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Abstract. Biomaterials scientists strive to develop polymeric materials with distinct chemical
make-up, complex molecular architectures, robust mechanical properties and defined biological
functions by drawing inspirations from biological systems. Salient features of biological designs
include (1) repetitive presentation of basic motifs; and (2) efficient integration of diverse building
blocks. Thus, an appealing approach to biomaterials synthesis is to combine synthetic and
natural building blocks in a modular fashion employing novel chemical methods. Over the past
decade, orthogonal chemistries have become powerful enabling tools for the modular synthesis
of advanced biomaterials. These reactions require building blocks with complementary
functionalities, occur under mild conditions in the presence of biological molecules and living
cells and proceed with high yield and exceptional selectivity. These chemistries have facilitated
the construction of complex polymers and networks in a step-growth fashion, allowing facile
modulation of materials properties by simple variations of the building blocks. In this review, we
first summarize features of several types of orthogonal chemistries. We then discuss recent
progress in the synthesis of step growth linear polymers, dendrimers and networks that find
application in drug delivery, 3D cell culture and tissue engineering. Overall, orthogonal reactions
and modulular synthesis have not only minimized the steps needed for the desired chemical
transformations but also maximized the diversity and functionality of the final products. The
modular nature of the design, combined with the potential synergistic effect of the hybrid

system, will likely result in novel hydrogel matrices with robust structures and defined functions.

1. Introduction.

Nature combined relatively simple building blocks in a modular and repetitive fashion to
construct biological materials with complex organizations and diverse functions.® Many types of
cells present multiple copies of glycans in branched structures on the cell surface that contribute
to the concerted interactions with the binding partners in cell signaling.> ®* Many proteins in the
natural extracellular matrix (ECM) contain repetitive motifs linked together in a modular and
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tandem fashion with spatial periodicity, conferring structural and biological roles and maintaining
intimate interactions with cell surface receptors.” *’ The ECM of different types of tissues has
variable composition and compliance depending on how the modular components are combined
and integrated. In order to foster desired cellular behaviors for tissue growth and
morphogenesis, tissue specific microenvironments must be recreated in vitro. However, a
complete replication and reconstitution of the natural proteins and ECMs is technically daunting
and economically unrealistic. An attractive alternative is the hybridization of synthetic polymers
with molecules of biological origin that are synthetically tractable and can be readily
manipulated. Overall, Rational combination of judiciously selected synthetic and biological
building blocks has resulted in hybrid systems with enhanced biological functions and improved
materials properties. The hybrid materials can be engineered to mimic the natural proteins® in
terms of their molecular architectures, dynamic responsiveness and cell-instructive properties,
with the added attributes of tunability and processibility provided by the synthetic polymer
constituents.”**

Over the past decade, significant advancement has been made in the development of
customized and biomimetic materials using modular building blocks and employing
bioorthogonal reactions.'” Covalent integration of modular building blocks with distinct chemical
compositions and diverse functionality has resulted in advanced materials with synergistically
enhanced properties.”® These developments, originally inspired by biological design principles,
have been fuelled by recent advances in polymer chemistry and biomaterials science,* and
most significantly by repurposing of efficient organic chemistries.” Bioorthogonal chemistry™®
refers to chemical transformations that occur between a pair of molecules with mutually reactive
functional groups without significant interference from co-existing functionalities in physiological
milieu. Additional features of bioorthogonal chemistry include biocompatibility, specificity, high
yield and fast reaction kinetics.'” *® Examples include (Table 1) the hydrazone/oxime
chemistry.™® ?° Michael addition,?* radical mediated thiol-ene (or thiol-yne) chemistry,?* 2% Diels—

3



ChemComm

24, 25

Alder reactions, copper-catalyzed alkyne-azide cycloaddition (CUAAC, popularly known as

