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� Near-infrared light-assisted
photothermal therapy and polymer
scaffolds can synergistically enhance
bone regeneration.

� Polymer scaffolds are used as the
delivery vehicles for photothermal
agents and tissue supports in bone
tissue engineering.

� Polymer scaffolds could be made into
various forms, such as coatings, 3D
scaffolds, membranes and injectable
hydrogels.

� The hyperthermia has a good effect
on bone defect repair, anti-tumour,
antibacteria and osseointegration of
implants.

� Combined with photothermal
therapy, the polymers obtain a higher
spatiotemporal precision in
promoting bone regeneration.
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Bone tissue engineering (BTE) has become a promising method for treating bone defects in recent dec-
ades. Polymers are effective materials currently used in the field of BTE due to their diverse characteris-
tics and easy processing performance, which are categorised into natural polymers and synthetic
polymers. Photothermal effects produced by near-infrared (NIR) light constitute an effective way to pro-
mote osteogenesis, with the advantages of being non-invasive and having high spatial and temporal pre-
cision. The main objective of this systematic review was to reveal the current applications of NIR light-
assisted photothermal therapy (PTT) with polymer scaffolds as the delivery vehicles for photothermal
agents and tissue supports in BTE. The databases collection was completed on October 1, 2021, and a total
of 21 relevant studies were finally included. According to the retrieved literatures, we outlined that poly-
mers could be made into various forms, such as coatings, three-dimensional (3D) porous scaffolds, mem-
branes and injectable hydrogels, etc., and that the hyperthermia generated by PTT has a good effect on
.
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osteogenesis, as well as anti-tumour, antibacterial and osseointegration around the implants. These find-
ings have revealed that the joint application of BTE polymer scaffolds and NIR light-assisted PTT play a
positive role in bone regeneration.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bone defects caused by trauma, infection, cancer and so on are
common clinical problems that can cause continuous suffering to
patients and pressure on the healthcare system [1,2]. For the treat-
ment of bone defects, autografts are considered to be the ‘‘gold
standard”, however, they have disadvantages such as limited avail-
able sources, pain at the donor sites, immune response and poten-
tial risk of infection [3–5]. Recently, bone tissue engineering (BTE)
has been used as a promising candidate for constructing bone graft
substitutes aimed at overcoming these shortcomings. BTE scaffolds
loaded with cells and growth factors are expected to mimic the
structure and composition of natural bone extracellular matrix,
and by implanted into the body, they help repair the defective
bone tissues [6,7]. In recent decades, with the rapid development
of three-dimensional (3D) printing technology, the composition
and structural design of scaffolds have been continuously inno-
vated to achieve better osteogenic properties [8,9].

To develop precise treatment methods to maximise the effec-
tiveness of osteogenesis and bone regeneration, and minimise
the adverse effects on surrounding healthy tissues, hyperthermia
is considered to be an ideal method to enhance the treatment of
bone defects [10–12]. It has been proposed that the temperature
of hyperthermia beneficial to bone regeneration is 40–42 �C [13].
A commonly used hyperthermia strategy is photothermal therapy
(PTT), which directly uses photothermal agents (PTAs) to convert
the light energy of near infrared (NIR) light into thermal effects
[10,14]. NIR light-assisted PTT has the advantages of high effi-
ciency, non-invasiveness, and high spatiotemporal accuracy [15].
NIR light with a wavelength range of 700–1300 nm is usually used
because of its extended penetration depth into biological tissues,
which could trigger biological events non-invasively and has few
side effects [12,15]. Moreover, as PTAs are placed in local tissues
to convert light energy into heat energy and transmit it to nearby
cells, PTAs with ideal photothermal conversion efficiency is a key
2

factor of PTT. Thus far, many PTAs such as gold nanostructures,
copper-based nanomaterials, black phosphorus and red phospho-
rus, and carbon-based nanomaterials such as graphene oxide have
been widely used [16–19].

For the PTAs to enter the body, a delivery vehicle is necessary.
The BTE scaffolds can be used as templates to allow the growth
of tissues, provide structural support, and serve as carrier for PTAs,
cells, and drugs [20,21]. Therefore, BTE scaffolds combined with
PTAs at the defect sites could produce a photothermal response
to external NIR light and, thus, accelerate the bone healing process.
So far, different types of biomaterials such as ceramics, metals, nat-
ural and synthetic polymers, or their composite materials have
been made into scaffolds to mimic the behaviour of natural bones
to a certain extent [22–25].

Polymers are extensively used in BTE due to their diverse char-
acteristics and easy processing performance. According to the ori-
gin, polymers are divided into natural ones and synthetic ones [26].
Natural polymers can be found in natural tissues, and they have
the advantages of biodegradability, ideal cellular responses and
biological properties [27]. On the other hand, synthetic polymers
are artificially synthesised, and can thus be stably produced on a
large scale, with adjustable physical, chemical and mechanical
properties [28].

To illustrate the effect of the combined application of BTE poly-
mer scaffolds and PTT in the treatment of bone defects, this article
systematically reviewed the latest developments in the use of NIR
light-assisted PTT for bone regeneration, with polymers used as
delivery vehicles and biomimetic support structures. This system-
atic overview will help in the precise therapeutic design of com-
posite materials used in the treatment of bone-related diseases.

2. Methods

PubMed, Embase, and Web of Science databases were searched
for articles published up to October 1, 2021. Keywords were used

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 2. Publication years of included articles.
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as follows: (((NIR) OR (Near infrared)) AND (((((Bone regeneration)
OR (Osteogenesis)) OR (Bone Formation)) OR (Ossification)) OR
(Osteoconduction))) AND (polymer). A total of 102 relevant studies
were revealed according to the keywords, and they were further
screened based on the following inclusion and exclusion criteria.

Inclusion criteria: (1) PTT is used for bone regeneration, includ-
ing simple bone defect repair, tumour-related bone defect treat-
ment, osseointegration on implant surfaces, bone infection
treatment, etc.; (2) Polymers are used as carriers of PTAs and sup-
port materials, including natural polymers, synthetic polymers, or
their composites; (3) Polymers are used in different forms, such as
scaffolds or coatings, etc.; (4) NIR light is used to generate pho-
tothermal effect.

