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Visualizing cells, tissues, and their components specifically without interference with cellular functions, such as
biochemical reactions, and cellular viability remains important for biomedical researchers worldwide. For an
improved understanding of disease progression, tissue formation during development, and tissue regeneration,
labeling extracellular matrix (ECM) components secreted by cells persists is required. Bioorthogonal chemistry
approaches offer solutions to visualizing and labeling ECM constituents without interfering with other chemical
or biological events. Although biorthogonal chemistry has been studied extensively for several applications, this
review summarizes the recent advancements in using biorthogonal chemistry specifically for metabolic labeling
and visualization of ECM proteins and glycosaminoglycans that are secreted by cells and living tissues. Chal-
lenges, limitations, and future directions surrounding biorthogonal chemistry involved in the labeling of ECM
components are discussed. Finally, potential solutions for improvements to biorthogonal chemical approaches
are suggested. This would provide theoretical guidance for labeling and visualization of de novo proteins and
polysaccharides present in ECM that are cell-secreted for example during tissue remodeling or in vitro differ-
entiation of stem cells.

1. Introduction qualitative monitoring of ECM is critical for the understanding of the

engineering and regeneration processes. To characterize the ECM for-

ECM is a fundamental noncellular structure present throughout the
body, allowing for complex organization of all cell and tissue types, and
is required for the biomechanical functions of the body [1]. ECM pro-
vides support and anchorage for the cell’s morphology and it determines
the cell’s dynamic and function including cell viability, cell differenti-
ation, cell polarity, cell proliferation, and cell migration. Moreover, the
ECM provides physical and mechanical support for tissues, tissue
integrity, and elasticity. It also has a critical role in growth, regenerative,
and healing processes in tissue engineering and the regenerative medi-
cine field [2,3]. The tissue engineering triangle includes three elements,
reparative cells that can create a functional matrix, an appropriate
scaffold for embedding cells and transplantation, and bioactive mole-
cules, such as growth factors and cytokines to produce tissue-like grafts
[4]. These components are commonly used for efficient regeneration by
depositing ECM and repairing lost tissue. Therefore, quantitative and
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mation and consequently to understand the tissue regeneration process,
some methods such as histological and optical analysis are being used
[5]. Although the classical methods of histology are applied in the ma-
jority of pre-clinical and clinical studies, they are invasive and have
destructive endpoints. Such approaches also require a high number of
samples for repetition and they do not allow in situ monitoring of ECM
formation. Moreover, histological staining is not the best option for
quantification as the molecular weight of the stained ECM polymer, its
charge state, and the ionic content of the explanted sample can interfere
with achievable color intensity, leading to an incorrect conclusion [6].
Recently, bioorthogonal chemistry has been used as a complementary
method for labeling biomolecules produced by living cells, enabling in
situ visualizations of ECM with a noninvasive approach. However, it
requires site-specific metabolic labeling of the ECM component. This
method also allows cell-derived matrix functionalization selectively,
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which can be used as a scaffold biomaterial or could be used to simply
modify the cell surface with a target ligand [7]. Briefly, this strategy is a
two-step process; first building blocks modified with a bioorthogonal
functional group are incorporated in cell products such as proteins or
glycans. This can lead to metabolic tagging of structures on the cell
membrane, e.g. on the glycocalyx or the proteoglycans present in the
ECM. Thereafter, a probe bearing a complementary bioorthogonal
functional group is added which reacts with the metabolically incor-
porated molecules on/in the cell. This method also enables the func-
tionalization of a cell-derived matrix, which necessitates
decellularization before conjugation. The resulting functionalized ma-
trix can then serve as a scaffold with enhanced properties for tissue
engineering applications (Fig. 1). Thus, bioorthogonal chemistry can be
applied for a wide range of bio-applications including developments of
active scaffolds for tissue engineering approaches and monitoring ECM
formation for the regenerative medicine purposes.

In this review, we focus on bioorthogonal chemistry to metabolically
label cells and in particular, discuss cell metabolic labeling of glycans
and proteins to monitor ECM formation or to functionalize ECM.

2. ECM structure and components

ECM is the primary component of connective tissues such as tendons,
adipose tissue, bone, intervertebral disc (IVD), and cartilage [8]. The
ECM is composed of proteins, including glycoproteins and pro-
teoglycans, and carbohydrate polymers that support and surround the
cells. ECM plays a significant role in several physiological and patho-
logical processes, such as embryonic development, hemostasis, fibrosis
of various organs, tumor growth and metastasis, inflammation, wound
healing, and angiogenesis [9,10]. Every organ has its unique ECM
composition and topology that is generated in the early embryonic
stages [11,12] and then remodeled by cells in response to external
stimuli and cell signaling molecules that are entrapped within ECM.
Basement membranes are mainly composed of collagen type IV, laminin,
and glycoproteins and are specialized sheet-like structures on which
epithelial cells rest. In contrast, the interstitial ECM of connective tissues
are mostly composed of collagen triple helix, elastin, hyaluronan and
proteoglycan aggregate. In most connective tissues, the ECM constitu-
ents are produced by fibroblasts, but in several particular types of con-
nective tissues, like cartilage and bone, the ECM is secreted by
chondrocytes and osteoblasts [3]. In these connective tissues of the
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musculoskeletal system, ECM has a critical biochemical and biome-
chanical function, in addition to regulating diverse cellular processes
[13]. Fundamentally, the interstitial ECM includes the interstitial matrix
and the pericellular matrix which are a well-organized network of pro-
teins and polysaccharides (Fig. 2).

2.1. Hyaluronan and proteoglycans

Hyaluronan or Hyaluronic acid (HA) is a linear non-sulfated
glycosaminoglycan (GAG) containing repeating disaccharide units of
p-glucuronic acid and N-acetyl-p-glucosamine [12]. HA is the only GAG
that is biosynthesized at the cell membrane and not at the Golgi appa-
ratus. HA is the main component of the pericellular matrix of many cell
types and it can bind to its synthases as well as to its cellular receptors,
influencing several cell functions. Moreover, HA also exists intracellu-
larly in the nucleus of normal and tumor cells, although its exact func-
tion is not known [14,15]. Since HA can absorb a large amount of water,
it provides tissues with remarkable plasticity, promotes cell regenera-
tion, and stimulates the production of collagen [16]. Therefore, in tissue
regeneration and development, extensive HA accumulation is observed.

