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Bioconjugation in Materials Science
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1. Introduction

With the advent of bioconjugation chemistry in the last two decades,

highlighted by the Nobel Prize 2022, the quest for possible novel applications
has been greatly intensified, broadening the prospects of these mostly simple,
specific, and high-yield reactions. The advancement of bioconjugation
methods is anticipated to expand the scope of bioinstructive and bioadaptive
materials science in the future. This perspective article will discuss the
reactions developed in this research area over the last 10 years for coupling
various biological entities such as polysaccharides, oligonucleotides,
peptides, and proteins. Building on this, the impact of bioconjugation
reactions in materials science and 3D printing, including their challenges and
requirements is shown. Established procedures for modifying molecular
structures such as Covalent and Metal Organic Frameworks (COF/MOF) or
hybrid materials for biomedical applications and the scope for future research

and optimization will be presented.
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Bioconjugation of materials was originally
developed by biochemists and has been
studied for decades exclusively for bio-
chemical and biomedical applications. At
that time, the most common methods
of bioconjugation to materials were cou-
pling via a crosslinking agent, such as
a bifunctional linker, or enzyme-mediated
conjugation with, e.g., proteases or glyco-
syltransferases. However, very easy-to-use
bioorthogonal bioconjugation reactions,!!
such as click chemistry or light-induced
reactions, have enormously expanded the
applications and the utility of biofunction-
alized materials in many emerging areas
of materials science, e.g., 3D printing, tis-
sue engineering, sensor design and even
the biocatalyzed production of chemical
building blocks. In the broadest sense, the term “bioconju-
gation” refers to a collection of chemical, often but not in-
evitably bioorthogonal,l!l strategies for ligating two molecules,
one of which usually represents a biomolecule, such as a
protein, a peptide, an oligosaccharide, or an oligonucleotide.
The resulting constructs combine the properties and char-
acteristics of both starting materials (Scheme 1). Ideally,
a bioconjugation reaction is highly biocompatible, proceeds
fast, and is selective without side reactions. The power of
these techniques enables us to address new research ar-
eas, e.g., expanding our understanding of biological path-
ways by profiling biomolecules and cellular events, develop-
ing potential medical (imaging) agents, or creating new hy-
brid materials for materials sciences. Beyond that, there is
also the possibility of using bioconjugation approaches for
3D printing.

In this perspective article, we focus exclusively on reactions in
aqueous media with special emphasis on photo-bioconjugation
and methods suitable for light-induced 3D printing. Knowing
the functionalities required for a particular bioconjugation, the
simplicity and other advantages of the reaction can be easily
transferred to materials science. The molecular scaffolds that can
be considered for biofunctionalization are very diverse, ranging
from classical inorganic nanomaterials to framework structures
such as COF or MOF, polymers and surfaces optimized for cell
adhesion, materials for medical applications, (semi)synthetic
biomaterials and biopolymers such as synthetic peptides,23#]
proteins, glycans resembling extracellular matrix components
or nucleic acids.®! Using biocompatible reactions, it is possible
to interfere with biological materials during the bioconjugation
process, as is the case with 3D bioprinting in the presence of
cells.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Scheme 1. Schematic illustration of biofunctionalization of materials by bioconjugation.

2. Challenges (and Opportunities)

Due to heterogeneity, the conjugation of biomolecules to an
artificial material is more challenging than bioconjugation
to dissolved components. One challenge is the selectivity of
the reaction when more than one functionality is present in
the biomolecule, e.g., OH groups in carbohydrates. In addi-
tion, many materials are inherently hydrophobic, unlike the
biomolecules with which they are reacted. This requires special
considerations in the bioconjugation techniques since they are
usually carried out in aqueous media. Also, certain biomolecules
— proteins or nucleic acids — adopt a three-dimensional structure
crucial for their function. Immobilization of a material, especially
if it is a hydrophobic surface, can lead to its denaturation and
loss of biological function. A particular challenge, but also an op-
portunity, is using light-induced bioconjugation methods. These
offer high spatial and temporal control but can be harmful to
biomolecules due to the high intensity of the light sources and
the fact that most of these bioconjugations are radical reactions.

In recent decades, many different bioconjugation methods
have been used to couple biologically active components, most
of which are also derived from natural sources, onto materials.
Bioconjugates include peptides (e.g., RGD peptides), proteins,
antibodies, enzymes, lectins, carbohydrates, extracellular com-
ponents, lipids, nucleic acids, and small metabolic molecules.®!
They all require a different bioconjugation strategy.

Smaller or larger peptides and proteins are less stable con-
cerning epimerization or denaturation but offer ample bioconju-
gation opportunities depending on the alpha carbon side chain.
Natural amino acids contain carboxylates, aliphatic and pheno-
lic hydroxyl groups, primary amino groups, thiols, thioethers,
or sometimes selenols found in some bacteria. The inherent
nucleophilicity of thiols or selenols makes cysteine or seleno-
cysteine appealing targets for chemoselective bioconjugation be-
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cause they are site-specific. Besides the natural amino acids,
artificial amino acids with functional groups such as azides,
tetrazines or alkynes or alkenes, halides, or maleimides can
be introduced by either modifying the genetic code in protein
expression!’! or by chemical or semisynthetic means. However,
the risk of denaturing the defined three-dimensional structure of
proteins and peptides when immobilized on a material remains,
and the lack of methods for the structural characterization of on-
surface proteins is a significant problem.

Unlike peptides, unprotected linear, cyclic, and origami-type
nucleic acids are negatively charged and very polar and have
fewer addressable groups for direct functionalization. However,
chemical oligonucleotide synthesis is very efficient, and intro-
ducing modified nucleotides or modifications of the termini-
bearing azide, alkene, or alkyne functions is highly feasible.[®!
The highly selective base pairing can then be exploited to, e.g.,
bind larger nucleotides. Other obstacles that need to be con-
sidered are the stability of nucleic acids and the possible loss
of three-dimensional structure when conjugated into a material
(vide supra). Stability depends on the type of nucleic acid: While
DNA has good stability under many conditions, RNA is very sen-
sitive to acids and bases, and ribonucleases are ubiquitous. To in-
crease stability chemically, nucleic acid analogs such as peptide
or locked nucleic acids could be considered.!]

The bioconjugation of natural and artificial monomeric,
oligomeric, and polymeric carbohydrates lacks chemoselectiv-
ity and efficiency.!%) The variety of functional groups that can
be addressed in bioconjugation reactions is small. In addition
to the obligatory hydroxyl groups, which are sometimes well-
discriminated, N-acetyl groups and carboxylates can be found.
The stereochemistry also has a decisive influence on the reac-
tivity of the functional groups. For example, an equatorial OH
group reacts faster in a Michael addition than an axial OH group.
However, in the last decade, Carolyn Bertozzi and colleagues
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have shown in detail that the functionalization of carbohydrate
monomers with azide and alkyne functional groups does not
affect the metabolization of the precursor carbohydrates to the
oligosaccharide chain.[''l Azide/alkyne functionalized oligosac-
charides are presented at the cell surface for biorthogonal bio-
conjugation. These oligosaccharides can even be harvested for
further bioconjugation to materials.['2] The synthesis of oligosac-
charides has improved significantly in the last decade with the ad-
vent of efficient chemical and enzymatic methods, making such
modified carbohydrates readily available.['*]

Many challenges and opportunities can be seen in the next 5 to
10 years. In the supplementary information, most of the recent
bioconjugation methods are listed. In this regard, we look very
positively to a new chapter of the interaction between materials
sciences and life sciences.

3. Bioconjugation Methods

This chapter provides a condensed overview of the main bio-
conjugation methods used in both materials design and biologi-
cal applications. First, thermal bioconjugation reactions are re-
viewed from the perspective of long-established methods and
recent trends. Light-driven bioconjugations, which are particu-
larly interesting to materials scientists because they allow spa-
tiotemporal control of polymerization or functionalization, are
then discussed. Since most of the light-driven bioconjugations
have been developed from the corresponding thermally-driven
reactions, only the first subchapter contains more detailed mech-
anistic considerations, as these largely apply to the corresponding
light-driven reactions in the second subchapter.