Exclusion criteria: (1) Duplicate studies; (2) Studies without
using NIR light or PTT; (3) Studies without using polymers; (4)
Articles in languages other than English.

All the retrieved articles were first selected based on titles and
abstracts, articles that did not match the topic were excluded.
Potentially suitable articles were then assessed according to the
inclusion and exclusion criteria. For further detailed screening,
the full texts of remaining articles were evaluated. Finally, a total
of 21 articles fulfilled the eligibility criteria were screened out
and fully discussed, the selection process was shown in Fig. 1.
The publication year and keywords of each study were sum-
marised in Fig. 2 and Fig. 3. In the Fig. 3, the closer to the centre,
the more times the keyword was mentioned, and vice versa.
3. Results

3.1. Polymers used in selected articles

Among the 21 included studies: five used natural polymers:
[29,30,31,32,33]; nine used synthetic polymers: [13,34,35,36,37,
38,39,40,41]; and seven used composites thereof: [42,43,44,45,
46,47,48] (Fig. 4). Among them, the most used natural polymer
was chitosan, and alginate and gelatine were also used. The most
Fig. 1. Flow chart of the
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used synthetic polymer was PDA, besides, PLGA, PLA, PCL, PEG,
PVA and PEEK were also used. Polymers were mainly made into
coatings, 3D porous scaffolds, membranes, microspheres, and
injectable hydrogels to promote bone regeneration. Since bone
metastasis of tumour can cause bone defects, and bacterial con-
tamination on the surface of implants will affect the osseointegra-
tion, the elimination of tumours and bacteria will also promote the
healthy growth of bone tissue. Thus, from the included articles, it
could be found that functions like anti-tumour and anti-bacterial
properties generated by PTT were usually studied altogether.
Moreover, it is worth noting that there were four studies that fab-
ricated drug-delivering systems that improved the therapeutic
effect [29,42,44,46]. The commonly used experimental models for
in vivo studies could be roughly divided into four categories: cra-
nial defect, femoral/tibia defect, dorsal/flank/armpit subcutaneous
implantation or tumour, and alveolar bone defect. The specific
selection process.



Fig. 3. The summary of keywords from each included studies.

Fig. 4. The number and proportion of included articles using natural polymers,
synthetic polymers, and composites thereof.
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application fields, material forms and in vivo research methods
were summarised in Fig. 5.

3.2. NIR photothermal agent and light radiation conditions

Among the 21 included studies: six studies used metal oxide
particles as the photothermal agent; one study used metal parti-
cles; five studies used carbon-based materials; five studies used
black or red phosphorus; and four studies directly used the syn-
thetic polymer PDA. As for the NIR light wavelength, 19 studies
used 880 nm, one study used 1064 nm [40], and one study did
not specify the wavelength [45]. To collect more comprehensive
information of the radiation conditions, we obtained more detailed
parameters such as the power density and radiation time of the
4

NIR light, and the mechanisms of their effect on osteogenesis. All
the critical information of the included studies were listed in
Table 1, Table 2, and Table 3, classified by natural polymers, syn-
thetic polymers and composite polymers, respectively.

3.3. The evaluation of keywords from the included literatures

In Fig. 3, the closer the keywords are to the centre of the circle,
the more times they were mentioned in the included articles. It
could be seen that in addition to the two core keywords ‘‘pho-
tothermal therapy” and ‘‘bone regeneration”, the other two key-
words ‘‘osteosarcoma” and ‘‘antibacterial” appeared very
frequently in the included literatures. This suggests that PTT may
be frequently used to treat bone defects associated with tumours
and infections. In addition, it could be seen that compared with
2D materials and coatings, three-dimensional scaffolds are cur-
rently a relatively hot application form in bone defect repair, as
‘‘scaffold” was frequently mentioned. Finally, at the level of PTAs,
the most frequently occurring keywords were ‘‘black phosphorus”
and ‘‘magnetic nanoparticle”, indicating that these two materials
are stable, easy to obtain and efficient in exerting photothermal
effects.

3.4. The practical stages of included studies

Among the 21 included articles, 18 studies were conducted at
the animal experiment level, 8 of which used two animal models:
[29,30,33,35,40,41,42,48], and 10 used one animal model:
[13,31,34,36,37,38,39,43,44,45]. The animal models used were cal-



Fig. 5. The application fields, material forms and in vivo experimental sites summarised from the included articles. Different coloured arrows indicated different applications.
Red arrow: Scaffolds, membranes or Microspheres used for bone defect repair. Purple arrow: Injectable hydrogels used for bone defect repair. Yellow arrow: Scaffolds,
membranes or microspheres used for antitumour and tumour-related bone defect treatment. Blue arrow: Injectable hydrogels used for antitumour and tumour-related bone
defect treatment. Orange arrow: Injectable hydrogels used for antibacterial and osseointegration of implants. Green arrow: Coatings used for antibacterial and
osseointegration of implants.
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varia defects of rats: [29,30,33,40]; femoral/tibia defects of rats:
[13,34,35,36,37,38,41,43,44,48]; femoral/tibia defects of rabbits:
[42]; alveolar bone defects of rats: [45]; subcutaneous of rats/mice:
[29,30,31,33,35,39,40,41,42,48]. In addition, there were 3 studies
only performed in vitro experiments: [32,46,47]. It is worth noting
that none of the studies have entered the stage of clinical trials.
4. Discussion

According to the number and publication years of the included
articles, it could be seen that the combined application of NIR light-
assisted PTT and polymer materials in bone defect treatment has
not been extensively studied. Therefore, in-depth research in this
field can be carried out to provide new options for the develop-
5

ment of novel therapies for bone regeneration. The insights
brought by this systematic review are discussed below.

4.1. The application of NIR light-assisted PTT

Hyperthermia therapy has been widely used for many bone-
related diseases. It has been observed that hyperthermia (42.5–
44 �C) of rabbit femurs after initial surgical trauma stimulated
bone remodelling, formation of new bone trabeculae, and
increased cortical bone density [49]. In addition, Shui et al.
observed that the expression level of alkaline phosphatase (ALP)
of bone marrow mesenchymal stem cells (BMSCs) increased after
a single exposure at 42.5 �C, and transient exposures to 39–41 �C
greatly enhanced the mineralised nodules formation of BMSCs
[50]. Tong et al. proposed that the temperature of hyperthermia



Table 1
Studies using natural polymers as tissue support and PTA carriers.

