic acid (PLA) using the pouring method followed by osmotic evaporation. HAp is the primary inorganic component of 
bone tissue. Owing to its excellent biocompatibility and bone-inducing properties, it is the most important material used for bone 
repair and regeneration. Its excellent cytocompatibility facilitates the adhesion and growth of most cell types on the surface of 
HAp. Polylactic acid (PLA) is a biocompatible and biodegradable polymer. Its natural hydrophobicity may help prevent adhesion 
between the defect area and surrounding tissues. Therefore, the HAp/PLA Janus membrane can be used as a bone-inducing 
/barrier structure for BTE. The A-side (PLA) is hydrophobic and acts as a barrier to reduce the influence of soft tissues on 
osteogenesis. Its B-side (HAp) is hydrophilic and has high cytocompatibility, which can induce osteogenic differentiation of 
human adipose-derived mesenchymal stem cells (hADSC) without requiring additional growth factors.

Prajatelistia et al86 fabricated an impregnated differential Janus GBR membrane composed of a chitin nanofiber side 
(ChN) and a phosphorylcholine polymer-containing side (PMT). The surface of chitin nanofibers exhibits bone-inducing 

Table 3 Janus Membrane Design Strategies for Barrier/Osteogenesis

Design Technical Strategy Functional Mechanism

Barrier 
Mechanism

Hydrophobic materials, dense 
structure67,86

Reduces fibroblast invasion via hydrophobic/dense surfaces, enabling physical 
separation74

Osteogenic 
Activity

Inorganic ion release,31 charge 
modulation,91 biomimetic topography31

Ions (Sr2+, Ca2+)66 regulate osteogenic microenvironments; charge-related groups 
activate osteogenic pathways;74 ECM mimicry promotes osteoblast adhesion67
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properties that can induce bone regeneration, and the nanostructure mimics the extracellular matrix to promote cell 
adhesion, proliferation, and migration. 2-Methacryloyloxyethyl phosphorylcholine (MPC) contains amphoteric groups 
that simulate the hydrophilic head groups of biological membranes and can resist protein adsorption and cell adhesion 
induced by amphoteric ions. The MPC monomer can be copolymerised with the 3-(trimethoxysilyl) propyl methacrylate 
(TSMA) monomer via free-radical copolymerisation to obtain cross-linking sites. This copolymer is then anchored to 
chitin amines and hydroxyl groups to form a phosphorylcholine-containing polymer (PMT). The A-side (PMT side) 
inhibits the migration of fibroblasts or epithelial cells, accelerating the healing of the bone and injury site. In contrast, 
B-side (ChN) promotes bone injury repair by facilitating osteoblast adhesion and mimicking the extracellular matrix.

Pan et al31 efficiently and feasibly prepared Janus GBR membranes with asymmetric functional structures using a multi- 
layer solution-casting method. The membrane structure was adjusted by controlling the rate of solvent evaporation and the 
kinetics of bilayer solute self-assembly. This achieved the effect of isolating the soft tissue on one side and promoting 
osteogenesis on the other. Surface A comprised polycaprolactone (PCL). By taking advantage of its smooth, dense, 
hydrophobic, and bioinert surface, it mechanically supports and barriers soft tissues and is used as an isolation layer. The 
B-side comprised a composite layer of nano-hydroxyapatite (HAn)/PCL/polyethylene glycol (PEG) (B layer). Exploiting its 
rough surface, porosity, hydrophilicity, biocompatibility, and biological activity can guide the regeneration and mineralisation 
of bone tissues. The continuous release of calcium and phosphate ions during degradation promotes osteogenesis.

Zhao et al66 fabricated Janus GBR membranes with different porosities using the liquid permeation method. Based on the 
work of Pan et al,31 they innovatively introduced to promote bone regeneration. Polycaprolactone methacrylate (PCLMA) 
exhibits good biocompatibility and relatively slow biodegradation. It is often used as a scaffold material to provide mechanical 
support in BTE. PCLMA undergoes free-radical polymerisation under blue light and changes from liquid to solid.91,92 

Meanwhile, collagen fibres can undergo intramural mineralisation with various minerals in vitro. Intrafibrillar mineralisation 
has been proven to be a better scaffold for BTE, featuring a unique nanoscale topological structure, bone-like mechanical 
properties, and excellent bone regeneration performance.93 Zhao et al mineralised collagen using intramural strontium apatite to 
form the precursor of the membrane and then added PCLMA. In the uncured viscous liquid state, it penetrates and occupies the 
gaps between collagen fibres. Subsequently, when crosslinked with blue light, a nano-interlocking interface was formed. The 
resulting membrane had two sides, A-and-B. The A-side is a dense PCLMA layer that acts as a barrier to prevent fibroblast 
invasion. The B-side is a porous collagen layer that promotes osteoblast growth and releases strontium ions. Sr is an essential 
trace element in humans. It exerts a dual effect on bone metabolism by promoting bone formation and inhibiting bone resorption, 
promoting bone formation.