2. 28 and inverse

the “click” reaction),? strain-promoted azide-alkyne cycloaddition (SPAAC)
electron demand Diels-Alder reaction (sometimes referred to as the tetrazine ligation).”>! The
reaction rate can be elegantly tuned through subtle changes in structures and certain reactant
pairs can undergo mechanistically different reactions depending on the reaction conditions.
These chemistries are being exploited by the biomaterials community for efficient and
modular fabrication of bioactive and cell-instructive materials. In this feature article, we
summarize recent progress in the development of hybrid and biomimetic materials constructed
by covalent coupling of discrete modular building blocks. Materials discussed here range from
linear polymers, to dendritic structures to crosslinked networks. The building blocks include
synthetic polymer, peptide, protein, carbohydrate or polysaccharide. We discuss the materials
properties, in the context of their interactions with mammalian cells, as a consequence of the
modular coupling of diverse building blocks. We offer some examples of biomedical application
of the modular constructs. Topics covered in this review are summarized in Figure 1. We limit
our discussions to the de novo construction of functional biomaterials using biorthogonal
chemistries, i.e. growing multiblock hybrid copolymers, multifunctional dendritic structures and
biologically active hydrogel networks in a step growth fashion. Other usages of bioorthogonal

chemistries, i.e. post-polymerization coupling or modification,*? *3 32 33

are outside the scope of
our discussion. Overall, the modular approach, enabled by powerful chemistries, aids the
efficient fabrication of materials with controlled complexity from the bottom up in a plug-and-play

fashion. The resultant materials exhibit collective properties that exceed the simple sum of the

individual constituents and are readily adaptable to specific biomedical applications.

2. Synthetic Strategies
Popular bioorthogonal chemistries utilized for biomaterials synthesis can be roughly divided
into three categories (Table 1): (1) carbonyl-based condensation reactions; (2) addition
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reactions through enes/ynes and (3) cycloaddition reactions. The reaction of aldehyde or ketone
with hydrazine or aminooxy derivatives results in hydrazone or oxime bonds with water being
the only by-product.®* This reaction is chemoselective and can be carried out under aqueous
conditions without interference from functionalities found in biomolecules and cells, thus widely
exploited for bioconjugation purposes. Oxime/hydrazone condensations are relatively slow at
low substrate concentrations. The reaction can be accelerated by lowering the pH or by
nucleophilic catalysis using aniline through rapid transimination.®® Using carefully chosen
carbonyl and hydrazine substrates, hydrazone formation can be rapid at biological pH even in
the absence of a catalyst.*® Rate constants for the fastest carbonyl/hydrazine combinations are
2-20 M's™. Alternatively, dialdehydes can react with O-alkylhydroxylamines at rates of 500 M’
s at neutral pH values in the absence of catalysts through an unusually stable cyclic
intermediate that ultimately undergoes dehydration to yield an oxime.?” Although hydrolytically
more stable than the imine counterparts, hydrazone/oxime linkages are still susceptible to
hydrolysis, especially under acidic conditions, reversing back to the starting hydrazide or
hydroxyamines. Of note, the rate constant for the acid-catalyzed hydrolysis of the oxime was
nearly 10%-fold lower than that for simple hydrazones.*®

Molecules containing ene functionality can participate in multiple types of orthogonal
reactions, including Michael addition with heteroatomic donors and radical-based thiol-ene
reaction. Although Michael addition involves the addition of a nucleophile, such as enolates,
amines and thiols, to an activated electrophilic olefin,?* the reaction is considered orthogonal
only when thiols are used as Michael donors. Acrylate, vinyl sulfone, or maleimide are
frequently used as Michael acceptors and under these conditions, thiolate anion is the active
species, * thus the reaction rates increase with pH. " * Although thiol/maleimide reaction is
relatively fast, the resultant adduct is labile or exchangeable under physiologically relevant