Proteoglycans are composed of GAG chains that are covalently
linked to a protein core, filling the majority of the extracellular inter-
stitial space within the tissue in the form of a hydrated gel [17]. These
ECM components contain binding motifs for growth factors, cell surface
receptors such as integrins, and other ECM proteins. They have a variety
of functions that reflect their unique buffering, hydration, protein
binding, and force-resistance characteristics [18]. Proteoglycans are
pivotal in maintaining fundamental cellular functionality. They fulfill
critical roles such as promoting cell adhesion, facilitating cell migration,
mediating signaling processes, and providing mechanical support.
Moreover, proteoglycans play a key role in orchestrating the organiza-
tion of the ECM and facilitating the formation of its supportive structure.
Moreover, their ability to interact with growth factors, cytokines and
chemokines, other ECM molecules, and cells, confers important
signaling roles [12,19,20]. Proteoglycans have been placed into four
categories including intracellular, cell-surface, pericellular, and extra-
cellular proteoglycans [19]. Serglycin is the only intracellular pro-
teoglycans. This unique proteoglycan forms a class on its own as it is the
only proteoglycan that carries heparin side chains. In the cell-surface
proteoglycan class there are thirteen genes, seven encoding trans-
membrane proteoglycans. Cell-surface proteoglycans interact with

Fig. 1. The schematic representation of labeling ECM

for its visualization (I) or functionalization (II) with

ECM bioorthogonal functionalities. In the first step, the
Monitoring (I) tagging blocks bearing a bioorthogonal functional

{2 group are incorporated into the target cell which
leads to metabolic labeling of the cell surface ECM
with the tag. For monitoring ECM production, the
bioorthogonal functional group is reacted with a
probe containing a complementary bioorthogonal
group to visualize ECM status in real-time. For ECM
functionalization, the matrix is decellularized, and
then, functionalized with the desired molecule
through bioorthogonal chemistry. The letters T, F and
M represent the functional groups for click chemistry.

ECM
Functionalization (II)
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Fig. 2. The schematic representation of the ECM structure. The ECM is subdivided into the pericellular matrix and interstitial matrix which each has its particular
components. The basement membrane is mostly composed of type IV collagen, laminin, and proteoglycans and the interstitial matrix contains collagen triple helix,

hyaluronan, elastin, and proteoglycan aggregates.

numerous regulators of cell behavior through their glycosaminoglycan
chains [21]. Pericellular proteoglycans are closely associated with the
surface of many cell types anchored via integrins or other receptors, but
they can also be a part of most basement membranes. Extracellular
proteoglycans are the largest family of proteoglycans in the tissues and
the main members of this family are aggrecan, neurocan, versican, and
brevican, which share common structural characteristics [12,22].

2.2. ECM proteins

Proteins are linear macromolecules that fold into a particular three-
dimensional (3D) conformation as determined by the sequence of the
amino acids in the polypeptide chain [23,24]. Collagen, elastin, fibro-
nectin, and laminin are the main fibrous ECM proteins composed of
particular amino acid sequences that are present in different isoforms
[25]. Table 1 summarizes the role of major ECM proteins along with the
main amino acids in their structures that may attributes to specificity of
metabolic labeling.

Collagen, which is comprised of three polypeptide a chains, consti-
tutes up to 30% of the total protein mass of a multicellular animal and is
the most abundant fibrous protein in the interstitial matrix [9]. Tensile
strength, cell adhesion regulation, chemotaxis, migration support, and
direct tissue development and regeneration are the main role of collagen
in ECM [18]. Mainly connective tissue cells synthesize and secrete
collagen in the ECM. By exerting tension on the matrix, fibroblasts
organize collagen fibrils into sheets which significantly influences the
alignment of collagen fibers. The tertiary protein structural indicator of
all collagens is their triple helix braid which is a tight right-handed helix
of three a-chains and each contains one or more regions characterized by
a repeating amino acid motif, Glycine-Xaa-Yaa [9]. This triple-helical
organization is due to the repetitive patterning of Gly-Xaa-Yaa where
Xaa and Yaa are predominantly proline and hydroxyproline, respec-
tively (they constitute approximately 23% of the total of amino acids in
collagen) [26]. There are 29 different collagen types formed by at least
forty-six distinct polypeptide chains (« chains) in vertebrates. Besides,
collagens can be categorized into seven categories according to their
common domain homology and functions. These groups are fibrillar and

network-forming collagens, fibril-associated collagens with interrupted
triple helices, membrane-associated collagens with interrupted triple
helices, anchoring fibrils, beaded-filament-forming collagens, and mul-
tiple triple-helix domains and interruptions/endostatin-producing col-
lagens [27].

Elastin fibers are another essential component of ECM which is
mostly composed of over 75% of glycine, valine, alanine, and proline
and other amino acids depending on tissue source and developmental
stage of elastin [28]. Elastin is a crosslinked polymer network of the
monomeric-secreted precursor tropoelastin [29]. Tropoelastin is a
60-70 kDa protein that contains intermittent hydrophobic and
lysine-containing crosslinking domains. Elastin provides recoil or elas-
ticity to tissues that undergo repetitive tension and stretching such as
blood vessels, skin, and elastic cartilage [12]. Elastin fibers in ECM are
covered by glycoprotein microfibrils [18]. Microfibrils localize in the
periphery of the fiber in adult tissues and are more complex in compo-
sition containing several proteins. The major constituents of microfibrils
are cysteine-rich glycoproteins of large size, mainly fibrillin (fibrillin-1,
-2, and, -3). Most fibrillins likely perform structural roles in microfibril
assembly, while other associated proteins might perform regulatory
functions rather than structural roles.

Other key proteins within the ECM structure include fibronectin and
laminin which function as bridges between structural ECM molecules to
reinforce its organization and to connect the soluble molecules to cells
within the extracellular space [25]. Fibronectin is composed of two
subunits that are covalently connected at their C-termini by a pair of
disulfide bonds. These two subunits consist of three different types of
modules, type I, II, and, III repeats. Fibronectin contains 12 type I re-
peats, two type II repeats, and 15-17 type III repeats, which together
account for approximately 90% of the fibronectin sequence. All types of
fibronectin repeating units are found in other molecules, suggesting that
fibronectin evolved through exon shuffling [30]. In terms of solubility,
fibronectin can be divided into two groups, soluble plasma fibronectin,
and cellular fibronectin molecules. Cellular fibronectin molecules are a
far more heterogeneous population due to cell type-specific and
species-specific splicing [30,31]. The functional form of fibronectin in
vivo is a fibrillar state that produces an interconnected network. Cells
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Table 1

The ECM components and their main building blocks as well as the predominant

role of each component.
3.Cell-secreted ECM.

