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Click chemistry, a powerful method allowing specific and controllable bioorthogonal reactions, has revolu-
tionized our ability to make complex molecular structures with a high level of specificity, selectivity, and
yield under mild conditions. These features combined with minimal byproduct formation have enabled

Keywords: the design of a wide range of macromolecular architectures from quick and versatile click reactions. Fur-

Polysaccharides thermore, copper-free click chemistry has resulted in a change of paradigm, allowing researchers to per-

Click chemistry form highly selective chemical reactions in biological environments to further understand the structure

gioortft‘og‘)l‘m reactions and function of cells. In living systems, introducing clickable groups into biomolecules such as polysac-
lomaterials

charides (PSA) has been explored as a general approach to conduct medicinal chemistry and potentially
help solve healthcare needs. De novo biosynthetic pathways for chemical synthesis have also been ex-
ploited and optimized to perform PSA-based bioconjugation inside living cells without interfering with
their native processes or functions. This strategy obviates the need for laborious and costly chemical reac-
tions which normally require extensive and time-consuming purification steps. Using these approaches,
various PSA-based macromolecules have been manufactured as building blocks for the design of novel
biomaterials. Clickable PSA provide a powerful and versatile toolbox for biomaterials scientists and will
increasingly play a crucial role in the biomedical field. Specifically, bioclick reactions with PSA have been
leveraged for the design of advanced drug delivery systems and minimally invasive injectable hydrogels.
In this review article, we have outlined the key aspects and breadth of PSA-derived bioclick reactions as
a powerful and versatile toolbox to design advanced polymeric biomaterials for biomedical applications
such as molecular imaging, drug delivery, and tissue engineering. Additionally, we have also discussed
the past achievements, present developments, and recent trends of clickable PSA-based biomaterials such
as three dimensional printing, as well as their challenges, clinical translatability, and future perspectives.
© 2022 The Authors. Published by Elsevier B.V.
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1. Introduction

Some thermodynamically favorable processes, such as the
transformation of diamond to graphite, occur so slowly that they
can be considered impossible. While many processes with a broad
range of reaction rates are accomplished in nature, many biologi-
cal processes must occur at higher rates, requiring the utilization of
enzymes [1]. Chemical interference is highly prohibited in complex
inter- and intracellular environments, while many industrial-scale
processes lack this orthogonality. In fact, many natural processes,
especially those which are carried out in living systems, bene-
fit from bioorthogonality, i.e., fast reaction rates, high selectivity,
mild reaction conditions, non-toxic solvents (e.g., water), and high
yield, eliminating the need for complex separation processes [2,3].
Achieving these unique features can only be possible through the
optimization of several reaction parameters [4-6]. Chemical reac-
tions in living systems have inspired many chemists and materials
scientists to develop more efficient and environmentally friendly
chemistries to create new molecules. However, no revolutionary
advances were made in the field until 2001/2002 when the No-
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bel laureate chemist Barry Sharpless introduced the concept of
click chemistry [7]. Sharpless and co-workers discovered that when
copper is used as a catalyst, the Huisgen 1,3-dipolar cycloaddition
could be carried out much faster with high regioselectivity. Click
chemistry mimics nature and was designed to generate substances
quickly and reliably by joining small modular units. This innovation
has excited the scientific community as a whole and has prompted
chemists to look for new click reactions [8].

Many fields of science, especially polymer chemistry and chem-
ical biology, have been profoundly influenced by click chemistry
[9-11]. Click reactions enable the creation of well-defined polymer
architectures with tunable physicochemical and/or biological prop-
erties. Furthermore, click chemistry has revolutionized our under-
standing of cell biology by allowing researchers to perform chem-
istry inside living systems. For example, ultra-high-resolution im-
ages of cells and tracking of biomolecules are now possible with
the aid of the click chemistry toolbox [12]. Polysaccharides (PSA)
and their conjugates (glycoconjugates) are ubiquitous biomacro-
molecules that play critical roles in living organisms [13]. For ex-
ample, hyaluronic acid (HA) represents an important class of PSA

Abbreviations: 2-APBA, 2-acetylphenyl boronic acid; 2-FPBA, 2-formylphenyl boronic acid; 3D, three dimensional; 4-arm PEG-Ns, azide-functionalized four-armed
polyethylene glycol; 4-arm PEG-TCO, trans-cyclooctene-functionalized four-armed polyethylene glycol; B-HHz, B-hydroxy hydrazides; B-CD, B-cyclodextrin; AAC, azide-alkyne
cycloaddition; Ac;ManNAz, tetraacetylated N-azidoacetyl-D-mannosamine; Ac-S-CD, acetalated S-cyclodextrin; ADIBO, azadibenzocyclooctyne; ADIBO-Chol, ADIBO modified
cholesterol; ADIBO-DSPE, ADIBO modified distearyl phosphatidyl ethanolamine; ADIBO-PEG4-NOTA-54Cu, azadibenzocyclooctyne (ADIBO) and 1,4,7-triazacyclononane-N,N’,N"-
triacetic acid (NOTA) dually functionalized 4-unit polyethylene glycol labeled with 4Cu radioisotope; ADSC, adipose-derived mesenchymal stem cells; Ag, silver; AGA, auto-
mated glycan assembly; AHA, oxidized hyaluronic acid; Al artificial intelligence; AIBN, azobisisobutyronitrile; Alg, alginate; Alg-Nor, norbornene-functionalized alginate; Alg-
Tz, tetrazine-functionalized alginate; Alkylated-PEG, alkylated polyethylene glycol; Alkyne-B-CD, alkyne-functionalized S-cyclodextrin; Aminooxy-PEG-aminooxy, aminooxy-
terminated polyethylene glycol (i.e., aminooxy group at two ends); AMP, antimicrobial peptides; AMR, antimicrobial resistance; ANR, double-layer-coated gold nanorods;
AO-4-arm PEG, four-armed aminooxy-polyethylene glycol; Au, gold; Azide-Dex-PA, azidedextran polyampholyte; Azide-DOX, 5-azidopentanehydrazide-functionalized dox-
orubicine; BCN, bicyclo[6.1.0]non-4-yne; BDNF, brain derived neurotrophic factor; BMP2, bone morphogenetic protein-2; BMP4, bone morphogenetic protein-4; BMSC, bone
marrow mesenchymal stem cells; BP, bisphosphonate; BSA, bovine serum albumin; CAPAC, click activated protodrugs against cancer; CBT, cyanobenzothiazole; Ce6, chlo-
rin e6; c-FLIP, cellular FLICE-like inhibitory protein; CHO, Chinese hamster ovary; Chol, cholesterol; CMC, carboxymethyl chitosan; CMT, controlled morphology transfor-
mation; CNS, central nervous system; CnS, chondroitin sulfate; CnS-furan, furan grafted chondroitin sulfate; CnS-HS, thiolated chondroitin sulfate; Col 1, collagen type I;
COS, chitooligosaccharides; CRP, controlled radical polymerization; CS, chitosan; CS-HS, thiolated chitosan; CS-N3, azide-functionalized chitosan; Cu(Il) sulfate, copper(II)
sulfate; CuBr, copper(l) bromide; CuAAC, copper(l)-catalyzed azide-alkyne cycloaddition; Cx43, connexin 43; Cy3-PNA, cyanine3 fluorescent dye-labeled antiPNA21; Cy5,
cyanine5 dye; Cys, cysteine; D-Cy5, cyanine5-labeled dendrimers; DA, Diels-Alder; DBCO, dibenzylcyclooctyne; DCC, dynamic click chemistry; D-Cys, dendrimer-cysteine
conjugate; D-Dexa, dendrimer-dexamethasone conjugate; DDS, drug delivery systems; D-Ene, dendrimer-pentenoic acid; Dex, dextran; Dex-ADIBO, azadibenzocyclooctyne-
modified dextran; Dex-DBCO, dibenzylcyclooctyne-modified dextran; Dex-N3, azide-functionalized dextran; DHHC, dihydroxyphenyl/hydrazide bifunctionalized hydroxyethyl
chitosan; Dhvar-5, a synthetic antimicrobial peptide; DIFO, difluorinated cyclooctyne; DLQ, DBCO-modified low molecular weight heparin-quercetin conjugates; DMTMM,
4-(4,6-dimethoxy triazine)-4-methyl morpholine hydrochloride; DNA, deoxyribonucleic acid; DOX, doxorubicin; DR4/5, death receptors DR4 and DR5; DS, degree of sub-
stitution of ADIBO; DSPE, distearyl phosphatidyl ethanolamine; ECM, extracellular matrix; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; EDG, electron-donating
groups; EDTA, ethylenediaminetetraacetic acid; EGF, epidermal growth factor; EPC, endothelial progenitor cell; EPR, enhanced permeability and retention; ES, electrophilic
substitution; EWG, electron-withdrawing groups; F127-maleimide, maleimide-functionalized Pluronic F127; FAK, focal adhesion kinase; FBS, fetal bovine serum; FDA,
food and drug administration; G, storage modulus; GALA, a 30-residue fusogenic peptide (WEAALAEALAEALAEHLAEALAEALEALAA); GCS-NP, glycol chitosan nanoparti-
cles; Gel-furan, furan-functionalized gelatin; GF, growth factors; Glycolipids, lipid-glycan conjugates; Glycoproteins, protein-glycan conjugates; GlycoRNA, ribonucleic acid-
glycan conjugates; GNR, gold nanorod; GO, graphene oxide; GSH, glutathione; HAase, hyaluronidase; HA, hyaluronic acid; HA-acrylate, acrylated hyaluronic acid; HA-
benzaldehyde, benzaldehyde-functionalized hyaluronic acid; HA-CBT, cyanobenzothiazole-modified hyaluronic acid; HA-CHO, aldehyde-functionalized hyaluronic acid; HA-
Cys-MA, cystamine-methacrylate modified hyaluronic acid; HA-D-Cys, D-cysteine-functionalized hyaluronic acid; HA-furan, furan-functionalized hyaluronic acid; HA-furan-
ADH, dually functionalized hyaluronic acid with furan and hydrazide; HA-furan-CHO, dually functionalized hyaluronic acid with furan and aldehyde; HA-g-AMA, 2-aminoethyl
methacrylate grafted hyaluronic acid; HA-BP, bisphosphonate modified hyaluronic acid; HA-g-Cys-MA, cystamine-methacrylate grafted hyaluronic acid; HA-g-Lys-MTet, lysine-
4-(4(dimethylamino)phenyl-tetrazole)-benzoic acid grafted hyaluronic acid; HA-g-Lys-Tz, lysine-tetrazole grafted hyaluronic acid; HA-GO, HA-conjugated graphene oxide; HA-
g-0EG-DBCO, diarylcyclooctyne-modified oligo(ethylene glycol) grafted hyaluronic acid; HA-HS, thiolated hyaluronic acid; HA-HS-ADH, thiol and hydrazide-functionalized
hyaluronic acid; HA-hydrazine, hydrazine-functionalized hyaluronic acid; HA-Lys-Tet, lysine-tetrazole modified hyaluronic acid; HA-MA, methacrylated hyaluronic acid; HA-
maleimide, maleimide-functionalized hyaluronic acid; HA-Tz, tetrazine-functionalized hyaluronic acid; HECS, hydroxyethyl chitosan; HIF-1«, hypoxia-inducible factor-1c;
HOMO, highest occupied molecular orbital; HP-PEG, hyperbranched polyethylene glycol; HTL-HCl, DL-Homocysteine thiolactone hydrochloride; iEDDA, inverse electron
demand Diels-Alder; IEG, iterative exponential growth; IL-2, interleukin-2; IPN, interpenetrating polymer network; JR2EK-Az, azide-functionalized JR2EK peptide; L929,
mouse fibroblast cells; LMWH, low molecular weight heparin; LUMO, lowest unoccupied molecular orbital; Lys, lysine; MAA, methacrylic acid; MAA-g-CS, methacrylic
acid grafted chitosan; mAb, monoclonal antibody; MAL-PEG-MAL, dimaleimide poly(ethylene glycol); MAL-PPO-PEG-PPO-Mal, poly(propylene oxide)-b-poly(ethylene oxide)-
b-poly(propylene oxide) bismaleimide; MDa, megadalton; MeOH, methanol; MES, 2-morpholinoethane sulfonic acid; MGE, metabolic glycoengineering; MITCH, mixing-
induced two-component injectable hydrogels; MMP2, matrix metalloproteinase 2; mPEG, methoxy polyethylene glycol; mPEG-b-PPLG, methoxy polyethylene glycol-b-poly(y -
propargyl-t-glutamate); MSC, mesenchymal stem cell; MTD, maximum tolerated dose; Mw, molecular weight; N,, nitrogen; N,H4.H,0, hydrazine hydrate; N3-HA, azide-
modified hyaluronic acid; N3-s-TRAIL, azide-modified TRAIL-bound MMP 2 sensitive peptide; N3-HGP21, Cy3-labeled antisense miR-21 PNA probes loaded onto HA-GO;
NAC, N-acetyl-L-cysteine; NaN3, sodium azide; Nb, norbornene; Nb-Tz, norbornene-tetrazine; NEDDA, normal electron demand Diels-Alder; NHS, N-hydroxysuccinimide;
NIR, near-infrared; NK, natural killer; NP, nanoparticles; O,, oxygen; '0,, singlet oxygen; O-CnS, oxidized chondroitin sulfate; o-NB, ortho-nitrobenzyl; OSA, oligosaccharide;
PBAE, poly(B-amino ester); PDT, photodynamic therapy; PEG, polyethylene glycol; PEGDA, poly(ethylene glycol) diacrylate; Photo-DIBO, cyclopropenone-masked dibenzocy-
clooctyne; PhTAD, N-phenyltriazolinedione; PLGA, poly(lactic-co-glycolic acid); PLL, poly-L-lysine; PLL-SH, thiol-functionalized poly-L-lysine; PLL-g-CS, poly-L-lysine grafted
chitosan; PNBA, poly(o-nitrobenzyl acrylate); PNA, peptide nucleic acid; PNS, peripheral nervous system; PPLG, poly(y-propargyl-L-glutamate); Proteoglycans, heavily glyco-
sylated proteins; PSA, polysaccharides; PTK2, protein tyrosine kinase 2; QSI, quorum sensing inhibitor; Qu, quercetin; RAFT, reversible addition fragmentation chain-transfer
polymerization; rDA, reverse Diels-Alder; RFP, riboflavin phosphate; Rfv, riboflavin; RGD, arginyl-glycyl-aspartic acid; RNA, ribonucleic acid; RNAi, ribonucleic acid interfer-
ence; ROS, reactive oxygen species; Se, selenium; Semi-IPN, semi-interpenetrating polymer network; SHA, salicylhydroxamic acid; siHSP70, heat shock protein 70-targeting
siRNA; SPAAC, strain-promoted azide-alkyne cycloaddition; SQ3370, TCO-modified DOX; SQL70, tetrazine-modified HA; SSD, silver sulfadiazine; SuFEx, sulfur(VI) fluoride
exchange; TA, tetra-aniline; TAD, 1,2,4-triazoline-3,5-dione; TCO, trans-cyclooctene; TE, tissue engineering; TFA, trifluoroacetic acid; tg, gelation time; TRAIL, tumor necro-
sis factor-related apoptosis-inducing ligand; Tri-Adam, adamantyl trimers; Tri-B-CD, S-cyclodextrin trimers; TsCl, 4-toluene sulfonyl chloride; TsC-No, thiosemicarbazide-
functionalized nopoldiol; Tz, tetrazine; UV, ultraviolet; Van, vanillin; VEGF, vascular endothelial growth factor; ZnPc, zinc phthalocyanine.
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as it constitutes a major component of the extracellular matrix
(ECM) and has been extensively exploited for biomaterials de-
sign [14-22]. Conjugates of PSA or oligosaccharides (OSA) with
proteins (glycoproteins and proteoglycans), lipids (glycolipids) and
RNA (glycoRNA) constitute the glycome of cells. These glycocon-
jugates are made through dynamic glycosylation, the process by
which sugar molecules are added to proteins, lipids, or RNA. Gly-
cosylation is usually carried out using glycosyltransferases resid-
ing in the Golgi apparatus [23]. Glycosidases catalyze the opposite
reaction—glycosidic linkage hydrolysis (bond cleavage) [24]. Gly-
coconjugates cover the cell surface or are secreted to the inter-
cellular microenvironment. Moreover, in living organisms, intra-
and intermolecular interactions are mediated by glycoconjugates.
The critical roles played by glycoconjugates make glycome com-
position an important biological cue in defining overall health
and disease conditions. Very recently, with the aid of click chem-
istry, glycoRNAs (RNA-glycan conjugates) were found on the out-
ermost surfaces of cellular membranes of various cell types in
mammals [25].