3.1. Thermal bioconjugation reactions
3.1.1. Thiol-Mediated Bioconjugation

Thiols are very good nucleophiles and therefore react read-
ily with good reaction kinetics in nucleophilic substitutions
and additions."! Considering the low abundance of the thiol-
containing amino acid cysteine in natural proteins (1.9%) and
the absence of thiols in nucleic acids and carbohydrates, thiol-
mediated bioconjugation methods appear very attractive for the
biofunctionalization of materials and biomolecules.'*] Over the
years, several chemical methods with high chemoselectivity
have been developed: Native chemical ligation — the reaction
of a thioester fragment with a peptide or protein bearing an
N-terminal cysteine residue, producing a native peptide bond in
the condensation product!*®! — or substitution to alkyl halides or
perfluoroarenes. (1 Although limited by the low stability of thiol-
succinimide adducts to hydrolysis or thiol exchange, the Michael
addition of thiols to maleimides (1) is the most widely used be-
cause of the excellent reaction kinetics and easy availability of
maleimide reagents.!”]

In recent years, several reagents have been developed that re-
tain the chemoselectivity combined with the favorable reaction
kinetics of maleimide-thiol chemistry but provide stable conju-
gation products.[’®l Many of these methods are still based on
Michael addition but on Michael acceptors that release strain af-
ter the addition reaction, e.g., cyclopropenyl ketone 2,[%! and/or
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exhibit high electrophilicity due to electron-withdrawing groups
such as additional carbonyl groups or pyridinium residues
that stabilize the negatively charged addition intermediate
(Scheme 2A).[2% Interestingly, maleimides are activated Michael
acceptors; however, linear representatives such as carbonyl acry-
lamide 3 show similar reactivity but provide stable conjugation
products. Another way to activate the Michael acceptor is to intro-
duce a leaving group that allows addition-elimination sequences
(Scheme 2B). One representative is the 3-bromo-5-methylene-
pyrrolone reagent 5, which enables bioconjugation in a 1,6-thio
Michael addition.?! The anionic intermediate 6 is stabilized by
both the carbonyl and the bromine. The subsequent Sy 2 prime
reaction with hydroxide yields the monofunctionalized conjugate
8, which can be converted to dual-functionalized conjugates by a
second, albeit much slower, Michael addition.2?!

In addition to activated Michael acceptors, activated heteroaro-
matic compounds such as 9 or 12 have been used for fast bio-
conjugation, although not yet in the context of the biofunc-
tionalization of materials. Activation occurs through electron-
withdrawing substituents that lead to electron deficiency of the
aromatic system, allowing the addition of the thiol compound to
form an anionic o-complex (Scheme 2C). A leaving group, for
example, the sulfone in 9 or the 4-nitro group in 12, enables
rapid rearomatization, the driving force of the reaction.?’] Fur-
ther strategies of fast thiol-based bioconjugation include using
hypervalent iodine or a-cation activated reagents.[>*] For a de-
tailed description of the progress in this field, we refer to the
excellent reviews by Ochtrop and Hackenberger or Chen and
Gao 18]

3.1.2. Oxime ligation and Staudinger Ligation

Oxime ligation is one of the longest-established biorthogonal
ligation methods.[?*! Briefly, it involves highly chemoselective
oxime formation from the condensation of aldehydes or ke-
tones 15 and alkoxy amines 16, with water being the only side
product (Scheme 3A). The conjugation reaction is relatively
slow at physiological pH but accelerated at pH 4 to 6 or by
adding aromatic amines, forming a reactive Schift base as an
intermediate.[?’] Compared to imines, oximes are more hydrolyt-
ically stable but still show reversibility under physiological and
mildly acidic conditions.*”] For some applications, this may be
desirable, especially to induce environment responsiveness or
self-healing properties, as shown for oxime-crosslinked polyethy-
lene glycol (PEG)-based and acrylamide-based hydrogels (vide
infra).[28]

Staudinger ligation is probably one of the most widely used
bioconjugation methods with various reported applications in
protein synthesis, protein or nucleic acid labeling, and bio-
functionalization in vitro, in vivo, and in rodent models.l%]
Chemically, Staudinger ligation is a phosphine-azide-based
transformation between an azide fragment (21) and another
fragment with an ortho-triarylphosphine-substituted benzoic
acid methyl ester (20, Scheme 3B).''l As with many other
ligation methods, a capture step occurs first, followed by a rear-
rangement. The azide fragment is reacted with the phosphine
moiety to form an iminophosphorane intermediate 22, which
subsequently converts to the amide ligation product 24 after
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Scheme 2. A-C) Thiol-based bioconjugation strategies.

O-to-N acyl transfer and aqueous work-up. An advancement
of the Staudinger ligation is the so-called “traceless” variant,
which was developed to allow the formation of ligation products
with native peptide bonds, which is particularly interesting for
peptide and protein synthesis (Scheme 3C).[] The difference
to the conventional method is that the phosphine moiety is
introduced as an auxiliary such as the phosphinomethylth-
ioate in 25, which can be easily hydrolytically cleaved after the
rearrangement step.) The azide and phosphine units are
biocompatible, and the azide is among the smallest biorthogonal
functional groups.l*] Nevertheless, the relatively poor reaction
kinetics and the oxygen sensitivity of the phosphines are major
limitations of this reaction and may be the reason why the
Staudinger ligation has hardly been used for material synthe-
sis and functionalization.®!] One of the rare recent examples
includes a click-release strategy on gold nanoparticles.[3?!

3.1.3. Cycloadditions

Cycloadditions have been widely used to functionalize
biomolecules and materials. The Nobel Prize-winning azide-
alkyne cycloadditions and tetrazine ligation are probably the
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most prominent among them. However, we would also like to
highlight the classical Diels-Alder reaction and sydnone cycload-
ditions, the latter of which have only recently been established
in the field of bioconjugation.

The copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of
azides and terminal alkynes (CuAAC) was independently devel-
oped by the groups of Sharpless and Meldal (Scheme 4A).[*]
The alkyne 30 and azide moieties 21 exclusively form the 1,4-
disubstituted triazole 31. In addition, the product is very small
and minimally interferes with the structures to which it is
bound. Therefore, CuUAAC has been widely applied in chemi-
cal biology with proteins, nucleic acids, and carbohydrates, as
well as in materials design and functionalization.l*f34] The com-
plex mechanism of CuAAC is still under investigation, with
new aspects discussed in the last decade. The most accepted
mechanism was presented by Himo et al. and involved a path-
way via binuclear copper acetylide intermediates.[*! Although
CuAAC is always considered user-friendly and widely applicable,
the reaction conditions often must be optimized for a specific
purpose. This is reflected in the variety of catalysts and catalytic
systems used in CuAAC, ranging from simple copper salts and
copper(I) complexes to copper rods and complex heterogeneous
systems such as metal-organic frameworks, copper-binding
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Scheme 3. A-C) Bioconjugation by oxime ligation and Staudinger ligation.

cellulose, and other nanostructured materials.3**3¢ One signif-
icant limitation of CuAAC is the copper-induced formation of
reactive oxygen species (ROS) which can lead to various un-
desired side reactions.*”] Self-sacrificing ligands that scavenge
ROS, such as 32 and 33, have been designed to overcome this
problem. Additionally, they stabilize the copper(I) species, thus
accelerating the reaction.335>:38]

However, limitations remain, such as copper-induced toxicity
to cells due to the strong binding of copper to certain proteins
and thiol-containing molecules and copper-induced oxidative
stress.[*] This led to the development of copper-free azide-alkyne
cycloaddition on strained alkynes (SPAAC - strain-promoted
azide-alkyne cycloaddition, Scheme 4B), which is slower com-
pared to CuUAAC but fast enough to be used in complex systems
such as cells.[**] The reaction rates of SPAAC depend largely on
the strain of the alkyne (34) used.[*!! Unsubstituted cyclooctynes
(34a) react significantly slower than bicyclo[2.1.0jnonyne (34b) or
dibenzocyclooctynes, and these, in turn, react slower than more
strained cycloheptynes such as 34c.1*?] Although azides have been
most commonly used in these strain-promoted 1,3-dipolar cy-
cloadditions for bioconjugation, other 1,3-dipoles such as ni-
trones, diazo compounds, or nitrile oxides react at higher rates
and, in some cases, allow for different substitution patterns.[*]

Sydnones are other alternative 1,3-dipoles extensively stud-
ied in 1,3-cycloadditions in recent years.[* The sydnone-based
cycloaddition is a two-step reaction sequence involving a [2+3]
cycloaddition followed by a retro-Diels-Alder reaction to give a
heterocyclic conjugation product and, in the case of 36, car-
bon dioxide.l”] However, the classical Huisgen cycloadditions
on alkynes require higher temperatures and show only mod-
erate reaction rates. In contrast, copper(I)-phenanthroline com-
plexes catalyze the reaction efficiently and, similar to CuAAC,

Adv. Funct. Mater. 2023, 2303613 2303613 (5 of 28)
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selectively afford the 1,4-disubstituted pyrazole cycloadduct 38
(Scheme 4C).[1 Although requiring higher amounts of cop-
per(I) compared to CuAAC, copper(I)-catalyzed sydnone-alkyne
cycloaddition (CuSAC) proceeds under mild reaction conditions
with high yield and excellent regioselectivity and is very tolerant
to functional groups.l*’] Azaiminosydnones were also studied in
CuSAC, with the predominant formation of 2,5-disubstituted tri-
azoles under mild conditions.[*®!