Zhou et al developed a simple strategy of vacuum-assisted filtration and etching to fabricate bacterial cellulose 
(BC)/Ti3C2Tx (MXene) Janus GBR membranes with different porosity. Similarly, Zhou et al introduced metallic titanium 
to promote bone repair.74 Ti is hydrophilic and highly biocompatible and promotes bone repair. Moreover, Ti3C2Tx MXenes 
are a new type of two-dimensional nanomaterial. Negatively charged functional groups promote osteogenic differentiation, 
generating a charged microenvironment suitable for bone healing. However, it is brittle and exhibits a rapid degradation rate, 
which is not conducive to its application in the field of GRB. BC can form hydrogen bonds with the functional groups on the 
active surface of MXenes and has good biocompatibility. Therefore, this combination enhanced the mechanic al strength and 
slowed the degradation rate. Zhou et al prepared a mixed dispersion of BC and MXene and added CaCO3 as a pore-forming 
agent. A porous layer was formed by vacuum filtration and drying. For the porous layer, the same method was used without the 
addition of CaCO3 to prepare bilayer membranes with different porosities. Therefore, the BC/MXene Janus GBR membrane 
has a dense surface on the A-side, which acts as a reliable physical barrier to prevent fibroblast infiltration, and a porous layer 
on the B-side, which promotes osteogenesis and osteoblast adhesion.

Osteogenic, Antibacterial, and Barrier Functions
Infection problems faced in bone defect repair are common in clinical treatment and remain a major problem to be solved 
for bone regeneration or delayed healing.94–96 As a multi-functional Janus membrane, it has certain advantages in 
promoting bone repair and exerting antibacterial effects. Several studies have been conducted on Janus membranes with 
bone-promoting and antibacterial barrier properties. The main categories, classified according to their antibacterial 
components, are listed in (Table 4).
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Natural Antibacterial Agents
Ma et al,73 based on the studies of Pan et al and Zhao et al, added antibacterial effects to surface A. Ma et al utilised 
a shear flow-driven LbL self-assembly method. This method is a coating fabrication technique based on the a-LbL 
method. This triggers the reconfiguration of the stretched polymer through negative pressure attractors and promotes the 
effective adhesion of the adsorption material. Airflow drying was performed on the surface of the substrate to improve 
the structural characteristics and uniformity.103 This method enabled the simple and efficient fabrication of the Janus 
GBR membrane. Side A comprised chitosan and polyacrylic acid (CHI/PAA). Chitosan is a natural antibacterial agent 
with good antibacterial properties. On side B, an in situ mineralisation composite with calcium-phosphate-collagen 
/polyethylene glycol (CaP@COL/PEG) layers mimicked the natural composition of bone tissue. This composite 
promoted osteogenic differentiation and enhanced the mechanical strength of the membrane.

Cationic Polymers
Zhang et al97 constructed a Janus fibrous membrane by electrospinning the classic amphiphilic block copolymer methoxy 
polyethylene glycol block-polylactic acid-glycolic acid (mPEG-b-PLGA).104 Through the secondary assembly of amphiphilic 
block copolymers and the photo-cross-linking of methacrylic gelatin (GelMA), a Janus GBR membrane was obtained. This 
membrane exhibits both wetting differences and different porosities. ε-Poly-L-lysine (ε-PL) is a natural cationic polypeptide 
with inherent stability, water solubility, biodegradability. Crucially, it demonstrated good antibacterial activity, effectively 
inhibiting bacterial proliferation during bone repair. Niobium pentoxide (Nb2O5) has excellent biocompatibility, promotes 
osteogenesis, and increases hydroxyapatite deposition, exhibiting advantages in bone repair. In addition, it promotes the 
activation of anti-inflammatory macrophages, creating a favourable osteoimmune environment for osteogenic differentiation. 
Zhang et al added Nb2O5 particles to an mPEG-b-PLGA solution and performed ultrasonic treatment and electrospinning to 
form a loose, porous, and hydrophobic A-layer. They also added ε-PL and GelMA to the mPEG-b-PLGA solution, mixed 
them, and electrospun the B layer using the layer-layer method. Photo-cross-linking was then performed to form a dense and 
hydrophilic layer B. Thus, resulting in the fabrication of a double-layer Janus GBR membrane. One layer (layer A) promoted 
osteoblast adhesion and osteogenesis. The other layer (layer B) has biological barriers and antibacterial effects.

Lin et al70 and He et al71 introduced quaternary ammonium salts (QASs) and bioactive dopamine (DA) into polyurethane 
(PU) to develop Janus GBR films with different surface roughnesses and hydrophilicities. QASs are bactericides with broad 
antibacterial spectra, good stability, and high antibacterial activities. Therefore, it is difficult for these bacteria to develop 
resistance. PU exhibits good biocompatibility and excellent mechanical properties. The introduction of dopamine fragments is 
a relatively simple and effective method for enhancing the biological activity. Substances inspired by mussel adhesion proteins 

Table 4 Classification and Properties of Antibacterial Components in Janus Membranes

Antibacterial 
Type

Representative 
Materials

Mechanism Advantages Disadvantages

Cationic 

Polymers

ε-Poly-L-lysine, 

QASs70,97

Electrostatic disruption of membrane 

integrity

High efficiency, broad 

spectrum, water solubility

Cytotoxicity, potential 

health risks

Metal 

Nanoparticles/ 

Ions

Mg2+, Ag+, 

Zn2+69,98–100

Disrupts bacterial metabolism/ 

physiology

Potent broad-spectrum 

efficacy

Cytotoxicity at high 

concentrations, resistance

Natural 
Antimicrobials

Chitosan 
derivatives73

Destroys membrane integrity, hinders 
DNA replication/transcription

Biocompatibility, 
biodegradability, moisture 

retention

pH-dependent activity, 
poor stability

Antibacterial 

Drugs

Quinolones, 

cephalosporins101,102

Inhibits nucleic acid synthesis, damages 

membranes

High specificity, efficacy, 

variety

Resistance, allergy/toxicity 

risks

Stimuli- 

Responsive 

Materials

Charge-responsive, 

pH-responsive99

Triggers antibacterial release via 

environmental changes (pH, ROS)