Type of Main role
components

Most abundant amino
acids/GAGs

references

Proteins
Collagen Cell adhesion and
regulating cell function
Tissue development and
regeneration

Structural integrity
along with reversible
extensibility and
deformability

Support flexibility and
repeated stretching
Cell adhesion, growth,
migration, and
differentiation

Blood clotting
formation and wound
healing

Provide sheath around
elastin in the formation
of elastic fibers

Provide cell-to-ECM
interactions

Support embryonic
development,
angiogenesis, and
organogenesis
Modulate inflammation
and fibrosis

Elastin

Fibronectin

Fibrillin-1

Laminin

Tenascin

Vitronectin

Adhesive protein
Blood coagulation and
wound healing
Pericellular Proteoglycans

Perlecan Essential for normal
growth plate
development and long
bone growth

Essential for cartilage
and cephalic
development
Maintaining the
endothelial barrier
function

Promoting the
aggregation of
acetylcholine receptors
XVIII collagen o Negative regulator of
angiogenesis and an
anti-atherosclerotic

Agrin

factor

Functioning as a key
structural constituent
required for the
stabilization of skeletal
muscle cells and
microvessels
Extracellular Proteoglycans

Aggrecan e Major proteoglycan of
cartilage

Forming massive
macro-aggregate
structures
protein-stabilized
ternary structures with
HA

Support resistance to
compression of tissues
Regulate cell adhesion,
migration, and
inflammation

Versican

Glycine, Proline and
Hydroxyproline

Glycine, Proline
Valine, Alanine,
Leucine, Desmosine
and Isodesmosine

Arginine, Glycine,
Aspartate, Leucine,
and Glutamic acid

Cysteine, and Glycine

Aspartate, Glycine,
Arginine, Serine,
Tyrosine, and
Isoleucine

Cysteine and
Arginine, Glycine,
and Aspartate
Arginine, Glycine,
and Aspartate

Heparan sulfate/
Chondroitin sulfate

Heparan sulfate/
Chondroitin sulfate

Heparan sulfate/
Chondroitin sulfate

Chondroitin sulfate/
Keratan sulfate

Chondroitin sulfate/
Dermatan sulfate

[25,27]

[38-40]

[30,41]

[12]

[33,42]

[37,43]

[12,44]

[45]

[46,47]

[19]

[48]

[49,50]

Table 1 (continued)
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Type of
components

Main role

Most abundant amino  references
acids/GAGs

Neurocan

Brevican

Biglycan

Decorin

Epiphycan

Fibromodulin

Lumican

Keratocan

Testican, 1-3

Stabilize large
supramolecular
complex at the plasma
membrane zone

Key ECM component of
the central nervous
system

Inhibiting neurite
outgrowth in vitro

One of the most
important hyalectans of
the central nervous
system.

Maintain the
extracellular
environment of mature
brain

Bind transforming
growth factor beta
(TGFp) and modulates
its bioactivity

Acting as a pro-
angiogenic stimulus
Regulate the
bioactivities of cell
growth factor and
participates in ECM
assembly

Act as a ligand of
various cytokines and
growth factors
Modulate vital roles in
cancer cell
proliferation, spread,
pro-inflammatory pro-
cesses and anti-
fibrillogenesis
Epiphycan has a precise
spatiotemporal
distribution during
cartilage development
Localizing to the entire
growth plate,
Stimulate
chondrogenesis

Bind to collagens I and
11 and delay fibril
formation

Modulate the tumor
stroma by increasing
extracellular fluid
volume and lowering
interstitial fluid
pressure

Promote angiogenesis
Regulate alignment and
overall structure of
collagen fibrils during
murine tendon
development
Inhibiting melanoma
progression, and
blocking melanoma cell
adhesion

Inhibit MMP activity
Regulate proliferation
and modulation of
osteoprogenitor lineage
differentiation
Regulate extracellular
protease cascades and
neuronal function

Chondroitin sulfate [51,52]

Chondroitin sulfate [53,54]

Chondroitin sulfate [55]

Dermatan sulfate [56]

Dermatan sulfate/ [19]
Chondroitin sulfate

Keratan sulfate/ [57,58]
Chondroitin sulfate

Keratan sulfate [59]

Keratan sulfate [60]

Heparan sulfate/ [61,62]
Chondroitin sulfate
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can assemble soluble fibronectin derived from fibronectin in plasma into
fibers and cells can also release their fibronectin, which is secreted and
shaped into fibers [32]. A variety of stimuli can produce or up-regulate
the fibronectin matrix fibers. To maintain the presence of pre-existing
fibronectin matrix, continuous and dynamic fibronectin matrix pro-
duction is needed. Fibronectin matrix is produced at times of dynamic
tissue remodeling, formation, or repair and is essential during embry-
onic development. The fibronectin matrix is also intensely up-regulated
around tumor vasculature and appears to contribute to tumor progres-
sion [12].

Laminin, the other structural component of ECM is a large non-
collagenous heterotrimeric protein. Each laminin heterotrimer consists
of one a, one f, and one y chain. They are assembled in basement
membranes. The a-, p-, and y-chains share structural homologies,
including the laminin N-terminal domains (LN), laminin 4 domains (L4),
laminin epidermal growth factor (EGF)-like repeats domains (LE), and
the a-helical coiled-coil long arms. Laminin molecules interact with each
other, and with other ECM components, and resident cells participate in
the organization of ECMs and cell adhesion [12,33]. For example,
laminins bind to each other through laminin LN domains promoting
self-assembly into higher-order networks of polymers found in basement
membranes. Laminin has a critical role in early embryonic development
and organogenesis [33]. The distribution of laminin isoforms is
tissue-specific. This indicates that laminins provide specific functions in
different tissues [34]. They influence cell differentiation, adhesion, and
migration, and are important for the maintenance and survival of tis-
sues. For instance, laminins are upregulated in the wounded epithelium.
The unique 3D structure of the protein provides the substrate for the
epithelial cells to adhere to and move to cover the injured area to
reestablish the intact epithelium. They also play an important role in
angiogenesis as they are vital components of endothelial basement
membranes contributing to vascularization [34,35].

Tenascins are another family (Tenascin-C, Tenascin-R, Tenascin-W,
Tenascin-X, and Tenascin-Y) of proteins that can be found in ECM. In
contrast to many other ECM proteins, tenascin displays highly restricted
and dynamic patterns of expression in the embryo, particularly during
neural development, vascularization, and skeletogenesis [36]. Tenascin
proteins, depending on their mode of presentation (i.e., soluble or
substrate-bound) and the cell types and differentiation states of the
target tissues, convey different cellular functions. Tenascin molecules
are re-expressed in the adult during normal processes such as nerve
regeneration, wound healing, and tissue involution, and also in patho-
logical states including metastasis, vascular disease, and tumorigenesis
[371.