In addition to [2+3] cycloadditions, Diels-Alder reactions
(DAR) have been applied for bioconjugation.*] In DAR with
standard electron demand, an electron-rich diene reacts with an
electron-poor dienophile to form a six-membered cyclic adduct
in a concerted manner (Scheme 4D).5% The small size of the
reactive groups, high degree of biorthogonality, predictability of
regio- and stereoselectivity, and fast reaction rates in aqueous
solvents due to hydrogen bonding to the activated complex
and hydrophobic effects make DAR extremely attractive for the
functionalization of biomolecules and materials.’!! The diene
component (40) can be linear or cyclic (e.g., 40a—d). Electron-
deficient dienophiles such as maleimides 41a and strained
alkenes (41b,c) offer moderate to good reaction rates under mild
reaction conditions. A classic diene-dienophile pair is repre-
sented by furan as the diene and maleimide as the dienophile.l>?
Since DAR is known to give very high yields and literally requires
no purification, it has found widespread application in materials
synthesis and functionalization.[®?>3] However, one aspect that
should be considered is the reversibility of the reaction. As oxime
ligation discussed previously, this can be exploited for developing
degradable or self-healing materials®>°*] and for drug delivery
or biomolecule formulation, e.g., through reversible-addition-
fragmentation chain-tranfer (RAFT) polymers.°" In a recent
report, biofunctionalized 3D-printed thermogelling hydrogels
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Scheme 4. A-E) Bioconjugations based on cycloaddition reactions.
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OH + OH
H
B, H,0 g-OH
OH -"OH
E H+
H,O
48 49
B) Diazaborine-based bioconjugation
9H
B.

(0}

52 R 53

C) Suzuki-Miyaura coupling

(0]
OH " H2N~NJ]\NO s
H H

www.afm-journal.de

%, 0
HO OH g
50 HO. 7 ~O

o s

51

H O

0
= NJJ\NO
OQ/Y.Q :

R
54 R=H, Me

NH,

OH I Pd(Ac), (ADHP),
oto © Ulo '

55 56

Scheme 5. A-C) Bioconjugations based on boronic acids.

are reported to gain shape fidelity through DAR-mediated
crosslinking.[>]

In contrast to DAR, tetrazine ligation provides robust link-
age with excellent rates.*”) Tetrazine ligation, the reaction be-
tween a 1,2,4,5-tetrazine (43) and an alkene (44), whose mech-
anism is best described by a reaction cascade consisting of a
DAR with inverse electron demand followed by a rapid retro-
DAR after the release of nitrogen (Scheme 4E). In the final
step, 1,3-prototropic isomerization gives 1,4-dihydro-pyridazine
47561 Unlike DAR, tetrazine ligation is irreversible. The rates of
tetrazine ligation are extremely fast, up to 10° M~ s7!, especially
with strained electron-rich dienes such as bicyclo[6.1.0Jnonene
44a and tetrazines with additional electron-withdrawing sub-
stituents (e.g., 43a), thus allowing efficient bioconjugation at low
concentration of the reactants.l’’] However, for some applica-
tions, it is advantageous to have slower rates. Tetrazine ligation
allows rates to be varied by many orders of magnitude by simply
changing the nature and pattern of substitution of the reactive
groups.l*®! Another advantage is the high chemoselectivity, which
makes the reaction orthogonal to other conjugation reactions.>”]
Together, tetrazine ligation is an extremely powerful chemical bi-
ology and nanotechnology tool.1%!

3.1.4. Bioconjugation with Boronic Acids

Boronic acids have a unique reactivity due to the unoccu-
pied p-orbital in the boron center, which makes them strong
Lewis acids.[®® In an aqueous solution, boronic acids are
therefore in equilibrium with the anionic hydroxy boronates
(49),10 both of which readily form esters with 1,2- and 1,3-
diols (50),1°”) which can be used to bind biologically relevant di-
ols such as carbohydrates or dopamine (Scheme 5A).[°*] How-
ever, this process is reversible but can be controlled by adjust-
ment of the pK, value of the boronic acid.[’! The correspond-
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ing boronate esters 51, which are more stable than boronic
esters, are preferentially formed at the pK, value or above.[%!
Using boronic acids with electron-withdrawing groups (EWGs)
can decrease the pK, value, resulting in more stable boronate
esters.

The formation of boronic and boronate esters is highly re-
versible. It has been used to design dynamic materials, such as
dynamic, near-floating, self-healing hydrogels or responsive hy-
drogels that can be degraded to carbohydrates under physiolog-
ical or acidic conditions.!®] Combinations of crosslinks, e.g., a
combination of oxime crosslinks and boronate esters or alginate
calcium(II) crosslinks and boronate esters, were used to impart
shape memory to materials, with the boronate esters providing
the dynamic properties to the system.

In addition to reversible conjugations, boronic acids can
also be wused for irreversible bioorthogonal transforma-
tions. Diazaborines (54) are irreversibly formed from 2-
formylbenzeneboronic acids or 2-acetylbenzene boronic acids
(52) and semicarbazides (53) in excellent to good yields and un-
der physiological conditions (Scheme 5B).[] Boronic acids are
versatile reagents for forming C-C bonds in organic chemistry.
Suzuki-Miyaura cross-coupling (Scheme 5C) and Chan-Lam
coupling have been used for bioconjugation at such mild condi-
tions as pH 8 and 37 °C or even room temperature and may be
of interest for materials synthesis in the future.*”]

3.2. Light-Induced Bioconjugation Reactions

Thermal bioorthogonal click reactions and bioconjugation meth-
ods proceed spontaneously under the conditions for which they
are optimized. However, for some applications, particularly in
materials development and synthesis, it is desirable to control
the bioconjugation reaction spatially and temporally to adapt
material properties or functionalization density. Light-induced
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bioconjugation provides this control while retaining the advan-
tage of bioorthogonality or at least high chemoselectivity. Typi-
cally, light-induced bioconjugation involves the formation or de-
protection of a reactive intermediate by light irradiation or the
light-induced activation of the catalyst required for a particular
bioconjugation.[®®] This subchapter presents an overview of the
most important light-induced bioconjugation methods, includ-
ing strategies for using light to trigger classical click reactions.

3.2.1. Light-Induced Thiol-mediated Bioconjugation

The most important light-induced reaction involving thiols is
the thiol-ene (thiol-yne) click reaction (TEC), a radical reac-
tion of a thiyl radical 60 that adds to an alkene 41 or alkyne
with anti-Markovnikov selectivity to form a carbon radical 61
(Scheme 6A).[®) In a chain reaction, 61 can abstract hydrogen
from another thiol molecule (59) to form the thioether bond.
This efficient click chemistry allows perfect spatiotemporal con-
trol and has found wide application in material synthesis, sur-
face modification, and polymer coating.”"! In bioconjugation, it
is important to note that TEC can lead to side reactions, espe-
cially with oxidation-sensitive residues.”!! In addition, the reac-
tion must proceed under mild, ideally physiological, conditions
that require good water solubility and stability of the photoinitia-
tors, of which 63 and 64 or the recently introduced 65 have proven
very suitable.”?] All these photoinitiators work in the visible light
spectrum. TEC has been successfully used in the bioconjugation
of peptides and carbohydrates, both in chemical biology and in
the biofunctionalization of materials.!72%73]

An interesting alternative light-induced bioconjugation involv-
ing thiols is a recently reported thiol-sulfoxonium ylide photo
click reaction in which thioether conjugation products (71)
are formed, with dimethyl sulfoxide being the only by-product
(Scheme 6B).[”*l Sulfoxoniumylides 66 are stable and water-
soluble, and the corresponding click reaction is initiated with a

A) Thiol-ene click reaction

photoinitiator .
Q7sH —— 078

59 60
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riboflavin-based photocatalyst 67 at 450 nm and otherwise phys-
iological conditions. The authors were able to demonstrate vari-
ous modifications on partly complex peptides.