On-demand release, reduced 

side effects

Complex synthesis
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endow materials with strong adhesion, promoting cell adhesion. Simultaneously, dopamine can endow the material with 
excellent mineralisation and antioxidant capabilities. He et al utilised chemical polymerisation to place QAS with antibacterial 
properties on the upper surface and DA with rich biological activity on the bottom. Because of the difference in the number of 
nitrogen-containing groups, the upper surface was smooth, whereas the lower surface was rough and porous.104,105 Therefore, 
surface A (QASs) had an antibacterial and cell adhesion reduction barrier effect. The B-side (DA) has a multi-functional Janus 
membrane that promotes osteoblast adhesion, antioxidant properties, and mineralisation.

Metal Nanoparticles
Wang et al69 fabricated Janus GRB composite films with different porosities of dimagnesium/polycaprolactone (Mg- 
MgO/PCL) using electrospinning. Magnesium exhibits mechanical adaptability, biodegradability, and antibacterial 
properties. Mg2+ activates transient receptor potential (TRP) cation channels and Wnt signalling pathways. 
Consequently, it regulates the bone immune environment, promotes apatite nucleation, and induces biomineralisation. 
However, Mg degradation causes chronic cytotoxicity and generates hydrogen simultaneously. Rapid and excessive 
decomposition can cause the formation of cavities in the body, delaying bone healing. MgO (Magnesium Oxide) 
nanoparticles mitigate hydrogen-related tissue damage by releasing antibacterial and reactive oxygen species. PCL has 
good biocompatibility and a relatively slow biodegradation rate. This is common in BTE and can slow the penetration of 
corrosive ions and premature corrosion of Mg. Wang et al first fabricated Mg/PCL composite membranes by hot pressing 
embedded Mg sheets. Subsequently, electrospinning was used to deposit an MgO NP-PCL mixture onto the composites, 
producing Mg-MgO/PCL Janus GBR membranes. The A-side of the membrane was a dense casting layer, and the Mg 
sheets and MgO/PCL layers enhanced protection against fibroblast penetration. It also exhibits antibacterial effects. The 
B-side is a porous layer of PCL containing Mg2+, which promotes the adhesion of osteoblasts and simultaneously induces 
biological mineralisation.

Cheng et al98 and Li et al99 developed double-layer piezoelectric PLLA–zinc oxide (ZnO) composite Janus GBR films 
with different charges to promote bone formation during periodontal surgery. ZnO nanoparticles exhibit excellent biocompat
ibility, strong antibacterial properties, and potential to enhance piezoelectric performance. Cheng et al prepared PLLA and 
PLLA layers containing ZnO via electrospinning, and bonded these membranes with type I collagen. Thus, a PLLA-ZnO 
Janus GBR membrane was obtained. Side A is a non-piezoelectric PLLA that is uncharged to prevent cell growth and acts as 
a barrier to prevent fibroblast infiltration. The B-side is ZnO-PLLA, a piezoelectric PLLA with a surface charge that can 
promote bone regeneration. In addition, Zn2+ is released. The released Zn2+, combined with the piezoelectric response, 
synergistically enhanced the antibacterial effect.

Huang et al100 prepared Janus barrier membranes with different bilateral roughness values based on chitin hydrogel for 
periodontal defect repair. Chitin is commonly used in the manufacture of biomaterial scaffolds in tissue engineering and has 
good biocompatibility. Dopamine (PDA) nanoparticles can effectively enhance bone regeneration by promoting cell adhesion 
and proliferation, regulating osteoblast and osteoclast differentiation, and influencing cell polarisation. Copper, a trace element 
crucial to human health, inhibits osteoclast activity by regulating immune cell function and plays an important role in 
enhancing osteogenesis. Hydroxyapatite (HAP) exhibits excellent biocompatibility and osteogenic effects. As a coating for 
implants, it has been proven to significantly promote bone regeneration. Huang et al first fabricated a chitin film and then used 
the rapid deposition technology of a CuSO4/H2O2 catalytic system to rapidly coat the surface with PDA nanoparticles.106 This 
system also allowed for further polymerisation with polysulfobetaine methacrylate (PSBMA) with an anti-adhesion ability to 
produce a smooth and anti-fouling surface. This process incorporates Cu ions into the hydrogel membrane. Finally, the gelatin- 
HAP solution was added to one side of the membrane to produce a Janus hydrogel. Surface A was a smooth PDA-PSBMA 
layer containing copper ions, which has antibacterial properties and reduces adhesion. Surface B is a rough gelatin-HAP layer 
that promotes cell adhesion and bone regeneration.