The synthesis of PSA, unlike protein translation and DNA repli-
cation, is not a template-driven process, facilitating the forma-
tion of a large variety of OSA/PSA molecules [26]. While only 17
monosaccharides are present in mammals, a vast number of PSA
with various compositions (different monosaccharides), glycosidic
linkages, and chain conformations can be created. For example,
unlike proteins, PSA produced by various organisms may differ
in molecular structure (e.g., chain length). Despite their biocom-
patibility, the utilization of PSA in the biomedical field has been
limited due to their shortcomings in reproducibility and bioactiv-
ity. Accordingly, many chemical modification strategies have been
developed for engineering synthetic PSA, or improving the func-
tionalities, physicochemical properties, and biological activities of
naturally-derived PSA [27]. However, most strategies require harsh
reaction conditions or toxic reagents, whereas click chemistry en-
ables the chemical modification, grafting and crosslinking of PSA to
occur under mild reaction conditions, which can be carried out in
vivo. Furthermore, bacteria or living cells can be utilized as biore-
actors for the synthesis of clickable PSA [28,29]. Clickable PSA (i.e.,
PSA functionalized with clickable groups) make chemical reactions
possible on the plasma membrane as well as in the intracellu-
lar space, ECM, and vessels carrying biological fluids (blood and
lymph) [30].

Although several review articles have focused on the applica-
tions of click chemistry for PSA, they are usually limited to a
few examples of PSA or click chemistry strategies and/or do not
cover their biomedical applications [31-33]. For example, in a re-
cent review article by Deng and co-workers, the application of click
chemistry was centered only on alginate and its biomedical appli-
cations [34]. However, most of the other review articles do not fo-
cus on PSA; instead, they summarize the concept of click chemistry
and its applications. For instance, Kaur and co-workers described
click chemistry-assisted bioconjugation and probes for bioimaging,
as well as the growing impact of click chemistry on drug discov-
ery [35]. However, they did not focus on many other biomedical
applications such as tissue engineering (TE), which are now dis-
cussed in this review article. Additionally, they did not introduce
other clickable functional compounds such as clickable PSA. An-
other recent review article discussed the applications of metal-
free click reactions in the field of cancer theranostics [36]. How-
ever, they did not focus on PSA or other biomedical applications
beyond cancer. Furthermore, another review article published by
Agrahari and co-workers thoroughly discussed the applications of
copper(I)-catalyzed 1,3-dipolar cycloaddition (CuAAC) click chem-
istry in glycoscience [37]. While they highlighted bioorthogonal
click reactions as a powerful tool for synthesizing various glyco-
conjugates for several applications (e.g., modern drug development
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and biosensing), alternative click reactions and the use of PSA were
not included. Other review articles have focused on a few specific
click reactions in the context of PSA and their specific application
[38-40]. In light of available literature, this review article provides
a comprehensive overview of key click reactions followed by an in-
depth discussion of the potential, challenges, and opportunities of
clicked PSA-based biomaterials for various biomedical applications.

2. Click chemistry toolbox

Huisgen 1,3-dipolar cycloaddition was reported in 1965, in
which azides were utilized as dipolar reagents [41]. However, this
chemistry did not gain much attention because the reaction re-
quired high temperature to proceed, and the resulting product is
a mixture of regioisomers. Nearly 37 years later, a catalytic version
of Huisgen 1,3-dipolar cycloaddition was introduced independently
by Meldal and Sharpless [7,42]. The copper(I)-catalyzed version of
Huisgen 1,3-dipolar cycloaddition gained ground due to its regios-
electivity (i.e., it produces only the 1,4-regioisomer) and mild reac-
tion conditions. In fact, the CuAAC reaction of azides and alkynes
is associated with fast reaction rate even at room temperature. The
features of the CuAAC reaction, accompanied by naturally occur-
ring chemical reactions, inspired Sharpless to introduce the con-
cept of click chemistry. Click reactions are a class of high yield
chemical reactions that can be performed under mild conditions.
Moreover, the scope of click reactions is wide and they possess a
modular nature [43]. A click reaction requires a high thermody-
namic force (> 20 kcal/mol) to enable high selectivity toward a
single product with high rate [43]. While reversible carbonyl bonds
are ubiquitous in nature (amide heteroatom linkages in proteins),
click chemistry usually results in irreversible formation of carbon-
heteroatom linkages [44].

Despite the merits of CuAAC, Cu(l) ions can be cytotoxic to
mammalian cells even at low concentrations (i.e., < 500 uM). Ac-
cordingly, many researchers looked for catalyst-free versions of
CuAAC, and making reagents less stable was recognized as an effi-
cient strategy to address this challenge. It was found that the sta-
bility of cycloalkynes (the cyclic analog of an alkyne) is greatly
reduced when fewer than 10 carbon atoms are in the ring, an
effect stemming from the geometric constraints of triple bonds
[45]. Strain energy reduces nearly exponentially as the number
of carbons increases from 3 to 10 in angle-strained cycloalkynes
[46]. Cyclooctyne, cyclononyne, and alkynes of higher carbon
atoms are stable and can be prepared and isolated with relative
ease, contrary to cycloalkynes with fewer carbon atoms. Cyclooc-
tyne is the smallest isolable cycloalkyne that reacts with azides
in a copper-free environment at room temperature. This strain-
promoted azide-alkyne cycloaddition (SPAAC) was introduced by
Bertozzi and co-workers in 2004 [47]. While copper catalyst de-
creases reaction enthalpy from 24 to 11 kcal/mol, the SPAAC low-
ers it to only 18 kcal/mol, indicating a much lower reaction rate
of SPAAC compared to CuAAC [9]. However, introducing electron-
withdrawing groups (EWG) on the cyclooctyne ring and electron-
donating groups (EDG) on the azides increases click reaction ki-
netics by affecting the frontier orbitals in reacting molecules, i.e.,
the highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO). It was found that exocyclic sub-
stitution of EWG, such as difluorinated cyclooctyne (DIFO), greatly
enhances the reactivity of cyclooctyne derivatives, making it feasi-
ble for glycobiology and in vivo bioimaging [48,49]. In addition, it
was discovered that endocyclic heteroatom substitution interrupts
the intrinsic hydrophobicity of the cyclooctyne moiety, improving
its biological applications. Hydrophilicity can be further enhanced
by installing exocyclic hydrophilic groups such as methoxy [50].
However, increasing the hydrophilicity results in decreased reac-
tion rate, exhibiting a trade-off between kinetics and hydrophilic-
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ity [51,52]. Because of the biocompatibility of the SPAAC approach,
a wide spectrum of cyclooctyne derivatives have been developed
during the last two decades to enhance the rate of click reactions.
However, laborious synthesis of reagents is the major drawback of
the SPAAC approach, which has driven researchers to search for al-
ternative click reactions.

Thiol X click reactions are broadly classified into radical-
mediated (thiol-ene and thiol-yne) and base/nucleophile-mediated
(e.g., thiol-Michael addition, thiol-epoxy, thiol-isocyanate, thiol-
halogen) thiol-X click reactions [53]. Thiol-X reactions have a long
history in organic synthesis. Thiol-X click reactions are highly ef-
ficient, green, and selective, yielding a product under mild con-
ditions. Radical-mediated are the most utilized subclass of thiol-
X click reactions and require ultraviolet (UV) exposure to proceed
[54]. The modular aspect of thiol-Michael addition makes this click
reaction highly robust in materials synthesis, from small molecules
to complex polymeric systems [55].

Diels-Alder (DA) reaction is a [4+2] cycloaddition with high se-
lectivity that couples a diene and a dienophile (usually an alkene),
resulting in a cyclohexene adduct with high stability [56]. The
wide scope of the DA reaction, which includes hetero DA reac-
tions, enables heterocyclic six-membered rings (usually contain-
ing nitrogen or oxygen (O,) heteroatoms) and even heteroatom-
heteroatom bonds [57]. The reversibility of DA reactions at rela-
tively high temperatures (50-150°C) enables the design of poly-
meric materials that can be self-healed by temperature enhance-
ment [58]. Furan and maleimide derivatives are the most popu-
lar substituted alkenes and dienes for DA reactions. These moi-
eties react via DA click reaction to make thermoreversible adducts.
The reverse reaction (rDA) breaks the adduct down to its reagents,
and this phenomenon enables the creation of self-healing polymers
[59].

Dynamic click chemistry (DCC) based on the DA reaction is very
important to designing innovative materials [60,61]. It broadens
the scope of reversible (but weak) physical bonds in making smart
materials possessing appropriate mechanical properties. Similar to
the DA reaction, where a click reaction occurs between furan and
maleimide, an electrophilic substitution (ES) click reaction includes
the reaction between furfuryl and 1,2,4-triazoline-3,5-dione (TAD)
derivatives such as N-phenyltriazolinedione (PhTAD), which serve
as reactive dienophiles [62,63]. The ES click chemistry has been
utilized to make self-healing polymers [64]. Polymer science has
benefited from ultrafast click chemistry based on TAD derivatives
[65].

Oxime ligation denotes the condensation reaction between car-
bonyl (aldehyde or ketone) groups and nucleophiles, which pro-
ceeds in mild acidic aqueous solutions [43]. In fact, carbonyl con-
densation (e.g., aldol reaction) produces hydrazone, imine, and
oxime bonds. The hydrolytic stabilities of the obtained hydrazone
and oxime are superior compared to imines, making them suitable
for physiological conditions [66]. Oxime ligation is a chemoselec-
tive reaction which has been widely utilized to synthesize novel
polymer structures and multifunctional biomacromolecule con-
structs [67,68]. However, synthesis of molecules containing alde-
hyde or aminooxy functionalities is a relatively difficult and labo-
rious process.

A breakthrough in click chemistry and bioorthogonal reactions
was made by introduction of the inverse electron demand DA
reaction (iEDDA) [69]. iEDDA is the reaction between tetrazines
and strained dienophiles. In the normal electron demand DA re-
action (NEDDA), EWG and EDG are introduced into the dienophile
and the diene, respectively (opposite to iEDDA). The reaction be-
tween the electron-deficient diene (having an EWG group) with
reduced LUMO, and the electron-rich dienophile with enhanced
HOMO, results in an accelerated rate of reaction [70]. Excep-
tional reaction rate, unparalleled orthogonality, and high biocom-
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patibility have made iEDDA a unique click reaction for chemical
biology [70].

Sulfur (VI) fluoride exchange (SuFEx) is another click reaction
that was introduced in 2014 [71]. This click chemistry transforma-
tion is based on the capability of silicon centers to exchange S-F
bonds for S-O bonds [72]. SUFEx reactions can be utilized to make
synthetic polymers [73,74].

In 2017, a spontaneous amino-yne click reaction was introduced
which not only offers the benefits of standard bioorthogonal reac-
tions but also possesses additional advantages such as the ubiquity
of amines, reaction spontaneity, and stimuli-responsive cleavabil-
ity of the resulting products [75,76]. Activated alkynes (e.g., ester
or sulfone activated ethynyl), having electron-withdrawing groups,
can undergo spontaneous reactions with amines at room temper-
ature. This new type of click chemistry is an excellent tool not
only for bioconjugation but also for click polymerizations [75,77].
Conventional strategies for click polymerization allow bifunction-
alized clickable monomers such as activated diynes or diamines
to react effectively with high reaction rates at relatively low tem-
peratures [78]. However, amino-yne click polymerization offers ad-
ditional merits such as the generation of regio- and stereoregular
polymers containing stimuli-responsive linkages, a feature that al-
lows introduction of dynamic structures such as degradable link-
ages within a polymer network [79].

Light-triggered click reactions, which combine the advantages
of click chemistry with photochemical processes, have recently
gained much interest [39]. Diffusion of Cu(I) ions and heat trans-
fer implications can impose limitations on conventional click re-
actions (e.g., CuAAC and SPAAC) such as heterogeneous reaction
rate, which results in a nonuniform material. In fact, the gelation
process may initiate in the boundaries before the central regions.
Gelled boundaries have lower mass and heat transfer coefficients
indicating complications in Cu(I) inflow and heat flow in or out of
central regions. Uniform light irradiation throughout the material
allows excellent spatiotemporal control over light-triggered reac-
tions, resulting in a homogeneous click reaction and a construct of
uniform texture [80,81].

On the other hand, combining the concept of click chemistry
with controlled radical polymerization (CRP) provides a vast play-
ground for designing and manufacturing novel multifunctional ma-
terials with well-defined architectural complexity and unparalleled
functional specificity [82,83]. The initiators, monomers, crosslink-
ers, and postmodifiers can be clickable [84]. On the other hand,
DCC, which enables reversible click reactions under mild condi-
tions, is an invaluable tool in materials science. Iminoboronate
and salicylhydroxamic-boronate are among the most important re-
versible click chemistries [85].

The idea of non-covalent click chemistry was introduced re-
cently to highlight the importance of structural selectivity in the
association of two molecules [86]. In contrast to the selective con-
jugation of two clickable molecules in covalent click chemistry, the
selective association of two molecules makes non-covalent click
chemistry distinct from colloidal self-assembly, which is triggered
by non-specific physical interactions such as electrostatic and hy-
drophobic interactions [87]. There are several specific macromolec-
ular interactions in nature, such as biotin-avidin and receptor-
ligand interactions, that fulfill non-covalent click chemistry re-
quirements [88,89]. The specific hydrogen bonding between two
complementary nucleobases in DNA structure, which allows high
density data storage, is another type of non-covalent specific inter-
action [90]. Non-covalent click chemistry will enhance our ability
to design more robust sensing nano-platforms for molecular recog-
nition, well-structured nano-assemblies, and unprecedented sense-
and-treat nanodevices [91,92].

Moreover, multiple click functional groups that can proceed or-
thogonally closely mimic natural processes. A sequence of click re-
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Fig. 1. Schematic illustrating how click chemistry could be applied to several biomedical applications. Click chemistry refers to a group of reactions (e.g., DA, CuAAc,
SPAAC, iEDDA, thiol reaction) that are easy to perform, relatively fast, and highly efficient. Click chemistry provides an excellent platform in the biomedical arena and has

found increasing applications.

actions can be carried out without interference to make multifunc-
tional systems. On the other hand, orthogonal click reactions can
be utilized to make sequence-regulated synthetic polymers [73].
For example, they can be utilized in iterative exponential growth
(IEG) for preparation of sequence-defined polymers without uti-
lization of protecting groups [93]. The concept of sequence-defined
polymers may further fuel the metabolic glycoengineering (MGE)
and synthetic OSA/PSA fields as illustrated in Fig. 1, which depicts
important click reactions and their potential biomedical applica-
tions.

Although the utility of click chemistry for a number of biomed-
ical applications has recently been described, it is usually limited
to a few PSA and reports do not always dive into the wealth of
available click chemistry strategies, their interactions with com-
plex biological systems, or their wide range of applications within
the biomedical field and healthcare industry [94,95]. This re-
view article provides a comprehensive overview of key click re-
actions (Table 1 ), both conventional and emerging, followed by
an in-depth discussion of clicked PSA-based materials for various
biomedical applications, as well as their potential, challenges, clin-
ical translatability, and future perspectives.

3. Clickable polysaccharides: manufacturing process

The manufacturing processes of clickable PSA can be classified
into three groups: (a) in situ fabrication of clickable-PSA using MGE
strategies, (b) chemical modification of naturally derived PSA, and
(c) construction of artificial OSA/PSA bearing clickable groups from
scratch. The manufacturing process for the fabrication of clickable
PSA to undergo CuAAC and SPAAC was previously reviewed by
Elchinger and co-workers [31]. However, the scope of their review
was limited to the chemical modification of PSA with azides and
alkynes bearing functional groups. Moreover, the authors did not
discuss their current and potential applications, which are all cov-

ered in the current review article. Additionally, the modification of
PSA using various click reactions, including CuAAC, metal-free cy-
cloaddition, DA and iEDDA, oxime ligation, and thiol-Michael addi-
tion reaction, was discussed in a review article by Meng and co-
workers [33]. While they thoroughly discussed the strategies for
the synthesis of clickable PSA, they did not discuss their applica-
tions or consider alternative click reactions, which are covered in
the current review article.

