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Abstract 

Bioorthogonal click chemistry is a reaction that covalently connects 2 components via clickable groups at room or body tempera-
ture, without side reactions or by-products. It solves the common problems of traditional organic chemistry, such as harsh reac-
tion conditions, slow reaction rate, and extremely low yield. Importantly, the specificity between clickable groups does not affect 
other biochemical reactions in the life system during the reaction. Therefore, it not only makes the organic synthesis reaction more 
simple, accurate, and efficient but also successfully introduces it into organisms, enabling people to intervene and study a series 
of biological processes in the life system. Due to its unique advantages in the construction of biomaterials and the transformation 
of cells, bioorthogonal click chemistry plays an increasingly important role in the field of tissue engineering and regenerative medi-
cine and has made considerable progress. Herein, we present the latest progress of bioorthogonal click chemistry in the synthesis 
and functionalization of biomaterials and the interaction between biomaterials and cells. In addition, we also introduced examples 
of the application of these strategies in the repair of bone, skin, nerve, and other tissue or organ damage and discussed the future 
development direction of these strategies as cross-linking tools in the field of tissue engineering and regenerative medicine.
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1. Introduction

The concept of click chemistry was proposed by Kolb et al in 
2001.[1] It refers to a type of conjugation reaction that has a fast 
reaction rate and mild reaction conditions and generates a single 
reaction product. In 2002, Rostovtsev et al[2] and Tornøe et al[3] 

independently reported copper (I)-catalyzed azide–alkyne cyc-
loaddition (CuAAC). This reaction conforms fully to the click 
chemistry standard and has since become a classic exemplar of 
the concept. Currently, this method is widely applied in devel-
oping therapeutic compounds, synthesis of innovative materials, 
and other applications.

The concept of bioorthogonal chemistry was formally pro-
posed by Dube and Bertozzi and Lemieux et al in 2003,[4,5] 
which refers to a set of labeling reactions that are both rapid 
and selective, and applied to living systems without interfering 
with their biochemical processes, thereby rendering them “or-
thogonal.” In 2000, the Saxon and Bertozzi[6] introduced the 
Staudinger ligation reaction between azide and triphenylphos-
phine, the first bioorthogonal reaction. Although this reaction 
has been widely used in biomarkers, it has disadvantages such 
as a slow reaction rate. In contrast, CuAAC exhibits superior 
reaction kinetics, whereby azide and alkyne are bioorthogonal. 
However, the cytotoxicity of monovalent copper ions limits its 
application in organisms. In 2004, Agard et al[7] reported the 
strain-promoted azide–alkyne cycloaddition (SPAAC) reaction 
between azide and cyclooctyne, also known as copper-free click 
chemistry. The strain-promoted cycloaddition reaction improves 
biocompatibility and is widely used in living cells or in vivo bio-
markers. Figure 1 shows the milestones in the development of 
bioorthogonal click chemistry.

Since then, click chemistry and bioorthogonal chemistry have 
been unified and become one of the most important chemical re-
action tools in the fields of chemical synthesis, biomarkers, ma-
terial preparation, and so on. In 2014, Dong et al[8] introduced 
the sulfur (VI)–fluoride exchange (SuFEx) reaction, regarded as 
the “second-generation click chemistry.” In addition, a series of 
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new bioorthogonal click chemistry have been developed, such 
as inverse electron-demand Diels–Alder (IEDDA)[9] and pho-
toinitiated thiol-ene reaction,[10] which continue to promote the 
development of this field. Compared with traditional methods 
for cell or material modification, bioorthogonal click chemistry 
has unique advantages: (1) The reaction rate is fast, for exam-
ple, IEDDA has the fastest reaction rate reported so far, which 
is between 102 and 106 M−1s−1.[11,12] (2) The reaction selectivity is 
strong, side reactions are less, and the yield is significantly high-
er than that of traditional organic reactions. (3) The reaction 
conditions are mild, easy to perform in aqueous solvents, and 
do not require the participation of toxic catalysts.[1] (4) The re-
action product is stable because of the covalent linkage between 
clickable groups.

In addition to the above commonalities, there are subtle 
differences between the characteristics of different biological  
orthogonal click reactions, which makes them have different ap-
plication ranges. Due to its good chemical kinetic characteristics 
and low cost, CuAAC still plays an important role in biomateri-
al synthesis. However, copper ions require a high concentration 
when used as a catalyst (20–50 Μm),[13] which is highly cyto-
toxic. Research showed that the median lethal concentrations of 
copper in PC3 and HeLa cell lines were 97.1 and 85.5 μg/mL, 
respectively, which limits the application of CuAAC to the in 
vitro synthesis of biomaterials and cannot be directly applied in 
organisms. Therefore, CuAAC cannot be directly applied to or-
ganisms.[14] SPAAC is often used to modify cells, which requires 
higher biocompatibility. Importantly, the sialic acid pathway, a 
method for the expression of azide groups on the cell membrane 
surface, has been developed and widely used, which makes the 
application of SPAAC at the cellular level more convenient. For 
example, the reaction of azide-labeled cell surface glycans with 
fluorescently labeled cyclooctyne in vivo realized the first bio-
imaging application of bioorthogonal click chemistry in living 
systems.[15] However, the reaction rate of azide with dibenzo-
cyclooctyne (DBCO) (k2 = 0.2–0.5 M−1 s−1) is relatively slow.[16] 
Therefore, attention turned to another stable aliphatic cyclooc-
tyne called bicyclo[6.1.0]nonyne (BCN), which offers acceler-
ated reaction rate constants up to 2.9 M−1s−1.[17] IEDDA, which 
has an ultrafast reaction rate (k2 = 104 M−1 s−1) and excellent bio-
compatibility, is widely used in the fields of drug modification 
and cell targeting. In response to this reaction, scientists have 

also carried out a lot of research. In response to this reaction, 
scientists have also carried out a lot of research. Holt et al[18] 
found that there is a secondary interaction between IEDDA cy-
cloaddition products, which enhances the performance of cova-
lently cross-linked hydrogels. The researchers also modified the 
reaction to achieve reversible control of tetrazine bioorthogonal 
reactivity.[19] So far, IEDDA is less used for cell modification. On 
the one hand, it may be because of its high application cost and 
on the other hand, the clickable group size of IEDDA is larger 
than that of azide group. However, its excellent reaction kinetics 
characteristics are still concerned by a large number of research-
ers. Recently, researchers used appended tetrazine-caged boron 
dipyrromethene–based fluorescent probe and a maleimide- 
substituted BCN to modify the membrane of macrophage and 
cancer cells, respectively. The 2 kinds of cells can be connect-
ed by IEDDA reaction, which could promote and facilitate the  
detection of intercellular interactions.[20] Finally, the thiol-ene re-
action is easily initiated by light, which can be used as a unique 
click reaction to achieve the time and space regulation of the 
reaction and for the construction or functionalization of com-
plex biological materials. However, ultraviolet (UV) light can 
trigger undesirable responses, including cellular apoptosis, and 
therefore, efforts have been concentrated on the design of visi-
ble and near-infrared (NIR) light-induced photoclick reactions. 
Groundbreaking work by Song et al[21,22] introduced the pho-
toinduced cycloaddition of tetrazoles and alkenes, which also 
initiated remarkable progress in photoclick chemistry, such as 
light-initiated thiol-yne reactions,[23] azide–alkyne cycloaddi-
tions,[24,25] and azirine ligation.[26] The representative bioorthog-
onal click reactions and their features have been summarized in 
Figure 2.

Based on these advantages, bioorthogonal click chemis-
try is becoming more commonly used within the field of tissue  
engineering and regenerative medicine. First, compared with 
traditional organic synthesis reactions, the high efficiency of 
bioorthogonal click reaction improves the rate and yield of the 
biomaterial synthesis process, enabling researchers to obtain bio-
materials with ideal properties in a short time. Additionally, the 
bioorthogonal click reaction can be performed without harsh 
reaction conditions or the use of toxic catalysts. This makes it 
possible to introduce bioactive substances during the synthesis of 
biomaterials and effectively improve the functionality of implants 

Figure 1.  Milestones in the development of bioorthogonal click chemistry.
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in vivo.[27] Importantly, bioorthogonal click chemistry, as a safe 
and efficient cross-linking tool, can on the one hand enable cells 
to interact with biomaterials in vitro,[28] so that the 2 functions 
are synergistic and complementary, and on the other hand, the 
orthogonality of the click reaction allows it to be transferred to 
the organism. Even if the organism comprises various molecules 
such as proteins and lipids, the reaction is not affected by these 
molecules and their functional groups. It can proceed rapidly in 
the body and the reaction is still precise and controllable.

Tissue engineering requires the participation of biological 
materials, seed cells, and extracellular signal molecules. In sim-
ple terms, biomaterials carry cells or signal molecules to sim-
ulate the structure and function of damaged tissues or organs 
to the greatest extent on the basis of structural support for tis-
sue regeneration. However, there is still a certain gap between 
the structure and function of tissue-engineered grafts and nat-
ural tissues and organs due to the simple combination of the 
3. Bioorthogonal click chemistry has attracted the attention of 
scientists as a safe and efficient “connection tool.” In addition 
to excellent reaction kinetics and good biocompatibility, its or-
thogonality can achieve complex and coordinated interactions 
among biomaterials, cells, and extracellular signal molecules 
in tissue-engineered grafts, thereby building a suitable environ-
ment for tissue or organ regeneration for transplanted cells or 
host cells. Initially, bioorthogonal click reactions were mainly 
used to construct or functionalize biomaterials suitable for cell 
culture. Elbert et al[29] constructed peptide-functionalized gels 
by Michael addition reaction. They mixed aqueous solutions 
containing polyethylene glycol (PEG)-polyacrylate, and albumin 
solid particles with aqueous solutions containing PEG-dithiol, 
and PEG-polyacrylate, and PEG-dithiol were rapidly cross-
linked to form hydrogels. Both did not interact with the loaded 
protein in this process. This early study provided a new strategy 
for the construction of extracellular matrix (ECM) analogs. Lat-
er, Ossipov and Hilborn introduced alkynyl and azide groups 
into polyvinyl alcohol, respectively, and realized the bioorthog-
onal click chemical cross-linking hydrogel through CuAAC.[30] 
The hydrogel prepared by this method performs better in terms 
of gel time, modulus, and swelling degree. Since then, the De-
Forest et al[31] used SPAAC to realize the encapsulation of living 

cells in the process of constructing hydrogels by bioorthogo-
nal click reaction for the first time and combined biomolecules 
in specific parts of the gel through thiol-ene reaction to realize 
the spatial and temporal regulation of cell microenvironment, 
thereby controlling cell motility or intracellular signal trans-
duction and other cell functions. Bioorthogonal click chemistry 
better simulates extracellular characteristics at different times 
and spaces by introducing different functional cues such as  
integrin-binding peptides, matrix metalloproteinases (MMP)- 
degradable peptides, or cytokines into hydrogels.[32] In addition, 
DeForest et al[33] and DeForest and Anseth[34] carried out a lot 
of research on the construction of ECM analog gel by thiol-ene 
click reaction and found that the properties and functions of the 
gel network can be finely controlled by adjusting various factors 
such as exposure time, initiator concentration, and stoichiomet-
ric ratio of reactive functional groups, which provides inspira-
tion and guidance for the follow-up research of bioorthogonal 
click chemistry in the field of tissue engineering.