Sun et al82 developed a Janus membrane with different impregnations using uniaxial electrospinning. Polycaprolactone 
(PCL) is a biodegradable polymer with excellent mechanical characteristics. Its hydrophobicity enables the continuous release 
of the carrier. Polyvinylpyrrolidone (PVP) is a hydrophilic polymer used as a rapid-dissolution matrix carrier in various drug 
delivery systems. Zeolitic Imidazolate Framework-8 (ZIF-8) nanoparticles (ZIF-8 NP) are biocompatible metal-organic 
frameworks composed of zinc ions (Zn2+) and 2-methylimidazole (MIN). They decompose rapidly in acidic solutions and 
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exert antibacterial effects by releasing antibacterial Zn2+ and MIN into the acidic microenvironment of bacterial infections. 
Tacrolimus (FK506) enhances osteoblast differentiation and mineralisation in vitro and in vivo by activating the BMP 
signalling pathway. Sun et al prepared mixed solutions of PCL and FK506 (solution A) and PVP and ZIF-8 NPs (solution 
B). Solutions A-and-B (1:1 v/v) were then transferred to syringes and left undisturbed to form layers. Subsequently, 
electrospinning was used to fabricate the PCL/PVP/ZIF-8/FK506 Janus nanofibers. The A-side is hydrophobic PCL and 
FK506, which can achieve continuous drug release and provide continuous osteogenic stimulation. The B-side comprises PVP 
and ZIF-8 NPs, which can achieve rapid release in the acidic environment of bacterial infection to prevent bacterial infection. 
The small pore size of the electrospun nanofibers effectively prevented cell migration across the membrane barrier.

Loading Antibacterial Drugs
Moxifloxacin (MXF) is hydrophilic. It is a fourth-generation quinolone drug with broad-spectrum antibacterial activity, 
a long half-life, and few side effects. Icariin (ICA) is hydrophobic. As the main active compound in Epimedium plant 
species, it promotes the growth and proliferation of osteoblasts. Huang et al101 prepared nanofibers by separately 
blending hydrophilic MXF with PCL and hydrophobic ICA with gelatin. Subsequently, Janus GBR membranes with 
different wettabilities were assembled using layer-wise electrospinning. The A-side is a hydrophilic MXF, which has 
antibacterial properties and can prevent early infection and inflammation after membrane implantation. The B-side is 
a hydrophobic ICA that is released from the bottom layer in direct contact with the damaged bone and shows excellent 
performance in promoting bone regeneration. Furthermore, due to the significant hydrophilic difference between MXF 
and ICA, the Janus membrane showed rapid MXF release (≈80% at 21 days) but slow ICA release (≈30% at 21 days). 
This release profile enables early anti-infective effects and continuous promotion of bone regeneration in bone defects.

Xia et al102 prepared a Janus membrane with integrated fluid barrier, antibacterial, and osteogenic functions by 
electrospinning. It is an infiltrative differential membrane with a multi-layer structure used to treat cranial bone defects. 
Both dopamine (PDA) and calcium polyphosphate (CPP) promote the upregulation of multiple osteogenic genes, and 
PDA can chelate calcium ions to promote the formation of mineralisation layers. Xia et al prepared calcium polypho
sphate nanoparticles on the surface of polydopamine (PCPP NPs) and obtained nanoparticles with good biocompatibility 
and osteogenic ability. Cefazolin (CFZ) is the preferred drug for preventing neurosurgical infections. Xia et al prepared 
an osteogenic layer by electrospinning a composite solution of PCL, gelatin, and PCPP NPs. It has a hydrophilic 
structure, promotes osteoblast adhesion, and exhibits osteogenic properties. Subsequently, an antibacterial and fluid 
barrier layer was fabricated based on the osteogenic LbL. The antibacterial and fluid barrier layer comprises three layers: 
upper, middle, and lower. The upper and lower layers comprised the PCL. The central layer was an antibacterial layer 
injected with cefazolin (PCL-CFZ), which was also prepared by electrospinning. It is hydrophobic and prevents 
cerebrospinal fluid leakage. CFZ was continuously released to inhibit bacterial infections.

Dynamic Response Materials
Li et al99 used the “A-and-B” method to fabricate poly (L-lactide) (PLLA) (P)/(PLLA/gelatin) (PG) Janus membranes 
with charge differences to treat alveolar bone loss induced by periodontitis. This membrane is a piezoelectric material 
that can generate charges in response to mechanical strain.107 PLLA is a biodegradable, FDA-approved polymer 
designed to have piezoelectric properties. Gelatin has good biodegradability, and its degradation products are nontoxic 
to organisms. Li et al fabricated PLLA using electrospinning. PLLA and gelatin were dissolved in trifluoroethanol 
(TFE) and electrospun to produce PG using the same parameters as those used for manufacturing PLLA films. The two 
films were stacked and placed in a tablet press to obtain double-layer P/PG films through physical compression. 
Corona polarisation was performed to positively charge the P-side and negatively charge the PG side. The A-side of 
the PLLA/PG Janus membrane was positively charged (P) and exhibited strong antibacterial activity through electro
static interactions with negatively charged bacterial membranes. Meanwhile, the B-side is negatively charged (PG), 
which is conducive to the adsorption of cations such as Ca2+, promotes biological mineralisation, and facilitates the 
influx of Ca2+ into the cells, accelerating osteogenesis. Furthermore, given that teeth in the oral cavity are often 
subjected to chewing forces, the piezoelectric Janus membrane can generate a significant electrical output under these 
conditions.
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The Role of Janus Membranes in Promoting Bone and Soft-Tissue Repair
Severe bone defects are often accompanied by soft-tissue defects, and poor soft-tissue recovery can affect the prognosis. 
For example, the loss of soft-tissue barrier function increases the risk of infection. The reduction in blood supply and 
nutrients required for bone regeneration leads to the failure of bone regeneration or delayed healing.108,109 Therefore, 
a Janus membrane that can both promote osteogenesis and soft-tissue repair has emerged as a requirement.