Material composition Photothermal
agents

Polymers and functions Wavelength Power
density

Radiation
time

Highest
tissue
temp.

Effects Functional agents Mechanisms Reference

SrFe12O19- CaSiO3-CS-
DOX scaffold

M-type ferrite
particles:
SrFe12O19

CS, promote osteoblastic
cells adhesion and
differentiation and bone
formation

808 nm 0.3 W/cm2 6 min 44 �C Enhance bone
regeneration and
photothermal-
chemotherapy of
osteosarcoma

DOX for anti-tumour
efficacy;
biopolymer CS
promoted osteoblastic
cells adhesion and
differentiation and bone
formation in vivo

Excellent anti-tumour efficacy
was achieved via the synergetic
effect of DOX drug release and
hyperthermia ablation;
BMP-2/Smad/Runx2 pathway
was involved in the scaffolds
promoted proliferation and
osteogenic differentiation of
hBMSCs

[29]

SrFe12O19- BG-CS
scaffold

magnetic
SrFe12O19

nanoparticles

CS, good biocompatibility,
excellent
osteoconductivity and
appropriate
biodegradability

808 nm 0.3 W/cm2 6 min 43 �C Enhance bone
regeneration and
photothermal
therapy against
tumours

Ca element from the
degradation of BG
particles promoted the
deposition of bone-like
apatite, the released Si
element improved the
viability and osteogenic
differentiation of stem
cells;
CS was fit for
osteoconductive matrix
due to excellent
biocompatibility

Under the irradiation of NIR,
the elevated local temperatures
of 42–50 �C promote tumour
hyperthermia ablation;
the expression levels of
osteogenic-related genes and
the new bone regeneration
were promoted by the
activation of BMP-2/Smad/
Runx2 pathway

[30]

CD doped CS-nHA
scaffold

Zero-
dimensional
CD

CS, has a rigid crystalline
structure that promotes
mesenchymal stem cells
to differentiate into
osteoblasts, and has
notable biofunctions,
including antimicrobial,
antifungal, and
antioxidant activities

808 nm 1.0 W/cm2 10 min 51.4 �C CD can enhance the
osteogenesis-
inducing property
of bone repair
scaffolds; CD doped
scaffolds have
potential for use in
PTT for tumours
and infections

CD synthesized from
carbon nanopowder
specifically bind to
calcified bones in vivo;
nHA is histocompatible
and osteoinductive

Hyperthermia over 50 �C can
damage DNA and cause
irreversible protein
denaturation in tumour cells;
enhanced in vitro osteogenesis
of rBMSCs by up-regulating
their expression of osteogenic
genes and significantly
facilitated the formation of
vascularized new bone
tissue in vivo

[31]

Gel-Akr-Fe3O4-MWNT
scaffold

MWNT, Fe3O4 Gelatine, biocompatible
and biodegradable

808 nm 0.2, 0.6 and
1.0 W/cm2

10 min above
43 �C

Have a great
potential in bone
tissue engineering
and probably
treatment of
tumour related
bone defects

Gel and Akr provide
adequate
osteoinductivity,
biodegradability, and
mechanical properties

High temperatures above 43 �C
can efficiently kill tumour cells
through hyperthermia
treatments;
the scaffold possessed bone like
apatite-formation ability and
can release soluble ionic
products to stimulate
osteoblast proliferation

[32]

GdPO4-CS-Fe3O4

scaffold
Fe3O4 CS, a typical natural

material that provides a
friendly
microenvironment for cell
attachment and
extracellular matrix
production

808 nm 4.6 W/cm2 3 min 45.4 �C Enable the
photothermal
ablation of
postoperative
residual tumours
and subsequent
bone defect healing

GdPO4 nanorods served
as a novel bioactive
component for
enhanced angiogenesis
and osteogenesis
abilities

Under the NIR laser irradiation,
the local temperatures around
the scaffolds were high enough
to stimulate the apoptosis of
tumour cells;
the hydrated GdPO4 nanorods
in the scaffolds activated BMP-
2/Smad/RUNX2 signalling
pathway that facilitated cell
proliferation, differentiation
and bone tissue regeneration

[33]

CS = chitosan; DOX = doxorubicin; BG = bioglass; NIR = near-infrared; CD = carbon dots; nHA = nanohydroxyapatite; Gel = gelatine; Akr = akermanite; MWNT = multi-walled carbon nanotube.
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Table 2
Studies using synthetic polymers as tissue support and PTA carriers.

Material composition Photothermal
agents

Polymers and
functions

Wavelength Power
density

Radiation
time

Highest
tissue temp.

Effects Functional agents Mechanisms Reference

BPs-PLGA membrane BP PLGA, a degradable
biopolymer approved
by FDA, which is
commonly used in
tissue engineering
and produces
innoxious end-
products such as H2O
and CO2

808 nm 1.0 W/cm2 450 s 41.0 ± 1.0 �C Boasting good
biodegradability with
harmless end-products
and osteogenesis
mediated by NIR
irradiation, this BPs-
PLGA osteoimplant has
large clinical potential as
scaffolds for inducing the
osteogenesis

BPs are employed as
photothermal agents
due to the excellent NIR
response, and can
degrade naturally into
the nontoxic PO4

3� in
physiological
environment for serving
as necessary bone
ingredient

The specimen mediated by
low intensity and periodic
NIR irradiation can
effectively up-regulate the
expressions of heat shock
proteins and finally
promote osteogenesis
in vitro and in vivo

[13]

BP-SrCl2-PLGA
microsphere

BP PLGA, one of the
most successful
biodegradable and
biocompatible
polymers approved
by the FDA for
controlled drug
delivery systems

808 nm 1.0 W/cm2 10 min Above 45 �C
(about
50 �C)

NIR light-triggered drug
delivery system for bone
regeneration

Sr is associated with
stimulation of osteoblast
differentiation and bone
formation as well as
inhibition of osteoclast
activity and bone
resorption

Under NIR irradiation, the
external PLGA shells of the
microspheres are disrupted
resulting in release of Sr2+

and SrCl2;
the release of Sr promotes
bone regeneration

[34]