With the continuous development of tissue engineering and 
regenerative medicine, the role of bioorthogonal click chemistry 
has evolved from simple cell microenvironment construction to 
promoting the regeneration of complex tissue structures. Its ex-
cellent chemical properties such as good biocompatibility, high 
reaction efficiency, and specificity enable scientists to meet the re-
generation needs of different tissues and organs through a variety 
of strategies. Therefore, this review discusses the application of 
bioorthogonal click chemistry in tissue engineering and regen-
erative medicine in recent years (Figure 3). In the first part, the 
application strategies of bioorthogonal click chemistry in tissue 
engineering and regenerative medicine were reviewed. The second 
part reviews the application of bioorthogonal click chemistry in 
promoting tissue or organ regeneration. Finally, we summarized 
and prospected the application of bioorthogonal click chemistry 
in the field of tissue engineering and regenerative medicine.

2. Strategies of bioorthogonal click chemistry in 
tissue engineering and regenerative medicine

First, clickable groups, such as azide or cyclooctyne groups, were 
introduced into biomaterials, biologically active substances, or 

Figure 2.  Summary of the characteristics of representative click reactions.
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cells. Subsequently, bioorthogonal click reactions between them 
under physiological conditions can achieve (1) synthesis of bio-
materials (Table 1); (2) functionalization of biomaterials based 
on various bioactive substances (Table 2); and (3) interaction 
between cells and biomaterials (Table 3). Therefore, in this sec-
tion, we will discuss how bioorthogonal click chemistry can be 
used in tissue engineering and regenerative medicine.

2.1 Synthesis of biomaterials

In recent years, researchers have made great efforts in the devel-
opment of biomaterials. To better meet the needs of tissue repair 
and regeneration, it is urgent to achieve accurate control of the 
structure and function of polymers, which poses great difficul-
ties in the design and manufacture of polymers. The tradition-
al polymerization method not only has a slow reaction rate but 
also is difficult to accurately control the polymer structure and 
separate by-products. Bioorthogonal click chemistry relies on its 
modular linking mode, which means that the reaction between 
click groups is not affected by the material precursor connected 
to it. This simplifies the polymer synthesis process. In addition, 
the reaction between clickable groups is highly selective, which 
minimizes the incidence of side reactions, and the structure and 
properties of the synthesized materials can be better predict-
ed.[35,36] Finally, its good biosafety allows functional substances 
or cells[37] to be introduced into biomaterials and the reaction to 
be successfully transferred from the laboratory to the body. The 
introduction of functional substances can either be pregrafted 
onto the polymer precursor or mixed into the polymer during the 
cross-linking process. For example, hydrogels are widely used as 
cell scaffolds[38,39] or drug carriers[40,41] in tissue engineering and 
regenerative medicine due to their physical and chemical prop-
erties, including high water content,[42] adjustable mechanical 
properties,[43,44] and ease of chemical modification.[60] However, 

the traditional cross-linking process of hydrogels requires UV ir-
radiation and the application of toxic catalysts. In this process, 
the activity of living cells or drugs encapsulated in them is severe-
ly compromised. Therefore, bioorthogonal click reaction groups 
such as azide groups and DBCO can be introduced into polymer 
precursors in advance, and then biomaterials can be synthesized 
rapidly and efficiently by click reaction under physiological con-
ditions. For example, the NCColHA hydrogel for corneal defect 
can be cross-linked in situ at the defect site by mixing the 2 pre-
cursors, without external light or catalyst. In vitro experiments, 
there was no difference in biocompatibility between the hydrogel- 
coated area and the uncoated area. At the same time, the hydrogel 
maintains more than 90% weight at 24 hours and more than 
50% weight at 48 hours, which has better stability than the pure 
physical hydrogel (a mixture of unmodified components).[61] In 
addition, the specificity and stability of the bioorthogonal click 
reaction can help modify the structure and mechanical properties 
required for the hydrogel scaffold and regulate the degradation of 
the hydrogel. Xu et al used SPAAC to reliably control the degra-
dation rate without affecting mechanical and physical properties. 
The synthesized hydrogels showed highly predictable degrada-
tion time scales from at least 2 or 21 days to more than 250 days, 
respectively.[62] It is extremely difficult for traditional organic syn-
thesis reactions. In conclusion, bioorthogonal click chemistry has 
unique advantages in the field of biomaterials synthesis. On the 
one hand, the rapid reaction rate makes the synthesis of bioma-
terials more efficient and on the other hand, the high selectivity 
of modular synthesis mode can precisely adjust the structure and 
properties of biomaterials.

2.1.1 Improvement of synthesis efficiency

Contessotto et al constructed a hydrogel based on elastin-like 
recombinants (ELRs). ELRs modified by azide groups or 

Figure 3.  Illustration showing strategies and applications of bioorthogonal click chemistry.
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alkyne groups were cross-linked via SPAAC.[53] The click re-
action cross-linked ELRs efficiently within 10 min at 4°C. Be-
sides, uniform pores were formed inside the hydrogel, which 
was conducive to cell colonization and supply of oxygen and 
nutrients. Zhang et al[52] designed a drug-loaded bandage for 
the repair of peripheral nerve injury. The clickable groups 
(DBCO and azide groups) existed on the upper and lower sur-
faces of the bandages, respectively. When wrapped, the bio-
orthogonal click reaction caused the bandage to adhere quick-
ly. On the one hand, this makes the nerve repair operation 
easier and significantly shortens the operation time. On the 
other hand, it avoids the secondary damage to the nerve during 
the operation to the greatest extent (Figure 4B). In addition, 

the extremely fast reaction rate of bioorthogonal click chemis-
try allows polymer precursors, such as hydrogels, to undergo 
rapid in situ cross-linking after being injected into the target 
site through a syringe.[63] Chen et al[45] injected azide-modified 
HA and DBCO-modified collagen into the corneal defect site, 
and they were able to cross-link in situ within a few minutes 
to fill the corneal defect. After 1 week, the corneal injury area 
transitioned smoothly to the adjacent normal cornea. During 
the entire healing process, the hydrogel did not swell or shrink 
and showed excellent cell compatibility and support for epi-
thelial cells (Figure 4A). Li et al[54] introduced trans-cyclooc-
tene (TCO)/tetrazine (Tz) into chitosan (CS) and prepared a 
new bioadhesive to meet the needs of surgical wound closure 

Table 1

Summary of strategies and applications in the synthesis of biomaterials.

Reaction Precursor Characteristics Disease/injury Regeneration effect References

SPAAC Collagen Cell-loaded Corneal defect Re-epithelialization of corneal tissue Chen et al[45]
HA, collagen In situ cross-linking Corneal defect Completely restored corneal curvature Lee et al[46]

PCL, PPF Adjustability Bone defect New bone formation; vascularization Liu et al[47]

POSS, PCL, PPF Adaptability of defect situation Bone defect Osteogenesis; vascularization Liu et al[48]

PEG Controllable release of Chol-miR-26a Bone defect Higher new bone volume Gan et al[49]

PEG Continuous release of the bone 
protection factor

Bone defect Better osseointegration; osteogenic 
differentiation

Deng et al[50]

HA, PEG Slow release of peptides Skin defect Re-epithelialization, collagen deposition, and 
microvessel formation

Wang et al[51]

GelMA Self-adhesive Nerve injury Reconnected nerves with faster conduction 
velocity and shorter latency

Zhang et al[52]

ELR HE5 and HRGD loaded Myocardial infarction Better cardiac function Contessotto et al[53]

IEDDA CS Tissue adhesion Skin defect Faster healing speed; better healing quality Li et al[54]

Thiol-ene SA, PEG Sequential release Skin defect Smaller volume of hypertrophic scar tissue Shen et al[55]

PHA, PEGDA Amphipathicity, fatigue-resistance Vascular graft Long-term intravascular patency Hou et al[56]

PEG, magnetic particle Magnetic response Skin defect Fast healing of diabetic wounds Shou et al[57]

Thiol-maleimide SA, CS Rapid gelling rate Esophageal injury Epithelialization; ECM remodeling Lei et al58]

Amino-alkyne HA-ADH, DA-PEG pH-sensitive responsive Skin defect Less local inflammation; faster healing speed Jin et al[59]

DA-PEG, dipropiolate ester of polyethylene glycol; GelMA, gelatin methacryloyl; HA, hyaluronic acid; HA-ADH, hyaluronic acid-adipic acid dihydrazide; HE5, a protease cleavage site; HRGD, functional 
domains for cell adhesion; SA, sodium alginate.

Table 2

Summary of strategies and applications in functionalization of biomaterials.

