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Abstract

Nanomaterials' unique structures at the nanometer level determine their incredible

functions, and based on this, they can be widely used in the field of nanomedicine.

However, nanomaterials do possess disadvantages that cannot be ignored, such as

burst release, rapid elimination, and poor bioadhesion. Hydrogels are scaffolds with

three-dimensional structures, and they exhibit good biocompatibility and drug release

capacity. Hydrogels are also associated with disadvantages for biomedical applica-

tions such as poor anti-tumor capability, weak bioimaging capability, limited respon-

siveness, and so on. Incorporating nanomaterials into the 3D hydrogel network

through physical or chemical covalent action may be an effective method to avoid

their disadvantages. In nanocomposite hydrogel systems, multifunctional

nanomaterials often work as the function core, giving the hydrogels a variety of prop-

erties (such as photo-thermal conversion, magnetothermal conversion, conductivity,

targeting tumor, etc.). While, hydrogels can effectively improve the retention effect

of nanomaterials and make the nanoparticles have good plasticity to adapt to various

biomedical applications (such as various biosensors). Nanocomposite hydrogel sys-

tems have broad application prospects in biomedicine. In this review, we comprehen-

sively summarize and discuss the most recent advances of nanomaterials composite

hydrogels in biomedicine, including drug and cell delivery, cancer treatment, tissue
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regeneration, biosensing, and bioimaging, and we also briefly discussed the current

situation of their commoditization in biomedicine.
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1 | INTRODUCTION

Nanomaterials can be divided into zero-dimensional materials (0DM),

one-dimensional materials (1DM), and two-dimensional materials (2DM)

according to their size, length-diameter ratio, and diameter-thickness

ratio.1 Nanomaterials exhibit huge application potentials in various fields

based on their nano size, diverse structures, outstanding mechanical

characteristics, special electrical conductivity, thermal conductivity, light

responsiveness, and environmental friendliness.2–7 Currently, a large

number of studies have been conducted to examine nanomaterials in

catalysis,8 energy,9,10 semiconductors,4 supercapacitors,11 fiber

lasers,12,13 photonic devices,13 and biomedicine.14,15 In biomedicine,

some nanomaterials have attracted the attention of researchers due to

their good biocompatibility and excellent mechanical, thermal, electrical,

and optical properties.1,16,17 Nanomaterials can be cleared by the mono-

nuclear phagocytic system (MPS).18 However, nanomaterials do possess

some prominent shortcomings, including burst release, rapid elimination,

poor biological adhesion, and irreversible deformation.19 Because of the

small size, nanomaterials will have an initial burst release (reaching the

release peak in the initial short term). The high concentration during

burst release may cause toxicity, and the concentration will decrease

rapidly after that, resulting in limited therapeutic effect. Due to the small

size of nanoparticles, they may be quickly eliminated by the body's retic-

uloendothelial system.19 And poor bioadhesion may lead to the off-

target of nanomaterials. More importantly, nanomaterials alone can be

used for in vivo injection but cannot be used alone for in vitro applica-

tions (such as various biosensors). Therefore, it is necessary to combine

other materials, which cannot only improve the above shortcomings

of nanomaterials but also expand their biomedical applications

in vitro.20–23

Among many bioscaffold materials, hydrogels are one of the most

extensively studied.24 Hydrogels are a type of soft, bionic material

composed of a 3D network structure, and can store a large amount of

water.25 Hydrogels can meet many requirements in biomedicine,

where they can function in drug and cell delivery, as tissue repairing

scaffolds, in replacement of extracellular matrix, and imitation of artifi-

cial organs.25,26 The gelation process of hydrogels primarily occurs

due to supramolecular interactions or chemical covalent bonds.27 In

general, polymers can be modified by introducing new functional

groups or polymer components to obtain injectable or self-repairing

hydrogels.18 Hydrogels are scaffolds with good biocompatibility and

drug release capacity. They have good plasticity to adapt to various

biomedical applications.24 While hydrogels are also associated with

disadvantages for biomedical applications such as poor anti-tumor

capability, weak bioimaging capability, limited responsiveness, and so

on. Moreover, hydrogels usually have weak mechanical properties and

cannot meet the needs of some biomedical applications (such as carti-

lage/bone repair).28 It is necessary to combine hydrogels with other

materials to improve the above shortcomings of hydrogels.

Therefore, nanomaterials composite hydrogels will be a promising

method for biomedical application. Incorporating nanomaterials into

the 3D hydrogel network through physical or chemical covalent action

can effectively avoid their disadvantages. In nanocomposite hydrogel

systems, multifunctional nanomaterials often work as the function

cores, giving the composite systems a variety of properties (such as

photothermal conversion, magnetothermal conversion, conductivity,

targeting tumor, etc.).29–31 Hydrogels can effectively improve the

retention effect of nanomaterials and make the composite systems

have good plasticity to adapt to various biomedical applications.18,32

According to the application requirements, specific nanomaterial com-

posite hydrogel systems can be designed and applied to various fields

of biomedicine (e.g., nanomaterials composite hydrogels for preparing

insulin microneedle [MN] patches).33 Nanomaterial composite hydro-

gel systems have broad application prospects in biomedicine. Herein,

we summarized the composition and classification of nanomaterials

and hydrogels, mainly focused on the most recent advances of

nanomaterials composite hydrogels in biomedicine (Figure 1). The

review summarized almost all areas of biomedicine, including drug and

cell delivery, cancer treatment, tissue regeneration, biosensing, and

bioimaging. We also briefly discussed the current situation of their

commoditization in biomedicine.

2 | RECENT ADVANCES IN
NANOMATERIALS

In nano structures, 0DM can be divided into solid, interpore, hollow,

and so on; 1DM can be divided into linear structure, rod, hollow fiber,
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and so on; 2DM can be divided into single layer and multiple layers

(Table 1). Nanomaterials possess many excellent functions due to

their nanoscale size and rich structures. The 3D sizes of 0DM do not

differ too significantly (length: width: height ≈ 1) (Figure 2a).1 Over

the past few decades, various 0DM have been successfully prepared,

such as gold nanoparticles (Au NPs),34 mesoporous silica nanoparticles

(MSNs),34 silver nanoparticles (Ag NPs),36 and titanium dioxide (TiO2)

nanoparticles.37 Au NPs, as a kind of precious metal nanoparticles,

have rich properties due to their nanostructure: good biosafety,

phototherapeutic properties, surface modification, bioimaging, and so

on. For example, Au NPs have been used as alternative nanoprobes

for live cell imaging by dark field microscopy (DFM).38

F IGURE 1 Schematic diagram of the main content of this review. Nanomaterials can be divided into zero-dimensional materials (0DM), one-
dimensional materials (1DM), and two-dimensional materials (2DM) according to their size, length-diameter ratio, and diameter-thickness ratio.
Based on the polymer composition, hydrogels can be distributed into the natural polymer, synthetic polymer, and composite polymer hydrogels.
According to the macroscopic phenotype of the composite systems, nanomaterials and hydrogels mainly combined into four composite systems,
including nanocomposite hydrogel microneedles (MNs), injectable nanocomposite hydrogels, self-healing nanocomposite hydrogels and
bioimaging nanocomposite hydrogels. We reviewed the recent advances and future challenges of the composite systems, which almost involve all
areas of biomedicine, including drug and cell delivery, cancer treatment, tissue regeneration, biosensing, and bioimaging
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TABLE 1 Representative nanomaterials and hydrogels

Nano and gel Class Materials Properties Behaviors Shortcomings References

Nanomaterials 0DM Au NPs Nanograde solid gold

particles

Photothermal properties,

biological imaging,

electrical conductivity

Poor adhesion, easy to be

removed, particle

precipitation

34

MSNs NPs Nano-mesoporous

structure

Drug loading capacity Poor adhesion, easy to be

removed, particle

precipitation

35

Ag NPs Nanograde solid silver

particles

Antimicrobial ability, anti-

tumor

Poor adhesion, easy to be

removed, particle

precipitation

36

TiO2 NPs Crystalline/amorphous

nuclear shell structure

Photothermal properties,

photodynamic

properties

Poor adhesion, easy to be

removed, particle

precipitation

37

1DM CNCs Cellulose nano-rods High surface energy,

mechanical

enhancement

performance

Poor adhesion, easy to be

removed, particle

precipitation

38

Au NWs Linear nanogold fiber High aspect ratio, unique

electrical, optical, and

magnetism

Poor adhesion, easy to be

removed, particle

precipitation

35

CNTs Hollow fibrous structure

with nano radial size

Good electrical and

chemical properties,

high modulus, and high

strength

Poor adhesion, particle

precipitation

3

2DM GO NSs Two-dimensional

graphene oxide

nanosheets, single or

multiple layers

Photothermal properties,

antibacterial activity,

and drug loading

properties

Poor adhesion, easy to be

removed, particle

precipitation

39,40

BP NSs Two-dimensional black

phosphorus

nanosheets, single or

multiple layers

Photothermal properties,

photodynamic

properties, drug-

loading properties, and

biological imaging

Poor adhesion, easy to be

oxidative degradation,

particle precipitation

41–47

MXene NSs Two-dimensional

transition metal

nanosheets, single or

multiple layers

High electrical

conductivity,

photoelectromagnetic

characteristics, and

mechanical

enhancement capability

Poor adhesion, easy to be

removed, particle

precipitation

48–51

Hydrogels Natural

polymer

hydrogels

Chitosan Cationic polysaccharide Antibacterial activity, 3D

scaffold, and drug

loading capability

Weak mechanical

property, required in

combination with drugs

or cells

52

Dextran Nonionic polysaccharide High water content, 3D

scaffold, drug loading

capability

Weak mechanical

property, required in

combination with drugs

or cells

52

Cellulose Nonionic polysaccharide High water content, 3D

scaffold, drug loading

capability

Required in combination

with drugs or cells

45

Alginate Ca2+ Sensitive natural

polysaccharide

High water content, 3D

scaffold, drug loading

capability

Required in combination

with drugs or cells

53

Synthetic

polymer

hydrogels

Poly(caprolactone)–poly
(ethyleneglycol)–poly
(caprolactone)

Temperature-sensitive

synthetic polymers

Injectability, 3D scaffold,

drug loading capability

Required in combination

with drugs or cells

54

Rich in hydrogen bonds Self-healing, drug loading

capability, high

Required in combination

with drugs or cells

55
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1DM refers to materials possessing a relatively large length-to-

diameter ratio (Figure 2b), such as nanocrystalline cellulose (CNCs),62

gold nanowires (Au NWs),63 carbon nanotubes (CNTs),3 and so

on. 1DM often exhibits a high degree of anisotropy and based on this,

it simultaneously exhibits many excellent properties such as extremely

high tensile strength and specific responding to temperature and

TABLE 1 (Continued)

Nano and gel Class Materials Properties Behaviors Shortcomings References

Poly(acrylamide-co-maleic

anhydride) (P (AM-co-

MAH))

mechanical strength,

stretching ability, 3D

scaffold

Polymethyl vinyl ether-

salt-maleic acid

hydrophilic group

( COOH)

Large swelling capacity,

3D scaffold, drug

loading capability

Required in combination

with drugs

56

Composite

polymer

hydrogels

Methacrylate-modified

gelatin and hyaluronic

acid grafting dopamine

Photopolymerizable

double bond,

hydrophilic group

( OH, NH2, COOH)

Injectable, 3D scaffold,

drug loading capability,

adhesion

Required in combination

with drugs

40

Quaternized chitosan and

dextran

Dynamic chemical bond

(Schiff base bond)

Self-healing, 3D scaffold,

drug loading capability

Weak mechanical

property, required in

combination with drugs

57

3-Aminophenylboronic

acid, aniline, and

polyvinyl alcohol

Ultramolecular assembly

of hydrogels, dynamic

bonds (hydrogen

bonding and π–π
stacking)

Self-healing, 3D scaffold,

drug loading capability,

electric conduction

Required in combination

with nanoparticles to

expand or enhance

performance

58

F IGURE 2 Representative samples of nanomaterials and hydrogels. (a) TEM image of Au NPs@SiO2 (0DM). Source: Adapted with permission
from ref 59. Copyright 2020, the Royal Society of Chemistry. (b) SEM image and schematic diagram of CNTs (1DM). Source: Adapted with
permission from ref 60 Copyright 2020, the Royal Society of Chemistry. (c) Atomic force microscopy (AFM) image of single-layer GO flake (2DM).
Source: Adapted with permission from ref 61. Copyright 2020, WILEY-VCH. (d) SEM image of Chitosan/β-glycerophosphate sodium hydrogel.
Source: Adapted with permission from ref 52. Copyright 2020, Elsevier. (e) An image of injectable poly(caprolactone)-poly(ethylene glycol)-poly
(caprolactone) thermosensitive hydrogel. Source: Adapted with permission from ref 54. Copyright 2018, American Chemical Society. (f)
Photographs showing the self-healing ability of hydrogel prepared by quaternized chitosan and oxidized dextran. Source: Adapted with
permission from ref 57. Copyright 2020, Elsevier
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humidity.64,65 For example, CNTs, as a new carbon-based

nanomaterials containing hollow fibrous structure, have properties of

high tensile strength, gas adsorption, high conductivity, and thermal

conductivity. Thus, it is commonly used for mechanical and conduc-

tive enhancement of macroscopic materials, commonly used in the

field of biosensing.66

2DM refer to materials that possess a relatively large diameter–

thickness ratio (Figure 2C) such as graphene,61,67,68 reduced graphene

oxide (rGO),69 graphene oxide (GO),39,40 phosphorene,44,70,71

MXene,48–51 perovskite layered molybdenum disulfide (MoS2),
72

SnS,73–75 and mono-elemental 2D materials such as black phosphorus

(BP) nanosheets,41–47 tellurene,76–78 antimonene,79–81 borophene,14

bismuthene,82–85 2D selenium,86,87 2D metal,88 and so on. Regarding

the applicability, 2DM possesses unique optical, mechanical, electrical,

and sensing properties based on their sheet and layer structures, and

they can therefore be extensively used in biomedicine.17,44,78

Research examining 2DM began at a much later date than that of

0DM and 1DM. The research wave of 2DM began in 2004 when sci-

entists successfully prepared the first graphene nanosheets.42,89 As a

typical 2D material, graphene has exhibited considerable research

achievements over the past 10 years.69,90 Graphene is widely used in

biomedical fields, such as high-sensitivity biosensors, drug delivery

systems, cell imaging, tissue engineering, photothermal therapy (PTT),

and near-infrared fluorescence imaging.91 BP is also a representative

2DM in recent years. BP can be used as a potential bioimaging agent

by virtue of its inherent fluorescence (FL) and its photoacoustic

(PA) characteristics.41,92 Based on its excellent physical characteristics

(such as NIR light absorption,47,93 large extinction coefficient, great

photothermal conversion efficiency, and ability to generate reactive

oxygen species [ROS]), BP exerts excellent anti-cancer effects

(PTT43,94 and photodynamic therapy [PDT]45). BP exhibits a fold lay-

ered structure with a large surface area, providing an excellent plat-

form for transporting medicine.41,42,47 Additionally, BP exhibits

controllable surface chemical modification ability, allowing it to greatly

enrich its functional responsiveness and improving its stability.95,96

3 | RECENT ADVANCES IN HYDROGELS

According to the polymer composition, hydrogels can be distributed

into the natural polymer, synthetic polymer, and composite polymer

hydrogels (Table 1). Natural polymer hydrogels exhibit good biocom-

patibility and biodegradability, and hence they possess very promising

application potentials in biomedicine. For example, researchers have

used chitosan and β-glycerophosphate to prepare an injectable

thermosensitive hydrogel (Figure 2d).52 Dextran and cellulose, as typi-

cal nonionic natural polysaccharide hydrogels, usually need to be com-

bined with cells or nano drugs to meet specific requirements.45,97

Sodium alginate is sensitive to Ca2+ and has good biocompatibility. It

can load cells or nano drugs for human body.53 Synthetic components

also possess excellent properties and are easy to design and modify,

and they also play an indispensable part in the construction of hydro-

gels. For example, researchers have used poly(caprolactone)-poly

(ethyleneglycol)-poly(caprolactone) to develop an injectable

thermosensitive hydrogel (Figure 2e).54 Poly(acrylamide-co-maleic

anhydride) (P(AM-co-MAH)) hydrogel is self-healing because of rich

hydrogen bonds, and polymethyl vinyl ether-salt-maleic acid hydrogel

possesses large swelling capacity due to the hydrophilic group

( COOH).55,56

For practical applications, hydrogels are often required to simulta-

neously possess many properties such as good biocompatibility, bio-

degradability, proper hydrophilic, good mechanical properties, and

special functional groups. However, many natural polymers or syn-

thetic polymers cannot meet the above requirements alone. There-

fore, it may be good to design multifunctional composites containing

multiple natural polymers or synthetic polymers. Mechanical proper-

ties are one of the important parameters of hydrogels, and mechanical

properties of corresponding hydrogels should be designed according

to their uses. For example, the hydrogel used for bone repair has

strong mechanical properties matching the bone (Young modulus

≈30–60 kPa),32 and the hydrogel used for skin repair has weak

mechanical properties matching the skin (Young modulus ≈5–

20 kPa).40 Hydrogels that possess high mechanical strength can be

obtained by improving the degree of cross-linking.35 For example,

Huang et al. developed a composite polymer hydrogel with

methacrylate-modified gelatin and hyaluronic acid grafting dopamine.