MGE involves the incorporation of unnatural building-blocks
(synthetic monosaccharides not found in nature) bearing unnat-
ural chemical functionalities (e.g., azido sugars), into glycoconju-
gates via the biosynthetic pathways of mammalian cells or other
organisms [100,101]. In other words, this approach modulates
the glycosylation process via manipulation of cellular metabolism
and can be used in various biomedical fields [102]. In this ap-
proach, unnatural sugars bearing clickable groups (e.g., tetraacety-
lated N-azidoacetyl-D-mannosamine, Ac;ManNAz) are added to the
culture medium which also contains glucose and other neces-
sary biomolecules [103]. Subsequently, clickable monosaccharides
are embedded into the glycoconjugates produced by the cells
[49,104,105]. Bioorthogonal click chemistry provides scientists with
an invaluable tool to explore and understand biology in living or-
ganisms. For instance, it could be used to study glycan function by
attaching fluorophores outside or inside cells, conduct noninvasive
imaging of glycans on the cell surfaces, and monitor the dynam-
ics of glycan biosynthesis [106,107]. Therefore, understanding and
optimizing the lifetime of clickable groups on the cell surface is
paramount for a successful outcome. The internalization pathway
of clickable cell-surface glycans by cells requires some time to go
through a complex biological process, moving from the endoplas-
mic reticulum to the Golgi, and then traveling to various destina-
tions within the cell, including the lysosomes and the cell surface.
Varki and co-workers have described that the stability of click-
able groups depends on several factors, including chemical kinetics,
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Table 1 (continued)

Click reaction

Mechanism

K (M- s 1)

Comments, advantages, and limitations Refs.

Oxime ligation
(aldehyde/ketone
condensation)

Hydrazone

ES-Click

Boronic
acid-based DCC

SuFEx

Amino-yne

Non-covalent click

4
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0.001
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0.18

107

Neutral to basic pH of medium; creation  [66]
of physiologically stable bonds; room
temperature reaction; catalyst free

Reversible click reaction [64]
Reversible click reaction [85]
Catalyst free; O, and water tolerant; [99]

high conversion

Spontaneous and catalyst free; [75]
ubiquitous raw materials; cleavability of
created bonds (stimuli-responsiveness)

Very high rate [86]
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their position on the cell surface, since they may be gradually recy-
cled through membrane turnover, and their potential degradation
in the lysosomes (i.e., catabolism) [108]. Therefore, the half-life of
clickable groups should be long enough to allow sufficient time for
optimal reaction conditions. For instance, a half-life of 15 min was
observed for the internalization of fluorescent-labeled sialoglyco-
conjugates on the surface of Chinese hamster ovary (CHO) cells
[48]. Assuming that the half-life of clickable sialoglycoconjugates
before fluorescent labeling is a little over 15 min, this leaves a few
minutes for imaging sialoglycoconjugates on the surface of cells
before the fluorescent signal deteriorates significantly. Notably, in-
ternalization of clicked glycoconjugates was also observed for other
cell types such as cytotoxic T cells and human endothelial progen-
itor cells (EPCs) [109,110].

Another approach for in vivo incorporation of clickable
monosaccharides into PSA structures utilizes delivery vehicles such
as nanogels or injectable hydrogels to carry synthetic monosac-
charides to target locations such as tumor tissue [111,112]. This
strategy drives the cells to produce clickable glycans that may be-
come part of glycoproteins, glycopeptides, or glycoRNAs. More in-
terestingly, transmembrane glycoproteins bearing clickable groups
can serve as artificial receptors that can be targeted using com-
plementary clickable groups, with exceptional selectivity compared
to targeting biological receptors. To elaborate, traditional targeted
drug delivery systems (DDS) rely on differences in physiological
factors (e.g., pH, O, level, and enzymatic activities) between tu-
mor and surrounding healthy tissue or specific cancer biomarker
expression, which suffers from various limitations such as scarce
and nonuniform distribution of targeted receptors [113-116]. How-
ever, artificial receptors based on click chemistry can address the
challenges and shortcomings associated with current targeted de-
livery platforms targeting specific biological receptors (e.g., folate)
that are overexpressed on the surface of cancer cells, but also
present on healthy cells [117]. This approach can be used to edit
the surface of extracellular vesicles with clickable azide-bearing
moieties for further chemical modifications using bioorthogonal
click chemistry [118]. Clickable groups, in glycoconjugate struc-
tures, serve as receptor-like chemical groups (i.e., bioorthogonal
chemical receptors) which can be targeted through complemen-
tary clickable groups. As shown in Fig. 2, Lee and co-workers made
a two-shot tumor-targeting system which utilizes MGE and click
chemistry to target cancer cells more efficiently [112]. The first
injection contains glycol chitosan nanoparticles (GCS-NP) loaded
with Ac;ManNAz. The effect of enhanced permeability and reten-
tion (EPR) aids the GCS-NP to accumulate in the tumor site via
passive targeting. After cellular uptake, MGE enables the installa-
tion of numerous azide functionalities on cancer cells (Fig. 2a). The
second shot includes bicyclo[6.1.0]lnonyne (BCN)-modified GCS-NP
(Fig. 2b). These NP were also conjugated with a photosensitizer
(chlorine e6, Ce6) to improve the outcomes of photodynamic ther-
apy (PDT). It is worth mentioning that noncanonical amino acids
can also be incorporated into a predefined protein in live mam-
malian cells using a click chemistry approach [119].

The second class of clickable PSA includes those which are
chemically modified by click-containing molecules on their side
chains or end groups. Introduction of clickable groups in natu-
rally derived PSA may be carried out through single or multi-
ple steps. Usually, chemical modifications are required prior to in-
troducing clickable groups on PSA chains. Several popular strate-
gies for the chemical modification of PSA consist of converting
a hydroxyl group to carboxylic acid or amine, introducing a car-
boxymethyl group on a pyranose ring, or opening the pyranose
ring to give rise to an aldehyde functionality. For example, to graft
B-cyclodextrin (8-CD) onto alginate chains, a two-step approach,
including chemical oxidation and reductive amination, was car-
ried out to affix alkyne residues to alginate [120]. The introduction
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of clickable end-functionalities on OSA/PSA, resulting in telechelic
oligomers, allows their sequential modification and further reac-
tion. For instance, mono and bifunctionalized telechelic OSA/PSA
oligomers with clickable residues usually undergo click reactions
under mild conditions and can be used to fabricate homopoly-
mers and block copolymers. In a recent review article, the applica-
tions of bifunctional clickable linkers (dihydrazide and dioxyamine)
for the fabrication of block PSA were discussed [32]. These click-
able linkers, enabling the synthesis of diblock PSA-based macro-
molecules via hydrazone and oxime ligation click chemistries, re-
sulted in materials with preserved properties of the parent PSA
and new features such as unique self-assembly behavior.

The third class of clickable PSA is based on artificial OSA/PSA,
such as using the automated glycan assembly (AGA) strategy [121].
However, the regio- and stereochemistry of the glycosidic linkage
pose important challenges for the total synthesis of glycans [122].
One of the major goals in total synthesis of PSA is to investigate
the structure-activity relationship [123]. Click chemistry enables
the regio- and chemoselective modification of PSA. However, click
chemistry has not yet enabled the total synthesis of well-defined
PSA bearing pendant clickable groups. Therefore, designing well-
defined clickable OSA/PSA could further advance the field and have
great potential in future biomedical applications.

In many applications, clickable PSA are manufactured for fur-
ther functionalization. These pre-click modifications can be utilized
for grafting or crosslinking purposes. For example, in order to make
dextran (Dex)-g-poly(o-nitrobenzyl acrylate) (PNBA) copolymers,
pre-click modification of Dex and PNBA was carried out to install
alkyne and azide groups, respectively [124]. CuAAC enabled graft-
ing of PNBA onto the Dex main chain. Copper(I) bromide (CuBr)
was utilized as the source of Cu catalyst for the reaction. After the
click reaction, excess copper ions were removed using ethylenedi-
aminetetraacetic acid (EDTA). Besides EDTA, other metal-chelating
agents such as sodium citrate and nitriloacetic acid are useful for
removing cytotoxic metal ions. PNBA is a light-sensitive, hydropho-
bic polymer, while Dex constitutes the hydrophilic segments. Self-
assembly of the copolymer in the solution creates dextran-coated
hydrophobic PNBA-based cores. Light sensitivity enables precise
control over release of the encapsulated drugs.

Clickable OSA are interesting building blocks for making ar-
chitecturally complex biopolymers with multifunctional properties
and specific functions. These intermediates can be conjugated with
other synthetic or naturally derived polymers. Moreover, other
small molecules (e.g., dopamine) with specific functionalities and
bioactivities can be embedded in their molecular structure. OSA
can be prepared by bond cleavage (depolymerization) of naturally
derived PSA or by organic synthesis pathways such as AGA. For
example, chitooligosaccharides (COS), possessing reactive aldehyde
end-functional groups, are unique derivatives of natural chitosan
(CS) which can be modified using clickable functional groups. In
contrast to CS, these commercialized, lower molecular weight OSA
can dissolve in water at neutral pH. COS exhibit antitumor, antiox-
idant, anti-inflammatory, immunostimulatory, antibacterial, anti-
fungal, and hypocholesterolemic biological activities [125,126]. Re-
ductive aldehyde end groups and primary amine side groups pro-
vide rich functional sites for versatile modification of COS with var-
ious clickable groups such as alkene, alkyne, thiol, tetrazine, azide,
and hydrazide. However, because of the amine groups’ importance
to COS bioactivity, reductive aldehyde groups are better candidates
for chemical modification. Moussa and co-workers mounted vari-
ous clickable groups on the reactive aldehyde end of COS to fabri-
cate various clickable OSA to make diblock COS-b-polyethylene gly-
col (PEG) copolymers [127]. This is a potent strategy for using OSA
in the structure of graft and block copolymers. On the other hand,
reductive amination using aniline is a robust strategy for preparing
clickable COS [128].
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Fig. 2. Schematic illustrating the mechanism of action of a two-shot tumor-targeting system. (a) Passive targeting of GCS-NP into tumor cells by the EPR effect and the
intracellular delivery of AcyManNAz. MGE-mediated clickable glycoconjugates on cancer cells serve as receptor-like chemical groups. (b) Ce6-loaded and BCN-modified GCS-
NP selectively target the artificial receptors on tumor cells via bioorthogonal click chemistry, leading to the intracellular delivery of Ce6 for enhanced PDT. [112], Copyright

2014. Adapted with permission from the American Chemical Society.

Thiol-ene click chemistry was used to prepare a series
of cationic peptidopolysaccharides with antimicrobial properties
[129]. In this case, methacrylated cationic antimicrobial peptides
(AMP) were grafted onto a thiol-functionalized dextran backbone.

Host-guest interactions are an important class of physical inter-
actions that can be exploited to make supramolecular hydrogels.
Host and guest species can be installed onto PSA chains via click
chemistry methods. For example, 8-CD can be chemically mod-
ified using a clickable group before grafting to the backbone of
another clickable PSA. Alkyne-modified pullulan was clicked us-
ing azide-bearing 8-CD through CuAAC [130]. On the other hand,
Dex was modified with adamantane, guest molecules for B-CD,
using a similar CuAAC reaction. Accordingly, S-CD and adaman-
tane groups on the pullulan and Dex can interact strongly to
make a supramolecular hydrogel. Pullulan has a higher degrada-
tion rate while Dex chains endow the hydrogel with more flex-
ibility. In other research, Dex chains were functionalized with

two ene-bearing molecules including 6-maleimidohexanoic acid
and 5-norbornene-2-carboxylic acid [131]. A condensation reac-
tion between the carboxylic acid of these molecules and the hy-
droxyl groups of Dex results in ester linkage formation. Maleimide
and norbornene-functionalized Dex chains are clickable PSA that
can undergo further thiol-X (thiol-Michael or thiol-ene) reac-
tions using thiol-containing molecules such as N-acetyl-L-cysteine
(NAC).

AMP are an important part of the innate immune system. In
fact, all organisms benefit from small cationic peptides with am-
phiphilic properties that show antibacterial characteristics [132]. In
addition, these ubiquitous small-molecule antibiotics induce little
to no antimicrobial resistance (AMR) [133]. Pyrolytic degradation,
inappropriate pharmacokinetics, high hemolytic activities, and cy-
totoxicity to mammalian cells limit their application, but chemi-
cal modification and conjugation can circumvent these limitations.
For example, PEG-based peptides were utilized as synthetic mimics
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of AMP for bacterial suppression [134]. A recent review article has
thoroughly discussed the mechanisms of action of AMPs and intro-
duced the idea to incorporate other macromolecules (e.g., synthetic
polymers and biopolymers) possessing tunable bactericidal prop-
erties [135]. Bioorthogonal chemistry strategies, especially click
chemistry, provide a robust and versatile method for selective and
rational chemical modification and conjugation of AMP [133]. Pep-
tidoglycans, which are small peptides attached to sugar molecules,
constitute a rigid envelope surrounding the plasma membrane
of most bacteria. Inspired by these natural copolymers, synthetic
cationic peptidopolysaccharides have emerged as novel antimicro-
bial agents that directly affect the bacterial cytoplasmic membrane.
For example, an AMP (CysHHC10) was selectively grafted to amino
and hydroxyl (C6 position) functional groups of CS via a thiol-X
click reaction [136]. C6-position-grafted CysHHC10 peptide showed
superior antibacterial activity compared to C2-position-modified
CS. Furthermore, the hemolytic activity and mammalian cell toxic-
ity of both CS-grafted AMP was diminished, compared to free AMP.
These AMP-g-CS were utilized to make antibacterial coatings via
layer-by-layer assembly.

Su and co-workers designed a cationic peptidopolysaccharide
that can effectively kill gram negative bacteria, gram positive bac-
teria, and fungi while being safe to mammalian cells [137]. As
shown in Fig. 3, they grafted thiol end-functionalized poly-L-lysine
(PLL), a cationic homopolypeptide, onto a methacrylic acid (MAA)-
functionalized CS via a thiol-ene click chemistry strategy. The re-
sulting PLL-g-CS copolymer, benefiting from the inherent antimi-
crobial properties of CS and PLL, exhibited strong antimicrobial ac-
tivity.

Selective functionalization of PSA is vital to their effective use
in medicine because the location of functionalization affects their
properties [138]. In one study, the C6 position of curdlan was
selectively modified with a cationic group using click chemistry
[139]. The obtained lysine-“clicked” curdlan with high water solu-
bility can be used as a gene delivery platform. It showed good en-

10

dosomal escape capability, low cytotoxicity, and strong DNA bind-
ing ability.

It is known that the type and number of functional groups, and
the molecular weight of the crosslinker affect the properties of the
obtained hydrogel [140]. In order to elucidate this effect, bi- and
trifunctional clickable crosslinkers were used for alginate hydro-
gel [141]. PEG crosslinkers with different chain lengths, containing
2 or 3 maleimide groups, were used to investigate the effect of
crosslinkers on mechanical properties of the hydrogel. The results
showed that the stiffness and storage modulus (G') is higher for
the hydrogels crosslinked with PEG-triple click. On the other hand,
crosslinker length affects the swell behavior of the hydrogel. The
hydrogel was used as a drug delivery platform for vanillin. Am-
phiphilic CS derivatives were synthesized using a click chemistry
approach [142].

It is worth mentioning that click chemistry can be utilized for
surface treatment at nano-, micro-, and macroscales. For example,
contact lens surfaces were treated by thiolated HA using thiol-ene
click chemistry [143].

