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Abstract

Nowadays, biomaterials have evolved from the inert supports or
functional substitutes to the bioactive materials able to trigger
or promote the regenerative potential of tissues. The interdisci-
plinary progress has broadened the definition of ‘biomaterials’,
and a typical new insight is the concept of tissue induction bio-
materials. The term ‘regenerative biomaterials’ and thus the
contents of this article are relevant to yet beyond tissue induc-
tion biomaterials. This review summarizes the recent progress
of medical materials including metals, ceramics, hydrogels,
other polymers and bio-derived materials. As the application
aspects are concerned, this article introduces regenerative bio-
materials for bone and cartilage regeneration, cardiovascular re-
pair, 3D bioprinting, wound healing and medical cosmetology.
Cell-biomaterial interactions are highlighted. Since the global pandemic of coronavirus disease 2019, the review particularly men-
tions biomaterials for public health emergency. In the last section, perspectives are suggested: (i) creation of new materials is the
source of innovation; (ii) modification of existing materials is an effective strategy for performance improvement; (iii) biomaterial
degradation and tissue regeneration are required to be harmonious with each other; (iv) host responses can significantly influence
the clinical outcomes; (v) the long-term outcomes should be paid more attention to; (vi) the noninvasive approaches for monitoring
in vivo dynamic evolution are required to be developed; (vii) public health emergencies call for more research and development of
biomaterials; and (viii) clinical translation needs to be pushed forward in a full-chain way. In the future, more new insights are
expected to be shed into the brilliant field—regenerative biomaterials.
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Introduction
Biomaterials have been developed from simply implanting to tis-
sue engineering and regenerative medicine [1, 2]. Some tissues in
human body have the ability of regeneration after suffering dam-
age. However, most tissues are unable to spontaneously achieve
complete healing in many cases like severe traumatic injury, de-
generative disease or infection, which thus requires clinical inter-
vention. Before the concept of regenerative biomaterials, the
early generation of biomaterials is bioinert and simply regarded
as a structure support or a medicine repository. At this stage, the
regeneration process relies, if any, on the innate potential of body
instead of biomaterials. With the development of biomaterials
and biology, researchers start to add active substances including
drugs and living cells in materials [3, 4]. The cell-laden biomateri-
als should, in the classic tissue engineering, be constructed
in vitro and then implanted into body, which is difficult due to the
complex cell culture procedure and low engraftment efficacy.
With the in-depth understanding of medicine and biomaterials, it
is realized that the regeneration process of a damaged cell or a
tissue is complex and the interactions between cells and sur-
roundings are crucial for regeneration [5, 6]. Modern regenerative

biomaterials are inspired from that some materials can regulate
molecular signal pathway and cellular behavior, indicating their
potential capacity of directing the process of tissue regeneration
without active drugs and cells [6]. Increased research interest
is devoted to the new generation of regenerative biomaterials [7–
10]. The regenerative biomaterials serve as not only a material
for a structure support or a delivery vehicle but also a functional
regulator [10–13].

From the narrow sense, the term ‘regenerative biomaterials’
refers to the materials that have the ability to regenerate the
damaged tissues and organs. In particular, the concept of tissue
induction biomaterials has shed new insight into the field of bio-
materials [14–19]. According to the latest consensus of definition
of biomaterials and relevant key terms by The International
Union of Societies for Biomaterials Science and Engineering
(IUSBSE), a tissue induction biomaterial is ‘a biomaterial designed
to induce the regeneration of damaged or missing tissues or
organs without the addition of cells and/or bioactive factors’,
while a biomaterial is defined as ‘a material designed to take a
form that can direct, through interactions with living systems,
the course of any therapeutic or diagnostic procedure’ [20]. So,
the term ‘regenerative biomaterials’ is close to tissue inducing
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biomaterials in the narrow sense, and also to the new definition
of biomaterials in the broad sense.

This review employs its broad sense. With the development of
advanced regenerative biomaterials, researchers have recognized
that only the interdisciplinary coordination could unlock the full
potential of regenerative biomaterials. The term regenerative bio-
materials and thus the topics of this review are not limited to tis-
sue induction biomaterials. We will summarize the progress of
medical materials ranging from the facilitated biomaterials to re-
pair, replace or regenerate tissues, to the advanced biomaterials
to improve human life quality.

Different sources and applications of regenerative biomateri-
als are schematically presented in Fig. 1. In this article, we at-
tempt to provide a comprehensive and multidisciplinary insight
into regenerative biomaterials, and aim to provide a broad over-
view of the recent achievements in this exciting field for broader
audiences. First, we introduce the advances of different sources
of biomaterials in recent years, compare the advantages and
shortcomings of these materials, and describe the advanced de-
sign using these materials. Second, we highlight the recent prog-
ress on emerging applications of regenerative biomaterials in
different tissues. Third, we review the studies on the interactions
of biomaterials with cells and tissues. In particular, we briefly in-
troduce the biomaterials related to the application in public
health emergency, especially the biomaterials associated to coro-
navirus disease 2019 (COVID-19). Finally, we point out the chal-
lenges which should be paid more attentions for research and
development (R & D) of regenerative biomaterials and pertinent
fields in the future.

The different sources of biomaterials for
tissue regeneration
Materials are classified into metals, nonmetallic inorganics and
polymers. Considering the characteristics of medical materials,
we describe the regenerative biomaterials in sequence of metals,
nonmetallic inorganics, hydrogels, other polymers and bio-
derived materials. Here, polymers are divided into two parts
owing to their abundant types and rich performances, and
bio-derived materials could be regarded as a special composite
medical material. Each of them has the distinctive advantages
and limitations.

Metals
Metallic biomaterials have been widely used clinically owing to
the outstanding mechanical property and excellent durability for
reconstruction and regeneration. Taking titanium (Ti) as an ex-
ample, it is a useful material for orthopedic implants with excel-
lent mechanical properties and high corrosion stability. Recent
studies focus on surface modification, alloying or other
approaches to enhance the material performance [21–25]. For in-
stance, roughening of surfaces is thought to promote osteointe-
gration by increasing the apposition of osseous tissue and
favoring epithelial attachment to the implant [26]. Surface micro/
nano structures can be endowed on titanium via grit-blasting
and acid-etching, laser method and electrochemical method [27–
29]. In addition to change the texture of Ti implants, surface
modification using bioactive components can also improve the
interaction between materials and cells [30]. For example, Sun
and Wang [31] groups used extracellular vesicle coating to endow
a Ti implant with biological activities. Ti exhibits poor wear resis-
tance and is not suitable for articulating surfaces. But the thick
film composed of titanium oxides on the surface could separate

Ti implants from surroundings and realize high corrosion resis-
tance. Some composite materials have been designed to over-
come the shortcomings of a single-component material.
Introducing some alloying elements in Ti materials to fabricate a
binary Ti alloy is helpful for improving a titanium-based mate-
rial. For instance, adding niobium (Nb) into a Ti material can im-
prove the tensile performance [32].

The most widely used titanium-relevant medical alloy is
Ti6Al4V, which is regarded as a good alternative material for per-
cutaneous or transcutaneous devices owing to its high mechani-
cal strength and excellent corrosion resistance. Like Ti implants,
Ti6Al4V also needs surface modification to improve cell–material
interactions for osseointegration and anti-inflammatory [33, 34].
In particular, the biological sealing can be improved via surface
modification [35, 36]. Unlike a porous scaffold [37], titanium and
its alloys are applied as a bulk material as usual, yet still with a
large amount of surfaces exposed to the tissue environment and
faced with a challenge of biological sealing. Ding et al. [36] fabri-
cated a fibrinogen-modified Ti6Al4V implant and resulted in bet-
ter biological sealing and osseointegration. Considering that
proteins are hard to be bound in a metal, they employed a poly-
dopamine (PDA) coating to mediate the covalently binding be-
tween the protein and the metal, as schematically indicated in
Fig. 2A. Since the pioneering work of Messersmith group [38],
mussel-inspired surface chemistry has been extended in multi-
functional coatings owing to the amino and catechol groups and
abilities for self-polymerization and spontaneous deposition [38–
42]. Surface modification of metals is able to influence various
cell behaviors on materials.

The overstable materials like Ti do not match the dynamic
process of tissue regeneration in many cases, and may need to be
removed sometimes by a secondary surgery, which increases the
pain and cost of patients [43]. Therefore, biodegradable metals
hold promises for tissue regeneration. A part of metals has the
corrosion and bioresorption characteristics in vivo, enabling them
as degradable biomaterials. Nevertheless, Ma et al. [44] reviewed
numerous publications and found that the outcomes of some de-
gradable metals for bone repairing in animal models might be

Figure 1. Different sources and applications of regenerative
biomaterials.
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overestimated, as evidenced by that the early fracture repair
performance of degradable metals was worse than that of non-
degradable metals owing to the weaker fixation ability. The deg-
radation time differs with metal types. For example, magnesium
(Mg) materials degrade a few months, while raw iron (Fe) materi-
als degrade over a few years. Bone tissue healing usually require
more than 12 weeks, and thus the degradation of Mg is too
quickly to match the process of new bone formation. In other
words, the fast degradation may impede the bone fracture heal-
ing when applied in the bone regeneration. Similarly, the biode-
gradable performance could be hindered by the overly slow
corrosion of metal biomaterials when used for cardiovascular
treatments. Therefore, tuning the degradation rate of metal to a
proper time range is important for biomedical applications.
Researchers have come up with some strategies to achieve the
expected degradation rate of metallic materials. Alloying is a con-
ventional method to adjust the properties of metallic biomateri-
als. For example, Wang et al. [45] used magnesium–strontium
alloy to optimize the corrosion resistance of the material in a ca-
nine mandibular defect model. As reviewed by Li and Ma groups
[44], it is still hard for an alloy to exhibit in vivo degradation

with its rate exactly matching the regeneration process of bone
tissue.

It is a frontier to develop more strategies to adjust corrosion
rates of metals under biomimetic condition. In this aspect, one of
typical progress in recent years comes from the concept of
metal–polymer composite stent (MPS) [46]. It is interesting that a
polylactide (PLA) coating on iron did not protect Fe from its corro-
sion, but accelerated Fe corrosion owing to the interference of
Ca-P precipitating on Fe and the local acidic microenvironment
on the Fe surface along with hydrolysis of the aliphatic polyester,
as revealed by Ding’s group [47]. More strategies to regulate cor-
rosion of biometals have been suggested [48, 49], and still in prog-
ress. For example, Yuan et al. [50] applied the Ca-P coating to
overcome the rapid degradation of Mg-based implants, and the
clinical study confirmed the effectiveness and safety. Similarly,
micro-arc oxidation was used to produce a ceramic oxide layer
on Mg-based implants to improve the corrosion resistance [51].

With the material degradation, the metallic ions were released
from the metals. Many metals contain the important elements
required by human body including Fe, calcium (Ca), copper (Cu)
[52] and Mg [53]. Therefore, taking advantage of the released ions

Figure 2. Metal and ceramic implants. (A) A fibrinogen-modified titanium alloy as a model material for an orthopedic percutaneous medical device.
Reproduced from Ref. [36] with permission of Royal Society of Chemistry, VC 2022. (B) Porous CaP ceramic scaffolds with distinct structures fabricated
via digital light processing (DLP)-based 3D printing. Reproduced from Ref. [37] with permission of Oxford Press, VC 2022.
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could endow biomaterials more performances [54]. For
example, Mg has the potential of osteogenic and angiogenic prop-
erties [55]. Mg could facilitate bone regeneration by proliferating
osteoblasts, promoting osteogenic differentiation and achieving
mineralization.

While the released ions from metallic biomaterials might be
helpful for human body to biological functions, the excessive re-
lease of metallic ions is harmful. For example, Mg-related bioma-
terials can cause side effects such as cytotoxicity [56]. In
addition, it was found that Mg alloy could, by significantly affect-
ing adhesion and migration of endothelial cells (ECs), inhibit the
process of re-endothelialization of Mg stents [57]. Owing to super-
elasticity, nickel-titanium (nitinol, NiTi) has been widely used in
biomedicine, particularly as medical devices for interventional
treatment. However, the US Food and Drug Administration (FDA)
has warned the risk of the released nickel ions. After years of
efforts and cooperation among university, hospital and company,
a nanocoating using TiN was found to significantly alleviate the
content of released Niþ, and the corresponding advanced
occluder based on a Chinese core material technique has recently
been commercialized in many countries [58].

Poor cytocompatibility is not always a disadvantage [59]. The
cytotoxicity of the dissolution of bioactive ions can also serve sig-
nificant antibacterial activities like silver (Ag), Cu and Mg [60–63],
which is beneficial to tissue regeneration owing to the anti-
infection capability. Bolzoni et al. [64] added Cu to titanium alloys
via powder metallurgy to prevent bacterial infection during surgi-
cal implantation. Zhao et al. [65] used Ag–selenium (Ag–Se) nano-
composite coating to inhibit bacterial adhesion of implants.

In addition to the antibacterial function, metal ions can also
be employed in anti-inflammation. For example, Gao et al. pre-
pared nanosized zinc-based metal–organic frameworks (MOFs)
with favorable antibacterial and anti-inflammatory properties
via slowly releasing Zn ions [66]. Some metallic materials can be
utilized in tumor ablation for their superior photothermal con-
version efficiency [67]. Moreover, some rare-earth metals gradu-
ally raised researchers’ attentions as biomaterials owing to their
unique electronic configurations and variable valence states. For
example, ceria was utilized in industrial catalysis and has re-
cently been developed in the form nanoceria to scavenge reactive
oxygen and nitrogen species [68]. Cerium can flip-flop between
valence states of Ce3þ (reduced) and Ce4þ (oxidized), which ena-
bles ceria to form oxygen vacancies in the lattice structure.
Nanoceria is able to form more oxygen vacancies because the de-
creased surface area to volume ratio. Besides, some rare-earth
metal-based materials have the magnetic properties, which can
be used in magnetic resonance imaging (MRI), such as gadolin-
ium [69], holmium and dysprosium [70].

Moreover, some metal substances are able to catalyze proteins
to participate the life process. For example, copper has the poten-
tial to catalyze nitric oxide (NO) donors to release NO. Wang et al.
[71] designed a copper-loaded PDA coating for implanted blood
contact materials to achieve an antithrombotic function via sus-
tained release of NO. Hence, with the development of regenera-
tive medicine, metals have never simply been a mechanical
support but also a functional source.

Nonmetallic inorganics
Nonmetallic inorganics contains two classes, crystalline ceramics
and amorphous glass. They are particularly useful for orthopedic
tissue regeneration. Ceramics are divided into bioinert ceramics
and bioactive ceramics. Bioactive ceramics can induce body to
generate biological responses after implantation [72, 73].