3.2.2. Light-induced oxime and Staudinger ligation

To achieve spatiotemporal control over material properties in
oxime and Staudinger ligation, photocaging (PC) or light-
induced in situ formation of the active functional groups was
used (Scheme 7).[®] For example, in oxime ligation, Farahani
et al. used photocaged alkoxyl amines 73 that were unmasked
in near-UV light, allowing local crosslinking with high preci-
sion even in the presence of living cells (Scheme 7A).1 Sim-
ilarly, photocaging of the aldehyde component 15 was demon-
strated with the photocage removed at 370 nm.l”®! A more re-
cent approach used furanyl compound 75, which upon photoox-
idation with the photosensitizer methylene blue and red light
that lies within the optical window of biological tissue, yields
an unsaturated 1,4-diketone 76 that theoretically enables in vivo
polymerization (Scheme 7B)."”’] In Staudinger and “traceless”
Staudinger ligation, photocaged phosphine reagents were ex-
plored that would, in perspective, provide spatiotemporal control
over the reaction (Scheme 7C). Of note here are the efforts of the
Lam group, which used 9-anthracenylmethyl phosphonium salts
(78) cleaved in blue light.”?] In addition, Kalayci et al. presented
a light-sensitive coumarin group that was successfully used to
mask phosphine (79). This photocage was shown to be removed
under even milder green light.[”]

3.2.3. Light-induced Cycloadditions

Like the conventional cycloadditions used for bioconjugation,
the light-induced cycloadditions are also based on either [2+3]
cycloadditions or DAR. The tetrazole photo-click reaction is

1]
(e} HN/> MeO v R=Ph
N\!>< N sy Ph

® e y o

MeO OMe

63 64

B) Thiol-sulfoxonium ylide click reaction

R
N_N_O
O
N7y NH
67 O

o o A =450 nm o o H’ o_o ,,/ 70
+ B s = e~ e
OJ\_/S\\ SE “S= | "owso s _O
~_)
66 68 69 7

Scheme 6. A,B) Light-induced thiol-mediated bioconjugation.
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Scheme 7. A-C) Light-induced oxime and Staudinger ligation.

probably the most important and best-studied light-induced
cycloaddition (NITEC - nitrile imine mediated tetrazole-ene
cycloadditions).[®] However, we will also highlight the develop-
ments of the light-initiated CuUAAC, SPAAC, CuSAC, or DAR
variants.

The light-induced [2+3] cycloaddition of nitrilimines, which
are formed in situ from 2,5-diaryltetrazoles 80, and alkenes,
was first described in the early 1960s by Huisgen, who ob-
served the formation of pyrazoline conjugation products after
irradiation of a reaction mixture of 2,5-diphenyl tetrazole and
methyl crotonate with a mercury lamp.®) The mechanism,
widely accepted then and to this day, involves a light-induced
ring rupture and cleavage of nitrogen to form a nitrilimine 81,
which is a reactive 1,3-dipole, and subsequent [2+3]cycloaddition
with an alkene (73) but also alkyne or quinone dipolarophile
(Scheme 8A).BU Nitrilimines are less stable in aqueous solu-
tion than other 1,3-dipoles, such as azides, but the correspond-
ing tetrazole precursors show excellent stability in water. This
reaction is thus very suitable as a bioconjugation method.!®]
The nature of the 2,5-diaryltetrazole has a significant influ-
ence on the reaction rate. Electron-donating groups on the aryl
substituents accelerate the rate, as does the use of strained
2,5-diaryltetrazoles.[®¥] Improved selectivity of the reaction is
achieved by using sterically shielded tetrazoles such as 80a that
promote the cycloaddition and not the competing nucleophilic
addition.**! A major drawback of the NITEC compared to other
light-induced bioconjugations is its photoinitiation in UV light,
which is harmful to cells. The wavelength of the photoactivation
can be tuned by changing the substituents at the aryl moieties at
the tetrazole. Amino groups or stilbene residues and naphthyl,
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coumaryl, or pyrene substituents allowed photoactivation in vis-
ible light.®] Oligothiophene-based tetrazoles activated by a laser
at 405 nm also showed improved biocompatibility.#®%°] Gener-
ally, NITEC was applied in the bioconjugation of proteins,!828]
nucleic acidsl®*®] and carbohydrates,!®”! but due to its excellent
spatiotemporal control, has also been recognized as a power-
ful technique to synthesize and biofunctionalize materials.!!
NITEC has been applied in synthesizing polymer networks and
micropatterning nanoparticles.®!l Recent applications also in-
clude the design of sensory microparticles using NITEC. For
instance, microparticles were functionalized with fluorescent
pyrazoline—peroxyoxalate to be chemiluminescent upon expo-
sure to hydrogen peroxide.[®?!

Light-driven CuAAC is realized by photolysis of Cu(II) to the
catalytically active species Cu(l). This can be achieved directly af-
ter UV excitation of the copper ligand via ligand-metal charge
transfer'®! or indirectly by a photoinitiator forming a reducing
radical species in the excited state (Scheme 8B).[**l Light-driven
CuAAC with a photoinitiator is usually faster and allows tuning
of the wavelength for photoexcitation, which can range from the
UV to visible light depending on the photoinitiator used. Typical
photoinitiators are shown in Scheme 8B.I*] The main advantage
of light-driven CuAAC is the excellent temporal control of the
reaction because Cu(l) species are very sensitive to air and can
therefore be rapidly oxidized to inactive Cu(II). Since this pro-
cess is reversible, the reaction can be restarted at anytime.[**] The
excellent reaction rates and the versatility of the reaction make
it attractive for a wide range of applications, especially in the
field of materials design and functionalization.”] However, the
commonly used photoinitiators often lack solubility in aqueous
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Scheme 8. A-G) Bioconjugations based on light-induced cycloadditions.
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media and/or can cause cytotoxicity, limiting the application of
this reaction in cellular environments. Therefore, the use of
naturally-occurring, biocompatible photoinitiators such as pyru-
vate, which acts as both a photoinitiator and ROS scavenger, is
of interest, with the limitation that photoinitiation occurs under
UV light.[%®)

Strained alkynes, as used for SPAAC, are readily masked
as photosensitive cyclopropenones, for example, cyclo-
propenone 84, which decomposes into carbon monoxide
and the reactive alkyne species upon irradiation with blue
light (Scheme 8C).*”) This method has been used for label-
ing, surface immobilizing biomolecules, and functionalizing
hydrogels and nanoparticles.®1%1 Also, dicyclopropenones
have been utilized as crosslinkers in chemical biology and
should have potential in materials synthesis.l'®!] To enhance
the biocompatibility of the reaction, it was shown that the
alkyne could be generated from cyclopropenones by nonres-
onant two- and three-photon excitation using near-infrared
radiation.10%]

The light-induced bioconjugation of diarylsydnones, alkenes,
or alkynes does not require a metal catalyst to form 1,3-dipole
89.101 UV irradiation of diarylsydnones such as 87 is assumed
to lead initially to photoisomerization to bicyclic compound 88,
from which, similarly to the tetrazole photo-click ligation, the re-
active intermediate 89 is generated to undergo [2+3] cycloaddi-
tion with the dienophile (Scheme 8D).['** Diaryl sydnones re-
act preferentially via the light-induced reaction pathway over the
thermal cycloaddition pathway to form 1,3-pyrazoles 91. The re-
action rate can be increased if strained alkynes are used, resulting
in complete conversion within a few minutes.[1%%

Reactive heterodienes can be formed from aromatic phenols
or carbonyl compounds such as 92 and 96 upon light irradia-
tion. For example, irradiation with UV light generates the re-
active o-quinone methide 93 from 3-(hydroxymethyl)-2-naphthol
92, which undergoes rapid DAR with electron-rich vinyl ethers or
enamines (94, Scheme 8E).[1%] Disadvantages of this reaction are
the limited hydrolytic stability of the cycloadducts, especially the
N,O-acetyl cycloadducts from the reaction of 93 and enamines,
which already hydrolyze under physiological conditions.!'%!
In addition, the heterodiene intermediate can also react with
thiols in a Michael addition, which is reversible under light
irradiation.[1%] More extensively studied and particularly widely
used in the fields of materials design, functionalization, and di-
rect laser writing (DLW) is light-induced DAR with o-tolyl ketones
or aldehydes 96, from which o-quinodimethanes 98 are formed
in situ as reactive heterodienes (Scheme 8F).[1%7] Light irradiation
generates a biradical that rearranges to form E- or Z-enols (98 or
99), with only the E-enols 98 participating in DAR with electron-
deficient dienophiles. The Z-enols are converted into the starting
material in a[1,5] sigmatropic rearrangement.!'%] To promote the
formation of the desired E-enol, o-tolyl aldehydes have been ex-
plored that have a hydrogen bond acceptor in the ortho-position
of the aldehyde moiety in 101 that stabilizes the E-conformer
of the reactive intermediate 102, thus accelerating the reaction
rate (Scheme 8F).['% Of particular interest in this context are o-
quinodimethane thioethers, which allow photoinitiation in visi-
ble light and are thus suitable for biological applications.l''%! In
addition to light-induced DAR, light-induced tetrazine ligations
have been investigated using photocaged strained alkynes such
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as 84, which are also widely used in light-induced SPAAC (vide
supra) or photocaged cyclopropenes.'"'l Another approach in-
volves the photochemical oxidation of dihydrotetrazine 103 to the
reactive tetrazine compound 43b using methylene blue as the
photosensitizer (Scheme 8G).[''?) This variant of light-induced
tetrazine ligation has been applied to the biofunctionalization of
glass surfaces and polymer crosslinking to form hydrogels.['3]
Recently, photocaged tetrazines have allowed spatiotemporal con-
trol of this rapid bioconjugation method in living cells.['1*]