4. Clickable polysaccharides: properties
4.1. Rheological properties

Rheological properties of clickable PSA-based hydrogels are of
primary importance in designing biomaterials for injectable hy-
drogels and bioprinting applications. Rheological properties of hy-
drogels include injectability, mechanical properties, and dynamic
features (e.g., self-healing and degradation). For example, hydro-
gels with shear-thinning properties are important for fabricating
bioinks [144,145]. Rheological properties of hydrogels are also im-
portant in simulating flow behavior in bioprinters and predicting
how cavities will be filled in vivo [146]. Polymeric solutions of-
ten exhibit complex and peculiar fluid flow behaviors, especially in
higher concentrations, due to a wide variety of inter/intramolecular
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Table 2
Gelation time of PSA-based hydrogels formed via click chemistry.
Click reaction Polysaccharide Additives Gelation time Comments Refs.
CuAAC HA-hydrazine, HA-CHO Collagen, Cu(ll) sulfate 5 min Functional groups ratio=1:1 [159]
or HA-benzaldehyde pentahydrate, stem cells Concentration=1-4%
SPAAC Dex-ADIBO and Chondrocytes 1.1-10.2 min Dex-ADIBO:Dex-N3=1:1 tg=1.1 for [160]
Dex-N3 DS=10 and concentration=10%
tge;=10.2 for DS=5 and
concentration=>5%
HA-g-OEG-DBCO, Chondrocytes 10-14 min HA-g-OEG-DBCO = 10 mg/ml 4-arm [161]
4-arm PEG-N3 PEG-N3=0-2.5 mM
DA CnS-furan, BMP4, cells 75 sec (CnS-furan + F127-maleimide):PEG- [162]
F127-maleimide, furan
PEG-furan ratio=3:1
HA-furan, Dexamethasone, cells < 60 min tge) for various volume ratios of [163]
HA-maleimide HA-furan:HA-maleimide: 34 min
(1:2), 44 min (1:1), 47 min (2:1)
Thiol- HA-acrylate, HA-HS 10 sec (Mw=2MDa, 20 mg/ml)  HA-acrylate:HA-HS volume ratio=1:1; [164]
ene to 2 min (Mw=0.1MDa, 10 tgel decreases while increasing Mw or
mg/ml) concentration
HP-PEG (acrylated), Stem cells 50-100 sec HP-PEG: HA-HS ratio=2.5-10% [165]
HA-HS
Oxime ligation  Oxidized HA, 20 min Oxidized HA:AO-4-arm PEG [154]
AO-4-arm PEG ratio=4.67; in vitro te=1.6-115 min

(for pH=4-7); in vivo tge;=20 min
(pH-independent)

interactions between neighboring chains [147]. Predicting flow be-
havior in such non-Newtonian fluids usually requires measurement
of several rheological parameters, in contrast to Newtonian fluids,
in which flow depends on viscosity. The elastic modulus and com-
plex viscosity are usually measured using rheometry. Regardless of
dynamic rheological features, in situ reactivity of injectable hydro-
gel components impose enhanced complexity to the rheology of
mixing-induced two-component injectable hydrogels (MITCH). In
other words, based on reaction kinetics under different environ-
mental conditions, time-dependent rheological properties may be
different. However, in this paper, only gelation time (Table 2) is
independently investigated, and it is usually determined through
rheological measurements.

Gelation time is primarily important for hydrogels used for TE,
bioprinting, and delivery applications [148-153]. PSA and crosslink-
ers bearing clickable groups are coupled via click reactions to pro-
duce a highly hydrated, porous media. Generally, gelation time of
such systems corresponds to click reaction kinetics-in other words,
faster reaction kinetics results in shorter gelation time. Thus, one
may expect that gel time is generally shorter for iEDDA-based in-
jectable systems compared to CuAAC or SPAAC. However, several
other parameters, including the concentration of initial reagents,
steric hindrances, microenvironmental conditions (e.g., tempera-
ture, pH, enzymes, catalysts, light irradiation) and the density of
clickable groups, also affect the gelation process, similar to other
chemical reactions. Furthermore, in vitro and in vivo gelation time
may be significantly different. For example, while subcutaneous in-
jection of oxidized HA and 4-armed aminooxy-PEG results in gela-
tion in 20 min for a relatively wide pH range (i.e., 4-10.5), in vitro
gelation at body temperature shows significant pH dependence,
varying from 30 min to more than 2 days [154]. This phenomenon
indicates a long shelf life of this oxime-crosslinked injectable hy-
drogel in vitro, allowing for mixing of the two components before
injection without worry of gelation. In fact, injectable hydrogels for
which in vivo gelation time is shorter compared to in vitro, can be
administered through a single syringe injection system, in contrast
to traditional injectable systems requiring use of a double-syringe
injector to prevent premature gelation [155].

On the other hand, for each click reaction, the reaction condi-
tions should be considered to predict the real gel time of the sys-
tem. For example, in the CuAAC, the rate of in situ catalyst produc-
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tion (i.e., Cu(I)) and its diffusion affect the overall gelation process.
In other words, the diffusion mass transfer (usually a slow process)
or the Cu(ll) reduction process can play a critical role in the over-
all kinetics of the gelation process. This complication is addressed
in the photo-click reactions in which a uniform initiation step is
observed throughout the transparent raw materials for hydrogel
fabrication. In photo-click reactions, light wavelength and intensity,
initiator type and concentration, and transparency of materials to
the irradiated light are important factors affecting reaction rate.

The gelation process may be affected by physical crosslinking,
which is generally weaker but faster than chemical click crosslink-
ing. For example, ionic crosslinking in clickable alginate hydrogels
may result in creation of the first crosslinked network in a double-
crosslinked hydrogel. The concept of non-covalent click chemistry
has recently been introduced by Schreiber and co-workers to in-
clude specific physical interactions under the click chemistry um-
brella [86]. Although there are differences between specific phys-
ical interactions (i.e., non-covalent) and bioorthogonal click chem-
istry (i.e., covalent), both chemistries represent a similar class of
high-yielding chemical reactions that proceed rapidly and selec-
tively in biological environments. Accordingly, non-covalent click
chemistry should be considered as a subclass of click chemistry in
a general context. Furthermore, as shown in Table 1, non-covalent
click chemistry displays significantly higher reaction rates com-
pared to conventional click chemistry, therefore reinforcing the ar-
senal of click chemistry as a powerful technique for fast and effi-
cient covalent conjugation of molecular entities.

It is worth mentioning that crosslinking density and type of
crosslinker significantly impact the rheological and mechanical
properties of the hydrogel [156]. A biomimetic hydrogel with tun-
able gelation rate was developed based on thiolated hyaluronic
acid (HA-HS) and thiolated chondroitin sulfate (CnS-HS) which can
be crosslinked by poly(ethylene glycol) diacrylate (PEGDA) [157]. It
was revealed that the kinetics of the thiol-ene click reaction be-
tween glycosaminoglycans and PEGDA change with degree of sub-
stitution (DS) of thiol and molecular weight of bifunctionalized
PEG. Furthermore, it was observed that encapsulated mesenchy-
mal stem cells (MSCs) remained viable during the gelation pro-
cess of the hydrogel. MSC responses to matrix stiffness alteration
was studied using focal adhesion kinase (FAK). FAK, known as pro-
tein tyrosine kinase 2 (PTK2), is a cytoplasmic tyrosine kinase that
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plays a key role in cell adhesion and migration. It can also serve as
a reversible molecular mechanosensor [158].

4.2. Mechanical properties

The mechanical properties of the native ECM greatly affect cell
behavior (e.g., proliferation, migration, differentiation, and func-
tions) and fate in vivo. This illustrates the importance of mechani-
cal behavior, structural features, and biological cues of TE scaffolds
on cells both in vitro and in vivo. In this regard, successful hy-
drogels for TE applications should mimic the dynamic mechanical
features of the native ECM. The mechanical properties (e.g., elas-
tic modulus) of the clickable PSA-based injectable hydrogels for TE
should conform to surrounding tissues.

The mechanical properties of a hydrogel are mainly defined
by intermolecular interactions between PSA chains. Physical inter-
actions are reversible and occur at high rates, leading to associ-
ation or dissociation of (macro)molecules. Factors such as steric
hindrance can prohibit physical interactions, especially in bulky
macromolecules. Such interactions are usually responsible for the
fast-gelling properties of hydrogels and their dynamic behavior
(e.g., self-healing).

On the other hand, chemical interactions like covalent bonds
are responsible for enhanced mechanical properties such as higher
modulus and stiffness. Covalent bonds are generally created at
lower rates, but they are more robust. Moreover, increasing
the density of crosslinking results in higher mechanical prop-
erties although with the expense of reduced dynamicity. Cova-
lent crosslinking of hydrogels usually requires small molecules or
macromolecules with two or more reactive functional groups. For
example, dialdehyde molecules (e.g., glutaraldehyde) are used to
crosslink polymers with pendant amino groups such as CS [166].
However, covalent crosslinking can occur between two polymer
chains with pendant clickable groups, removing the need for ex-
ogenous crosslinkers that may potentially induce cytotoxicity.

Type and density of crosslinking greatly affect the mechanical
properties of clickable PSA-based hydrogels, similar to other cova-
lent crosslinking strategies. Increasing the number density of click-
able groups on PSA chains results in enhanced crosslinking den-
sity, indicating improved mechanical properties. Creating double-
crosslinked hydrogel networks can be used as a general strategy
for enhancing mechanical properties of hydrogels, where click re-
actions can be responsible for creation of one or more crosslinked
networks. Double-crosslinked systems may also benefit from both
physical and chemical crosslinking strategies to adjust their gela-
tion, toughness, and degradation behavior.

While ionic bonds are susceptible to chelating agents and phys-
iological conditions, covalent bonds are stronger, and usually ir-
reversible, endowing the hydrogels with durability and high me-
chanical properties [167,168]. Many researchers have tried to de-
velop double-crosslinked hydrogels that benefit from the dynamic
behavior of physical interactions and the robustness of covalent
crosslinkers. Clickable polymers for making robust covalent bonds
that remove the necessity of crosslinkers and that occur un-
der mild reaction conditions are highly valuable for making me-
chanically robust but dynamic hydrogels. Double-crosslinking ap-
proaches which combine the beneficial aspects of physical inter-
actions (faster but weaker association of macromolecules) with
the merits of chemical interactions (slower but more robust con-
jugation) have garnered much attention in the biomaterials field.
These double-crosslinked systems have a dynamic nature similar
to the ECM. The ECM is dynamic both in composition and archi-
tecture during processes such as wound healing, tumor growth,
and embryonic development. Furthermore, its composition varies
in different tissues, from skin to muscles. Interestingly, the ECM
may be much more dynamic in some creatures, such as sea cu-

12

Progress in Polymer Science 133 (2022) 101590

cumbers’ skin [169]. These features have inspired materials scien-
tists to look for biomimetic hydrogels that are mechanically robust
while they benefit from dynamic characteristics [169]. Self-healing
and stimuli-responsiveness have been the most studied dynamic
behaviors in biomimetic hydrogels. Physical interactions, dynamic
covalent bonds, and click reactions are the foundations of mak-
ing dynamic hydrogels. Clickable PSA which can interact through
physical interactions are interesting candidates to make double-
crosslinked hydrogels having dynamic features. For example, in-
troduction of clickable groups on alginate makes it suitable for
fabricating double-crosslinked hydrogels with tunable mechanical
properties [170]. In fact, controlled manufacturing of clickable algi-
nate can result in modified PSA that benefits from ionic and cova-
lent crosslinkers. The sequential physical and chemical crosslink-
ing in this hydrogel enable a gradual enhancement in mechani-
cal properties, i.e., the embedded collagen fibers are first allowed
to self-assemble and later fixed when the covalent crosslinked
network is created [170]. Oki and co-workers made maleimide-
modified alginate-based microcapsules which are crosslinked us-
ing calcium ions and contain preosteoblastic cells [171]. Thiolated
peptide molecules can diffuse by mass transfer operations into mi-
crocapsules, where they react with alginate chains via click chem-
istry. This in situ conjugation of biomimetic peptides to alginate
affects the cells’ behavior through altering of the mechanical prop-
erties of the microgel. Fibroblast proliferation is accelerated in
the presence of alginate functionalized with arginyl-glycyl-aspartic
acid (RGD) while RGD-free alginate had no detectable effect. Fur-
thermore, bone morphogenetic protein-2 (BMP2) mimetic peptide-
alginate conjugates triggered osteogenic differentiation of the en-
capsulated preosteoblasts.

4.3. Dynamic behavior and degradation

Making hydrogels with tunable physicochemical and me-
chanical properties is uniquely important for biomedical appli-
cations such as designing smart drug delivery platforms and
novel, dynamic TE scaffolds. Furthermore, dynamic adjustment
of these properties can further enhance their multifunctional-
ity and adaptability. Dynamic tuning of properties stems from
bond creation/cleavage at the intermolecular scale and assem-
bly/dissociation at the intramolecular scale [172]. Physical bond
dissociation results in phenomena like protein denaturization and
melting in thermosensitive hydrogels such as agarose. On the other
hand, cleavage of the covalent bonds results in depolymeriza-
tion and degradation. For example, degradation of many natural
polymers emanates from ester linkage hydrolysis or proteolysis
of amide linkages, where the presence of water molecules (nu-
cleophiles) trigger uncatalyzed or catalyzed bond cleavage. More-
over, other stimuli such as electromagnetic waves (UV light and
gamma rays) can also trigger clipping of covalent bonds, known as
photodegradation. This process depends on several factors such as
the chemical bonds’ energy and energy of the photons (E = hv)
and light intensity. The presence of photocleavable linkers, such
as nitroaryl groups (o-nitrobenzene), in the polymer backbone or
side groups enable the creation of photodegradable polymers and
hydrogels. Exposure of these photo-labile polymers to light in-
duces polymer degradation, resulting in diminished mechanical
properties and enhanced release of encapsulated species such as
drug molecules. This approach can be used to make hydrogels
with dynamic mechanical properties or to make photo-patternable
hydrogels [173]. More interestingly, photo-click chemistry, which
combines the merits of click chemistry with photochemical pro-
cesses, allows the fabrication of photodegradable polymers with
spatiotemporal control over the degradation profile [39]. This ad-
justable photodegradation is a highly valuable tool for on-demand
release of therapeutics. For example, clickable HA (HA-HS) was
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Fig. 4. Synthetic procedure and degradation behavior of HA-based photosensitive hydrogel. (a) Chemical structure of a photosensitive PEG-based crosslinker. (b) Chemical
structure of thiolated HA (HA-SH) and its reaction with a PEG-based crosslinker. Crosslinking occurs via thiol-ene click reaction through a Michael addition pathway under
physiological conditions. (c) o-NB ester linkages in PEG-HA-SH hydrogel are cleaved upon UV irradiation or two-photon excitation. (d) Oscillatory measurements of G’ during
gelation (< 90 min) and UV/Vis-induced degradation (> 90 min). (e) Chemical structure of a highly sensitive two-photon sensitizer P2CK used in PDT. [173], Copyright 2018.

functionalized with a thiolated compound containing a hydrazide
linkage (Fig. 4). PEG6000, which has two functional end groups,
i.e., ortho-nitrobenzyl (o-NB) conjugated to acrylate, serves as
macromolecular crosslinker. The Michael-type thiol-ene addition
between HA-HS and o-NB-functionalized PEG resulted in crosslink-
ing and hydrogel formation. However, UV exposure or two-photon
excitation can result in 0-NB ester bond cleavage [173]. As shown
in Fig. 4d, during the click-mediated polymerization, G increased
quickly and plateaued at approximately 30 min. Contrarily, upon
light exposure the mechanical integrity of the gel system was
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rapidly compromised, resulting in a dramatic drop of G’ within 30
min.

The degradation of hydrogels is critical to mimic the dynamic
microenvironmental conditions of cells to induce the intended cell
behavior [174]. The mechanical properties of hydrogels affect cell
fate via mechanotransduction. In other words, cells continually
sense their surroundings such that the stiffness of scaffolds affect
their focal adhesion and spreading. Furthermore, adjustable degra-

dation of hydrogels is favorable for controlled drug/cell release and

to promote cell infiltration into the scaffolds from surrounding tis-
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sues. Degradation can be induced by enzymes (e.g., protease), light
(e.g., UV), hydrolysis and ion exchange [175].

The degradation of a hydrogel indicates the biodegradation of
polymer backbones, side chains, or crosslinkers. Degradable click-
able crosslinkers should possess degradable or cleavable linkages
in their structure, regardless of clickable functionalities. For exam-
ple, a macromolecular crosslinker such as P2CK with photocleav-
able groups can degrade upon light irradiation (Fig. 4e) [173]. Click-
functionalized crosslinkers containing linkages which are labile to
biological cues (e.g., enzymes), are important to the manufacture
of clickable biodegradable hydrogels for in vivo applications.

Ionically crosslinked alginate hydrogels degrade under physio-
logical conditions because of ion exchange. In other words, ion
expulsion from the hydrogel network results in PSA chain dis-
sociation. On the other hand, click-crosslinked alginate does not
degrade under physiological conditions, unless crosslinked using
clickable crosslinkers with degradable linkages in their structure
[176]. Moreover, research studies have shown that oxidation of al-
ginate chains endows them with hydrolytic degradation [177,178].
This indicates that clickable oxidized alginate-based hydrogels can
be passively degraded in contact with water. These clues prompted
Mooney’s group to fabricate hydrolytically degradable hydrogels
based on oxidized alginate [179]. Sequential oxidations and selec-
tive reduction of alginate chains using sodium periodate and am-
monia borane, respectively, were used to make partially oxidized
alginate chains. Partially oxidized aldehyde groups were converted
to hydroxyl groups. Carbodiimide chemistry was then utilized to
introduce clickable groups on oxidized alginate chains. They ob-
tained an injectable hydrogel, in situ crosslinked by norbornene
tetrazine (Nb-Tz) click reaction. In another study, an injectable
hydrogel was designed based on carboxymethyl chitosan (CMC)
[79]. In this work, PEG, used as a macromolecular crosslinker, was
end-functionalized with propiolate groups. Spontaneous amino-
yne click reactions between primary amines from CMC and ac-
tivated alkynes on PEG resulted in an injectable hydrogel. The
crosslinking resulted in the formation of B-aminoacrylate linkages
between PEG and CMS which happen to be cleavable by singlet
oxygen (10,) and in weak acidic environments. Furthermore, a pH-
induced sol-gel transition was observed for these hydrogels, in-
dicating their potential as a pH-responsive carrier for drug deliv-
ery. Rheological measurements showed that the gelation time oc-
curs quickly, within 7 min under physiological conditions. Such
injectable and degradable hydrogels can be utilized in various
biomedical applications. Although there is considerable potential
for scientists to design materials with amino- and activated alkyne-
containing PSA, there are only very few reports to date using this
strategy.