Alumina and zirconia are the bioinert ceramics. Calcium phos-
phate ceramics, especially tricalcium phosphate, biphasic cal-
cium phosphate and hydroxyapatite, have been widely used in
bone regeneration owing to biomimetic chemical composition
and their osteoinductive and biodegradable abilities [74]. The
osteoinductive activity of calcium phosphate ceramics was first
explicitly recognized by Zhang [75] and Ripamonti [76] in 1991.
Afterwards, some inorganic scaffolds were found to facilitate
new bone deposition on the surface [77]. The underlying mecha-
nisms of stimulating bone regeneration with bioactive ceramics
have also been investigated [78–81].

Bioactive ceramics not only have functions to directly simu-
late osteogenic differentiation of mesenchymal stem cells (MSCs)
but also have, sometimes, immunomodulatory ability for creat-
ing a favorable inflammation microenvironment for bone regen-
eration. After the facture, inflammatory macrophage (M1
phenotype) is able to amplify the inflammatory cascade, which
plays an important role in bone healing in the initial stage. The
inflammatory microenvironment changes during bone healing.
Therefore, the M1 macrophage is required to be timely regulated
and converted to the M2 phenotype for better bone regeneration.
Chang et al. [82] found that ionic products of calcium silicate
could enhance the immunosuppressive function of human bone
marrow-derived MSCs. Zhang et al. [83] found that dicalcium sili-
cate could promote osteogenic differentiation of mouse bone
marrow-derived MSCs via inducing macrophagic inflammation
(M1 phenotype). Specifically, the release calcium and silica ions
from dicalcium silicate could affect mitochondrial function and
induce autophagy in RAW264.7 cells, leading to M1 polarization.

Based on the fundamental studies of mechanisms, the in vivo
efficiency of ceramics has also been confirmed. Recently, calcium
phosphate ceramics has achieved regenerative bone repair for
large segmental bone defects in a goat model [84]. A porous struc-
ture is important for the biological activities of a scaffold, be-
cause the pores in the scaffold could favor the growth of the
surrounding cells and the dissolution of ionic compounds. The
pore size, porosity and interconnectivity of a porous scaffold in-
fluence the efficacy of bone regeneration. Briefly, the pore size
should allow for the migration, proliferation and differentiation
of cells in the scaffold [85]. An increased porosity decreases the
mechanical performance of the scaffold, and an inadequate po-
rosity leads to poor regeneration [86, 87]. The pore geometry
might act as a mechanical cue to influence cell behaviors [88]. As
shown in Fig. 2B, Zhu et al. [37] compared the osteoinductive
effects of various CaP ceramic scaffolds with distinct structures
of cube, octet-truss, inverse face-centered cube (fcc) and foam.
They found that the scaffolds with a foamlike structure showed
strongest osteoinduction owing to the local high ionic microenvi-
ronment caused by some non-through holes and smaller pore di-
ameter. The inverse fcc group showed the higher osteoinductive
ability with their spherical pore structure compared to cube and
octet-truss.

The traditional ceramics still suffer from some drawbacks
such as intrinsic brittleness. The processability of a ceramic is
usually not as convenient as a polymer. So, one has tried to com-
bine ceramic and polymer to make a composite, and an appropri-
ate compositing not only improves the compressive strength of
ceramics but also improves the toughness of the polymers [89].
For example, Duan et al. [90] coated hydroxyapatite with bone
morphogenic protein 2-loaded poly(L-lactide) (PLLA) fibers via
electrospinning without obstructing the pore interconnectivity.
The drug-loaded polymeric coating of the scaffold improved the
compressive strength and osteogenesis ability of the scaffold.
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Besides, Habibovic et al. [91] developed a ceramic sponge that
consisted of a self-supporting network of seamlessly interwoven
hydroxyapatite nanowires and tricalcium phosphate nanofibers;
this method showed excellent processability into different shapes
and dimensions.

Bioactive glasses are another important class of nonmetallic
inorganic biomaterials and can bind to bone and elicit biological
effects by releasing biologically active ions of some elements in-
cluding silicon (Si), Ca, phosphate (P) [92]. The bioactive glass of
the first generation is 45S5 (BioglassVR ). It was invented by Larry
Hench in 1969 and has been clinically used for bone repairing for
many years [93]. Recently, the biomaterials based on bioactive
glass have been optimized to exert various biological functions.
More biologically active elements were induced in bioactive glass.
For instance, strontium-incorporated bioactive glass was devel-
oped to improve the bone repair function via sustained release of
strontium [94]. Chen et al. [95] fabricated Cu/Ca-impregnated bio-
active glass nanoparticles via incorporating copper/calcium in
the SiO2 frameworks for the treatment of osteosarcoma. The
level of reactive oxygen species (ROS) in tumor cells could be syn-
ergistically enhanced via Fenton-like reaction induced by copper
ions and the released calcium ions. At the same time, the forma-
tion of hydroxyapatites induced by bioactive glass and the re-
leased calcium ions could synergistically lead to calcification.
Furthermore, the enhanced ROS level and calcification led to tu-
mor cell death.

Hydrogels
A hydrogel is a kind of polymeric materials conserving a large
amount of water in a 3D network. Hydrogels exhibit unique proper-
ties and have been applied in the biomaterial field [96–100]. For ex-
ample, a hydrogel stands out as a kind of soft materials owing to the
moderate mechanical strength, which has the high compatibility
with soft tissues [101, 102]. Therefore, hydrogels have been used as
tissue fillers and tissue adhesives [103, 104]. The feature of high-
water content makes hydrogels quite friendly to biological environ-
ments [105]. Some polymeric hydrogels are of excellent degradability
and biocompatibility [106, 107]. Notably, the 3D network endows
hydrogels with the capacity of transport, storage and controlled re-
lease of drugs [108–110]. Yu et al. [111] fabricated an injectable ther-
mogel applied in breast-conserving surgery, which could not only
act as a temporary filling material but also prevent the local relapse
via sustained release of Herceptin. The most convenient approach of
loading a drug into a hydrogel is directly mixing, and the release
manner depends on multiple aspects [112–114]. Generally, macro-
molecular drugs such as proteins can be released in a sustained
manner relatively easily owing to their similar sizes with the mesh
of a hydrogel [115–117], while water-soluble small molecular drugs
lead to a significant burst release as usual [118, 119]. Sometimes, the
small molecular drugs can achieve a sustained release in a hydrogel
via transformation of their condense-state physical forms such as
crystallization [120, 121].

Except the cargo size, the hydrophilic-hydrophobic extent of a
loaded drug decides the release manner. For example, gemcita-
bine is a potent anti-tumor drug, but the short half-life of this hy-
drophilic drug has severely limited the clinical application. Yu
et al. [122] modified gemcitabine with fatty acids to increase its
hydrophobicity, and subsequently loaded it into a hydrogel. The
release of the modified gemcitabine out of the hydrogel was pro-
longed up to 37 days, while unmodified gemcitabine in the hydro-
gel exhibited a severe burst release and nearly 70% of that was
released on the first day. The hydrophilic drug can also achieve a
sustained release in appropriate hydrogels via interaction with

the networks. For example, lixisenatide is a hydrophilic peptide,
one of the family of glucagon-like peptide-1 receptor agonists,
and has been licensed by FDA for the treatment of type 2 diabetes
mellitus. Yu et al. [123] leveraged the negative charge of their syn-
thetized biodegradable polymer and the positive charge of lixise-
natide to achieve sustained release by simply blending the
peptide with the aqueous polymer solutions.

The network in a hydrogel can be crosslinked by the chemical
bonds or physical interactions, resulting in, respectively, a chemi-
cal hydrogel and a physical hydrogel [124, 125]. Some hydrogels
could be formed by physical stimuli free of chemical reaction and
thus particularly useful in biomedicine [126, 127]. As an example
of chemical hydrogels, the photo-crosslinkable hyaluronic acid
hydrogel was formed under an ultraviolet radiation, and porcine
cartilage regeneration was achieved after combined with
platelet-rich plasma in a porcine model [128].

If a flowable aqueous solution rapidly gels upon a stimulus,
the material system can be applied in 3D printing. Gelatin metha-
cryloyl (gelMA) is a biomacromolecule-derived macromonomer,
and its polymerization leads to a light-curable hydrogel denoted,
a bit differently, as GelMA, as suggested by Ding et al. [129]. The
macromonomer and its resultant hydrogel have been widely
used in 3D printing [130–132]. Recently, Ding et al. [129] fabricated
a continuous 3D printing of a bilayered scaffold combined with
the sol-gel transition of the aqueous solution of gelMA and the
photocrosslinking of the gelMA macromonomer. As shown in
Fig. 3A, such a bilayered scaffold was printed by extruding a na-
scent physical hydrogel, taking advantage of non-Newtonian and
thermoresponsive rheological properties of the aqueous solution
of gelMA. The resultant hydrogel scaffold is promising as a bio-
material to regenerate articular cartilage.

The conventional 3D printing biomaterials were usually
shaped by layer-by-layer positioning in vitro, and then implanted
in vivo by surgery. However, in a recent study, Elvassore et al.
[133] injected photo-active polymers to achieve an intravital 3D
bioprinting by fabricating in situ 3D constructs in live animals
without surgical procedures. After screened many coumarin
derivatives, they chose 7-hydroxycoumarin-3-carboxylate–poly(-
ethylene glycol) conjugates as the raw material for their 3D bio-
printing. As shown in Fig. 3B, they took advantage of multiphoton
exciting to accurately form a photo-crosslinking hydrogel inside
dermis, skeletal muscle and brain. The multiphoton microscopy
used femtosecond pulsed infrared laser light (two-photon excited
wavelength >850 nm) to enable sufficient penetration as well as
high resolution. Compared to the conventional 3D printing, the
intravital 3D bioprinting could achieve the printing process with-
out surgical procedure and could realize real-time imaging. Gou
et al. [134] also reported a technique of noninvasive in vivo 3D bio-
printing. They subcutaneously injected the bioink composed of a
monomer solution and stem cells and then fed the images of the
scaffold to a computer. The digital near-infrared light was dy-
namically generated by the connected micromirror device chip
and timely projected to noninvasively induce the spatial poly-
merization of the local injected bioink. After months, the prior
injected stem cells were able to form a complex tissue or organ.
Notably, they printed an ear-shaped construct using such a tech-
nique in BALB/c nude mice.

As a unique kind of injectable hydrogels, thermosensitive
hydrogels have been extensively studied since Kim et al. [135]
reported a novel block copolymer consisted of poly(ethylene ox-
ide) (PEO) and PLLA in 1997. The biodegradable feature of this
block copolymer distinguishes itself from other thermosensitive
polymers, such as poly(N-isopropyl acrylamide) (PNIPAM) and
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poly(epoxy oxide)-b-poly(propylene oxide)-b-poly(epoxy oxide)
(PEO-b-PPO-b-PEO). Several block copolymers based on polyether-
polyester have been synthesized and exhibit the capability to be
physically gelled upon heating, which can be a low-viscous sol at
room temperature, and form a gel at body temperature (about
37�C) [136–139].

Ding group has systematically investigated the thermogels
composed of the block copolymers of poly(ethylene glycol) (PEG)
and poly(lactide-co-glycolide) (PLGA) [140–144]. The gelation
mechanism of such amphiphilic copolymer system in water has
been uncovered by Ding et al. [145]. The emergence of the sol-gel
transition requires suitable molecular weight [146], the ratio of
hydrophilic/hydrophobic blocks [147], sequences of the units of
lactic acid and glycolic acid [148], side chains [149] and molecular
weight distribution [150, 151], which results in a narrow gelation
window for one-component copolymer system. To solve this
problem, Ding group put forward a ‘block blend’ strategy using
two copolymers with different hydrophilic/hydrophobic ratios to

well tune the gelation window [152]. Both PEG and PLGA have
been approved by FDA and have been applied clinically for many
years, but until now, none of their block copolymers has been ap-
proved as a medical material in any country. Therefore, the clini-

cal translation of this raw material in the future will be much
valuable. Very recently, Ding’s group realize the dissolution of
PLGA-PEG-PLGA block copolymers within half minute via manual
shaking using a calcium coordination strategy [153]. While some
additives could influence the performances of PLGA-PEG-PLGA-
based hydrogels [154], appropriate small molecular soluble addi-
tives could accelerate the dissolution of chain-like polymers and

meanwhile maintain the thermogellability.

Other polymers
Polymer is the most giant family of biomaterials [155, 156]. In ad-
dition to hydrogels composed of cross-linked polymer networks,
most of polymers exhibit excellent processability into various

macroscopic physical forms. For example, poly(methyl

Figure 3. Hydrogels used in 3D printing. (A) Schematic diagrams of the key material properties to enable the continuous 3D-printing of the bilayered
hydrogel scaffold. Reproduced from Ref. [129] with permission of Wiley-VCH, VC 2020. (B) Schematic and photographs showing two-photon crosslinking
of a hydrogel into dermis across the epidermis. Scale bars, 100 mm. Adapted from Ref. [133] with permission of Springer Nature, VC 2022.
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methacrylate), named bone cement, has been used as a filling
material to achieve bone repairing [157–159]; synthetic polyether-
etherketone (PEEK) has been applied in orthopedics [160]; polyte-
trafluoroethylene has been used as an implantable material
owing to its excellent biocompatibility and mechanical properties
[161]. Besides the nonbiodegradable polymers as mentioned
above, biodegradable polymers have been used in clinic [162]. For
example, PLGA and PLLA, two of the most successfully developed
biodegradable polymers, have been widely applied in drug deliv-
ery [163, 164] and cardiovascular stents [165].

Lack of biological recognition is one of the shortcomings of
most of synthetic polymers. To address such issue, physical and
chemical modifications have been developed to endow polymer
materials with bioactivity [166, 167]. Immobilizing integrin’s
ligands to promote biological recognition such as promoting cell
adhesion, migration and differentiation, is a powerful approach
of biomaterial modification [168]. Arginine-glycine-aspartic acid
(RGD) peptides is the most popular ligand for improving cell ad-
hesion, which can be immobilized into polymer molecules via
chemical synthesis [169, 170]. Besides, in order to realize well-
controlled surface modification of biomaterials, nanolithography
and micropatterning techniques have been developed [171].
Taking advantage of photolithography techniques, gold nanoar-
rays on substrate material were obtained and subsequently
grafted with RGD peptides [172]. Compared to polymeric molecu-
lar modification, such functionalized patterns can better control
the spatial distribution on the microscale and nanoscale.