4. Applications

As described above, conjugating all kinds of synthetic and nat-
ural polymers with biomolecules to biohybrid materials opens a
chemical space with interesting novel functions for various appli-
cations. Due to the rapid development of methods to understand
the structure of proteins, even those that are Al-based (alpha
fold), and an enormous increase of bioconjugation methods, in-
cluding the routes of light-induced bioconjugation as described,
material bioconjugates will not only increase the number of ma-
terials that can be used for biological applications but broaden
the scope of the applications in biological chemistry. Applications
vary from energy storage by the use of redox-active polymers,
bioimaging,'*’! drug delivery,'!®l sensors,!''”] diagnostics,!!®]
composites!''?! up to theranostic applications,['?’] and multi-
modal contrast agents!'?!l and recently for tissue engineering.

5. Biofunctionalization and Materials

To obtain biofunctionalized materials, grafting-from, grafting-
through, or grafting-to strategies, i.e., pre- or postfunctionaliza-
tion, can be applied (Scheme 9).[122] Grafting-from and grafting-
through strategies, in which the biomolecule is involved in the
polymerization, offer many advantages, especially in synthesis,
as hydrophobic material scaffolds with hydrophilic modifica-
tions can be assembled directly with the biomolecule, avoid-
ing the often tedious optimization of reaction conditions dur-
ing postfunctionalization or diffusion problems.[#123] Typical
grafting-from techniques are atom transfer radical polymeriza-
tion (ATRP) or RAFT polymerization, where the biomolecule
is either part of the initiator or attached to the chain trans-
fer reagent. Grafting-through methods include all strategies that
use monomers modified with biomolecules that can be ob-
tained, for example, by solid-phase synthesis methods. This has
been demonstrated for chain-growth polymerization (CGP), ring-
opening polymerization (ROP), and ring-opening metathesis
polymerization (ROMP).

Despite recent advances in prefunctionalization strategies,
grafting methods remain the most commonly used approach
to functionalize materials, although determination of the best
functionalization conditions can often be challenging. The de-
velopment of powerful bioconjugation methods allows very pre-
cise chemoselective modification, avoiding side reactions that
could affect polymer properties. In particular, the flexibility of
the modification chemistry, especially the biomolecules, is very
advantageous, allowing multiple functionalization and pattern-
ing. In addition, not all materials can be subjected to the grafting-
from or grafting-through methods, as the polymerization condi-
tions are too harsh and would damage or completely destroy the
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Scheme 9. A-C) Schematic representation of common approaches to functionalizing materials.

biomolecule. This is the case, for example, with pyrolysis-derived
polymers. Compared to prefunctionalization, postfunctionaliza-
tion usually requires additional reaction steps. First, the mate-
rial is prefunctionalized with a reactive group, enabling subse-
quent biofunctionalization (Scheme 9). Second, a spacer is often
attached before the desired biomolecule is added via bioconju-
gation. A detailed overview of advances in bioconjugation and
representative examples of light-induced grafting-to syntheses of
biofunctionalized materials are given in the following chapters.

6. Bioconjugation in 3D Printing

As bioconjugation is becoming more and more prominent in bio-
materials development and bioengineering by 3D bioprinting,
the variety of materials is manifold, ranging from inorganic to
organic and hybrid materials and even hybrid biopolymers.['**]
Bioconjugation even shapes and structures materials resulting
in adaptive biomaterials (for review, seel'?l). The interaction of
biological and abiological (e.g., inorganic or polymeric) species
causes a novel and unique interface. Both starting materials
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can be tuned to control the final interfacial structure for a spe-
cific purpose or application like catalysis, optics, sensing, etc.[12¢]
Especially additive manufacturing by light-induced bioconjuga-
tion enables a plethora of biomaterials and hybrid materials with
unique properties, including a high-resolution structuring that
is beyond the function of the building blocks themselves. The
following chapters give a brief overview of some selected recent
applications and challenges for a selected class of materials. This
overview is by far only limited as the number of light-induced bio-
conjugation approaches for biomaterials, even in 3D printing, is
constantly increasing, and more is yet to come.

Even though light-induced bioconjugation by photoclick re-
actions usually does not need harsh chemistries, the molecular
space of bioconjugated precursor molecules suitable for 3D
additive manufacturing by light-induced processes is still not
fully investigated, therefore still limiting the number of bio-
logical applications. Traditionally, these light-induced printing
processes mainly use photopolymers such as methacrylates
and acrylates, requiring vast amounts of radicals for poly-
merization. Recent breakthrough also in click photochemistry
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enabled a much broader choice of available biomaterials, mak-
ing these techniques more versatile, provided that they can
generate solid materials from liquid or viscous precursors.
3D printing techniques by using light-induced bioconjuga-
tion such as stereolithography (SLA), digital light processing
(DLP),'¥”] DLW,[128] yolumetric printing (VP),['*! computed axial
lithography (CAL),['* continuous liquid interface production
(CLIP),["*Y rapid-scanning multifocus multiphoton 3D laser
printing (MFMP-3DP),[!32] femtosecond projection two-photon
lithography (FP-TPL),l!*¥] and light-sheet 3D printing!12%134
enables relatively fast and controlled construction of various
architectures and simple light sources.!'3>] Recently, even some
of those technologies, as mentioned above, overcame the slow
printing rates.['**13¢] Using a wide variety of biological polymers
such as peptides/proteins, nucleic acids, and carbohydrates in
combination with polymer chemistry-related innovations, these
3D printing technologies have been used in microfluidics, den-
tistry, biomedical devices, tissue engineering, and biosensors.
Some of these technologies can be even used for printing or
writing of inorganic materials.['¥”] Nonetheless, with some of
the printing technologies such as DLW and DLP, there remain
challenges that have to be overcome to allow for a broader use
in bioconjugation and tissue printing.[13#]

According to Fick’s laws of diffusion, with an average diffusion
coefficient of common free radicals ~1 x 10~ cm™2 s7! in both
polar and nonpolar solvents,['**) and an average free-radical life-
time of ~10 ms, this diffusion is ~#10 um.['*% As a result, printing
objects smaller than 10 ym is almost excluded due to this adverse
effect of molecular diffusion, regardless of the quality of the op-
tics. To overcome this, the exposure time in a single printing cycle
is typically between 10! s and 10? s.1?7]

Reaction speed in optical 3D printing is highly important es-
pecially when it comes to biological applications in the presence
of cells.

The 3D printing process using DLW or DLP is also signifi-
cantly influenced by the viscosity of bioconjugated precursor ma-
terials. When the precursors have a higher viscosity, the print-
ing resolution can be improved due to the slowed-down molec-
ular diffusion and shape preservation of the printed objects in
their initial localization.!">"*] However, this higher viscosity can
pose challenges in exchanging the resin or the hydrogel precur-
sors between printing different structures.['3%%141] Additionally,
some photoclick reactions, such as the tetrazine-click reaction,
may generate gaseous by-products like N, that scatter light and
form voids by gas bubbles in the materials, affecting the quality
and efficiency of the printing process. Therefore, it is crucial to
consider both the viscosity of the precursor and the by-products
produced to ensure optimal 3D printing results.