Biomaterials encapsulated with stem cells have been extensively
utilized for different tissue engineering applications. However, it is
important to recognize that these cells actively contribute to the for-
mation of their matrix over time [63]. This cell-secreted matrix plays a
significant role in shaping the microenvironment at the cell-biomaterial
interface. It serves as a crucial component, especially when the bioma-
terial acts as a temporary scaffold during the development of new tissue
and provide valuable insight on the differentiation pattern of the sur-
rounding stem cells [64]. To fully harness and understand this process, it
is imperative to evaluate the spatial and temporal deposition of the ECM
and comprehend its composition. This knowledge can provide valuable
insights into guiding cell behavior at different time points.

Existing assays for visualizing and quantifying ECM dynamics often
fall short in terms of providing the required spatiotemporal resolution.
Common techniques such as biochemical assays and immunofluores-
cence have limitations in this regard. Similarly, assays utilizing radio-
labeled isotopes, such as autoradiography, can be complex and
challenging. Furthermore, these conventional methods typically offer
limited insights into the structure and organization of the secreted ECM
[65]. In recent advancements, bioorthogonal chemistry has emerged as
a promising approach for labeling cell-secreted ECM and tissue devel-
opment. The bioorthogonal-based strategies allow researchers to label
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specific ECM proteins and polysaccharides, providing a comprehensive
view of the ECM composition.

In the subsequent sections, we delve into an in-depth exploration of
using bioorthogonal chemistry to label and study ECM components,
shedding light on its overall potential and applications.

3. Bioorthogonal chemistry for metabolic labeling of cell-
secreted ECM

A great effort has been made to label and probe biomolecules such as
nucleic acids, lipids, proteins, and glycans in living systems. Genetically
encoded peptide tags have expanded the repertoire of proteins that can
be tagged in living systems. Other biomolecules including glycans,
lipids, nucleic acids, and various molecules are, however, not amenable
to such genetically encoded tags [66]. To address this challenge, bio-
orthogonal chemical labeling methods were developed that provided a
complimentary and powerful tool for labeling and monitoring bio-
molecules in living cells and whole tissue/organisms without genetic
manipulation [7]. Bioorthogonal chemistry is a class of chemical re-
actions that proceed rapidly. under the physiological environment but
do not interfere with biological molecules or processes [67]. The term
‘bioorthogonal chemistry’ was coined by Bertozzi et al. who was
recently awarded the Nobel Prize in Chemistry because of its widespread
application in chemistry and biology. One of the advantages of these
reactions is that it allows metabolic labeling of specific cell-surface or
ECM-derived glycosaminoglycans which can be tagged by bio-
orthogonal chemical reporters. Such a strategy allows functional
readout of cellular processes or for performing chemical reactions in vivo
without inducing any toxicity [68-70]. A key highlight for these re-
actions is the design of biomolecules that allows site-specific cellular
labeling of molecules. For instance, the metabolite can be a nucleoside
for DNA labeling, a monosaccharide for glycan labeling, an amino acid
for protein labeling, or a fatty acid for lipid labeling [66]. In a general
strategy for labeling biomolecules using bioorthogonal chemistry, one of
the two bioorthogonal functional moieties is incorporated onto the
monomeric building block of the biomolecule (e.g., monosaccharides or
amino acids) and delivered to the target cells. The biorthogonal group is
then metabolically incorporated into the target biomolecule and is
usually expressed on the cell membrane. Then, in the second step, the
incorporated bioorthogonal groups (chemical tags) covalently interact
with a probe bearing the complementary bioorthogonal functionality
[70]. In this approach, the synthetic building blocks are incorporated
into the living environment and tag all the biomolecules containing that
building block. This approach is easy to use with a high-efficiency rate
and with broad applicability. Therefore, it is an appropriate method for
monitoring the dynamic changes in tissue remodeling, enabling online
monitoring of ECM formation in tissue engineering and regenerative
medicine applications [7]. The most popular bioorthogonal reactions for
labeling ECM metabolites are azide and alkyne reactions, which were
discovered by Barry Sharpless the co-recipient of the Nobel Prize in
Chemistry 2022 who coined the term ‘click chemistry’ due to its high
efficiency, simplicity, and selectivity Such reactions can undergo copper
(D)-catalyzed azide-alkyne cycloaddition (CuAAC) that takes advantage
of the formation of a copper acetylide to activate terminal alkynes to-
ward reaction with azides. In the terms of efficiency, simplicity, and
selectivity, the CUAAC reaction has all the features of “click chemistry”
[71]. This cycloaddition between azides and alkynes can also be cata-
lyzed by ruthenium (II) [72]. Although the copper(I)-catalyzed cyclo-
addition reaction rate is roughly seven orders faster than the
uncatalyzed cycloaddition, the use of CUAAC in living systems has been
hindered by the toxicity of copper(I) [73]. Therefore, the development
of azide and alkyne coupling reactions continues and a series of cyclo-
octynes allowing detection of azides in living systems through the
strain-promoted [3 + 2] cycloaddition without any catalyzer was
developed [66]. However, the first-generation strain-promoted cyclo-
addition reactions had a considerably slower rate than CuAAC. To
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modify the kinetic of copper-free azides-alkynes reactions a series of
compounds containing electron-withdrawing fluorine atoms at the
propargylic positions were evaluated. Results demonstrated that the
addition of difluorinated cyclooctyne (DIFO) increased the reaction rate
as its kinetic was comparable to CuAAC. This prompted the emergence
of “copper-free click chemistry” and DIFO-fluorophore conjugates
enabled imaging of azide-labeled biomolecules within complex biolog-
ical systems, including live cells [74]. Besides, more water-soluble
azacyclooctyne was synthesized to improve other attributes of the
cyclooctyne reagents such as pharmacokinetic properties [75]. For
instance, dibenzocyclooctynein (DBCO) copper-free click reactions have
a similar kinetic to DIFO while it is not toxic for cells [66]. Although
catalyst-free cycloaddition reactions are very promising, the reaction is
not always very selective. The strained octyne can also reacts with other
reactive nucleophiles present in the biological milieu such as thiols to
yield thiol-yne reaction products [76]. Nevertheless, such reactions have
shown promising results to label cells, validating their significance to
perform coupling reactions under physiological conditions.