conditions. *°
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In the presence of thiol-containing molecules, enes can also react with thiyl radicals,
frequently generated under light irradiation in the presence of photoinitiators, to form thioether
linkage.?® *** *? The physicochemical nature of the reaction enables the direct manipulation of
materials properties in both space and time through the controlled application of light. Generally
speaking, the conversion rate of the thiol- ene reaction is directly related to the electron density
on the ene, with electron-rich enes being consumed much more quickly than electron-poor
enes. Electron-rich enes, such as (meth)acrylates undergo rapid homopolymerization under
thiol-ene conditions. Highly substituted alkenes are less reactive than singly substituted alkenes.
For rapid reactions involving multifunctional groups, enes must be located at terminal positions.
In addition, thiols based on mercaptopropionate esters and glycolate esters react more quickly
than simple alkyl thiols. ? **** Thiols can also radically add to triple bonds and a single alkyne
unit can accommodate the addition of two thiol species in the single “two-step” conjugation
reaction.** Unlike radical polymerization, the thiol-norbornene-type photocoupling reaction is
insensitive to O, inhibition and can tolerate other functional groups. However, thiol can be
oxidized by O, to disulfide, albeit at a slower rate as compared to the thiol-ene reaction. Native
cysteine and amine residues can complete with the desired thiols.

Originally developed for use in organic synthesis and chemical biology, the [4+2]
cycloaddition between an electron-rich diene and an electron-deficient dienophile, known as the
Diels-Alder (DA) reaction, ** is highly selective and proceeds at high yield without any catalyst or
byproduct.* Electron-withdrawing substituents on the alkene and the electron-donating groups
on the diene are important for increasing reaction rates. The reaction can be greatly accelerated
in water due to increased hydrophobic effects. Retro-DA reaction occurs at an elevated
temperature, producing the original diene and dienophile. ***’

The CuAAC reaction generally proceeds with quantitative yield and complete specificity in
the presence of a wide variety of other functional groups.’”?® The reaction rate is dependent on
the concentration of Cu' and can be accelerated by heat, *® tailored ligands, *° and microwave
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irradiation.® In the presence of 20-500 uM Cu', the second-order rate constants were found in
the range of 10-200 M's™.>* Various ligands have been designed to stabilize Cu' and to
increase its catalytic efficiency. *2°* Work from the Ting group shows that ** copper-chelating
azides undergo much faster reactions than nonchelating azides under a variety of biocompatible
conditions. This kinetic enhancement increased CuAAC detection of alkyne-modified proteins
and allowed for site-specific protein labeling to be performed on the surface of living cells with
only 10-40 uM Cu/Cu">* *® The toxicity concerns of CuAAC arise from Cu'-promoted
generation of reactive oxygen species °’ and the electrophilic properties of oxidized ascorbate
(when used as reducing agent). *°

Bertozzi and coworkers developed a Cu-free variant of CUAAC chemistry by promoting ring
strain using cyclooctynes.?” *° The reactivity of the cyclooctyne can be modulated by appending
electron withdrawing groups at the propargylic position or by augmentation of strain energy
through aryl ring or cyclopropyl ring fusion ? ° Nitrones, nitrile oxides, diazoalkanes and
syndones have been used as alternative 1,3-dipoles. Limitations of SPAAC include slow kinetics
(10-100 times slower than CuAAC), hydrophobicity of the cyclooctyne component and instability
of fast reacting cyclooctynes under physiological conditions. **

Recently, the Fox group developed the tetrazine ligation, an inverse electron demand D-A
reaction that proceeds with unusually fast rates.®* This reaction involves the cycloaddition of s-
tetrazine with trans-cyclooctene (TCO) derivatives, with N, being the only by-product. ® Such
reactions are high yielding, do not require a catalyst, do not produce any toxic side products,
and are more than three orders of magnitude faster than pre-existing methods for bioorthogonal
ligation. Increasing the strain in TCO by cycloproyl fusion led to the discovery of the fastest
bioorthogonal reaction reported to date (second-order rate constant up to 3.3 x 10 M*s™ in H,O
at room temperature). Various TCO derivatives with reactivity towards tetrazine spanning 8

orders of magnitude have been synthesized. " ®* % Other complementary dienophiles (e.g.