Some natural polymers are with good biocompatibility, biode-
gradability, weak immunogenic effects and cost-effectiveness
[173, 174]. Typical examples are silk fibroin [175, 176], chitosan
[177–179], hyaluronic acid [180, 181] and alginate [182]. Silk fibers
were originally used as suture biomaterials owing to their unique
mechanical properties [183]. With the insight into silk fiber con-
struction, silk fibroin, the core component in silk fiber, is a kind
of important natural protein polymer with great potentials in bio-
materials [184]. In addition to the commercialized silk suture
products, silk can be applied in drug delivery and tissue repairing
for its controllable degradation behavior and good biocompatibil-
ity [185, 186]. Irvine et al. [187] used silk fibroins as tips to fabri-
cate a microneedle patch with encapsulating stabilized human
immunodeficiency virus (HIV) immunogen and adjuvant, and the
degrees of b-sheet crystallinity of silk proteins can regulate the
release rate. Alginate is a natural anionic polymer and has been
proved as food additive and pharmaceutical excipient. Its aque-
ous solution can transform into a hydrogel in the presence of di-
valent or multivalent cations such as Ca2þ [188]. Alginate
hydrogels have also been extensively investigated in the fields of
drug delivery and tissue repairing. Moony group has developed
an alginate cryogel with interconnected porosity via the cryogela-
tion of methacrylated alginate [189]. The resultant microporous
alginate cryogel differs with conventional alginate hydrogels in
that it can be readily compressed and injected through a surgical
needle for delivery owing to its elastic sponge-like property [190].
They used the cryogel to fabricate microporous-biomaterial vac-
cine via pre-loading tumor cells or cytokines to boost immune re-
sponse [191, 192]. Besides, some biopolymers, such as
polypeptides and nucleic acids have showed great potential in
the biomaterial field [193].

Compared to other material classes especially metals, poly-
mers are sometimes faced with insufficient mechanical proper-
ties [194]. In order to enhance the mechanics of polymers, one
way is to develop new polymers; the other way is to optimize the
condensed-state properties; the third way is the introduction of a

polymer-based composite. Luo et al. [195] used laponite as the
filler in a 3D-printed polycaprolactone scaffold to regulate the
stiffness for bone regeneration. Liu et al. [196] fabricated a com-
posite scaffold by embedding nanohydroxyapatite in a collagen
hydrogel to improve the mechanical properties.

Here, we would like to introduce some advanced polymeric
materials which have recently been commercialized or have
great potential for clinical translation here. In the past years,
patients can only choose metal braces with alloy wires for ortho-
dontic treatment, which brought an unfavorable influence on
patients during the treatment. Modern orthodontic treatment
has adopted polymer as the clear aligner film material for invisi-
ble orthodontics. Ding et al. [197] reported a polymeric clear
aligner fabricated by molding polyurethane films on a 3D-printed
dental model (Fig. 4A). The 3D-printed clear aligner offered high
precision at each stage of orthodontic treatment to achieve a suc-
cessful result.

Polymeric materials for tissue adhesion have recently
emerged in clinical surgical repair. For example, Zhao et al. [198]
developed an off-the-shelf adhesive patch consisting of two
layers—the top layer was composed of hydrophilic polyurethane
for tissue-matching and robust mechanical properties, and the
bottom layer was the network between the covalently cross-
linked poly(acrylic acid) N-hydroxysuccinimide (NHS) ester for
adhesion and the physically crosslinked poly(vinyl alcohol) for
mechanical reinforcement (Fig. 4B). When contacted with the
gastrointestinal defects, the carboxylic acid group in the net-
work allowed the rapid absorption of the interfacial water, and
the NHS ester group facilitated robust adhesion to the tissue via
covalent crosslinking via imide bonds. Such an adhesive patch
could be used for sutureless repair of a gastrointestinal defect.
Different from other tissue adhesives and sealants, this adhe-
sive patch achieves rapid and tough adhesion without any ex-
ternal devices.

The adhesive polymeric materials can also be used in some
emergency situations like uncontrolled bleeding. Yu et al. [199]
developed an injectable hemostatic hydrogel that could quickly
control blood loss and allow an on-demand dissolution. Such a
hemostatic hydrogel was formed in situ by blending 4-arm PEG
crosslinker modified with thioester linkages and terminated with
aldehyde groups and poly(ethylene imine) with adipic dihydra-
zide. It is amazing that the chemical hydrogel was able to be dis-
solved via adding a biocompatible L-cysteine methyl ester
solution for breaking the crosslinker.

Bio-derived materials
In light of regenerative medicine, bio-derived materials refer to
special composite materials using directly a structural tissue or
more frequently acellular matrix (ACM) [200–202]. ACM can be di-
vided into tissue ACM, cell ACM and organ ACM with the first one
predominant at the moment. Liang et al. [203] studied the differ-
ence of autogenous, allograft and artificial bone substitutes on
bone regeneration, and suggested that the allogenic bone graft
has relatively poor bone repair ability compared with autogenous
and artificial bone substitutes probably due to the immunotoxi-
cological reaction. This implies the immunogenicity of allogenic
cells, and thus the necessity of removal of those cells.

Decellularization is used for acquiring the extracellular matrix
(ECM) structure without residue cells and thus with a reduced
immunogenicity [204, 205]. The concept of decellularization
came up in 1948 [206], and it has got to be the most widely used
approach to remove immunogenic substances. The decellulariza-
tion methods include physical, chemical and enzyme or their
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combination [207]. It is worth to mention that decellularization
causes more or less disruption of the initial ECM structure, which
could be minimized but cannot be completely avoided. Trypsin is
an effective decellularization enzyme that can separate cells
from structural proteins. While the treatment is useful for prepa-
ration of a decellularized vascular graft, it leads to decrease of
the strength of the vessel and is adverse to the resistance to blood
pressure. Crosslinking is employed to improve mechanical prop-
erties of natural biomaterials including physical methods and
chemical methods. It is reported that photooxidation crosslinking
could significantly increase the residual strength of decellular-
ized vessels, sometimes better than glutaraldehyde (GA) cross-
linking [208]. Very recently, Ding’s group put forward a
biosurfactant-containing two-step decellularization strategy to
modify the biomacromolecular network of bovine pericardium
crosslinked with GA, and the resultant bioprosthetic heart valve
(BHV) exhibited potent anti-calcification performance according
to their implantation experiments [209].

ECM itself is an important natural biomaterial composed of
collagens and other molecules that forms a fibrous matrix.
Collagen has about 28 subtypes [210], and thus various types of
collagens exist in ECMs, depending on the tissues, including der-
mis, small intestine, heart valves and urinary bladder etc. [211],
and further influence the functions of ECM [212]. Small intestine
submucosa (SIS) is an ACM biomaterial isolated from the submu-
cosal layer of porcine jejunum [213]. It is composed of several col-
lagens and growth factors, including vascular endothelial growth
factor (VEGF), transforming growth factor, basic fibroblast growth
factor, etc. SIS is usually used to coat other synthetic scaffolds to
improve biocompatibility [214] or used as a biologic patch for tis-
sue repair [215]. Xie et al. [216] prepared a polyurethane/SIS hy-
drogel for endoscopic submucosal dissection-induced ulcer
healing.

In addition to the ECMs obtained from animal tissues, cell-
derived ECMs are also an alternative material for tissue engineer-
ing. For example, Wang et al. [217] seeded cardiac fibroblasts on a
silk fibroin scaffold. After 10 days of culture, they decellularized
the scaffold to obtain the ECM components with myocardial-like
properties. Compared to the ECMs from tissues, cell-derived
ECMs require easier decellularization because the relatively sim-
ple structure will not require complicated dissection and isola-
tion [218]. But the process of decellularization is still a bottleneck
of large-scale clinical application of ECMs, which need to be bro-
ken for ramping up of production.

It seems worthy of noting that decellularization can some-
times not fully eliminate the immunogenicity. The deleterious
immunogenic effects of bio-derived materials have been recog-
nized. Niemann et al. [219] transplanted decellularized heart
valves that were obtained from sheep (xenogeneic), pigs (alloge-
neic) and the pigs deficient for the major xenoantigen into the
pigs deficient for the galactosyltransferase gene. The xenogeneic
sheep-derived heart valve exhibited a strong immune reaction,
while the other two allogenic heart valves induced only mild
reactions, indicating that decellularization could not sufficiently
reduce the immunogenicity of xenogeneic implants.

Applications of biomaterials in tissue
regeneration
Biomaterial science and engineering have been much developed
during the latest decade, and the ultimate aim of biomaterial de-
velopment is the clinical application [220]. Biomaterial scientists
and engineers are encouraged to design their materials to meet
the requirements from the doctors and patients. Autograft is in
most of cases the gold standard for the treatment of tissue defect.
However, the use of an autograft generates self-damage.

Figure 4. Some polymer-based biomaterials with potential of clinical translation. (A) A patient case of 3D-printed polymeric ‘clear’ aligners.
Reproduced from Ref. [197] with permission of Oxford University Press, VC 2022. (B) A gastrointestinal (GI) patch for sutureless repair of gastrointestinal
defects. Adapted from Ref. [198] with permission of the American Association for the Advancement of Science, VC 2022.

8 | Regenerative Biomaterials, 2022, Vol. 9, rbac098



Allografts also face problems, including shortage of donors,
heavy cost and risk of immune rejection. Therefore, the develop-
ment of advanced biomaterials that outperform autograft and al-
lograft can cater to the demand for tissue regeneration. This
section will introduce biomedical materials according to their ap-
plication aspects.

Bone tissue regeneration
The design of a biomaterial for bone regeneration has evolved
from simply fixing by an inert material toward developing a bio-
active material that is potentially capable of facilitating the re-
generation process. For example, the materials that enable the
balance between osteoclast-mediated bone resorption and
osteoblast-mediated bone formation to be restored could treat
osteoporosis [221].

Natural bone has a hierarchical structure and is composed of
several natural ‘materials’. Recently, Mikos et al. [222] have well
reviewed the components of natural bone and suggested the can-
didate materials for bone tissue regeneration (Fig. 5). Ceramics,
polymers and metals are all the candidate materials to support
bone regeneration. Typically, ceramics stimulate mineralization
via mimicking the inorganic portion of natural bone [223, 224],
polymers work as the bone ECM via mimicking crosslinking of
collagen fibrils [225, 226], and metals provide the mechanical
support sometimes [227].

The regenerative biomaterials treated for bone tissue usually
require a strongly supportive structure [228]. Suitable elastic
modulus is an important factor of bone biomaterials. Most metal-
lic materials have higher elastic modulus than natural bones
[229]. The mismatch of elastic modulus between these implants
and natural bones leads to stress shielding. Stress shielding
occurs when an implant bears the majority of loading forces
rather than the surrounding bone, which results in the reduced
bone density [230]. PEEK is a high-performance semicrystalline
thermoplastic polymer with an elastic modulus similar to that of
a natural bone and has been approved by FDA as bone

implantation. However, PEEK is chemically inert and suffers poor
integration with surrounding bone tissues. Therefore, modifica-
tion of PEEK to improve the bioactivity has been increasingly
employed. For example, one has tried to introduce bioactive met-
als such as strontium, or incorporate hydroxyapatite into PEEK to
stimulate cell differentiation [231, 232]. Of course, the corre-
sponding modification should be carried out with the prerequisite
not to harm the inherent excellent mechanical strength and
chemical stability of PEEK and other pertinent bulk materials.

As biodegradable bone scaffolds are concerned, they are grad-
ually weaker than native bones. Nevertheless, the increased me-
chanical support provided by new mineralized tissue deposition
can offset the material degradation to some extents. Therefore,
tuning the rate of scaffold degradation to be synchronized with
the rate of new bone deposition is of critical importance for bone
regeneration. It is desired that a biodegradable scaffold exhibits
little degradation at the initial bone regeneration stage to ensure
the sufficient mechanical support and significant degradation at
the late stage to leave space for ECM secreted by cells.

Sufficient nutrients and oxygen are dependent on the angio-
genesis in tissue regeneration, which are supposed to be a prereq-
uisite for blood flowing to the damaged area within an implant
[233]. Restoring the microvascular circulation of an implant is
challenging for tissue engineering [234]. For bone regeneration,
the ideal scaffold is recognized to have a porous structure which
allows for restoring the microvascular circulation and formation
of new bone [235, 236]. Therefore, the design of an appropriate
porous structure is adopted in bone scaffolds [237, 238]. Apart
from this, researchers have made efforts on embedding bioactive
substances into implants to accelerate bone formation, such as
exogenous growth factors [239–241], peptides [242] and drugs
[243].

In addition to bioactive substances, cells like ECs, MSCs, osteo-
blasts and preosteoclasts can induce angiogenesis. Therefore, at-
tention has been paid to leverage biomaterials to load cells that
are capable of vascular reconstruction [244]. An appropriate

Figure 5. Hierarchical structure of the natural bone to stimulate the design of bone-regenerated biomaterials. The nature bone is composed of
hierarchically arranged collagen fibrils and inorganic minerals, which can be mimicked to some extents in fabrication of 3D scaffolds using polymer-
ceramic nanocomposites. Reproduced from Ref. [222] with permission of Springer Nature, VC 2020.
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biodegradable porous scaffold can mimic the ECM for cell attach-

ment, proliferation and differentiation of cells in bone tissue en-

gineering [245]. Accumulated studies have revealed that the

implanted biomaterials can play an important role in the regula-

tion of biological activity of host cells [246–248]. Scientists

thereby began to seek an approach that enables biomaterials to

stimulate host cells to function in angiogenesis. Liu et al. [249]

tried to use a biomaterial to reconstruct the microvascular net-

work in ischemia for angiogenesis. They previously developed a

semisynthetic sulfated chitosan (SCS) with high affinity for VEGF

of the sulfated polysaccharide. This time, they coated a gelatin

sponge with SCS and implanted it in a mouse model of hind limb

ischemia to promote the blood perfusion and angiogenesis. They

found that sulfated polysaccharides induced angiogenesis in is-

chemia via guiding anti-inflammatory macrophages (M2 pheno-

type) to secret more endogenous VEGF. This work represents a

typical design of the future tissue induction biomaterials.

Cartilage tissue regeneration
Damage of articular cartilage is significant in an elder society.

The current regeneration approaches of articular cartilage

mainly focus on cell-based therapies of chondrocytes or MSCs

[250, 251]. Chondrocytes are the only cell type in cartilage. They

show a gradient in density and morphology along the depth of ar-

ticular cartilage [252]. Chondrocyte transplantation has been ap-

plied in clinic [253]. However, utility of autologous chondrocytes

as seeding cells faces the challenges of limited donor supply and

risk of dedifferentiation, where chondrocytes are gradually con-

verted to fibroblast-like cells leading to failure of chondrogenesis

[254]. Chondrocytes were derived from MSCs [255]. MSCs are ca-

pable of generating chondrocytes, osteoblasts, adipocytes and

myoblasts under specific culture conditions, which makes them

an alternative cell type for articular cartilage repair [256, 257]. An

appropriate biomaterial can assist MSCs in ramping up the

potential of chondrogenic differentiation via mimicking available
microenvironment [258–261].