Lai et al83 incorporated the function of promoting soft-tissue repair on surface A by forming a barrier layer. Lai et al 
first prepared ferroelectric P(VDF-TrFE) films using the solution-casting technology. Subsequently, these films were 
polarised between the electrodes and spray-coated with a (HAn) (P)/(PLLA/gelatin)/PCL/polyethylene glycol gold layer 
to enhance the electrical conductivity. Therefore, Janus GBR membranes with charge differences (Janus electro- 
microenvironments (JEM)) were fabricated. The negatively polarised JEM (-) membrane effectively promotes osteogenic 
differentiation in bone marrow mesenchymal stem cells (BMSCs). This effect has been experimentally linked to the 
stimulation of mitochondrial autophagy. Mitochondrial autophagy triggers calcium-phosphate deposition. In contrast, the 
positively polarised JEM (+) membrane effectively enhanced fibroblast proliferation, migration, and differentiation. This 
effect was associated with increased mitochondrial oxidative phosphorylation.

Han et al87 fabricated a bone-inducing/barrier structure Janus GBR film with different specific surface roughnesses using 
a magnesium alloy and calcium hydrogen phosphate dihydrate (CaHPO4·2H2O)/magnesium fluoride (MgF2) by the “A-on-B” 
chemical transformation and deposition method. Magnesium ions (Mg2+) are closely associated with the healing of soft 
tissues. They improve the migration of human skin fibroblasts (HSF) and Haut Cancer Transformed (HaCaT) cells and 
promote the transformation of HSF into myofibroblasts, accelerating soft-tissue healing. DCPD [dicalcium phosphate 
dihydrate (CaHPO4·2H2O, denoted as DCPD)] has a relatively high solubility and can release more Ca2+ and PO4

3-, inducing 
osteogenic differentiation of stem cells, production of collagen-rich (osteoid) matrices, and matrix mineralisation. In addition, 
DCPD allows direct osteogenesis in the humoral environment. Han et al first immersed Mg sheets in hydrofluoric acid to 
generate a smooth MgF2 transition layer. Subsequently, polycarbonate was sprayed onto the outer surface as a protective mask, 
and a rough dicalcium phosphate dihydrate (DCPD) coating was chemically deposited. Finally, dichloromethane was used to 
dissolve and remove the polycarbonate layer on one side, exposing the MgF2 surface on side A and promoting fibroblast 
recruitment and adhesion. The B-side (DCPD) creates a favourable microenvironment for the adhesion, proliferation, and 
differentiation of osteoblasts to promote bone formation.

The Osteogenic and Haemostatic Effects of Janus Membranes
Bone defects often lead to bone haemorrhage, hindering surgery and causing serious postoperative complications. 
Therefore, it is important to design bone repair materials with haemostatic effects. Chitosan exhibits good solubility 
and biodegradability, making it a suitable biomaterial. Hydroxyapatite is the main inorganic component of bone tissue 
and has good biocompatibility and bone-induction performance. Based on this, Lv et al32 cast hydroxyapatite nanopar
ticles (HAP) on one side of Carboxymethyl chitin porous membrane (CPM) and conveniently fabricated (CPM-HAP) 
Janus GBR membranes with different porosities and no cross-linking agent. Surface A was a porous CPM layer 
containing HAP, providing a microenvironment for osteogenesis. The dense CPM-HAP layer on Side B served as 
a physical barrier that prevented epithelial cells and fibroblasts from infiltrating bone defects. Simultaneously, its 
exceptional water-absorption capacity enables rapid fluid uptake from the blood, concentrating coagulation factors to 
achieve a combined barrier function and haemostatic promotion.

Multi-Functional Integration of Janus Membranes
Clinically, bone defects are often complex and involve anatomical disruption, dysregulation of the defect microenviron
ment, biomechanical imbalance, and other issues.110 Consequently, bone defect repair frequently requires multi- 
functional materials to address these complexities. Janus membranes with multiple integrated functionalities are required 
for this purpose. Current research on multi-functional Janus membranes is highly active. The key advancements are 
summarised below, with representative studies detailed in Table 5.
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Integration of Metal Ions and Natural Compounds. Zhang et al68 fabricated a Janus membrane with different porosities 
using the LbL method, which integrates barrier, osteogenesis, anti-inflammatory, and angiogenic stimulation. Polylactic acid 
(PLA) has the advantages of low cost, ease of processing, and biocompatibility. MPNs are complex supramolecular structures 
formed by the coordination of metal ions and phenolic ligands. They have been widely studied as bioactive nano-coatings for 
implant modification, drug release, and stem cell differentiation. Metal ions, such as copper (Cu2+), are trace elements found in 
the human body. Tannic acid (TA), a naturally occurring phenolic molecule, promotes tissue healing by stimulating 
angiogenesis and stem cell differentiation. It also exhibits anti-inflammatory and osteogenic properties. Zhang et al fabricated 
porous polylactic acid films (PLAM) via evaporative phase separation. Subsequently, sequential immersion in TA and copper 
ion (Cu2+) solutions enabled the LbL assembly of an MPN nano-interface on the PLAM substrate. Surface A is a dense 
PLAM-MPN layer that serves as a barrier for bone regeneration, reducing soft-tissue invasion. Meanwhile, the surface 
B features porous PLAM with unidirectional evaporation-induced pores. This architecture enables the MPN coating to 
simultaneously exert osteogenic activity, stimulate angiogenesis, and exert anti-inflammatory effects at the porous interface.