Type Biomaterials Functional component Reaction Disease/injury Regeneration effect References

Polymeric 
materials

PLLA, PLSA Heparin Thiol-ene Vascular graft ECs and SMCs infiltration Navarro et al[67]

POSS PEG, KGN, HSPC, fluorescence Thiol-ene Bone defect Delayed joint space narrowing and increased 
content of cartilage matrix

Yao et al[71]

PCL N-thiocarboxyanhydride CuAAC Angiogenesis Larger neovascularization area Yao et al[72]

Silk fibroin Heparin disaccharide CuAAC Cartilage defect Cartilage regeneration and integration He et al[73]

Polypeptide PLLA BVLD Thiol-ene Myocardial infarction Better endothelialization and endothelial function Zhang et al[74]

Alginate α1 peptide CuAAC Angiogenesis Enhanced blood flow recovery properties Jia et al[75]

Collagen Enzyme recognition peptide CuAAC Angiogenesis Formation of blood and lymphatic vessels in the 
absence of exogenous VEGF

Rütsche et al[76]

PCL VEGF mimetic peptide Thiol-ene Angiogenesis More blood vessels around the scaffold Yao et al[77]

HA, AT-EHBPE CP50 peptide Thiol-epoxy Myocardial infarction Better cardiac function; Neovascularization Zou et al[78]

Protein PCL TGF-β binding peptide, BMP-2 CuAAC Bone defect Differentiation of hMSCs Beeren et al[79]

PLLA VEGF Thiol-ene Vascular graft Better endothelialization and endothelial function Zhang et al[68]

Ti BMP-2 SPAAC Bone defect Osteogenesis; osseointegration Wang et al[65]

ECM EGF IEDDA Controllable cell migration Bailey et al[80]

EV Collagen EV SPAAC Angiogenesis Host vascular ingrowth Xing et al[69]

Collagen EV SPAAC Hao et al[81]

Bacteria FeSA BL Boronic acid, 
vicinal-diol

Inflammatory bowel 
disease

Faster healing of damaged colon Cao et al[70]

EGF, epidermal growth factors; hMSCs, human adipose-derived mesenchymal stem cells; SMC, smooth muscle cells.
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through IEDDA. When injected and mixed into the wound, the 
2 precursors can form a solid hydrogel within 2 min. More-
over, it should be noted that the bonding strength of this ad-
hesive is 2.3 times higher than that of traditional fibrin glue. 
Liu et al[48] has additionally created a system that can be in-
jected and consists of a poly(propylene fumarate) (PPF) chain 
terminated by a cyclooctyne ring (PPF-BCN) and an 8-armed 
polyhedral oligomeric silsesquioxane (POSS) core branched by 
an azide-functionalized polycaprolactone (PCL) chain. When 
introduced to the bone defect model, the system can undergo 
in situ cross-linking through SPAAC following the injection of 
a double-tube syringe at the site of the defect. The cross-linked 
hydrogel exhibits superior mechanical properties to pure poly-
mer systems, making it a viable option for hard tissue applica-
tions. Additionally, it avoids secondary damage to the injured 
site when the in vitro constructed block hydrogel is implanted 
into the body and can be shaped during the injection process 
to adapt to different tissue defects, allowing the hydrogel and 
new tissue to better integrate with the host tissue. In summary, 
bioorthogonal click chemistry serves as an effective cross-link-
ing tool, enhancing the synthesis efficiency of biomaterials 
during in vitro synthesis and enabling direct in situ synthesis 
in vivo. This offers researchers greater flexibility to cater to 
diverse tissue regeneration requirements.

2.1.2 Precisely controllable properties

Bioorthogonal click chemistry overcomes the shortcomings 
of traditional organic chemistry, such as a complex synthe-
sis process, low yield, and excessive by-products. Compared 
with conventional organic synthesis methods, high selectivity 
of bioorthogonal click reaction reduced the generation of by- 

products, which allows researchers to obtain biomaterials with 
expected properties. Furthermore, the simple modular synthe-
sis strategy allows researchers to precisely regulate the proper-
ties of biomaterials by adjusting the proportion of biomaterial  
precursors. Therefore, the synthesis method based on bio-
orthogonal click chemistry makes the properties of biomateri-
als controllable. Hou et al[56] utilized the thiol-ene click reac-
tion between polyhydroxyalkanoates (PHA) and polyethylene 
glycol diacrylate (PEGDA) in producing amphiphilic organic 
hydrogels for small-diameter vascular grafts. The PHA organ-
ic gel exhibits contraction upon water balance and expansion 
upon oil balance, while the PEGDA organic gel exhibits the 
opposite phenomenon. The volume of PHA/PEGDA organic 
gels prepared by bioorthogonal click chemistry in an appro-
priate ratio can remain stable in both aqueous and organic 
phases. Liu et al[48] have developed an injectable hydrogel sys-
tem. It can increase the protein adsorption capacity of the ma-
terial by increasing the proportion of PCL chains. Similarly, 
different polymer ratios can make the compressive modulus 
of the material change between tens to hundreds of MPa, and 
the gelation time changes between 20 and 60 min (Figure 4C). 
Shen et al[55] also used a thiol-ene click reaction to prepare 
bilayered thiolated alginate/PEG diacrylate (BSSPD) hydro-
gels and mixed them with small extracellular vesicles (sEVs). 
By adjusting the ratio of alginate and PEG to give different 
mechanical strength and degradation rates to the upper and 
lower layers of the hydrogel. This realized the sequential re-
lease of sEVs to meet the repair needs of different stages of 
skin wound healing.

In summary, bioorthogonal click chemistry achieves con-
trollable regulation of the properties of biomaterials, and this 
operation is very simple. Only by controlling the proportion 

Table 3

Summary of strategies and applications in cell–biomaterial interaction.

Biomaterial cellularization

Cells Reaction Biomaterials Acquired characteristics Regeneration effect References

Macrophage SPAAC PCL, PEG Improved capture efficiency and survival rate Regeneration microenvironment regulation Mao et al[85]

ASCs SPAAC Alginate Controllable differentiation of ASCs in vivo Neatly arranged, long and thick muscle fibers Ueda et al[86]

NPCs SPAAC PEG Enhancement of multiple-factor release Less cell demand and better therapeutic effect Oh et al[87]

NPCs, astrocyte SPAAC Collagen Covalent conjugation to collagen fibers More neurons and endogenous axon regeneration Liu et al[84]

Cell tracking

Cells Reaction Imaging probe Imaging technique Observation References

hASCs SPAAC DBCO-Cy5 FMT Tracking cell migration to the lesion for up to 14 d Lee et al[88]

hEPCs SPAAC DBCO-Cy5 FMT Tracking the cells for 28 d and predicting the 
therapeutic effect

Lim et al[89]

hASCs SPAAC BCN-dual-NPs NIRF, MR Tracking cell migration to the lesion for up to 14 d Lim et al[90]

Chondrocytes SPAAC DBCO-650 NIRF Tracking chondrocytes for up to 28 d with stronger  
NIRF intensity

Yoon et al[91]

Tissue or organ targeting

Cells Reaction
Direct click 
molecules Indirect linker molecules Target tissues Results References

Chondrocytes IEDDA TCO-Tz TCO-(ApoPep-1-PEG), Tz-modified 
chondrocytes

Injured cartilage tissue More chondrocytes and richer  
ECM in damage area

Co et al[92]

Endogenous 
stem cells

SPAAC Az-DBCO Az-(PEG-CD34), DBCO-(PEG-CD41) Myocardial infarction area More cardiomyocyte regeneration 
and angiogenesis

Li et al[93]

Mesenchymal 
stem cell

HA Hydrazide-
aldehyde

Hydrazide-(hyaluronic acid), 
aldehyde-(dextran sponge)

Myocardial infarction area Better cardiac function and 
angiogenesis

Wu et al[94]

hEPCs, human embryonic stem cells-derived endothelial progenitor cells.
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of polymer precursors precisely, biomaterials with predictable 
properties can be stably obtained.

2.2 Functionalization of biomaterials based on various 
functional component

In addition to the synthesis of biomaterials, researchers have 
also introduced clickable groups into functional substances and 

biomaterials, respectively.[64] The covalent linkage between the 
2 efficaciously functionalizes the biomaterials. Traditional func-
tional modification methods mostly involve tedious chemical re-
actions. The complex processing technology not only increases 
the application cost of functional biomaterials but also has a 
significant negative effect on the biological activity of functional 
materials. Therefore, the modular synthesis mode of bioorthog-
onal click chemistry enables biomaterials to effectively combine 

Figure 4.  Illustration showing characteristics of bioorthogonal click chemistry in the synthesis of biomaterials. (A) Coculture of human keratinocytes and kerato-
cytes within SPAAC-cross-linked collagen gels. Adapted with permission from Lee et al.[46] (B) In upper and lower surfaces of the bandages, rapid self-adhesion 
via SPAAC after rolling occurs. Adapted with permission from Zhang et al.[52] (C) Hydrogels with corresponding properties can be stably obtained by adjusting 
different proportions of precursors during injection. Adapted with permission from Liu et al.[48]
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multiple functional substances and ensure their biological ac-
tivity, which meets the synthesis requirements of functional 
biomaterials. For example, Wang et al[65] grafted BMP-2 onto 
the surface of titanium to achieve surface modification of bone 
grafts. The bioorthogonal click reaction started within a few 
minutes, and the maximum grafting density of BMP-2 reached 
140 ng cm−2, which was higher than the previous study of 50 ng 
cm−2.[66] In addition to the advantages in efficiency, it allows var-
ious types of substances such as peptides, proteins, extracellular 
vesicles, and even bacteria to be clicked to biomaterials via bio-
orthogonal click chemistry.