Bio-derived ECM scaffolds have optimistic effects on the differ-
entiation of MSCs, but strongly depend on the original source.
The age of the donor of cartilage ECM influences the efficacy of
chondrogenesis of MSCs. Among the cartilage ECMs from new-
born, juvenile and adult rabbits, the newborn ECM promoted the
most chondrogenesis of MSCs but led to matrix calcification,
which severely limit the application [262]. Besides, collagen I has
been proved to induce the chondrogenic differentiation of MSCs,
while avoiding dedifferentiation of chondrocytes turns out to be a
challenge sometimes [263]. They suggested that physically cross-
linked collagen scaffold may contract under the action of cellular
activity, because the weak hydrogen bonding may readily to un-
bind when subjected to the reaction of actin. The contraction is a
mechanical stimuli to MSCs, which may lead to the potential de-
differentiation. Therefore, Guo et al. [264] used a photo-
crosslinking approach to enable a collagen hydrogel to restrict
the contraction and maintain the chondrocyte phenotype with-
out dedifferentiation.

A noninvasive approach for the evaluation of regenerated car-
tilage is crucial for clinical follow-up. Xu et al. [265] followed 18
patients who experienced matrix-induced autologous chondro-
cyte implantation, and analyzed their MRI results (Fig. 6). They
found that the collagen network became matured and the pro-
teoglycan content increased in the regenerated cartilage through
MRI imaging, indicating that MRI is an excellent way for the non-
invasive follow-up of cartilage regeneration. Based on these re-
search and verification, the Chinese team suggested an
assessment standard, and in September, 2022, the International
Standard Organization (ISO) approved ‘Tissue Engineered
Medical Products—MRI Evaluation of Cartilage—Part 1: Clinical
Evaluation of Regenerative Knee Articular Cartilage Using
Delayed Gadolinium-Enhanced MRI of the Cartilage (dGEMRIC)
and T2 Mapping’ as ISO/TS 24560-1:2022.

Figure 6. Noninvasive clinical evaluation of cartilage regeneration. Patients who experienced arthroscopic surgery for collecting autologous
chondrocytes would accept matrix-induced autologous chondrocyte implantation (MACI) for cartilage regeneration, and the MRI is a feasible semi-
quantitative yet noninvasive way for clinical follow-up. T1 (left) is the spin–lattice relaxation time with respect to longitudinal relaxation; T2 (right) is
the spin–spin relaxation time with respect to transverse relaxation. Adapted from Ref. [265] with permission of Oxford University Press, VC 2021.
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Cartilage has limited spontaneous repair ability due to its con-
densed construction and devoid of blood vessels [266, 267].
Osteochondral defect in clinic involves the defects of articular
cartilage and subchondral bone. These two layers have different
mechanical strengths and biological lineages, and require distinct
repairing approaches [268]. Therefore, some bilayered scaffolds
are designed to simultaneously regenerate articular cartilage and
subchondral bone [269, 270]. The upper layer of a bilayered scaf-
fold can be made of a relatively soft polymer material to match
the cartilage regeneration, while the bottom layer can be
equipped with a bioactive ceramic to regenerate the subchondral
bone. Besides, the bilayered scaffolds have another advantage
that the defected cartilage can easily obtain nutrition from the
regenerated subchondral bone [271].

Biomaterials for cardiovascular repair
Cardiovascular diseases are one of the threats to human health
with high morbidity and mortality. The treatment of cardiovascu-
lar diseases much relies on biomaterials, including vascular
stents, grafts, occluders, heart valves and etc. Implants for car-
diovascular repair are generally made of metallic, polymeric and
bio-derived materials.

Owing to the appropriate mechanical strength, metallic stents
have been used in clinic. Bare metal stents are the first-
generation for the percutaneous coronary intervention. However,
the in-stent restenosis of a bare metal stent has limited their clin-
ical application [272]. Therefore, the second-generation stents
were invented to use a drug coating to reduce restenosis via limit-
ing the proliferation of associated cells [273].

Biodegradable or bioresorbable stents is the newest-
generation ones that enable to tackle the problems which the tra-
ditional bare metal stents and drug-eluting stents are faced with.
Along with the disappearance of a bioresorbable stent, the regen-
erated vessel fully sustains natural blood flow of the vasocon-
strictive characteristic [274]. Bioresorbable stents are usually
made of corrosive metal or degradable polymers. The undesirable
degradation behavior of metallic stents may become an impedi-
ment for cardiovascular regeneration. For example, the iron
stents can remain uncorroded after vascular remodeling (usually
3–6 months), and is thus unsuitable as an ideal biodegradable
stent unless further modifications. Utilizing composite materials
can enhance the properties of metallic materials. Despite paint-
ing metallic materials with organic materials is a common
method to achieve corrosion protection, Ding et al. [275] sug-
gested an interesting method and confirmed that coating PLA on
an iron stent achieved complete in vivo corrosion of the iron stent
in 3–6 months (Fig. 7A). The acceleration of iron corrosion by this
polymer coating was partially explained by the decreasing local
pH along with PLA hydrolysis [47]. The endothelial coverage on
an MPS was found to be better than that on a permanent stent af-
ter implantation in a rabbit model, indicating the lower risks of
stent thrombosis [276]. Very recently, they found that serum, es-
pecially the albumin can reduce the free radicals generated dur-
ing iron corrosion [277].

A full-chain research covers many aspects from fundamental
studies to translational efforts. In the biomaterial field, a full-
chain research is a cooperative one from bench to beside. For
example, a nano-coated medical device for closure of left atrial ap-
pendage has recently been developed, which is associated with
rapid endothelialization following interventional treatment [58].
Endothelialization is critical for implanted cardiovascular devices,
in which adhesion, migration and proliferation of ECs take place
on the implanted materials [278]. The vascular endothelium has

antithrombotic properties via generating NO, prostacyclin and
etc., and plays the role of the barrier between the blood and vessel
wall [279]. The intravascular procedures inevitably cause vascular
injury and result in the damage of vascular endothelium, which
further lead to thrombosis and restenosis. Therefore, researchers
have explored a biomaterial that can achieve rapid endothelializa-
tion after implantation via designing an appropriate cell-material
interaction. Ding et al. [58] found that surface modification of TiN-
coated NiTi ally could significantly enhance the cell migration
in vitro and achieve a rapid endothelialization in vivo (Fig. 7B).
Cheng et al. [280] designed an exosome-eluting stent, which accel-
erated re-endothelialization via releasing ROS after implantation.

Recently, transcatheter aortic valve implantation has been a
hot issue in the clinical treatment of heart valve disease. Patients
with demand of implantation of cardiac valves can select me-
chanical or xenogeneic bioprosthetic valves, and the BHVs are
the main artificial heart valves. Compared to mechanical valves,
the bio-derived BHVs exhibit better hemodynamic performance,
and do not need lifelong anticoagulation. After decellularization,
the xenogeneic BHVs experience chemical crosslinking usually
by GA treatment [281]. However, such valves must be stored in a
GA solution for preservation and sterilizing. Dissolved GA is a po-
tential mutagen and can induce significant cytotoxic and muta-
genic effects in mouse lymphoma cells [282]. In recent years, the
advent of a dry valve has been paid attention to. Wang et al. [283]
fabricated such a non-GA-crosslinked dry valve, which was cross-
linked by the combination of carbodiimide and polyphenol. In
principle, the surgeons can immediately use the dry valve from a
sterilized bag, which save the preoperative preparation time.

3D bioprinting of both biomaterials and cells for
tissue regeneration
Tissue engineering and tissue regeneration reply on porous scaf-
folds as usual. While many scaffolding techniques have been de-
veloped and the mechanical properties of the porous scaffolds
have been investigated [284–287], the porogening and shaping
need different procedures until the emergence of 3D printing,
where both the internal pore and external shape of a porous scaf-
fold can be controlled simultaneously by one core technique.

The 3D printing is attractive because of also its ability to deal
with raw materials and cells together through the so-called bio-
ink. Many cells especially stem cells have the great potential in
tissue regeneration with the ability to self-renew and differenti-
ate into different cell types in response to the environmental
cues [288–290]. However, the major challenge of transplanting
cells into human bodies is the low viability and efficacy.
Nevertheless, an appropriate biomaterial can act as a delivery ve-
hicle and an artificial matrix to provide the loaded cells with both
a structural support and a microenvironment for cells living and
differentiation [291, 292]. A hydrogel holds a great promise in this
field, not only because its compatibility but also for its printabil-
ity, and some researchers have employed hydrogels to study cell
behaviors or address an unmet need [293–295]. For example, Liu
et al. [296] fabricated a 3D self-assembling peptide hydrogel to
study the stem cell fate in a biomimetic extracellular microenvi-
ronment. Some advanced techniques have been developed to use
hydrogels to print 3D cell-laden constructs via 3D bioprinting
[297, 298]. Specifically, isolated cells were suspended in hydro-
gels, and the bioink was subsequently extruded into continuous
fibers to form a cell-loaded 3D scaffold [299–301].

The 3D-printed ECM can afford a complex microenvironment
for loaded cells via integrating biophysical and biochemical cues.
Huang and Fu et al. [302] used an alginate/gelatin hydrogel to
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print a scaffold for MSCs with 3D bioprinting. The 3D-printed
scaffold directed the differentiation of loaded MSCs and ulti-
mately guided the formation and function of glandular tissue. Xu
et al. [303] also used an extrusion method to print a cell-loaded al-
ginate hydrogel for the treatment of spinal cord injury (Fig. 8A).
Interestingly, they printed a scaffold with a core-shell structure
composed of Schwann cells and neural stem cells in a coaxial ex-
trusion to mimic nerve fibers. They observed the positive effect
on the differentiation of neural stem cells in the co-culture
model. The aforementioned conventional 3D bioprinting gener-
ates a 3D shaped biomaterial by layer-by-layer precise position-
ing in vitro, and then it could be implanted in vivo by surgery.

The layer-by-layer dogma was broken recently along with the
emergence of an advanced bioprinting strategy. Different from

the limited printing velocity of layer-by-layer deposition of the

conventional 3D bioprinting, a volumetric bioprinting based on

visible light projection was developed. Moser and Levato et al.

[304] invented volumetric bioprinting to fabricate a cell-laden hu-

man auricle model within seconds. Specifically, 3D light dose dis-

tribution was deposited into a rotating cylindrical container

containing a gelMA phosphate buffer saline solution with photoi-

nitiator to permit the spatially selective polymerization (Fig. 8B).

The bioprinting of both materials and cells is still in rapid prog-

ress.

Wound healing
Wound dressing materials have been developed with some excit-

ing results [305–307]. A hydrogel is particularly useful for wound

Figure 7. Implants for cardiovascular repair. (A) Using a polymer coating to accelerate the corrosion of iron by fabrication of a metal–polymer
composite stent (MPS). Reproduced from Ref. [275] with permission of Elsevier, VC 2021. (B) Surface modification of nitinol to enhance cell migration and
the corresponding left atrial appendage (LAA) occluder with nanocoating. Reproduced from Ref. [58] with permission of American Chemical Society, VC

2020.
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healing owing to its tunable mechanical stability, high compati-

bility and drug delivery capability [308]. Peptide hydrogels are

based on self-assembly and has been paid much attention to

[309]. One of the concerns in wound healing is to prevent bacte-

rial infections [310, 311]. Because infection leads to many severe

problems such as chronic wound, researchers tried to employ

some biomaterials of photothermal conversion ability, such as

iron oxide and PDA, to endow wound dressing with excellent
antibacterial effect [312, 313]. Zheng et al. [314] used bacterial cel-

lulose, a natural polymer secreted by bacteria, to fabricate a

wound dressing combined with tannic acid and magnesium chlo-

ride for anti-biofilm in chronic wounds.
At least three aspects should be considered into the design of

a wound dressing material—inflammation, proliferation and

remodeling [315, 316]. For example, inhibiting the generation of

pro-inflammatory cytokines is an approach to accelerate wound

healing [317, 318]. Since ROS could lead to inflammatory
responses in the early stage, scavenging ROS has been considered
in wound dressing development. Gu et al. [319] fabricated a hybrid

hydrogel of superabsorbent poly(acrylic acid) and antioxidant
poly(ester amide) to absorb the exudate to scavenge ROS for

wound healing. Gong et al. [320] induced cerium oxide nanorods,
a kind of ROS scavenger, into a thermosensitive hydrogel via

Schiff base reaction to enhance the wound healing. For the
patients with extensive skin burns, skin grafting is a mainstream
treatment in clinic. But considering that an autologous skin graft

is limited, developing skin substitutes such as acellular dermal
matrix may be a way to meet the clinical demand [321]. Human

amnion shows promising clinical benefit in wound healing owing
to the regenerated activities of amniotic membrane and the

Figure 8. Biomaterials for being printed together with cells. (A) Schwann cell (SC)-neural stem cell (NSC) core–shell alginate hydrogel fibers fabricated
via coaxial extrusion. Reproduced from Ref. [303] with permission of Oxford University Press, VC 2021. (B) Volumetric bioprinting based on light
projection using cell-laden gelMA PBS solution as bioink. Adapted from Ref. [304] with permission of Wiley-VCH, VC 2019.
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inside viable human amnion epithelial cells [322, 323]. Therefore,

the technologies that could retain the viable cells and the biologi-

cally active components are the impetus of a widespread use of

amnion.

Biomaterials for medical cosmetology
With the development of the world economics, people care more

aesthetics, and the global cosmetics market has reached hundred

billions of US dollars. While medical cosmetology is an important

and hot field, little corresponding literature can be found in the

database. Biomaterials have been applied in the medical cosme-

tology for many years, such as filler materials and cosmetics.

Filler materials can be injected in facial tissue to achieve facial

rejuvenation, which requires safe and easy-to-operate biomateri-

als [324]. A few polymer materials have been developed for facial

injection, such as polyacrylamide, hyaluronic acid, PLA and

PLGA. Recently, it has been reported that PLA microspheres

stimulate collagen regeneration when used as aesthetic materi-

als such as dermal fillers [325].
In the plastic surgery, the use of allografts is associated with a

risk of disease transmission from the donor and the use of auto-

grafts may result in additional morbidity associated with healing

of the donor site. For example, rhinoplasty patients usually chose

an autologous graft in clinic at present, but suffer severe pain

and morbidity at the donor site. Ao et al. [326] evaluated an xeno-

genic decellularized costal cartilage graft used as rhinoplasty

prostheses, which may emerge as a promising alternative mate-

rial for plastic surgery.
Besides plastic surgery, biomaterials can be applied in cosmet-

ics and aesthetic medicine. Even some exciting smart materials

have recently been reported. As shown in Fig. 9, an intelligent

sprayable mask could spontaneously form a ‘Janus’ hydrogel, in

which the outside contacting the air is Gel, and the inside con-

tacting the skin is Suspension [327]. Such a paper-free mask was

fabricated by environmentally friendly thermogel composed of

Figure 9. Biomaterials for medical cosmetology: an intelligent paper-free sprayable skin mask based on environmental-friendly thermogel and its first
clinical research. Reproduced from Ref. [327] with permission of Wiley-VCH, VC 2022.
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PLGA-PEG-PLGA block copolymers. Previously, PLGA-PEG-PLGA
block copolymers have been tried in drug delivery and submuco-
sal fluid cushion of endoscopic submucosal dissection [328, 329].
Ding’s group carried out the first-in-human study of this polymer
on skin. Their results confirmed the safety and efficacy of this
synthetic copolymer, which might have impact to the potential
translation of the underlying biodegradable copolymer [327].
Their hydrogel mask promotes the release of active substances
and keeps moisture via the asymmetric ‘Janus’ structure. The
principle of such an asymmetric structure of thermogel has been
revealed in their publication [330]. The aqueous systems of PLGA-
PEG-PLGA block copolymers exhibit two phase transitions: sol-gel
transition and gel-sol(suspension) transition. While the applica-
tions based on the first transition (sol-gel transition) have been
applied widely in biomedical formulations, the second transition,
namely, gel-to-sol(suspension), has not yet been taken into con-
sideration before. This time, Ding group adjusted both of the two
phase-transition temperatures to meet the requirements of ‘Tgel

< Tair < Tsuspension < Tskin’, and developed a transdermal hydrogel
formulation [327, 330]. Here, Tgel is the sol-gel transition tempera-
ture; Tair is the room temperature; Tsuspension is the gel-
sol(suspension) temperature; Tbody is the body temperature.