MoS2-IR780-RGDC-
PDA coating

MoS2, a
biocompatible
prototypical
transition-
metal
dichalcogenide
that exhibits
high
photothermal
conversion
efficiency

PDA, attach the
coating to the Ti
implant surface

808 nm 0.5 W/cm2 20 min 50 �C By combing PTT and PDT,
a photoresponsive
system combining the
function of biofilm
eradication and
osteogenic
differentiation
simultaneously was
developed

IR780 is a
photosensitizer that can
transfer the energy of
NIR light to 3O2 to
generate 1O2;
RGDC is natural
bioactive material that
can promote
osteoconductivity

ROS could assist the PTT;
the catalytic activity of GSH
oxidation was accelerated
by heat induced by NIR light
irradiation, which explains
the rapid bacterial death
under hyperthermia;
RGDC modification
provided excellent
osteoconductivity

[35]

RP-IR780-RGDC-PDA
coating

RP PDA, attach the
coating to the Ti
implant surface

808 nm 0.5 W/cm2 10 min 50 �C High effective
antibacterial efficacy
provided by PTT;
the RGDC decorated
surface possess an
excellent performance in
osteogenesis in vivo

With the effect of
photothermal effect by
RP and ROS produced by
IR780, the biofilm could
be eradicated;
the osteogenic ability
could be enhanced by
RGDC

The IR780 functions to
generate ROS which shows
great synergistic action to
kill bacteria with
combination of PTT;
the existence of RGDC
makes it possible to
accelerate the osteogenesis

[36]

MoS2-PDA- RGD
coating

MoS2, display
high
photothermal
conversion
efficiency in
the NIR region

PDA, incorporate
RGD peptide onto
MoS2 nanosheets via
PDA-assisting
covalent
immobilization

808 nm 1.0 W/cm2 10 min 51.5 �C Not only improved the
osteogenesis of MSCs,
but also endowed Ti
substrates with effective
antibacterial ability
when exposing to NIR
irradiation.

MoS2 nanosheet, as one
kind of graphene-like
transition metal
dichalcogenides,
exhibits striking
antibacterial property;
RGD peptide was
effective for improving
osteogensis of bone-
forming cells

Hyperthermia accelerated
GSH oxidation and made
bacteria more sensitive to
oxidative stress;the cellular
osteogenic behaviors was
significantly increased via
up-regulating osteogenesis-
related genes
(ALP, Runx2, Col I and OCN)

[37]

MPDA-ICG-RGD
coating

MPDA MPDA, an important
bridge to fabricate
biofunctional
interface on an
implant, exhibiting
desirable adhesion

808 nm 2.0 W/cm2 10 min 51.3 �C Eradicate already-formed
biofilm in vivo in a
remotely controllable
fashion and display
effective osteogenesis
and osseointegration

ROS generation from ICG
induced the bacterial
membrane destruction;
RGD peptide facilitated
cell adhesion,
proliferation and
differentiation and
osseointegration in vivo

Osteogenic behaviors was
significantly increased via
up-regulating osteogenesis-
related genes (ALP, Runx2,
Col I and OCN)

[38]

(continued on next page)
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Table 2 (continued)

Material composition Photothermal
agents

Polymers and
functions

Wavelength Power
density

Radiation
time

Highest
tissue temp.

Effects Functional agents Mechanisms Reference

TiO2-MoS2-PDA-RGD
NAs coating

MoS2, has high
photothermal
conversion
efficiency in
the NIR region

PDA, an excellent
platform and
stabilizer for the
immobilization of a
variety of organic
and inorganic
materials with
special functions

808 nm 0.5 W/cm2 10 min 50.2 �C Effective antibacterial
activity against S. aureus
within 10 min as well as
outstanding osteogenic
properties

TiO2 has good
photocatalytic
characteristics and can
produce ROS;
RGD improves cell
adhesion, proliferation,
and osteogenic
differentiation

The synergistic effects of
the generated hyperthermia
and ROS increase the
bacterial membrane
permeability;
nanostructure of TiO2-MoS2
NAs could promote the
osteogenic activity;
RGD promoted osteogenesis

[39]

SrCuSi4O10 nanosheets-
PCL composite
scaffold

SrCuSi4O10

nanosheets
PCL, has been widely
developed as 3D
printed scaffolds due
to its outstanding
biocompatibility and
superior rheological/
viscoelastic
properties

1064 nm 1.0 W/cm2 5 min 53.4 �C Multifunctional bone
scaffolds based on
therapeutic bioceramics
for repairing tumour-
induced bone defects

SrCuSi4O10 nanosheets
possessed excellent
photothermal
conversion efficiency
and high
biocompatibility

Osteosarcoma could be
ablated by the
hyperthermia;the
enhancement of
vascularized bone
regeneration owing to the
controlled and sustained
release of bioactive ions
(Sr, Cu, and Si)

[40]

PLGA-Mg scaffold micro-sized
particles of Mg

PLGA, Make up for
the drawbacks of
pure Mg implants,
such as too fast
degradation rate,
much hydrogen gas
formation, difficult to
manufacture Mg-
based porous
scaffolds

808 nm 1.0 W/cm2 3 min 57 ± 6.73 �C The scaffolds achieved
complete suppression of
tumour recurrence in the
presence of near-infrared
laser irradiation, as well
as efficient bone defect
repair in vivo

Mg, a promising
bioactive material for
bone regeneration,
exhibits excellent
osteogenic activity

Selectively destroy the
osteosarcoma Saos-2 cells
by optimizing the
photothermal temperature
at 45–55 �C to achieve
controlled Saos-2 cell
ablation; activation of the
AKT and b-catenin
pathways of osteoblast cells
to promote osteogenesis

[41]

BP = black phosphorus; Sr = Strontium; PLGA = poly(lactic-co-glycolic acid); FDA = Food and Drug Administration; RGDC = arginine-glycine-aspartic acid-cysteine; PDA = polydopamine; Ti = titanium; PTT = photothermal therapy;
PDT = photodynamic therapy; NIR = near-infrared; 3O2 = dissolved oxygen; 1O2 = singlet oxygen; ROS = reactive oxygen species; GSH = Glutathione; RP = red phosphorus; RGD = arginine-glycine-aspartic acid; MSCs = mesenchymal
stem cells; MPDA = mesoporous polydopamine; ICG = Indocyanine Green; NAs = nanorod arrays; PCL = polycaprolactone.
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Table 3
Studies using composite polymers as tissue support and PTA carriers.