By increasing the crosslinking degree of methacrylate-modified gela-

tin, the hydrogel obtained better mechanical properties.40 Moreover,

researchers have developed a composite polymer hydrogel based on

quaternized chitosan and dextran that possesses self-healing proper-

ties (Figure 2f).57 The designed composite hydrogel can simulta-

neously possess the excellent properties of natural or synthetic

polymers to achieve synergistic complementarity.98 Hydrogels that

are able to intelligently respond to environmental changes (such as

heat, pH, light, and ultrasound) can be designed by introducing rele-

vant functional groups to achieve in situ gelation and controlled drug

release.99 For example, groups with double bonds can be grafted onto

dextran by transesterification. When exposed to UV light, double

bonds can be polymerized to form photo-sensitive hydrogels.100 It is

also possible to design self-healing hydrogels by introducing

dynamic cross-linking.98 For example, the hydrogel that based on

3-aminophenylboronic acid, aniline, and polyvinyl alcohol, has strong

self-healing ability because of the dynamic cross-linking (hydrogen

bonding and π–π stacking).101

4 | RECENT ADVANCES OF
NANOCOMPOSITE HYDROGELS IN
BIOMEDICAL ENGINEERING

Nanomaterials have successfully demonstrated their huge application

potential in nanomedicine by virtue of their various distinctive physi-

cal and chemical characteristics.15,42,45 For example, Au NPs have

good catalytic activity, photothermal conversion performance, biologi-

cal imaging performance, and electrical conductivity.38 However, they

do exhibit some shortcomings that inevitably hinder their application

6 of 30 HUANG ET AL.



effect and practicality (such as burst release, rapid removal, poor bio-

logical adhesion, and irreversible deformation).19 As 3D scaffolds,

hydrogels alone are often associated with limited therapeutic effects,

because of their poor anti-tumor capability, weak bioimaging capabil-

ity, limited responsiveness, and so on. However, biocompatible hydro-

gels exhibit excellent encapsulation ability. For example, chitosan

hydrogel can be used to be loaded with stem cells and nanoparticles

for skin repairing.35 As a promising approach, scientists incorporate

nanomaterials into the 3D hydrogel network through physical or

chemical covalent action to build composite material systems that can

effectively avoid their shortcomings. In composite systems, hydrogels

can effectively improve the retention effect of nanomaterials and

make the composite systems have good plasticity to adapt to various

biomedical applications.18,32 Multifunctional nanomaterials often work

as the function cores, giving the composite systems various properties

(such as photothermal conversion, magnetothermal conversion, con-

ductivity, targeting tumor, etc.).29–31 Nanomaterial composite hydro-

gel systems exhibit huge application potentials in biomedicine.

According to the macroscopic phenotype of the composite systems,

nanomaterials and hydrogels mainly combined into four composite

systems, including nanocomposite hydrogel MNs, injectable

nanocomposite hydrogels, self-healing nanocomposite hydrogels, and

bioimaging nanocomposite hydrogels. We here reviewed the recent

advances and future challenges of the composite systems, which

almost involve all areas of biomedicine, including drug and cell deliv-

ery, cancer treatment, tissue regeneration, biosensing, and bioimaging.

4.1 | Recent advances of nanocomposite hydrogel
microneedle patches

MN technology has the advantages of painlessness, low invasiveness,

low infectivity, and it is an ideal transdermal method.102 The length of

MNs is usually no more than 1 mm, which is much smaller than the

traditional metal injection needles (the length of the traditional metal

injection needles is not less than 4 mm).103 Additionally, the piercing

level of MNs is only at the epidermis and does not damage the nerves

and capillaries of the dermis. Thus, they can minimize the pain caused

by percutaneous administration and do not cause skin injury or bleed-

ing.104 According to the solubility properties of the polymer needles,

there are two types of polymer MNs, including soluble or insoluble

polymer-needle MNs. Nanocomposite hydrogels can be used to pre-

pare insoluble polymer MNs. As the host materials are hydrogels, such

MN patches exhibit good biocompatibility. Nanomaterial composite

hydrogel MNs have been widely studied in biomedicine, such as wear-

able device applications, intelligent insulin release, noninvasive imag-

ing, skin repairing, local anesthesia, and skin interstitial fluid

monitoring.104,105 In the composite MNs, hydrogel needle tips are

generally used to penetrate the skin. Nanomaterials can expand the

functions of MN patches, and they can also enhance the mechanical

properties of MNs by interacting with hydrogels (hydrogen bonds,

hydrophobic forces, and charge interactions).106 Studies show that as

long as the mechanical strength of the needle tip is not less than

0.045 N/needle, the MNs can pierce the skin.107 As long as the MNs

can pierce the skin, the MNs can play an effect. The mechanical

strength of the needle tips is not necessarily the stronger the better.

Under the interaction of nanomaterials and hydrogels, needles pierc-

ing the skin are not such difficult. Therefore, this section mainly

focuses on the function improvements and the mechanism of

nanocomposite hydrogel MNs.

4.1.1 | Recent advances of MN patches for
intelligent insulin delivery

Providing patients with life-long exogenous insulin is extremely impor-

tant for the treatment of diabetes. Nanocomposite hydrogel MNs

possess many advantages, such as minimally invasive, function in real-

time, low infection, and possess sustainable drug transport capabili-

ties. Nanoparticles endow the MNs with the ability to sense blood

glucose concentration, thus enabling intelligent delivery of insulin.

Yanqi Ye and others have developed a painless MN patch plat-

form. The MNs are composed of cross-linked hyaluronic acid (HA-

MA) hydrogel and contain a synthetic “glucose signal amplifier” (GSA).
This GSA is a self-assembled polymer nanovesicle that can effectively

amplify the blood glucose signal. There are islet B cells attached to

the surface of the MN patch, which can regulate blood glucose

levels.33 This is the first study of MN patches for intelligent regulation

of blood glucose balance. Hu et al. integrated H2O2-responsive poly-

mer nanovesicles (PVs) with HA-MA hydrogel MNs to prepare a

glucose-sensitive insulin delivery device. The device could achieve

rapid response and painless drug delivery.108 Nanomaterials (PVs)

were not released from the MNs. The PVs are hollow nanospheres

loaded with insulin and glucose oxidase (GOx) inside. When MNs pat-

ches pierce into the skin, large amounts of glucose in the body fluid

diffuse into the PVs through MNs. Glucose produces a large amount

of H2O2 under the action of GOx, which causes the disintegration of

PVs, resulting in the release of insulin from PVs. The released insulin

spreads into the skin through body fluids to exert a therapeutic effect.

However, the residual H2O2 within this device is likely to cause local

inflammation. Therefore, Yu et al. synthesized hypoxic and H2O2

dual-sensitive polymer nanovesicles (d-GRP) and integrated them with

HA-MA hydrogel MNs to develop a glucose-responsive insulin trans-

port platform (Figure 3).109 Compared to previous devices, this device

can eliminate the adverse effects of H2O2 and reduce inflammation.

Moreover, Zhang et al. synthesized a nanocomposite micelle

(NC) with dual H2O2 and pH responses and integrated it with cross-

linked PVA hydrogel MNs to develop a glucose-sensitive insulin trans-

port platform.110 This device can also respond rapidly to blood glu-

cose and can eliminate H2O2, thus reducing inflammation.

Additionally, MNs can combine the dynamic monitoring of blood glu-

cose with intelligent drug delivery. Lee et al. combined a multimodal

glucose sensor with MN patches to develop a wearable device that

could dynamically monitor glucose and facilitate drug delivery. The

MN patch consists of cross-linked HA hydrogel and temperature-

responsive phase change nanoparticles and could deliver the drug as
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needed.111 Drug-loaded temperature phase change nanoparticles

(PCN) are composed of phase change materials, and drugs (metformin

or chloropropamide) are embedded in the matrix. PCN NPs melt

above the skin temperature (30�C) to release drugs. MN patch and

human sweat detection sensor form an intelligent insulin release

device. When the sensor detects abnormal human blood glucose, it

will heat the MN patch, resulting in the melting of PCN NPs to release

drugs on demand.

It is showed that MNs composed of hydrogels and nanomaterials

possess considerable prospects for the intelligent delivery of insulin.

Nanomaterials cannot only enhance the mechanism of MNs but also

work as blood glucose sensors. Hydrogels have good plasticity and

can be used as the main materials of MNs. MNs pierce the skin to

form microchannels and deliver the drug to the subcutaneous through

the diffusion of the gel needle tips. However, there are still many

problems related to clinical applications. For example, the drug loading

capacity of MNs is limited. MNs can already control the blood glucose

stability of mice. However, when applied to humans, the dosage is far

from sufficient, which is the main shortcoming that hinders the large-

scale application of MNs.

4.1.2 | Recent advances of MN patches for
sampling interstitial fluid

Traditional methods of monitoring the immune system are typically

based on blood, saliva, and urine sampling. In contrast, many pivotal

immunological cells prefer to gather in surrounding organs such as

the skin, intestines, and other mucous membranes. Traditional

immune analysis methods cannot analyze these cells. Therefore, Ana-

suya Mandal and others developed a MN-based platform that can be

used to jointly sample interstitial fluid (ISF) and living cells from the

skin (Figure 4a).104 The alginate hydrogel was coated onto the solid

MNs as the sampling layer, and the nanoparticles carrying the spe-

cific antigen and adjuvant were incorporated into the sampling layer

to form a stimulating sampling MNs patch. The hydrogel sampling

F IGURE 3 MN patch based on anoxia and H2O2 bio-sensitive nanovesicles (d-GRP) for intelligent delivery of insulin. (a) The synthesis and
mechanism of nanovesicles (d-GRP). (b) MNs patch loaded with non-H2O2-responsive GRP will induce local inflammation. The MN patch loaded
with hypoxic and H2O2 dual-sensitive d-GRP can effectively avoid local inflammation. Source: Adapted with permission from ref 109. Copyright
2017, American Chemical Society
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layer absorbs tissue fluid and swells when applied to the skin, for-

ming a porous matrix conducive to leukocyte infiltration, thus

enabling a minimally invasive sampling of subcutaneous cells. The

specific antigen and adjuvant molecules are encapsulated in

nanoparticles, and then the nanomaterials are embedded in the

hydrogel coating. The specific antigen and adjuvant molecules encap-

sulated in nanoparticles can enrich and enhance the proportion of

antigen specific lymphocytes in the sampled cell population. Finally,

the cell phenotype and function were analyzed in vitro. Information

from skin or other mucosal tissues that could only be obtained

through invasive biopsy in the past, can now be obtained using MN

platform by minimally invasive means. Nasopharyngeal carcinoma is

almost asymptomatic in the early stage. However, 80% of the

patients presented with local advanced or distant metastasis at a

definitive diagnosis. The pathogenesis of the disease is often associ-

ated with the Epstein–Barr virus (EBV) cell-free DNA, a DNA frag-

ment circulating in plasma noncellular components. For these

patients, monitoring the amount of EBV-DNA is extremely important

for assessing treatment outcomes and monitoring the course of this

disease. Yang et al. introduced an MN patch that can easily capture

EBV-DNA from ISF (Figure 4b).56 In this system, the MNs and the

electrochemical microfluidics are combined into a wearable device

that allows for a real-time quantitative assay of EBV-DNA. The MNs

were prepared with polymethyl vinyl ether-salt-maleic acid (PMVE/

MA) hydrogel and gold nanowires (AuNWs). PMVE/MA hydrogel

after swelling can extract EBV-DNA from ISF, and AuNWs can con-

duct electrical signals to flexible microfluidics for quantitative detec-

tion. This technology allows for minimally invasive monitoring of

patients with EBV-DNA-related diseases and cancer metastases. In

this complex MNs, hydrogel can improve the retention of

nanomaterials in the skin, and nanomaterials can expand the sampling

ability of hydrogels.

4.1.3 | Recent advances of MN patches for wound
healing

Hydrogels with good biocompatibility are often used for wound

healing. Recently, there was a study using separable MNs for promot-

ing wound healing (Figure 4c). The MN tips containing black phospho-

rus (BP) nanoparticles and oxygen carrier are prepared by GelMA

hydrogel, and the MN base is prepared by PVA.112 When the needle

tips penetrate the tissue to absorb water, the contact area between

hydrogel tips and PVA base will dissolve. Then, the needle tips con-

taining BP and oxygen carrier will stay in the tissue, the PVA base can

be removed. Under the irradiation of 808 NIR, the photothermal

effect of BP results in the release of O2, to promote wound healing.

BP nanoparticles can result in the release of O2, and the hydrogel nee-

dle tips can fix BP and release O2 around the wound. Compared with

massive hydrogel scaffolds, nanomaterial composite hydrogel MNs

can deliver drugs directly inside the wound. There is no need to expe-

rience the process of drug diffusion from the outside to the wound,

which greatly improves the drug delivery efficiency. This is the first

study to combine BP nanoparticles with hydrogel MNs for wound

healing. It shows the great potential of nanomaterial composite hydro-

gel MNs in promoting wound healing.

F IGURE 4 (a) Cell sampling microneedles could be used for analyzing cellular and humoral immune reactions in series. Source: Adapted with
permission from ref 104. Copyright 2018, American Association for the Advancement of Science. (b) Principles of microneedle patches and

electrochemical microfluidic systems. Source: Adapted with permission from ref 56. Copyright 2019, American Chemical Society. (c) Separable
MNs loaded with black phosphorus (BP) and oxygen carrier for promoting wound healing. Source: Adapted with permission from ref 112.
Copyright 2020, American Chemical Society
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4.2 | Recent advances of injectable nanocomposite
hydrogels

Injectable nanocomposite hydrogels can be prepared by adding

nanomaterials to injectable hydrogels. Nanomaterials can adjust the

structures and properties of hydrogels at the nano level and can also

expand the functions of the system (such as PTT and PDT). Injectable

hydrogels can effectively improve the retention effect of

nanomaterials and make the composite systems have good plasticity

to adapt to various biomedical application.113 One of the outstanding

advantages of injectable nanocomposite hydrogels is that they can

almost adapt and fill any application place (such as various of wounds).