Drug/gene delivery systems associated with
regenerative medicine
Drug delivery platforms based on biomaterials have revolution-
ized the treatment outcomes for millions of patients [331–333].
Traditional biomaterials for drug delivery are recognized as the
excipient that is able to improve safety, optimize the pharmaco-
kinetic profile, or change the routes of administrations of active
pharmaceutical ingredient (API). With the development of phar-
maceutical sciences, one can finely tune the release of the encap-
sulated API, including sustained release and controlled release.
Along with the emergence of regenerative biomaterials, research-
ers have gradually realized that some pharmaceutical excipients
can be extended to an intelligent drug delivery [334, 335]. For ex-
ample, self-assembly of amphiphilic polymers can be employed
to significantly improve the bioavailability of hydrophobic drugs
[336, 337]; appropriate nanotechnology can lower the adverse ef-
fect owing to the accumulation of drug in tumor tissue via pas-
sive target etc. [338–340]; prodrug micelles are capable of
protecting API via covalently bonding an API to amphiphilic poly-
mers [341, 342]; PEGylation, namely, covalently grafting a PEG
polymer to a drug can enhance the therapeutic properties of API
by prolongation of the drug circulation in plasma [343]; even sim-
ply mixing with PEG can enhance the fraction of the active chem-
ical form of antitumor drugs of the camptothecin family by
modification of drug–material interaction [344]; cell-derived bio-
mimetic nanoparticles endow drugs with many features such as
active target, low immunogenicity and long circulation time
[345–348]; various responsive polymers have been tried to posi-
tively affect the controlled release of API [349–351]; scaffolds
loaded with drugs or modified with other biologically active moie-
ties have been employed to support tissue regeneration [352–
354]. All of these indicate that the modern drug delivery system
(DDS) is based on the development of exciting materials to a large
extent and the development of an advanced DDS is in turn bene-
ficial for regenerative medicine.

We further introduce some advanced delivery systems that
are based on an innovated route of administration. Microneedle
is a promising technology for the transdermal drug delivery,
which can avoid the hepatic first pass metabolism and be partic-
ularly suitable for skin regeneration [355]. During the wound

healing progress, sufficient vascularization can avoid many un-
expected events such as hypoxia, poor metabolic support and
dysregulated immune response that finally lead to chronic
wounds [356]. Delivering VEGF into the wound bed may stimulate
proper vascularization of the wound. Peppas, Sinha and Tamayol
et al. [357] have illustrated the capability of microneedles for deep
penetration compared with topical administration. As shown in
Fig. 10A, miniaturized needle arrays and liquid jet injectors ex-
hibit better drug spatial distribution in the wound bed compared
with topical administration, indicating the importance delivery
strategy in wound healing.

A particularly important case to employ biomaterials to en-
hance pharmaceutics is the development of oral administration
[358]. Oral administration of drugs is one of the most popular ad-
ministration routs for patients, especially for patients with
chronic diseases, but used to be regarded inappropriate for bio-
macromolecular drugs such as proteins, DNA, mRNA owing to
their instability in gastrointestinal tract. This ‘impossibility’ has
been gradually broken by many distinguished scientists such as
Leong et al. [359]. More recently, as shown in Fig. 10B, Langer and
Traverso groups have demonstrated an ingestible milli-injector
capsule that delivers mRNA through the gastrointestinal tract
with high transfection efficiencies [358]. Such a pill could propel
a needle to inject the loaded drug into vascularized layers of
stomach tissue once self-oriented in gastric submucosa. Naked
mRNA can be quickly degraded by extracellular RNases and can-
not be internalized due to its electronegativity. Therefore, an
mRNA carrier composed of cationic lipid, polymer and peptide
were developed for loading and facilitating cellular uptake. They
chose branched hybrid poly(b-amino ester) nanoparticles to en-
capsulate the mRNA and achieved satisfactory transfection effi-
ciency. For delivery of mRNA as well as other nucleic acids, this
work gives a brand-new angle of view. Different from the oral for-
mulation, Sumita et al. [360] fabricated a gene-activated matrix
comprised of atelocollagen, TCP granules and naked-plasmid
DNAs encoding microRNA 20a that promotes osteoblast differen-
tiation by inhibiting the negative regulation of osteoblasts. They
implanted the gene-activated matrix onto the cranial bone surfa-
ces of rats, and found that bone augmentation was promoted up
to 8 weeks after transplantation.

Biomaterials applied in public health
emergency
People from both World Health Organization (WHO) and most of
countries have painfully recognized that a public health emer-
gency can cause severe consequences for globe health after
experiencing the outbreak of COVID-19, caused by a novel coro-
navirus named severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [361]. Considering the important role of biomateri-
als in public health emergency, we would like to make a general-
ized discussion of regenerative biomaterials particularly for the
application of biomaterials in COVID-19 pandemic, including vi-
rus detection, vaccine enhancement, treatment of infection and
post-infection.

Biomaterials for COVID-19 relevant medical
devices
Until now, the detection of COVID-19 still relies on the nucleic
acid tests by quantitative reverse transcription–polymerase chain
reaction, which requires a few hours of processing for pre-
treatment of a sample and DNA amplification by professional
staff using specific equipment. Reverse transcription–polymerase
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chain reaction has been regarded as the gold standard for
COVID-19 detection. With the development of modern biomateri-
als, novel technologies and facilities with high speed, accuracy
and sensitivity have emerged for virus detection [362]. Utilizing
ultrasensitive biosensors may accomplish the goal to develop a
rapid and easy-operated detection method. Wei et al. [363]

implemented an electromechanical biosensor into an integrated
and portable device, which can quickly accomplish the COVID-19
detection. Collins et al. [364] developed a synthetic biology sensor
that could be embedded in a wearable material for COVID-19 de-
tection. They unified such a sensor into a mask to detect the po-
tential coronavirus, which may exist in the air (Fig. 11A).

Figure 10. Biomaterials platform for regenerative medicine delivery. (A) The drug exhibit spatial distribution between different administrations for
wound healing including miniaturized needle array (i), topical administration (ii) and liquid jet injector (iii). Adapted from Ref. [357] with permission of
Wiley-VCH, VC 2021. (B) Orally dosed milli-injector capsules enable nucleic acid delivery to swine stomachs. The right part shows hematoxylin and
eosin-stained histology (upper) and immunohistochemistry histology (lower) stained against RNA encoding Cre recombinase enzyme. Scale bars
indicate 200 mm. Adapted from Ref. [358] with permission of Elsevier, VC 2022.
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Another example of medical devises to deal with COVID-19 is
about extracorporeal membrane oxygenation (ECMO) [365].
Timely and effective supports play a key role in the treatment of
COVID-19-related acute hypoxemic respiratory [366, 367]. ECMO
is a device to realize the outside circulation of body blood for ox-
ygenation on a biomaterial membrane that could passage oxy-
gen and carbon dioxide. The oxygenator membrane is the core
component of ECMO, requiring high permeability and mini-
mized risk of gas embolism. The modern oxygenator membrane
adopts the hollow fiber membrane to provide an appropriate
pore size and a high porosity for gas exchange without blood
leakage [368]. Hydrophilic materials may cause the leakage of
blood, while hydrophobic materials may lead to undesired pro-
tein adsorption and platelet adhesion. So, it is critical to adjust

an appropriate hydrophilic/hydrophobic balance of an ECMO
membrane.

Thrombosis is the common problem faced by any material
contacting with blood. The ECMO materials have large areas to
contact with blood, and thus modification of the corresponding
material surface is important for ECMO toward its clinical appli-
cation [369]. Introduction of an anticoagulant coating is an effi-
cient approach to reduce thrombus formation. For example,
Medtronic company, an ECMO supplier, adopted grafting heparin
onto the material surface [370]. Additionally, generation of a bio-
mimetic membrane interface holds great promise in achieving
more efficient gas transmission processes of ECMO. Zhao et al.
[365] fabricated an anticoagulant biomimetic gas exchange mem-
brane inspired from the structure of the human alveoli. As shown

Figure 11. Biomaterials associated with COVID-19. (A) A mask equipped with a COVID-19 detected sensor. Adapted from Ref. [364] with permission of
Springer Nature, VC 2021. (B) An anticoagulant biomimetic gas exchange membrane used for ECMO. Reproduced from Ref. [365] with permission of
Elsevier, VC 2022.
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in Fig. 11B, they employed porous MOF particles and CO2 affini-
tive hydrophilic polymer to establish the main gas exchange
channels, and used polyethersulfone for mechanical support.

Biomaterials for COVID-19 relevant vaccines and
drugs
In 2022, significant progress in fighting against COVID-19 has been
made. For example, a few vaccines have entered into clinic. While
traditional vaccine development usually takes several years for an-
tigen selection, preclinical animal studies and clinical studies, the
situation of public health emergency, especially COVID-19 pan-
demic, requires the most rapid development of vaccine [371].
Actually, R & D of a COVID-19 vaccine has been condensed into a
few months, which is very challenging [372]. The development of
vaccine has evolved from live-attenuated and inactivated vaccine
to the adenovirus-vectored vaccine and novel mRNA vaccine. The
mRNA vaccines produce the antigen of interest for eliciting potent
immunity via mRNA translation, which has opened a new era in
vaccinology. Interestingly, before the pandemic, researchers held
the view that there was a long way to go before the translation of
mRNA vaccines. However, the COVID-19 pandemic gives the
chance for mRNA vaccines to accomplish the clinic translation for
the first time. One of the biggest advantages of mRNA vaccines is
that they can be produced and scaled up within weeks after the
identification of target antigen, which is crucial for the situations
where an urgent pandemic outbreaks.

The successful translation of mRNA vaccines would not be
achieved without the support of an appropriate delivery system
[373]. On the one hand, mRNA is a kind of macromolecules, which
can only be endocytosed into cells and subsequently be trans-
ported into lysosomes for degradation. On the other hand, the nat-
ural RNases in the body can rapidly hydrolyze mRNA. Therefore,
researchers utilize biomaterials to solve the delivery problem and
achieve more potent immune responses. The vehicles for mRNA
delivery contain lipid nanoparticles, polymers, peptides and cat-
ionic nano-emulsion. Both of the two marketed mRNA vaccines,
mRNA-1273 (Moderna) and BNT-162 (BioNtech/Pfizer) use lipid
nanoparticles for mRNA delivery [374]. As shown in Fig. 12, COVID-
19 mRNA vaccines are formulated with lipid nanoparticle and
mRNA encoding spike proteins [375]. After administration, the lipid
nanoparticle vector improves the efficacy of cellular uptake and
facilitates the endosomal escape of mRNA. After the translation,
spike antigens are expressed in the cytoplasm. Some of them are
degraded into epitopes, and the others are possessed and delivered
by antigen-presenting cells (APCs) for presentation. According to
the clinical results, the long-term immunity is still a challenge for
vaccine development due to the high mutation of coronavirus, and
some advanced biomaterial technology has been tried for the vac-
cine enhancement [376]. Zeng et al. [377] developed a quadrivalent
mosaic nanoparticle vaccine that combined four spike proteins, in-
cluding SARS-CoV-2 prototype and three different variants against
COVID-19 infection.

The treatment of COVID-19 mainly depended on antiviral
drugs and anti-inflammatory drugs [378–380]. The infection of
SARS-CoV-2 started with the engagement between the spike pro-
tein of the virus and the angiotensin-converting enzyme-2 (ACE-
2) on host cells [381]. Inhibiting this interaction is thus promising
for COVID-19 treatment [382, 383]. A polymer able to interact
with ACE-2 may impair the infection of COVID-19 [384]. Besides,
some carbon-based nanomaterials show promising antiviral ac-
tivities against RNA viruses, which can be the candidates for
COVID-19 treatment [385].

In some severe clinical cases, patients with SARS-CoV-2 suf-
fered excessive inflammation [386], respiratory failure [387], coa-
gulopathy [388, 389] and probable death, which implied the
potential risks of organ trauma. Fortunately, biomaterials have
an impactful role in the tissue regeneration of post-infection of
COVID-19. The strategy based on biomaterials for COVID-19 rele-
vant tissue regeneration is similar to the drug delivery aforemen-
tioned in this review. For example, MSCs have the potential to
regenerate lung damage, which may offer a therapeutic option
for patients with severe or critical COVID-19 [390]. Besides, MSC-
derived exosomes also exhibit anti-inflammatory efficacy and
the ability to induce tissue regeneration [391].

Cell–biomaterial interactions
Understanding of interactions between biomaterials and cells is,
as a very fundamental study, vital for the development of the
next generation biomaterials. On the one hand, cell adhesion, mi-
gration and differentiation etc. on biomaterials are investigated
mainly in vitro in well-defined systems [392–397]. On the other
hand, implantable biomaterials are inevitably in contact with im-
mune cells, which gives rise to host responses [398]. The immune
cells can influence the long-term regeneration outcomes of bio-
materials via mediating the inflammatory responses. It turns out
that immunomodulatory biomaterials promote tissue regenera-
tion or treat disease via manipulating immune cells [399]. In this
section, we mainly discuss the cell behaviors regulated by well-
controlled patterned surfaces in vitro and the immunomodula-
tion effects of cell-biomaterial interactions in vivo.

Fundamental research to reveal the material
factors to regulate cell behaviors
Cells exhibit various behaviors on material surfaces such as ad-
hesion, migration, communication, proliferation and differentia-
tion. Various approaches have been employed to improve cell
adhesion [400–402]. For example, PDA coating has been widely
used to enhance cell adhesion by mediating a bioactive material
to a substrate. Interestingly, Ding group has very recently
reported that the total viability of cells on the PDA coating exhib-
its time dependence [403]. Besides, RGD peptide is the most fre-
quent sequence for stimulating cell adhesion [404, 405].