2.2.1 Click polymeric materials to biomaterials

Navarro et al[67] used thiol-ene click chemistry between the nor-
bornene ring on poly(lactic acid-co-lactic acid) (PLSA) and the 
thiol group on heparin to graft the anticoagulant molecular 
heparin onto the tubular scaffold, achieving hydrophilicity and 
anticoagulation of the vascular graft. Through the bioorthog-
onal click reaction, the scaffold was completely modified and 
the original physical properties were retained (Figure 5A). Im-
portantly, the modified tubular scaffold showed similar biocom-
patibility to the control group and had excellent anticoagulant 

properties. This suggests that the bioorthogonal click reaction 
does not significantly affect the biocompatibility of the scaf-
fold and the biological activity of heparin. Yao et al[72] con-
nected alkynyl-modified N-thiocarboxyanhydride (NTA) to an 
azide-modified PCL scaffold via CuAAC. The NTA attached to 
the PCL scaffold can release H2S, which stimulates angiogenesis. 
Scanning electron microscope (SEM) showed that the scaffold 
modification method based on bioorthogonal click chemistry 
had almost no effect on the morphology of PCL scaffold fibers, 
and the fibers remained uniform and smooth. In addition, the 
release of H2S can be easily regulated by changing the number 
of azide groups on the PCL framework. Under the accelerated 
conditions of the methylene blue method, H2S was released sta-
bly within 45 min. He et al[73] attached heparin disaccharides, 
which can specifically adsorb IL-4, to silk microcapsules (SFM) 
via CuAAC. Subsequently, IL-4/SFM effectively promoted the 
polarization of M2 macrophages in cartilage defects caused 
by osteoarthritis. Yao et al[71] used thiol-ene click chemistry to 
chemically graft polyhedral oligomeric silsesquioxane (POSS) 
with PEG, kartogenin (KGN), hydrogenated soybean phos-
phatidylcholine (HSPC), and fluorescein to form a stable and 
multifunctional POSS hybrid molecule (PPKHF) to prepare hy-
drogel microspheres (MHS@PPKHF) for in situ injection into 

Figure 5.  Various functional components could be connected to biomaterials via bioorthogonal click chemistry. (A) Heparin was connected to the PLLA/PSLA 
scaffold via thiol-ene reaction. Adapted with permission from Navarro et al.[67] (B) Vascular stent was modified by VEGF via thiol-ene reaction. Adapted with 
permission from Zhang et al.[68] (C) EVs were connected to collagen hydrogel. Adapted with permission from Xing et al.[69] (D) Artificial enzymes–armed Bifido-
bacterium longum probiotics. Adapted with permission from Cao et al.[70] EVs, extracellular vesicles; PLLA, poly (L-lactic acid); PSLA, poly(spirolactic-co-lactic 
acid); VEGF, vascular endothelial growth factor.
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the articular cavity for the treatment of osteoarthritis. MHS@
PPKHF has excellent lubrication performance in the joint cavity, 
which is at least 5 times higher than that of the control group, 
and can effectively reduce the damage caused by mechanical 
friction to cartilage tissue. In addition, its excellent drug release 
performance retention effect in the joint cavity and penetration 
into the cartilage tissue can be observed by an in vivo imaging 
system.

2.2.2 Click polypeptides or proteins

Jia et al[75] connected α1 peptide with angiogenic capacity to al-
ginate hydrogel via CuAAC. Compared with the control group, 
the bioorthogonal click chemistry showed obviously high ef-
ficiency and cell compatibility. Human umbilical vein endo-
thelial cells (ECs) showed enhanced adhesion, spreading, and  
migration on α1 peptide-modified hydrogels. Yao et al[77] used a 
UV-induced thiol-ene click reaction to graft vascular endothe-
lial growth factor (VEGF) mimetic peptide onto the PCL scaf-
fold to promote angiogenesis. Coupling VEGF mimetic peptide 
to the PCL scaffold significantly increased the tensile strength 
and modulus of the scaffold without affecting its fiber mor-
phology. Compared with the control group, the scaffold func-
tionalized with VEGF mimetic peptide significantly improved 
the cell survival rate. In addition, the author investigated the 
covalent bonding between 7-mercapto-4-methylcoumarin and 
PCL scaffold under UV irradiation by light mask test. After UV 
irradiation, the unmasked area was functionalized and emitted 
fluorescence, while the masked area was not functionalized. The 
results prove that the efficient thiol-ene click reaction can realize 
the functionalization of any region of biomaterials under the 
control of UV light. Zou et al[78] connected the aniline tetramer 
(AT) grafted hyperbranched epoxy macromonomer (EHBPE) to 
the thiolated CP05 peptide via the thiol-epoxy click reaction. 
The CP50 peptide can anchor exosomes to treat ischemia/reper-
fusion injury after myocardial infarction. Fluorescent labeling of 
the exosomes showed that they were evenly distributed through-
out the hydrogel. On the seventh day after the hydrogel was in-
jected into the damaged rat heart, the fluorescence intensity of 
the exosomes in the hydrogel was significantly higher than that 
in the control group, and fluorescence could still be observed 
after 14 days. These results indicate that the CP05 peptide- 
functionalized hydrogel based on bioorthogonal click chemistry 
can significantly prolong the retention time of exosomes.

Zhang et al[68] utilized the thiol-ene click reaction to immo-
bilize VEGF onto vascular scaffolds. The bioorthogonal click 
reaction achieved the modification of the vascular scaffold in 10 
min and the VEGF coating remained intact and homogeneous 
after PBS solution erosion and balloon dilation experiments 
(Figure 5B). Crucially, the modified scaffolds also enhanced 
the proliferation, adhesion, and migration of human umbilical 
vein ECs. Wang et al[65] linked BMP-2 modified with azide and 
DBCO to the titanium screw’s surface. The reaction occurred 
within a few minutes, and the secondary modification of titani-
um screws by BMP-2 resulted in a significant increase in surface 
roughness. Additionally, the fluorescence intensity on the surface 
of the biomaterial remained unaffected after the incubation in 
DMEM/F12 for 2 weeks, even after labeling BMP-2 with a flu-
orescent probe. Moreover, the modified titanium screw demon-
strated exceptional osteogenesis ability in vitro. Consequently, 
these findings suggest that the BMP-2 was firmly attached to the 
biomaterial through covalent bonds and preserved its authentic 
biological function.

2.2.3 Click EVs for long-term immobilization

Extracellular vesicles as an important ingredient of intercellular 
communication have been widely applied in the field of tissue 
engineering. Its editability makes it a carrier for a variety of 
bioactive substances to play a synergistic role in tissue regener-
ation.[82,83] Similarly, EV can also be used as a functional compo-
nent to connect with biomaterials through bioorthogonal click 
chemistry.

Xing et al[69] achieved stable fixation of azide EV in  
DBCO-modified collagen hydrogel, resulting in long-term reten-
tion of EV in vivo. The high efficiency of the reaction under 
physiological conditions enabled the retention of more than 
60% EV after 12 days, which was significantly higher than the 
control group’s retention of less than 15%. The method of im-
mobilizing EV indicates the potential for enhanced drug delivery 
efficacy. Hao et al[81] used SPAAC to create a SILY-EV complex 
by covalently linking DBCO-modified EV and azide-modified  
collagen-binding peptide (SILY). The coupling process had 
a high efficiency of 70% and took place in a neutral solution 
without compromising the structural integrity or biological ac-
tivity of the EV. The resulting complex exhibited a significant 
increase in the number and residence time of EV on collagen- 
containing tissue surfaces compared with the control group. 
The author pointed out in the article that this method can also 
be used for the modification of collagen-based biomaterials by 
EV. In conclusion, these results demonstrate that the binding 
strategy based on bioorthogonal click chemistry can achieve 
stable binding to biomaterials and long-term retention in vivo 
without affecting the structure and function of EV (Figure 5C). 
The azide groups can be introduced into the EV surface after 
treatment with tetra-acetylated N-azidoacetyl-d-mannosamine 
(Ac4ManNAz), which is similar to metabolic glycoengineering 
on the surface of the cell membrane. In addition, the surface 
proteins of EV can form a covalent connection with the NHS 
groups of DBCO-sulfo-NHS, which can also introduce azide 
groups into the EV surface.

2.2.4 Click bacteria for targeting and colonization

Cao et al[70] designed and created a probiotic system based on 
Bifidobacterium longum (BL) that features an artificial enzyme 
to regulate inflammation and promote gut lining restoration. 
To achieve this, they first prepared an iron single-atom cata-
lyst (FeSA) through pyrolysis of an iron precursor encapsu-
lated within a metal-organic framework (Fe@MOF). Using a 
boric-polyethylene glycol click reaction, they then merged BL 
and FeSA to generate the probiotic-artificial enzyme system 
(BL@B-SAx). In this system, single-atom catalyzed artificial 
enzymes (SAzymes) eliminate reactive oxygen species (ROS) 
by mimicking antioxidant enzymes and biomolecules. This not 
only mitigates the symptoms of intestinal inflammation but 
also protects BL from oxidative harm within the inflammato-
ry zone, improving BL’s living environment. In addition, due 
to the superior intestinal colonization ability of BL probiot-
ics in the colon, they play a role in reshaping the intestinal 
barrier function and microbiota, while ensuring that SAzymes 
perform long-term antioxidant treatment at the site of the dis-
ease (Figure 5D). The 2 can be covalently connected via the 
bioorthogonal click reaction without affecting the artificial en-
zyme activity and bacterial function. After oral administration, 
it can still reach the inflammatory colon site smoothly after 
digestion with gastric acid, bile, intestinal fluid, and other di-
gestive fluids.
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The earlier studies demonstrate the broad applicability of 
bioorthogonal click chemistry. It can efficiently and stably con-
jugate diverse functional substances, such as inorganic com-
pounds, peptides, proteins, extracellular vesicles, and bacteria, 
to biomaterials, enhancing their functionality to meet the needs 
of tissue regeneration. In conclusion, the approach of bioma-
terial functionalization via bioorthogonal click chemistry of-
fers an exceptional cross-linking tool for tissue engineering 
or regenerative medicine to establish a “functional material 
repository.”

2.3 Interaction between cells and biomaterials

Construction of biohybrid materials through the interaction 
between cells and biomaterials is a promising development 
direction in the field of tissue engineering and regenerative 
medicine. Due to good biocompatibility and stability of bio-
orthogonal click chemistry, bioorthogonal click chemistry can 
be applied to modify cells to directly participate in the reaction. 
In the study by Liu et al, the seeding efficiency of neural pro-
genitor cells (NPCs) modified with azide groups on collagen 
scaffolds modified with DBCO groups is 2 to 2.6 times higher 
than that of traditional methods. Additionally, the delivery ef-
ficiency of drug-loaded nanoparticles modified with DBCO to 
NPCs is 2.4 to 2.6 times higher than that of the unmodified 
group. This highlights the significant role that bioorthogonal 
click chemistry plays in the interaction between cells and mate-
rials.[84] Therefore, the process of interaction between cells and 
biomaterials can accomplish complex functions that cannot be 
achieved by a single cell or biomaterials, such as (1) biomaterial 
cellularization, (2) cell tracking, and (3) tissue or organ target-
ing (Figure 6).