Material composition Photothermal
agents

Polymers and functions Wavelength Power
density

Radiation
time

Highest
tissue
temp.

Effects Functional agents Mechanisms Reference

OSA-CS-nHA-DDP-PDA
hydrogel

PDA PDA, exhibits intense
absorption in the NIR
region, and converts
absorbed light into heat;
OSA and CS, perfect
biocompatibility,
biodegradability, and
similarity to bone matrix
components

808 nm 2.0 W/cm2 2 min 43 �C Promote the adhesion
and proliferation of
bone mesenchymal
stem cells in vitro and
further induce bone
regeneration in vivo.

DDP, an
antitumour drug

Temperature at approximately
43 �C causes long-term cell
inactivation;
nHA is a major inorganic
component in bone tissues and
is composed of Ca and
phosphorus elements that
occupy active roles in bone
formation;
PDA adheres to cells and
promotes cell proliferation.

[42]

NO plus �O2–-RP-CS-
PDA-PVA hydrogel
coating

RP PDA, excellent bonding
performance and
photothermal property;
PVA, base material of the
hydrogel;
CS, utilized as the
antibacterial component

808 nm 1.0 W/cm2 20 min 45.1 �C Biofilm was removed
efficiently by synergetic
photothermal bacteria
killing and NO therapy
as well as
immunological therapy,
and excellent bone
formation was achieved

A low
concentration of
exogenous NO can
enter bacteria and
provide a degree
of antimicrobial
activity

Bacterial biofilms can be
eliminated through pure PTT
strategy at a high temperature;
the released NO promoted
osteogenesis activity;
OPN and OCN were upregulated

[43]

SP-MXene-GelMA-
PDA-TOB coating

MXene, Ti3C2Tx-
based MXenes have
a broad light
absorption capacity
from ultraviolet to
NIR light and high
photothermal
conversion
efficiency

SP, more similar to
human cortical bone,
reduce the risk of
osteoporosis and
osteonecrosis caused by
stress shielding;
GelMA, water-rich
feature, excellent
cytocompatibility,
biodegradability, and
nonimmunogenicity;
PDA, a substrate-
independent and flexible
surface modification
approach, also used as a
photothermal material

808 nm 1.5 W/cm2 10 min 49.1 �C Not only defeat
osteosarcoma cells and
bacteria but also
intensify osteogenicity

TOB is an
antibacterial drug

GelMA hydrogels induce osteo-
differentiation of stem cells and
accelerate bone regeneration
because they possess the
inherent cell attachment-
promoting RGD sequences;
exposure to the ambient
temperature above 48 �C can
cause irreversible damage to
the cancer cells

[44]

Cu2O-TiO2-PDA-SA
hydrogel composite

PDA PDA, has photothermal
effect;
SA hydrogel, could self-
adapt to variform bone
defects on account of its
liquid-to-solid gelation
process to match with
variable morphologies
accurately

–- 1.0 W/cm2 18 min 42 �C Through dual-light
(blue and NIR)
noninvasive regulation,
switch antibacterial and
osteogenic modes to
address requirements of
patients at different
healing stages

Cu2O
nanoparticles
have high-
efficiency, broad-
spectrum, and
long-term
antibacterial
effect;
TiO2-PDA could
produce ROS
under blue light
(BL) irradiation to
exhibit
antibacterial
performance

ROS could oxidize Cu+ to Cu2+,
which combined with the NIR-
mediated photothermal effect
to promote osteogenesis;
42 �C is a proper temperature
for osteogenesis

[45]

(continued on next page)
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Table 3 (continued)

Material composition Photothermal
agents

Polymers and functions Wavelength Power
density

Radiation
time

Highest
tissue
temp.

Effects Functional agents Mechanisms Reference

PLLA-BP-IBU-SA- Sr2+

nanofibrous scaffold
BP, display an
excellent near-
infrared
photothermal-
responsive drug
release performance

PLLA nanofibrous,
excellent degradability,
biocompatibility and the
biomimetic ECM
topographies, improved
hydrophilicity,
osteoinductivity;
SA, a natural
polysaccharide, has
excellent
biocompatibility,
environmental-
friendliness,
biodegradability and
processability

808 nm 1.0 W/cm2 5 min 42 �C Improve
cytocompatibility for
cell proliferation and
enhance osteogenic
ability by promoting the
formation of apatites

IBU is a non-
steroidal
antiinflammatory
drug and is
commonly used
for pain relief,
fever reduction
and against
inflammation;
Sr2+ promote
osteogenesis

The photothermal effect-
induced hyperthermia can
promote biomineralization by
stimulating the up-regulated
expression of proteins,
including alkaline phosphatase
ALP and HSP

[46]

CS-CM-PDA
nanoparticles
(CCPNPs)

PDA CS, can be cross-linked
with tripolyphosphate to
form stable
nanoparticles for the
delivery of anticancer
drugs;
PDA, exhibited strong
NIR light absorption
properties and could
induce photothermal
conversion

808 nm 1.3 W/cm2 10 min –- CCPNPs with
bifunctional
osteosarcoma therapy
and bone repair may be
an excellent candidate
for local cancer therapy
and bone regeneration

CM has anticancer
activity and can
enhance
osteoblastic
activity

The tumour cells were sensitive
to the temperature range of 43–
49 �C, which will accelerate
their apoptosis;
the activity of osteoblasts can
be improved by adjusting the
time or power of NIR radiation

[47]

SA-PEG-CuBGM
injectable
composite hydrogel

CuBGM SA and PEG, the 3D
network of composite
hydrogel provides an
extracellular matrix-like
structure, fills the defect
area, and provides a
matrix for cell migration
and proliferation

808 nm 0.75 W/
cm2 and
1.0 W/cm2

10 min 56.4 �C Available for
photothermal therapy
at the initial stage of
implantation, and then
the degradation of the
photothermal agent and
ion release can promote
bone tissue repair

The photothermal
effects were
derived from the
oxide formed by
doping copper
ions in CuBGM