Appropriate cell migration can ensure the integration of a
medical implant with its surrounding tissue while inadequate or
excessive migration leads to adverse reactions. Rapid endotheli-
alization reduces the occurrence rate of thrombosis and resteno-
sis, which is particularly of importance for the cardiovascular
stents [406]. Endothelialization is closely related to cell adhesion
and migration. Ding et al. [407–410] prepared a series of nanopat-
terns with varied RGD nanospacings. They further examined the
effects of RGD nanospacing on the adhesion and migration of hu-
man umbilical vein endothelial cells (HUVECs) [411].
Interestingly, while adhesion of HUVECs on RGD nanopatterns
changed with RGD nanospacings monotonically, the maximum
migration velocity was observed in the nanopattern of RGD nano-
spacing around 90 nm (Fig. 13A). This finding indicates the impor-
tance of surface modification on the nanoscale—an appropriate
surface modification can enhance the expected effect for a regen-
erative biomaterial, and an inappropriate nanoscale modification
may lead to the opposite effect.

A new question arises, whether the cell type influences the
regulation of RGD nanospacing on cell adhesion and migration.
Ding et al. [412] employed well-designed RGD nanopatterns to in-
vestigate the effect of the surface modification on cell migration
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using ECs and smooth muscle cells (SMCs) as demonstrated cell
types (Fig. 13B). Their results indicated the cell-type-dependent
migration peak of RGD nanospacing, which was interpreted from
the different resistances to detach a focal adhesion plaque at the
trailing edge as well as the different abilities to form a nascent
adhesion at the leading edge of a polarized cell on a material.
Ding’s group further revealed the cell selective migration in a gra-
dient nanopattern of RGD ligands prepared by them [413], and
they found that a cell, particularly a human SMC could sense the
difference of RGD nanospacing on the surface with even one
nanometer between leading and trailing edges along the cell po-
larization dimension.

In addition to the regulation of biomaterial surfaces, some
other factors of biomaterials can also effectively regulate cell mi-
gration and are of great significance, such as pore architecture
[414, 415], geometry [416], stiffness [417–420] and mechanical
stimulus [421, 422]. For example, Zou et al. [423] found that hu-
man dental pulp cells adhered better on the scaffolds with 400–
600 lm pore sizes than on the scaffolds with 700 lm pore sizes.
The cells would directly pass through the large pore of the scaf-
folds, resulting in a decrease of cell adhesion.

Cell differentiation is crucial for tissue regeneration. The micro-
environment around stem cells is able to precisely control the de-
velopmental processes of organism via particular cues [424, 425].
Therefore, understanding which cues can regulate the differentia-
tion of stem cell provides key insights into the development of tis-
sue regeneration [426, 427]. Biomaterials combined with advanced
techniques can mimic the in vivo microenvironment to drive the
cell differentiation to a desirable direction or adjust the function of
a cell [428–430]. One has designed model biomaterials to study the
mechanism how each cue affects stem cells [431, 432]. For exam-
ple, mechanical forces can influence cell behavior via regulating
their intracellular signal pathways [433]. Yao et al. [434] developed
a platform to investigate the influence of fluid shear stress plus ul-
trasound stimulation on the behavior of bone marrow MSCs. The
results showed that cell differentiation was responsive to the mag-
nitudes of fluid shear stress and ultrasound stimulations and thus
significantly enhanced by proper combination strategies.

Wei et al. [435] investigated the effects of topographical cues
on cell polarization via fabricating a material with orthogonal

microgrooves and nanogrooves that mimic the effects of space

constraint and adhesion induction. Specifically, space constraint

in a microstructure is introduced to limit cell growth via guiding

cell elongation in a direction. Adhesion induction is to guide

adhesome growth via using nanopatterns at the interface of

materials. They found that the osteogenic differentiation of stem

cells can be promoted by the enhanced intracellular force caused

by adhesion induction.

Biomaterials that modulate immune cells
Foreign body responses are critical for implantable biomaterials.

The response process contains protein adsorption, recruitment of

immune cells and formation of fibrous capsule etc. [436, 437].

This response used to be recognized always as a side effect of a

biomaterial [438]. Therefore, early design of a biomaterial focused

on minimizing the immune response in order to decrease body

rejection [439, 440]. Now, a new insight emerges toward ‘im-

mune-interactive’ biomaterials in the field of regenerative medi-

cine [441].
Immune cells are divided into two types—pro-inflammatory

cells and anti-inflammatory cells [442]. The balance of the differ-

ent types of immune cells determines the outcome of the tissue

regeneration [443]. ‘Immune-interactive’ biomaterials can modu-

late such a balance and thereby direct the suitable immune re-

sponse for tissue regeneration [444, 445]. Some biomaterials that

are capable of mediating macrophage polarization are particu-

larly attractive for tissue regeneration [446]. Macrophages can po-

larize to pro-inflammatory M1 phenotype or anti-inflammatory

M2 phenotype. The two phenotypes of macrophages work differ-

ently in regeneration of various tissues [447]. M2 macrophages

enhance bone repairing via cytokine production whereas M1

macrophages work conversely [448]. For tumor treatment, M1

macrophages are important for antigen presentation, which

helps the immune cells to attack tumor cells. Conversely, M2

macrophages correlate with tumor growth and metastasis.

Therefore, the ‘immune-interactive’ biomaterials are designed to

induce the polarization of tumor-associated macrophages to the

M1 phenotype. For example, Gu et al. [449] developed a postopera-

tive sprayed gel loaded with calcium carbonate nanoparticles

Figure 12. Lipid nanoparticles for COVID-19 mRNA vaccines. Reproduced from Ref. [375] with permission of Springer Nature, VC 2021.
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and anti-CD47 antibody to polarize the macrophages to M1 phe-
notype by scavenging Hþ in the surgical site.

For the wound healing, M2 macrophages should replace the M1
macrophages (work in the initial stage) to promote tissue repair by
releasing anti-inflammatory cytokines, which has inspired the

development of an immunomodulatory hydrogel (Fig. 14) [450].
The ‘immune-interactive’ biomaterials take advantage of many
strategies, including adjusting the pore size, stiffness and surface
topography of biomaterials, to help the regeneration via regulating
macrophages polarization [451, 452]. Besides, the bioactive factors

Figure 13. The effects of nanopattern on cell adhesion and migration. (A) The effects of RGD nanospacing on cell migration and its relation to cell
adhesion. Reproduced from Ref. [411] with permission of Elsevier, VC 2020. (B) The migration of different type cells on biomaterials adjusted by RGD
nanospacing. Reproduced from Ref. [412] with permission of American Chemical Society, VC 2021.
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or ions released from biomaterials can also tune the ratio of M2/

M1 macrophages [453, 454].

Summary and perspective
Regenerative biomaterials have been developed significantly in

recent years [155, 220, 455–457]. The trend of biomaterial devel-

opment has evolved from bio-inert materials to bioactive materi-

als [10, 458–461]. The major material types of regenerative

biomaterials including metals, ceramics, polymers and bio-

derived materials have been explored extensively, and each type

of biomaterials has the advantages and disadvantages. Metallic

materials usually have an excellent mechanical property and are

very useful in the cases strongly demanding reliable mechanical

support. While the dissolved bioactive ions may endow more

functions to biomaterials, the potential side effects in directing

cellular response should be considered in medical applications.

The bioactive inorganic materials including bioceramics and bio-

glass have succeeded in orthopedic tissue regeneration owing to

their osteoinductive activity. The brittleness is the main weak-

ness of most of inorganic biomaterials, which may be improved

to some extents. Hydrogels can, as an outstanding soft material,

perfectly match the biomechanics of soft tissues, and the high-

water content and 3D networks endow the capacity of drug deliv-

ery [462]. Other polymer materials, especially biodegradable poly-

mers, show great potential for application in human body [463,

464]. One of the advantages of polymer materials is that the per-

formance can be precisely mediated by molecular engineering

[465]. For bio-derived materials, the immunogenicity is the big-

gest obstacle for clinical translation, while the structure of the

ECM of bio-derived materials makes them quite unique in some

cases. Fundamental studies involving cell-biomaterial interac-

tions can guide biomaterial design [58, 466–468]. And the ad-

vanced technologies, such as 3D bio-printing, have paved the

way for fabricating innovative biomaterials.
With the state-of-the-art advances of materials and the in-

depth exploration of cell-biomaterial interactions, regenerative bio-

materials have achieved exciting outcomes. However, there are

still challenges in the field of regenerative biomaterials. In our

opinion, there are some critical points that should be carefully con-
sidered in the future, as schematically presented in Fig. 15.

1) Creation of new materials is the source of innovation in re-
generative biomaterials. Molecular engineering allows the
precise design of biomaterials. For example, some novel
polymeric materials can respond to specific external stimuli
via chemical linking of stimulus-generating moieties. The
collaboration of chemists and material scientists will be ef-
ficient to promote regenerative biomaterials.

2) Modification of existing materials is an effective strategy for
improving the material performances. Different types of
materials have their own advantages, which can sometimes
be unified into one device to improve the entire perfor-
mance. Advanced techniques of biofabrication of regenera-
tive scaffolds should also be paid attention to [469].
Moreover, leveraging advanced technology to modify the
existing materials can endow them fresh functions for ex-
tensive applications [470].

3) Biomaterial degradation and tissue regeneration are re-
quired to be harmonious with each other. Utility of biode-
gradable raw materials have been the mainstream in the
development of many new medical devices and DDSs. Then
it is important to regulate the biodegradable profiles [471,
472]. An ideal regenerative biomaterial could be designed to
have the degradation profile match the regeneration pro-
cess of the targeted tissue in a specific microenvironment.
Besides, the in vitro and in vivo degradation rates and pro-
files of a regenerative implant might be different [473, 474],
and in some cases, the results differ with characterization
methodologies in vitro [475, 476]. The degraded product of
an ideal regenerative biomaterial should be non-toxic. Even
the degradation rate has recently been found to afford a
‘dynamic cue’ to regulate stem cells beyond varied
matrix stiffness [477]. All of these issues should be taken
into consideration.

4) Host responses can significantly influence the clinical out-
comes of the biomaterial. Cell-material interactions are
particularly important after the concept of ‘materiobiology’
has been put forward [478]. The in vivo fate is crucial for a
regenerative biomaterial and can be significantly influenced
by the host responses [479]. The design of a regenerative
biomaterial should consider the therapeutic outcomes and
the in vivo change of the material itself. Researchers have
gradually realized the importance of immunomodulatory
effects of regenerative biomaterials [480]. Thereby more
strategies are expected to be developed to induce a favor-
able immune environment after implantation of a regener-
ative biomaterial.

5) The long-term outcomes of regenerative biomaterials
should be paid more attention to. Since some novel bioma-
terials just appeared, the long-term outcomes are still in-
conclusive. More preclinical studies and biosafety
evaluation are necessity for R & D of a biomaterial. What is
more challenging and expensive is the in vivo examination
of the long-term outcome. The translation gap between ani-
mals and human seemed to be underestimated previously,
and the efficacy of biomaterials between different species
might be significantly different in many cases. The authors
strongly call for the pertinent R & D centers, and those
established large research groups are encouraged to spend
more time and money to solve these tough problems and
undertake the expensive mission.

Figure 14. Immunomodulatory hydrogel. Reproduced from Ref. [450]
with permission of Wiley-VCH, VC 2021.
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6) The noninvasive approaches for monitoring in vivo dynamic
evolution of implanted materials and tissue regeneration
are required to be developed. The final goal of biomaterial
development is clinical translation. While some methods
have been developed to observe and evaluate the degrada-
tion process in vitro [481], the final evaluation of a biomate-
rial still needs to be based on the in vivo and even clinical
data. Without suitable and precise noninvasive monitor
approaches, the efficacy of biomaterials in human could
not be acquired. These facts remind us of the importance of
noninvasive evaluation systems, such as MRI [482], fluores-
cence imaging [483], ultrasound imaging [484, 485], com-
puted tomography [486], positron emission tomography
[487] and X-ray imaging [488]. More noninvasive imaging
technologies need to be developed to access a biomaterial
for clinical translation.

7) Public health emergencies call for more R & D of biomateri-
als. The situation of the COVID-19 pandemic reminds us
that modern human being needs high-value flexible solu-
tions to urgent clinical requirement. In this regard, people
and government need a solid foundation of biomaterials to
offer the tools for the quick and effective responses to
global public health emergency in terms of prevention, di-
agnosis and treatment of various diseases. A biomaterial
particularly worthy of attention is lipid nanoparticle, which
has been used in the mRNA vaccine of COVID-19 and re-
cently been well reviewed by Langer and Dong groups [375].
Nevertheless, there is a big space to develop the nanotech-
nology to enhance the vaccine efficacy. Besides COVID-19
[489], HIV [490] and Ebola virus [491] still exist seriously in
the world. More recently, monkeypox, a novel infectious
disease caused by zoonotic monkeypox virus, has emerged
community transmission outside of the African continent
in 2022, which has raised concern about large-scale global
spread [492, 493]. It is worthy of warning that two danger-
ous epidemic diseases, cholera [494] and pestis [495], which
have ever seriously destroyed human being [496], comeback
occasionally [497, 498]. Human being should prepare

sufficient biomaterial techniques to deal with the potential
new pandemic emergency to protect human being.

8) Clinical translation needs to be pushed forward in a full-
chain way. In the following years, one of critical directions
of the development of regenerative biomaterials is the clini-
cal translation. Without a real application for the benefit of
mankind, the biomaterials could only be a work of art albeit
exquisite design. For example, nanotechnology has held sig-
nificant promise in the field of regenerative biomaterials,
yet only a few nanomedicines have achieved clinical trans-
lation partly due to the limited efficacy in human studies
compared with the successful outcomes in animal models
[331]. Similarly, there are much less clinical translations of
regenerative biomaterials compared to numerous publica-
tions. Hence, the bridge between fundamental studies and
clinical translations of regenerative biomaterials needs to
be built and reinforced. Quite a number of researchers are
encouraged to be dedicated in the translational research.
With the emerge of novel materials and technologies, the
corresponding standard and qualification must keep up to
access and control the manufactured biomaterials. A suc-
cessful translation of a biomaterial involves a full industrial
chain from clinical trial to transportation, shelf-life and
packaging. Actually, even a tiny problem may lead to a fail-
ure of an entire clinical translation. Only the researchers
understand the clinical demand to some extents, can they
transform research innovations into new products or treat-
ments. The regenerative biomaterial fields should focus
more time and resource toward translational research. We
are confident that many of the obstacles in the path of the
translation can be circumvented upon the development of
biomaterials for medicine and pharmacy. Last but not least,
capital and government supports are important to promote
the translation of a regenerative biomaterial.