Complementary to click chemistry, clip chemistry, which en-
ables bond cleavage, is equally important for making diverse
(bio)(macro)molecular structures [172]. Precise bond cleavage, sim-
ilar to gene editing using CRISPR/Cas9, enables trimming at the
molecular level.

5. Clickable polysaccharides: applications
5.1. Drug delivery

DDS and theranostic platforms have attracted much attention in
management and therapy of various diseases such as cancer [180-
183]. In this regard, many natural-derived polymers, especially PSA
and their derivatives, have been widely used in the formulation of
DDS as shown in Table 3 [184,185]. Targeted DDS, which can target
specific cells with high specificity and release the payload at a con-
trolled rate, continue to receive increased attention [186]. A gen-
eral overview on the development of DDS makes it clear that they
have been gradually becoming more complex, both in molecular

14

Progress in Polymer Science 133 (2022) 101590

structure and architectural features, to fulfill the ever-increasing re-
quirements of advanced DDS [187-189].

However, uncontrolled chemical reactions, which proceed
under harsh conditions and non-specific physical interactions,
have limited the fabrication of well-defined, complex molecu-
lar/architectural constructs that can interact with other moieties
with high specificity. Development of CRP strategies have enabled
materials scientist to design more structurally defined polymers in
vitro, though in vivo polymerization in mammalian cells remains
elusive. Nevertheless, minor changes in the structure of biomacro-
molecules made by cells are possible. For example, MGE methods
have allowed the making of modified PSA bearing clickable func-
tionalities [101,103,190]. On the other hand, bioorthogonal click
chemistry strategies enable the performing of chemical reactions
in living systems with minor chemical interference and appropri-
ate rates [65].

Most traditional, smart DDS depend on non-specific physical in-
teractions that result in assembly (usually in vitro) of drug carri-
ers when constructing materials come into contact or disassem-
bly (usually in vivo) when carriers are exposed to endogenous (e.g.,
pH of endosome microenvironment) or exogenous stimuli such as
near-infrared (NIR) irradiation. Non-specific interactions result in
assemblies with a wide range of shape and size distributions that
depend on fabrication conditions. On the other hand, some smart
DDS utilize cleavable covalent bonds which can be dissociated us-
ing special stimuli such as UV exposure or redox species [188].
However, both conjugation and cleavage are limited by require-
ments or outcomes such as relatively harsh environmental con-
ditions, low reaction rates, production of toxic side products, and
probable chemical reactions with other biomolecules in the com-
plex intra/extracellular microenvironment. These highlight the im-
portance of bioorthogonal reactions that can be carried out at high
rate under physiological conditions. Devaraj and co-workers dis-
cussed the merits of various bioorthogonal reactions that have rev-
olutionized chemical biology, and they provided some insights and
future perspectives to further develop novel click chemistries [3].
The click chemistry concept, which overlaps with orthogonality in
several aspects, has made such stringent conditions possible during
the last two decades of its development. Clickable molecules con-
stitute invaluable building blocks for making unprecedented and
unparallel DDS. Moreover, CRP and MGE strategies have enabled
us to make clickable polymers, clickable OSA/PSA, and other glyco-
conjugates having clickable functional groups. MGE using clickable
building blocks makes it possible to construct macromolecules,
vesicles, and cells bearing clickable functionalities [101,112,118].

Non-covalent and covalent click chemistries greatly enhance the
design modalities for DDS that can assemble/disassemble and con-
jugate/cleave in vivo. Clickable PSA that can be synthesized via
biosynthetic pathways and can be modified with clickable groups
in situ hold great potential for making novel DDS. Clickable PSA
may play a major role in the DDS or be present as a minor com-
ponent of the formulation. For example, they can be utilized for
making hydrogels through in situ crosslinking of clickable groups.
In this regard, an injectable hydrogel was manufactured based on a
thiol-X click-crosslinking strategy for sustained drug release [191].
In this DDS, thiolated CS (CS-HS) and alkyne-functionalized S-
cyclodextrin (alkyne-$-CD) constitutes the major components of
the injectable hydrogel, which are conjugated via a thiol-yne click
reaction. Hydrogel properties can be adjusted through changing
the ratio of CS-HS to alkyne-B-CD moieties. Moreover, 5-CD serves
as host for guest drug molecules. This injectable hydrogel utilizes
two different PSA with complementary click groups, though it is
possible to introduce click functionalities on similar PSA chains
[192]. In the CS-HS/alkyne-B-CD hydrogel, the host-guest interac-
tions prevent burst release. Many injectable hydrogels suffer from
burst release, or release in a short period of time, because of in-
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Table 3
Clickable PSA-based drug delivery platforms.
Materials Click reaction Outcome Type of delivery system Payload Drug release behavior Refs.
CS-HS, alkylated-S-CD Thiol-ene In vivo gelling MITCH Bendamustine hydrochloride n/a [191]
HA-HS, HP-PEG Thiol-ene In vivo gelling MITCH Stem cells n/a [165]
Alg-Nor, Alg-Tz, Laponite iEDDA Crosslinking Injectable cryogel Protein n/a [210]
HA-CHO Hydrazone Grafting (coating of Liposome Porphyrin (photosensitizer) CD44 targeted cancer PDT [229]
formation liposome with HA)
MAL-PPO-PEG-PPO-MAL, iEDDA Crosslinking Heat sensitive MITCH Vanillin (model drug) n/a [230]
Alg-furan
HA-MA, HA-HS, RFP Thiol-ene In vitro crosslinking MITCH Protein n/a [231]
(photo-initiator) photoclick
HA-Cys-MA, HA-Lys-Tet Tetrazole-alkene Crosslinking, photoinduced Fluorescent bioresponsive Cytochrome C and granzyme CD44 targeted cancer [232]
photo-click fluorescence (emanating nanogel B (therapeutic proteins) theranostic platform
from pyrazoline
cycloadducts)
HA-g-AMA, HA-g-Lys-MTet, Tetrazole-alkene Photoinduced, fluorogenic Fluorescent microgel Cy5-labeled Herceptin (mAb) Theranostic platform for [233]
Cy5 photoclick gelation (25-50 pm) ovarian tumor
HA-furan, HA-tyramine Diels-Alder Microfluidics-assisted Cell-laden microgels Cell n/a [234]
crosslinking (click and/or
enzymatic crosslinking)
HA-CHO, HA-HS, HA-HS-ADH Hydrazone In situ crosslinking, Hydrogel Dopamine (free encapsulated On-demand drug [235]
heterobifunctional formation prodrug activation form or prodrug forms) photorelease (emanating
light-sensitive crosslinker from hydrogel
photodegradation or
prodrug activation)
HA-BCN, JR2EK-Az peptide SPACC Conjugation Supramolecular hydrogel Hydrolyzing enzyme n/a [236]
Propargylated HA, Rfv, CuAAC Conjugation (HA-c-Rfv), Nanogel Hydrophobic drugs (e.g., n/a [237]
PEG-N3 PEGylation dexamethasone, piroxicam
and paclitaxel)
Dextran (hydrophilic), CuAAC PSA-based amphiphilic pH-responsive Hydrophobic drug n/a [238]
acetalated dextran block copolymer self-assembled NP (~70 (curcumin)
(hydrophobic) nm)
HA-HS, D-Ene Thiol-ene Gelation Injectable theranostic D-Dexa, D-Cy5 Sustained delivery of [239]
hydrogel corticosteroids and D-Cy5
for corneal inflammation
Radiolabeled SPAAC Radiolabeling HA-GO Cy3-PNA (fluorescent probes) Theranostic nanoplatform [240]
ADIBO-PEG,4-NOTA-5%4Cu, (conjugation) for targeted cancer therapy
N3-HGP21
HA-g-Cys-MA, Photoclick Crosslinking and nanogel Nanogel Saporin Intracellular protein [223]
HA-g-Lys-Tz/GALA creation delivery
DBCO-modified SPAAC Azide-modified Nanogel 1: containing DOX (drug) and zinc Two-step click [216]
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sufficient interactions between drug molecules and hydrogel walls
and insufficient mass transfer resistance due to the interconnected
porous structure of the hydrogel [193].

A general strategy for prolonged release of drugs is to pre-
vent convection mass transfer and to add extra resistances against
molecular diffusion. For example, loading drugs in micro- or
nanocapsules and dispersing them in a hydrogel add an extra re-
sistance to diffusion and prevent burst release while also fixing
them in place [194]. Similarly, coating the capsules with extra lay-
ers (e.g., via layer-by-layer assembly) increases the mass transfer
resistance [195,196]. For example, an appropriate solution to pre-
vent burst release from biodegradable poly(lactic-co-glycolic acid)
(PLGA) microcapsules is to coat them using hydrophilic polymers
such as PEG or to embed them into an injectable hydrogel before
administration into the body [197].

Bioorthogonal click reactions enable in vivo crosslinking of a
hydrogel with no (or inoffensive) side products. In addition, the
bioorthogonality of click reactions means that clickable groups are
inert to therapeutics, an essential quality for safe delivery of pay-
loads with preserved bioactivities. In related research, a clickable
HA, modified with trans-cyclooctene (TCO) and Tz, was utilized to
make an injectable hydrogel for dexamethasone delivery [198]. It
was observed that dexamethasone-loaded PLGA microspheres dis-
persed in click-crosslinked HA-based hydrogels outperformed in
sustained delivery, compared to free PLGA or PLGA in injectable
thermosensitive hydrogels based on Pluronic. In fact, physical in-
teractions in thermosensitive hydrogels are more easily broken un-
der mechanical stresses in the body [199]. Accordingly, injectable
hydrogels based on physical crosslinking usually cannot be uti-
lized as DDS for prolonged release, as they may disassemble under
physiological conditions (e.g., under mechanical loads or bioflu-
ids). Therefore, utilization of injectable hydrogels with covalent
crosslinking, which greatly improves hydrogel tolerance to envi-
ronmental conditions, is of enormous importance. The first solu-
tion to address this problem is to use injectable hydrogels with
both physical and chemical bonds. Physical bonds are created un-
der physiological conditions at high rates, while covalent linkages
form with low kinetics. Physical bonds may be cleaved gradually,
while covalent bonds remain intact, allowing the hydrogel to pre-
serve its integrity—a prerequisite for sustained drug release. The
second approach to address this challenge draws on the merits
of click reactions. Click chemistry greatly widens the scope of in-
jectable MITCH by making it possible to create covalent bonds un-
der mild conditions without the need of using a photoinitiator
or catalyst [200]. An injectable hydrogel was fabricated based on
acrylated hyaluronic acid (HA-acrylate) and HA-HS as components
of MITCH [164]. The thiol-ene click reaction (Michael addition) be-
tween HS and alkene moieties on adjacent HA chains creates co-
valent bonds which constitute the primary crosslinked network. In
addition to these covalent bonds, the gradual spontaneous oxida-
tion of pendant sulfhydryl groups on HA chains results in disul-
fide bond formation. This secondary crosslinked network provides
the primary network with higher stability and enhanced mechan-
ical strength. Disulfide linkages are cleavable, denoting degrada-
tion and dynamic behavior of the hydrogel, in combination with
degradability of the base HA matrix. This dual crosslinked hydrogel
showed excellent cell protection in vivo and supported the growth
of mouse fibroblast cells (L929). Indeed, injectable MITCH based on
click chemistry are highly potent for therapeutics and cell delivery
applications, because they do not require toxic crosslinkers, cata-
lysts, photoinitiators/UV irradiation, or immunogenic enzymes to
trigger crosslinking; furthermore, no harmful byproducts are pro-
duced during the gelation process [201].

As described in Section 3, iEDDA has emerged as a unique
click reaction with exceptionally high rate and high orthogonal-
ity. Hydrogel crosslinking based on iEDDA is a highly biocompat-
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ible strategy for making injectable hydrogels for delivery of cells,
therapeutics, and imaging probes. Introduction of appropriate di-
enes and strained dienophiles on PSA and/or crosslinkers enables
the fabrication of MITCH with high biocompatibility and suffi-
ciently low gelation times. For example, an injectable hydrogel
was designed based on norbornene-modified alginate, as shown in
Fig. 5 [202]. Hydrogel crosslinking was accomplished using dise-
lenide linkers as well as crosslinkers containing tetrazine function-
ality. NIR irradiation generates reactive oxygen species (ROS) which
cleaves the crosslinkers’ diselenide bonds. This bond cleavage fa-
cilitates the on-demand release of anticancer drugs such as dox-
orubicin (DOX). Using crosslinkers containing clickable end groups
and stimuli-responsive linkages is a general strategy for designing
degradable and injectable hydrogels as well as smart DDS with on-
demand drug release behavior. Stimulus-cleavable linkages com-
bined with clickable groups provide a vast playground for material
scientists to fabricate a variety of injectable hydrogels and in situ
self-assembled nanostructures [203,204]. It should be noted that
amino-yne click reactions usually result in the fabrication of poly-
mers with stimuli-responsive linkages such as '0,-sensitive and
acid-labile B-aminoacrylates [76]. These cleavable linkages can be
leveraged for designing on-demand drug release systems that re-
spond to acidic environments such as tumors or to 10, produced
by photosensitizers during PDT.

Another approach is to introduce clickable groups in the struc-
ture of therapeutic species such as drugs and proteins. Azide-
functionalized alginate was clicked using an alkyne-modified quo-
rum sensing inhibitor (QSI) to make alginate nanoparticles [205].
pH-sensitive hydrazine linkers between alginate chains and QSI re-
sult in pH-responsive drug release. Moreover, an antibiotic drug
(ciprofloxacin) was incorporated into the nanogel via electro-
static interaction of ciprofloxacin with anionic side groups on al-
ginate chains. pH alteration, which results in change in electro-
static charges and hydrazine bond cleavage, leads to co-delivery
of ciprofloxacin and QSI, respectively. Biofilm formation is greatly
diminished via this co-delivery nanoplatform. Furthermore, it was
observed that alginate nanoparticles can penetrate deep into
biofilms, indicating the effectiveness of this method for previously
formed biofilms [205].

On the other hand, clickable PSA that constitute a nanogel for-
mulation or present as coating layers on nanoparticles can be
clicked with other clickable molecules for various purposes such
as installing tumor-targeting moieties, polymeric shielding to evade
the immune system, and introduction of stimuli-responsive link-
ages. Modified-PSA-coated gold (Au) nanorod was used as a pH-
sensitive nanoplatform for combined photothermal chemotherapy
to combat breast cancer as shown in Fig. 6 [206]. The carbodiimide
chemistry and click reactions were applied sequentially to graft
catechol and hydrazide functional groups on hydroxyethyl chitosan
(HECS). A maleimide-containing molecule was grafted on the HECS
chain followed by a click reaction between the maleimide and
thiol groups of mercaptopropionylhydrazide. Catechol functionali-
ties of HECS enable conjugation on the Au surface while hydrazide
functionality provides DOX conjugation via acid-labile hydrazone
linkages (Fig. 6a). Oxidized HA was further deposited via electro-
static interactions on HECS-coated (polycationic) Au nanorods, for
targeting CD44 receptors that are overexpressed on cancer cells.
pH-responsive release of DOX (via clipping of hydrazone linkage),
good stability in aqueous solution at neutral pH, longer circula-
tion time, and enhanced cellular internalization were observed for
these nanoplatforms, interpreted as surface charge reversal phe-
nomenon for electrostatic complexation of polyanions and polyca-
tions.

