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a b s t r a c t

Photothermal hydrogels with excellent photo responsive and thermal conversion ability had attract a

great deal of attention from researchers to explore their biological applications. This review aimed to

provide a comprehensive overview of photothermal hydrogels, focusing on their design principles, various

functions, and biological applications. Firstly, several classifications of photothermal hydrogels were given

according to different photothermal agents (metal, metal sulfide/oxide, MXene, carbon-based, dyes, black

phosphorus, and polymer) utilized in hydrogel construction. The photothermal conversion mechanism

and hydrogel fabrication were also discussed in detail. Then, the relationship between their photothermal

conversion property and functions, together with some indispensable property such as biocompatibility,

adhesion, mechanical properties, and self-healing properties was fully introduced. Furthermore, the ap-

plications of photothermal hydrogels in the biomedical (i.e., wound healing, antibacterial treatments, con-

trolled drug release, bone repair, and tumor treatment) was summarized. Finally, the future opportunities

and challenges of photothermal hydrogels were proposed. We believe that this review could provide a

new horizon for further preparation of photothermal hydrogels, and could promote their applications in

wider fields.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Hydrogels with three-dimensional network, are composed of

hydrophilic polymers by various covalent and noncovalent inter-

actions (i.e., hydrogen bonding electrostatic interactions, and poly-

meric chemical bonds) [1–3]. The unique network structure en-

dows hydrogels with many excellent properties, which is widely

beneficial for biomedicine, electronic devices, resource processing

and other applications [4,5]. As we all know, hydrogels can be clas-

sified into conventional hydrogels and stimulus-responsive hydro-

gels from the perspective of smart responses [6]. After swelling

balance is reached in aqueous medium, the equilibrium swelling of

conventional hydrogels will not be changed under the temperature,

pH, light, electric field or other stimulus. However, the equilibrium

swelling of stimulus-responsive hydrogels will be changed accord-

ing to various external stimuli [7,8]. Physical stimuli are caused by

light [9], temperature [10], electric [11], sound field [12], magnetic
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[13] and so on. Chemical stimuli include ionic strength, pH [14,15],

specific molecular recognition (i.e., glucose) [16] and so on. Among

the various stimulus-responsive hydrogels, photothermal hydrogel

is a special category with photo-thermal conversion ability under

photo irradiation, has been developed for various applications ow-

ing to their simple and rapid response, remote control, low inva-

siveness, and high space-time selectivity [17,18].

Photothermal hydrogels have been widely documented in re-

cent years, which are formed by photothermal agent and hydro-

gel matrix materials. Photothermal agents include metal (Au, Ag),

metal sulfide/oxide (MoS2, CuS), carbon-based (carbon nanotubes

(CNTs), graphene oxide (GO), reduced graphene oxide (rGO)), con-

jugate polymer (polydopamine (PDA)), dyes (Prussian blue, indo-

cyanine green), black phosphorus, and MXene [19], which have

different photothermal conversion mechanisms. The photo-thermal

conversion mechanisms of different materials are mainly classified

into three categories (i.e., local plasmon resonance of metals, non-

radiative relaxation of semiconductors, and molecular thermal vi-

brations of polymers) [20,21]. The in situ generated heat in pho-

tothermal hydrogel after the irradiation of light is of great impor-

tance in many research fields, such as tissue repair [22–24], pho-

tothermal therapy [25], drug release [26], bone repair [27–29] and
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tumor therapy [30]. In the future, photothermal conversion hy-

drogels will certainly be widely promoted as a new therapeutic

method.

In recent years, photothermal hydrogels developed rapidly

worldwide due to their excellent photo-thermal conversion ability,

and potential application perspectivity, and a lot of reviews have

been reported on photothermal hydrogels [31,32]. However, these

reviews mainly focused on one aspect of photothermal hydrogels.

Here, to better introduce multifunctional photothermal hydrogels,

the design principles, various functions, and promising applications

have been documented in this review carefully. Firstly, the classifi-

cation, preparation methods, and photothermal conversion mecha-

nisms of photothermal hydrogels with various photothermal agents

have been fully illustrated. Then, the various properties (i.e., gen-

eral and specific functions) of photothermal hydrogels have been

summarized. Finally, the various applications in biomedicine ap-

plications have been introduced, and the future opportunities and

challenges of photothermal hydrogels have been briefly discussed.

We believe that this review could provide new opportunities and

strategies for new and comprehensive photothermal hydrogels.

2. Classification and preparation

Photothermal hydrogels is prepared by loading photothermal

agents on hydrogel matrix materials, and its photothermal con-

version function mainly depends on photothermal agents [33].

In this chapter, the classification, preparation, and mechanism of

photothermal hydrogels are introduced by introducing different

photothermal agents, including metal, metal sulfide/oxide, MXene,

carbon-based, dyes, black phosphorus, polymer (Fig. 1). In addition,

the photothermal conversion efficiency of different photothermal

agents was compared (Table S1 in Supporting information).

2.1. Metal-based photothermal hydrogels

Metal photothermal hydrogels and photothermal materials have

developed rapidly in recent years. Local surface plasmon res-

onance effect (LSPR) of metal photothermal agents (i.e., Au,

Ag, Pt) endows hydrogels good photothermal properties [34,35].

Gold nanoparticles (Au NPs), as a promising photothermal agent,

have been utilized in the field of photothermal hydrogels own-

ing to its unique advantages, including wonderful photother-

mal conversion efficiency, low toxicity, and good biocompatibil-

ity [36]. Qin et al. and Lin et al. modified Au NPs and Au

nanorods (Au NRs) to prepare photothermal crosslinkers by dy-

namic covalent bond (RS-Au bond) interaction using the multi-

functional crosslinker N,N′-bis(acryloyl)cystamine (BACA). Then,

Fig. 1. Types of photothermal agents.