In summary, regenerative biomaterials have been an interdis-
ciplinary frontier. More new insights will be shed onto this bril-
liant field. Artificial intelligence (AI) and brain science will
revolutionize human life and global economics [499–501] and can
be combined with regenerative biomaterials for advanced medi-
cal devices and DDSs. We believe that regenerative biomaterials
can assist to reveal some sciences in the fields of AI and brain sci-
ence, and biomaterial scientists will employ the new achieve-
ments of these fields to further develop regenerative biomaterials
in the future.
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R, Bülow RD, Schulze J, Leipold AM, Djudjaj S, Erhard F, Geffers

R, Pott F, Kazmierski J, Radke J, Pergantis P, Baßler K, Conrad C,

Aschenbrenner AC, Sawitzki B, Landthaler M, Wyler E, Horst D,

Hippenstiel S, Hocke A, Heppner FL, Uhrig A, Garcia C,

Machleidt F, Herold S, Elezkurtaj S, Thibeault C, Witzenrath M,

Cochain C, Suttorp N, Drosten C, Goffinet C, Kurth F, Schultze

JL, Radbruch H, Ochs M, Eils R, Müller-Redetzky H, Hauser AE,

Luecken MD, Theis FJ, Conrad C, Wolff T, Boor P, Selbach M,

Saliba A-E, Sander LE; Deutsche COVID-19 OMICS Initiative

(DeCOI). SARS-CoV-2 infection triggers profibrotic macrophage

responses and lung fibrosis. Cell 2021;184:6243–61.e27.

388. Connors JM, Levy JH. COVID-19 and its implications for throm-

bosis and anticoagulation. Blood 2020;135:2033–40.

389. Middleton EA, He XY, Denorme F, Campbell RA, Ng D,

Salvatore SP, Mostyka M, Baxter-Stoltzfus A, Borczuk AC, Loda

M, Cody MJ, Manne BK, Portier I, Harris ES, Petrey AC, Beswick

EJ, Caulin AF, Iovino A, Abegglen LM, Weyrich AS, Rondina MT,

Egeblad M, Schiffman JD, Yost CC. Neutrophil extracellular

traps contribute to immunothrombosis in COVID-19 acute re-

spiratory distress syndrome. Blood 2020;136:1169–79.

390. Shi L, Wang L, Xu R, Zhang C, Xie Y, Liu K, Li T, Hu W, Zhen C,

Wang F-S. Mesenchymal stem cell therapy for severe COVID-

19. Signal Transduct Target Ther 2021;6:339.

391. Akbari A, Rezaie J. Potential therapeutic application of mesen-

chymal stem cell-derived exosomes in SARS-CoV-2 pneumo-

nia. Stem Cell Res Ther 2020;11:356.

392. Yao X, Peng R, Ding JD. Cell-material interactions revealed via

material techniques of surface patterning. Adv Mater

2013;25:5257–86.

393. Xia L, Zhao X, Ma X, Hu Y, Zhang Y, Li S, Wang J, Zhao Y, Chai

R. Controllable growth of spiral ganglion neurons by magnetic

colloidal nanochains. Nano Today 2022;44:101507.

394. Liu R, Yao X, Liu X, Ding J. Proliferation of cells with severe nu-

clear deformation on a micropillar array. Langmuir

2019;35:284–99.

395. Sikic L, Schulman E, Kosklin A, Saraswathibhatla A, Chaudhuri

O, Pokki J. Nanoscale tracking combined with cell-scale micro-

rheology reveals stepwise increases in force generated by can-

cer cell protrusions. Nano Lett 2022;22:7742–50.

396. Wang L, Hou Y, Zhang T, Wei X, Zhou Y, Lei D, Wei Q, Lin Y,

Chu Z. All-optical modulation of single defects in nanodia-

monds: revealing rotational and translational motions in cell

traction force fields. Nano Lett 2022;22:7714–23.

397. He Y, Yu Y, Yang Y, Gu Y, Mao T, Shen Y, Liu Q, Liu R, Ding J.

Design and aligner-assisted fast fabrication of a microfluidic

platform for quasi-3D cell studies on an elastic polymer. Bioact

Mater 2022;15:288–304.

398. Bu W, Wu Y, Ghaemmaghami AM, Sun H, Mata A. Rational de-

sign of hydrogels for immunomodulation. Regen Biomater

2022;9:rbac009.

399. Zhao Y-D, Muhetaerjiang M, An H-W, Fang X, Zhao Y, Wang H.

Nanomedicine enables spatiotemporally regulating

macrophage-based cancer immunotherapy. Biomaterials

2021;268:120552.

400. Clark AY, Martin KE, Garcia JR, Johnson CT, Theriault HS, Han

WM, Zhou DW, Botchwey EA, Garcia AJ. Integrin-specific

hydrogels modulate transplanted human bone marrow-

34 | Regenerative Biomaterials, 2022, Vol. 9, rbac098



derived mesenchymal stem cell survival, engraftment, and re-

parative activities. Nat Commun 2020;11:114.

401. Caro-Astorga J, Ellis T. Self-healing through adhesion. Nat

Chem Biol 2022;18:239–40.

402. Lai Y, Xie C, Zhang Z, Lu W, Ding J. Design and synthesis of a

potent peptide containing both specific and non-specific cell-

adhesion motifs. Biomaterials 2010;31:4809–17.

403. Yu Y, Wang X, Zhu Y, He Y, Xue H, Ding J. Is polydopamine ben-

eficial for cells on the modified surface? Regen Biomater

2022;9:rbac078.

404. Huang J, Grater SV, Corbellini F, Rinck S, Bock E, Kemkemer R,

Kessler H, Ding J, Spatz JP. Impact of order and disorder in RGD

nanopatterns on cell adhesion. Nano Lett 2009;9:1111–6.

405. Li Z, Cao B, Wang X, Ye K, Li S, Ding J. Effects of RGD nanospac-

ing on chondrogenic differentiation of mesenchymal stem

cells. J Mater Chem B 2015;3:5197–209.

406. Jana S. Endothelialization of cardiovascular devices. Acta

Biomater 2019;99:53–71.

407. Graeter SV, Huang J, Perschmann N, Lopez-Garcia M, Kessler

H, Ding J, Spatz JP. Mimicking cellular environments by nano-

structured soft interfaces. Nano Lett 2007;7:1413–8.

408. Wang X, Ye K, Li Z, Yan C, Ding J. Adhesion, proliferation, and

differentiation of mesenchymal stem cells on RGD nanopat-

terns of varied nanospacings. Organogenesis 2013;9:280–6.

409. Sun J, Graeter SV, Tang J, Huang J, Liu P, Lai Y, Yu L, Majer G,

Spatz JP, Ding J. Of stable micropatterns of gold on cell-

adhesion-resistant hydrogels assisted by a hetero-bifunctional

macromonomer linker. Sci China Chem 2014;57:645–53.

410. Zheng S, Liu Q, He J, Wang X, Ye K, Wang X, Yan C, Liu P, Ding J.

Critical adhesion areas of cells on micro-nanopatterns. Nano

Res 2022;15:1623–35.

411. Liu Q, Zheng S, Ye K, He J, Shen Y, Cui S, Huang J, Gu Y, Ding J.

Cell migration regulated by RGD nanospacing and enhanced

under moderate cell adhesion on biomaterials. Biomaterials

2020;263:120327.

412. He J, Liu Q, Zheng S, Shen R, Wang X, Gao J, Wang Q, Huang J,

Ding J. Enlargement, reduction, and even reversal of relative

migration speeds of endothelial and smooth muscle cells on

biomaterials simply by adjusting RGD nanospacing. ACS Appl

Mater Interfaces 2021;13:42344–56.

413. He J, Shen R, Liu Q, Zheng S, Wang X, Gao J, Wang Q, Huang J,

Ding J. RGD nanoarrays with nanospacing gradient selectively in-

duce orientation and directed migration of endothelial and

smooth muscle cells. ACS Appl Mater Interfaces 2022;14:37436–46.

414. Bru�zauskait _e I, Bironait _e D, Bagdonas E, Bernotien _e E.

Scaffolds and cells for tissue regeneration: different scaffold

pore sizes-different cell effects. Cytotechnology 2016;68:355–69.

415. Lin W, Lan W, Wu Y, Zhao D, Wang Y, He X, Li J, Li Z, Luo F, Tan

H, Fu Q. Aligned 3D porous polyurethane scaffolds for biologi-

cal anisotropic tissue regeneration. Regen Biomater

2020;7:19–28.

416. Yao X, Ding J. Effects of microstripe geometry on guided cell

migration. ACS Appl Mater Interfaces 2020;12:27971–83.

417. Discher DE, Janmey P, Wang Y. l. Tissue cells feel and respond

to the stiffness of their substrate. Science 2005;310:1139–43.

418. Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity

directs stem cell lineage specification. Cell 2006;126:677–89.

419. Ye K, Wang X, Cao L, Li S, Li Z, Yu L, Ding J. Matrix stiffness and

nanoscale spatial organization of cell-adhesive ligands direct

stem cell fate. Nano Lett 2015;15:4720–9.

420. Guimaraes CF, Gasperini L, Marques AP, Reis RL. The stiffness

of living tissues and its implications for tissue engineering. Nat

Rev Mater 2020;5:351–70.

421. He Y, Mao T, Gu Y, Yang Y, Ding J. A simplified yet enhanced

and versatile microfluidic platform for cyclic cell stretching on

an elastic polymer. Biofabrication 2020;12:045032.

422. Liu X, Liu R, Gu Y, Ding J. Nonmonotonic self-deformation of

cell nuclei on topological surfaces with micropillar array. ACS

Appl Mater Interfaces 2017;9:18521–30.

423. Jiang S, Yu Z, Zhang L, Wang G, Dai X, Lian X, Yan Y, Zhang L,

Wang Y, Li R, Zou H. Effects of different aperture-sized type I

collagen/silk fibroin scaffolds on the proliferation and differen-

tiation of human dental pulp cells. Regen Biomater

2021;8:rbab028.

424. Ji H, Atchison L, Chen Z, Chakraborty S, Jung Y, Truskey GA,

Christoforou N, Leong KW. Transdifferentiation of human en-

dothelial progenitors into smooth muscle cells. Biomaterials

2016;85:180–94.

425. Wang S, Zhu C, Zhang B, Hu J, Xu J, Xue C, Bao S, Gu X, Ding F,

Yang Y, Gu X, Gu Y. BMSC-derived extracellular matrix better

optimizes the microenvironment to support nerve regenera-

tion. Biomaterials 2022;280:121251.

426. Yao X, Hu Y, Cao B, Peng R, Ding J. Effects of surface molecular

chirality on adhesion and differentiation of stem cells.

Biomaterials 2013;34:9001–9.

427. Ye K, Cao L, Li S, Yu L, Ding J. Interplay of matrix stiffness and

cell-cell contact in regulating differentiation of stem cells. ACS

Appl Mater Interfaces 2016;8:21903–13.

428. Wen JH, Vincent LG, Fuhrmann A, Choi YS, Hribar KC, Taylor-

Weiner H, Chen S, Engler AJ. Interplay of matrix stiffness and

protein tethering in stem cell differentiation. Nat Mater

2014;13:979–87.

429. Mao T, He Y, Gu Y, Yang Y, Yu Y, Wang X, Ding J. Critical fre-

quency and critical stretching rate for reorientation of cells on

a cyclically stretched polymer in a microfluidic chip. ACS Appl

Mater Interfaces 2021;13:13934–48.

430. Zhang M, Yan S, Xu X, Yu T, Guo Z, Ma M, Zhang Y, Gu Z, Feng

Y, Du C, Wan M, Hu K, Han X, Gu N. Three-dimensional cell-

culture platform based on hydrogel with tunable microenvi-

ronmental properties to improve insulin-secreting function of

MIN6 cells. Biomaterials 2021;270:120687.

431. Wang X, Li S, Yan C, Liu P, Ding J. Fabrication of RGD micro/

nanopattern and corresponding study of stem cell differentia-

tion. Nano Lett 2015;15:1457–67.

432. Werner M, Blanquer SBG, Haimi SP, Korus G, Dunlop JWC,

Duda GN, Grijpma DW, Petersen A. Surface curvature differen-

tially regulates stem cell migration and differentiation via al-

tered attachment morphology and nuclear deformation. Adv

Sci (Weinh) 2017;4:1600347.

433. Vining KH, Mooney DJ. Mechanical forces direct stem cell be-

haviour in development and regeneration. Nat Rev Mol Cell Biol

2017;18:728–42.

434. Jing L, Fan S, Yao X, Zhang Y. Effects of compound stimulation

of fluid shear stress plus ultrasound on stem cell proliferation

and osteogenesis. Regen Biomater 2021;8:rbab066.

435. Liu W, Sun Q, Zheng Z-L, Gao Y-T, Zhu G-Y, Wei Q, Xu J-Z, Li Z-

M, Zhao C-S. Topographic cues guiding cell polarization via

distinct cellular mechanosensing pathways. Small

2022;18:2104328.

436. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to

biomaterials. Semin Immunol 2008;20:86–100.

437. Sridharan R, Cameron AR, Kelly DJ, Kearney CJ, O’Brien FJ.

Biomaterial based modulation of macrophage polarization: a

review and suggested design principles. Mater Today

2015;18:313–25.

Regenerative Biomaterials, 2022, Vol. 9, rbac098 | 35



438. Mariani E, Lisignoli G, Borzi RM, Pulsatelli L. Biomaterials: for-

eign bodies or tuners for the immune response? IJMS

2019;20:636.

439. Anderson JM, Miller KM. Biomaterial biocompatibility and the

macrophage. Biomaterials 1984;5:5–10.

440. Sheikh Z, Brooks PJ, Barzilay O, Fine N, Glogauer M.

Macrophages, foreign body giant cells and their response to

implantable biomaterials. Materials 2015;8:5671–701.

441. Vasconcelos DP, Aguas AP, Barbosa MA, Pelegrin P, Barbosa JN.

The inflammasome in host response to biomaterials: bridging

inflammation and tissue regeneration. Acta Biomater

2019;83:1–12.

442. Gaharwar AK, Singh I, Khademhosseini A. Engineered bioma-

terials for in situ tissue regeneration. Nat Rev Mater

2020;5:686–705.

443. Julier Z, Park AJ, Briquez PS, Martino MM. Promoting tissue re-

generation by modulating the immune system. Acta Biomater

2017;53:13–28.

444. Li Y, Chen X, Jin R, Chen L, Dang M, Cao H, Dong Y, Cai B, Bai G,

Gooding JJ, Liu S, Zou D, Zhang Z, Yang C. Injectable hydrogel

with MSNs/microRNA-21-5p delivery enables both immuno-

modification and enhanced angiogenesis for myocardial in-

farction therapy in pigs. Sci Adv 2021;7:eabd6740.

445. Sadtler K, Estrellas K, Allen BW, Wolf MT, Fan HN, Tam AJ,

Patel CH, Luber BS, Wang H, Wagner KR, Powell JD, Housseau

F, Pardoll DM, Elisseeff JH. Developing a pro-regenerative bio-

material scaffold microenvironment requires T helper 2 cells.

Science 2016;352:366–70.