Clickable crosslinkers or other molecules can have two or more
clickable functionalities that undergo click reactions under special
triggers, while others are inert to those triggers. Such molecules
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Fig. 6. Schematic illustrating the manufacturing process and application of a delivery platform. (a) Chemical structure of bifunctionalized hydroxyethyl chitosan (HECS);
(b) the manufacturing pathway for HECS and oxidized hyaluronic acid (AHA) double-layer-coated Au nanorods (ANR) which are loaded with the anticancer drug; (c) DOX
release and the photothermal effect in combined chemo-photothermal cancer therapy. [206], Copyright 2019. Adapted with permission from Elsevier Science Ltd.
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with multiple clickable groups can undergo sequential and orthog-
onal click reactions which allow complex architectural constructs
to be fabricated. Such hetero(bi/tri)functional crosslinkers such
as maleimide, diarylcyclooctyne, DBCO, and end-clickable groups
show great promise for these applications.

For example, a heterobifunctional crosslinker containing
azadibenzocyclooctyne (ADIBO) and cyclopropenone-masked
dibenzocyclooctyne (photo-DIBO) end groups was used to attach
two different substrates with azide functionalities via sequential
click reactions, as schematically illustrated in Fig. 7 [207]. First
the azide-functionalized substrate (e.g., bovine serum albumin,
BSA) reacts with ADIBO through SPAAC, while photo-DIBO remains
intact because of its azide-inert nature. In the second step, UV
exposure triggers the photo-click reaction between photo-DIBO
and the second azide-functionalized substrate (e.g., fluorescein).
Such photo-click reactions allow unparallel spatiotemporal control
over the coupling process [80,81,83].

It should be emphasized that using clickable crosslinker-
bearing protecting groups (e.g., N-(t-butoxycarbonyl)-N-(2-
(maleinimido)ethyl)glycine N-hydroxysuccinimidyl ester) or using
clickable molecules containing functional groups that can undergo
carbodiimide chemistry (e.g., 4-(maleimidomethyl)-benzoic acid-
N-hydroxysuccinimide (NHS) ester) further enhances our ability
to make clickable PSA in vitro. Prolonged release of therapeutic
proteins in targeted sites is very important to enhance therapeutic
efficiency. However, many hydrogel-based delivery systems fail
to prevent burst release or preserve the bioactivity of proteins,
a consequence of having an interconnected porous structure or
incompatible crosslinking strategies, respectively. In this regard,
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development of more architecturally and chemically appropriate
crosslinking strategies is critical for preserving the bioactivity of
therapeutic proteins and guaranteeing their sustained release.
Macromolecular crosslinkers which can create linkages through
bioorthogonal chemistry are potentially the most promising
candidates for delivery of proteins and other biological entities.
Bioorthogonal click reactions can be used for fast crosslinking
under mild reaction conditions, preventing protein denaturization
and preserving the bioactivity of molecules. However, when de-
signing delivery vehicles using click chemistry, chemical kinetics
as well as in vivo stability of clickable groups should be carefully
considered for proper safety and increased efficiency. The intracel-
lular stability of different clickable groups differs significantly. For
instance, azides are stable in the cytoplasm and remain reactive
for over a day, whereas the reactivity of bicyclononynes decreases
dramatically due to their limited stability in biological environ-
ments [208]. Furthermore, a number of tetrazine derivatives have
been shown to retain reactivity even after 10 h of incubation in
fetal bovine serum (FBS), indicating their potential stability when
employed with a dienophile through the iEDDA reaction in such
an environment [209]. While less stable in IEDDA bioorthogo-
nal reactions, TCO derivatives are more reactive than tetrazines;
therefore, the development of TCO derivatives with higher sta-
bility would substantially increase their utility in cells and living
organisms. With that in mind, particular attention should be paid
to the substituted groups as they may change the water solubility
and kinetics of cycloaddition reactions of the initial reagent [209].
Karver and co-workers have shown that introducing strong EWG
on tetrazines resulted in higher reaction rates while compromising
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their stability and/or water solubility. Contrastingly, EDG enhanced
the stability and water solubility of tetrazines while decreasing
iEDDA reaction kinetics.

An injectable cryogel was manufactured based on clickable al-
ginate for delivery of proteins [210]. In this context, an iEDDA re-
action between alginate-norbornene and alginate-tetrazine creates
covalent linkages between alginate chains in the cryogel structure.
Proteins were adsorbed onto Laponite nanoplatelets before incor-
poration into the cryogel. Furthermore, the electrostatic interac-
tions between Laponite (negatively charged) and proteins (posi-
tively charged domains) prevented the fast release of proteins. It
was observed that the rate of protein release is adjustable via al-
tering Laponite concentration. In fact, the adsorption on a substrate
and embedding into nano- and microgels is a general strategy to
prevent fast release of therapeutics from hydrogel-based delivery
systems.

Prodrug activation is another fascinating application of click
chemistry for the safe delivery of drugs with minimal side effects.
The maximum tolerated dose (MTD) can be substantially increased
with a prodrug, a biologically inactive substance that is metabo-
lized in the body to produce a drug. In this method, pro-dyes (or
pro-photosensitizers) or inactive forms of other therapeutics are
administered instead of delivering the drug directly. After reaching
the site of action (such as the tumor microenvironment or intracel-
lular medium), the prodrug is activated using another system (free
molecules, nanogels, or cells) containing complementary clickable
groups. As shown in Fig. 8, a DOX-based polymeric prodrug con-

19

taining a hydrazone functional group was synthesized and em-
bedded into nanogels [211]. The nanogels were prepared via click
reaction between alkyne functionalities of methoxy poly(ethylene
glycol)-b-poly(y -propargyl-L-glutamate) (mPEG-b-PPLG) with azide
functional groups of 2-azidoethyl disulfide, which serve as click
crosslinker. Nanogels with uniform diameter of around 60 nm
were passively accumulated in the tumor site based on the EPR
effect. Redox-sensitive properties of the disulfide linkage in the
crosslinker structure result in reduction sensitivity of the nanogel.
It was observed that this dual-responsive delivery nanoplatform
was effectively internalized by HelLa and MCF-7 cancer cells, in-
hibiting their growth. DOX release was significantly higher in the
presence of GSH and under endosomal pH (5.5) compared to phys-
iological pH (7.4).

Another click-activatable prodrug was used for the systemic ad-
ministration of chemotherapeutics with a significantly higher MTD
and the possibility of multiple administrations with minimal sys-
temic toxicity [212]. As depicted in Fig. 9, this click activated pro-
todrugs against cancer (CAPAC) platform includes an injectable hy-
drogel based on tetrazine-modified HA, which is injected at the tu-
mor site, and a prodrug administered systematically through injec-
tion. The prodrug is activated after reaction with tetrazine moieties
in the hydrogel structure through an iEDDA click reaction. This in
situ activation indicates a targeted DDS is superior to traditional
targeted DDS and can significantly enhance the specificity of the
delivery platforms. A phase I clinical trial of SQ3370, a new thera-
peutic modality consisting of a protodrug of DOX and a protodrug-
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activating PSA, has recently been approved by the food and drug
administration (FDA) and is currently being tested in 110 partici-
pants with advanced solid tumors [213]. Furthermore, another clin-
ical trial on 7 patients had previously shown encouraging results,
indicating the potential of the CAPAC platform [214]. To date, all
FDA-approved nanomedicines are based on passive targeting ap-
proaches as active targeting nanoplatforms still show limited ef-
ficacy. However, CAPAC platforms offer great promise as a highly
efficient targeted delivery strategy for various therapeutics. In this
approach, passive targeting via EPR is primarily used for introduc-
ing artificial clickable receptors on plasma membranes of cancer
cells, which can be clicked using complementary clickable species
such as prodrugs. As clickable groups are absent in natural sys-
tems, this strategy provides an effective targeting method. In con-
trast, traditional targeted delivery systems are based on biomark-
ers that can vary across patients or across tumor types, and these
biomarkers may be present on both cancerous and healthy cells,
indicating that traditional targeted delivery systems may also de-
stroy healthy cells. Recently, in a similar work, the SQ3370 ther-
apeutic, a class of CAPAC, was used to evaluate cancer treatment
outcomes in a mouse model of colorectal cancer bearing two tu-
mors [215]. These are examples of recently developed two-step
click-targeting strategies.

Two-step click-targeting strategies for effective targeting of can-
cer cells have been widely utilized in recent years. The first step
is to introduce clickable sugar units to glycoconjugates on the
cellular surface using MGE. These unnatural sugars can be deliv-
ered via intratumoral injection or through systemic administration
of a delivery nanoplatform containing unnatural monosaccharides,
which accumulate in the tumor microenvironment based on the
EPR effect. For example, Qiao and co-workers injected Ac;ManNAz
intratumorally in surficial breast cancers [216]. MGE resulted in
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receptor-like azide functionalities on cancer cells with high density
(Stage I, Fig. 10).

On the other hand, the self-assembly of DBCO-modified
heparin-quercetin conjugates (DLQ) in the presence of DOX and
zinc phthalocyanine (ZnPc, a photothermal therapy agent) resulted
in nano-assemblies (DOX/ZnPc@DLQ) encapsulating both DOX and
ZnPc. Intravenous injection of DOX/ZnPc@DLQ resulted in efficient
tumor targeting as a result of the click reactions between DBCO of
the nano-assemblies and azide functionalities on cancer cell sur-
faces (Stage II, Fig. 10). This combined chemo-photothermal ther-
apy enhanced tumor targeting, leading to highly efficient tumor
ablation.

Click-activatable photosensitizers can also be used for cancer
treatment applications. For example, in a recent paper, cancer cells
with artificial labels containing azide groups have been utilized
to activate chlorin e6 (Ce6) [217]. In this work, artificial receptors
were installed on cancer cells using an MGE approach followed by
administration of DBCO and Ce6-modified nanoparticles. EPR phe-
nomenon aid the NP to accumulate in the tumor site which en-
ables pretargeting of tumor cells. The second part of the tumor tar-
geting platform includes pH-sensitive NP that disassemble in the
tumor microenvironment, releasing polymer chains modified with
DBCO and Ce6. A click reaction between DBCO and azide groups
results in anchored Ce6 on cell membranes. PDT using laser ir-
radiation leads to ROS production and plasma membrane damage
which induces cell apoptosis.

Immunotherapy and recruitment of immune system cells is a
promising strategy to combat cancer cells [218]. To this end, MGE
was utilized to install azide-bearing moieties onto the surfaces of
cancer cells and T cells. Then the azide functional groups on cancer
cells and T cells were modified with 8-CD and adamantyl trimers,
respectively, using the click reaction (Fig. 11). Furthermore, an MGE
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approach can be utilized to install tumor-targeting ligands on nat-
ural killer cells [219].

In a similar work, specific non-covalent click interactions be-
tween complementary trimers on cancer and T cells increased
interleukin-2 (IL-2) cytokine secretion, which activated natural
killer (NK) cells and resulted in cancer cell lysis [220]. As illus-
trated in Fig. 11, MGE was utilized to functionalize complemen-
tary clickable groups on tumor and T cells. This shows a general
strategy to manipulate cell-cell interactions via a synthetic, non-
covalent chemistry with high specificity similar to the interactions
between cell membrane receptors and their specific ligands.

Bioorthogonal chemistry was also used for in vivo tracking
of transplanted cells via click-mediated labeling using fluorescent
dyes. For example, T cells labeled with NIR fluorescent dye offered
a direct labeling method for monitoring T cell trafficking, and ul-
timately, immunotherapeutic outcome [109]. Moreover, other cells
such as EPCs have been labeled and subsequently tracked using a
similar strategy [110].

Delivery of heat shock protein 70-targeting siRNA (siHSP70) in
combination with tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) can combat TRAIL-resistant tumor. However, co-
delivery using a single DDS can be challenging because they should
be released in different locations—on the cell surface for TRAIL and
in the cytosol for siHSP70. This cascade delivery of different ther-
apeutics requires a more complex formulation, architecturally and
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chemically. Disassembly of physical interactions (e.g., charge neu-
tralization or reversal) or bond-cleavage in chemical interactions
play pivotal roles in these hierarchical assemblies.

Various endogenous and exogenous stimuli should be con-
sidered when designing hierarchical assemblies. Physicochemical
and biological cues in the inter- and intracellular microenviron-
ment (e.g., pH, redox species, temperature, enzymes, and signaling
molecules) and exposure to exogenous stimulants (e.g., light, ul-
trasonic waves, electric or magnetic fields) affect the physical and
chemical interactions [222]. Accordingly, assembly/disassembly of
such structures is affected. Chemical bonds are more difficult to
cleave than physical bonds, indicating that harsher conditions are
needed to clip ordinary covalent bonds. However, bond cleavage in
dynamic covalent bonds and reversible click reactions is more fea-
sible [172]. A hierarchical modular assembly was designed and fab-
ricated for co-delivery of positively charged TRAIL and negatively
charged siHSP70 [221]. As shown in Fig. 12, the nanoplatform core
includes cationic liposomes decorated with clickable hooks, i.e.,
ADIBO functionalities.

Clickable ADIBO was installed on distearyl phosphatidyl
ethanolamine (DSPE) and cholesterol (Chol) molecules. Clickable
HA was grafted onto liposomes, containing siHSP70 and deco-
rated with TRAIL, through a SPAAC reaction where HA serves as
the tumor targeting species. The tumor microenvironment is rich
with enzymes such as matrix metalloproteinase 2 (MMP2) and
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Step 3: Cell-cell interactions via multivalent host-guest interactions. [220], Copyright 2010. Reproduced with permission from the Royal Society of Chemistry.

hyaluronidase. MMP2 cleaves the sensitive peptide linkage, releas-
ing the TRAIL and resulting in cell death via affecting death recep-
tors. Moreover, CD44 receptors mediate liposome internalization.

In addition to cell targeting and internalization for the man-
agement of various diseases, cytosolic transportation of therapeutic
proteins is also crucial. However, cellular uptake of large proteins is
limited, and endosomal escape presents a challenge. As shown in
Fig. 13, a microfluidic apparatus followed by photo-click crosslink-
ing was used to fabricate an HA-based click nanogel for the intra-
cellular delivery of large proteins [223]. The microfluidic setup en-
abled efficient mixing of HA-g-cystamine-methacrylate (HA-g-Cys-
MA), HA-g-lysine-tetrazole (HA-g-Lys-Tz)/GALA, and saporin. These
HA-based nanogels displayed higher cellular uptake and endoso-
mal escape.

To control the release of Au NP from alginate hydrogel, a coiled
coil affinity-based system based on two peptides was designed

22

in which the polymer chains were chemically modified through
an azide-alkyne Huisgen cycloaddition (AAC) [224]. In this sys-
tem, pre-click strategies were utilized to graft K-coil onto alginate.
Alkyne-modified alginate was clicked by azido-homoalanine K-coil.
Moreover, complementary E-coil peptides in the cysteine-tagged E-
coil-epidermal growth factor (EGF) conjugates were immobilized
onto Au NP through thiol-Au interactions.

Specific coiled coil affinity interactions between complementary
peptides, a type of multivalent interaction, enable effective stabi-
lization of Au NP in polymer matrix and prevent their uncontrolled
release. These NP also behave as nanoscale crosslinkers or com-
patibilizers that lead to gelling. Another ingenious application of
click chemistry in delivery of therapeutics is its ability to induce in
situ self-assembly of clickable polymers, enabling deep penetration
into solid tumors [225]. In other words, in this approach, macro-
molecules are delivered to the tumor site, in contrast to tradi-
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Elsevier Science Ltd.

tional delivery systems based on nanoplatforms (e.g., nanoparticles chemistry originate from association/dissociation or bond forma-
or nanogels) which enables enhanced diffusion into solid tumors. tion/cleavage. Clickable PSA can potentially be key polymers for
This strategy allows the creation of dynamic nanomedicines with making in situ self-assembled nanostructures.

morphology-adaptable features that enhance our ability to provide
more robust drug delivery and imaging platforms in situ [226,227].
For example, an iEDDA click reaction in cooperation with an en-
zymatic reaction resulted in in situ self-assembly which enabled
pretargeted multimodality imaging [204]. Both covalent and non-
covalent click chemistry are invaluable tools for in situ fabrication
of nano-assemblies. Controlled morphology transformation (CMT),
in vivo, would revolutionize our ability to make novel delivery and
bioimaging platforms [228]. In vivo CMT approaches based on click

5.2. Tissue engineering

Polymeric scaffolds, and especially injectable hydrogels, are
promising candidates for non-invasive TE applications [241,242].
As mentioned earlier, bioorthogonal click chemistry enables the
production of diverse forms of MITCH from just a few click re-
actions between various clickable (bio)(macro)molecules. End- or
side-chain functionalization of PSA/OSA (or their derivatives) with
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clickable groups results in diverse types of injectable hydrogels. In
addition, versatile clickable crosslinking agents further enhance our
ability to design hydrogels with a wide range of physicochemical
properties and biological activities. Clickable crosslinkers can have
two or more similar (bi- or trifunctional) or different (heterobi-
functional) clickable groups, stimuli-cleavable linkages (e.g., disul-
fide), biodegradable fragments (oligo- or polyesters and peptides),
and hydrophilic or amphiphilic segments (e.g., oligo(ethylene gly-
col), poloxamers). They may also have special (macro)molecular ar-
chitectures (e.g., 4-arm PEG, star-shaped polymers, dendrimers, or
bottlebrush polymers) or may have functional groups enabling car-
bodiimide chemistry. On the other hand, organic/inorganic click-
able additives such as nanofibers, nanotubes, nanoplatelets, nan-
oclusters, and nanoparticles can be incorporated to adjust mechan-
ical, electrical, or morphological features of the obtained hydrogel.
These features enable the design of a wide variety of injectable
hydrogels with tailor-made properties like gelation time, dynamic
mechanical properties, morphological transformation, and degra-
dation rate. Such hydrogels with diverse properties create an in-
valuable source of biomaterials for TE applications. This section
overviews the clickable PSA that have been utilized for such ap-
plications.