5 18, 66-71 64, 72, 73

norbornene,® cyclopropenes, cyclooctynes and terminal alkenes’) have been
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utilized for tetrazine ligation, but at significantly lower rates than TCO derivatives. Owing to its
ability to create bonds rapidly in high yield and at low concentrations, tetrazine ligation has

29-31, 70, 75, 76

become an enabling tool for a host of biomedical applications, as well as biomaterials

synthesis and fabrication.** "%

8182 and native chemical ligation, ® are useful

Other chemistries, such as Staudinger ligation
in bioconjugation, but have not been widely employed in biomaterials synthesis. Staudinger
ligation refers to the amide bond formation between an azide and a phosphine derivative
containing a neighboring electrophilic group. In native chemical ligation, a peptide having a C-
terminal thioester reacts with an N-terminal cysteine residue in another peptide to undergo a
transthioesterification reaction, resulting in the formation of the neighboring a-amine group on
cysteine. A subsequent nucleophilic attack of the electron-rich nitrogen in the ester carbonyl
results in an S-N shift, forming a native amide bond. Both reactions proceed at physiological pH
under mild conditions without any additional additives.

Reactions described above require two components, Century-old multicomponent reactions,
such as the Biginelli reaction and the Ugi reaction,®* > have also been explored for biomaterials
synthesis where three or more building blocks are rapidly and almost quantitatively combined. &
Although these chemistries are useful in recombinatorial chemistry and polymer synthesis, the
abundance of amines and carboxylic acids in the biological environment limits their utility in 3D
cell cultures. Enzyme-catalyzed reactions require very specific substrates and proceed with high
efficiency and minimal toxicity, thus it is orthogonal and specific.®” For example,
transglutaminase (also known as Factor XllI), when activated by thrombin and Ca®" to factor

Xllla during the blood coagulation cascade, is capable of catalyzing covalent crosslinks between

the e-amine group of lysine side chains and the y-glutamyl side chain of glutamine residues.

3. Modular Synthesis of Hybrid Linear Copolymers.
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The orthogonal reactions discussed above, with a favorable equilibrium, fast reaction
kinetics, lack of side reactions, high yielding under mild conditions and tolerant of various
functional groups, are uniquely suited for building complex polymers with backbone diversity
and complexity through step growth polymerization, which is essentially a second-order reaction
of the functional groups. In the step growth polymerization, the number-average molecular
weight is related to the fractional conversion of functional groups by the Carothers equation.
Specifically, molecular species of varying sizes coexist throughout the entire polymerization
process and high molecular weight products are not obtained unless the polymerization is
driven to close to 100% conversion. Aside from the chemistry, a strict control of the
experimental parameters (e.g. reaction stoichiometry, monomer stability, and the purity of
reactants and solvents) is critical to achieve moderate and high molecular weight.®® While the
reaction by-products must be easily removed to shift the reaction equilibrium to the product, the
reaction stoichiometry must be maintained throughout the polymerization.

While abundant literature exists on the orthogonal attachment of biomolecules to synthetic

polymers to produce hybrid conjugates in the form of graft copolymers or diblock/triblock

89, 90 91-93

copolymers, very few groups investigate the synthesis of step growth hybrid copolymers
using orthogonal reactions. This is due, in part, to the challenging conditions required for step
growth polymerization. These requirements are even more stringent when the building blocks
are oligomeric species of biological origin. So far, the majority of hybrid step growth copolymers
reported in the literature contains short peptides. In this regard, this is an unexplored territory

with great potential.