The tumour cell membrane will
collapse and protein
denaturation will occur at
temperatures above 50℃; Ca, Si
and Cu released from CuBGM
improved the osteogenic
differentiation of mBMSCs by
upregulating bone-related gene
expression
(ALP, Runx2, Col I and OPN)

[48]

OSA = oxidized sodium alginate; CS = chitosan; nHA = Nano-hydroxyapatite; DDP = cisplatin; DPA = polydopamine; RP = red phosphorus; NO = nitric oxide; �O2–=superoxide; PVA = poly(vinyl alcohol); PTT = photothermal therapy;
SP = sulfonated polyetheretherketone; GelMA = gelatine methacrylate; TOB = tobramycin; RGD = arginine-glycine-aspartic acid; SA = sodium alginate; ROS = reactive oxygen species; PLLA = poly-L-lactic acid; ECM = extracellular
matrix; BP = black phosphorus; IBU = ibuprofen; ALP = alkaline phosphatase; HSP = heat shock proteins; CM = curcumin; NIR = near-infrared; PEG = Polyethylene Glycol; CuBGM = copper doped Bioactive Glass-ceramic
Microspheres.
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conducive to bone regeneration is 40–42 �C, and under these con-
ditions new bone and osteoid are at their most abundant [13].
Chen et al. observed that when the osteogenesis temperature of
hyperthermia was controlled at about 42 �C, osteogenesis activity
was the highest [46].

In addition to the treatment of bone defects, according to Fig. 3,
it could be seen that PTT is very advantageous in curing bone
defects related to tumours and bone infections, as anti-tumour
and antibacterial models were established in many included stud-
ies. The therapeutic mechanisms of PTT in tumour and infection
are summarized in this systematic review.

Bone metastasis is common in malignant tumours [51], and NIR
light-assisted PTT has shown great potential in improving tumour
treatment effects and minimising side effects in recent years
[52,53]. Tumour cells are sensitive to the temperatures above
41 �C, which accelerate their apoptosis [54]. According to previous
reports, the metabolic function of tumour cells may be destroyed
or halted at temperatures between 41 �C and 45 �C [48]; irre-
versible damage will be caused to cancer cells when exposed to
environmental temperatures above 48 �C; and tumour cell mem-
branes will collapse, irreversible protein denaturation will occur
at temperatures above 50℃ [55]. Many researchers have shown
that with photothermal particles, NIR radiation can raise the local
temperature to 42–50 �C, thereby promoting tumour hyperthermia
ablation [56]. In addition, controlled drug delivery systems medi-
ated by PTT can enhance the killing of any residual tumour cells
[52,57]. Yang et al. fabricated multifunctional magnetic meso-
porous SrFe12O19/CaSiO3/chitosan scaffolds and, due to the meso-
pores in the CaSiO3 microspheres, it exhibited great drug delivery
properties. Loaded with antitumour drug doxorubicin (DOX), and
with the help of static magnetic fields to promote osteogenic dif-
ferentiation, the scaffolds exerted robust anti-tumour and bone
regeneration properties [29].

It is well known that bacterial infection can hinder the osseoin-
tegration on the implant surface, and PTT performed by NIR light
has attracted many researchers due to its potential antibacterial
properties. NIR light-induced hyperthermia counteracts bacteria
through various thermal effects, such as the destruction of bacte-
rial integrity or biofilm structure, or denaturation of proteins/en-
zymes [58]. However, the main problem to be overcome is that
the antibacterial effect can only reach >90% efficacy under condi-
tions of around 85 �C, and this excessively high temperature can
damage natural tissues and cause other diseases [59,60]. Many
studies have confirmed that reactive oxygen species (ROS) such
as 1O2 produced by photodynamic therapy (PDT) could kill bacteria
by destroying their protein or DNA [61–63]. Huang et al. pointed
out that, under the synergistic effect of PTT and PDT produced by
a 808 nm laser, the biofilm can be eradicated in vivo at the lower
temperature of 50 �C [36].

However, it is worth mentioning that although PDT and PTT
both belong to the concept of phototherapy, PDT is usually used
to kill cells by generating ROS, while PTT can also affect cell prolif-
eration and differentiation through temperature regulation, as
described in this paper, promoting osteogenic differentiation of
Table 4
The comparison between PTT and PDT.

Light source Mechanism Common medi

PTT Light usually in the near-
infrared region

Absorb light energy and
undergo electronic transitions
to convert light energy into heat
energy to act on cells

Photothermal a
nanostructures
nanomaterials,
red phosphoru

PDT Diode lasers, light-
emitting diode (LED) and
filtered lamps, depending
on the application

Produce reactive oxygen species
(ROS), known as singlet oxygen,
to cause cytotoxicity

Photosensitizer
(AO), Aminolev
Indocyanine Gr
Blue (MB), etc.

11
cells. By consulting literatures [64–67], more about the differences
between PDT and PTT are summarised in Table 4.

4.2. Polymers used in PTT

In the summarised articles of this systematic review, the mainly
used natural polymers were chitosan, alginate and gelatine. The
structure of chitosan is similar to glycosaminoglycans (GAG) found
in natural tissues, thus it’s usually used as a biomimetic biomate-
rial [68]. The free amino groups of chitosan can be functionalised
by carbodiimide chemistry; thus, chitosan can be made into vari-
ous novel biomaterials for tissue engineering applications [69].
Alginate is a polysaccharide block copolymer with low toxicity,
ease of chemical modification, and relatively low cost [68,70]. Algi-
nate scaffolds have the advantage of releasing soluble factors in a
required temporal and spatial manner [71], gelatine is a thermo-
responsive natural polymer, extracted from collagen. It is biocom-
patible, non-immunogenic and biodegradable [72]. Recent efforts
have focused on the modification of gelatine to manufacture gela-
tine carriers with different properties for BTE and drug delivery
applications. In particular, after being modified by the photo-
cross-linkable group, methacrylic acid gelatine (GelMA) has been
extensively used in bone repair due to its water-rich features, out-
standing cytocompatibility and biodegradability [73]. Yin et al.
proved that GelMA hydrogels significantly enhance osteogenic dif-
ferentiation of stem cells because they possess an intrinsic
arginine-glycine-aspartic acid (RGD) sequence [44].