A big issue is still the very limited amount of biofunctionalized
materials that can be used. Most polymeric materials, called pho-
toresists, are functionalized with methacrylates or acrylates using
ATRP for photopolymerization and require vast amounts of rad-
icals for polymerization.3%] In classic photolithography, there
are different types of photoinitiators. A photoinitiator absorbs the
light and produces a radical, which results in photopolymeriza-
tion and cationic photoinitiators, which are photo-acid generators
that produce cations by light exposure (for review, seel'38]). There
are already many photoinitiators that are water compatible and
absorb even visible light.'*?] In two-photon polymerization as ap-

Adv. Funct. Mater. 2023, 2303613 2303613 (13 of 28)

www.afm-journal.de

plied in DLW, however, the situation is much more complicated
as, to our best knowledge, the photoinitiators used for this tech-
nology are based on radical formation by light exposurel13814
with a few exceptions reported recently.'*l Both the photoini-
tiator and the biomaterial monomers have to be transparent at
the laser wavelength to prevent the absorption of the laser beam
at the surface of the volume and the biomaterial monomer also
has to be transparent at the two-photon absorption wavelength
(4/2).11*4] The photoinitiator needs a high radical quantum yield
and highly-active radical species generated. Benzophenone and
its derivatives, as well as lithium phenyl (2,4,6-trimethylbenzoyl)
phosphinate (LAP), are the free radical photoinitiators that are
most frequently utilized.['3¥'%] Most of the materials that are
used in DLW or two-photon photoionization (2PPi) printing are
therefore employing radical polymerization such as methacry-
lates/acrylates or vinyl ethers. While DLW is well suited for post-
printing bioconjugation to materials and subsequent interaction
with living cells, the above properties are unfavorable for addi-
tive manufacturing in the presence of living cells, as cells react to
the high number of radicals with nonspecific DNA double-strand
breaks and lipid peroxidation. Recently, thiol-ene chemistry and
radical-free Diels-Alder photoclick reactions were discovered to
work in biocompatible materials with specific rheological, bio-
logical, mechanical, and chemical properties that can be used for
3D (or 4D) bioprinting application even in presence of cells.['*¢]
3D light-based printing technologies with higher printing speed
and resolution must be developed along with the corresponding
bioconjugated precursors.

7. Photochemical 2D and 3D Printing for Precision
Tissue and Material Engineering

During the last decade, photochemical reactions have been
increasingly used in the field of soft tissue engineering and
biofabrication."*”] The materials used here are mainly soft ma-
terials such as hydrogels, biological polymers, and materials that
mimic the physicochemical properties of tissues. Due to their
capability to bind large amounts of water, hydrogels can store
nutrients and all kinds of growth factors, metabolites, etc., to al-
low for the survival of embedded cells or organisms and they can
be used to create complex 3D structures with specific biological
properties. In hydrogels, bioconjugation and light can be used to
define the spatiotemporal biophysicall'8] and biochemical prop-
erties in many biological applications. A vast variety of materials
are bioconjugated via methacrolyl moieties. Even biomolecules,
such as DNA strands, can be conjugated into precursor materi-
als to develop smart materials such as the photo-curable DNA
hydrogel called D-gel (Figure 1).['* The gel’s shape can be dy-
namically controlled through DNA hybridization-induced double
crosslinking, making it faster than traditional DNA gels.!'>"] Mod-
ular macroscopic structures with programmable reconfiguration
and directional movement, like the D-gel palm, can be fabricated
using programmable self-assembly, giving rise to its use in soft
robotics and smart devices.

Besides the above-mentioned ATRF reactions, the most fre-
quent applications of light-induced bioconjugations in hydro-
gels are photoclick reactions. Even though these “photoclick” bio-
conjugations include fast reaction times, high yields, and mild
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Figure 1. The polymerization reaction for synthesizing a D-gel. A) A scheme showing the formation of a DNA crosslinker. Fluorescent images of the
hydrogel palm. B) Green: nonresponsive poly acrylamide (PAAm) gel. C) Red: D-gel. D) Overlay of (A) and (B). E), A closed first structure formed by
adding the trigger strand B1. Adapted with permission.["°] Copyright 2019, Mary Ann Liebert, Inc., publisher.

reaction conditions, each has its own advantages and limita-
tions when it comes to bioconjugation in the presence of liv-
ing cells.'>!) The most frequently used photoclick reactions in
terms of bioconjugation in presence of living cells are photo-
mediated azide-alkyne cycloadditions, other 1,3-dipolar cycload-
ditions, Diels-Alder and inverse-electron-demand Diels-Alder
additions (IEDA), radical-alternating addition, chain-transfer

Na N
X fPEG-Tz Q/L
Multi-arm *

PEG-Tz

PEG PEG
. ﬂbm Peptide =N, eptide
—>
NN i
Ny N Ny

norb-KGPQGIWGQKK-norb "\

additions and nucleophilic additions (e.g., thiol-ene and thiol-
Michael) in addition to ATRP (for review seel'>!]). A few years ago,
bio-orthogonal photoclick chemistries have become increasingly
important in biomaterials research due to their ability to create
intricate hydrogel materials that offer dynamic, cell-instructive
microenvironments. By using a multifunctional PEG-tetrazine
macromer with a dinorbornene peptide, IEDA reaction was

Mgﬁﬁrﬁgdbif;(; ¥

Bioconjugation,
()

R= AhxRGDS:

Figure 2. Hydrogel formation using the tetrazine-norbornene click chemistry. Adapted with permission.!'>2] Copyright 2013, American Chemical So-
ciety. Red: multifunctional PEG-Tetrazine (PEG-Tz); Blue: cell-degradable dinorbornene crosslinker peptide; Yellow: mono-norbornenyl functionalized
peptides (for cell encapsulation and protein patterning experiments). Bottom: reaction of PEG-Tz and norbornene-functionalized peptide resulting in

the cycloaddition product.
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Scheme 10. Functionalization of HANor (hyaluronic-acid norbonene) macromers with thiolated peptides. A-B) hydroxyl groups in HANor macromers are
converted to HANorMe macromers. B-C) thiolated RGD (arginylglycylaspartic acid) adhesive peptide (cRGD) is added to create peptide-functionalized
HANor(cRGD+) macromers. Adapted with permission.!'>*! Copyright 2022, Wiley-VCH GmbH.
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Scheme 11. Modulation of the lipid bilayers with tetrazines. Adapted with permission.[""] Copyright 2022, Springer Nature. A) Light-triggered formation
of tetrazine peptide, where a photocaged dihydrotetrazine amino acid was introduced during Fmoc solid-phase peptide synthesis. B) When a photopro-
tected dihydrotetrazine is uncaged using light, it forms tetrazine that reacts quickly with dienophiles, including trans-cyclooctene attached to fluorescent
probes. A cartoon demonstrates the use of photocaged dihydrotetrazine-diacylphospholipid for live-cell photoactivation of tetrazine ligation on cellular
membranes. C) Structure of the modified phospholipid.
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Scheme 12. A) Synthesis of GelAGE. Reaction with thiols such as DTT results in crosslinked hydrogels. B) Gelatin-norbonene (GelNB): Crosslink with

DTT and gelantin-thiolate (GelS)[142.1462.158]

discovered as a novel crosslinking chemistry that enables the for-
mation of cell-laden hydrogels by light-induced processes within
minutes (Figure 2).[148.152]

The high cytocompatibility of the polymerization resulted
in excellent postencapsulation viability of human mesenchy-
mal stem cells. Furthermore, the specificity of the tetrazine-
norbornene reaction facilitated the sequential modification of the
network via thiol-ene photochemistry. The accessibility of the
tetrazine molecule in comparison to other bioorthogonal click
reagents was subsequently investigated as a new tool for devel-
oping cell-instructive hydrogels of all kinds (i.e., alginates,[***]
hyaluronic acids (HA),['** and gelatins!**), etc. for tissue engi-
neering applications (Scheme 10).

The rapid kinetics of bioorthogonal cycloaddition reactions be-
tween tetrazines and strained dienophiles make them useful for
labeling proteins, lipids, and glycans.[>2] However, controlling

Adv. Funct. Mater. 2023, 2303613 2303613 (16 of 28)

this chemistry in the presence of living mammalian cells with
spatial and temporal precision remains challenging as the gela-
tion time (several minutes up to an hour) is still too slow to pre-
vent cells from sedimentation, especially in 3D bioprinting. A
recent study by Liu et al.l'"*l introduces a versatile approach to
the light-activated formation of tetrazines from photocaged dihy-
drotetrazines, allowing live-cell spatiotemporal control of rapid
bioorthogonal cycloaddition with dienophiles. Photocaged dihy-
drotetrazines are stable and enable early-stage incorporation of
bioorthogonal handles into biomolecules. They also allow non-
toxic light to trigger tetrazine ligations on living mammalian
cells, as demonstrated by tagging reactive phospholipids with flu-
orophores to modify HeLa cell membranes with single-cell spa-
tial resolution (Scheme 11).[114]

Another remarkable feature of several recent studies is the
photocontrol of the CuAAC reaction. This has also been used
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Figure 3. A-D) Volumetric printing of GeINB and DTT. Adapted with permission.['462] Copyright 2021, Wiley-VCH GmbH.

for array patterning. For example, the photochemical activation
of an azido-phenol linked to DNA resulted in bioconjugation to
an amino-functionalized glass slide.!!¢)

Although it has been proven that photoclick tetrazine-
norbornene reactions are several orders of magnitude faster,
there are few applications for using light-induced 3D bioprinting.
Whereby 3D bioprinting by light-induced technologies using
thiol-ene chemistries for the additive manufacturing of complex
biological or biomimetic cellular constructs is becoming one of
the main bioconjugation types used so far, as the conditions are
relatively mild.