3.1. Labeling of proteins

Strain-promoted [3 + 2] azide-alkyne cycloaddition reaction is a
promising and noninvasive method for labeling settled and newly
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synthesized proteins in living systems. To enable the tagging of the
proteome, non-canonical amino acids carrying reactive handles can be
incorporated, allowing for subsequent detection of the labeled proteins
[77,78]. One such example is covalent labeling with an alkyne-bearing
fluorophore by copper-free click chemistry, enabling the visualization of
newly synthesized proteins. Various reactive metabolic precursors
having azido functional groups such as azido-proline analogs, methio-
nine analogs such as azidohomoalanine (AHA), homopropargylglycine
(HPG), and ethynylphenylalanine have been used for this approach,
depending on the target proteins [77,79,80].

Proline has been widely explored as a marker of protein biosynthesis
in tissue engineering applications, especially for collagen which is the
most abundant mammalian protein [26,27]. Azido-proline has been
employed for residue-specific labeling of collagen model peptides by
functionalization with triazolyl moieties [81-83]. Moreover, it has been
proved that azido-proline is biocompatible, it does not disturb collagen
triple helix formation, as well as it can be detected by a fluorescent probe
[84]. Therefore, the azido-proline is one of the reporters that has been
used for noninvasive imaging of collagen deposition through bio-
orthogonal chemistry. In an in vitro study by Amgarten et al. [85], ovine
osteoblasts were selected as the model system to exploit the bio-
orthogonal imaging of collagen in live cells using dibenzooctyne (DIBO)
as a fluorescent probe and exploiting a strain promoted azide-alkyne

Laminin Collagen type 1

Collagen type 4

Agarose
2%

Fig. 3. Protein visualization by metabolic labeling through bioorthogonal chemistry. a) Incorporation of N3-Pro (azide-proline) chemical reporter into collagen and
labeling using a SPAAC bioorthogonal reaction with the fluorescent probe, b) Fluorescence labeling of proteins with DIBO in fetal ovine osteoblasts cultured in the
absence (i-iii) or presence (iv-vi) of N3-Pro: (i) and (iv) staining with DIBO Alexa Fluor 555 (red); (ii) and (v) counter-staining with Hoechst 33,342 (blue); (iii) and
(vi) overlay [85], ¢) Schematic of nascent extracellular protein labeling. The methionine analog, AHA, is added to the culture media and incorporated into nascent
proteins. The biorthogonal Cu(I)-free strain-promoted cycloaddition between the azide and DBCO-modified fluorophore (DBCO-488) enables visualization of the
proteins, d) Representative images (magnifications on the right) of nascent proteins and fibronectin, laminin «5 and collagen type I and type IV at 6 days [68], €)
Images of chondrocytes cultured in 2% agarose and continuously labeled with HPG for up to 9 days and f) Images of HPG-labeled chondrocytes cultured in agarose of
varying densities, demonstrating density of the cellular microenvironment impacts organization and distribution of nascent matrix [87]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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cycloaddition (SPAAC) bioorthogonal reaction (Fig. 3a). In this regard,
ovine osteoblasts were cultured in 2D and two different concentrations
of azido-proline added to the cultured fetal ovine osteoblasts. They
demonstrated that the presence of azido-proline had no adverse effect on
cell viability at either concentration, therefore the higher concentration
was selected for bioorthogonal labeling. Additionally, the fluorescence
microscopy images of azido-proline tagged collagen in fetal ovine os-
teoblasts after SPAAC reaction with the fluorescent probe DIBO showed
a nearly 2-fold increase in fluorescence intensity compared to cells
without azido-proline treatment (Fig. 3b). A relatively high background
staining in the samples cultured in the absence of azido-proline can be
detected, indicating unspecific DIBO labeling. Interestingly, confocal
microscopy images on stained cells showed a dotted structure that likely
corresponds to non-secreted pro-collagen, indicating that the cells take
up the azide-modified proline. In another study, Bardsley et al. [86] used
similar components, azido-proline and subsequent fluorescent alkyne
(DIBO) to detect neocollagen produced by cells continuously in vitro
without the need for the destruction of grafts. In this study, they seeded
azido-proline treated cells onto 3D fluorescent poly (lactic-co-glycolic)
acid (PLGA) scaffolds and placed constructs into a media containing
Click-IT Alexa Fluor 488 DIBO Alkyne. Their findings demonstrated that
the collagen produced by cells had been modified with azide-proline
efficiently and the control group was shown to exhibit little back-
ground staining.

Besides, AHA has been employed in different research studies to label
proteins containing methionine amino acids. For example, Loebel et al.
[68] used AHA incorporation and a bioorthogonal SPAAC reaction with
fluorophore-conjugated cyclooctyne (DBCO-488) to monitor the pro-
teins deposition and their spatiotemporal presentation produced by
bone marrow-derived human mesenchymal stromal cells (hMSCs) in a
biodegradable HA-based hydrogel (Fig. 3c). Their results (Fig. 3d)
illustrate that this bioorthogonal system could effectively label and
monitor methionine-containing proteins including fibronectin, laminin
a5 and collagen type I, and type IV produced by MSCs after 6 days of 3D
culture in HA hydrogel. In another study, McLeod et al. [87] employed a
similar bioorthogonal strategy using functional noncanonical amino
acid tagging by AHA and HPG which are structurally and functionally
similar to native methionine. To visualize proteins in both native car-
tilages and 3D-engineered constructs, the chondrocytes were cultured in
agarose gels in the absence of native methionine and the continuous
presence of either HPG or AHA. Following sample fixation, the incor-
porated HPG and AHA were identified by labeling alkyne or azide res-
idues with fluorescent azide or alkyne tags, respectively. Their results
demonstrated that HPG-tagged proteins could be visualized clearly and
HPG incorporation did not alter the mechanical or functional properties
of the newly formed matrix. Moreover, they assessed the time course of
protein deposition of chondrocytes, and by increasing incubation time,
the proteins progressively extended from the cell (Fig. 3e). Additionally,
they proved that protein accumulation rate heavily depends on polymer
integration, physical, and mechanical properties provided by the sur-
rounding microenvironment (Fig. 3f). In a more recent study, Saleh et al.
[88] used AHA labeling to identify and isolate labeled proteins from
embryos that minimize background signals from unlabeled proteins.
They injected pregnant C57BL/6 mice with AHA and then, AHA-labeled
proteins from homogenized E12.5 and E15.5 embryos were conjugated
with diazo biotin-alkyne. They could observe newly synthesized
AHA-labeled proteins by 3 h with peak labeling around 6 h, and
approximately 50% of all identified proteins were found only in AHA
samples, compared with proteins present in both AHA and PBS samples.
It showed the developed method in this work enables the identification
and quantification of protein synthesis and turnover in different tissue
fractions during development.