Fig. 2. (a) Synthesis scheme of PNIPAM+Au NRs hydrogels. Copied with permission

[38]. Copyright 2021, Springer Nature Switzerland AG. (b) The synthesis route of GA-

Ag NPs and synthesis scheme of the adhesive GA-Ag NPs hydrogels. Copied with

permission [39]. Copyright 2020, Elsevier B.V.

the intelligent Au NPs/Au NRs photothermal hydrogel was prepared

by poly(N-isopropylacrylamide) (PNIPAM) and BACA-modified Au

NPs/Au NRs free radical polymerization [37,38]. As shown in Fig. 2a

and Fig. S1 (Supporting information), with the photothermal prop-

erties of Au NPs, the coordination mode can be reversibly turned

on/off in response to external stimuli, such as near-infrared lasers,

and then rebuilt the polymer network between the damaged parts,

offering the possibility of self-healing.

Although Au-photothermal agents have been widely studied, it

is relatively expensive, which seriously limits its further applica-

tion. Recently, silver nanoparticles (Ag NPs) are increasingly used

in various applications due to its numerous advantages, includ-

ing high photothermal conversion ability, chemical stability, and

lower cost. For example, Amatya et al. prepared Ag NPs coated

with bovine serum protein (BSA) through solution reduction, and

then the BSA/Ag NPs were dispersed in gelatin to form photother-

mal hydrogels (Fig. S2 in Supporting information) [39]. The hy-

drogels showed unique antibacterial properties and excellent pho-

tothermal properties owning to the addition of Ag NPs, leading to

successful ablation of skin cancer cells with local laser irradiation

of the tumor region. Additionally, Liu et al. used a one-pot method

to prepare GA-Ag NPs by reducing Ag+ with gallic acid in alkaline

environment, and then embedded them into a natural polysaccha-

ride to prepare GA-Ag NPs hydrogel [40]. The unique antibacterial

properties and photothermal conversion properties of Ag NPs give

hydrogels excellent broad-spectral sterilization performance under

near infrared light (NIR) irradiation (Fig. 2b).

2.2. Metal sulfide/oxide-based photothermal hydrogels

Metal sulfide nanomaterials (MeSNs) are a new class of pho-

tothermal agents composed of metal ions and sulfur compounds

[41]. Compared to metal-based photothermal hydrogels, they have

a lot of advantages, including wider absorption in near-infrared

light, lower cost, stable performance, and greater thermal con-

version capability [42]. Additionally, unlike the metal-based pho-

tothermal conversion mechanism, metal sulfides perform pho-

tothermal conversion by utilizing the non-radiative relaxation ef-

fect of semiconductors [43]. CuS nanoparticles, as a typical MeSNs,

are commonly used in photothermal hydrogel because of their ad-

vantages, including low cost, easy preparation, and small surface

modification volume [44]. For instance, Xie et al. dispersed CuS

2



Z. Hu, H. Zhang, Z. Li et al. Chinese Chemical Letters 35 (2024) 109527

Fig. 3. (a) MP hydrogel with antibacterial and antioxidant dual functions for closely

fitting and wound healing in movable parts. Copied with permission [47]. Copyright

2020, Elsevier B.V. (b) Preparation process and bending mechanism of Fe3O4/PAN-

P(NIPAM-ABP) composite hydrogel actuator. Copied with permission [49]. Copyright

2020, Elsevier B.V.

nanoparticles uniformly on the lignin skeleton, and then co-mixed

with glutaraldehyde (GA) in polyvinyl alcohol (PVA) solution to ob-

tain LS-CuS@PVA composite hydrogel, which has excellent antibac-

terial properties (Fig. S3 in Supporting information) [45]. Addition-

ally, MoS2, as a new two-dimensional sulfide, is a great photother-

mal agent with high photothermal conversion efficiency and few

side effects, which can be used as good drug and/or gene carrier

[46]. Li et al. used the coordination of dopamine and molybdenum

disulfide nanosheets to synthesize MP with high catalytic and pho-

tothermal properties. Then, in the presence of triethylamine, acry-

loyl chloride, Pluronic 127 (PF127) as a crosslinking agent was pre-

pared by reaction in methylene chloride. Finally, MoS2-PDA hydro-

gel (MPH) was prepared by copolymerizing acrylamide (AM), n-

isopropylacrylamide and PF127-DA in water using MoS2-PDA (MP)

as functional component, which has excellent antibacterial proper-

ties (Fig. 3a) [47].

Recently, metal oxide nanomaterials (MeONs) have attracted

wide attention due to their excellent photoactivity, high stability,

and high-cost effectiveness [48]. For example, Wei et al. prepared a

bilayer structure by doping nano Fe3O4 and copolymer (P(NIPAM-

ABP) of 4-allylbenzophenone-n-isopropylacrylamide) into polyacry-

lonitrile (PAN) solution (Fig. 3b) [49]. The Fe3O4/PAN-P(NIPAM-

ABP) composite hydrogel (FPP hydrogel) with great photothermal

conversion ability was obtained by cross-linking P(NIPAM-ABP)

fiber layer by ultraviolet light (UV) initiated polymerization. Ad-

ditionally, Wang et al. designed and prepared a novel multifunc-

tional hydrogel dressing for hyperglycemia adjustment, adhesion,

oxygen generation and biofilm resistance by introducing GOx and

nano MnO2 into PDA/AM hydrogel, which had excellent antibacte-

rial, compression, adhesive, hemostatic, and wound healing ability

(Fig. S4 in Supporting information) [50].