In injectable systems, nanomaterials generally blend with hydrogels

through physical action. The interaction (mainly charge interaction,

hydrogen bonding, and hydrophobic forces) between nanomaterials

and hydrogels can improve several properties of systems, such as

mechanical strength, stretchability, and adhesion. For example, an

injectable nanocomposite hydrogel was developed by physically

adding CNC NPs to a chitosan/β-phosphate temperature-sensitive

gel.35 The injectable hydrogel was adapted to irregular wounds, and

CNC NPs can improve the mechanical strength of the hydrogel

through nano-enhancement (hydrogen bonding and hydrophobic

forces). Moreover, nanomaterials can even provide systems with

many new properties such as antibacterial activity, electrical conduc-

tivity, and photothermal activity. For example, Huang et al. developed

nanoparticles with photothermal activity, which can produce high

temperature (50�C) and release NO gas under 808 nm laser. Subse-

quently, the nanoparticles were blended with methacrylate modified

gelatin/hyaluronic acid grafting dopamine matrix, to obtain a photo-

polymerization injectable nanocomposite hydrogel. Under the 808 nm

laser, the nanocomposite hydrogel has synergistic effect of PTT and

gas therapy and has strong antibacterial activity.40 Moreover,

mechanical properties are also important parameters and should be

designed according to their uses. For example, the hydrogel used for

bone repair has strong mechanical properties matching the bone

(Young modulus ≈30–60 kPa),32 and the hydrogel used for skin repair

has weak mechanical properties matching the skin (Young modulus

≈5–20 kPa).40 The mechanical strength of nanocomposite hydrogels

can be set by adjusting the crosslinking degree of hydrogels or the

ratio of nanomaterials to hydrogels.35 Nanomaterials can interact with

hydrogels (hydrogen bonds, hydrophobic forces, and charge interac-

tions) to enhance the mechanical properties. Injectable

nanocomposite hydrogels can be widely used in biomedicine, such as

cancer treatment, drug transport, and tissue regeneration.79,113,114

4.2.1 | Cancer treatment

Cancer has always been an extremely dangerous and deadly illness

worldwide. Many emerging therapies based on nanotechnology have

recently been developed, including PTT, photodynamic therapy (PDT),

and gene therapy.24,114 Tumor PTT based on nanomaterials has

become a popular anti-tumor method in recent years.42,47 According

to different light–mass interaction mechanisms in optical radiation,

the photothermal conversion mechanism can be divided into two

types stemming from nanomaterials, including nano metallic materials

based on local plasmon heating and nano semiconductor materials

with nonradiation relaxation.115 Both mechanisms can perform effec-

tive light-to-heat conversion. The photothermal mechanism of nano

metal materials primarily involves the generation of thermal electrons

under light radiation and the final photothermal conversion. Such

nanomaterials include classic precious metal nanomaterials (such as

Au NPs and Ag NPs) and emerging two-dimensional plasmon mate-

rials (such as MXenes).115 The photothermal mechanism of nano-

semiconductor materials primarily involves electron diffusion under

light radiation and composite carriers.116 The 2D BP is an example of

these materials. The anti-tumor effect of PTT is related to the

photothermal conversion efficiency of nanomaterials.117 Compared to

0DM and 1DM, 2DM possesses outstanding advantages in light-to-

heat conversion. First, under the same quality, 2DM exhibits a larger

light absorption area that allows for more effective light-induced

heating. For certain 2DM, the light-to-heat conversion efficiency

(PTCE) can even be as high as 100%. Second, 2DM exhibits a unique

thickness-dependent band gap. For example, by manufacturing BP

nanosheets with different layers, the band gap of the BP can be

adjusted to between 0.3 and 2 eV.70 Therefore, the 2DM's light radia-

tion wavelength of the photothermal response can be expanded by

combining multiple layers. Recently, many 2DM that possess good

photothermal effects have emerged.45,50,115

The research group of Professor Zhang Han of Shenzhen Univer-

sity developed an injectable nanocomposite hydrogel composed of

cellulose and 2D black phosphorus nanosheets (BP NSs) (Figure 5a).

This composite system can effectively treat tumors by PTT. In the

composite system, 2D BP possesses extremely high photothermal

efficiency to treat tumors, and the cellulose hydrogel can delay the

degradation rate of BP.45 Free BP NSs easily settle in the physiological

microenvironment, which inevitably leads to uneven photothermal

effect. BP NSs were therefore dispersed in the hydrogel firstly

in vitro. The nanocomposite hydrogel was then injected into the

tumor via a syringe. Due to the large number of hydrogen bonds of

cellulose, the hydrogel can still maintain a gel form after injection.

Hydrogel and nanomaterials will not spread to the whole tumor. The

hydrogel first produced short-time local high temperature through

photothermal action and then produced high-temperature inhibition

on the whole tumor through heat conduction. Although hyperthermia

exerts a good therapeutic effect on tumors, it can be improved by

combining hyperthermia with other treatment methods (chemother-

apy, photodynamic therapy [PDT], catalytic therapy, and vascular rup-

ture therapy) to construct a multi-functional collaborative treatment

platform.50,99 Wang et al. reported an injectable thermosensitive

hydrogel that incorporated nano-sized titanium dioxide (B-TiO2-x).37

B-TiO2-x nanocrystals, which provide plentiful oxygen vacancies,

enable the nanocomposite gel to exert both PDT and PTT abilities in

response to NIR. Liang et al. designed an injectable nanocomposite

hydrogel that combined PTT with vascular rupture for anti-tumor

therapy.121 Jiang et al. used palladium nanosheets (Pd NSs) as a cross-
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linking agent, and they mixed this agent with four-arm polyethylene

glycol to obtain a novel nanocomposite injectable hydrogel

(Figure 5b).118 The hydrogel encapsulates the antitumor medicine

DOX to form DOX@Pd hydrogel. Pd NSs could respond to NIR, to

combine chemotherapy with PTT for anti-tumor therapy. Jin et al.

loaded positively charged DOX and negatively charged PC10A onto

the surface of MoS2 nanosheets to prepare PC10A/DOX/MoS2

nanoparticles. Then, the PC10A/DOX/MoS2 NPs were mixed into the

gel to obtain an injectable nanocomposite gel system. The 2D MoS2

NSs within the hydrogel can be used as both photothermal agents

and photodynamic agents to generate high temperatures and active

oxygen under NIR. The prepared multifunctional PC10A/DOX/MoS2

composite injectable hydrogel can be used to treat tumors in combi-

nation with chemotherapy, PTT, and PDT therapy.122 In tumor ther-

mal therapy, in addition to PTT, magnetothermal therapy based on

nanomaterials also exhibits great application potential. Wu et al.

designed a magnetic hydrogel nanozyme (MHZ) obtained by assem-

bling PEGylated nanoparticles (Fe3O4@PEI NPs) in combination with

cyclodextrin. The Fe3O4@PEI NPs were dispersed in the hydrogel to

avoid precipitation in the tumor. The Fe3O4@PEI NPs in MHZ can

produce a 42�C high temperature and hypertoxic active oxygen in

response to magnetic field to achieve anti-tumor (Figure 5c).119

Tumor immunotherapy based on injectable nanocomposite hydro-

gels also exhibits very good potential.122 Duong et al. developed an

intelligent injectable nanocomposite gel loaded with nanocomposites

possessing immunomodulatory factors.123 The hydrogel can be admin-

istered subcutaneously using minimally invasive techniques, and it can

effectively locate and recruit immune cells. Liu et al. developed a ther-

mally responsive hydrogel assembled with curcumin-loaded polymer

nanoparticles (Figure 5d).120 It can enhance the immunogenicity of the

tumor by positioning and delivering nano drugs, and this gel enhances

the immunity of anti-tumor T cells by providing nano-vaccines for the

postoperative treatment of tumors. Additionally, immunotherapy can

achieve synergistic treatment with other therapies. Jiang et al. designed

multifunctional dendritic nanoparticles and injectable thermosensitive

hydrogels, and they used them to build a local medicine transport

F IGURE 5 (a) Preparation of BP NSs composite hydrogels. Source: Adapted with permission from ref 45. Copyright 2018, WILEY-VCH.
(b) Diagrammatic sketch of DOX @ Pd hydrogel and the chemical-photothermal combined treatment. The NIR cannot only activate 2D Pd NSs'
PTT capability, but it can also promote the release of DOX within the gel. Source: Adapted with permission from ref 118. Copyright 2020, the
Royal Society of Chemistry. (c) The working principle of MHZ gels. (a) Preparation path of MHZ gels. (b) Magnetocaloric response and the ROS
mechanism for the synergistic treatment of tumor. Source: Adapted with permission from ref 119. Copyright 2019, American Chemical Society.
(d) Diagrammatic sketch of tumor immunotherapy after hydrogel encapsulation of nano-vaccine and nano-drug. Continuous release of nano-drug
could achieve chemotherapy and promote the recruitment of host cells. At the same time, nano-vaccines could deliver antigens to DCs and
mature these cells. Source: Adapted with permission from ref 120. Copyright 2020, Elsevier
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platform that allowed for both chemotherapy and immunotherapy.

Nanoparticles integrate the anticancer drug DOX and arginine-rich mol-

ecules to achieve both chemotherapy and immunotherapy.124 While

hydrogel can evenly disperse nanoparticles into the 3D structure to

avoid the settlement of nanoparticles in the physiological microenviron-

ment. Hydrogel can also act as an nanoparticles bank and store

nanoparticles in the focal site. Moreover, hydrogel can slow release

nanoparticles, effectively avoid the burst release, and improve the

action time and effect of nanoparticles.

4.2.2 | Myocardial tissue engineering

Myocardial infarction (MI) is a dangerous disease that threatens the

lives of individuals worldwide. Biomaterials used for myocardial repair

must correctly mimic natural heart tissue. The designed materials must

support the growth of myocytes, promote myocardial vascularization,

and alter the myocardial microenvironment. The most important

aspect is that they possess conductive properties that match endoge-

nous bioelectric signals.125

The conductivity of materials exerts an important effect on the

recovery of myocardial function. Researchers have combined injectable

reverse thermal gels (RTGs) with CNTs or Au NPs to develop a biomi-

metic conductive composite gel system that can be used for myocardial

repair.126,127 Bao et al. synthesized a conductive injectable hydrogel,

and they then incorporated GO into the hydrogel to provide the hydro-

gel with excellent conductive properties. This hydrogel loaded with

adipose-derived stem cells (ADSCs) was used to improve cardiac func-

tion in the MI area.128 Additionally, myocardial infarction can cause

myocardial ischemia and based on this, pro-vascularization is necessary

during treatment.129 Wang et al. added a nanocomposite containing a

plasmid encoding eNOS to the material system developed by Bao et al.

The composite can improve the expression of eNOS, promote the myo-

cardial angiogenesis, and improve the myocardial function.130 In addition

to conducting electricity and promoting vascularization, the ROS envi-

ronment at the site of myocardial infarction can also limit the therapeu-

tic effect of myocardial infarction, particularly during stem cell

implantation treatments. Therefore, it is necessary to develop materials

that can resist ROS. Hao et al. compounded fullerenol nanoparticles with

alginate hydrogels to design a cell transport platform with antioxidant

activity (Figure 6a). ROS can easily adhere to the electron-deficient posi-

tion on the surface of fullerenol nanoparticles, further the ROS on the

adjacent electron-deficient position may induce the destruction of ROS

via transferring electron to the fullerenol cage. This material system

F IGURE 6 (A) Design and characterization of fullerenol/alginate gel. (a) Gelation and design of fullerenol/alginate gel. Clearance of fullerenol/
alginate gel toward (b) hydroxy and (c) DPPH radicals. Source: Adapted with permission ref 53. Copyright 2017, American Chemical Society.
(b) The working mechanism of Anisogel hydrogel. The cells strongly sense the resulting macroscopic unidirectional orientation, thus causing
parallel nerves to stretch. Source: Adapted with permission from ref 131. Copyright 2017, American Chemical Society. (c) The BMSC and Mg
particles were encapsulated in the hydrogel. Source: Adapted with permission from ref 132. Copyright 2020, Elsevier. (d) PRP-chitosan thermal
response hydrogel composite BP NSs can be used for the biological treatment and phototherapy (PTT, PDT) of rheumatoid arthritis. Source:
Reproduced with permission from ref 133. Copyright 2020, Elsevier
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could effectively reduce ROS generated during myocardial infarction,

thus effectively increasing the retention and survival rate of the stem

cells to enhance angiogenesis at the site of myocardial infarction.53

4.2.3 | Nerve tissue engineering

Both nerve tissue and myocardium are electroactive tissues. Addition-

ally, nerve tissue possesses a high orientation. Therefore, the repair of

nerve tissue should not only consider the mechanical property and the

bio-electrochemical signals, but more importantly, it should allow the

nerve tissue to be capable of directional growth and healing. Anisogel

gel is an injectable nanocomposite hydrogel that is minimally invasive

and possesses the ability to guide the unidirectional growth of cells

and nerves. Rose et al. incorporated ultrasmall superparamagnetic

iron-oxide nanoparticles (USPIOs) into microgels and then dispersed

the microgels into injectable gel precursors to develop a novel highly

oriented injectable mixed gel (Anisogel gel, Figure 6b).131 After mini-

mally invasive injection of the material into the injury site, the micro-

gels can be controlled to be aligned in a specific orientation through

an extracorporeal magnetic field. Then the gel precursor can be cross-

linked to fix the microgels inside the matrix hydrogel. Even if the

external magnetic field is removed, the microgels can still maintain a

specific orientation to allow the cells to strongly sense the resulting

macroscopic unidirectional orientation characteristics. Finally, the neu-

rons are induced to grow in one direction in parallel to repair the dam-

aged nerve tissue. Compared with other hydrogels before

implantation,134 injectable nanocomposite hydrogel in situ has many

advantages, such as can be minimally invasive, can adapt to various

irregular shape wounds, can load cells for injecting, and can regulate

the cell growth direction through external magnetic field. Subse-

quently, Omidinia et al. used magnetically responsive short fibers con-

taining USPIOs to prepare another Anisogel gel. Compared to the

added microgels of Rose et al., the magnetically responsive short

fibers were prepared using a simple and effective high-throughput

method. The size of the short fibers could be easily manipulated and

defined.135 Fibroblasts and nerve cells can achieve unidirectional

growth and extension in Anisogels gel. Anisogel gel is the first bioma-

terial that can achieve an extremely controlled as well as ordered

structure in situ to allow for the directional growth of cells and nerves

after minimally invasive injection. It is of pioneering importance and

possesses great application potential for nerve repair, particularly in

the field of spinal cord repair. These studies were currently still in its

in vitro research phase and can induce the directional growth of nerve

cells in vitro. However, in vivo studies have yet to be further verified.

As static magnetic fields cannot penetrate very deep into human tis-

sue, which is an important reason for limiting their application in vivo.

4.2.4 | Bone tissue engineering

Injectable nanocomposite hydrogels can fill irregular bone defects

with minimally invasive surgery and promote bone tissue

regeneration. The porous structure of the hydrogel is conducive to

cell proliferation and nutrient delivery.136 Hydrogels for bone repair

require strong mechanical properties, while nanomaterials can

enhance the mechanical properties of hydrogels through nano

enhancement (hydrogen bonds, hydrophobic forces or charge interac-

tions). Nanomaterials such as bioactive glass, calcium phosphate, and

Mg nanoparticles, can promote the vascularization of bone tissue and

osteogenic differentiation. The current treatment strategy possesses

two main approaches: (1) injection of the nanohydrogel loaded with

stem cells and (2) injection of nanocomposite hydrogels without cells

and growth factors. The injection of nanocomposite hydrogels loaded

with stem cells is mainly considered to induce in situ osteogenic dif-

ferentiation of stem cells. Tang et al. developed an injectable hydrogel

containing Mg particles (Figure 6c).132 H2 formed by the degradation

of Mg will build a macroporous structure in the hydrogel to enhance

the diffusion of oxygen and nutrients, thus increasing the survival rate

of cells. Additionally, Mg2+ can promote in situ osteogenesis differen-

tiation of BMSCs encapsulated in the gel.132 As for the second point,

the key to injecting nanocomposite hydrogels without stem cells and

growth factors is to recruit natural cells to achieve bone regeneration.

Cui et al. designed an injectable chitosan gel containing 2D nanoclay.

2D nanoclay (overall negative charge) has charge interaction with the

gel matrix (positive charge). Therefore, the 2D nanoclay can greatly

increase the Young's modulus of the gel from 10 kPa to over 60 kPa,

which is more suitable for bone repair. The nanoclay may lead to

interconnected micropore structures of hydrogel, which can recruit

natural cells and promote bone repair without delivering other thera-

peutic agents or stem cells.32 Wu et al. incorporated copper-

containing bioactive glass nanoparticles into chitosan composite silk

fibroin hydrogel to develop a cell-free injectable platform for bone

repair.137 The hydrogel can effectively enhance bone vascularization

and the deposition of mineralized collagen.