2.3.1 Biomaterial cellularization

Covalent binding of cells and biomaterials makes the graft clos-
er to natural tissue in composition and function. Cell adhesion is 
the first phase of the interaction between cells and biomaterials, 
influencing the subsequent behavior of cells, including surviv-
al, proliferation, and differentiation. Using bioorthogonal click 
chemistry to directly modify cells to adhere to biomaterials to 
develop stable, covalently bound cell polymers is a suitable solu-
tion for the development of biohybrid materials. Therefore, bio-
orthogonal click chemistry has been increasingly applied to life 
systems, especially living cells, due to its good biocompatibili-
ty, that is, directly modifying the cells involved to enable them 
to participate in bioorthogonal click reactions. After treatment 
with Ac4ManNAz, cells express clickable azide groups at the 
glycan end of the cell membrane surface via the sialic acid path-
way.[4] Subsequently, through the bioorthogonal click reaction 
between cells and biomaterials, on the one hand, the cellulariza-
tion of biomaterials is realized, and on the other hand, more or 
stronger biological functions are given to cells and biomaterials.

Mao et al[85] synthesized a polymer film modified with  
DBCO-PCL-PEG and introduced azide groups to macrophages 
using metabolic glycoengineering. The resultant clickable modi-
fied film significantly enhanced cell selective capture efficiency by 
over 2 times. Furthermore, the cells linked chemically to the film 
by bioorthogonal click reaction showed no substantial change 
in cell viability within 7 days and demonstrated comparable cell 
growth rates to the control group. The findings demonstrate 
that bioorthogonal click chemistry-induced cell–biomaterial in-
teraction promotes cell adhesion to biomaterials and that cova-
lent attachment has little effect on cell viability and proliferation 
(Figure 7D). Ueda et al[86] employed bioorthogonal click chemis-
try to cross-link azide-modified adipose-derived stem cells with 

Figure 6.  Illustration showing strategies of cell–biomaterial interaction.
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alkynyl-modified alginates. By altering the quantity of adipose 
stem cells or the concentration of alginate, the mechanical prop-
erties of the biohybrid material can be modulated to accommo-
date the surrounding environment. Importantly, the biohybrid 
materials constructed based on bioorthogonal click chemistry 
retained the differentiation potential of mesenchymal stem cells 
and enabled stem cell differentiation to be controlled by adjust-
ing the hardness of the hydrogel (Figure 7A). Liu et al[84] labeled 

human NPCs and astrocytes with azide and modified longitudi-
nally arranged collagen fibers (LACFs) and lipid nanoparticles 
containing Eda with DBCO groups. Subsequently, spinal cord-
like grafts engineered with NPCs and human astrocytes were 
assembled to promote the repair of spinal cord injuries through 
SPAAC. The bioorthogonal click chemistry-based covalent con-
nection not only achieved the cellularization of spinal cord-like 
grafts but also encouraged the adhesion and differentiation of 

Figure 7.  Illustration showing the cellularization of biomaterial. (A) ADSC and (B) NPCs were encapsulated by biomaterials. Adapted with permission from Ueda 
et al[86] and Oh et al.[87] (C) NPCs were covalently bound to LACF. Adapted with permission from Liu et al.[84] (D) Higher macrophages capture the efficiency of 
scaffolds. Adapted with permission from Mao et al.[85]



Hu et al. • Volume 2 • Number 1 • 2025	 https://journals.lww.com/medmat/

44

NPCs and astrocytes on the scaffold (Figure 7C). Oh et al[87] 
utilized DBCO-modified PEG for enclosing NPCs modified 
with azide, achieving single-cell encapsulation of NPCs through 
SPAAC. This cell–biomaterial interaction based on bioorthog-
onal click chemistry enhances the release of cytokines, which 
in turn reduces the number of cells required for treatment (Fig-
ure 7B). Compared with the control group without any treat-
ment, there was no significant difference in the cell survival rate 
of PEG-coated cells with different molecular weights. Most cells 
were effectively coated with polymers, as evidenced by the re-
sults from both fluorescence and projection electron microscopy.

These studies have shown that the high specificity, efficien-
cy, and good biocompatibility of bioorthogonal click chemistry 
make it a suitable covalent cross-linking tool to realize the inter-
action between cells and biomaterials. The biohybrid materials 
constructed by this method can make biomaterials capture more 
cells in a short time and produce stronger adhesion. Further-
more, the interaction between the 2 improves cell function to 
some degree and facilitates tissue repair and regeneration from 
various perspectives.

2.3.2 Cell tracking

Transplanting stem cells into the body is a method used to  
regenerate tissues or organs.[95–97] However, this process is com-
plex and dynamic. Therefore, monitoring the survival, prolifera-
tion, localization, migration, and differentiation of transplanted 
stem cells in vivo is of great significance for optimizing the de-
livery route and therapeutic effect. Currently, diverse direct or 
indirect imaging techniques have been devised to visualize and 
monitor transplanted stem cells in vivo. Stem cells could be la-
beled with imaging probes such as green fluorescent protein,[98] 
luciferase, fluorescent dye, quantum dots,[99–101] magnetic iron 
oxide particles,[102,103] and radioisotopes,[104,105] and then tracked 
using different imaging modes.[106–109] Although various marking 
methods have been continuously developed and improved, there 
are still limitations. For instance, (1) abnormal cell proliferation 
or cytotoxicity, (2) abnormal differentiation of stem cells, (3) 
dilution or loss of imaging probes, and (4) nonspecific labeling 
of host cells.[110,111] Therefore, a safer and more efficient labeling 
strategy is required for monitoring the biological processes of 
stem cells in vivo. The labeling strategy based on bioorthogonal 
click chemistry has good biocompatibility and labeling efficien-
cy in vivo and in vitro and shows great potential for noninvasive 
imaging of stem cells in vivo. First, clickable chemical groups 
such as azide, alkynyl, and sulfhydryl groups were introduced 
onto the surface of stem cells through metabolic glycoengineer-
ing. These groups are selectively associated with imaging probes 
that contain corresponding chemical groups (DBCO or BCN) 
through bioorthogonal click chemistry. Due to the inherent 
characteristics of bioorthogonal click chemistry, such as good 
biocompatibility, high efficiency, and specificity of the reaction, 
this labeling method can achieve rapid, lasting, and uniform la-
beling of transplanted stem cells in vivo without causing serious 
side effects. Moreover, altering the quantity of metabolites can 
manipulate the number of nonnatural chemical groups present 
on the surface of the stem cells.

Lee et al and Lim et al reported a noninvasive tracking of mes-
enchymal stem cells in a mouse hind limb ischemia model.[88,89] 
First, human adipose-derived mesenchymal stem cells (hASCs) 
were treated with 50 μM Ac4ManNAz for 48 h to generate 
azide groups on the cell surface. Subsequently, the azide groups 
on the cell surface were coupled with near-infrared fluorescence 

(NIRF) dye-labeled dibenzocyclooctyne (DBCO-Cy5) via 
SPAAC to achieve fluorescent labeling of hASCs. In vitro, the 
viability of hASCs remained unchanged when treated with Ac-
4ManNAz (250 μM) or DBCO-Cy5 (20μM). However, in the 
control group, the cell viability of hASCs labeled with 10 μM or 
20 μM of lipophilic indocyanine dye (DiD) significantly reduced. 
The authors then performed in vitro cell tracking of DBCO-Cy5 
and DiD-labeled hASCs for 2 weeks. The samples were treated 
with DiD for 2 weeks, during which the fluorescence signal in-
tensity of both substances decreased over time. The fluorescence 
signal was present in the DBCO-Cy5-hASCs group on day 14, 
but almost completely disappeared in the DiD-hASCs group by 
day 7 (Figure 8B). These results demonstrate that bioorthogonal 
click chemistry-based modification of mesenchymal stem cells 
can achieve long-term and precise in vivo tracking. Finally, the 
DBCO-Cy5-hASCs constructed by bioorthogonal click chem-
istry were intramuscularly injected into the mouse hindlimb  
ischemia model, and the in vivo NIRF 3-dimensional reconstruc-
tion images were obtained by fluorescence tomography system 
(FMT). The results showed that the NIRF signal gradually con-
verged in the inner thigh of the ischemic hindlimb. In addition, 
human nuclear immunofluorescence staining was performed on 
ischemic lesions 2 weeks after transplantation, and the results 
were positive, and strong NIRF signals appeared in this area, 
indicating that DBCO-Cy5-labeled hASCs successfully migrated 
to ischemic lesions. The earlier results showed that the labeling 
method based on bioorthogonal click chemistry can track mes-
enchymal stem cells in vivo for a long time and accurately.

To overcome the limitations of some imaging methods and 
take advantage of other methods, dual-modal or multimodal 
imaging methods have been widely used in the imaging of im-
planted stem cells.[112] Recently, Lim et al[90] modified ethylene 
glycol chitosan nanoparticles (CNPs) with BCN groups, and 
then chemically conjugated BCN-modified CNPs (BCN-NPs) 
with NIRF dye Cy5.5 through amide bonds. Subsequently, oleic 
acid–coated superparamagnetic iron oxide nanoparticles (OA-
Fe3O4 NPs) were physically encapsulated into Cy5.5-labeled 
BCN-NPs to obtain Cy5.5-labeled OA-Fe3O4 NPs-encapsulated  
BCN-NPs (BCN-dual-NPs) as imaging probes for NIRF/mag-
netic resonance (MR) dual-modality imaging systems based on 
bioorthogonal click chemistry. Ac4ManNAZ-pretreated hASCs 
were labeled with BCN-dual-NPs by SPAAC. Finally, BCN-
dual-NP-labeled hASCs were implanted into a mouse model 
of photothrombotic stroke, which could be effectively moni-
tored by NIRF and T2-weighted MR imaging within 14 days 
(Figure 8C).

In addition to labeling stem cells, Yoon et al[91] also used bio-
orthogonal click chemistry to label chondrocytes and implant-
ed them subcutaneously in mice. Compared with DiD-labeled 
chondrocytes, chondrocytes labeled by this method continuous-
ly emitted stronger NIRF signals within 4 weeks and formed 
more extensive bioengineered cartilage on the chondrocyte scaf-
fold (Figure 8A).