3.1. Linear copolymers synthesized via cycloaddition reactions.

Although peptide/polymer hybrid copolymers have been synthesized using traditional
chemistries, the peptide blocks often do not contain any functional groups or
protection/deprotection strategies are required, thereby requiring lengthy synthesis and
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purification.’**® Matyjaszewski and coworkers demonstrated the first synthesis of step growth
polymer by CuAAC using homo difunctional (a,w-diazido-terminated) polystyrene (PS) with
propargyl ether or heterotelechelic PS (a-azide, m-alkyne) oligomers prepared by atom transfer
radical polymerization (ATRP). The polymerization was carried out at ambient temperature in

100 \vith molecular

DMF in the presence of CuBr.*® Subsequently, various poly(triazoles) (PTAS)
weights up to 43 kDa have been produced by step growth polymerization of small molecule
diyne/bisazide using CuAAC.'"*'° CuAAC-mediated interfacial step growth polymerization
under oil-in-water miniemulsion conditions has led to the production of stable monodispersed
glyconanocapsules having a diameter around 200 nm. The resultant polytriazoles have a
degree of polymerization ranging between 2 and 8 and the formation of a nonnegligible amount
of low molar mass cyclic species in the course of the interfacial polymerization.*** Our group™*?
further explored CuAAC for the construction of amphiphilic multiblock copolymers containing
alternating blocks of poly(acrylic acid) (PAA) and PS with up to 9 diblock repeats. These
multiblock copolymers self-assembled into nanoparticles on 20-40 nm.

Our group has a longstanding interest in the synthesis and characterization of
peptide/polymer hybrids.™ In our earlier work, we aimed to recapture the molecular architecture
and the mechanical properties of elastin. Elastin achieves its excellent mechanical properties
through an alternating molecular architecture containing highly flexible segments rich in non-
polar amino acids (such as valine, glycine, and proline), and alanine-rich, lysine-containing
segments which form crosslinks between adjacent molecules.* The combination of highly
crosslinked regions with loosely structured hydrophobic segments results in an elastomeric
network that is enzymatically stable and mechanically robust.® Thus, elastin mimetic hybrid
polymers (EMHP, Figure 2) have been successfully synthesized via the CuAAC reaction
between telechelic, azide-terminated PEG and alkyne-functionalized peptide with a sequence of

(AKAAAKA), (AK2) that is abundant in the crosslinking region of the natural elastin. PEG was

chosen to impart flexibility and solubility to the hybrid copolymer. The resulting multiblock
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copolymers, [PEG-AK2], had an estimated molecular weight of 34 kDa. Covalent crosslinking of
the hybrid coplymer through the lysine amines in peptide segments using hexamethylene
diisocyanate gave rise to hydrogels with mechanical properties comparable to those of the
natural elastin.

Because the polymerization is modular and the CuAAC reaction is fully compatible with
other functional groups, the composition of the multiblock copolymer can be readily adjusted to
include desired peptidic motifs. To foster integrin-mediated cell adhesion, RGD-containing
peptide with a sequence of X(AKAAAKA),XGGRGDSP was used in place of X-AK2-X (X=Fmoc
propargyl glycine) for EMHP synthesis. The resultant copolymer (Figure 2), [PEG-AK2(RGD)],,
when covalently crosslinked and tested in hydrated conditions, had a compressive modulus of
150 kPa. Neonatal foreskin fibroblasts plated on the RGD-containing hydrogels attached to the
substrate, adopted a fibroblastic morphology and proliferated readily in serum-free culture
media. Although cell attachment was also observed on RGD-lacking hybrid hydrogels, possibly
through weak and non-specific cell-substrate interactions, cell proliferation over the course of
culture (7 days) was not evident. Our results suggest that the integrin-binding motif incorporated
in EMHP is essential not only for cell attachment but also for cell proliferation.**?