2.3. MXene-based photothermal hydrogels

MXene, as a novel two-dimensional (2D) material with excel-

lent photothermal conversion performance derived from electro-

magnetic interference shielding effect and LSPR effect, were widely

used to prepare photothermal conversion hydrogels [51–53]. For

example, Sun et al. reported a thermally responsive conductive

anisotropic double layer hydrogel for soft manipulators and sen-

sitive strain sensors [54]. As the first layer, ternary nanocompos-

ite (TN) hydrogel was formed by loading MXene nanosheets, into

PNIPAM hydrogel matrix. The second layer is prepared by the

same method without MXene nanocomposite (NC) hydrogel. Then,

the two-layer TN/NC hydrogel actuators were obtained by bond-

ing tightly through hydrogen bonds between the polymer chain

and the laponite nanosheet (Fig. S5 in Supporting information).

MXene could generate heat under NIR irradiation, which makes

TN hydrogel shrink, resulting in inconsistent shrinkage of the two

layers and bending, thus achieving the purpose of grasping ob-

jects. This study will provide a new method for the preparation

of photothermal responsive conductive hydrogels for remote near-

infrared photocontrolled actuators and wearable electronic devices.

Moreover, Tao et al. used p-Ti3C2Tx NPs prepared by ultrasonic

assisted mild etching method as initiator to generate high con-

centration of N-isopropyl proacrylamide monomer polymerization

to form PNIPAM-based nanocomposite hydrogel under deoxidation

condition (Fig. S6 in Supporting information) [55]. The prepared NC

hydrogels were sensitive to temperature and NIR, which could be

used to regulate transmittance, volume, and conductivity. They also

have excellent photothermal properties and electrical conductivity,

which could be used as remote photo-controlled “smart” windows,

fluid valves and photodetectors.

2.4. Carbon-based photothermal hydrogels

Carbon-based materials (i.e., CNT [56,57], GO [58,59], and rGO

[60,61]), are widely used in photothermal hydrogels due to their

high photothermal conversion efficiency and excellent light ab-

sorption capacity [62]. Graphene, including GO and rGO, is a two-

dimensional material composed of honeycomb carbon atoms. Due

to its high surface area, high light absorption, and chemical sta-

bility, it could be applied to photothermal hydrogels in various

fields [63]. For example, Qi et al. reported an injectable self-healing

hydrogel for the treatment of breast cancer [64]. Injectable self-

healing hydrogels (PEG-CMC hydrogels) were successfully prepared

by cross-linkable aldehyde-modified polyethylene glycol (PEG) with

carboxymethyl chitosan (CMC) through dynamic chemical reac-

tion between aldehyde group and amino group in relative com-

ponent, loading with a certain size of GO or needle-like nano-

hydroxyapatite (HAP) as tumor inhibitor, which had obvious effect

on the treatment of breast tumor (Fig. 4a). Additionally, rGO, as

a graphene derivative with a highly intact aromatic graphene ring

structure, has been found it have six times higher photothermal

conversion efficiency than GO [65]. Wang et al. reported a rGO-

based hydrogel with good photothermal and antibacterial proper-

ties, which were constructed by schiff base reaction between car-

boxymethyl chitosan (CMCS) and oxypectin (OP) (Fig. S7 in Sup-

porting information) [66]. In addition to graphene, carbon nan-

otubes are also being studied as materials for photothermal hydro-

gel. For example, Hao et al. used low-cost biomass-derived sodium

lignosulfonate (SLS) as the starting material to build an efficient

PVA/SLS-CNT hydrogel (PSCH) solar evaporator with good antibac-

terial properties and high evaporation rate (Fig. 4b) [67].

2.5. Small molecular dye photothermal hydrogels

Small molecule materials have several advantages in biomed-

ical application due to their simple synthesis process, good bio-

compatibility, and great degradation. Cyanine dye molecules, such

as indocyanine green (ICG) [68], IR825 [69], IR780 and Cy-

pate [70] have excellent photothermal conversion ability and
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Fig. 4. (a) The preparation process of the injectable self-healing hydrogel by the

reaction of DF-PEG with CMC (formation of the Schiff base bond) loading HAP and

GO, and a schematic of the synergistic inhibition-therapy and photothermal therapy

processes from the injectable PEG–CMC/HAP/GO self-healing nanocomposite hydro-

gel. Copied with permission [64]. Copyright 2021, Royal Society of Chemistry. (b)

Scheme of preparing PVA/SLS-CNT hydrogel hybrid solar evaporator. Copied with

permission [67]. Copyright 2021, Elsevier B.V.

Fig. 5. (a) Schematic illustration of the fabrication of the NIR (808nm) light-

responsive PANm-PTH-ICG MSs based on W/O emulsion. Copied with permission

[72]. Copyright 2021, John Wiley & Sons, Inc. (b) Schematic diagram of the prepara-

tion of PVA/CS-nMgO-BPNS hydrogel. Copied with permission [79]. Copyright 2021,

John Wiley & Sons, Inc.