4.2.5 | Cartilage tissue engineering

As articular cartilage lacks blood vessels, nerves, and lymphatic net-

works, its self-repairing ability is limited. Injectable hydrogels can

effectively reduce the risk of infection and secondary trauma through

minimally invasive injection. Hydrogels for cartilage repair also require

strong mechanical properties. Incorporating nanomaterials into inject-

able hydrogels can effectively improve the mechanical strength of the

gels and can facilitate the sustained delivery of chemical drugs, ulti-

mately improving practicality for cartilage repair.138 Wang et al. incor-

porated rifampin MSNs and dendritic polymer template silver

nanoparticles (G3-Ag) into hydrogels to develop injectable biomimetic

gels for cartilage repair and anti-infection. MSNs and G3-Ag can

improve the mechanical properties of hydrogels. Additionally, rifampi-

cin encapsulated in MSNs can achieve long-term release.139 Com-

pared to antibiotic therapy, photodynamic therapy (PDT) based on

nanomaterials is also a hot topic that has recently been explored. In

the process of cartilage formation and differentiation, ROS produced

by PDT are necessary for cell survival, proteoglycan secretion, and

HUANG ET AL. 13 of 30



F IGURE 7 (a) The design route and the original, curved, compressed, and self-healing forms of rGO nanocomposite gel and their application
in full-thickness skin wound healing. Scale bar: 5 mm. Source: Adapted with permission from ref 69. Copyright 2019, WILEY-VCH. (b) The
preparation process of injectable thermosensitive hydrogel (FEP@exosomes) and its antibacterial ability, rapid hemostasis, anti-ultraviolet activity,

and diabetes wound repair properties (a). FEP@exo hydrogel can stimulate angiogenesis in diabetic wound tissue. Immunofluorescence staining of
α-SMA (b) and of neovascularization (c) on Day 7. Scale bar: 20 μm. Source: Adapted with permission from ref 141. Copyright 2019, American
Chemical Society. (c) The synthesis route of FCB hydrogel and its effect in cancer treatment and wound repair. Source: Adapted with permission
from ref 142. Copyright 2019, WILEY-VCH. (d) (a) Gold NPs or NRs are introduced to create two DNA-based hydrogels. The hydrogels can be
used to develop light-controlled mechanical properties and to promote shape memory, light-controlled drug release, and self-healing through
on/off irradiation. (b, c) Controlled release of DOX from hydrogels with (Curve a) or without laser irradiation (Curve b). Source: Adapted with
permission ref 143. Copyright 2019, American Chemical Society
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cartilage formation. Several studies have cross-linked 0DM quantum

dots (carbon dot nanoparticles [CD NPs] and cadmium selenide quan-

tum dots [CdSe QDs]) to collagen using the cross-linking agent

genipin, and developed injectable nanocomposite hydrogels for carti-

lage repair.18 CD NPs or CdSe QDs not only significantly improve the

mechanical properties of collagen hydrogels (through hydrogen bonds,

hydrophobic forces or charge interactions) but can also generate ROS

through PDT to promote the directional differentiation of BMSCs into

cartilage, ultimately accelerating the regeneration of cartilage.

Recently, a synergism has been observed between PDT and PTT

regarding joint disease treatment. Pan et al. incorporated black phos-

phorus nanosheets (BP NSs) into thermally responsive injectable

chitosan hydrogels to develop a therapeutic platform for the treat-

ment of cartilage defects caused by rheumatoid arthritis (Figure 6d).

The 2D BP produces local heat (PTT) and ROS (PDT) under NIR, which

cannot only remove hyperplastic synovial tissue but also stimulate the

regeneration of cartilage injury. Concurrently, the degradation prod-

ucts of BP can provide sufficient raw materials for osteogenic

differentiation.133

4.2.6 | Skin tissue engineering

Skin damage is often accompanied by bacterial infections that cause

secondary wound deterioration.40 The shape and depth of the skin

wounds are often irregular, and it is difficult to fully fit the wound

even after cutting the gels. For injectable nanocomposite hydrogels,

inject the gel-precursor to the wound surface first, and then formed

hydrogel by temperature, pH, light, and so on. The hydrogels can

completely match various irregular wounds to achieve good treatment

effect. Gao et al. mixed polydopamine nanoparticles (PDA NPs) with

modified chitosan to prepare an injectable gel for combating bacterial

infections and promoting wound healing.140 PDA NPs contain the

potent antibiotic ciprofloxacin (Cip). Near-infrared light irradiation can

promote the release of Cip, and at the same time, it can activate PDA

NPs to produce a photothermal effect (PTT). The local heat can lead

to the destruction of bacterial integrity. The hydrogel system thus

achieved antimicrobial activity through photothermal effect and anti-

biotics. Ordinary skin injuries can heal smoothly within 1 or 2 weeks.

However, full-thickness skin injuries are often difficult to repair and

can even endanger human lives. Moreover, studies have shown that

the tissue adhesion, electrical conductivity, antioxidant activity, and

hemostatic ability of skin dressings are also essential for wound

healing. Liang et al. designed an injectable hydrogel made from HA-

grafted-dopamine and rGO NSs that can be used to enhance the

regeneration of full-thickness skin damage (Figure 7a).69 Dopamine

provides the hydrogel with antioxidant activity, tissue adhesion ability,

hemostatic functionality, and photothermal antibacterial properties.

rGO provides the hydrogel with good electrical conductivity.

Compared to ordinary skin wounds, the healing of diabetic

wounds is more challenging. Diabetes can cause microvascular dys-

function that leads to ischemia and hinders wound healing. Therefore,

for diabetic wounds, enhancing angiogenesis and restoring

revascularization are important to accelerate wound healing.

Exosomes are a bioactive nanovesicles secreted by stem cells and are

negatively charged on surface. Exosomes usually possess a diameter

of 50–200 nm. Compared with stem cells, they elicit a lower immune

response and possess higher stability and storability.144 Studies have

shown that exosomes exhibit an extremely high potential for promot-

ing wound healing. Min Wang et al. designed an injectable

temperature-sensitive gel dressing to promote diabetic wound healing

and angiogenesis (Figure 7b). The hydrogel system exhibits effective

antibacterial activity, self-healing, tissue adhesion, rapid hemostatic

ability, and good ultraviolet shielding performance, and the ability to

continuously release exosomes in response to the pH of diabetic

wounds.141 Exosomes bind to the PEI in the hydrogel by electrostatic

action. Under the condition of slightly acidic pH, the dissociation of

binding sites will be caused by free charge (H+), which leads to the

release of exosomes from hydrogel. The released exosomes accelerate

wound repair primarily by enhancing the angiogenic ability of diabetic

wounds. Exosomes contain stem cell-specific proteins and nucleic

acids and are capable to partially mimic stem cell function. They can

recruit vascular endothelial cells and promote their proliferation,

migration, and formation of neovascularization, improve blood flow

perfusion and oxygen supply, thus promoting wound healing.

Surgery to treat skin tumors can also cause skin damage. Com-

pared to ordinary skin injuries and diabetic wounds, the additional

consideration of skin tumor surgical trauma is to eliminate possible

residual tumor cells to prevent recurrence. Therefore, injectable

hydrogels applied to skin tumor surgical wounds should not only pro-

mote wound healing and possess antibacterial activities, but they also

should help to prevent residual tumor recurrence. Due to its high effi-

ciency, low toxicity, and noninvasive nature, PTT is commonly used in

the treatment of skin tumors. Zhou et al. developed a multifunctional

bioactive nanocomposite injectable hydrogel that not only promotes

wound healing and resistance to multidrug resistant bacteria but also

effectively eliminates skin tumors (Figure 7c). The polydopamine-

functionalized bioactive glass nanoparticles (BGN@PDA) incorporated

into the antibacterial hydrogel exhibited excellent photothermal prop-

erties (PTT) under near-infrared laser irradiation. The local heat gener-

ated by PTT can effectively kill bacteria as well as tumor cells

(>90%).142 In addition to PTT, PDT is also regarded as a noninvasive

treatment for skin tumors that can effectively avoid secondary

trauma. Wang et al. integrated black titanium dioxide (B-TiO2)

nanoparticles into a chitosan matrix to develop an injectable

temperature-sensitive nanocomposite hydrogel. The gel cannot only

promote the regeneration of skin tissue but can also mimic the effects

of PTT and PDT to effectively inhibit skin tumors (Table 2).37

4.3 | Recent advances of self-healing
nanocomposite hydrogels

Self-healing hydrogel means that the material can repair properties to

their original state after being damaged, which could prolong the

lifespan of the material and reduce its unreliability.106 Referring to the
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self-healing mechanism, the self-healing behavior is mainly induced by

the reversible interaction of the hydrogel itself (dynamic chemical

bonds and noncovalent interactions).101,145 There are many dynamic

chemical bonds, such as C N bond (acyl hydrazone bond and imide

bond), B O bond (phenyl borate), C C/C S bond (reversible radical

reaction), Schiff base bond and disulfide bond. There are also many

dynamic noncovalent interactions, such as multiple hydrogen bond

interaction, π–π stacking, ion interaction (metal coordination), host–

guest interaction, and hydrophobic interaction.58,101,106,145 In recent

years, self-healing hydrogels have exhibited great potential to become

brittle hydrogel substitutes based on their durability and long-term

stability.106 However, depending on their intended use, self-healing

hydrogels also must include a variety of properties such as electrical

conductivity, photosensitivity, adhesion, and appropriate mechanical

strength. Nanomaterials are small and possess various characteristics

such as conductivity, light sensitivity, and pH response.16,146 There-

fore, a promising method is to incorporate nanomaterials into self-

healing hydrogels to develop nanocomposite hydrogels possessing

multiple functions and self-healing ability. Due to the interaction of

polymer-nanomaterials (such as charge interaction, hydrogen bond

and hydrophobic interaction), nanomaterials can also enhance the

self-healing ability of hydrogels.106 Self-healing nanocomposite hydro-

gels exhibit huge application potential in controlled drugs release,

electronic skin, and biosensing.147

4.3.1 | Controlled drugs release

Self-healing nanocomposite hydrogels can control the release of med-

icines through dynamic networks on/off.148 Wang et al. designed

DNA-based shape-memory self-repairing hydrogels loaded with gold

nanoparticles (Au NPs) or nanorods (Au NRs).149 Au NPs or AuNRs

make hydrogels have sensitive laser-controlled drugs release capabili-

ties as well as mechanical strength adjusted by light (Figure 7D).

Nanomaterials endow the hydrogels with self-healing and drug release

performance of photo-response. The Au NPs (λ = 532 nm) or Au NRs

(λ = 808 nm) heated the hydrogel by photothermal effect, resulting in

dehybridization of the DNA duplexes. The crosslinking of the hydrogel

F IGURE 8 (a) Design diagrammatic sketch of a PC/rGO/PVA gel. (b) (a) The PVA meshwork, (b) the borax-glycerol-water meshwork, and
(c) the neuroid PC/rGO meshwork. (c) (a) The SEM image of the PC/rGO meshwork, (b) the distribution of tactile nerves in the skin. (d) The
PC/rGO/PVA gel can be modeled into multiple shapes. (e) The gel can dynamically adapt to finger movements (scale bar: 5 cm). Source:
Reproduced with permission from ref 151. Copyright 2020, Elsevier

18 of 30 HUANG ET AL.



F IGURE 9 (A) (a) Diagrammatic sketch and photograph of a glucose electrode. (b) Schematic diagram of the construction of glucose sensors.
(c) Physical photographs of the assembled glucose sensor. (d) The sensor can respond to the repetitive addition of 4 and 8 mM glucose. Source:
Adapted with permission from ref 57. Copyright 2020, Elsevier. (b) (a) Gels in which partial water is replaced (MNOH) are more resistant to low
temperatures than pure hydrogels (MNH). (b) MNOH-based sensors' strain–resistance correlation curves. Sensors resistance responds to small
strains (c) and to large strains (d), respectively. The sensors could still respond to fingers bending (e) and to throat movement (f) after being stored
at �40�C for 6 h. Source: Adapted with permission from ref 49. Copyright 2019, WILEY-VCH. (c) The synthesis procedure of PDA@Ag NPs/CPH
hydrogels and their application in monitoring motions and diabetic wound repair. Source: Adapted with permission from ref 153. Copyright 2019,
WILEY-VCH. (d) (a) The design routes for P(AM-co-MAH)/f-BNNS glycerol-hydrogels. (b) Response braking process of the double-layer gel.
(c) Grab, lift, and release triggered by different temperatures. Source: Adapted with permission from ref 55. Copyright 2019, the Royal Society of
Chemistry
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decreased to release the drug. Chen et al. prepared a temperature-

sensitive nanogel and then formed a nanocomposite hydrogel with a

hydrophilic copolymer that can rapidly gel at physiological pH.150 The

hydrogel not only has self-healing ability, but also shows

multiresponsiveness to pH, glucose, H2O2, and temperature. The

hydrogel system has huge potential for controlled drugs release.

4.3.2 | Bionic electronic skin

The materials used to prepare the electronic skin must possess good

toughness, self-healing properties, and electrical conductivity to allow

them to withstand wear and convert external pressure and strain stimuli

into electrical signals for analysis and detection. Pan et al. incorporated

proanthocyanidin (PC)/rGO composites and neuro-like nano-networks

into the glycerol-PVA-borax gel and developed an electronic skin com-

posed of Bionic tactile hydrogel (PC/rGO/PVA).151 Glycerol chelates

with borax and forms hydrogen bond with PVA and forms a borax-glyc-

erol-water network, giving hydrogel super stretchability, super adapt-

ability and instant self-healing ability. (Figure 8). Additionally, the

PC/rGO composite nano-network allows the hydrogel to perfectly simu-

late the touch of natural skin and can precisely perceive skin changes,

expressions of the face, and phonation. PC/rGO nanoparticles can pro-

vide electrical conductivity for composite materials and can transmit and

recognize external signals through the structure and electrical conduc-

tivity of hydrogels, simulating the touch of natural skin. Lin et al. pre-

pared an Ag/TA@CNC nano-hybrid, and they then mixed it with PVA

gel to prepare a bionic tactile hydrogel.152 This hydrogel integrates a

variety of excellent properties, including rapid self-healing ability, super

stretchability, enhanced electrical conductivity, super compliance, self-

adhesiveness, and good antibacterial ability, mainly with the action of

dynamic borate bond and hydrogen bond. Moreover, when the hydrogel

is assembled inside the sandwich structure, it can sense various motion

haptics such as large joint bending and subtle facial expressions, pronun-

ciation, and breathing. This bionic material is sufficient to simulate vari-

ous tactile functions of the human skin.

4.3.3 | Glucose sensor

Blood glucose monitoring is very necessary for diabetic patients. A con-

tinuous glucose monitoring system (CGMS) can monitor the blood sugar

level of patients with severe diabetes to facilitate the accurate delivery

of insulin to patients. The glucose sensor is one of the key components

of the CGMS. Current commercial glucose sensors do possess certain

defects such as being prone to mechanical damage, lack of durability,

and leakage of contents. Liang et al. designed a self-repair hydrogel

made of quaternized chitosan composite oxidized dextran (Figure 2f).

Then, CeO2/MnO2 nanoparticles loaded with GOx were connected to

the gel through covalent action to serve as an electrocatalysis medium

(Figure 9a).57 An additional covering agent was concurrently applied to

the hydrogel to av CeO2/MnO2 NPs run-off. The gel was then cova-

lently bonded to a flexible chip to form a flexible glucose sensor. Since

the CeO2/MnO2 NPs act as electrocatalytic medium, the sensor exhibits

a rapid and sensitive response to glucose (t < 3 s). Due to the reversible

Schiff base bond between quaternized chitosan and oxidized dextran,

the hydrogel exhibits strong self-repair properties that allow the sensor

to adapt to various deformations and damage. The hydrophilic polymer

network and self-healing function greatly improve the sensitivity and

service life of the glucose sensor, and the sensor can even work continu-

ously for more than 30 days in vitro. In addition, study has been success-

fully examining glucose in oral saliva by nanocomposite hydrogel

combined with GOx.154 These studies show that nanocomposite hydro-

gels combined with GOx has great potential in noninvasive detection of

glucose.