Integration of Drugs and Bioactive Substances. Lu et al111 prepared a porosity-differentiated multi-functional Janus 
membrane via freeze-drying and cross-linking. Poly (lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL) 
possess excellent mechanical strength and biocompatibility, rendering them ideal scaffolds for tissue engineering and 
clinical applications. These copolymers form a dense structural barrier that restricts fibroblast infiltration into bone 
defects. Chlorhexidine (CHX) exhibits broad-spectrum antibacterial activity against both gram-positive and gram- 
negative bacteria. Epidermal growth factor (EGF) accelerates wound healing by stimulating fibroblast proliferation, 
migration, and re-epithelialisation. Basic fibroblast growth factor (bFGF) plays a key role in cell proliferation and 
promotes wound healing and fracture repair by stimulating vascular cell growth, tissue repair and angiogenesis. Lu et al 
electrospun a PLGA/PCL copolymer into a membrane (PP membrane) and incorporated CHX, EGF, and bFGF into 
a chitosan solution. This solution was freeze-dried and crosslinked onto a PP membrane to form a porous chitosan 
sponge (widely used for drug delivery and tissue engineering), yielding an integrated multi-functional Janus membrane. 
Side A (dense PP layer) acts as a barrier against fibroblasts.113 Side B (chitosan sponge loaded with CHX/EGF/bFGF) 
provides antibacterial action, promotes bone repair, stimulates angiogenesis, and facilitates soft-tissue regeneration.

Integration of Metals and Bioactive Ions. Cheng et al113 fabricated a roughness/wettability-differentiated Janus 
fibrous membrane using LbL-assisted electrospinning for GBR. Bone morphogenetic protein-2 (BMP-2) and acidic 
fibroblast growth factor (aFGF) synergistically induce bone regeneration and angiogenesis by modulating oxidative 
phosphorylation/glycolysis and upregulating osteogenic/angiogenic gene expression. Zinc oxide (ZnO) nanoparticles 
exert bactericidal effects by disrupting bacterial membranes and inhibiting cellular respiration and DNA replication. 
Cheng et al electrospun negatively charged gelatin@BMP-2-PLLA fibrous membranes alternately immersed in chitosan 
(CS, positively charged) and aFGF (negatively charged) solutions. The LbL process formed aFGF-CS multilayers on the 
surface, protecting its bioactivity and enabling sustained release. Directionally aligned PCL/PLGA@ZnO fibres were 
electrospun as the outer layer. The resulting Janus membrane featured Side A (outer layer) with hydrophobic, 

Table 5 Multi-Functional Integration Strategies for Janus Membranes

Integration 
Strategy

Representative 
Study

Core 
Components

Key Functions

Metal Ions + Natural 

Compounds

Zhang et al68 Cu2+/Tannic 

Acid (TA) MPN

● Barrier isolation
● Cu2+-induced angiogenesis • TA anti-inflammation/osteogenesis

Drugs + Growth 

Factors

Lu et al111 CHX + EGF + 

bFGF

● Mechanical barrier
● Spatiotemporal drug/growth factor synergy (CHX antibacterial, EGF soft- 

tissue repair, bFGF vascularisation) → Bone regeneration

Metal Ions + 

Osteoinductive 
Proteins

Cheng et al112 ZnO + BMP-2/ 

aFGF

● Hydrophobic antibacterial barrier (ZnO)
● Sustained BMP-2 release for osteogenesis
● aFGF synergises vascularisation
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directionally aligned PCL/PLGA@ZnO fibres that prevented epithelial invasion and bacterial infection. Side B (inner 
layer) comprised randomly oriented gelatin@PLLA nanofibers, enabling the sustained release of aFGF/BMP-2, which 
significantly promoted vasculogenesis and bone regeneration.

Analysis of the Current State of Mechanical Properties of Janus Membranes
Bone is a composite material with excellent mechanical properties, whose strength and modulus vary depending on the type 
and location, related to differences in geometry, the boundary conditions of mechanical testing, or different anatomical sites.114 

As a reference, from a mechanical performance perspective, the Young’s modulus of scaffolds should fall within the ranges of 
15 to 20 GPa and 0.1 to 2 GPa for cortical bone and cancellous bone, respectively; the compressive strength of cortical and 
cancellous bone should be between 100 to 200 MPa and 2 to 20 MPa, respectively.115–118 This significant mechanical disparity 
implies that an ideal bone repair material must possess mechanical properties matched to the target repair site: materials for 
load-bearing cortical bone defects require sufficient strength and modulus to replace its function, whereas for non-load-bearing 
regions or cancellous bone defects, the requirements for mechanical performance are relatively relaxed, with greater emphasis 
placed on biological activity.

Surveying the studies discussed in this chapter, the current research frontier for Janus membranes is primarily focused 
on multi-functional integration and regulation of biological activity. However, their mechanical properties, which are key 
indicators for their application in load-bearing bone defect repair, have rarely been sufficiently characterised or discussed. 
This status quo precisely reflects a stage in the field’s development where researchers seem to prioritise verifying the 
feasibility of their complex functionalities. A minority of researchers have not conducted corresponding investigations 
into the mechanical properties, whereas most of the remaining researchers focus on reporting the tensile properties of 
materials (such as tensile strength and elastic modulus) and severely lack a systematic evaluation of their compressive 
properties (such as compressive strength and modulus). Only Lu et al111 tested compressive strength and reported a value 
of 1.7 MPa, which is suitable for a non-load-bearing oral environment.

This imbalance in characterisation reflects the initial positioning of the Janus membrane within the current research 
community, primarily as a functionalised “barrier membrane”. However, bone primarily bears compressive loads in physio
logical environments. For Janus membrane designs that aim to address the challenge of load-bearing bone repair, compressive 
strength is the core indicator for maintaining the repair space and resisting internal pressure without collapse. The systematic 
characterisation and reporting of the compressive properties of Janus membranes are crucial for accurately assessing their 
load-bearing potential and establishing a complete structure–property–application database.