Many clickable polymers based on both synthetic and naturally
derived polymers have been used to fabricate TE constructs [9].
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However, clickable PSA, which offer several advantages such as ver-
satility, biocompatibility, biodegradation, and non-immunogenicity,
are especially important for such applications. Bioorthogonal click
reactions, contrary to traditional chemical crosslinking strategies,
enable the immobilization of bioactive molecules such as growth
factors (GF) and the effective encapsulation of cells, while pre-
serving their bioactivity and viability. In these systems, the re-
lease of bioactive molecules from the cell secretome in dis-
eased or damaged tissues has been shown to be beneficial by
stimulating tissue regeneration [243-245]. In addition to deliv-
ering cells and spheroids, click-crosslinked scaffolds have been
shown to control cell fate due to their biomechanical properties
[175,246].

An HA-based injectable hydrogel was crosslinked via iEDDA and
utilized for cartilage TE [247]. This hydrogel contains a chondro-
genic differentiation factor and human periodontal ligament stem
cells. The mechanical properties of this MITCH are significantly
higher than those of neat HA because of covalent bonding, which is
highly important for cartilage TE. On the other hand, the hydrogel
has a high biocompatibility, suitable biodegradation, and preserves
the bioactivity of the chondrogenic differentiation factor for an ex-
tended time. This work highlights the importance of the bioorthog-
onal iEDDA reaction, which does not disturb the bioactivity of bi-
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ological entities while enabling appropriate mechanical properties
for TE.

Multifunctional hydrogels show great promise in a wide range
of biomedical applications. For instance, a multifunctional com-
posite hydrogel containing pH-sensitive nanogels was designed
for TE [248]. pH-responsive nanogels were fabricated with acety-
lated pB-cyclodextrin (Ac-B-CD). However, a small fraction of
methacrylate-modified heparin was used in this formulation to
preserve the bioactivity of the loaded GF. Polymerizable methacry-
late groups were introduced in the heparin structure to make a
semi-interpenetrating polymer network (semi-IPN) nanogel. The
injectable hydrogel was manufactured based on click-crosslinked
HA. Furan-modified HA (HA-furan) was separately modified to
introduce hydrazide and aldehyde functional groups, resulting in
HA-furan-ADH and HA-furan-CHO, respectively (Fig. 14). Nanogels
were dispersed in aqueous solution containing HA-furan-CHO.
Upon contact of aqueous solution containing HA-furan-CHO and
HA-furan-ADH, the aldehyde and hydrazide groups on adjacent HA
chains reacted to produce pH-sensitive acyl-hydrazone linkages,
i.e,, the first crosslinked network. Prior to HA gelation (i.e., before
or at the start of acyl-hydrazone linkage creation) maleimide-
modified PEG was added to the reaction mixture to make a
composite hydrogel. Accordingly, the DA click reaction between fu-
ran functional groups of HA and maleimide-modified PEG resulted
in the second crosslinking mechanism. This reversible DA click
chemistry allowed creation of dynamic covalent bonds, indicating
the dynamic behavior of the double-crosslinked hydrogel. Double
crosslinking (via non-covalent, covalent, or a combination of both)
is a general strategy to enhance mechanical properties (stiffness,
toughness, tensile strength, etc.) and introduce dynamic features
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(stimuli-responsiveness, self-healing, and degradation) into the
hydrogel.

Biomaterial implants are widely utilized in TE applications
where biofilm formation can often result in serious problems
[249]. Accordingly, antimicrobial coatings are important in the de-
velopment of biomaterials implants. CuUAAC in aqueous medium
was utilized to conjugate clickable CS with AMP [250]. AMP are
important constituents of the innate immune system and affect
the lipid membranes of microbes, with remarkable specificity even
at low concentration [251,252]. This makes the immobilization of
AMP on medical devices an interesting strategy to prevent biofilm
formation. Stallmann and co-workers have shown that Dhvar-5, a
synthetic AMP that mimics the salivary histatins (rich in histidine),
can effectively kill various bacterial species while being safe to
mammalian cells [253]. This group previously managed to synthe-
size Dhvar-5-CS conjugates via the chemoselective CuAAC reaction
[254]. The resulting Dhvar-5-CS conjugates were spin-coated on
Au substrates to produce thin coatings with excellent antimicrobial
properties [250].

Cell-instructive biomaterials play a pivotal role in the regulation
of cell behavior and morphogenesis [255,256]. In fact, regardless of
bioactive molecules such as GF, the dynamic fibrous architecture of
the ECM greatly affects the behavior (e.g., spreading, growth, mi-
gration, differentiation, and proliferation) and fate of cells. There-
fore, biomimetic fibrous scaffolds and multiphasic gel-in-gel mate-
rials with tunable viscoelastic properties have been shown to be
capable of adjusting cell behavior [257]. Clickable PSA can be used
to fabricate cell-instructive hydrogels with tunable gelation and
degradation properties, both in vitro and in vivo. In this context,
clickable alginate was utilized to make an IPN, using a combina-
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tion of ionic (responsible for the dynamic viscoelasticity) and cova-
lent (responsible for the stiffness and elastic behavior) crosslinking
strategies to adjust the mechanical properties of the hydrogel and
mimic the mechanical features of the native ECM [170]. In addition,
fibrillar collagen type I (Col 1) was also embedded in the hydrogel
to further imitate the structural features of the native ECM. This
sequential crosslinking, which starts with ionic crosslinking and
continues with click reactions, gradually increases the mechani-
cal properties of the hydrogel while its mass transfer mechanism
gradually changes from convection to diffusion (Fig. 15). Specifi-
cally, at an early stage, where minor ionic crosslinking is created,
convection mass transfer is possible with relative ease (i.e., viscous
fluid flow). But gradually, with formation of the hydrogel system
(i.e., crosslinked network), fluid flow is significantly prohibited, and
molecular diffusion becomes the prevailing mass transfer mech-
anism through the hydrogel. The motility and assembly of bulky
Col 1 macromolecules can be carried out at early stages, but their
movement is nearly impossible at later stages after the crosslinked
network has been formed. lonic crosslinking of alginate chains
proceeds relatively quickly; after that, norbornene and tetrazine
functionalities on adjacent alginate chains react with the relatively
slower kinetics of iEDDA. However, care must be taken when in-
troducing clickable groups to avoid high functional group density
which may prevent ionic crosslinking of alginate. Immunomodula-
tory paracrine markers were measured in human MSC-laden hy-
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drogels to evaluate the effect of mechanical cues on gene expres-
sion of cells, i.e., cell-instructive behavior. The results showed that
the viscoelastic properties and stiffness of hydrogels induce various
effects on the encapsulated cells as confirmed by gene expression
analysis. This two-step crosslinking strategy for injectable hydro-
gels can be beneficial as physical and relatively loose crosslinkers
can be replaced by more robust covalent linkages, preventing hy-
drogels from fracturing under physiological conditions. For exam-
ple, ionic crosslinking is gradually cleaved because of ion release
to the hydrogel environment; in other words, they serve as sac-
rificial crosslinkers over a long period of time. Other crosslinkers
with appropriate biocompatibility, such as genipin, have been pre-
viously used for making ionic/covalent dual-crosslinked hydrogels
[258]. However, click chemistry outperforms these strategies be-
cause of its excellent biocompatibility, bioorthogonality, and range
of crosslinkers.

Another cell-instructive hydrogel was used for viable cell en-
capsulation based on methylfuran-modified HA [259]. Methylfuran-
modified HA is a more electron-rich clickable HA derivative com-
pared to furan-modified HA, such that the rate of DA click is sig-
nificantly enhanced under physiological conditions. Moreover, the
rate of retro DA was also enhanced. The DA reaction between
methylfuran-HA and maleimide-modified PEG enables three di-
mensional (3D) cell encapsulation. Computational analysis on the
click reaction revealed that the geometry of the transition state
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Table 4
Clickable PSA-based systems for TE.
Base materials Click reaction Click aim Type of tissue Payload (Potential) Refs.
scaffolds application
Alg-Nor, Alg-Tz iEDDA, thiol-ene Covalent crosslinking Injectable Cells Cell culture, cell [176]
(iEDDA), post-gelation hydrogels (MITCH) delivery
modification using cell
adhesive peptides
(thiol-ene)
Gel-furan, HA- furan CnS, DA Crosslinking Semi-IPN hydrogel n/a Cartilage TE [270]
MAL-PEG-MAL
HA-Tz, 4-arm PEG-TCO iEDDA Crosslinking MITCH BMP2, BMSC Bone TE, bioinks [271]
HA-furan, MAL-PEG-MAL DA Crosslinking Double-crosslinked Cells Cartilage TE [272]
hydrogel
HA-furan-ADH, DA Crosslinking Double-crosslinked n/a Cartilage TE [273]
HA-furan-CHO hydrogel
HA-CBT, HA- D-Cys Click condensation Crosslinking Injectable hydrogel Keratinocytes n/a [274]
reaction
Aminooxy-PEG- aminooxy, Oxime ligation Crosslinking Injectable hydrogel Schwann cells CNS, PNS [275]
HA-CHO
HA-furan, MAL-PEG-MAL DA Crosslinking Injectable hydrogel BDNF Spinal cord injury [276]
CS-Nj3, alkylated-PEG Copper free AAC Crosslinking Injectable hydrogel MSC culture TE [277]
Dex-DBCO, azide-Dex-PA SPAAC Crosslinking Injectable hydrogel Cells Cell encapsulation [278]
and TE
HA-furan, MAL-PEG-MAL DA Crosslinking Injectable hydrogel Cell culture Soft TE [279]

and unexpected interactions associated with hydrogen bonding are
contributing factors in the kinetics of the DA reaction.

Cell-based therapies are important strategies for tissue regen-
eration and wound healing applications [201,260]. Cells possess
highly efficient sensors that can recognize various physicochemi-
cal, mechanical, and biological cues in their immediate microen-
vironment. Accordingly, designing biomimetic delivery platforms
greatly affects the efficacy of cell-based therapies. Injectable hy-
drogels with high biocompatibility and tunable mechanical proper-
ties can enhance the viability of encapsulated cells and affect their
secretome. Click reactions provide a robust alternative crosslinking
strategy over conventional methods that utilize toxic crosslinkers.

Thiolated HA was used to make an injectable and electroac-
tive hydrogel for subcutaneous delivery of adipose-derived mes-
enchymal stem cells (ADSC) [261,262]. The base polymer, a hy-
perbranched poly(8-amino ester) (PBAE) containing alkene end
groups, was modified with electroconductive tetra-aniline (TA)
moieties to make conductive PBAE-TA. Hyperbranched PBAE was
fabricated using the reaction between PEGDA and cystamine bear-
ing disulfide linkages which can trigger and adjust the biodegra-
dation of the hydrogel. PBAE-TA possesses good water solubility,
and self-assembly of hydrophobic AT moieties creates AT cores
coated by PBAE shells. After injection of HA-HS and PBAE-TA,
the thiol-ene click reaction resulted in crosslinking and gelling
of the hydrogel. Compared to oligoanilines, polyaniline possesses
higher electrical conductivity [263-265]. Accordingly, polyaniline
and its nanocomposites have been widely used in various ap-
plications [266-268]. However, compared to polyaniline, oligoani-
lines benefit from greater biocompatibility which makes them
more appealing for in vivo applications [269]. Other clickable PSA-
based systems that have been used in TE are summarized in
Table 4.

5.3. Wound healing

Skin is the first line of defense against infection and dehy-
dration, and is crucial to wound management [280]. Polymeric
scaffolds and hydrogels have been widely utilized to manage
acute and chronic wounds [281]. Furthermore, some of the hy-
drogels have been incorporated with bioactive molecules and/or
cells or spheroids to enhance the therapeutic outcome [260]. In
fact, wound dressings are experiencing a gradual shift from passive
to active dressings containing bioactive and cell-instructive cues.
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Physicochemical, mechanical, biological, and structural features of
scaffolds (e.g., water content, exudate absorption, stiffness, antimi-
crobial properties, porosity for gas exchange) and release behav-
ior of encapsulated or produced bioactive molecules greatly affect
the efficacy of the wound management dressing [282,283]. An in-
jectable hydrogel that can fill wounds, preserve the moist environ-
ments in the wound area, absorb wound exudates, combat bacte-
ria, and release bioactive molecules on demand is a powerful, novel
strategy for wound management. Moreover, naturally derived PSA,
such as alginate and CS and their derivatives, have been widely
utilized as biomaterials for making wound management hydrogels
[284].

Click chemistry, which enables in situ crosslinking of injectable
hydrogels with no byproducts (or minor inoffensive ones, like ni-
trogen), safe immobilization of biological cues into scaffolds, vi-
able encapsulation of cells, and on-demand release of payloads
would greatly affect the development of novel wound dressings.
Click reactions provide a vast playground for designing injectable
hydrogels with tailor-made properties. As clickable groups are ab-
sent in biological systems, they do not interfere with biological
processes. Clickable OSA/PSA, representing major components of
wound dressings, can be used to fabricate MITCH and coat click-
able fibrous scaffolds under mild conditions without the use of
toxic crosslinkers.

HA is an important biomaterial that plays a key role in the nat-
ural healing process of wounds, and this has resulted in exten-
sive utilization of HA in wound dressing formulation [285]. To pro-
mote diabetic wound healing, injectable hydrogels based on click-
able HA and containing thiol moieties have been used to con-
trollably deliver ADSC [165]. Macromolecular hyperbranched PEG,
containing multiple acrylate functionalities (HP-PEG) were utilized
as crosslinker for in situ crosslinking of the HA-HS, using thiol-
ene click chemistry (Fig. 16). The HP-PEG was manufactured via
in situ reversible addition fragmentation chain-transfer polymer-
ization (RAFT). The obtained hydrogel showed adjustable mechan-
ical and good anti-fouling and non-swelling features. Moreover, it
was observed that these clicked hydrogels preserve the stemness
of ADSC and do not adversely affect their secretome. The hydrogels
prevent inflammation in the diabetic wound site and aid the pro-
cesses of angiogenesis and re-epithelialization. These features can
be interpreted based on the superior features of hydrogel dressings
and bioorthogonal click reactions that do not trigger inflammatory
reactions.
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A moldable hydrogel was manufactured based on clickable
HA for wound healing applications [286]. Maleimide-modified HA
was synthesized using carbodiimide-mediated chemistry for fur-
ther functionalization with bisphosphonate (BP) groups via a thiol-
maleimide click reaction, leading to HA-BP. Using metal ions,
HA-BP can crosslink and form a supramolecular hydrogel since
BP residues on the polymer chains possess a high ion chelation
strength.

Dynamic metal-ligand coordination bonds are created after ad-
dition of silver (Ag) ions, resulting in moldable supramolecular hy-
drogels that can be used for filling wound cavities. Moreover, the
gradual release of Ag*™ ions from supramolecular hydrogels results
in antimicrobial properties and gradual dissociation of the hydro-
gel, which is important for managing infected wounds. Modifica-
tion of HA chains via click chemistry ensures no byproducts and
mild reaction conditions. Accordingly, no costly purification step is
required and there is no risk of harmful or toxic trace reagents that
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might result in inflammation. In fact, click reactions that produce
reduced byproducts are highly valuable tools for modification or in
situ gelation of biomaterials for in vivo applications.

