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Abstract: Two-dimensional (2D) inorganic materials, as a class of inorganic ultrathin nanosheets with single or
several atomic layers, exhibit high specific surface area, high electrical conductivity and/or photothermal conversion
efficiency. These unique physicochemical properties confer procoagulant, antibacterial, anti-inflammatory, and
antioxidant biological effects. In recent years, in view of degradation and metabolism issues, these materials have been
explored for modulation of diseased skin tissues, such as full-thickness wounds, burns and diabetic wounds,
demonstrating remarkable effects in accelerating wound healing, alleviating infections and improving the
inflammatory microenvironment. This review focuses on the unique structure and biological effects of 2D inorganic
materials, systematically describes their applications in wound healing and related mechanisms, and looks forward to
current challenges and prospects of 2D inorganic materials in the field of skin repair.
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Fig. 1
damaged skin
BP: Black phosphorus; h-BN: Hexagonal boron nitride; BNNS: Boron
nitride nanosheet; BNS: Boron nanosheet; TMD: Transition-metal
disulfide. Created with BioRender.com. Colorful figure is available on
website

2D inorganic materials regulating regeneration of
[34-37]
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Fig. 2 Regulation of graphene and its derivatives for the repair of damaged skin

[39, 41]

(a) Structure of functionalized graphene!*”’; (b) Conversion of graphene to GO/rGO™; (¢) QCS-CD-AD/GO supramolecular hydrogel promoting
bioelectrical signal transmission to repair full-thickness skin defects!*). QCS-CD-AD: Quaternized chitosan-B-cyclodextrin-adamantane.
Colorful figures are available on website
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Fig. 3 Regulation of boron-based 2D materials for the repair of damaged skin

[47-48]

(a) p-BNNSs@PVA film with high thermal conductivity promoting heat dissipation of skin wounds'*”); (b) B-QCS-BNNG6 transfering NO to
achieve efficient antibacterial effect!*®). BNNSs: Boron nitride nanosheets; QCS: Quaternized chitosan. Colorful figures are available on website
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Fig. 4 Regulation of black phosphorus nanosheets for the repair of damaged skin

[52, 56-57]

a - ydrogel enhancing fibrinogen expression to accelerate wound scab formation>~; - el with high antibacterial effect
(a) CS-BP hydrogel enhancing fibri i 1 d scab fi ion®?; (b) 401-BP@Gel with high antib ial effi
promoting diabetic wound healing™®"; (¢c) SMHS promoting wound healing in diabetic rats'*”!. CS: Chitosan; BP: Black phosphorus;
40I: 4-octyl itaconate; SMHS: Self-assembled microsphere hydrogel scaffold. Colorful figures are available on website
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Fig. 5 Regulation of TMD for the repair of damaged skin

[37, 64, 66]

(a) Structure of TMDP"); (b) 2H-WS, nanosheets for treating deep burn wounds®®”; (c) PCNPs@NIR-gel accelerating full-thickness skin
healing in diabetic mice'®"; (d) MoS,@CSH repairing skin wounds of various shapes and sizes'®®. TMD: Transition-metal disulfide;
PCNPs: Polydeoxyribonucleotide nano-vectors particles; CSH: Chitosan hydrogel. Colorful figures are available on website
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Fig. 6 Regulation of MXenes for the repair of damaged skin
(a) Ti;C, MXenes nanosheet accelerating wound healing in diabetes!®”’; (b) GO/MXene laminate with excellent hemostatic properties!”").
Colorful figures are available on website
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[69, 71]

xR 1 ZHTHMRERERREKES hREE
Tablel Characterization of various2D inorganic materialsin promoting therepair of diseased skin

Material Characteristic Ref.

Graphene/GO/rGO QCS-CD-AD/GO supramolecular hydrogel =~ rGO-CD: 0.6% (in mass) [41]
Swelling ratio: 129%
Conductivity: 0.07-0.11 S/m
Wound closure rate: 98.3%

Boron-based 2D materials p-BNNSs@PVA thin film p-BNNSs: 30% (in mass) [47]
Thermal conductivity: 7.38 W/(m-K)
B-QCS-BNN6 Bacterial inactivation rate: >99.9% [48]
(under NIR irradiation)
BP nanosheets CS-BP hydrogel E. coli inactivation rate: 98.90% [52]
S. aureus inactivation rate: 99.51%
401-BP@Gel Bacterial inactivation rate: >90% [56]

ROS clearance rate: 51.9%
Wound healing rate: 99.64%
(under NIR irradiation)

SMHS Degradation product: PO3 /HPO? [57]
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Material Characteristic Ref.
TMD WS, nanosheet Cell viability of 2H-WS,: 100% [37]
Cell viability of 1T-WS;: 60.4%
(150 pg/mL, 48 h)
PCNPs@NIR-gel Swelling ratio: 169% [64]
Bacterial inactivation rate: >99.9%
(under NIR irradiation)
MoS,@CSH Bacterial inactivation rate: ~100% [66]
(under NIR irradiation)
MXenes Ti;C, MXenes nanosheet DPPH clearance: 80% (2 mg) [69]
Wound closure rate: 98.8%
GO/MXene laminate GO/MXene: 0.5% (in mass) [71]
Coagulation time: 379 s
*k 2 ZHTHMRHES &L FHREKREIERYLE
Table2 Mechanismsof 2D inorganic materialsfor therepair of varioustypes of diseased skin
Material Type of skin defect Mechanism Ref.
QCS-CD-AD/GO Full-thickness wounds Bacterial cell membrane damage [41]
supramolecular hydrogel Modulation of immune cells
Reduction: IL-6
Up-regulation: VEGF
p-BNNSs@PVA thin film High-temperature environment Out-of-plane thermal conductivity (TC): 7.38 W/(m-K) [47]
The higher TC, the faster heat dissipation
B-QCS-BNN6 MRSA infection Bacterial cell membrane damage [48]
Controlled release of NO
CS-BP hydrogel Bacterial infection Producing 'O, [52]
Promoting formation of the fibrinogen
Activation: PI3K, Akt, ERK1/2
401-BP@Gel Diabetic ulcers High PTT (photothermal therapy) and PDT [56]
(photodynamics therapy) efficacy
Up-regulation: Nrf2, HO-1
Activation: KEAP1-Nrf2
SMHS Diabetic ulcers Enhancing M2 activation [57]
Bacterial cell membrane damage
Promoting collagen deposition
WS, nanosheet Deep burn Up-regulation: CAT, GPx, antimicrobial peptides [37]
Reduction: TNF-o, IL-1p, IL-8, IL-6
Reduction: caspase-8, caspase-3, PARP
PCNPs@NIR-gel Diabetic total skin defects Bacterial cell membrane damage [64]
Up-regulation: VEGF, a-SMA
Reduction: TGF-, MPO
Enhancing M2 activation
Promoting collagen deposition
Activation: PI3K-Akt, cCAMP
MoS,@CSH Irregular wounds Increase: CD31 [66]
Up-regulation: TNF-a
Ti3;C, MXenes nanosheet ~ Diabetic ulcers Enhancing M2 activation [69]

GO/MXene laminate

Skin hemostasis

Scavenging ABTS™"
Increase: IL-10, CD31
Up-regulation: TNF-o, HIF-1a, VEGF, a-SMA

Presence of hydroxyl groups and terminal oxygen
Free radical polymerization of ester bonds

[71]
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