2.3.3 Tissue or organ targeting

Due to the high specificity of the covalent connection between 
clickable groups, the reaction is still precise and controllable in 
the presence of many biomolecules in the organism. In recent 
years, bioorthogonal click chemistry has gained considerable 
success in the design of nanoparticles for drug delivery. For ex-
ample, after constructing engineered spinal cord-like grafts, Liu 
et al[84] intravenously injected lipid nanoparticles loaded with 
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the neuroprotective agent edaravone. The DBCO group on 
the nanoparticles can precisely recognize and bind to the azide 
groups expressed by NPCs and astrocytes (Figure 9A). Due to 
the bioorthogonality of the clickable groups, this highly effi-
cient and specific targeting strategy can also be applied to cells. 
First, clickable groups can be introduced into therapeutic cells 
through metabolic glycoengineering, and they can also be intro-
duced into carriers that can carry cells. Subsequently, a specific 
bioorthogonal click reaction allows cells expressing clickable 
groups or molecules connected to the cell to be delivered accu-
rately and efficiently to the target site.

Li et al[93] injected DBCO-PEG-labeled CD41 and azide-
PEG-labeled CD34 into a mouse myocardial infarction model 
at an interval of 48 h. The former is connected to platelets and 
aggregated in the MI region by the homing ability of platelets. 
After the latter recognizes and binds to endogenous stem cells, 
SPAAC between azide group and the DBCO group allows the 
stem cells to reach the infarcted area for cardiac repair (Fig-
ure 9B). Co et al[92] prepared a pretargeting agent by linking 
ApoPep-1 and TCO to PEG polymers. The pretargeting agent 
can combine with apoptotic chondrocytes and then enter into 
the articular cartilage injury area. Subsequently, chondrocytes 
containing methyltetrazine (Tz) were immobilized on the sur-
face of TCO-coated damaged cartilage via IEDDA. The authors 
evaluated the targeting ability of chondrocytes to the damaged 
cartilage surface. The results showed that Tz-chondrocytes 
had a high affinity for the TCO coating on the damaged car-
tilage surface, and the number of Tz-chondrocytes adhered to 

the TCO surface increased with time, which was more than 4 
times higher than that of the control group (Figure 9C). On 
the one hand, the application of bioorthogonal click reaction 
makes the cells promoting regeneration be accurately delivered 
to the target area. On the other hand, the covalent connection 
between clickable groups can make them be fixed in the target 
area without affecting cell activity and thus play an efficient 
and lasting role.

3. Applications of bioorthogonal click chemistry in 
promoting tissue or organ regeneration

3.1 Bone defect repair

It is an effective method of using metal, ceramic, and other 
polymer materials as bone substitutes for implantation into the 
body. It is widely used to promote the repair of bone or cartilage 
defects for bone fracture fixation, joint replacement, etc.[113–115] 
However, exogenous biomaterials often lack the ability to adapt 
to the complex physiological bone regeneration process, and 
surface bioengineering techniques are needed to introduce bio-
logical activities, such as osteoinductive and immunomodulato-
ry activities. To date, various physical or chemical methods have 
been applied to surface bioengineering technology. For example, 
layer-by-layer assembly, Langmuir–Blodgett deposition silaniza-
tion, acid etching, anodic oxidation, and ion doping.[116–118] 
Traditional methods have seriously affected the repair effect of 
implants due to a lack of long-term activity and the destruction 

Figure 8.  Illustration showing the tracking for various types of living cells in vivo. (A) Chondrocytes were labeled through metabolic glycoengineering and SPAAC. 
Adapted with permission from Yoon et al.[91] (B) SPAAC-based labeling of endothelial progenitor cells for in vivo cell tracking. Adapted with permission from Lim 
et al.[89] (C) NIRF and MRI dual-imaging for tracking of hASCs in brain stroke lesion. Adapted with permission from Lim et al.[90] MRI, magnetic resonance imaging.
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of bioactive molecules. Due to the good biocompatibility of the 
bioorthogonal click reaction, this can achieve surface modifi-
cation of bone grafts while ensuring the biological activity of 
macromolecules.

Recently, Wang et al[65] used bioorthogonal click chemistry to 
stably bind the bone-inducing growth factor BMP-2 as a func-
tional coating on the titanium screws. In a series of in vivo and 
in vitro experiments, the coating can effectively promote the 

transformation of macrophages to the M2 phenotype without 
cytotoxicity and secrete cytokines to provide an immune micro-
environment suitable for bone regeneration. Importantly, after 
8 weeks of in vivo implantation, the titanium screw was stably  
attached to the surrounding bone tissue. In addition, the surround-
ing new bone density, volume, and trabecular structure charac-
teristics were significantly better than the control group. These 
results confirmed that the bone graft coating using bioorthogonal 

Figure 9.  Illustration showing targeting therapy of drugs and cells in vivo. (A) Illustration and immunofluorescence staining indicating successful targeting of the 
DBCO-Cy3 to the N3-modified SCI area after treatment. Adapted with permission from Liu et al.[84] (B) Illustration and immunofluorescence staining indicating 
successful homing of endogenous stem cells to the MI area after treatment (blue: nuclei, green: cardiomyocytes, red: endogenous stem cells). Adapted with 
permission from Li et al.[93] (C) Pretargeting apoptotic chondrocytes and Tz-chondrocyte targeting. Adapted with permission from Co et al.[92]
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click chemistry can significantly promote interface osteogenesis 
and enhance osseointegration in vivo (Figure 10D).

In addition to surface modification, bioorthogonal click 
chemistry can enable the efficient cross-linking of polymer 
without toxic catalysts or UV irradiation. Therefore, bio-
orthogonal click chemistry-based hydrogels can provide in situ 
gelation with minimally invasive injections. Importantly, due to 
the orthogonality of the reaction, the in situ gelation process 
is not affected by other biochemistry at the defect site. Liu et 
al[48] developed an injectable bone cement system and observed 
obvious osteogenesis and vascularization at the defect site after 
4 weeks of implantation in the rat cranial defect model, while 
the defect site of the control group was basically filled with 
fibrous tissue.

In summary, bioorthogonal click chemistry enables bone 
grafts such as hydrogels or titanium screws to achieve rapid in 
situ cross-linking or efficient surface modification, respective-
ly, simplifying the construction or surface modification process 
of conventional bone grafts. Importantly, the covalent bond 
formed under physiological conditions enables bone grafts to 
have long-term and stable biological activity.

3.2 Skin defect healing

As a substitute for sutures in special cases, traditional adhesives 
still have many shortcomings, such as (1) poor tissue adhesion 
and tensile properties, (2) insufficient biocompatibility, and 
(3) uncontrollable degradation rate.[119,120] These shortcomings 

Figure 10.  Illustration showing applications and therapeutic effects of bioorthogonal click chemistry. (A) PHA/PEGDA hydrogel for small-diameter vascular 
graft. Adapted with permission from Hou et al.[56] (B) Hydrogels for angiogenesis. Adapted with permission from Rütsche et al.[76] (C) Sequential release of 
small extracellular vesicle hydrogels for scarless wound healing. Adapted with permission from Shen et al.[55] (D) ELR-based hydrogel for myocardial infarction 
repair. Adapted with permission from Contessotto et al.[53] (E) BMP-2 modified titanium screws for bone defect repair. Adapted with permission from ref.[65]  
(F) Eda-targeted engineered spinal cord-like transplant for nerve injury repair. Adapted with permission from Liu et al.[84]
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greatly affect the healing effect of skin wounds and limit their 
development and application. The ideal skin adhesive should 
have the advantages of safety, rapid solidification under physio-
logical conditions, strong tissue adhesion, and promoting wound 
healing. The high selectivity of the bioorthogonal click results 
in fewer by-products, so researchers can utilize bioorthogonal 
click chemistry to synthesize skin adhesives suitable for differ-
ent wound healing needs and introduce a variety of biologically 
active substances in the process.

Recently, Wang et al[51] applied a hydrogel grafted with REG 
peptide, a functional derivative of erythroid differentiation reg-
ulator 1, to a mouse skin wound model. The hydrogel promoted 
the migration of fibroblasts, keratinocytes, and ECs by activat-
ing the promigration signal of FAK. Compared with the control 
group, the hydrogel accelerated wound healing and improved 
healing quality (higher epithelial cell density, higher microvessel 
density, more collagen deposition). The BSSPD hydrogel pre-
pared by Shen et al[55] via thiol-ene click chemistry can release 
small extracellular vesicles secreted by bone marrow mesenchy-
mal stem cells and miR-29b-3p-rich bone marrow mesenchymal 
stem cells from the lower and upper layers at the early and late 
stages of wound healing, respectively. In the rat full-thickness 
skin defect model, the sequentially released small extracellular 
vesicle hydrogel group healed faster than the control group, and 
the collagen arrangement and vascular structure distribution 
were more uniform. In addition, in the rabbit ear skin defect 
model, which is more similar to human wound scar healing, the 
wound healing efficiency and quality are consistent with those 
in the rat model. Importantly, after the application of BSSPD 
hydrogel with sEVs released in this order, the scar thickness and 
scar elevation index were significantly smaller than those of the 
control group (Figure 10A).

The earlier results indicate that the hydrogel based on bio-
orthogonal click chemistry can be rapidly cross-linked in situ 
to achieve the injectability of tissue adhesives. It can also offer 
more functions to the biomaterials by adjusting the physical and 
chemical properties to meet the needs of skin wound healing 
under different conditions. In addition, the bioorthogonal click 
reaction under physiological conditions ensures the activity of 
the functional material carried out and improves the quality of 
wound healing while maintaining the wound healing rate.

3.3 Nerve injury repair

In the process of nerve injury, the damage of vascular structure 
causes pathophysiological changes such as inflammatory re-
sponse, free radical production, and ion imbalance at the site of 
injury.[121,122] In addition, poor regeneration of endogenous nerve 
cells and glial scarring[123] caused by reactive proliferation of gli-
al cells inhibit the recovery of structure and function after nerve 
injury. Therefore, it is a common method to repair damaged and 
degenerated tissues by transplanting stem cells to differentiate 
into mature cells or secreting molecules to induce endogenous 
regeneration.[124,125] Because of the orthogonality of click reac-
tion, it does not affect cell viability and function in the process 
of covalently attaching cells to biomaterials.