On the other hand, many different types of synthetic polymers
were used in the included articles, such as Polylactic acid (PLA),
Poly(lactic-co-glycolic) acid (PLGA), Poly(e-caprolactone) (PCL),
Poly(ethylene oxide) (PEG), Poly(vinyl alcohol) (PVA), Polyether
ether ketone (PEEK) and Polydopamine (PDA). PLA is a biocompat-
ible, biodegradable aliphatic polyester with high mechanical
strength. In addition, PLA has some other forms, such as poly-L-
lactide (PLLA) and poly-D-lactide (PDLA), which have different
biodegradation rates related to different crystallinity [74]. PLGA
is a cyclic dimer copolymerisation of glycolic acid and lactic acid.
Due to its biocompatibility, biodegradability, and adjustable
mechanical properties, PLGA has been widely used in BTE and drug
delivery applications [75]. PCL is a biodegradable polyester, the
degradation of PCL in vivo is caused by the hydrolysis of ester
bonds, resulting in harmless products such as carbon dioxide and
water [76,77]. Used as scaffolds in BTE, PCL could maintain high
robustness during the healing process owing to its relatively low
degradation rate [78]. PEG is a synthetic hydrophilic polymer that
has a wide range of biomedical applications due to its low toxicity
and biocompatibility [79]. Moreover, with high water content and
appropriate mechanical properties, PEG hydrogels could provide
suitable microenvironments for cells [80]. PVA possesses appropri-
ate biocompatibility and mechanical properties [81]. The obtained
PVA gel is usually not biodegradable under physiological condi-
tions, therefore, it has been used as a permanent scaffold with
long-term stability. PEEK has excellent properties such as environ-
mental resistance, non-toxicity, and biocompatibility [82]. The
a Application Time accuracy

gent (PTA): gold
, carbon-based
black phosphorus and
s, organic NIR dyes, etc.

Achieve different
temperatures to act on
cell proliferation and
differentiation

The heat continues to
diffuse into the
surrounding region when
the light is switched off

(PS): Acridine Orange
ulinic Acid (ALA),
een (ICG), Methylene

Kill tumour cells and
bacteria with ROS

The immediate chemical
changes in PDT cease
essentially as soon as the
light is switched off
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Young’s modulus of PEEK is closer to that of human cortical bone,
thereby reducing the risk of osteonecrosis and osteoporosis caused
by stress shielding [83,84]. PDA is an insoluble biopolymer inspired
by mussels, obtained by the polymerisation of its dopamine mono-
mers [85]. PDA has good adhesion property and biocompatibility
and can be formed and attached to the surface of almost all mate-
rials; this provides a basis for its application in surface functional-
isation [86,87]. According to the included literatures, PDA was
mostly used to make surface modification coatings for scaffolds
and implants.

It is worth noting that due to the weak attachment of cells to
synthetic polymers, synthetic polymers are usually used in combi-
nation with natural ones to obtain satisfactory characteristics [28].
Yin et al. developed a novel multifunctional implant (SP@MX/
GelMA) that consisted of MXene nanosheets, GelMA hydrogels,
and sulfonated polyetheretherketone. Loading with tobramycin,
this implant displayed robust antibacterial properties and superior
osteogenesis-promoting capability [44]. In the study of Chen et al.,
a PLLA nanofiber network with incorporated sodium alginate
microspheres, strontium, ibuprofen, and black phosphorus was
developed, and it showed improved hydrophilicity, osteoinductiv-
ity and excellent NIR-responsive drug release capacity [46].

4.3. The application forms of polymers that function in PTT

In the studies of Wang et al. and Tong et al., synthetic polymer
PLGAwas prepared intomembranes andmicrospheres through tra-
ditional methods, such as the solvent evaporation method. These
materials showed good biological properties but were very limited
in terms of mechanical strength and shape maintenance [34,13].
Over the past few years, 3D biomaterials have received widespread
attention because their interconnected pores could provide space
for cell activity, tissue growth, and nutrient transport [88]. In addi-
tion, 3D printing technology promoted the application of porous
scaffolds by manufacturing customised scaffolds with precise
geometry, porosity, composition, and mechanical properties. By
manufacturing scaffolds according to specific anatomical geometry,
the scaffoldswith structures thatmatch the bone defects of individ-
ual patients make the precise and personalised treatment possible
[89,90]. Moreover, a highly interconnected scaffold can improve
osteoconductivity and enable bone cells to adhere to, proliferate
from and form extracellularmatrices on it [91]. Therefore, 3D print-
ing is an ideal method for preparing scaffolds. According to the
included study, Yang et al. designed a SrCuSi4O10/PCL scaffold
through 3D printing, this composite scaffold could not only trigger
the ablation of osteosarcoma through hyperthermia, but also pro-
moted the regeneration of vascularised bone [40].

As for the antibacterial and osseointegration effects on the sur-
face of implants, surfacemodification is usually achieved by prepar-
ing bioactive coatings [92]. To date, extensive attempts have been
made to prepare multifunctional coatings to simultaneously anti-
bacterial and strengthen osseointegration. General surface modifi-
cation strategies for antibacterial include adding componentswhich
resist bacterial adhesion through electrostatic repulsion and super
hydrophobicity [35]. It is worth mentioning that, due to the ideal
adhesion properties of PDA, compounds that are not directly used
as bioactive coatings or grafts can be adsorbed or connected to
PDA to achieve ‘‘secondary modification” [93]. In the study of Yuan
et al. a biocompatible MoS2/PDA-RGD coating was prepared on a
titanium(Ti) implant, this coatingenhanced theosteogenicdifferen-
tiation of mesenchymal stem cells (MSCs) and exhibited effective
antibacterial ability when exposed to NIR radiation [37].

In addition, injectable hydrogels possess unique advantages,
they can replace implant surgery with minimally invasive injection
methods and could form desired shapes to fill irregular defects
[94]. The composition of the injectable hydrogel must be similar
12
to the composition of the bone tissue to increase the osteogenic
potential. Xu et al. proposed an injectable sodium alginate hydro-
gel composite doped with Cu2O and PDA-coated TiO2 nanoparti-
cles, used it to guide tissue regeneration (GTR). And through dual
light regulation (blue and NIR), this hydrogel could switch between
antibacterial and osteogenesis modes [45].