4.3.4 | Strain sensor

Any hydrogel used as a skin strain sensor must possess good toughness,

conductivity, and self-repair ability to allow for long service life and good

electrical signal transmission ability under external stress.155 Yang Liu

et al. designed a nanocomposite hydrogel with a layered structure of

“brick and mortar” that possessed rich dynamic interactions, and they

used it as a strain sensor.156 In the hydrogel, “brick” materials were

formed by GO NSs and Ag NWs, and “mortar” materials were formed

by PVA/Ca2+. Ag NWs endow the sensor system with high conductivity

and GO NSs provide the system with rich functional groups. PVA

endows the entire sensor system with extremely strong mechanical

toughness and self-healing properties through many hydrogen bonds

and polymer chain movements. Moreover, Ca2+ can form a powerful

and reversible coordination bond with PVA and with GO, thus greatly

improving the self-repair capability of the gel. Moreover, when the ambi-

ent temperature is lower than zero, hydrogels that use deionized water

as a dispersant are likely to freeze and thus experience performance

degradation. Even at room temperature, such hydrogels will lose water

due to evaporation, thus resulting in a poor life cycle. Therefore, Liao

et al. developed a 2D MXene nanocomposite organic hydrogel (MNOH)

with antifreeze, self-healing, and conductive properties by using ethyl-

ene glycol to supersede the partial water of the gel.49 MXene is a 2D

material composed of transition metal carbides or carbonitrides that can

be used to prepare nanocomposite hydrogels with enhanced conductiv-

ity and mechanical properties. The hydrogel has excellent antifreeze

properties (�40 �C), can retain moisture for a long period of time

(8 days), possesses outstanding self-repair capability, and exhibits

mechanical capability. Additionally, the hydrogel can be crafted into

wearable strain sensors possessing a relatively wide strain range at

extremely low temperatures (Figure 9b).

Strain sensors can be prepared to monitor various human activi-

ties, such as finger movement, pulse frequency, and various types of

breathing.157,158 Additionally, to expand the functions and uses of the

sensor, Zhao et al. developed a multifunctional nanocomposite hydro-

gel by assembling polydopamine-modified Ag NPs with polymers

(Figure 9c). The hydrogel possesses adjustable mechanical as well as

electrochemical abilities, excellent self-repair capability, and repeat-

able adhesion. It can be used to prepare strain sensors to monitor
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various motions in real-time.153 Moreover, the hydrogel system can

also promote angiogenesis, accelerate collagen deposition, anti-infec-

tion, so as to repair diabetic wounds. The developed nanocomposite

hydrogel combines the functions of tissue regeneration and bio-

sensing, and it can likely achieve dynamic monitoring of human move-

ment while repairing diabetic wounds.

4.3.5 | Bioactuator

Self-healing nanocomposite hydrogels exhibit good application potential

in bioactuators.159 Their flexibility and self-healing properties provide

actuators with enhanced performance and longer service life. Guo et al.

introduced 2D boron nitride NSs into synthetic polymer hydrogels and

then performed glycerin-water treatment to successfully prepare a self-

healing glycerin-hydrogel (Figure 9d).55 A large number of irregular

hydrogen bonds formed by glycerol-polymer-water network not only

make the gel exhibit excellent self-healing property, tensile strength and

toughness, but also destroy the formation of ice crystals at low tempera-

tures, improve the freezing resistance of hydrogel (�45�C), and prevent

the water from evaporating at high temperatures (60�C). Even if stored

at �45�C for 3 months, the hydrogel still possesses excellent self-healing

property. The designed double-layer hybrid hydrogel based on glycerin-

hydrogel and pure hydrogel can be used as a humidity-temperature

dual-response actuator. Qin et al. designed an aeolotropic gel that was

cross-linked by metal nano-components. This nanocomposite hydrogel

possesses a highly ordered layered network structure.64 Due to the

dynamic thiolate-metal coordination, the nanocomposite hydrogel can

respond to NIR and low pH conditions to achieve rapid and effective

self-healing properties. The hydrogel exhibits obvious anisotropy in

mechanical, optical, and swelling behaviors, and thus it possesses con-

trollable solvent responsiveness and mechanical driving ability. This

anisotropic and self-healing hydrogel exhibits huge application potential

in the field of advanced soft bioactuators.

4.4 | Recent advances in bioimaging
nanocomposite hydrogels

Common imaging methods in the biomedical field include magnetic

resonance (MRI), photoacoustic (PAI), and fluorescence imaging (FLI).

Combining nanomaterials with imaging functions and hydrogels with

good biocompatibility to obtain bioimaging nanocomposite hydro-

gels.14,160 In composite systems, nanomaterials are generally bio-

imaging components that can respond to in vitro conditions (magnetic

resonance, photoacoustic, fluorescence). While hydrogels can greatly

improve the residence time of nanomaterials in target parts and avoid

them being eliminated too quickly by the body. Bioimaging has the

advantages of being noninvasive, functioning in real-time, and all-

owing for dynamic monitoring, and this is extremely important for

anti-tumor therapies, tissue repair, and cell behavior monitoring.161

4.4.1 | Antitumor bioimaging

The nanocomposite hydrogels used for anti-tumor bioimaging are

commonly biodegradable, and the degradation status in vivo can be

monitored dynamically using biological imaging technology. Jin et al.

designed a gel that consisted of coiled-coil polypeptides, and the

hydrogel contained Ag2S NPs and paclitaxel (PTX) that allow it to be

used for chemo-phototherapy of tumors (Figure 10a). The degrada-

tion of hydrogel was positively correlated with the release of Ag2S

NPs. Therefore, the degradation of the hydrogel at tumor sites can

be monitored dynamically through near-infrared FLI and PAI of

Ag2S.
162 Except for degradation, the delivery process of

nanomedicine in hydrogel systems can also be monitored through

bioimaging technology. Dong et al. designed a gel platform loaded

with DOX and cytosine-phosphate-guanine nanoparticles (CPG NPs)

that can be used for chemo-immunotherapy of tumors. According to

the fluorescence characteristics of DOX and of CPG NPs, a dual FLI

system was designed.166 The system reveals the entire dynamic pro-

cess of chemical immunotherapy, including the stability and meta-

bolic time of chemical drugs and adjuvants, the location and

degradation of the gel system, and the movement of drugs. Addition-

ally, malignant metastasis will occur when the tumor develops to a

certain stage, and these metastatic events seriously threaten the lives

of patients. Therefore, it is necessary to visualize the tumor metasta-

sis process. Zhao et al. developed a nanocomposite hydrogel

possessing long-lasting luminescence by integrating tumor-targeted

nanoparticles (PL NPs) with alginate hydrogels (Figure 10b).163 PL

NPs provide reproducible and long-lasting NIR emission to achieve

long-term imaging and effectively avoid the interference of in situ

F IGURE 10 (A) (a) The degradation of hydrogel scaffolds in vitro and in vivo by FLI. (b) The degradation of hydrogel scaffolds in vivo by PAI.
Source: Adapted with permission from ref 162. Copyright 2019, the Royal Society of Chemistry. (b) (a) The PLNP nanocomposite hydrogel targets
and tracks tumor metastasis. (b) Sustained fluorescence images of tumor cells labeled with PLNPs-CPBA to assess their tumor migration process.
(c) Long-lasting luminous image of mouse organs in vitro. (d) Semi-quantitative analysis of continuous luminescence from different isolated

organs. Source: Adapted with permission from ref 163. Copyright 2020, American Chemical Society. (c) Engineering design of 3D heart tissue
operated through a magnetic field. (a, b) Diagram of the experimental procedure. (c, d) Magnetic field and force distribution of the different
magnets. (e–j) The bright field and fluorescent images of the patterned tissue in response to different magnetic fields. (k–m) The control hydrogel
without applying a magnetic field revealed the random distribution of CMs within the hydrogel. Scale bar: 1 mm. Source: Adapted with
permission from ref 164. Copyright 2019, WILEY-VCH. (d) (a) The images of O2 concentration distribution in the scaffold with or without light.
(b) After 60 min of illumination or 30 min of darkness, the distribution of O2 concentration in the vertical direction of the scaffold was observed.
Source: Adapted with permission from ref 165. Copyright 2018, WILEY-VCH
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radiation. The hydrogel can specifically mark tumors and track tumor

metastasis.

4.4.2 | Tissue engineering bioimaging

Bioimaging possesses important potential in tissue bioimaging in vitro

and dynamic monitoring of bone/cartilage regeneration in vivo. Limor

Zwi-Dantsis et al. designed functionalized magnetic nanoparticles

(MNP) and combined them with a collagen hydrogel to develop a new

platform that can be used to control tissue geometry (Figure 10C).164

MNP can target and label cardiomyocytes derived from pluripotent

stem cells. Then, by imposing external magnetic fields to make the

cells grow in a certain direction, the tissue can be given a specific

shape without any mechanical support. At the same time, this process

can be visualized in real-time through bioimaging. Additionally, one of

the advantages of bioimaging is that it can provide noninvasive moni-

toring. It is with great advantages in tissue engineering, particularly for

in vivo tissues, such as bone and cartilage. Yang et al. modified

USPIOs with kartogenin (KGN) and then combined them with cellu-

lose nanocrystal/dextran hydrogel. KGN is an emerging non-protein

drug that can promote the differentiation of BMSCs into cho-

ndrocytes. USPIOs can achieve stable imaging in response to in vitro

MRI.97 The nanocomposite hydrogel system could promote the regen-

eration of cartilage tissue, and it could also enable the noninvasive

monitoring of the regenerated tissue through in vitro MRI. In addition,

study shows that nanocomposite hydrogel can promote bone repair

and achieve multimodal dynamic monitoring of bone repair pro-

cess.167 These studies show that nanocomposite hydrogels have great

potential in tissue engineering imaging.

4.4.3 | Cell behavior bioimaging

Nanocomposite hydrogels can be used to image living cells and active

substances in the cells, which is useful for monitoring the physiologi-

cal state of the cells and cell activities. Li et al. synthesized Ag NPs

that could stably bound to the oligonucleotide and optimized the fluo-

rescence characteristics of the Ag NPs.168 With the protection of

DNA hydrogel, Ag NPs exhibited good light stability even in an oxy-

gen environment, and they possessed a wide emission spectrum.

Strong oxidant (ROS/RNS) decreased the red fluorescence and

enhanced the green fluorescence of reductive Ag NPs. Thus, Ag NPs

in DNA hydrogel can be used as fluorescence probes for cell imaging

and for monitoring active oxygen species and nitrogen substances

(ROS/RNS) in living cells, and this is of great significance for monitor-

ing cell damage and cancer. Moreover, biological imaging technology

can be used to dynamically monitor the metabolic type and chemical

microenvironment of cells. Trampe et al. developed a functionalized

biological ink by combining luminescent optical sensor nanoparticles

with hydrogels, and this platform can be used for 3D bio-printing of

living cells and online imaging of O2 (Figure 10D).165 Optical sensor

nanoparticles can perform noninvasive and online imaging of oxygen

dynamics caused by cell respiration and photosynthesis. In this way,

different types of metabolic activities in living cells can be distin-

guished in a completely 3D printed scaffold. This nanocomposite

hydrogel bio-ink can noninvasively draw the spatio-temporal dynam-

ics and chemical microenvironment of cell metabolism, thus allowing

for rapid identification of cell activity in the 3D-printed scaffold.

5 | COMMERCIALIZATION OF
NANOCOMPOSITE HYDROGELS IN
BIOMEDICINE

In vivo applications include deep applications (tissue engineering, anti-

tumor, bioimaging), and superficial applications (transdermal MNs).

Many limiting factors affect in vivo product transformation, the most

important of which is the safety of the composite system.169 The

product transformation of nanomaterials composite hydrogels is

related to both hydrogels and nanomaterials. There are also several

factors affect the safety of hydrogels, the most important of which

are the matrix materials and the gelling methods. Commercialized

matrix materials should reach the medical level to ensure safety. There

are many gelling methods for hydrogels, but most of them used clini-

cally are with bio-orthogonal or non-bio-orthogonal gelling

methods.170 Bio-orthogonal can be performed in physiological envi-

ronments, and the reaction conditions are generally mild, such as gela-

tion based on ion interactions, hydrogen bonding and Schiff bases.

Non-bio-orthogonal generally performed in harsh conditions, such as

open-loop polymerization caused by high temperature. Bio-

orthogonal reactions have important advantages in tissue engineering,

while nonbio-orthogonal reactions are clinically transformed relatively

quickly.170 The safety of nanomaterials is mainly related to the mate-

rial itself (such as element composition, nano size, surface charge).

Among them, the size of nanomaterials is a factor affecting their bio-

safety and properties. For example, 10 nm Au NPs absorb green light

and thus appear red. The melting temperature decreases dramatically

as the size goes down. Moreover, 2–3 nm Au NPs are excellent cata-

lysts, which also exhibit considerable magnetism. At this size, they are

still metallic, but smaller ones turn into insulators. Their equilibrium

structure changes to icosahedral symmetry, or they are even hollow

or planar, depending on size.171 Therefore, in commercialization, it is

also very important to select the appropriate size and ensure good

size uniformity of nanomaterials. In addition, deep application in vivo

usually requires higher safety than superficial application. The deeper

the application depth of the product, the easier it is to contact the

human blood circulation system and central nervous system, the

higher the safety requirements of the product.172 Nanocomposite

hydrogels also tend to be complex systems even when applied to shal-

low surfaces, which require high safety.

Biomedical products mainly contain medical devices and new

drugs. Medical devices can be divided into Class I, II, and III according

to the use risk of products from small to large.173 The new drugs

require rigorous clinical trials, and the transformation is much more

difficult. In medical devices, compared with hydrogels, the
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commercialization of nanomaterials is more difficult. For example, dur-

ing the commercialization of medical devices, ISO 10993 is an interna-

tional standard for evaluating their biocompatibility.174,175 Standard

published in 1992 (ISO 10993-1:1992) is fully suitable for the safety

evaluation of hydrogels, which promoted the development of hydro-

gel medical devices to a certain extent.176 The biocompatibility evalu-

ation of hydrogel products is now relatively mature. However, as

nanomaterials have different specific surface area and other factors,

nanomaterials exhibit different biological properties from conven-

tional materials. Until 2017, the international standard suitable for

nanomaterials (ISO/TR10993-22:2017) was released.177 The commer-

cialization of nanomaterials is much later than that of hydrogels in

medical devices. In addition, many countries have stricter approvals

for nanomaterial medical devices. On FDA, the hydrogel-based medi-

cal devices cover from Class I to Class III, while nanomaterial medical

devices mainly cover from Class II to Class III. Moreover, there are

much more records about gel (over 1000) than nano (only 200) on

FDA (search “gel” or “nano” in 510(k) or PMA Database on FDA). In

terms of new drugs, hydrogels and nanoparticles have many commer-

cial products (Table 3). Hydrogels are mainly used as drug sustained-

release carriers. The great potential of nanomaterials in precision

medicine promotes the commercialization of nanomaterials in new

drugs. Currently, the nano drugs approved by FDA mainly include

lipid-based, protein-based, polymeric and inorganic nanoparticles.178

Nano drugs are mainly used in the clinic to treat cancer, resolve min-

eral deficiencies, image tissues, and facilitate vaccination.179–181

Nanocomposite hydrogels are complex systems composed of

hydrogels and nanomaterials, and their commercialization in vivo is

much more difficult. Biosafety evaluation of nanocomposite hydrogels

is a much more complex process than that of nanomaterials or hydro-

gels. Until now, nanocomposite hydrogel products that can be used

in vivo have not yet been approved by FDA, and only one clinical trial

of nanomaterials composite hydrogels is found (ClinicalTrials.gov,

Identifier: NCT04834245). This not only comes from the long cycle

TABLE 3 Representative products of nanomaterials or hydrogels

Products Class Application Materials Company

Restylane Medical device

(Class III)

Injectable dermal filler Consists of hyaluronic acid (HA) hydrogel Medicis Aesthetics

Holdings, Inc

SpaceOAR

Vue

Medical device

(Class II)

Reduce the radiation dose delivered to

the anterior rectum

Consists of absorbable polyethylene

glycol (PEG)-based hydrogel

Augmenix, Inc.