Liu et al[84] constructed engineered spinal cord-like grafts with 
drug delivery functions. Compared with noncovalent attach-
ment, astrocytes and NPCs covalently attached to collagen fi-
bers by bioorthogonal click chemistry can better adhere, spread, 
and differentiate. In addition, DBCO group-modified Eda lipid 
nanoparticles can be delivered to the engineered graft via SPAAC 
to improve the microenvironment of spinal cord injury. After 

delivery of Eda-containing nanoparticles by bioorthogonal click 
chemistry, the expression levels of proapoptotic proteins and 
lipid peroxidation markers were significantly downregulated at 
the spinal cord injury site. Finally, the engineered spinal cord-
like graft with drug-guided function increased the number of 
newborn neurons at the spinal cord injury site and promoted 
the regeneration of endogenous axons and blood vessels (Fig-
ure 10E). Zhang et al[52] prepared a biodegradable self-adhesive 
bandage (SADB) loaded with XMU-MP-1 nanoparticles, which 
can promote nerve repair through SPAAC. In the rat sciatic 
nerve transection model, the bandage can directly bind the nerve 
and reduce the operation time significantly. Electrophysiological 
evaluation and histological examination confirmed that SADB 
promoted myelin regeneration and nerve repair and had better 
neurological function recovery (faster nerve conduction velocity 
and shorter latency) than the control group.

The covalent binding formed by bioorthogonal click chemistry  
tightly connects transplanted cells and biomaterials to promote 
nerve regeneration without interfering with cell proliferation 
and differentiation. In addition, the fast reaction rate and good 
biocompatibility of bioorthogonal click chemistry can not only 
achieve targeted drug delivery but also encapsulate drugs that 
promote nerve regeneration during material synthesis. In view 
of the above advantages, injectable hydrogels based on bio-
orthogonal click chemistry can be constructed during spinal 
cord injury repair to further reduce secondary damage to the 
injured site and enhance graft and tissue integration,[126] thereby 
promoting nerve regeneration.

3.4 Angiogenesis and vascular graft

The viability and functionality of engineered tissue grafts in vivo 
are dependent on a rich blood vessel supply of abundant oxy-
gen and nutrients. Thus, the vascularization of tissue-engineered 
grafts constitutes a critical intervention to enhance the repair 
and regeneration of tissues. Slow angiogenesis or insufficient 
vascular perfusion is a common cause of graft failure. There-
fore, vascularization in tissue-engineered grafts is a key step in 
promoting tissue repair and regeneration.[127]

Jia et al[75] utilized peptide α1, which supports ECs to func-
tionalize alginate hydrogels through CuAAC. The results demon-
strated that the hydrogel can encourage EC adhesion, spreading, 
migration, and the formation of vascular networks. Addition-
ally, the hydrogel can reduce muscle degeneration and fibrosis 
area by increasing arterial and capillary development in a mouse 
hindlimb ischemia model. Marsico et al[128] linked 2 ELRs that 
featured both MMP binding sites and integrin-binding sites  
using SPAAC to create elastin-like hydrogels. In a severe limb 
ischemia mouse model, there was a substantial rise in capillary 
density and length, small artery density, and cross-sectional area. 
In addition, crucial biological processes such as EC proliferation 
and angiogenesis were highly upregulated. It also contributed to 
ECM remodeling and tissue repair by controlling N-glycosylation  
(Figure 10F). Rütsche et al.[76] also used CuAAC to couple sub-
strate peptides with novel collagen derivatives, which were then 
mediated by transpeptidase A to form hydrogels. EC mixed 
with the hydrogel facilitates the growth of blood vessels and 
lymphatic vessels without the use of VEGF. It is worth noting 
that extracellular vesicles have demonstrated beneficial thera-
peutic effects in numerous injury repair models. Xing et al[69] 
fixed them in collagen hydrogel by SPAAC to achieve long-term 
retention in vivo and observed effective angiogenesis and host 
vessel ingrowth after subcutaneous implantation in mice.
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At present, allografts, xenografts, and synthetic grafts cannot 
meet the needs of vascular grafts, especially small-diameter vas-
cular grafts. Therefore, scientists have used tissue engineering 
as a means to produce suitable small-diameter vascular grafts. 
Due to the safety and high efficiency of the reaction process, bio-
orthogonal click chemistry can be used as a cross-linking tool to 
realize the synthesis and functionalization of materials.

Navarro et al[67] used thiol-ene click chemistry to attach hep-
arin molecules to biomimetic tubular scaffolds. After the stent 
was implanted in the rat model, ultrasound results showed that 
blood flow was smooth, and the inner diameter and total di-
ameter of the vessel wall were almost the same as before im-
plantation. The scaffold began to degrade and be infiltrated by 
host cells 1 week after implantation and was replaced by natural 
cells 1 month later. After 3 months, the blood vessels remained 
unobstructed. Histological examination showed that the cells of 
the remodeling scaffold were smooth muscle cells and ECs, and 
the new tissue was rich in natural collagen and elastin. These 
results confirmed the reconstruction of neovascularization. Hou 
et al[56] also prepared gel blood vessels by thiol-ene click reaction 
between unsaturated functional microorganisms PHA and PEG-
DA combined with 2-dimensional material graphdiyne (GDY). 
The application of the bioorthogonal click reaction gives the 
vascular graft not only better biocompatibility than traditional 
organic materials but also better mechanical properties. It can 
also remain stable in the body for a long time. After the graft 
was implanted into the rabbit carotid artery defect for 1 month 
and 3 months, the overall patency rate of the PHA/PEGDA-GDY 
group remained at about 90%. Histological analysis showed 
that inflammatory cell infiltration gradually decreased within 3 
months, providing a good immune microenvironment for tissue 
regeneration. Importantly, the vascular graft promoted vascular 
cell proliferation and extracellular matrix deposition, forming a 
stable vascular-like tissue structure (Figure 10C).

The results of these studies showed that the construction 
strategy based on bioorthogonal click chemistry not only over-
comes the problem of poor biocompatibility of traditional  
organic materials but also retains their good physical and chem-
ical properties and supports the proliferation and differentia-
tion of vascular regeneration-related cells. In addition, vascular 
grafts can be endowed with more functions through efficient 
bioorthogonal click reactions, making them more like natural 
blood vessels. In summary, bioorthogonal click chemistry allows 
bioactive substances that facilitate angiogenesis to be tightly 
bound to biomaterials to prolong their retention in the body 
and has little interference with their functional activity during 
the binding process, providing a suitable solution for tissue en-
gineering and regenerative medicine to promote vascularization.

3.5 Myocardial infarction repair

Stent implantation is the main clinical treatment for coronary 
artery disease.[129] Bare stent or drug-eluting stent implantation 
has problems such as in-stent restenosis, late thrombosis, and in-
complete endothelial healing.[130,131] Therefore, one of the major 
challenges in this field is how to effectively design a coating that 
can rapidly promote the healing of the vascular endothelium.

Zhang et al[132] employed catechol-modified natural chitosan as 
a carrier to construct an organic/metal ion composite polypeptide 
coating. The stent, coated with the polypeptide, triggered the zinc 
ions to release endogenous nitric oxide (NO) gas. Subsequently, 
the REDV peptide, which has a cell-promoting capability, was ef-
ficiently and quickly grafted onto the coating surface via thiol-ene 

click reaction. The coating inhibited the formation of intravascu-
lar thrombosis by immobilizing REDV peptides and catalyzing 
the release of endogenous NO. After 1 week of implantation into 
the rabbit abdominal aorta, the control group had a stent occlu-
sion rate of over 50%, whereas the bioorthogonal click chemistry- 
based coated stent had no visible occlusion. Furthermore, the 
composite coating effectively inhibits excessive intimal prolifer-
ation by suppressing the inflammatory response and maintaining 
the contractile smooth muscle cell phenotype. This, in turn, pro-
motes rapid vascular endothelial healing. The group additionally 
utilized bioorthogonal click reaction to integrate both bivalirudin 
(BVLD)[74] and VEGF[68] onto the surface of vascular scaffolds. 
They could maintain excellent stability and biological functional-
ity, thus effectively promoting vascular repair.

While stent implantation is able to postpone the progression 
of myocardial infarction, it cannot repair the damaged myocar-
dium. Therefore, Contessotto et al[53] designed an ELR hydrogel 
that mimics the ECM via SPAAC. The hydrogel contains a func-
tional domain for cell adhesion and a protease cleavage site. In 
the group treated with ELRs, the ejection fraction of surgically 
induced nontransmural myocardial infarction significantly im-
proved by 16.2%, and fibrosis in the ischemic core decreased by 
44.3%. Furthermore, the hydrogel’s degradable properties facil-
itate EC sprouting and stromal cell migration, thus enhancing 
angiogenesis in the infarct core area (Figure 10B). Since SPAAC 
is performed under physiological conditions and does not use 
any potentially harmful catalysts or by-products, the hydrogel 
can be safely applied in vivo and the activity of the functional 
ingredients is not affected during the reaction, while the cova-
lent bond formed between the ELRs ensures its stability. Stem 
cell therapy is also a promising strategy for treating myocardial 
infarction. Li et al[93] utilized the high specificity of bioorthog-
onal click chemistry to deliver endogenous stem cells to the 
infarcted area for cardiac repair. After 4 weeks of application 
in the mouse model of myocardial infarction, the experimental 
results showed that a large number of cardiomyocytes prolif-
erated in the infarcted area (about 2.5 times that of the con-
trol group), cardiac function (left ventricular ejection fraction 
and short-axis shortening rate) was significantly improved, and 
interstitial and perivascular fibrosis was reduced. The findings 
indicated that SPAAC successfully recruited stem cells to the MI 
area and improved cardiac function. The bioorthogonal click 
reaction is highly specific and ensures efficient interaction be-
tween the DBCO group linked to platelets and the azide group 
linked to stem cells. Treatment with this strategy did not impact 
susceptible organs, including the liver, spleen, lung, and kidney, 
thus reflecting good biocompatibility.