Although thiol-ene chemistry has made progress, it is still not
widely used in peptide and biomaterial science as well as in 3D
bioprinting compared to the analogous Michael addition through
an ionic mechanism when the alkene (i.e maleimide-moiety) is
part of a Michael acceptor system (for review seel’?]). Thiol-ene
photo click chemistry is well-suited for peptide bioconjugations
due to its ability to selectively react with a thiol and alkene even
in the presence of mixtures of nucleophiles and electrophiles.
However, the molecular space of bioconjugated precursor
molecules for 3D additive manufacturing using light-induced
processes still needs more research. For this reason the number
of biological applications is still limited. Recent breakthroughs
also in click photochemistry allow for a much wider range of
available biomaterials, making these techniques more versatile,
provided they can produce solid materials from liquid or viscous
precursors. Step-growth crosslinking enables reducing the de-
gree of substitution, retaining biopolymer properties. Oxygen in-
sensitivity and selective reaction between thiol and —ene groups
allow for superior control over crosslinking, resulting in homo-
geneous network formation with reduced shrinkage and stress,
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overcoming methacryloyl functionalized gelatin’s (GelMA) non-
biodegradable chains and network defects.[7%

The use of secondary thiol-ene systems in DLP printing is pre-
ferred due to their better thermal storage stability, reactivity, and
mechanical properties.[*”] Allylated gelatin (Gel AGE) and dithio-
threitol (DTT) have been used as a thiol-ene clickable bio-ink for
biofabrication resulting in a fully degradable network with tun-
able properties, which is a significant improvement over tradi-
tional GelMA (Scheme 12).[158]

Photoclick thiol-ene reactions have been used to functionalize
gelatin and collagen-based materials for all kinds of 3D bioprint-
ing, including 2PPi-based DLW. Most of the light-assisted bio-
printing techniques, including high-definition two-photon stere-
olithography as recently demonstrated by Dobos et al.'*] enables
a better preservation of the bioactive and mechanical properties
of gelatin by largely leaving RGD motifs unmodified thereby lim-
iting the influence that functionalization can have on physical
gelation.[160]

Rizzo et al.[1*6] recently discussed volumetric printing (VP), a
light-mediated technique for 3D printing that can create complex,
low-defect objects within seconds. To create very efficient biocon-
jugated materials, they used thiol-ene click reactions with opti-
mized GelNB for volumetric bioprinting, which shows superior
performance in physicochemical and biocompatibility aspects
compared to gelatin (meth-)acryloyl precursors (Figure 3). The
thiol-norbornene reaction produces the fastest VP reported to
date, making it more suitable for cell encapsulation. The GeINB
approach enables the generation of cellular free-form constructs
with excellent cell viability and tissue maturation potential, with
properties that can be fine-tuned over a broad stiffness range
(=40 Pa to =15 kPa) by varying the polymer content, thiol-ene
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Figure 4. A) Synthesis of GeINB and GelS from gelatin precursor. B) 3D bioprinting of a GeINB/GelS hydrogel grid (1 cm X 1 cm) with four layers on
a glass slide was performed. C) Cell viability analysis of 3D bioprinted neonatal human dermal fibroblasts (NHDF) was conducted using GelMA and
GelNB/GelS with different degrees of crosslinking- Viability was analyzed by the percentage of live cells over the total cell count, and statistical analysis
was performed using one-way ANOVA (Analysis of Variance). Live/dead staining with calcein-AM (green, live cells) and propidium iodide (red, dead
cells) of 3D bioprinted NHDF in the GeINB/GelS (Medium) bioink was performed at 1, 7, and 14 days postprinting. Distribution of NHDF within the
hydrogel along the z-axis was analyzed using z-stacks of 300 um. Adapted with permission.['*2] Copyright 2021, Wiley-VCH GmbH.

ratio, and thiolated crosslinker. VP has potential applications
in high-throughput bioprinting, soft robotics, and regenerative
medicine.

Norbornene-functionalized gelatin hydrogels have also been
studied and compared to different thiol crosslinkers. Crosslinker-
free hydrogel system based on norbornene (GelNB) and thiol-
functionalized gelatin (GelS) has been developed, which showed
increased differentiation of adipose-derived stem cells, mes-
enchymal stem cells, and other primary cells scaffolds!!#>161]
The photocrosslinking by intramolecular crosslinking is inhib-
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ited as the biofunctionalization is on different gelatin molecules.
GelNB/GelS hydrogels (Figure 4) were successfully adapted to
generate highly form-stable cartilage materials from mesenchy-
mal and adipose stem cells in mice. The GeINB/GelS system can
influence the differentiation fate of ASCs by adapting its me-
chanical properties. The softer hydrogel (GelNB/GelS-low) bet-
ter supports dipogenic differentiation, while the harder hydrogel
(GelNB/GelS-high) promotes osteogenic differentiation.[*%]
Rizzo et al.l'®] have recently adapted photoclick thiol-ene
reactions to a new radical-free photocrosslinking strategy for
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Figure 5. A) Thiol-norbornene step-growth chemistry is illustrated as an example of free-radical photo crosslinking. Upon light absorption, the photoini-
tiator radicals drive the formation of a crosslinked network. B) In the case of the free-radical (RF) approach upon light absorption, the photocages (PC)
are removed in a radical-free fashion. This exposes thiols (red) to Michael addition with -ene functionalized polymers, forming a crosslinked hydrogel.
Chemical structure of the crosslinker PEG4SPC. PEG4SH is caged with PC via the formation of a thiocarbonate bond. Upon one- or two-photon excitation,
PC is removed, and PEG4SH is re-formed. The chemical structure of hyaluronic acid methyl sulfone (HA-MS) and hyaluronic acid maleimide (HA-Mal)
(left) and photorheology (right) showed improved performances with the use of high molecular weight HA bearing -ene groups. C) 2PPi bioprinting cell
seeding after writing or SL, writing from cell-laden hydrogels, and writing multifunctional cell-laden hydrogels. Adapted with permission.['83] Copyright

2021, Wiley-VCH GmbH.
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Scheme 13. Surface-attached MOFs (SURMOFs) click chemistry. Adapted with permission. ['72] Copyright 2015, American Chemical Society.

light-based biofabrication. As stated above, current photoresists
in these techniques rely on photoinitiators that produce radical-
initiating species, raising concerns about potential cytotoxicity
when cells are encapsulated in the bio-ink. Alternatively, a photo-
Michael addition can be applied, in which a coumarin-based hy-
drophilic group blocks a thiol-functionalized photocrosslinker,
which is released by light and then reacts to form a hydrogel. The
photocrosslinking is stable, does not upregulate ROS-associated
genes, and was successfully used for high-resolution two-photon
stereolithography (2P-SL) with low polymer concentration in the
presence of several cell types, paving the way for radical-free light-
based bioprinting (Figure 5).

8. Bioconjugated (in)Organic Materials in Additive
Manufacturing

The past decade has witnessed rapid advancements in nanopar-
ticle and surface modification technologies, especially in biocon-
jugated nanoparticles for medical and biological applications and
surface sensors.['% In particular, inorganic nanoparticles (NPs),
including iron oxide NPs, gold NPs, quantum dots (QDs), and
rare earth NPs, i.e., from gadolinium as well as silica NPs, 1]
which possess intrinsic properties of the biological conjugate.
Due to the vast amount of recent reviews!!®! that exist for bio-
conjugates on NPs and surfaces, we will focus on their applica-
tion in additive manufacturing processes. onic acid maleimide
(HA-Mal) (left) and photorheology (right) showed improved per-
formances with the use of high molecular weight HA bearing
-ene groups.[1**]

8.1. Graphene, Carbon Nanotubes and Dots, and Fullerenes

Graphene sheets and versatile graphene oxide (GO)!'’] are suit-
able for bioconjugation. In particular, azide functionalizations
can be installed easily and are a common platform for click chem-
istry — copper or strain-promoted.
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Single-walled carbon nanotube (SWNT)!%! and carbon
dots!'®-16] can combine several advantageous properties of
conventional semiconductor-based QDs (namely, size- and
wavelength-dependent luminescence emission, resistance to
photobleaching, facile bioconjugation) without being encum-
bered with intrinsic toxicity. Carbon nanotubes and carbon
dots!'®! can be produced inexpensively and on a large scale
with several variants, including doping. There are several surface
chemistries available, including polar functional groups. Boron-
nitride nanotubes are similar to SWNT and can be modified, e,g,
with polydopamine./'7°!