Zenieva Medical device

(Class I)

Wound dressing Consists of crosslinked polyacrylic acid

hydrogel

River's Edge

Pharmaceuticals,

LLC

NanoTite Medical device

(Class II)

Dental implants Calcium phosphate nanoparticles Implant Innovations,

Inc.

NanoBone Medical device

(Class II)

Bone void filler Nanocrystalline hydroxylapatite ARTOSS GmbH

COBRA PzF Medical device

(Class III)

NanoCoated Coronary Stent Polymeric polyphosphazene nanocoating CeloNova

BioSciences, Inc.

DEXTENZA New drug Treatment of eye inflammation PEG-based hydrogel contains

dexamethasone

Ocular Therapeutix

VANTAS New drug Treatment of prostate cancer Diffusion-controlled hydrogel containing

histrelin acetate

ENDO

SUPPRELIN

LA

New drug Children with central precocious puberty

(CPP)

Hydrogel containing histrelin acetate Indevus

RenaGel New drug Hyperphosphatemia Hydrogel containing with sevalamer

hydrochloride

GelTex

Pharmaceuticals Inc.

DOXIL New drug Advanced ovarian cancer, multiple bone

marrow cancer, and so on

Lipid-based nanoparticles, liposomes

(150–250 nm) loaded with DOX

Sequus

Pharmaceuticals

mRNA-

1273

New drug COVID-19 vaccine Lipid-based nanoparticles, liposomes

loaded with mRNA

Moderna

ADYNOVA-

TE

New drug Hemophilia Polymer-based nanoparticles, PEGylated

recombinant antihemophilia factor

Takeda

DexFerrum New drug Iron-deficient anemia Inorganic nanoparticles, iron dextran

colloid

American regent

Abraxane New drug Advanced non-small cell lung cancer

Metastatic breast cancer (secondary)

Metastatic pancreatic cancer (primary)

Protein-based nanoparticles, albumin-

particle bound paclitaxel

Celgene

Feridex I.V. New drug Imaging of liver lesions Inorganic nanoparticles, iron dextran

colloid

AMAG
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and high cost of R&D, production, and approval, but also comes from

the difficulties in the production and material design of nanomaterials

and hydrogels themselves.

Compared with in vivo applications, in vitro biomedical applica-

tions (biosensors, artificial skin, and biological actuators) pay more

attention to the functionality and stability of the composite systems.

This puts forward higher requirements for the material design and

manufacture of nanomaterials and hydrogels. For in vitro applications,

nanomaterials act more as the sensing core, endowing the composite

system with electrical conductivity, being able to sense various small

changes in the surrounding environment (temperature, stress, light,

and substance concentration) and convert them into electrical sig-

nals.57,156 Nanomaterials need to perform signal conversion repeat-

edly in this process, which puts forward higher requirements on the

functionality and stability of nanomaterials. Therefore, in material

designs, nanomaterials need to consider the good homogeneity,

appropriate size, micromorphology, and surface chemical modification.

In vitro applications also place extremely high requirements on the

environmental tolerance of hydrogels. The hydrogels mainly deter-

mine the macroscopic phenotype of the composite systems. In vitro

applications require hydrogels to withstand extreme temperatures,

maintain humidity, wear resistance, strong flexibility, viscosity, degra-

dation resistance, and appropriate swelling rate. In addition, the

hydrogels must also have good retention of nanomaterials.49,57 In

designing, hydrogels often consider suitable polymer molecular

weight, directional chemical modification, multicomponent combina-

tion, and so on. Manufacturing is also very important for product

transformation. In the manufacturing process, it is necessary to con-

trol the cost of products, such as production capacity, input/output

ratio, qualified product ratio, automation degree, and so on. At pre-

sent, a trend is to expand the in vivo functions of in vitro products,

such as integrating skin repair functions on biosensors.153 However,

this puts forward higher safety requirements for the composite sys-

tem and brings difficulties to the design and preparation of materials.

6 | CONCLUSION AND OUTLOOK

Herein, we determined the composition and classification of

nanomaterials and hydrogels. More importantly, we reviewed the

recent advances of nanomaterials composite hydrogels in biomedi-

cine, including emerging nanocomposite hydrogel MN technology,

injectable nanocomposite hydrogels with minimally invasive advan-

tages, self-healing, and bioimaging nanocomposite hydrogels. The

applications reviewed here encompass almost all areas of biomedicine,

such as drug and cell delivery, cancer treatment, tissue regeneration,

biosensing, and bioimaging. Many studies have shown that

nanomaterials composite hydrogels possess high potential applicabil-

ity in biomedicine. With the rapid development of 2DM, there is rea-

son to believe that 2DM composite hydrogels will be the next big

research hotspot. Although nanocomposite hydrogels have rich func-

tions and most of them have good biocompatibility, their diffusion

and metabolism in the body have not been definitively concluded. In

addition, the possible off-target toxicity and the long-term introduc-

tion of physiological toxicity are still needed to be verified.

From in vivo to in vitro, nanocomposite hydrogels have infinite

potential in biomedicine. However, product transformation faces

resistance, especially in clinical transformation in vivo. The safety of

composite systems is currently one of the main limiting factors. The

transformation rate of in vitro products is relatively fast, but higher

requirements are put forward for the stable functions and sustainabil-

ity of the composite systems. Product transformation is extremely dif-

ficult, and it is necessary to gradually lower the threshold through

interdisciplinary cooperation, especially from materials scientists,

chemists, biologists, and clinicians. Looking forward to the future,

nanomaterials composite hydrogels will shine in the fields of drug/cell

delivery, tissue engineering, anti-tumor, biosensing, bioimaging,

and so on.

ACKNOWLEDGMENTS

This study was supported financially by the Science and Technology

Project of Guangdong Province (No. 2020B1111560001), the Key

Areas and Development Program of Guangzhou (202007020006,

202103030003), the National Key Research and Development Pro-

gram of China (2018YFA0108700, 2017YFA0105602), NSFC Projects

of International Cooperation and Exchanges (81720108004), and the

International Science and Technology Cooperation Project of

Huangpu District/Guangzhou Development District (No. 2019GH11,

No. 2020GH14).

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/btm2.10315.

DATA AVAILABILITY STATEMENT

Data sharing not applicable to this article as no datasets were gener-

ated or analysed during the current study.

ORCID

Rui Guo https://orcid.org/0000-0002-7674-073X

REFERENCES

1. Zhang C, Xie B, Zou Y, et al. Zero-dimensional, one-dimensional,

two-dimensional and three-dimensional biomaterials for cell fate

regulation. Adv Drug Deliv Rev. 2018;132:33-56.

2. Xu Q, Li W, Ding L, Yang W, Xiao H, Ong WJ. Function-driven engi-

neering of 1D carbon nanotubes and 0D carbon dots: mechanism,

properties and applications. Nanoscale. 2019;11:1475-1504.

3. Mohideen MM, Liu Y, Ramakrishna S. Recent progress of carbon

dots and carbon nanotubes applied in oxygen reduction reaction of

fuel cell for transportation. Appl Energy. 2020;257:114027.

4. Pei J, Yang J, Yildirim T, Zhang H, Lu Y. Many-body complexes in 2D

semiconductors. Adv Mater. 2019;31:1706945.

5. He J, Tao L, Zhang H, Zhou B, Li J. Emerging 2D materials beyond

graphene for ultrashort pulse generation in fiber lasers. Nanoscale.

2019;11:2577-2593.

6. Ge Y, Zhu Z, Xu Y, et al. Broadband nonlinear photoresponse of 2D

TiS2 for ultrashort pulse generation and all-optical thresholding

devices. Adv Opt Mater. 2018;6(4):1701166.

HUANG ET AL. 25 of 30

https://publons.com/publon/10.1002/btm2.10315
https://publons.com/publon/10.1002/btm2.10315
https://orcid.org/0000-0002-7674-073X
https://orcid.org/0000-0002-7674-073X


7. Ou Q, Zhang Y, Wang Z, et al. Strong depletion in hybrid perovskite

p-n junctions induced by local electronic doping. Adv Mater. 2018;

30:1705792.

8. Xiu Z, Guo M, Zhao T, et al. Recent advances in Ti3+ self-doped

nanostructured TiO2 visible light photocatalysts for environmental

and energy applications. Chem Eng J. 2020;382:123011.

9. Ma D, Li Y, Mi H, et al. Robust SnO2� x nanoparticle-impregnated

carbon nanofibers with outstanding electrochemical performance

for advanced sodium-ion batteries. Angew Chem. 2018;130:9039-

9043.

10. Qiu M, Sun ZT, Sang DK, Han XG, Zhang H, Niu CM. Current pro-

gress in black phosphorus materials and their applications in electro-

chemical energy storage. Nanoscale. 2017;9:13384-13403.

11. Liu T, Liu G. Block copolymer-based porous carbons for super-

capacitors. J Mater Chem A. 2019;7:23476-23488.

12. Song Y, Shi X, Wu C, Tang D, Zhang H. Recent progress of study on

optical solitons in fiber lasers. Appl Phys Rev. 2019;6:021313.

13. Guo B, Wang S-H, Wu Z-X, et al. Sub-200 fs soliton mode-locked

fiber laser based on bismuthene saturable absorber. Opt Express.

2018;26:22750-22760.

14. Ji X, Kong N, Wang J, et al. A novel top-down synthesis of ultrathin

2D boron Nanosheets for multimodal imaging-guided cancer ther-

apy. Adv Mater. 2018;30:1803031.

15. Tao W, Kong N, Ji XY, et al. Emerging two-dimensional mono-

elemental materials (Xenes) for biomedical applications. Chem Soc

Rev. 2019;48:2891-2912.

16. Xiang C, Zhang Y, Guo W, Liang X-J. Biomimetic carbon nanotubes

for neurological disease therapeutics as inherent medication. Acta

Pharm Sin B. 2020;10:239-248.

17. Hu T, Mei X, Wang Y, Weng X, Liang R, Wei M. Two-dimensional

nanomaterials: fascinating materials in biomedical field. Sci Bull.

2019;64:1707-1727.

18. Piantanida E, Alonci G, Bertucci A, De Cola L. Design of

nanocomposite injectable hydrogels for minimally invasive surgery.

Acc Chem Res. 2019;52:2101-2112.

19. Sepantafar M, Maheronnaghsh R, Mohammadi H, et al. Engineered

hydrogels in cancer therapy and diagnosis. Trends Biotechnol. 2017;

35:1074-1087.

20. Chen W, Zhang F, Wang C, et al. Nonlinear photonics using low-

dimensional metal-halide perovskites: recent advances and future

challenges. Adv Mater. 2021;33:2004446.

21. Gao L, Bao W, Kuklin AV, Mei S, Zhang H, Agren H. Hetero-

MXenes: theory, synthesis, and emerging applications. Adv Mater.

2021;33:2004129.

22. Zhang Y, Huang P, Guo J, et al. Graphdiyne-based flexible photode-

tectors with high responsivity and detectivity. Adv Mater. 2020;32:

2001082.

23. Xue T, Liang W, Li Y, et al. Ultrasensitive detection of miRNA with

an antimonene-based surface plasmon resonance sensor. Nat

Commun. 2019;10:28.

24. Sun Z, Song C, Wang C, Hu Y, Wu J. Hydrogel-based controlled drug

delivery for cancer treatment: a review. Mol Pharm. 2020;17:

373-391.

25. Huang D, Huang Y, Xiao Y, et al. Viscoelasticity in natural tissues

and engineered scaffolds for tissue reconstruction. Acta Biomater.

2019;97:74-92.

26. Korde JM, Kandasubramanian B. Naturally biomimicked smart shape

memory hydrogels for biomedical functions. Chem Eng J. 2020;379:

122430.

27. Eelkema R, Pich A. Pros and cons: supramolecular or macromolecu-

lar: what is best for functional hydrogels with advanced properties?

Adv Mater. 2020;32:1906012.

28. Song HS, Kwon OS, Kim J-H, Conde J, Artzi N. 3D hydrogel scaffold

doped with 2D graphene materials for biosensors and bioelectronics.

Biosens Bioelectron. 2017;89:187-200.

29. Liu C, Guo X, Ruan C, et al. An injectable thermosensitive

photothermal-network hydrogel for near-infrared-triggered drug

delivery and synergistic photothermal-chemotherapy. Acta Biomater.

2019;96:281-294.

30. Fu J, Wu B, Wei M, et al. Prussian blue nanosphere-embedded in

situ hydrogel for photothermal therapy by peritumoral administra-

tion. Acta Pharm Sin B. 2019;9:604-614.

31. He P, Wu J, Pan X, et al. Anti-freezing and moisturizing conductive

hydrogels for strain sensing and moist-electric generation applica-

tions. J Mater Chem A. 2020;8:3109-3118.

32. Cui ZK, Kim S, Baljon JJ, Wu BM, Aghaloo T, Lee M. Microporous

methacrylated glycol chitosan-montmorillonite nanocomposite

hydrogel for bone tissue engineering. Nat Commun. 2019;10:3523.

33. Ye Y, Yu J, Wang C, et al. Microneedles integrated with pancreatic

cells and synthetic glucose-signal amplifiers for smart insulin deliv-

ery. Adv Mater. 2016;28:3115-3121.

34. Xu Y, Kutsanedzie FYH, Hassan M, et al. Mesoporous silica

supported orderly-spaced gold nanoparticles SERS-based sensor for

pesticides detection in food. Food Chem. 2020;315:126300.

35. Ye YN, Frauenlob M, Wang L, et al. Tough and self-recoverable thin

hydrogel membranes for biological applications. Adv Funct Mater.

2018;28:1801489.

36. Tang G, Su F, Xu X, Chu PK. 2D black phosphorus dotted with silver

nanoparticles: an excellent lubricant additive for tribological applica-

tions. Chem Eng J. 2020;392:123631.

37. Wang X, Ma B, Xue J, Wu J, Chang J, Wu C. Defective black nano-

titania thermogels for cutaneous tumor-induced therapy and

healing. Nano Lett. 2019;19:2138-2147.

38. Xie X, Hu X, Li Q, et al. Unraveling cell-type-specific targeted deliv-

ery of membrane-camouflaged nanoparticles with plasmonic imag-

ing. Nano Lett. 2020;20:5228-5235.

39. Wang MM, Zhang T, Mao DS, et al. Highly compressive boron

nitride nanotube aerogels reinforced with reduced graphene oxide.

ACS Nano. 2019;13:7402-7409.

40. Huang S, Liu H, Liao K, Hu Q, Guo R, Deng K. Functionalized GO

nanovehicles with nitric oxide release and photothermal activity-

based hydrogels for bacteria-infected wound healing. ACS Appl

Mater Interfaces. 2020;12(26):28952–28964.
41. Qiu M, Singh A, Wang D, et al. Biocompatible and biodegradable

inorganic nanostructures for nanomedicine: silicon and black phos-

phorus. Nano Today. 2019;25:135-155.

42. Tao W, Zhu X, Yu X, et al. Black phosphorus nanosheets as a robust

delivery platform for cancer theranostics. Adv Mater. 2017;29:

1603276.

43. Liang X, Ye X, Wang C, et al. Photothermal cancer immunotherapy

by erythrocyte membrane-coated black phosphorus formulation.

J Control Release. 2019;296:150-161.

44. Qiu M, Ren WX, Jeong T, et al. Omnipotent phosphorene: a next-

generation, two-dimensional nanoplatform for multidisciplinary bio-

medical applications. Chem Soc Rev. 2018;47:5588-5601.

45. Xing C, Chen S, Qiu M, et al. Conceptually novel black

phosphorus/cellulose hydrogels as promising photothermal agents

for effective cancer therapy. Adv Healthc Mater. 2018;7:1701510.