This bioorthogonal approach using proteins-segment analogs en-
ables type-specific protein visualization, and it also allows the evalua-
tion of different parameters such as biophysical, biochemical, and
mechanical cues on protein formation and deposition. Thus, this
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strategy is a powerful tool for monitoring matrix accumulation in
regenerative medicine approaches and diagnosing diseases where
abnormal collagen production is the main problem, such as diabetic
nephropathy, cirrhosis, or idiopathic pulmonary fibrosis.

3.2. Labeling of polysaccharides

The analysis of glycans has gained significant traction in the fields of
biological research, clinical analysis, and pharmaceutical biotechnology
production. This is due to the identification of distinct glycosylation
patterns that are associated with a variety of health and disease states.
As a result, glycan analysis has emerged as a valuable tool for investi-
gating the molecular mechanisms underlying these conditions and
developing novel therapeutic interventions [89]. There are several
techniques available for glycan derivatization and labeling, including
reductive amination, Michael addition, hydrazide labeling, and per-
methylation. Usually, these strategies followed by some aspects on pu-
rification of derivatized glycans. Additionally, various techniques have
been explored for analyzing and quantifying tagged oligosaccharides,
including chromatographic and electromigrative separation methods, as
well as mass spectrometry (MS) [89].

Identification and quantification of glycans/polysaccharide forma-
tion can be also monitored by metabolic labeling with unnatural sugars
followed by chemical reactions with imaging probes. Azide sugars such
as N-azidoacetylmannosamine (ManNAz), N-azidoacetylgalactosamine
(GalNAz), N-azidoacetylglucosamine (GlcNAz), and fucose-containing
glycans are abiotic azide-derivatives of naturally occurring mono-
saccharides which are mostly used for metabolic labeling of glycans
[90]. As demonstrated in Fig. 4, the synthetic azide sugars are installed
and azido groups are displayed on the cell surface. Consequently, the
azido groups are covalently coupled to azide partners with fluorescent
probes using a ‘click’ reaction [91,92]. This metabolic labeling strategy
can be used for cell monitoring and selective imaging of cells and gly-
cans for stem cell therapy, cancer-targeted therapy, immunomodulation,
and regenerative medicine approaches [7,70,80,90,92-99].

4. Application of ECM labeling

In the field of tissue engineering and regenerative medicine, ECM
plays a critical role. ECM formation along with temporal and spatial
positioning of proteins and polysaccharide-containing structures
deposited by cells can indicate tissue regeneration status. Different
methods such as immunohistochemistry, histology, and microscopy
techniques have been used for ECM visualization [100-102]. However,
the majority of them are destructive approaches and need a high number
of samples for repetition. They do not allow live monitoring of ECM, and
they cannot demonstrate the variation with time or the localization of
the deposited matrix. Bioorthogonal chemistry enables noninvasive in
situ monitoring of ECM, For instance, Loebel et al. [69] employed the
metabolic labeling technique using bioorthogonal chemistry to probe
the spatiotemporal accumulation of matrix deposited by chondrocytes.
In this regard, chondrocytes were embedded into a crosslinked HA
hydrogel and encapsulated fluorescent beads were placed into the
hydrogel matrix to monitor the position of the hydrogel concerning the
nascent matrix during culture. The constructs were cultured in media
containing AHA or tetraacylated N-azidoacetyl-mannosamine to visu-
alize proteins and proteoglycans, respectively, and then, harvested by
first staining live cells using a fluorophore-conjugated cyclooctyne
(DBCO-488) to fluorescently label AHA-containing proteins or N-azi-
doacetyl- mannosamine-tetraacylated -containing proteoglycans
(Fig. 5a). Fig. 5b illustrates this labeling technique that enables visual-
ization of all methionine- or mannosamine-containing matrix compo-
nents produced by cells, supported by immunostaining to image
collagen type II and type VI, or the proteoglycans such as aggrecan and
associated chondroitin sulfate residues. Additionally, the results
demonstrated that proteins and proteoglycans deposited with different
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Unnatural azide sugars

Metabolic incorporation

Azido-labeled membrane
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Membrane- attached probe

Fig. 4. The schematic illustration of metabolic labeling using bioorthogonal chemistry. In the first step, the labeling agents such as unnatural azido sugars are fed to
the cells that are then displayed on the cell surface after metabolizing the sugars. In the second step, the azido group site-selectively interact with a complementary
bioorthogonal component such as DBCO bearing a probe which is coupled through a copper-free click reaction, allowing detection and imaging of the target cells.

spatial distribution after being secreted by chondrocytes within hydro-
gels, when cultured in chondrogenic media for 7 days, the thickness of
this protein layer increased, indicative of those nascent proteins accu-
mulated in the pericellular space. Labeling of proteoglycans also showed
a similar deposition fashion around the cell body, however, the nascent
proteoglycans extended further into the hydrogel at each time point
(Fig. 5c and d). This approach is very useful for providing a broad
investigation of ECM components synthesized and can prove beneficial
for tissue regeneration and repair approaches. In summary, metabolic
labeling using bioorthogonal chemistry enables monitoring ECM depo-
sition noninvasively, and it also allows the location and position of ECM
components to be detected at different time points which can provide
new insights into the role of specific ECM components in tissue engi-
neering and regenerative medicine approaches. In another work, Mao
et al. [103] employed a bioorthogonal reaction-based strategy to
investigate in situ specific and fast cellularization of tissue engineering
scaffold. In this work, a DBCO-modified PCL-PEG (PCL-PEG-DBCO)
polymer was synthesized through electrospinning. This polymeric scaf-
fold was transplanted in mice in vivo and after 6 h macrophages that
were labeled with tetraacylated N-azidoacetylmannosamine (Ac4Man-
NAz) were injected into the abdominal cavity of the same mice. They
used this strategy to enable a controllable in situ cellularization of
scaffolds to enhance their biological functions and tissue regeneration.