As discussed earlier in Section 5.2, Wei and co-workers have
constructed a conductive injectable hydrogel based on PBAE-TA
and HA-HS for cell delivery applications [261]. As shown in Fig. 17,
they also utilized MITCH for diabetic wound healing applica-
tions but with some modifications [287]. In this work, sequen-
tial crosslinking of the hydrogel was carried out using a click (i.e.,
thiol-ene) and an enzymatic reaction with fast and slow Kkinet-
ics, respectively. The fast thiol-ene reaction between PBAE-TA and
HA-HS created the first crosslinked network with electroconductive
properties that originated from TA moieties. Fast gelation via click
reaction ensured integrity and appropriate mechanical properties
for the injected hydrogel under physiological conditions, i.e., in
the presence of biofluids, enzymes, and mechanical loads. Vanillin
(Van) was grafted onto gelatin chains and was incorporated into



M. Khodadadi Yazdi, S.M. Sajadi, F. Seidi et al.

(@)

—_—

"N
O =
=N 3-8~
- N 60°C

e —

Ll 0= H.NN NH
PEGDA Cystamine

1 v/
a).s»»?\\ W
- |

| Geln-Van PBAE-TA ADSCs |

N pon ——— e

Sequential T~ -

interpenetration

Diabetic wound in
humanized rat

Laccase
- —

7
O,+4H"+4e" 2H,0

Progress in Polymer Science 133 (2022) 101590

Y
s ) }S\\

@
42

e
PBAE-TA

@ p— e
60°C

_‘w‘_‘»______.\_ e o e e e e e e e e e |

} conjugatlon * HIF-1a

A= S-CH,CH,- -2 Electrical
il _ signal |
oll}
no \’_\“O |\
\ N AN O
ey G S
—,& on Laccase 0
-r\ /-{ \
)
as s
N \0' X

Fig. 17. Synthesis pathways and mechanism of operation of a cell-laden injectable hydrogel based on clickable polysaccharides. (a) Synthetic pathway for the synthesis
of a conductive PBAE-TA macromolecular structure containing multiple acrylate and TA chain-end functionalities and several redox-sensitive disulfide linkages. (b) Sequential
click (fast) and enzymatic (slow) crosslinking of an injectable hydrogel containing stem cells. (c) Mechanism for formation of hypoxic microenvironment. [287], Copyright

2020. Adapted with permission from the American Chemical Society.

the PBAE-TA formulation; ADSC were also embedded into a PBAE-
AT/Gel-Van solution. Cell-laden hydrogels for wound healing not
only affect the wound microenvironment but also impact the cellu-
lar behavior as cells can absorb or release radicals or other biolog-
ical cues that play an important role in different stages of healing.
Redox species such as TA can scavenge excessive ROS created dur-
ing early stages of healing, which is beneficial to the healing pro-
cess. O, shortage, known as hypoxia, also affects cell behavior, such
that hypoxia-inducible hydrogels have gained much attention in TE
[288]. In fact, hypoxia is involved in poor vascularization, devel-
opment of cancer, and diabetic wound occurrence [289-291]. Lac-
case was embedded into HA-HS to mediate an enzymatic reaction
for O, consumption resulting in an oxygen-deficient microenviron-
ment. In fact, laccase and Gel-Van undergo a slow reaction, result-
ing in the creation of a hypoxic microenvironment. In contrast to
click reactions, the slow enzymatic reaction ensures sustained hy-
poxia for a long period of time. It was previously reported that
hypoxia enhances the proliferation and gene expression of ADSC,
resulting in an improved wound healing process [292]. Induced hy-
poxia enhances the expression of hypoxia-inducible factor-1ce (HIF-
1a) and connexin 43 (Cx43) secreted by ADSC. HIF-1« expression,
which plays a critical role in inflammation, cell metabolism, cell

migration, wound hemostasis and remodeling, and angiogenesis, is
stable only if the hypoxia condition is met [290,293,294]. In addi-
tion, it affects the expression of vascular endothelial growth fac-
tor (VEGF). Fast gelation via a bioorthogonal reaction carried out
under mild conditions does not affect the enzymatic O, consump-
tion reaction and its reagents. In other words, clickable functional
groups do not interfere chemically with enzymes and other biolog-
ical species present in the wound area.

Another MITCH based on thiolated HA and a multifunctional
branched PEG-based copolymer was used as antimicrobial wound
dressing [295]. The thiol-ene click reaction resulted in in situ gela-
tion of the composite hydrogel containing an antimicrobial agent
(silver sulfadiazine, SSD) and human ADSC. Sustained delivery of
SSD enabled enduring antibacterial activity for the hydrogel dress-
ing. Bioorthogonal click crosslinking ensures the viability of encap-
sulated cells and does not interfere with biological processes in the
wound area.

5.4. 3D printing and bioprinting

Bioinks must fulfill the requirements of 3D printing, have ap-
propriate mechanical and physicochemical properties, and be bio-
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compatible. Chemistry of the base materials plays a critical role
in designing bioinks for 3D printing applications [296]. The gela-
tion features and time-dependent viscoelastic properties of bioinks,
which arise from physical and/or chemical interactions, have in-
tense effects on both the static and the dynamic behavior of the re-
sulting constructs. Chemical crosslinking makes robust, usually ir-
reversible, covalent bonds with strong mechanical properties while
physical interactions are generally weaker and dynamic in nature
and are created and destroyed much faster. Therefore, using a com-
bination of physical and chemical crosslinking strategies is recom-
mended when designing bioinks with tailor-made properties that
may be time dependent [297]. Stimuli that trigger the associa-
tion/dissociation of physical bonds (change in temperature or acid-
ity) or the creation/cleavage of covalent bonds (light irradiation or
water) govern the formation process as well as the properties, dy-
namic features, and degradation of the obtained 3D-printed con-
structs.

The bioorthogonality and fast kinetics of click reactions, which
produce covalent bonds under mild conditions, are especially im-
portant for creating robust bioinks with high mechanical proper-
ties. Compared to conventional methods requiring photoinitiators
and UV exposure to trigger covalent bond formation, copper-free
click reactions require no toxic initiators or harmful light expo-
sure [298,299]. Moreover, these orthogonal reactions produce no
byproducts (or only non-toxic byproducts) indicating minor inter-
ferences with biological entities in the cell microenvironment. Fur-
thermore, a few click reactions enable us to design a wide va-
riety of clickable bioinks with tunable physicochemical and me-
chanical properties originating from versatility in crosslinkers. In
other words, various small molecules, or macromolecules (possi-
bly of various chemical structures) containing homo/heterogeneous
click functional groups can be designed to adjust click reaction ki-
netics and physicochemical and mechanical properties of the re-
sulting constructs. Clickable bioinks, therefore, represent a signifi-
cant opportunity in bioprinting applications.

Polymeric hydrogels, especially PSA-based hydrogels, have been
a major component of bioink formulations [300,301]. Clickable PSA
are promising candidates for making novel bioinks with adjustable
viscoelastic properties because they can constitute a major com-
ponent in injectable hydrogels. They can be crosslinked either by
another PSA bearing complementary clickable groups or a (macro-
molecular) crosslinker having clickable functionalities. For exam-
ple, a two-component bioink based on HA was used for 3D ex-
trusion printing [302]. The gelation mechanism for this system
includes a click reaction between hydrazide and aldehyde result-
ing in hydrazone linkage formation while water is produced as a
byproduct. In another work, 4-arm PEG containing 4 acrylate end
groups (ene moieties) was used as the macromolecular clickable
crosslinker for thiolated HA and gelatin for bioprinting vessel-like
constructs [303]. The quad-functional clickable groups on 4-arm
PEG significantly enhanced the mechanical properties of the hy-
drogel compared to difunctional PEG diacrylate (PEGDA) crosslink-
ers. This clickable hydrogel enables bioprinting of high-cell-density
suspensions.

Clickable HA-based hydrogels were designed and manufactured
for 3D bioprinting applications [192]. Part of HA was modified with
a thiol-containing molecule while the other part was functional-
ized with methacrylic anhydride to obtain HA-HS and HA-MA poly-
mers. The mechanical properties and degradation rate of the hy-
drogel is precisely adjustable with the thiol:ene ratio. Methacrylate
polymerization and thiol-ene click coupling results in a double-
crosslinked hydrogel network suitable for 3D bioprinting.

Photoactivated materials can be instrumental in 3D bioprint-
ing [304]. Photo-triggered reactions benefit from unparalleled spa-
tiotemporal control over architectural features of the 3D-printed
constructs. Click chemistry also enables the safe and viable encap-
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sulation of various cell lines. Collectively, photoactivated click reac-
tions will likely play critical roles in manufacturing 3D-(bio)printed
constructs with high resolution and finely tuned properties. We
encourage advanced readers to look at a review article that was
recently published on the applications of hydrogels crosslinked by
click chemistry for extrusion-based bioprinting [305]. This arti-
cle discusses how click chemistry can be exploited to make novel
bioinks with tailored properties such as adjusted gelation time and
degradation rate.

6. Concluding remarks and future perspective

The emergence of click chemistry has fundamentally changed
our perspective on chemical reactions. Due to its extremely selec-
tive, versatile, and biocompatible nature, bioorthogonal click chem-
istry has been employed with great success in complex biolog-
ical systems such as living cells and tissues. Click chemistry al-
lows chemical reactions to occur in biological environments (e.g.,
blood vessels, ECM) and cellular compartments (e.g., in mitochon-
dria or endosome) and greatly broadens the potential capabilities
of biomaterials for in vivo applications. Biomaterials can be synthe-
sized and manipulated and used in biological systems—in contrast
to conventional systems in which biomaterials may be manufac-
tured in vitro under harsh reaction conditions and requiring costly
purification processes.

Currently, the idea of making biomaterials in vivo with the aid
of cellular synthetic machinery is comparable to the emergence
of mRNA-based vaccines (e.g., for COVID-19) on the global market
[262]. In these vaccines, spike proteins are made using the machin-
ery of the host cells, in contrast to conventional vaccines in which
spike proteins are made in vitro and then administered into the
body. Furthermore, MGE strategies enable the construction of arti-
ficial glycans, or glycoconjugates, which have unnatural monosac-
charides with special functionalities that facilitate click reactions.
This in situ fabrication of clickable PSA and clickable glycoconju-
gates allows chemistry to be performed inside living organisms,
with high specificity and no offensive byproducts. Furthermore,
naturally derived PSA can be modified using chemical modification
strategies to prepare a wide spectrum of clickable OSA/PSA.

Bioorthogonal click reactions using clickable PSA comprise a
versatile platform for designing complex molecular and architec-
tural constructs for the biomedical field. Clickable PSA and glyco-
conjugates have brought about the design of novel targeted DDS
for cancer therapy relying on orthogonal click interactions instead
of physiological biomarkers. In other words, artificial receptors,
based on click-functionalized glycoconjugates, are used to coat the
outer surfaces of cancerous cells. These clickable receptors can only
interact with deliberately administered complementary clickable
groups since no native clickable functional groups exist in biologi-
cal molecules in mammalian cells or ECM. This strategy can revolu-
tionize targeted delivery platforms and the future of cancer treat-
ment. The versatility of clickable OSA/PSA allows for the construc-
tion of a wide variety of macromolecular and architectural struc-
tures that are invaluable biomaterials sources for designing novel
DDS. Various DDS with morphological transformation features can
be made using covalent and non-covalent click chemistry and re-
versible click chemistry. In other words, clickable PSA make pos-
sible the creation and disassembly of nanoplatforms at the site of
action (e.g., the tumor microenvironment). Added to this is the po-
tential to harness both endo- and exogenous stimuli to adjust the
degradation and release of the click-crosslinked PSA-based hydro-
gels at multiple scales.

Above all, an extensive variety of injectable hydrogels with
finely tunable physicochemical, mechanical, and biological prop-
erties can be fabricated for minimally invasive TE, wound heal-
ing, and 3D bioprinting applications. The major advantages of click
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Fig. 18. Current status and future directions. Schematic depicting an overview of the current state and key requirements for PSA-based click chemistries, especially metal-
free, in the biomedical field (TE, bioimaging, drug delivery/development, etc.) prior to being translated into clinical practices. Well-established and emerging click reactions
(e.g., CuAAC, SPAAC, Oxime, Hydrazone) can be leveraged to design functional, biocompatible, and biodegradable clickable PSA with improved solubility, specificity, and higher
reaction rates. The selection, optimization, and biological evaluations of PSA-based materials, including in vitro and biostability studies, are crucial to move to preclinical
testing and demonstrate their safety and efficacy. Once preclinical research is complete, PSA-based material candidates must move on to clinical trials according to rigorous

standards set forth by the FDA.

modification of PSA when designing PSA-based injectable hydro-
gels are chemical reactions performed under mild conditions with
high yield and the generation of safe byproducts without costly
and laborious purification processes. In situ gelation of such hy-
drogels should not interfere with other biological processes nor re-
sult in severe immune responses, unlike conventional crosslinking
agents that can be cytotoxic even at low concentrations. Further-
more, clickable PSA-based bioinks with tailored rheological proper-
ties and gelation time are invaluable biomaterials for 3D bioprint-
ing applications.

While clickable PSA-based biomaterials are exceptionally valu-
able building blocks in the biomedical field, many applications yet
remain to be explored. We predict a paradigm shift from PSA-
based to clickable-PSA-based biomaterials in the future, as these
functionalities have the potential to greatly expand the applicabil-
ity of PSA in medicine.

Lastly, although there have been tremendous advances in click
chemistry with great potential for biomedical applications (Fig. 18),
a number of challenges still remain, particularly in the arena of
PSA. These challenges and opportunities are described as follows:

« While click chemistry is well-established, further research is
necessary for the development of new click reactions with
higher selectivity, smaller clickable functional groups, and
higher reaction rates under ambient or physiological conditions.
Investigating more stable yet reactive, chemically versatile, in-
expensive, and safer clickable groups that can react with high
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specificity is an open field of research. Moreover, the produc-
tion process for clickable materials such as azides should be
redesigned for enhanced safety and greener procedures. Addi-
tionally, the use of artificial intelligence (Al)-based methodolo-
gies can potentially help chemists and materials scientists to
discover new and improved clickable groups, a field of research
that has yet to be explored [306]. Al-based strategies combined
with high throughput screening should allow scientists to find
and select functional groups from safe and sustainable sources
[307].

Clickable PSA can be leveraged for the design of multifunctional
and injectable hydrogels for TE and 3D bioprinting. However,
the gelation temperature, gelation time, and rheological prop-
erties should be finely tuned to meet the physicochemical and
biological requirements of such applications.

Most click chemistry studies have been designed from a chem-
ical perspective; however, for biomedical applications, click re-
actions are often performed within complex biological environ-
ments. Organic and inorganic components of cells such as en-
zymes and redox-active moieties can potentially alter not only
the stability and reactivity of clickable groups, but also the
reaction yield, kinetics, and regiospecificity. Therefore, while
there is a significant body of work in such complex environ-
ments, as we build and innovate with a broader wealth of new
click chemistries, more research is needed to further investigate
reaction rates, bioorthogonality, and ultimately biocompatibil-
ity.
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While click chemistry is considered to be bioinert, safety eval-
uations should be further considered in light of new or re-
cent chemistries such as amino-yne click reactions. Further-
more, high concentrations of clickable moieties can be poten-
tially harmful to cells and a better understanding of the ef-
fect of functional group concentration on cell behavior should
be performed. For instance, Ac;ManNAz, an azide-containing
metabolic glycoprotein labeling reagent, was shown to be safe
for cells at low concentrations but harmful at higher concentra-
tions [308].

Any solid components and solutes produced during the degra-
dation process of materials made with clickable PSA need to be
better identified and characterized. For instance, the hydrolytic
or enzymatic degradation of clicked PSA has been shown to
produce harmful byproducts such as triazole, an enzyme in-
hibitor [309]. Additionally, from a risk assessment and regu-
latory perspective, comprehensive testing in biological systems
and toxicokinetic studies of degradation products are required
before moving to clinical trials.

Click chemistry-based approaches have the potential to im-
prove the utility and outcomes of various treatment modali-
ties such as cancer therapy. For instance, a number of thera-
peutics (e.g., small molecules, antibodies, GF) with adverse side
effects or a limited therapeutic window may benefit from uti-
lizing a PSA-based click chemistry approach, thereby improving
efficacy. Preliminary data from a recent phase I clinical trial of
SQ3370 against advanced solid tumors have suggested that a
click chemistry-based approach to activate DOX at the tumor
sites could work in humans with improved safety and efficacy
when compared to DOX alone [213,310]. This finding opens up
an array of possibilities for future click chemistry-based ther-
apies. To this end, more research is required to spur new in-
novative ways in which these click chemistry-based strategies
could be applied to new or existing technologies for their rapid
translation from bench-to-bedside, and ultimately to improve
patient outcomes and reduce healthcare expenditures.
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