have been widely used in photothermal therapy [71]. For ex-

ample, Kuang et al. developed an injectable multifunctional hy-

drogel, in situ cured via the coordination of calcium phos-

phate nanoparticles with poly(dimethyl aminoethyl methacrylate-

co-2-hydroxyethyl methacrylate) (DHCP) [72]. The polymer micro-

sphere (MS) was synthesized by self-assembly of the thermosensi-

tive polymer poly(n-acryloylglycine-coacrylamide) (PNAm) and ICG,

which were mixed to form DHCP-10PIP/d hydrogel. A coordinated

osteoblast/osteoclast balance was achieved through an appropri-

ate concentration of parathyroid hormone (PTH) in DHCP-10PIP/d

hydrogel, which could promote osteoporotic bone regeneration in

vivo (Fig. 5a). In contrast, Prussian blue, another organic dye, has

better photostability and photothermal conversion ability. Tong

et al. prepared a further supramolecular photothermal hydrogels,

containing hollow mesoporous Prussian blue nanoparticles (HMPB

NPs) loading doxorubicin (HMPB-DOX@GEL) [73]. The as-prepared

hydrogel could achieve the controlled release of local drugs and

have great reactive oxygen species (ROS) scavenging ability (Fig. S8

in Supporting information).

2.6. Black phosphorus photothermal hydrogels

Black phosphorus, as a new photothermal agent in recent

years, has been widely studied due to its good biocompatibil-

ity and excellent phototherapy effect [74]. For example, Shao

et al. combined black phosphorus nanosheets (BPNS) with a

thermosensitive hydrogel [poly(d,l-lactide)-poly(ethylene glycol)-

poly(d,l-lactide) (PDLLA-PEG-PDLLA:PLEL)] to design a sprayable

photothermal therapy (PTT) system for postoperative photothermal

therapy of cancer (Fig. S9 in Supporting information) [75]. BP@PLEL

hydrogel quickly formed through physical crosslinking under near-

infrared irradiation, which could not only eliminate residual tu-

mor tissue, but also prevent wound infection. Altogether, it has

tremendous clinical potential in cancer treatment. Phosphorus is

one of the essential elements for human body, which plays an im-

portant role in bones [76]. The degradation products of BPNS could

be transformed into P-based agents for enhancing the osteogene-

sis process [77,78]. For example, Qing et al. prepared a hydrogel

composed of PVA and chitosan encapsulating MgO and BPNS using

freeze-thaw methods (Fig. 5b) [79]. The release of Mg2+ and PO4
3−

from the hydrogel could promote the recruitment of mesenchy-

mal stem cell (MSCs), osteogenic differentiation, and biomineral-

ization. The exceptional osteoinductivity of the PVA/CS-MgO-BPNS

hydrogel could provide an opportunity for in-situ bone regenera-

tion, making it suitable for large-scale bone defects treatment in

clinical practice.

2.7. Polymer photothermal hydrogels

Melanin is a class of biopolymers widely distributed in natu-

ral organisms (such as animals, plants, bacteria, and fungi), and

has been widely studied for its excellent light-collecting and

photothermal conversion ability [80–83]. For instance, inspired

by melanin, Yang et al. prepared a bionic hydrogel evaporator

through a simple one-pot condensation copolymerization of 5,6-

dihydroxyindole (DHI) and formaldehyde, which could achieve 91%

evaporation efficiency under a single sunlight irradiation, and at

the same time remove various organic dyes and heavy metal ions

in wastewater (Fig. 6a) [84]. PDA is a biomimetic polymer material

inspired by mussel protein, which is considered as a kind of typ-

ical artificial melanin material because of its similar chemical and

physical properties to natural melanin [85,86]. In addition to the

ability of light collection and photothermal conversion like natu-

ral melanin, PDA also has the advantages of structural design and

adjustable particle size [87,88]. Zou et al. designed and prepared

a low-cost polydopamine-filled cellulose aerogel (PDA-CA) inspired

by mussels, which has a photothermal conversion efficiency of 86%

under sunlight irradiation, in addition to good long-term water

evaporation anti-fouling ability, and effective adsorption of organic

dye pollutants (Fig. 6b) [89].

In addition to the above 7 categories of photothermal hy-

drogels, there are several other photothermal hydrogels. For

example, Xiong et al. synthesized a bio-based photothermal hy-

drogel using cuttlefish juice as photothermal agent, which could

effectively resist the solid barrier of foreign bacteria and protect

the damage [90]. Additionally, Ma et al. synthesized a silicate

photothermal hydrogel (FMS/SA), which had good biocompati-
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Fig. 6. (a) Schematic illustration of the melanin inspired aerogel fabrication toward

multifunctional water remediation. Copied with permission [84]. Copyright 2023,

Royal Society of Chemistry. (b) Fabrication of PDA-CA. Copied with permission [89].

Copyright 2023, American Chemical Society.

bility and could promote skin wound healing after skin tumor

resection [91].

3. Functions

To expand the application of photothermal hydrogel in biologi-

cal field, in addition to its unique photothermal conversion ability,

it is necessary to solve other practical problems by their general

properties, such as biocompatibility, adhesion, mechanical proper-

ties and self-healing properties (Fig. 7).

3.1. General properties for biological application

3.1.1. Biocompatibility

Biocompatibility mainly includes histocompatibility and blood

compatibility [92]. Good histocompatibility requires hydrogel to

not cause any irritation, inflammation, necrosis, functional decline

of tissues and cells after administration in vivo. And it could en-

sure that the performance of photothermal hydrogels meets the

requirements for safe usage. For example, Chen et al. used gallic

acid grafted chitosan and oxidized Bletilla striata polysaccharide as

scaffolds to form a double-crosslinked dynamic photothermal hy-

drogel (GCOBFe hydrogel) by Schiff base reaction and pyrotrocinol-

Fe3+ chelation [93]. According to the results of cell viability and

Fig. 7. General functions and special properties of photothermal hydrogels.