In summary, the high efficiency and specificity of bioorthog-
onal click chemistry have enabled the surface modification of 
vascular scaffolds, the construction of hydrogels encapsulating 
bioactive substances, and the targeting of therapeutic cells to 
infarcted areas. Crucially, all of these can be performed under 
physiological conditions without any harmful catalysts or cy-
totoxic agents. Researchers can utilize the earlier advantages of 
bioorthogonal click chemistry to repair the heart after myocar-
dial infarction from multiple perspectives, such as delaying the 
progression of myocardial infarction and promoting the recov-
ery of cardiac function (Table 4).

4. Conclusion and prospect

In recent years, bioorthogonal click chemistry has been wide-
ly used in tissue engineering and regenerative medicine due to 



Hu et al. • Volume 2 • Number 1 • 2025	 https://journals.lww.com/medmat/

50

its advantages of good biocompatibility, fast reaction rate, high 
reaction specificity, and stable reaction products. This review 
focuses on the application of bioorthogonal click chemistry in 
the synthesis of biomaterials, functionalization of biomaterials, 
and cell–biomaterial interaction to achieve tissue repair and re-
generation. Bioorthogonal click chemistry provides researchers 
with a modular connection strategy. It not only overcomes many 
shortcomings of traditional organic synthesis reactions but also 
successfully transforms the covalent cross-linking process into a 
living system. Depending on the different application scenarios, 
researchers tend to select specific bioorthogonal click reactions 
based on their unique advantages and limitations. For exam-
ple, CuAAC has excellent reaction kinetics but requires copper, 
which is cytotoxic, as a catalyst. This limits its application main-
ly to the synthesis of biomaterials in vitro. As the representative 
of copper-free bioorthogonal click chemistry, SPAAC can be 
used for in situ synthesis of biomaterials or cell modification in 
vivo. However, its drawback is the relatively slow reaction rate. 
Thiol-ene click reaction has a faster reaction rate and is photo-
responsive, but their use is limited in biological systems rich in 
thiols. Therefore, the excellent research introduced in this article 
is conducive to providing inspiration for researchers to choose 
the appropriate tools according to their needs.

In addition to the classical bioorthogonal click reaction, more 
reactions will be used in regenerative medicine in the future. For 
example, as the second generation click chemistry, SuFEx click 
reaction has the advantages of high selectivity, stability, and ra-
pidity. In materials science, SuFEx reaction can be used to syn-
thesize polymer materials with specific functions, and in the field 

of medicine, it can be used to design covalent drugs to improve 
the stability and bioavailability of drugs in vivo by forming sta-
ble sulfur–carbon bonds. With the deepening of research, SuFEx 
reaction is expected to play a greater role in tissue engineering 
and regenerative medicine.

To further promote the clinical transformation of bio-
orthogonal click chemistry, some challenges need to be solved. 
(1) Suitable equipment: when applying in situ synthesized 
hydrogels, the two precursors need to be fully mixed before 
cross-linking occurs. Many studies have used special devices, 
such as 2-way syringes. In the future, more devices may need to 
be developed to give full play to the advantages of bioorthog-
onal click chemistry in more scenarios. (2) High cost: the high 
price of clickable groups, especially in the IEDDA reaction, is a 
significant problem because the amount of material needed for 
hydrogels is generally larger than that required for nanopar-
ticles. (3) Specific dose: for cell modification, safety issues are 
common and should be carefully considered. The process of in-
troducing clickable groups, especially in the case of high-con-
centration drugs, is likely to affect the activity of biomolecules 
or cells.[133] Studies have confirmed that high concentrations 
(>20 μM) of Ac4ManNAz have a negative impact on the 
proliferation, adhesion, and signal transduction of EPCs.[134] 
The ability of different types of cells to express azide groups 
through the sialic acid pathway is different, which makes the 
required Ac4ManNAz concentration and the negative effects 
on cells different. Therefore, exploring the maximum tolerated 
dose of Ac4ManNAz in cells and humans and finding ways 
to prolong the half-life of glycans is an urgent problem to 

Table 4

Summary of applications in promoting tissue or organ regeneration.

Disease/injury Strategy Reaction Regeneration effect References

Bone and cartilage defect Synthesis of biomaterials SPAAC New bone formation; vascularization Liu et al[47]

SPAAC Osteogenesis; vascularization Liu et al[48]

SPAAC Higher new bone volume Gan et al[49]

SPAAC Better osseointegration; osteogenic differentiation Deng et al[50]

Functionalization of biomaterials Thiol-ene Delayed joint space narrowing and increased content of cartilage matrix Yao et al[71]

CuAAC Cartilage regeneration and integration He et al[73]

CuAAC Differentiation of HMSC Beeren et al[79]

SPAAC Osteogenesis; osseointegration Wang et al[65]

Cell–biomaterial interaction IEDDA More chondrocytes and richer ECM in damage area Co et al[92]

Skin defect Synthesis of biomaterials SPAAC Re-epithelialization, collagen deposition, and microvessel formation Wang et al[51]

IEDDA Faster healing speed; better healing quality Li et al[54]

Thiol-ene Smaller volume of hypertrophic scar tissue Shen et al[55]

Thiol-ene Fast healing of diabetic wounds Shou et al[57]

Amino-alkyne Less local inflammation; faster healing speed Jin et al[59]

Nerve injury Synthesis of biomaterials SPAAC Faster conduction velocity and shorter latency Zhang et al[52]

Cell–biomaterial interaction SPAAC Less cell demand and better therapeutic effect Oh et al[87]

SPAAC More neurons and endogenous axons regeneration Liu et al[84]

Vascular graft Synthesis of biomaterials Thiol-ene Long-term intravascular patency Hou et al[56]

Functionalization of biomaterials Thiol-ene ECs and SMCs infiltration Navarro et al[67]

Thiol-ene Better endothelialization and endothelial function Zhang et al[68]

Angiogenesis Functionalization of biomaterials CuAAC Larger neovascularization area Yao et al[72]

CuAAC Enhanced blood flow recovery properties Jia et al[75]

CuAAC Formation of blood and lymphatic vessels in the absence of exogenous 
VEGF

Rütsche et al[76]

Thiol-ene More blood vessels around the scaffold Yao et al[77]

SPAAC Host vascular ingrowth Xing et al[69]

Myocardial infarction Synthesis of biomaterials SPAAC Better cardiac function; Contessotto et al[53]

Functionalization of biomaterials Thiol-ene Better endothelialization and endothelial function Zhang et al[74]

Thiol-epoxy Better cardiac function; neovascularization Zou et al[78]

Cell–biomaterial interaction SPAAC More cardiomyocytes regeneration Li et al[93]

Hydrazide-
aldehyde

Better cardiac function and angiogenesis Wu et al[94]
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be solved in the process of bioorthogonal click chemistry to 
clinical transformation. (4) Long-term efficacy and biosafety: 
the ultimate goal of all biomaterial development is to be used 
in the human body to treat diseases. Before this, researchers 
should also determine the long-term stability and safety of bio-
orthogonal click reactions in the human body. For example, 
whether the formed covalent bond can be stably connected in 
the body, and whether the degradation of biomaterials with 
clickable groups will affect the normal physiological function 
of tissues and organs or smooth discharge from the body. In 
addition, the clickable group in the glycan expressed on the 
cell membrane by metabolic glycoengineering has a fast meta-
bolic rate and a short half-life. For long-term cell tracking and 
cell or organ targeting, this strategy is not available.

Looking forward to the future, we believe that bioorthogo-
nal click chemistry can be further developed from the following 
aspects. First, in view of the excellent biocompatibility of bio-
orthogonal click chemistry, cells can be used as module units 
and connected to each other by bioorthogonal click chemistry 
to construct macroscopic tissues. Recently, Lavrador et al con-
nected cells together through azide groups and DBCO groups 
to form living human tissues (Cellgels). Cellgels have the abil-
ity of living cells to perceive and respond to the environment, 
showing the ability of autonomous tissue integration behavior, 
mechanical maturation, biological self-healing, biological specif-
ic adhesion, and promoting wound healing.[135] In addition, the 
authors have verified it in a variety of cells, including dermal fi-
broblasts (hDFs), umbilical cord - derived endothelial cells (hU-
VECs), and pancreatic cancer cells (hPANC - 1), which have the 
potential to extend it to any type of human cells. In the future, 
scientists can use bioorthogonal click chemistry to construct a 
variety of human cells into tissues and even use different tissues 
as modular units to construct organs with biological functions. 
Second, bioorthogonal click chemistry offers a means of inter-
vening in tissue regeneration at the genetic level, such as ex-
ploring the differences in nucleic acid metabolism during tissue  
regeneration by labeling oligonucleotides[136–139] or protein,[140,141] 
generating engineered nucleic acid sequences by cross-linking 
oligonucleotides or single-stranded DNA and RNA to provide 
a more convenient tool for tissue engineering. Currently, scien-
tists have utilized bioorthogonal click chemistry to effectively 
modify CRISPR-Cas in the field of gene editing, achieving large-
scale and low-cost sgRNA synthesis.[142–144] Finally, physical fac-
tors should be introduced into bioorthogonal click chemistry 
to achieve precise regulation of tissue regeneration processes, 
including but not limited to ultrasound, light, temperature, and 
pressure. Bioorthogonal click reaction causes irreversible cova-
lent bonds between molecules. Once the substrates contact each 
other, the reaction occurs immediately and irreversibly. This 
means that the hydrogel cannot return to the solution state, 
and small molecules can only be permanently connected to the 
scaffold. This reduces the controllability of the bioorthogonal 
click reaction. Therefore, precise space-time control brought by 
physical factors will improve the intelligence of bioorthogonal 
click chemistry and also enable bioorthogonal click chemistry to 
be applied to more complex tissue regeneration processes. For 
example, drug delivery and cell targeting will occur at specific 
tissue repair stages. At present, there are already light-triggered 
click reactions that can synthesize different organic structures 
in a fast and accurate manner under mild conditions, such as 
dipolar cycloadditions,[145] Diels−Alder reactions,[146] alternat-
ing radical propagation chain transfer reactions,[147] which gives 

the reaction space and time control. Therefore, bioorthogonal 
click reactions triggered by light or other physical factors may 
bring new opportunities for tissue engineering and regenerative 
medicine. In summary, with the advancement of novel theories 
and technologies, we believe that the future application of bio-
orthogonal click chemistry in tissue engineering and regenera-
tive medicine will continue to expand and exhibit its distinct 
advantages.
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