ECM-based biomaterial or cell-derived matrices have now emerged
as a promising candidate to develop scaffold for tissue engineering ap-
plications [104]. ECM creates a 3D microenvironment that can be
effectively modified to enhance mechanical stability. The matrix also
supports the ability to stimulate cell adhesion and migration via exposed
cell-binding sites thereby modulating cell processes and can act as a
reservoir for growth factors [104,105]. However, ECM matrices lack
specific functional groups and lack molecular triggers with the ability to
guide cell function, regenerative properties, and post-implantation
performance. The biological complexity of the cell-derived ECM chal-
lenges the incorporation of such functional groups without disturbing
the integrity of the biomolecules within the ECM. Bioorthogonal
chemistry has been employed for the functionalization and engineering
of decellularized native ECM biomaterial for tissue engineering and
regeneration approaches [64]. In this strategy, the ECM components are
labeled by metabolic precursors such as unnatural sugars or
non-canonical amino acids and then functionalized with the desired
groups through click chemistry. In a research study, Ruff et al. [91]
developed a cell-derived ECM with azide functionalities using bio-
orthogonal chemistry. Human primary fibroblasts isolated from human
foreskin were cultured in the Dulbecco’s Modified Eagle Medium
(DMEM), supplemented with 10% fetal calf serum, pen-
icillin/streptomycin, and Na-L-ascorbate. 1,3,4,6-tetra-O-acetyl-N-azi-
doacetylgalactosamine (50 pM) was added to the cell culture media and
the flasks were incubated for 6 days (or 21 days for histological analysis)
to produce an azide-modified ECM. Half of the culture medium was

carefully removed every two to three days and replaced by fresh me-
dium. The secreted azide-modified cells were fixed with formalin and
later fluorescently labeled with an alkyne-modified fluorophore,
employing a copper-catalyzed azide-alkyne cycloaddition reaction and
detected using a confocal laser scanning microscope (Fig. 5e). In another
study, Ren et al. [99] used a similar metabolic labeling method for
chemoselective functionalization of native ECM to facilitate tissue
regeneration and repair. The authors labeled the ECM using unnatural
azide sugars both in vivo and ex vivo followed by a decellularization
process (Fig. 5f and g). Briefly, for in vivo metabolic labeling, reagents
were administered via intraperitoneal injection daily for 3 days (30
mg/day). One day after the last administration of the metabolic labeling
reagents, organs were harvested from the animals and decellularized.
For ex vivo labeling, freshly isolated porcine left lungs were cultured ex
vivo in bioreactors for 24 h in the presence of GalNAz and decellularized.
These experiments demonstrated that the azide-labeled acellular scaf-
folds can be immobilized of alkyne-modified biomolecules interest by
click reaction (Fig. 5h).

Other research studies exist that utilized the bioorthogonal chemis-
try approach for labeling. Functionalization of ECM can be used to
develop a bio-scaffold for different tissue regeneration approaches.
Additionally, a similar strategy can be used to conjugate different mol-
ecules such as drugs and growth factors to the ECM scaffold for a more
efficient regeneration and repair process. In Table 2 the major tech-
niques and targets of these studies are illustrated.

5. Pitfalls of ECM labeling and methods to overcome

Even with great advancements in biorthogonal labeling techniques
in recent years, noted limitations still exist with many forms of bio-
rthogonal labeling chemistry. First, bioorthogonal labeling chemistry
involving Copper or other metal-catalyzed reactions has shown cyto-
toxic effects on cells [112]. Metal-free biorthogonal techniques have
been developed to reduce the cytotoxic effects, but this remains a
concern for newly adopted metabolic biorthogonal labeling chemistry
[113]. All amino acids are incorporated in nearly every protein; there-
fore, identification of relative abundance of these proteins is of para-
mount importance to identify newly formed ECM. To a lesser extent this
goes for the incorporation of sugar residues, but as glycosylation is an
important posttranslational modification of proteins and extracellular
glycoproteins are abundant, also here specificity is an issue that in most
cases can only be solved by studying in vitro and in vivo processes
characterized by the relative abundance of the protein of interest or
using additional technologies to demonstrate relative specificity [65].
Biorthogonal labeling in itself may only be able to distinguish the newly
formed ECM components, therefore it could be combined with other
traditional methods such as immunofluorescent antibody labeling or
liquid chromatography-mass spectrometry (LC-MS) or MS analysis to
verify which type of proteins are secreted. Steps can also be taken to
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Fig. 5. ECM labeling for its visualization and use as scaffold material. a) Schematic of nascent protein and proteoglycan metabolic labeling. The azide-modified
methionine analog or mannose analog are added to the culture media and incorporated into nascent proteins (for example, collagen type II and collagen type
VI) or proteoglycans (for example, aggrecan core protein and its associated chondroitin sulfate residues), respectively. The biorthogonal Cu(I)-free strain-promoted
cycloaddition between the azide and DBCO-488 enables visualization of either the nascent proteins or proteoglycans, b) Representative images (magnifications on
the right) of nascent proteins (white, co-stained with either collagen type II and VI) or proteoglycans (cyan, co-stained with aggrecan and chondroitin sulfate)
deposited by bovine chondrocytes encapsulated in norbornene-modified HA hydrogels and cultured for 7 d in chondrogenic media (scale bars 10 pm), c¢) Repre-
sentative images of accumulated nascent proteins of encapsulated chondrocytes cultured in chondrogenic media for up to 7 d (left, scale bars 10 pm) and radial
intensity profiles of nascent proteins (gray). Lines represent median intensity profiles; shaded areas represent standard deviation, d) Representative images of
accumulated nascent proteoglycans of encapsulated chondrocytes cultured in chondrogenic media for up to 7 d (left, scale bars 10 pm) and radial intensity profiles of
nascent proteoglycans (cyan). Lines represent median intensity profiles, shaded areas represent standard deviation [69], e) Preparation of an azide-modified
cell-derived ECM. Primary human fibroblasts were treated with an azide-modified sugar analog to metabolically incorporate azide groups into the cellular gly-
cans. After 6 days of culture, the fibroblasts were lysed and the cytoplasm was washed off to purify the ECM. The chemical accessibility of the incorporated azide
groups was demonstrated by immobilizing the ECM on an alkyne-functionalized silicon wafer [91], f and g) Diagram of metabolic labeling of porcine organ ECM ex
vivo and in vivo, respectively, and h) Diagram of whole organ infusion click reaction allowing immobilization of alkyne-modified biomolecules onto azide-labeled
acellular organ scaffolds (diagram showing the lung as an example) [99]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

reduce errors in imaging the bioorthogonal labeled molecules by
creating control samples with unlabeled species to provide a baseline
normalization image, which needs to be performed on all culture envi-
ronments and sample types included in one study. Additionally, multiple
biorthogonal labeling techniques can be directly compared together by
the simultaneous addition of different stable isotopes and methionine

analogs. These methods can also be incorporated into sugar and
metabolite labeling techniques to improve outcomes. Nonspecific la-
beling cannot be prevented entirely, but efforts have been made to
improve upon the outcomes with the combinations of different labeling
and quantification techniques [65].