Fig. 8. (a) The L929 mouse fibroblasts cytotoxicity of hydrogels. Copied with per-

mission [93]. Copyright 2023, John Wiley & Sons, Inc. (b) Hemolysis test of the

rGB/QCS/PDA-PAM hydrogel, compared to positive control (dH2O) and negative con-

trol (PBS). Copied with permission [94]. Copyright 2022, John Wiley & Sons, Inc.

(c) In vivo biocompatibility of the hydrogels. Scale bar: 300μm. Copied with per-

mission [95]. Copyright 2021, Elsevier B.V. (d) Photographs of TE-CMBAs adhered to

various wet tissues. (e) Schematic diagram of lap shear strength test of the adhesive

to porcine skin tissue. (f) Lap shear strength of the adhesive with different groups

to porcine skin tissue. Copied with permission [98]. Copyright 2022, John Wiley &

Sons, Inc.

live/dead staining experiments, the cells maintained good mor-

phology after 48h and there were almost no observed dead cells

(Fig. 8a). In addition, it is also necessary to evaluate the blood com-

patibility of photothermal hydrogels. Zhao et al. prepared a hydro-

gel (rGB/QCS/PDA-PAM) based on the cross-linking system of PDA

and polyacrylamide (PAM), and further mixed the photothermal 3-

aminobenzobenboric acid modified reduced graphene oxide (rGB)

sheet and QAS-modified carboxymethyl chitosan (QCS), which was

assessed to have good blood compatibility (Fig. 8b) [94].

Further, subcutaneous implantation experiments in organisms

are also needed to evaluate the biocompatibility and degradabil-

ity of biomaterials in vivo. For instance, Li et al. prepared a series

of tissue adhesion, antioxidant, self-healing and photothermal an-

tibacterial hydrogels (HA-PEGSB-CMP gels) based on the Schiff base

network of hyaluronic acid (HA), polysebacin (PEGSB) and cuttle-

fish melanin nanoparticles (CMP), which was proven good biocom-

patibility by subcutaneous implantation in Sprague Dawley (SD)

rats (Fig. 8c) [95].

3.1.2. Adhesion

The strong bio-adhesion of photothermal hydrogels is of great

significance in various applications, particularly in tissue repair,

wound management, and connecting wearable electronics [96,97].

However, bio-adhesion technology of hydrogels has faced chal-

lenges for a long time. For example, various surfaces such as moist

tissue surface, dense cuticle of skin, and mucous membrane on

the surface of internal organs can restrict the penetration and re-

sult in poor bio-adhesives [12]. So, researchers continue to ex-

plore innovative ways to overcome the limitations of bio-adhesion

technology and develop new photothermal hydrogels that exhibit

strong adhesion for various applications. For example, Fu et al. de-
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Fig. 9. Successive two times loading–unloading experiments of (a) original PCR-2

hydrogel and (b) healed sample. Copied with permission [106]. Copyright 2023, El-

sevier B.V. (c) Typical compression stress–strain curves of the hydrogel with dif-

ferent ODMA concentration. (d) Typical tensile stress–strain curves of the hydrogel

with different ODMA concentration. Copied with permission [110]. Copyright 2021,

Elsevier B.V. (e) Infrared thermal images of CCHONCD hydrogels at different time

intervals. (f) Photothermal stability of CCHO10NCD hydrogel under LED irradiation

for ten on/off cycles. Copied with permission [112]. Copyright 2021, John Wiley &

Sons, Inc.

veloped tannin-europium ligand cross-linked mussel citrate pho-

tothermal bio-adhesive (TE-CMBAs) with tissue adhesion strength

up to 38.5 kPa, which could be used for wound healing applica-

tions (Figs. 8d–f) [98]. We believe that the design principles of

this work can be generally extended to inspire the development

of smart therapeutic tissue adhesives.

3.1.3. Self-healing

Photothermal hydrogels are prone to rupture under excessive

external stimuli or experience fatigue after prolonged use, which

limits their widespread application in various fields [99]. To ad-

dress this issue, self-healing capacity is explored and integrated

to photothermal hydrogel to recover their intact hydrogel struc-

ture after damage through dynamic bonds [100]. The self-healing

mechanism is mainly based on dynamic reversible covalent bonds

such as imine bonds (Schiff bases) [93], Diels-Alder (DA) reaction

[101], borate bond [56], coordination bond [102], and physical non-

covalent interactions including hydrogen bond [103], ionic bond

[104], host–guest interaction [105]. For example, Qin et al. con-

structed a double-crosslinked network nanocomposite hydrogel by

two water-soluble polymers (polyacryla (PAA) and polyvinyl alco-

hol (PVA)) interacted with calcium ions and gold nanorods to un-

der UV photopolymerization, which had suitable fatigue resistance,

excellent self-healing properties [106]. The as-prepared PCR-2 hy-

drogel had the unique capability to reconnect itself within 150 s

through ion and hydrogen bonds when cut into two parts under

NIR irradiation. Moreover, the mechanical properties and cyclic en-

ergy loss of these gels barely change after the self-healing, which

indicated that the self-healing ability did not compromise the qual-

ity and functionality of these photothermal hydrogels (Figs. 9a and

b). We believe that this research could provide meaningful ap-

proaches for designing high-performance and self-healing hydro-

gels, as well as new strategies for developing innovative photother-

mal materials.