Selective Cell Adhesion and Osteogenic Differentiation Regulation of Janus 
Membranes
In BTE, scaffold materials are not only physical supports but also regulators of cell adhesion, proliferation, and differentiation. 
As described in the Chapter (Advantages of Janus Membranes in Bone Defect Repair), Janus membranes can achieve the 
selective recruitment and behavioural regulation of different cell types through their asymmetric physicochemical properties. 
This is the biological basis for their functional advantages. This section systematically summarises the cell types commonly 
used in Janus membrane research and their behavioural responses to Janus membranes, providing a cellular perspective for 
understanding their osteogenic promotion mechanisms.

Cell Types Commonly Used in Janus Membrane Research and Their Selection Basis
In related studies on Janus membranes, the following cell types have been widely used, each possessing different 
characteristics and research advantages.

Human mesenchymal stem cells are ideal seed cells for BTE because of their powerful self-renewal and multi
directional differentiation potential. Among them, BMSCs are the most extensively studied cell type, regarded as the 
classic cellular model for osteogenic differentiation, and are commonly used to assess the most fundamental osteoinduc
tive potential of materials.86 Adipose-derived stem cells are highly favoured for their ease of acquisition and wide 
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availability. For example, Ma et al67 used hADSCs to verify the osteoinductive capability of their HAp/PLA Janus 
membrane, proving that it could induce osteogenic differentiation of hADSCs without growth factors.

Periodontal ligament stem cells are commonly used in periodontal bone defect repair studies. hPDLSCs have become 
the preferred cell model because of their key role in periodontal tissue regeneration.67 The use of these cells can more 
accurately simulate the specific microenvironment of periodontal regeneration.

Mouse preosteoblast cell line (MC3T3-E1). This cell line is often used as a preliminary screening model for 
preclinical mechanistic research because of its stable phenotype and ease of culture. For example, Prajatelistia et al86 

and Zhao et al66 used MC3T3 cells to provide preliminary and efficient evidence of the osteogenic activity of Janus 
membranes, although their results require further validation using human cell models.

Cell Seeding, Biocompatibility, and Differentiation Efficacy Assessment
The fate of cells on Janus membranes directly determines the repair efficacy of the material. Existing research using 
a standard biological evaluation system has confirmed the biocompatibility and active osteogenic regulation of Janus 
membranes. Cells are usually dripped directly or seeded onto the functional layer of the Janus membrane (ie hydrophilic, 
porous, or negatively charged osteogenic surface) at a certain density for culturing. Cell viability is usually assessed 
using live/dead cell staining or kits such as CCK-8. Most studies have reported that the functional side of Janus 
membranes supports high cell viability and sustained proliferation, demonstrating their excellent biocompatibility.

The asymmetric design of Janus membranes effectively guides the spatial distribution of cells, leading to selective 
adhesion and spatial distribution of cells. For example, Prajatelistia et al86 showed that osteoblasts preferentially adhered 
to the chitin side with a nanofiber structure, whereas fibroblast adhesion was significantly inhibited on the phosphor
ylcholine-containing polymer side. This inherent cell selectivity is the cytological basis for Janus membranes to achieve 
barrier-osteogenesis separation. Janus membranes exhibit osteogenic differentiation and regulatory mechanisms. 
Research has shown that, compared to homogeneous membranes or material blank control groups, stem cells seeded 
on the functional side of Janus membranes exhibit a higher osteogenic differentiation rate. This was confirmed by early 
osteogenic markers, such as a significant increase in alkaline phosphatase (ALP) activity. RT-qPCR analysis revealed that 
the expression levels of core osteogenic genes (eg Runx2, OPN, and OCN) were significantly upregulated.68,107 Late- 
stage mineralised nodule formation, such as quantitative analysis through Alizarin Red staining, showed a significant 
increase in extracellular matrix calcium deposition.83

The underlying regulatory mechanisms are closely related to the physicochemical signals described in Chapter 
(Advantages of Janus Membranes in Bone Defect Repair). The porous/rough topological structure of Janus membranes 
promotes osteogenic differentiation by activating the integrin-FAK signalling pathway. The bioactive ions (such as Sr2+, 
Cu2+, and Zn2+) released from their functional layers drive the osteogenic program at the genetic level by activating core 
signalling pathways such as Wnt/β-catenin and BMP/Smad.66,69

Janus membranes are not passive carriers of cells but are active platforms for regulating cell behaviour. Through the 
precise design of their asymmetric structure, they can selectively support the adhesion and proliferation of osteogenesis- 
related cells (such as MSCs), efficiently promoting their differentiation into osteoblasts while inhibiting fibroblast 
infiltration, ensuring smooth progress of the bone regeneration process at the cellular level.

Current Challenges, Clinical Translation, and Future Perspectives
Although Janus membranes have numerous advantages in the treatment of bone defects, they still face challenges.

First, the Janus membrane manufacturing process often involves multiple complex steps. Processing methods such as 
electrospinning and electro-spraying require expensive equipment. Moreover, precise control of the membrane thickness 
remains challenging. Membrane thickness plays an important role and varies depending on the specific clinical applica
tion and defect site. Simultaneously, the moisture content, porosity, and surface charge of the membrane are often 
significantly related to the selected material and are difficult to control and tailor precisely. Currently, simple, efficient, 
fast, and controllable manufacturing processes are lacking.