4.4. NIR light-responsive photothermal agents in PTT

Traditional PTAs mainly include gold nanostructures, copper-
based nanomaterials, graphene oxide and other carbon-basednano-
materials, NIR dyes, black phosphorus and red phosphorus
nanosheets [16–19,95]. All these agents show good NIR absorption
performance.

Interestingly, due to structure similar to natural eumelanin,
PDA can provide a high photothermal conversion efficiency
(40%), which is an essential feature for PTT. It shows strong absorp-
tion of the NIR light in the region of 700–1100 nm, and can effec-
tively convert the light energy into heat. In a study of Sun et al.,
they used PDA coating to functionalise curcumin-loaded chitosan
nanoparticles and confirmed that PDA has strong NIR light absorp-
tion properties, which could treat cancer and promote bone regen-
eration through PTT [47]. Additionally, Luo et al. designed an
injectable hydrogel containing cisplatin (DDP) and PDA-modified
nano-hydroxyapatite by oxidising the Schiff base reaction between
sodium alginate and chitosan. In view of the strong absorption of
PDA in the NIR region, when exposed to an NIR laser, the hydrogel
exhibited an excellent photothermal effect [42].

Recently, biodegradable metals (BMs) have gradually become a
hot spot in thefieldof BTEbiomaterials due to their goodbiocompat-
ibility, degradability, and appropriate mechanical properties. It is
expected that theBMswill gradually corrode in vivo and the released
corrosion products will trigger an appropriate host response; then
the BMs will completely dissolve after helping the tissue to heal
[96]. Our previous studies showed that magnesiun (Mg) particles
and zinc (Zn) particles exhibited excellent osteogenic activity
[97,98]. Besides, Long et al. confirmed thatmicro-sizedMg particles
could also be used as a photothermal agent for NIR light-mediated
PPT [41]. In general, it can be concluded that if BMs particles can
be developed as PTAs, they will exert their biological functions and
photothermal conversion functions at the same time, which will
be a promising choice for tissue engineering and PTT applications.

Besides, numerous studies have focused on developing PTAs
with multifunction. Zhou at al. used ferrite (MnFe2O4) nanoparti-
cles (NPs) made up of iron oxide and manganese oxide NPs as
PTA in their study, and confirmed that this material displayed a
favourable photothermal conversion property as well as magnetic
resonance (MR) imaging property, thus could also be used as a con-
trast agent for MR imaging to detect tumour [99]. Mao at al. devel-
oped a type of Ag/Ag@AgCl/ZnO hybrid nanostructures, in addition
to exerting the photothermal effect, the presence of Ag could
enhance the antimicrobial activity [100]. Similarly, Liu et al. con-
structed a CuS/Cur hybrid with photoacoustic responsiveness, in
which CuS showed good photothermal and photodynamic effect,
and curcumin (Cur), as a kind of herbal medicine, possessed rapid
and highly effective bacteria-killing efficacy [101]. Su et al. pre-
pared an oxygen-deficient S-doped TiO2 layer with enhanced
sonocatalytic-photothermal properties, TiO2 nanoparticles were
used as a sonosensitizer which could produce ROS and thus syner-
gized with PTT to improve the antibacterial efficiency [102].

4.5. NIR-II as a new attempt in PTT

According to the summary of this system review, all but one of
the studies used NIR light with a wavelength of 808 nm [40], which
is regarded as the NIR-I window (650–1000 nm). However, some
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scholars pointed out there are inherent limitations of the NIR-I
window, such as limited laser penetration (�1–2 cm) and high tis-
sue scattering. The NIR-II window (1000–1300 nm) with deeper
light transmittance (>2 cm) and higher up limit of radiation is more
attractive for biomedical applications [40,103]. Therefore, it is
imperative to develop NIR-II PTAs for functionalised bone scaffolds
to treat bone defects. Yang et al. successfully manufactured a dual-
function platform based on the 3D printedWesselsite [SrCuSi4O10]/
PCL composite scaffold, to simultaneously induce osteosarcoma
ablation and enhance vascularised bone regeneration through
NIR-II light (1064 nm). The high photothermal conversion effi-
ciency of SrCuSi4O10 nanosheets in the NIR-II region gave the scaf-
fold an excellent PTT curative effect on deep osteosarcomas,
without any significant side effects [40]. Li et al. proposed CuS
nanoparticles modified with cetuximab (Ab), which inhibited the
formation of blood vessels and further inhibited cancer cell growth.
These nanoparticles had a maximum absorbance at 1065 nm, in
the range of the NIR-II window [104]. Previous studies showed that
Au nanomaterials, metal sulphur oxides such as Ag2S and MoO2,
two-dimensional nanomaterials such as niobium carbide (MXene)
and semiconductor polymer nanoparticles SPN1, SPN2 and SPN3

can be applied as NIR-II absorption materials in PTT [103]. More-
over, Zhu et al. indicated that some NIR-II molecular dyes could
be used for cancer imaging and surgery, such as cyanine and
Donor-acceptor–donor (D-A-D) structures [105].
4.6. Summary and outlook

Overall, PTT is a minimally invasive and highly effective method
for the treatment of bone defects, and it is also used to treat bone
defects associated with tumours and infections. According to the
summary of this systematic review, mild local heating can promote
cell proliferation and bone regeneration; moderate heat causes
negligible damage to normal tissue cells for a short time, but can
be fatal to tumour cells; for the healing of infected wounds, hyper-
thermia (>50 �C) can effectively inhibit bacterial proliferation.
However, research on the metabolism and biocompatibility of dif-
ferent PTAs is needed. And in order to ensure the feasibility of clin-
ical application, monitoring of local immune responses and
surrounding normal tissue conditions are also required. In addi-
tion, the safety and efficacy of this therapy need to be explored
in detail according to the actual situation of each individual.
5. Conclusion

The combined application of BTE polymer materials and NIR-
assisted PTT could play a positive role in the treatment of bone-
related diseases. Polymers could work as tissue supports and deliv-
ery vehicles of PTAs, and they could be made into different forms
such as 3D scaffolds, injectable hydrogels and coatings. In addition,
PTT provides a precise method for the treatment of bone defects
with few side effects. Overall, the joint application of BTE polymers
and PTT has potential in the bone regeneration applications.
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