3.1.4. Mechanical strength

Suitable strength and toughness of photothermal hydrogel for

kinetic body sites is crucial for its successful application. To ad-

dress the mechanical limitation, proper modification is required

to improve the mechanical strength of the hydrogels [107,108]. To

solve this problem, there are two ways to improve the mechanical

strength of photothermal hydrogels. First, increase the number of

entanglements in polymer materials, thus increasing the degree of

molecular interaction. Second, cross-linking polymers through hy-

drogen bonds, covalent bonds could also improve the mechanical

strength of the photothermal hydrogels [109]. For example, Gan

et al. used dopamine methacrylate (ODMA) oligomers to insert into

the Gel-MA chain, which reduced the tangling density of the Gel-

MA chain, and introduced additional physical crosslinking, making

the hydrogel toughness and elasticity [110]. As shown in Figs. 9c

and d, it could be found that the tensile and compressive proper-

ties of the hydrogel were steadily improved after ODMA oligomers

were added into the Gel-MA chain. We believe that this work will

provide a feasible way to further develop the preparation of high-

performance photothermal hydrogels.

3.2. Photothermal property for biological application

As photothermal hydrogels, it usually has very excellent pho-

tothermal conversion performance which refers to the process of

concentrating illumination radiation energy through absorption,

then converting it into heat, increasing the hydrogel and envi-

ronment temperature [111]. Photothermal hydrogels with high ef-

ficiency could be applied to biomedical materials, solar steam,

and other fields. For instance, Chen et al. developed a method

to prepare an injectable hydrogel by using the Schiff base reac-

tion between acylamide-modified carbon dots (NCD) and aldehyde-

modified cellulose nanocrystals (CCHO), which had great pho-

tothermal therapeutic properties [112]. NCDs exhibited high pho-

tothermal conversion efficiency of 77.6%, and the CCHO10NCD hy-

drogel rapidly heated up when exposed to 660nm light emitting

diode (LED) light, such as its surface temperature increasing from

room temperature to 55 °C within 1min (Fig. 9e). In addition, it

also has good optical stability, and the photothermal performance

will not be weakened by photobleaching due to repeated irradi-

ation (Fig. 9f). This sample method, which was direct reaction of

photothermal agents with the matrix, not only provided a new

strategy for the preparation of photothermal hydrogels, but also

paved a new way for advanced cancer treatment.

In addition to the fundamental properties mentioned above,

some photothermal hybrid hydrogels were endowed with unique

features that make them useful in different application fields.

For example, some photothermal hybrid hydrogels possess elec-

trical conductivity through proper design in gel fabrication, en-

abling their use in electronic and sensor applications. For exam-

ple, Dong et al. prepared a tough and conductive hydrogel by

copolymerization of polyaniline (PANI) and PAM, which had light-

stimuli-responsive, excellent electrical conductivity, similar me-

chanical properties to nerve tissue and good biocompatibility [113].

4. Biomedical application

In recent years, photothermal hydrogels have been widely used

in medical. In the medical field, photothermal hydrogels could be

used for wound healing, antibacterial treatments, drug-controlled

release, bone repair, and tumor therapy treatment, and achieved
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Fig. 10. Biological applications of photothermal hydrogels [114–119]. Copied with permission [114]. Copyright 2018, American Chemical Society. Copied with permission [115].

Copyright 2019, Elsevier B.V. Copied with permission [116]. Copyright 2020, Elsevier B.V. Copied with permission [117]. Elsevier B.V. Copied with permission [118]. Copyright

2021, John Wiley & Sons. Copied with permission [117]. Copyright 2022, Elsevier B.V. Copied with permission [119]. Copyright 2023, Elsevier B.V.

good therapeutic effect. In the future, photothermal conversion hy-

drogels will certainly appear as a new therapeutic method in clin-

ical treatment (Fig. 10).

4.1. Wound healing

Skin is the largest organ of human body, which plays a vi-

tal role in maintaining homeostasis and protecting human body

[120,121]. As a protective barrier against the external environment,

skin could be damaged in some extreme conditions or accidents

[95]. Skin damage could also happen resulting from some diseases.

Wound healing consists of four continuous processes: hemostasis,

inflammation, proliferation, and remodeling [122,123]. Most skin

defects can be quickly and effectively recovered within one to two

weeks [124,125], but a few blocked healing processes have be-

come chronic wounds [126,127], which seriously affects life quality

and results in disability or death [128,129]. Photothermal hydro-

gels could accelerate wound healing through hyperthermia ther-

apy base on the photo-thermal conversion capacity. According to

studies, local mild heating (about 40 °C) could stimulate local mi-

crocirculation blood flow, promote cell proliferation, angiogenesis,

and wound healing [130]. For example, Sheng et al. designed a

new bioactive photothermal hydrogel with “hot spring effect” us-

ing ferridolomite and N,O-carboxymethyl chitosan (NOCS), which

could release bioactive ions and product heating function to form

a thermionic environment in the wound area to promote wound

healing (Figs. 11a–c) [131]. Altogether, photothermal hydrogel is ef-

fective to promote wound healing, accelerating the rapid repair of

wounds.

4.2. Antibacterial treatment

In modern society, infectious diseases caused by pathogenic

bacteria continue to pose a significant threat to human life and

health [132]. The current strategy for treating bacterial infections

involves the use of antibiotics. However, overuse and misuse of an-

tibiotics would give rise to antibiotic resistance, reducing the an-

tibacterial effect [133], so it is particularly important to develop

new antibacterial treatments that could inactivate bacteria with-

out causing resistance [134]. One promising strategy is the use of

photothermal hydrogels, which could kill bacteria directly through

the photothermal effect [135,136]. Unlike antibiotics, photothermal

Fig. 11. (a) Applications of the FA-NOCS hydrogel with “hot spring effect” for en-

hancing wound healing. (b) Gross observation of wound healing on day 0, 3, 7, 14

with different treatments. Scale bar: 5mm. (c) Quantification of wound closure rate.