8.2. Metal-Organic Frameworks

Biomaterials are often used in medical applications, such as im-
plants, prosthetics, and drug delivery systems, where they are
often composed of various materials, such as metals, ceramics,
polymers, and composites. Inorganic hybrid biomaterials can
also be designed for biosensors and bioelectronics. They are in-
herently designed to interact with biological systems to achieve a
desired effect by attaching biomolecules, such as proteins, pep-
tides, and nucleic acids, to the material. Besides, nanoparticu-
late systems that have been extensively used for bioconjugation
are MOFs which lately got much attention regarding their use as
biomaterials.®®! MOFs are self-assembled structures composed
of metal ions (nodes) and organic linkers. As MOFs contain a
well-defined network of pores, they have a wide range of applica-
tions, such as gas storage, catalysis, and drug delivery. The bio-
functionalization of the linker can already be introduced in the
assembly process. Depending on the pore size of the MOF and
the biopolymers, 2D (surface array biofunctionalization) and 3D
assemblies are possible.l>*) However, some bioconjugation meth-
ods and/or biopolymers are metal sensitive (e.g., thiols, alkyne,
and copper) —in this case, covalent frameworks or gels originated
from MOF structures with subsequent leaching of the metall!”!]
are alternatives (Scheme 13).1171]
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Figure 6. Mechanism of photo-controllable hydrogels for photoactivated drug release or photopatterning using o-NB moieties. (A) Click-functionalized
macromolecular precursors (PEG-tetraDIFO3 and bis(azide)-functionalized polypeptides or HA oligosaccharides form a 3D hydrogel structure by poly-
merization via the SPAAC reaction. In the presence of visible light (1 = 490-650 nm or 860 nm), thiol-containing drugs/prodrugs biomolecules containing
an o-NB group are added by a thiol-ene photoclick reaction. The o-NB group within either the backbone of the polymer network (C) or at the drug/prodrug
(B) is photocleaved by UV-light exposure (4 =365 nm or 740 nm (two-photon)) that results in degradation of the network (C) or drug release (B). Adapted
with permission.[17°] Copyright 2011, Springer Nature.
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Figure 7. Spatial —and temporal control on drug release and organoid differentiation through photodegradation. Adapted with permission.!'7°] Copyright
2011, Springer Nature. A) subsequent to a Click reaction of StarPEG with the azide-containing crosslinker, photo click chemistry by thiol-ene chemistry is
used to add prodrugs or drugs containing an o-NB group to the hydrogel/polymer using visible light. By using UV light, the o-NB group will be cleaved,
and the drug is released into the hydrogel/ polymer and will be taken up by cells. B) subsequent to the Click reaction and the photopatterning/degradation
of the o-NB group in the crosslinker using UV-light cells can use the tracks to differentiate and migrate. Adapted with permission.['®] Copyright 2022,
American Association for the Advancement of Science. C) Composite image showing GFP expressing cells in a colon organoid derived from stem
cells and the photopatterning by 405nm for the conversion of the photocleavable ortho-nitrobenzyl (0-NB) moieties within the crosslinker. D,E) After
several hours there is the migration of the organoid epithelium and colon crypt formation. F) Staining of the differentiated crypt-forming organoid,
Epithelium: VE-cadherin (green), Enterocytes (L-FABP stain) (red), Nuclei, DAPI stain (blue). Scale bars, 30 um. Modified from Gjorevski et alAdapted
with permission.['8 Copyright 2022, American Association for the Advancement of Science.

While MOFs can be biofunctionalized, others can be used to  strated that a PET-RAFT photocatalyst may be constructed from
catalyze light-driven polymerization, such as photoinduced elec-  reticular assembled Zr—porphyrinic MOF.['73]
tron/energy transfer—reversible addition—fragmentation chain
transfer (PET-RAFT) polymerization. PET-RAFT usually en-

ables benign biological conditions and a highly versatile func-
tional polymer structure design, which can give rise to various
protein—polymer bioconjugates. MOFs can replace the classical
catalysts, which are usually not water soluble. It was demon-

Adv. Funct. Mater. 2023, 2303613 2303613 (22 of 28)

8.3. Covalent Organic Frameworks

In analogy to MOF, COF [174 (15.000 references) and the related
metal-free three-dimensional cages and frames are slightly less
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developed. Similar to MOFs COFs have attracted much attention
in gas adsorption, chemical sensing, and heterogeneous cataly-
sis, but also in protein immobilization to mimic enzymes. COFs
serve as a highly suitable immobilization matrix for enzymes
and proteins since the functional groups on COFs can be eas-
ily tailored to generate specific interactions between COFs and
enzymes. Due to the confined open channels and pores of COFs,
they also provide a favorable microenvironment for enzyme pen-
etration. For these reasons, COFs serve as ideal host materi-
als for enzymes. The resulting biocomposites — also referred to
as enzyme-COF,!'%] enzyme@COF,['7®! or nanozymes!*”’] — are
mostly applied in biocatalysis.

Those biocomposites of COFs and enzymes are designed ei-
ther by “from bottom to top”, postbioconjugation, or in situ en-
capsulation methods.['78] However, there are hardly any examples
of bioconjugations.

9. Photolabile Polymers

Bioconjugations with photolabile functional groups have a lot
of possible applications in chemical research and synthesis. At-
taching these to polymeric structures may alter and adjust the
polymer’s properties simply by irradiation. A group of special
interest in this context is the o-nitrobenzyl group (o-NB), as it
is frequently used in polymer synthesis and materials sciences
and degrades by photoinduced intramolecular hydrogen abstrac-
tion. Light-responsive materials containing o-NB esters can be
assembled using linear and functionalized macromonomers in
click reaction of star polymers containing cyclooctyne or azide
moieties!'”?) (Figures 6 and 7). o-NB functionalized crosslinkers,
drug/prodrug moieties, or even the star polymer itself can be
used for many different applications, i.e., spatiotemporal drug re-
lease in hydrogels, alteration, and photopatterning of hydrogels
for organoid maturation. Anseth and coworkers showed the ver-
satility of 0-NB by using a combination of SPAAC and photoclick
thiol-ene chemistry for the photopatterning of hydrogels,!!”*!
SPAAC of starPEG with either peptide crosslinkers containing
aa o-NB linker generates a photodegradable polymeric network,
which can finally be exposed to UV light and degraded to lin-
ear polymers (Figures 6). Lutolf and coworkers used this pho-
todegradable hydrogel to design crypts for the maturation of
small intestine organoids in defined shapes (Figure 7).['%! These
adaptable cell culture environments would enable the execution
of novel experiments and provide insights into the dynamic com-
munication between a cell in an organoid and its surrounding
niche as well will give rise to control organoid maturation.

These photo-controllable approaches have also been tested for
block copolymers like micelles.'8! This may be transferred to
research areas like controlled and light-induced release. Incor-
porated compounds, like dyes or drugs, in block copolymer mi-
celles, will be liberated upon irradiation and thus disruption of
the micelles.

10. Conclusion

Biomolecules have played a crucial role in expanding macro-
molecular science. Especially for 3D bioprinting, biomaterials are
needed to display biological and chemical cues for cell adhesion
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or repulsion, differentiation of stem cells, matrix for tissue engi-
neering, etc.. Technical breakthroughs in synthesis are necessary
to access new biohybrid architectures with designed functionali-
ties. Especially light-induced bioconjugation methods such as the
photoclick reactions are gaining more and more attention. The
orthogonality of click and photoclick reactions allows for their
varied applications. Photoclick chemistry has expanded the re-
search toolbox and is expected to remain relevant in the future
for 3D additive manufacturing using all kinds of printing tech-
niques. With this advent of finer and faster printing techniques,
bioconjugation can provide many opportunities to voxel-based,
i.e., a segment in 3D, spatial arrangement.

As stated in Chapter 2, many challenges and opportunities can
be seen in the next 5 to 10 years. In this regard, we look very
positively to a new chapter of the interaction between materials
and life sciences.
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