446. Zhou Z, Li D, Fan X, Yuan Y, Wang H, Wang D, Mei X. Gold

nanoclusters conjugated berberine reduce inflammation and

alleviate neuronal apoptosis by mediating M2 polarization for

spinal cord injury repair. Regen Biomater 2022;9:rbab072.

447. Chung L, Maestas DR, Housseau F, Elisseeff JH. Key players in

the immune response to biomaterial scaffolds for regenerative

medicine. Adv Drug Deliv Rev 2017;114:184–92.

448. Wang Y, Feng Z, Liu X, Yang C, Gao R, Liu W, Ou-Yang W, Dong

A, Zhang C, Huang P, Wang W. Titanium alloy composited

with dual-cytokine releasing polysaccharide hydrogel to en-

hance osseointegration via osteogenic and macrophage polari-

zation signaling pathways. Regen Biomater 2022;9:rbac003.

449. Chen Q, Wang C, Zhang X, Chen G, Hu Q, Li H, Wang J, Wen D,

Zhang Y, Lu Y, Yang G, Jiang C, Wang J, Dotti G, Gu Z. In situ

sprayed bioresponsive immunotherapeutic gel for post-

surgical cancer treatment. Nat Nanotechnol 2019;14:89–97.

450. Kharaziha M, Baidya A, Annabi N. Rational design of immuno-

modulatory hydrogels for chronic wound healing. Adv Mater

2021;33:2100176.

451. Whitaker R, Hernaez-Estrada B, Hernandez RM, Santos-

Vizcaino E, Spiller KL. Immunomodulatory biomaterials for tis-

sue repair. Chem Rev 2021;121:11305–35.

452. Li J, Zhang Y-J, Lv Z-Y, Liu K, Meng C-X, Zou B, Li K-Y, Liu F-Z,

Zhang B. The observed difference of macrophage phenotype

on different surface roughness of mineralized collagen. Regen

Biomater 2020;7:203–11.

453. He Y, Yao M, Zhou J, Xie J, Liang C, Yin D, Huang S, Zhang Y,

Peng F, Cheng S. Mg(OH)2 nanosheets on Ti with immunomod-

ulatory function for orthopedic applications. Regen Biomater

2022;9:rbac027.

454. Luo H, Liu W, Zhou Y, Jiang X, Liu Y, Yang Q, Shao L.

Concentrated growth factor regulates the macrophage-

mediated immune response. Regen Biomater 2021;8:rbab049.

455. Pashuck ET, Stevens MM. Designing regenerative biomaterial

therapies for the clinic. Sci Transl Med 2012;4:160sr4.

456. Ling S, Kaplan DL, Buehler MJ. Nanofibrils in nature and mate-

rials engineering. Nat Rev Mater 2018;3:18016.

457. Wang WL, Pang JB, Su J, Li FJ, Li Q, Wang XX, Wang JG,

Ibarlucea B, Liu XY, Li YF, Zhou WJ, Wang K, Han QF, Liu L,

Zang RH, Rummeli MH, Li Y, Liu H, Hu H, Cuniberti G.

Applications of nanogenerators for biomedical engineering

and healthcare systems. Infomat 2022;4:e12262.

458. Lutolf MP, Gilbert PM, Blau HM. Designing materials to direct

stem-cell fate. Nature 2009;462:433–41.

459. Chen FM, Liu XH. Advancing biomaterials of human origin for

tissue engineering. Prog Polym Sci 2016;53:86–168.

460. Yao X, Wang X, Ding J. Exploration of possible cell chirality us-

ing material techniques of surface patterning. Acta Biomater

2021;126:92–108.

461. Cai Y, Cui J, Chen M, Zhang MM, Han Y, Qian F, Zhao H, Yang

SM, Yang Z, Bian HT, Wang T, Guo KP, Cai ML, Dai SY, Liu ZK,

Liu SZ. Multifunctional enhancement for highly stable and effi-

cient perovskite solar cells. Adv Funct Mater 2021;31:2005776.

462. Peppas NA, Hilt JZ, Khademhosseini A, Langer R. Hydrogels in

biology and medicine: from molecular principles to bionano-

technology. Adv Mater 2006;18:1345–60.

463. Nair LS, Laurencin CT. Biodegradable polymers as biomateri-

als. Prog Polym Sci 2007;32:762–98.

464. Pan Z, Ding J. Poly(lactide-co-glycolide) porous scaffolds for tis-

sue engineering and regenerative medicine. Interface Focus

2012;2:366–77.

465. Webber MJ, Appel EA, Meijer EW, Langer R. Supramolecular

biomaterials. Nat Mater 2016;15:13–26.

466. Fisher OZ, Khademhosseini A, Langer R, Peppas NA.

Bioinspired materials for controlling stem cell fate. Acc Chem

Res 2010;43:419–28.

467. Liu R, Liu Q, Pan Z, Liu X, Ding J. Cell type and nuclear size de-

pendence of the nuclear deformation of cells on a micropillar

array. Langmuir 2019;35:7469–77.

468. Liu R, Ding J. Chromosomal repositioning and gene regulation

of cells on a micropillar array. ACS Appl Mater Interfaces

2020;12:35799–812.

469. Kelly BE, Bhattacharya I, Heidari H, Shusteff M, Spadaccini CM,

Taylor HK. Volumetric additive manufacturing via tomo-

graphic reconstruction. Science 2019;363:1075–9.

470. Li P, Cai W, Li X, Wang K, Zhou L, You T, Wang R, Chen H, Zhao

Y, Wang J, Huang N. Preparation of phospholipid-based poly-

carbonate urethanes for potential applications of blood-

contacting implants. Regen Biomater 2020;7:491–504.

471. Wu LB, Ding JD. Effects of porosity and pore size on in vitro deg-

radation of three-dimensional porous poly(D,L-lactide-co-

glycolide) scaffolds for tissue engineering. J Biomed Mater Res A

2005;75:767–77.

472. Shen D, Qi H, Lin W, Zhang W, Bian D, Shi X, Qin L, Zhang G, Fu

W, Dou K, Xu B, Yin Z, Rao J, Alwi M, Wang S, Zheng Y, Zhang

D, Gao R. PDLLA-Zn-nitrided Fe bioresorbable scaffold with 53-

lm-thick metallic struts and tunable multistage biodegrada-

tion function. Sci Adv 2021;7:eabf0614.

473. Yu H, Hou Z, Chen N, Luo R, Yang L, Miao M, Ma X, Zhou L, He

F, Shen Y, Liu X, Wang Y. Yes-associated protein contributes to

magnesium alloy-derivedinflammation in endothelial cells.

Regen Biomater 2022;9:rbac002.

474. Wu LB, Ding JD. In vitro degradation of three-dimensional po-

rous poly(D,L-lactide-co-glycolide) scaffolds for tissue engi-

neering. Biomaterials 2004;25:5821–30.

475. Mueller W-D, Nascimento ML, Fernandez Lorenzo de Mele M.

Critical discussion of the results from different corrosion

36 | Regenerative Biomaterials, 2022, Vol. 9, rbac098



studies of Mg and Mg alloys for biomaterial applications. Acta

Biomater 2010;6:1749–55.

476. Chen X, Zhang J, Wu K, Wu X, Tang J, Cui S, Cao D, Liu R, Peng

C, Yu L, Ding J. Visualizing the in vivo evolution of an injectable

and thermosensitive hydrogel using tri-modal bioimaging.

Small Methods 2020;4:2000310.

477. Peng Y, Liu Q-J, He T, Ye K, Yao X, Ding J. Degradation rate

affords a dynamic cue to regulate stem cells beyond varied

matrix stiffness. Biomaterials 2018;178:467–80.

478. Li Y, Xiao Y, Liu C. The horizon of materiobiology: a perspective

on material-guided cell behaviors and tissue engineering.

Chem Rev 2017;117:4376–421.

479. Li C, Guo C, Fitzpatrick V, Ibrahim A, Zwierstra MJ, Hanna P,

Lechtig A, Nazarian A, Lin SJ, Kaplan DL. Design of biodegrad-

able, implantable devices towards clinical translation. Nat Rev

Mater 2020;5:61–81.

480. Xie Y, Hu C, Feng Y, Li D, Ai T, Huang Y, Chen X, Huang L, Tan J.

Osteoimmunomodulatory effects of biomaterial modification

strategies on macrophage polarization and bone regeneration.

Regen Biomater 2020;7:233–45.

481. Tong X, Bian D, Hao L, Wang L, Ma L, Gao M, Wang Y.

Fluorescent in situ 3D visualization of dynamic corrosion pro-

cesses of magnesium alloys. ACS Appl Bio Mater 2022;5:2340–6.

482. Wu Z, Dai L, Tang K, Ma Y, Song B, Zhang Y, Li J, Lui S, Gong Q,

Wu M. Advances in magnetic resonance imaging contrast

agents for glioblastoma-targeting theranostics. Regen Biomater

2021;8:rbab062.

483. Liu Q, Fu Y, Wu B, Tang J, Wang Y, Wu Y, Zhang M, Shen S,

Shen Y, Gao C, Ding J, Zhu L. Imaging moiety-directed co-as-

sembly for biodegradation control with synchronous four-

modal biotracking. Biomaterials 2022;287:121665.

484. Appel AA, Anastasio MA, Larson JC, Brey EM. Imaging chal-

lenges in biomaterials and tissue engineering. Biomaterials

2013;34:6615–30.

485. Wang C, Chen X, Wang L, Makihata M, Liu H-C, Zhou T, Zhao

X. Bioadhesive ultrasound for long-term continuous imaging

of diverse organs. Science 2022;377:517–23.

486. Wu X, Wang X, Chen X, Yang X, Ma Q, Xu G, Yu L, Ding J.

Injectable and thermosensitive hydrogels mediating a univer-

sal macromolecular contrast agent with radiopacity for nonin-

vasive imaging of deep tissues. Bioact Mater 2021;6:4717–28.

487. Rojas S, Gispert JD, Martin R, Abad S, Menchon C, Pareto D,

Victor VM, Alvaro M, Garcia H, Raul Herance J. Biodistribution

of amino-functionalized diamond nanoparticles. In vivo stud-

ies based on F-18 radionuclide emission. ACS Nano

2011;5:5552–9.

488. Wang Q, Yu X, Chen X, Gao J, Shi D, Shen Y, Tang J, He J, Li A,

Yu L, Ding J. A facile composite strategy to prepare a biodegrad-

able polymer based radiopaque raw material for “visualizable”

biomedical implants. ACS Appl Mater Interfaces

2022;14:24197–212.

489. Dhama K, Khan S, Tiwari R, Sircar S, Bhat S, Malik YS, Singh

KP, Chaicumpa W, Bonilla-Aldana DK, Rodriguez-Morales AJ.

Coronavirus disease 2019-COVID-19. Clin Microbiol Rev

2020;33:e00028-20.

490. Beyrer C, McCormack S, Grulich A. Pre-exposure prophylaxis

for HIV infection as a public health tool. J Law Med Ethics

2022;50:24–8.

491. Aylward B, Barboza P, Bawo L, Bertherat E, Bilivogui P, Blake I,

Brennan R, Briand S, Chakauya JM, Chitala K, Conteh RM, Cori

A, Croisier A, Dangou J-M, Diallo B, Donnelly CA, Dye C,

Eckmanns T, Ferguson NM, Formenty P, Fuhrer C, Fukuda K,

Garske T, Gasasira A, Gbanyan S, Graaff P, Heleze E, Jambai A,

Jombart T, Kasolo F, Kadiobo AM, Keita S, Kertesz D, Kone M,

Lane C, Markoff J, Massaquoi M, Mills H, Mulba JM, Musa E,

Myhre J, Nasidi A, Nilles E, Nouvellet P, Nshimirimana D,

Nuttall I, Nyenswah T, Olu O, Pendergast S, Perea W, Polonsky

J, Riley S, Ronveaux O, Sakoba K, Krishnan RSG, Senga M,

Shuaib F, Van Kerkhove MD, Vaz R, Kannangarage NW, Yoti Z;

Team WHOER. Ebola virus disease in West Africa—the first 9

months of the epidemic and forward projections. N Engl J Med

2014;371:1481–95.

492. Vivancos R, Anderson C, Blomquist P, Balasegaram S, Bell A,

Bishop L, Brown CS, Chow Y, Edeghere O, Florence I, Logan S,

Manley P, Crowe W, McAuley A, Shankar AG, Mora-Peris B,

Paranthaman K, Prochazka M, Ryan C, Simons D, Vipond R,

Byers C, Watkins NA, Welfare W, Whittaker E, Dewsnap C,

Wilson A, Young Y, Chand M, Riley S, Hopkins S; UKHSA

Monkeypox Incident Management team. Community trans-

mission of monkeypox in the United Kingdom, April to May

2022. Eurosurveillance 2022;27:2200422.

493. Adler H, Gould S, Hine P, Snell LB, Wong W, Houlihan CF,

Osborne JC, Rampling T, Beadsworth MB, Duncan CJ, Dunning

J, Fletcher TE, Hunter ER, Jacobs M, Khoo SH, Newsholme W,

Porter D, Porter RJ, Ratcliffe L, Schmid ML, Semple MG,

Tunbridge AJ, Wingfield T, Price NM; Network NHSEHCID.

Clinical features and management of human monkeypox: a

retrospective observational study in the UK. Lancet Infect Dis

2022;22:1153–62.

494. Kaper JB, Morris JG, Levine MM. CHOLERA. Clin Microbiol Rev

1995;8:48–86.

495. Parkhill J, Wren BW, Thomson NR, Titball RW, Holden MTG,

Prentice MB, Sebaihia M, James KD, Churcher C, Mungall KL,

Baker S, Basham D, Bentley SD, Brooks K, Cerdeno-Tarraga

AM, Chillingworth T, Cronin A, Davies RM, Davis P, Dougan G,

Feltwell T, Hamlin N, Holroyd S, Jagels K, Karlyshev AV,

Leather S, Moule S, Oyston PCF, Quail M, Rutherford K,

Simmonds M, Skelton J, Stevens K, Whitehead S, Barrell BG.

Genome sequence of Yersinia pestis, the causative agent of

plague. Nature 2001;413:523–7.

496. Gage KL, Kosoy MY. Natural history of plague: perspectives

from more than a century of research. Annu Rev Entomol

2005;50:505–28.

497. Perry RD, Fetherston JD. Yersinia pestis—etiologic agent of

plague. Clin Microbiol Rev 1997;10:35–66.

498. Park SE, Jeon Y, Kang S, Gedefaw A, Hailu D, Yeshitela B, Edosa

M, Getaneh MW, Teferi M. Infectious disease control and man-

agement in Ethiopia: a case study of cholera. Front Public Health

2022;10:870276.

499. Willett FR, Avansino DT, Hochberg LR, Henderson JM, Shenoy

KV. High-performance brain-to-text communication via hand-

writing. Nature 2021;593:249–54.

500. Steinmetz NA, Aydin C, Lebedeva A, Okun M, Pachitariu M,
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