Copied with permission [131]. Copyright 2021, Elsevier B.V. (d) Schematic diagram

of mechanism and application of PDA-PAM/Mg2+ hydrogels. (e) Survival of S. au-

reus and E. coli treated with different hydrogels after NIR irradiation. Copied with

permission [138]. Copyright 2021, Elsevier B.V. (f) Schematic diagram of the antibac-

terial ability and mechanism of QCSMOF-Van hydrogels. (g) Images of S.aureus and

E.coli of hydrogels after NIR irradiation. Copied with permission [139]. Copyright

2022, American Chemical Society.

hydrogels do not rely on specific targets within the bacterial cell,

avoiding antibiotic resistance happening.

So photothermal hydrogels could offer a potential solution to

the problem of antibiotic resistance, and could help reduce the in-

cidence of bacterial infections [137]. For example, Guo et al. de-

signed a composite antibacterial PDA-PAM/Mg2+ hydrogels (Fig.

11d) [138], which had excellent photothermal effect, good cyto-

compatibility, and excellent antibacterial ability. After NIR irradi-

ation, the survival rate of S. aureus and E. coli was only 5.29% and

7
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7.06%, respectively (Fig. 11e). Huang et al. prepared a curcumin-

based organic framework (QCSMOF-Van) loaded with vancomycin

(Van) and coated with quaternary ammonium chitosan (QCS) [139].

Then, the multifunctional hydrogels could be prepared by free rad-

ical polymerization and Schiff base reaction, which could realize

the efficient capture and rapid killing of bacteria (Figs. 11f and g).

This approach could limit systemic exposure and reduce the mini-

mum effective dose compared to systemic administration, thereby

reducing the potential risk of bacterial resistance [140].

4.3. Controlled drug release

Traditional drug delivery hydrogels mainly release drugs by

means of drug diffusion or material degradation [141]. The release

process is uncontrollable and could not achieve the expected effect

of drug delivery [142,143]. Via proper structure designation, hy-

drogels with controlled release capacity could address these prob-

lems, avoiding boosting release in blood, reducing the side effect

of drugs [144].

Various photothermal hydrogels have been developed to solve

the problems mentioned above, realizing controlled drug release.

For example, Qiu et al. designed a BP@Hydrogel drug release sys-

tem, which can be used to regulate the release of anticancer drugs

under NIR irradiation (Fig. S10a in Supporting information) [145].

BP PTA could convert light into heat and raise the temperature

of the hydrogel, thereby controlling the rate at which the drug

diffuses from the hydrogel to the environment. As shown in Fig.

S10b (Supporting information), it could be found that the absorp-

tion spectrum of DOX at 480nm gradually increased, which indi-

cated that the concentration of DOX released gradually increased

with the passage of irradiation time. Additionally, the hydrogels

could be further hydrolyzed and melted at enhanced laser power,

and eventually degrade into oligomers, which were excreted in

urine after treatment. Additionally, Wang et al. prepared a mul-

tifunctional NIR photo-responsive MXene@hydrogel/protein com-

plex system by packaging photothermal agent Ti3C2 MXene and

therapeutic protein drugs into agarose hydrogels (Figs. 12a and b)

[146]. Ti3C2 MXene could convert NIR light energy into heat en-

ergy, induce reversible phase transformation of hydrogels, release

preloaded protein drugs, activate cell signaling pathway mediated

by specific receptors, and achieve the therapeutic purpose of en-

hancing skin wound healing and tumor eradication. The successful

preparation of these photothermal hydrogels will provide a feasible

strategy for further solving the drug release problem.

4.4. Bone repair

Bone is a highly dynamic connective tissue that forms the

structural framework of the body and participates in movement,

mineral homeostasis, and protection of the viscera [147,148]. Bone

injury can recruit and differentiate osteoblasts through a variety

of cytokines and growth factors [149,150], but for severe injury

or other conditions, the self-healing process is limited and exter-

nal intervention is required to promote bone regeneration [151–

153]. While traditional bone graft treatments have some limita-

tions, bone tissue engineering is a new approach that promotes

bone repair and regeneration through scaffolds implanted with

cells or bioactive growth factors [154–156]. Photothermal conver-

sion hydrogels combined the benefits of conventional hydrogels

with their effect on tissue temperature stimulation, where mild lo-

cal heating improved the expression of various genes that promote

tissue repair, thereby promoting cell proliferation and differentia-

tion, and ultimately accelerating bone regeneration [157].

For instance, Wu et al. prepared gelatin-methyl methacry-

late/polymethyl methacrylate/polydopamine (Gel-MA/PMMA/PDA)

hydrogels by free radical polymerization, which could promote

Fig. 12. (a) Schematic illustration of the mechanism of the injectable and NIR light-

controllable protein-releasing system. (b) NIR light-modulated temperature rise and

Rho-BSA release from MXene@hydrogels. Copied with permission [146]. Copyright

2017, National Academy of Science. (c) Illustration of GelMA/PMMA/PDA hybrid hy-

drogel with mild PTT for skull regeneration. (d) Micro-CT reconstruction of different

groups after 4 and 8 weeks. Copied with permission [158]. Copyright 2022, Elsevier

B.V. (e) The composite hydrogel with great photothermal effect promote bone re-

generation ability. (f) The hydrogel-induced bone repair after different treatment

for 8 weeks. Scale bar: 0.475mm. Copied with permission [159]. Copyright 2021,

Elsevier B.V.