46. Tang X, Chen H, Ponraj JS, et al. Fluorination-enhanced ambient sta-

bility and electronic tolerance of black phosphorus quantum dots.

Adv Sci. 2018;5:1800420.

47. Qiu M, Wang D, Liang WY, et al. Novel concept of the smart NIR-

light-controlled drug release of black phosphorus nanostructure for

cancer therapy. Proc Natl Acad Sci U S A. 2018;115:501-506.

48. Jiang X, Kuklin AV, Baev A, et al. Two-dimensional MXenes: from

morphological to optical, electric, and magnetic properties and appli-

cations. Phys Rep. 2020;848:1-58.

49. Liao H, Guo X, Wan P, Yu G. Conductive MXene nanocomposite

organohydrogel for flexible, healable, low-temperature tolerant

strain sensors. Adv Funct Mater. 2019;29:1904507.

26 of 30 HUANG ET AL.



50. Xing C, Chen S, Liang X, et al. Two-dimensional MXene (Ti3C2)-

integrated cellulose hydrogels: toward smart three-dimensional net-

work nanoplatforms exhibiting light-induced swelling and bimodal

photothermal/chemotherapy anticancer activity. ACS Appl Mater

Interfaces. 2018;10:27631-27643.

51. Zhang Y, Chen K, Li Y, et al. High-strength, self-healable,

temperature-sensitive, MXene-containing composite hydrogel as a

smart compression sensor. ACS Appl Mater Interfaces. 2019;11:

47350-47357.

52. Ke X, Li M, Wang X, et al. An injectable chitosan/dextran/beta-

glycerophosphate hydrogel as cell delivery carrier for therapy of

myocardial infarction. Carbohydr Polym. 2020;229:115516.

53. Hao T, Li J, Yao F, et al. Injectable fullerenol/alginate hydrogel for

suppression of oxidative stress damage in Brown adipose-derived

stem cells and cardiac repair. ACS Nano. 2017;11:5474-5488.

54. Sun Z, Liang J, Dong X, Wang C, Kong D, Lv F. Injectable hydrogels

coencapsulating granulocyte-macrophage colony-stimulating factor

and ovalbumin nanoparticles to enhance antigen uptake efficiency.

ACS Appl Mater Interfaces. 2018;10:20315-20325.

55. Guo M, Wu Y, Xue S, et al. A highly stretchable, ultra-tough, remark-

ably tolerant, and robust self-healing glycerol-hydrogel for a dual-

responsive soft actuator. J Mater Chem A. 2019;7:25969-25977.

56. Yang B, Fang X, Kong J. In situ sampling and monitoring cell-free

DNA of the Epstein–Barr virus from dermal interstitial fluid using

wearable microneedle patches. ACS Appl Mater Interfaces. 2019;11:

38448-38458.

57. Liang Z, Zhang J, Wu C, et al. Flexible and self-healing electrochemi-

cal hydrogel sensor with high efficiency toward glucose monitoring.

Biosens Bioelectron. 2020;155:112105.

58. Li J, Geng L, Wang G, Chu H, Wei H. Self-healable gels for use in

wearable devices. Chem Mater. 2017;29:8932-8952.

59. Kumar D, Park CH, Kim CS. Strategic harmonization of silica shell

stabilization with Pt embedding on AuNPs for efficient artificial pho-

tosynthesis. J Mater Chem A. 2020;8:5734-5743.

60. Wei P, Chen T, Chen G, et al. Conductive self-healing

nanocomposite hydrogel skin sensors with Antifreezing and thermo-

responsive properties. ACS Appl Mater Interfaces. 2020;12:3068-

3079.

61. Zhang M, Wang Y, Jian M, et al. Spontaneous alignment of graphene

oxide in hydrogel during 3D printing for multistimuli-responsive

actuation. Adv Sci (Weinh). 2020;7:1903048.

62. Xu H, Huang S, Wang J, et al. Enhanced cutaneous wound healing

by functional injectable thermo-sensitive chitosan-based hydrogel

encapsulated human umbilical cord-mesenchymal stem cells. Int J

Biol Macromol. 2019;137:433-441.

63. Zhai QF, Liu YY, Wang R, et al. Intrinsically stretchable fuel cell

based on Enokitake-like standing gold nanowires. Adv Energy Mater.

2020;10:8.

64. Qin H, Zhang T, Li N, Cong H-P, Yu S-H. Anisotropic and self-healing

hydrogels with multi-responsive actuating capability. Nat Commun.

2019;10:2202.

65. Ma D, Li Y, Mi H, et al. Robust SnO2-x nanoparticle-impregnated

carbon nanofibers with outstanding electrochemical performance

for advanced sodium-ion batteries. Angew Chem-Int Ed. 2018;57:

8901-8905.

66. Saleemi MA, Hosseini Fouladi M, Yong PVC, Chinna K,

Palanisamy NK, Wong EH. Toxicity of carbon nanotubes: molecular

mechanisms, signaling cascades, and remedies in biomedical applica-

tions. Chem Res Toxicol. 2021;34:24-46.

67. Zhang H, Bao Q, Tang D, Zhao L, Loh K. Large energy soliton

erbium-doped fiber laser with a graphene-polymer composite mode

locker. Appl Phys Lett. 2009;95:141103.

68. Zhang H, Tang D, Knize RJ, Zhao L, Bao Q, Loh KP. Graphene mode

locked, wavelength-tunable, dissipative soliton fiber laser. Appl Phys

Lett. 2010;96:111112.

69. Liang Y, Zhao X, Hu T, et al. Adhesive hemostatic conducting inject-

able composite hydrogels with sustained drug release and

photothermal antibacterial activity to promote full-thickness skin

regeneration during wound healing. Small. 2019;15:1900046.

70. Tang X, Liang W, Zhao J, et al. Fluorinated phosphorene: electro-

chemical synthesis, atomistic fluorination, and enhanced stability.

Small. 2017;13:1702739.

71. Wang Y, Zhang F, Tang X, et al. All-optical phosphorene phase mod-

ulator with enhanced stability under ambient conditions. Laser Pho-

ton Rev. 2018;12:1800016.

72. Singh AK, Kumar P, Late DJ, Kumar A, Patel S, Singh J. 2D layered

transition metal dichalcogenides (MoS2): synthesis, applications and

theoretical aspects, applied. Mater Today. 2018;13:242-270.

73. Wu L, Xie Z, Lu L, et al. Few-layer tin sulfide: a promising black-phos-

phorus-analogue 2D material with exceptionally large nonlinear opti-

cal response, high stability, and applications in all-optical switching

and wavelength conversion. Adv Opt Mater. 2018;6:1700985.

74. Xie Z, Zhang F, Liang Z, et al. Revealing of the ultrafast third-order

nonlinear optical response and enabled photonic application in two-

dimensional tin sulfide. Photon Res. 2019;7(5):494–502.
75. Huang WC, Xie ZJ, Fan TJ, et al. Black-phosphorus-analogue tin

monosulfide: an emerging optoelectronic two-dimensional material

for high-performance photodetection with improved stability under

ambient/harsh conditions. J Mater Chem C. 2018;6:9582-9593.

76. Huang W, Zhang Y, You Q, et al. Enhanced Photodetection proper-

ties of tellurium@selenium roll-to-roll nanotube heterojunctions.

Small. 2019;15:1900902.

77. Wu L, Huang W, Wang Y, et al. 2D tellurium based high-

performance all-optical nonlinear photonic devices. Adv Funct Mater.

2019;29:1806346.

78. Xie ZJ, Xing CY, Huang WC, et al. Ultrathin 2D nonlayered tellurium

nanosheets: facile liquid-phase exfoliation, characterization, and

photoresponse with high performance and enhanced stability. Adv

Funct Mater. 2018;28(16):1705833.

79. Tao W, Ji X, Zhu X, et al. Two-dimensional antimonene-based pho-

tonic nanomedicine for cancer theranostics. Adv Mater. 2018;30:

1802061.

80. Wang Y, Huang W, Wang C, et al. An all-optical, actively Q-switched

fiber laser by an antimonene-based optical modulator. Laser Photon

Rev. 2019;13:1800313.

81. Xue T, Liang W, Li Y, et al. Ultrasensitive detection of miRNA with

an antimonene-based surface plasmon resonance sensor. Nat

Commun. 2019;10:1-9.

82. Xing C, Huang W, Xie Z, et al. Ultrasmall bismuth quantum dots: fac-

ile liquid-phase exfoliation, characterization, and application in high-

performance UV–vis photodetector. ACS Photon. 2018;5:621-629.

83. Lu L, Wang W, Wu L, et al. All-optical switching of two continuous

waves in few layer bismuthene based on spatial cross-phase modu-

lation. ACS Photon. 2017;4:2852-2861.

84. Chai T, Li X, Feng T, et al. Few-layer bismuthene for ultrashort pulse

generation in a dissipative system based on an evanescent field.

Nanoscale. 2018;10:17617-17622.

85. Huang W, Xing C, Wang Y, et al. Facile fabrication and characteriza-

tion of two-dimensional bismuth (III) sulfide nanosheets for high-

performance photodetector applications under ambient conditions.

Nanoscale. 2018;10:2404-2412.

86. Xing CY, Xie ZJ, Liang ZM, et al. 2D nonlayered selenium

nanosheets: facile synthesis, photoluminescence, and ultrafast pho-

tonics. Adv Opt Mater. 2017;5(24):1700884.

87. Fan TJ, Xie ZJ, Huang WC, Li ZJ, Zhang H. Two-dimensional non-

layered selenium nanoflakes: facile fabrications and applications for

self-powered photo-detector. Nanotechnology. 2019;30:114002.

88. Xie ZJ, Chen SY, Duo YH, et al. Biocompatible two-dimensional

titanium nanosheets for multimodal imaging-guided cancer

theranostics. ACS Appl Mater Interfaces. 2019;11:22129-22140.

HUANG ET AL. 27 of 30



89. Li Z, Qiao H, Guo Z, et al. High-performance photo-electrochemical

photodetector based on liquid-exfoliated few-layered InSe

nanosheets with enhanced stability. Adv Funct Mater. 2018;28(16):

1705237.

90. Guo B, Xiao Q-L, Wang S-H, Zhang H. 2D layered materials: synthe-

sis, nonlinear optical properties, and device applications. Laser Pho-

ton Rev. 2019;13:1800327.

91. Li J, Zeng H, Zeng Z, Zeng Y, Xie T. Promising graphene-based

nanomaterials and their biomedical applications and potential

risks: a comprehensive review. ACS Biomater Sci Eng. 2021;7:

5363-5396.

92. Luo M, Fan T, Zhou Y, Zhang H, Mei L. 2D black phosphorus-based

biomedical applications. Adv Funct Mater. 2019;29:1808306.

93. Cao R, Wang HD, Guo ZN, et al. Black phosphorous/indium selenide

photoconductive detector for visible and near-infrared light with

high sensitivity. Adv Opt Mater. 2019;7:1900020.

94. Sun Z, Xie H, Tang S, et al. Ultrasmall black phosphorus quantum

dots: synthesis and use as photothermal agents. Angew Chem Int Ed.

2015;54:11526-11530.

95. Zhang M, Wu Q, Zhang F, et al. 2D black phosphorus saturable

absorbers for ultrafast photonics. Adv Opt Mater. 2019;7:

1800224.

96. Luo S, Zhao J, Zou J, et al. Self-standing Polypyrrole/black phospho-

rus laminated film: promising electrode for flexible Supercapacitor

with enhanced capacitance and cycling stability. Acs Appl Mater Inter.

2018;10:3538-3548.

97. Yang W, Zhu P, Huang H, et al. Functionalization of novel

theranostic hydrogels with Kartogenin-grafted USPIO nanoparticles

to enhance cartilage regeneration. ACS Appl Mater Interfaces. 2019;

11:34744-34754.

98. Talebian S, Mehrali M, Taebnia N, et al. Self-healing hydrogels: the

next paradigm shift in tissue engineering? Adv Sci. 2019;6:1801664.

99. Yang J, Bai R, Chen B, Suo Z. Hydrogel adhesion: a supramolecular

synergy of chemistry, topology, and mechanics. Adv Funct Mater.

2020;30:1901693.

100. Huang S, Liu H, Huang S, Fu T, Xue W, Guo R. Dextran methacrylate

hydrogel microneedles loaded with doxorubicin and trametinib for

continuous transdermal administration of melanoma. Carbohydr

Polym. 2020;246:116650.

101. Lai WF. Development of hydrogels with self-healing properties for

delivery of bioactive agents. Mol Pharm. 2021;18:1833-1841.

102. Dong LY, Li Y, Li Z, et al. Au nanocage-strengthened dissolving

microneedles for chemo-photothermal combined therapy of superfi-

cial skin tumors. Acs Appl Mater Inter. 2018;10:9247-9256.

103. Grassi G, Scuntero P, Trepiccioni R, Marubbi F, Strauss K. Optimiz-

ing insulin injection technique and its effect on blood glucose con-

trol. J Clin Transl Endocrinol. 2014;1:145-150.

104. Mandal A, Boopathy AV, Lam LKW, et al. Cell and fluid sampling

microneedle patches for monitoring skin-resident immunity. Sci

Transl Med. 2018;10:467.

105. Liu G-S, Kong Y, Wang Y, et al. Microneedles for transdermal diag-

nostics: recent advances and new horizons. Biomaterials. 2020;232:

119740.

106. Deng Z, Wang H, Ma PX, Guo B. Self-healing conductive hydrogels:

preparation, properties and applications. Nanoscale. 2020;12:1224-

1246.

107. Lopez-Ramirez MA, Soto F, Wang C, et al. Built-in active micro-

needle patch with enhanced autonomous drug delivery. Adv Mater.

2020;32:e1905740.

108. Hu X, Yu J, Qian C, et al. H2O2-responsive vesicles integrated with

transcutaneous patches for glucose-mediated insulin delivery. ACS

Nano. 2017;11:613-620.

109. Yu J, Qian C, Zhang Y, et al. Hypoxia and H2O2 dual-sensitive vesi-

cles for enhanced glucose-responsive insulin delivery. Nano Lett.

2017;17:733-739.

110. Zhang Y, Wang J, Yu J, et al. Bioresponsive microneedles with a

sheath structure for H2O2 and pH cascade-triggered insulin deliv-

ery. Small. 2018;14:1704181.

111. Lee H, Song C, Hong YS, et al. Wearable/disposable sweat-based

glucose monitoring device with multistage transdermal drug delivery

module. Sci Adv. 2017;3:8.

112. Zhang X, Chen G, Liu Y, Sun L, Sun L, Zhao Y. Black phosphorus-

loaded separable microneedles as responsive oxygen delivery car-

riers for wound healing. ACS Nano. 2020;14:5901-5908.

113. Dimatteo R, Darling NJ, Segura T. In situ forming injectable hydro-

gels for drug delivery and wound repair. Adv Drug Deliv Rev. 2018;

127:167-184.

114. Norouzi M, Nazari B, Miller DW. Injectable hydrogel-based drug

delivery systems for local cancer therapy. Drug Discov Today. 2016;

21:1835-1849.

115. Xie Z, Duo Y, Lin Z, et al. The rise of 2D photothermal materials

beyond graphene for clean water production. Adv Sci. 2020;7:

1902236.

116. Xie Z, Peng Y-P, Yu L, et al. Solar-inspired water purification based

on emerging 2D materials: status and challenges. Solar RRL. 2020;4:

1900400.

117. Xing C, Jing G, Liang X, et al. Graphene oxide/black phosphorus

nanoflake aerogels with robust thermo-stability and significantly

enhanced photothermal properties in air. Nanoscale. 2017;9:8096-

8101.

118. Jiang YW, Gao G, Hu P, et al. Palladium nanosheet-knotted inject-

able hydrogels formed via palladium-sulfur bonding for synergistic

chemo-photothermal therapy. Nanoscale. 2020;12:210-219.

119. Wu H, Liu L, Song L, Ma M, Gu N, Zhang Y. Enhanced tumor syner-

gistic therapy by injectable magnetic hydrogel mediated generation

of hyperthermia and highly toxic reactive oxygen species. ACS Nano.