Second, Janus membranes with different wettabilities are widely used in clinical practice. However, the inherent 
difference in wettability between the two sides of the Janus membrane compromises the interlayer adhesion strength. 
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This weak interfacial bonding frequently causes delamination during surgery, ultimately diminishing the functional 
efficacy. Simultaneously, hydrophilic materials may expand during use, further aggravating delamination. Delamination 
can compromise the structural integrity and functionality of membranes.

The working environment of the Janus membrane in vivo is more complex than that in vitro, and its working mode 
in vivo requires further investigation. For example, different materials on both sides of a Janus membrane typically exhibit 
different degradation rates. Can this difference in degradation rate affect bone regeneration and the repair of the surrounding 
soft tissues? There are more cell types in the body, and the conditions of cell metabolism, apoptosis, and regeneration are 
complex. Under such conditions, will the pores of Janus membranes with different porosities, commonly used in clinical 
practice, become clogged by metabolic products? Can the charge difference between Janus membranes with different surface 
charges diminish over time, affecting their therapeutic effects? However, these issues require further investigation.

Although Janus membranes demonstrate significant potential for functional integration, their ultimate feasibility for 
clinical applications, particularly in the repair of load-bearing bone defects, is limited by their mechanical properties. As 
intricate mechanical structures, cortical and cancellous bones exhibit an order-of-magnitude difference in modulus and 
strength. This necessitates that repair materials possess mechanical properties that are compatible with specific implanta
tion sites. Based on current research, the mechanical investigation of Janus membranes remains insufficient and lacks 
critical data essential for their application as load-bearing materials.

In addition, given the current manufacturing process for Janus membranes, their main application is in maxillofacial surgery, 
where bone defects are relatively small. It is less involved in the treatment of complex, large, and infectious bone defects.

Janus membranes, as rising stars in bone defect repair, have great potential in the treatment of bone defects. The 
authors’ outlook on the preparation and design of Janus membranes is presented below.

The fabrication processes for Janus membranes are complex and diverse. If Janus membranes are to be applied in 
clinical practice, large-scale production will pose a significant challenge, along with the issue of quality consistency 
between different batches. Therefore, the primary objective of this study was to develop a simple, efficient, and low-cost 
manufacturing process capable of large-scale production to precisely fabricate reliable Janus membranes.

Leveraging 3D printing technology enables precise anatomical matching of defect locations, sizes, and geometries. 
This capability facilitates the application of Janus membranes across diverse complex bone defects, enabling personalised 
targeted therapies.

Future advancements are anticipated in the manufacturing of multi-layer Janus membranes (≥3 layers) for enhanced 
multi-functional integration. Such architectures, including trilayer structures featuring hydrophilic external surfaces with 
an intermediate hydrophobic core, can address complex clinical scenarios.

Janus membranes have not yet been clinically translated. The successful translation of Janus membranes depends on 
rigorous preclinical validation and a step-by-step clinical trial evaluation process, as well as the early clarification of their 
regulatory pathways as combination products, paving the way for future clinical applications.

Finally, future Janus membranes should prioritise multimodal dynamic responsiveness by integrating physical, 
chemical, and biological signalling modalities. This entails the combination of electrical/pressure stimuli, controlled 
ion/drug release, and cytokine signalling to precisely regulate bone defect microenvironments.

Conclusions
The complexity of bone defect repair necessitates the use of repair materials with multi-functional synergy and 
spatiotemporal regulatory capabilities. This review systematically recounts the research progress on Janus mem
branes in this field and clarifies their immense potential as next-generation bone repair materials. Core advance
ments are primarily reflected in three aspects. First, in the design strategy, the use of asymmetric fabrication 
techniques, such as wettability contrast, charge distribution, and porosity gradients, has enabled the precise 
construction of membrane structures transitioning from isotropy to anisotropy. Second, owing to material layering 
and the spatial arrangement of active components, the successful integration of various functions, including physical 
barriers, osteogenesis promotion, antibacterial activity, immunomodulation, and pro-angiogenesis, has been 
achieved, overcoming the limitations of traditional single-function materials. Most crucially, their bilayer struc
ture—“dense layer-porous layer” or “barrier layer-functional layer”—achieves a high degree of biomimicry of the 

https://doi.org/10.2147/IJN.S563011                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 18

Liu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



natural periosteum at both the anatomical structure and physiological function levels, providing an ideal biomimetic 
microenvironment for bone regeneration.

These characteristics endow Janus membranes with profound clinical significance. Regarding infection control, 
localised and precise release of antimicrobial factors (eg metal ions and antibiotics) effectively reduces the risk of 
post-implantation infections. Regarding osteogenic efficacy, sustained provision of osteogenic active signals (eg 
Sr2+ and BMP-2) from the functional side significantly accelerated the healing process of bone defects. 
Furthermore, the regulation of the immune microenvironment, achieved through functions such as modulating 
macrophage polarisation, elevates bone repair from simple “cell-material” interactions to a higher dimension of 
“material-immune-osteogenesis” synergistic interplay.

Looking ahead, Janus membranes represent far more than a simple superposition of multiple functions; they signify 
a novel “active” bone repair paradigm. They bridge innovative laboratory research with practical clinical applications, 
heralding the evolution of BTE from static, passive scaffold materials to dynamic, intelligent, next-generation nanome
dical scaffolds capable of deep informational interactions with living systems. Although challenges remain in areas such 
as scalable production and long-term safety assessment, their integrated and biomimetic design philosophy indicates 
a promising direction for overcoming the clinical challenges associated with complex bone defects.
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