the activity of alkaline phosphatase (ALP), the formation of ex-

tracellular calcification nodules, and the regeneration of mouse

skull under PTT condition (Figs. 12c and d) [158]. Additionally, Tan

et al. designed a composite extracellular matrix (ECM)-mimicking

chitosan/collagen-based hydrogels, which could be remotely ac-

tivated, containing black phosphorus (BP) encapsulated by the

membrane of MSCs (Fig. 12e) [159]. Under NIR light, the MSC

membrane-encapsulated BP nanosheets could induce a mild pho-

tothermal effect, promote osteoblast recruitment through the acti-

vation of matrix metalloproteinases (MMPs) and the ERK-Wnt/β-

catenin-RUNX2 axis mediated by heat shock proteins (HSPs). Si-

multaneously, the thermal decomposition could release phosphate

ions into the surrounding medium, which was beneficial for os-

teoblast migration and differentiation. After implanting the hydro-

gel into the cranial defects of SD rats, it could be found that the

local bone density and new bone formation were significantly in-

creased. These ECM-mimicking hydrogels with BP incorporation

could enhance osteoblast migration/differentiation, stimulate the

biomineralization process under remote NIR activation, and pro-

mote bone healing, providing a new opportunity for clinical cranial

defect repair (Fig. 12f).

4.5. Tumor therapy

The increasing incidence and mortality of cancer is a serious

threat to the health of people all over the world [160,161]. At

present, there are mainly three traditional clinical treatment meth-

ods for tumors: surgical resection, radiotherapy, and chemotherapy,

but they have various shortcomings, such as strong side effects, ob-

vious trauma [162–165]. In recent years, PTT has been a promis-

ing cancer treatment that relies on a specific laser to shine heat

8
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Fig. 13. (a) Schematic illustration of the fabrication of the injectable hydrogel sys-

tem with excellent photo–heat transition capacity. (b) Growth curves of tumors in

all mice after treatment. Copied with permission [167]. Copyright 2021, Frontiers

Media S.A. (c) Schematic illustration of H2O2 self-producing single-atom nanozyme

hydrogels as light-controlled oxidative stress amplifier for enhanced synergistic

therapy. (d) Changes in primary tumor volume over time in response to the indi-

cated treatments. (e) Average primary tumor weights following the indicated treat-

ments. Copied with permission [168]. Copyright 2021, John Wiley & Sons, Inc.

necrosis/apoptosis on cancer cells. Compared to traditional treat-

ment methods, PTT has the advantages of high therapeutic effi-

ciency, less invasive, and large penetration depth [166]. PTT ther-

apy could be divided into two therapeutic methods, one was to

use photothermal gel to absorb the heat generated by light energy

to make tumor cell proteins and so on to kill cancer cells. For ex-

ample, Yao et al. blended Ti3C2 and Pluronic F127 to form Ti3C2-

gel by one-step synthesis [167]. In vitro and in vivo results showed

that the hydrogel system could effectively inhibit tumor growth

when exposed to NIR irradiation (Figs. 13a and b). The other was

to use the sensitivity of the photothermal gel to temperature, and

the heat generated by the photothermal gel will degrade itself, to

release the drugs in it at a fixed point to achieve the purpose of

tumor treatment, Zhu et al. designed a photocontrolled oxidative

stress amplification system to enhance synergistic anti-tumor ac-

tivity through autogeneration of H2O2 and transformation of “cold”

tumors (Fig. 13c) [168]. In this nano-enzyme hydrogel system, na-

noenzymes in the Pd-C unit convert NIR laser to heat, resulting in

azgarose-degradation and subsequent camptothecin release, which

could enhance the H2O2 level in tumor by activating niacinamide

adenine dinucleotide phosphate oxidase, improve the catalytic per-

formance of single atom nanozymes with peroxide-like activity,

and improve the anti-tumor effect (Figs. 13d and e).

5. Summary and outlook

In this paper, the classification, preparation, functions, and ap-

plications of photothermal hydrogels were summarized compre-

hensively. Firstly, the classification and preparation methods of

photothermal hydrogels doped with seven different kinds of pho-

tothermal agents (metals, metal sulfides/oxides, carbon-based, con-

jugated polymers, small molecular dyes, black phosphorus, MX-

ene) were discussed. Secondly, five functions of photothermal hy-

drogels were introduced in detail: biocompatibility, adhesion, self-

Fig. 14. Opportunities and challenges of photothermal hydrogels in the future.

healing, mechanical strength, and photothermal properties. In ad-

dition, photothermal hydrogels with good sustainable use, biocom-

patibility and safety were applied to medical field, which contain

wound healing, antibacterial treatments, drug-controlled release,

bone repair, and cancer treatment (Fig. 14).

However, there are some main problems in photothermal hy-

drogels: photothermal conversion efficiency and stability. Accord-

ing to current research, the photothermal conversion efficiency

of most photothermal hydrogel is below 70%, resulting in par-

tial energy loss. Persistent effort is needed to improve the pho-

tothermal conversion efficiency of photothermal hydrogels, either

through the modification of photothermal agents or improving hy-

drogel fabrication strategies. Since most of the photothermal hy-

drogels are formed by the hybrid of nanoparticles and hydrogels,

the compatibility between nanoparticles and hydrogels is crucial

for photo-heat conversion in application. Therefore, surface mod-

ification of nanoparticles is needed to improve the binding force

with the hydrogels, which should be taken in consideration for fur-

ther investigation. Photothermal hydrogels will certainly solve the

current problems in the future, and could cut a conspicuous figure

in various fields (Fig. 14).
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