2019;13:14013-14023.

120. Liu X, Feng Z, Wang C, et al. Co-localized delivery of

nanomedicine and nanovaccine augments the postoperative cancer

immunotherapy by amplifying T-cell responses. Biomaterials. 2020;

230:119649.

121. Liang Y, Hao Y, Wu Y, et al. Integrated hydrogel platform for

programmed antitumor therapy based on near infrared-triggered

hyperthermia and vascular disruption. ACS Appl Mater Interfaces.

2019;11:21381-21390.

122. Jin R, Yang J, Ding P, et al. Antitumor immunity triggered by

photothermal therapy and photodynamic therapy of a 2D MoS2

nanosheet-incorporated injectable polypeptide-engineered hydrogel

combinated with chemotherapy for 4T1 breast tumor therapy.

Nanotechnology. 2020;31:205102.

123. Duong HTT, Thambi T, Yin Y, et al. Degradation-regulated architec-

ture of injectable smart hydrogels enhances humoral immune

response and potentiates antitumor activity in human lung carci-

noma. Biomaterials. 2020;230:119599.

124. Jiang L, Ding Y, Xue X, et al. Entrapping multifunctional dendritic

nanoparticles into a hydrogel for local therapeutic delivery and syn-

ergetic immunochemotherapy. Nano Res. 2018;11:6062-6073.

125. Sepantafar M, Maheronnaghsh R, Mohammadi H, et al. Stem cells

and injectable hydrogels: synergistic therapeutics in myocardial

repair. Biotechnol Adv. 2016;34:362-379.

126. Pena B, Maldonado M, Bonham AJ, et al. Gold nanoparticle-

functionalized reverse thermal gel for tissue engineering applica-

tions. ACS Appl Mater Interfaces. 2019;11:18671-18680.

127. Peña B, Bosi S, Aguado BA, et al. Injectable carbon nanotube-

functionalized reverse thermal gel promotes cardiomyocytes sur-

vival and maturation. Acs Appl Mater Inter. 2017;9:31645-31656.

128. Bao R, Tan B, Liang S, Zhang N, Wang W, Liu W. A pi-pi

conjugation-containing soft and conductive injectable polymer

hydrogel highly efficiently rebuilds cardiac function after myocardial

infarction. Biomaterials. 2017;122:63-71.

28 of 30 HUANG ET AL.



129. Paul A, Hasan A, Kindi HA, et al. Injectable graphene

oxide/hydrogel-based angiogenic gene delivery system for

vasculogenesis and cardiac repair. ACS Nano. 2014;8:8050-8062.

130. Wang W, Tan B, Chen J, et al. An injectable conductive hydrogel

encapsulating plasmid DNA-eNOs and ADSCs for treating myocar-

dial infarction. Biomaterials. 2018;160:69-81.

131. Rose JC, Camara-Torres M, Rahimi K, Kohler J, Moller M, De

Laporte L. Nerve cells decide to orient inside an injectable hydrogel

with minimal structural guidance. Nano Lett. 2017;17:3782-3791.

132. Tang Y, Lin S, Yin S, et al. In situ gas foaming based on magnesium

particle degradation: a novel approach to fabricate injectable

macroporous hydrogels. Biomaterials. 2020;232:119727.

133. Pan W, Dai C, Li Y, et al. PRP-chitosan thermoresponsive hydrogel

combined with black phosphorus nanosheets as injectable biomate-

rial for biotherapy and phototherapy treatment of rheumatoid

arthritis. Biomaterials. 2020;239:119851.

134. Lacko CS, Singh I, Wall MA, et al. Magnetic particle templating of

hydrogels: engineering naturally derived hydrogel scaffolds with 3D

aligned microarchitecture for nerve repair. J Neural Eng. 2020;17:

016057.

135. Omidinia-Anarkoli A, Boesveld S, Tuvshindorj U, Rose JC,

Haraszti T, De Laporte L. An injectable hybrid hydrogel with ori-

ented short fibers induces unidirectional growth of functional nerve

cells. Small. 2017;13:1702207.

136. Liu M, Zeng X, Ma C, et al. Injectable hydrogels for cartilage and

bone tissue engineering. Bone Res. 2017;5:17014.

137. Wu J, Zheng K, Huang X, et al. Thermally triggered injectable

chitosan/silk fibroin/bioactive glass nanoparticle hydrogels for in-

situ bone formation in rat calvarial bone defects. Acta Biomater.

2019;91:60-71.

138. Radhakrishnan J, Manigandan A, Chinnaswamy P, Subramanian A,

Sethuraman S. Gradient nano-engineered in situ forming composite

hydrogel for osteochondral regeneration. Biomaterials. 2018;162:

82-98.

139. Wang J, Li B, Pu X, et al. Injectable multicomponent biomimetic gel

composed of inter-crosslinked dendrimeric and mesoporous silica

nanoparticles exhibits highly tunable elasticity and dual drug release

capacity. ACS Appl Mater Interfaces. 2020;12:10202-10210.

140. Gao G, Jiang YW, Jia HR, Wu FG. Near-infrared light-controllable

on-demand antibiotics release using thermo-sensitive hydrogel-

based drug reservoir for combating bacterial infection. Biomaterials.

2019;188:83-95.

141. Wang M, Wang C, Chen M, et al. Efficient angiogenesis-based dia-

betic wound healing/skin reconstruction through bioactive

antibacterial adhesive ultraviolet shielding Nanodressing with

exosome release. ACS Nano. 2019;13:10279-10293.

142. Zhou L, Xi Y, Xue Y, et al. Injectable self-healing antibacterial bioac-

tive polypeptide-based hybrid nanosystems for efficiently treating

multidrug resistant infection, skin-tumor therapy, and enhancing

wound healing. Adv Funct Mater. 2019;29:1806883.

143. Singh P, Carrier A, Chen Y, et al. Polymeric microneedles for con-

trolled transdermal drug delivery. J Control Release. 2019;315:

97-113.

144. Henriques-Antunes H, Cardoso RMS, Zonari A, et al. The kinetics of

small extracellular vesicle delivery impacts skin tissue regeneration.

ACS Nano. 2019;13:8694-8707.

145. Heidarian P, Kouzani AZ, Kaynak A, Paulino M, Nasri-Nasrabadi B.

Dynamic hydrogels and polymers as inks for three-dimensional

printing. ACS Biomater Sci Eng. 2019;5:2688-2707.

146. Ding B, Zheng P, Ma PA, Lin J. Manganese oxide nanomaterials: syn-

thesis, properties, and theranostic applications. Adv Mater. 2020;32:

1905823.

147. Liu J, Jiang X, Zhang R, et al. MXene-enabled electrochemical micro-

fluidic biosensor: applications toward multicomponent continuous

monitoring in whole blood. Adv Funct Mater. 2019;29:1807326.

148. Gačanin J, Hedrich J, Sieste S, et al. Autonomous ultrafast self-

healing hydrogels by pH-responsive functional nanofiber gelators as

cell matrices. Adv Mater. 2019;31:1805044.

149. Wang C, Liu X, Wulf V, Vazquez-Gonzalez M, Fadeev M, Willner I.

DNA-based hydrogels loaded with au nanoparticles or au nanorods:

thermoresponsive plasmonic matrices for shape-memory, self-

healing, controlled release, and mechanical applications. ACS Nano.

2019;13:3424-3433.

150. Chen Y, Wang W, Wu D, Zeng H, Hall DG, Narain R. Multi-

responsive and self-healing hydrogel via formation of polymer-

nanogel interfacial dynamic benzoxaborole esters at physiological

pH. ACS Appl Mater Interfaces. 2019;11:44742-44750.

151. Pan X, Wang Q, He P, et al. A bionic tactile plastic hydrogel-based

electronic skin constructed by a nerve-like nanonetwork combining

stretchable, compliant, and self-healing properties. Chem Eng J.

2020;379:122271.

152. Lin F, Wang Z, Shen Y, et al. Natural skin-inspired versatile cellu-

lose biomimetic hydrogels. J Mater Chem A. 2019;7:26442-

26455.

153. Zhao Y, Li Z, Song S, et al. Skin-inspired antibacterial conductive

hydrogels for epidermal sensors and diabetic foot wound dressings.

Adv Funct Mater. 2019;29:1901474.

154. Bagal-Kestwal DR, Chiang BH. Tamarindus indica seed-shell

nanoparticlessilver nanoparticles-Ceratonia silique bean gum com-

posite for copper-micro mesh grid electrode fabrication and its

application for glucose detection in artificial salivary samples. Int J

Biol Macromol. 2021;189:993-1007.

155. Zhang F, Bao W, Li R, et al. Microneedles combined with a sticky

and heatable hydrogel for local painless anesthesia. Biomater Sci.

2019;7:4503-4507.

156. Liu Y, Shi X, Liu S, et al. Biomimetic printable nanocomposite for

healable, ultrasensitive, stretchable and ultradurable strain sensor.

Nano Energy. 2019;63:103898.

157. Deng Z, Hu T, Lei Q, He J, Ma PX, Guo B. Stimuli-responsive con-

ductive nanocomposite hydrogels with high stretchability, self-

healing, adhesiveness, and 3D printability for human motion sensing.

ACS Appl Mater Interfaces. 2019;11:6796-6808.

158. Wang Y, Chang Q, Zhan R, et al. Tough but self-healing and 3D

printable hydrogels for E-skin, E-noses and laser controlled actua-

tors. J Mater Chem A. 2019;7:24814-24829.

159. Cao S, Tong X, Dai K, Xu Q. A super-stretchable and tough

functionalized boron nitride/PEDOT:PSS/poly(N-isopropylacryla

mide) hydrogel with self-healing, adhesion, conductive and

photothermal activity. J Mater Chem A. 2019;7:8204-8209.

160. Jo J, Lee CH, Folz J, Tan JWY, Wang X, Kopelman R. In vivo photo-

acoustic lifetime based oxygen imaging with tumor targeted G2

polyacrylamide nanosonophores. ACS Nano. 2019;13:14024-

14032.

161. Mai B, Jia M, Liu S, et al. Smart hydrogel-based DVDMS/bFGF

nanohybrids for antibacterial phototherapy with multiple damaging

sites and accelerated wound healing. ACS Appl Mater Interfaces.

2020;12:10156-10169.

162. Jin R, Yang X, Zhao D, et al. An injectable hybrid hydrogel based on

a genetically engineered polypeptide for second near-infrared

fluorescence/photoacoustic imaging-monitored sustained chemo-

photothermal therapy. Nanoscale. 2019;11:16080-16091.

163. Zhao H, Liu C, Gu Z, et al. Persistent luminescent nanoparticles con-

taining hydrogels for targeted, sustained, and autofluorescence-free

tumor metastasis imaging. Nano Lett. 2020;20:252-260.

164. Zwi-Dantsis L, Wang B, Marijon C, et al. Remote magnetic nanopar-

ticle manipulation enables the dynamic patterning of cardiac tissues.

Adv Mater. 2020;32:1904598.

165. Trampe E, Koren K, Akkineni AR, et al. Functionalized bioink with

optical sensor nanoparticles for O2 imaging in 3D-bioprinted con-

structs. Adv Funct Mater. 2018;28:1804411.

HUANG ET AL. 29 of 30



166. Dong X, Yang A, Bai Y, Kong D, Lv F. Dual fluorescence imaging-

guided programmed delivery of doxorubicin and CpG nanoparticles

to modulate tumor microenvironment for effective chemo-immuno-

therapy. Biomaterials. 2020;230:119659.

167. Jiang L-B, Ding S-L, Ding W, et al. Injectable sericin based

nanocomposite hydrogel for multi-modal imaging-guided immu-

nomodulatory bone regeneration. Chem Eng J. 2021;418:

129323.

168. Li J, Yu J, Huang Y, Zhao H, Tian L. Highly stable and multiemissive

silver nanoclusters synthesized in situ in a DNA hydrogel and their

application for hydroxyl radical sensing. ACS Appl Mater Interfaces.

2018;10:26075-26083.

169. De Jong WH, Carraway JW, Geertsma RE. 6 - in vivo and in vitro

testing for the biological safety evaluation of biomaterials and medi-

cal devices. In: Boutrand JP, ed. Biocompatibility and Performance of

Medical Devices. 2nd ed. Woodhead Publishing; 2020:123-166.

170. Gao Y, Peng K, Mitragotri S. Covalently Crosslinked hydrogels via

step-growth reactions: crosslinking chemistries, polymers, and clini-

cal impact. Adv Mater. 2021;33:e2006362.

171. Roduner E. Size matters: why nanomaterials are different. Chem Soc

Rev. 2006;35:583-592.

172. Shan C, Liu M. 18 - medical device regulations in China. In:

Boutrand JP, ed. Biocompatibility and Performance of Medical Devices.

2nd ed. Woodhead Publishing; 2020:475-488.

173. Martin JL, Norris BJ, Murphy E, Crowe JA. Medical device devel-

opment: the challenge for ergonomics. Appl Ergon. 2008;39:

271-283.

174. Bollen LS. New trends in biological evaluation of medical devices.

Med Device Technol. 2005;16:10-15.

175. Williams D. Objectivity in the evaluation of biological safety of med-

ical devices and biomaterials. Med Device Technol. 1991;2:44-48.

176. Zmener RMLO, Pameijer C, Chaves C, Kokubu G. Intraosseous bio-

compatibility of an MTA-based and a zinc oxide and eugenol root

canal sealer. Continuing Educ. 2013;6:4.

177. Gioria S, Caputo F, Urbán P, et al. Are existing standard methods

suitable for the evaluation of nanomedicines: some case studies.

Nanomedicine. 2018;13:539-554.

178. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA,

Langer R. Engineering precision nanoparticles for drug delivery. Nat

Rev Drug Discov. 2021;20:101-124.

179. Anselmo AC, Mitragotri S. Nanoparticles in the clinic. Bioeng Transl

Med. 2016;1:10-29.

180. Anselmo AC, Mitragotri S. Nanoparticles in the clinic: an update post

COVID-19 vaccines. Bioeng Transl Med. 2021;6:e10246.

181. Anselmo AC, Mitragotri S. Nanoparticles in the clinic: an update. Bio-

eng Transl Med. 2019;4:e10143.

How to cite this article: Huang S, Hong X, Zhao M, et al.

Nanocomposite hydrogels for biomedical applications. Bioeng

Transl Med. 2022;7(3):e10315. doi:10.1002/btm2.10315

30 of 30 HUANG ET AL.

info:doi/10.1002/btm2.10315

	Nanocomposite hydrogels for biomedical applications
	1  INTRODUCTION
	2  RECENT ADVANCES IN NANOMATERIALS
	3  RECENT ADVANCES IN HYDROGELS
	4  RECENT ADVANCES OF NANOCOMPOSITE HYDROGELS IN BIOMEDICAL ENGINEERING
	4.1  Recent advances of nanocomposite hydrogel microneedle patches
	4.1.1  Recent advances of MN patches for intelligent insulin delivery
	4.1.2  Recent advances of MN patches for sampling interstitial fluid
	4.1.3  Recent advances of MN patches for wound healing

	4.2  Recent advances of injectable nanocomposite hydrogels
	4.2.1  Cancer treatment
	4.2.2  Myocardial tissue engineering
	4.2.3  Nerve tissue engineering
	4.2.4  Bone tissue engineering
	4.2.5  Cartilage tissue engineering
	4.2.6  Skin tissue engineering

	4.3  Recent advances of self-healing nanocomposite hydrogels
	4.3.1  Controlled drugs release
	4.3.2  Bionic electronic skin
	4.3.3  Glucose sensor
	4.3.4  Strain sensor
	4.3.5  Bioactuator

	4.4  Recent advances in bioimaging nanocomposite hydrogels
	4.4.1  Antitumor bioimaging
	4.4.2  Tissue engineering bioimaging
	4.4.3  Cell behavior bioimaging


	5  COMMERCIALIZATION OF NANOCOMPOSITE HYDROGELS IN BIOMEDICINE
	6  CONCLUSION AND OUTLOOK
	ACKNOWLEDGMENTS
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