Further limitations include poor labeling due to the insolubility of
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Table 2
The summary of research studies utilized the bioorthogonal chemistry approach for labeling ECM molecules to functionalize ECM-based biomaterial or cell-derived
matrices.
Authors Cell/Tissue Type Metabolic Precursors Labeling Technique Application/Target
Fruh et al. Human plasma Azide-containing peptide Azide-labeled fibronectin was conjugated with Site-specific incorporation of fluorophores
[106] (FKGGGK(N3)) DBCO-Alexa Fluor 488 through SPAAC probes into the ECM protein fibronectin by
activated factor XIII
Ruff et al. Human fibroblasts 1,3,4,6-tetra-O-acetyl-N- Azide-modified cell derived ECM was conjugated Conjugating the ECM with silicon wafer
[91] azidoacetylgalactosamine with DBCO
Madl et al. Elastin-like Azide-bearing 4-phenyl-1,2,4-tria- Azide-functionalized ELPs crosslinked with Azide-functionalize tyrosine residues within
[64] proteins (ELPs) zoline-3,5-dione (PTAD) bicyclononyne functionalized ELPs via SPAAC the proteins, selectively for bioorthogonal
chemistry of protein hydrogels
Steen et al. Chondroitin sulfate  N-hydroxysuccinimide -PEG4- Functionalized lyophilisome was generated by Targeting the cancer ECM for an anti-cancer
[107] azide reaction between azido-conjugated lyophilisomes strategy to form a depot of chemotherapeutic-
and labeled GD3G7 antibodies loaded lyophilisomes
Gutmann NIH-3T3 GalNAz and GlcNAz Labeled-cell-derived matrix was featured for Site-specific decoration of matrix with
etal. [108]  fibroblasts bioorthogonal conjugation chemistry by SPAAC or  bioactive molecules for tissue repair
CuAAC applications
Nellinger Adipose-derived 1,3,4,6-tetra-O-acetyl-N- Isolation of azide-modified ECM produced by ASCs ~ Labeled ECM of the ASCs can be used as a
etal. [109] stem cells (ASCs) azidoacetylgalactosamine and then detected through CuAAC using an alkyne-  multifunctional biomaterial for bio-

linked fluorophore
methionine- or mannose- containing matrix
components were monitored by using DBCO-488

Loebel et al.
[69]

Chondrocytes AHA and tetraacylated N-

azidoacetyl- mannosamine

Keller et al.
[110]

Human primary
fibroblasts

1,3,4,6-tetra-O-acetyl-N-
azidoacetylgalactosamine

Jacome et al.
[111]

Rat lung Tetraacylated N-

Azidoacetylgalactosamine

Azide-labeled ECM was conjugated with alkyne-
modified biotin molecules

Azide-labeled ECM was conjugated with a desired
alkyne-modified biomolecule, such as growth
factors and glycosaminoglycans

applications

Probing the spatiotemporal accumulation of
matrix deposited by chondrocytes
encapsulated in the hydrogel

Generation of azide-modified ECM as coating
to create homogeneous, dense, and highly
bioactive cell substrates

Functionalization of native tissue-derived ECM
by bioactive molecules for tissue engineering
and wound repair

some proteins, especially ECM proteins. Click chemistry reactions like
CuAAC used in metabolic labeling have been shown to have poor effi-
ciency with targets having limited solubility [114]. To counter the poor
solubility of some proteins for labeling, some researchers have had to
resort to sonication to physically disrupt protein-to-protein interactions
and improve labeling efficiency or add different molecules to interfere
with normal protein secretion like high molar urea [88]. These methods,
however, reduce the non-invasiveness of metabolic labeling techniques
and will disrupt or destroy cellular components and physical features.

Other concerns of note with metabolic labeling of ECM components
are physiological relevance and how the introduction of foreign bio-
rthogonal chemicals into the system will perturb the results. Whenever a
foreign chemical entity is introduced into a biological environment, that
environment will undergo some form of change or disruption in
response to that foreign species regardless of whether that chemical
species is bioorthogonal. The cell is a crowded place with a high density
of many types of molecules of different sizes including proteins, sugars,
and lipids. When a foreign chemical used as a metabolic label is intro-
duced into the biological system, that chemical can physically hinder
other molecules’ and proteins’ ability to bind or react by simply being in
the way of native molecules as found under normal physiological con-
ditions. Furthermore, a foreign chemical species may interact non-
chemically with any number of other molecules and disrupt diffusion
or change the pH of the system for example. The unnatural chemicals
can directly compete with native metabolites and proteins. Furthermore,
depending on the method of metabolic labeling used, the unnatural
chemicals may be less efficiently incorporated or metabolized compared
to the natural chemicals present and may lead to unwanted and prob-
lematic metabolites [115]. The size of the disruption from the intro-
duction of bioorthogonal chemical species can cloud observations from
studies involving bioorthogonal chemistry and might raise doubts about
the actual physiological relevance of the system after labeling is intro-
duced. Metabolic labeling of proteins and glycans in the ECM will leave
a fingerprint in the system with a major shortcoming of how the un-
natural molecules introduced will compete directly with native mole-
cules, proteins, and other glycans in the system [115].

Challenges to overcome with biorthogonal chemistry ECM labeling
techniques in the future include improving upon the efficiency and
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precise quantifiability of labeling techniques while also reducing any
cytotoxic or cell-compromising and physiologically detrimental effects.
Even if the ECM labeling chemistry remains biorthogonal, some effects
may prove to be detrimental over longer term labeling due to bio-
accumulation over time from the cell’s inability to degrade byproducts
of biorthogonal reactions. Additionally, distinguishing between or
applying differential labeling between already existing ECM compo-
nents and newly formed ECM pieces remains a challenge. Research
teams have already begun addressing these issues by incorporating
multiple forms of bioorthogonal labeling simultaneously such as protein
labeling and glycosylation-enabled labeling [116]. With the combina-
tion of these challenges, researchers move forward in their techniques to
improve upon our understanding of the ECM and its dynamics through
development, regeneration, healing, and disease progression.

6. Conclusion and future direction

In conclusion, biorthogonal chemistry allows visualization and
quantification of ECM component synthesis in living cells and tissues in
real-time. By enabling quantification and visualization of the growing
and living ECM, complex ECM dynamics can be more thoroughly
investigated and understood. These techniques will help pave the way
for better therapeutics that target ECM modalities and a wider under-
standing of how the ECM changes in various pathologies. Improving
upon the challenges and limitations of bioorthogonal chemistry for la-
beling the ECM will further advance our understanding of the com-
plexities involved in the ECM and related pathologies. Future directions
in biorthogonal chemistry used in ECM labeling include combining
different biorthogonal approaches simultaneously to deliver a more
powerful understanding of the ECM with studies that combine glyco-
mics, proteomics, and the interface between cells and biomaterials.
Other possibilities include reducing the metabolic footprint of bio-
orthogonal chemistry introduced into living systems to improve upon
the physiological relevance of the labeling method.
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