Realizing the essential roles the hydrophobic, VPGVG-rich domains play in controlling the
elastin elasticity, we synthesized multiblock block hybrid copolymers consisting of a synthetic
polymer with addressable groups alternating with (VPGVG), (VG2). Thus, azide-functionalized,
telechelic poly(tert-butyl acrylate) (PtBA) was synthesized by ATRP of t-butyl acrylate.
Separately, peptide with a sequence X(VPGVG),X was synthesized by SPPS with high purity.
Condensation polymerization of azide-functionalized PtBA with alkyne-terminated (VPGVG),
resulted in multiblock copolymers with up to five PtBA-VG2 repeats. Treatment of the above
polymers with trifluoroacetic acid resulted in an alternating copolymer (Figure 2) of PAA and

VG2 that assembled into usually-stable, flower-like micelles under acidic conditions.**®
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In addition to ATRP, CUAAC has also been combined with reversible addition fragmentation
chain transfer polymerization (RAFT) to produce complex modular polymers. Using a

bifunctional RAFT chain transfer agent containing alkyne end groups. Luo et al. ***

synthesized
telechelic poly(N-(2-hydroxypropyl) methacrylamide) (HPMA) with M, of 10 to 40 kDa and a
polydispersity (PDI) <1.1. Enzymatically degradable multiblock HPMA copolymers (Figure 3)
were readily prepared by subsequent chain extension reaction with o,®-diazido-oligopeptide
(GFLG) sequence via CuAAC. Upon exposure of high molecular weight fractions of multiblock
poly(HPMA) to papain or cathepsin B, the polymer was degraded into segments of molecular
weight and narrow polydispersity similar to those of the initial telechelic poly(HPMA).

CUuAAC was recently applied to the synthesis of protein containing hybrid copolymers.
Specifically, CUAAC between PEG-dialkyne and diazide functionalized green fluorescent protein
(GFP) resulted in oligomeric products (GFP-PEG), (Figure 4) that formed giant fibrous objects
readily. The authors hypothesize that the reversible assembly of giant fibers was driven by the
well-established tendency of GFP molecules to aggregate into dimers through the hydrophobic
interaction between the localized surface patches of non-polar residues. **°

The Diels-Alder chemistry has been applied to the step growth polymerization between a
difunctional diene and a difunctional dithioester. However, under the optimized conditions, only
oligomers (M, 9,600 Da) were obtained. Theoretical and experimental data suggest that 60% of
the polymer becomes debonded at a temperature around 220 °C through retro-DA reaction.'*®
Tetrazine ligation was recently applied to the synthesis of hybrid multiblock copolymers using
tetrazine-functionalized PEG with a dangling, integrin-binding peptide and an aliphatic bisTCO
as the building blocks. The resultant multiblock hybrid copolymer has a molecular weight up to

263 kDa and provides guidance cues for cell attachment.**’

3.2. Linear copolymers synthesized by other orthogonal chemistries.
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Linear step growth polymers have been synthesized by amine-ene Michael reactions using
low molecular weight monomeric building blocks. Reactions of diamines with bisacrylamides,
bismaleimides or diacrylates result in poly(amido amine)s, poly(imido amine)s and poly(amino

8 respectively.*” Biodegradable poly(B-thioester)s (PBTs) have been prepared under

ester)s '
thiol-ene Michael addition conditions between a variety of diacrylate and dithiol monomers or PS
oligomers synthesized from a bifunctional trithiocarbonate RAFT agent (with or without amine
catalysis).”™® In the presence of UV irradiation, thiol addition across norbornene chemistry
yielded multiblock copolymers of at least four or five blocks with different block chemistries.*?°
Step growth polymers have also been prepared using monoalkyne and dithiol compound. Model
reaction shows that UV-initiated thiol-yne polymerization is completed in 2 h. Thiol-yne
polymerization of different functional compounds resulted in linear polymers with number
averaged molecular weights ranging from 5 to 30 kDa, except for propargylic acid and its methyl
ester, where only oligomers formed. ***

Miller et al.'??

prepared multiblock hybrid copolymers of PEG (3400 Da) and matrix
metalloproteinase (MMP)-sensitive peptide via Michael-type addition of thiol and acrylate.
Acrylate functionalized macromers were prepared using slight access of PEGDA and the
molecular weight of these macromers is controlled by the stoichiometry of the reaction, with a
high proportion of resultant macromer species greater than 500 kDa. These macromers were
combined with cell-adhesive acrylate-PEG-CGRGDS and PEGDA for the preparation of
synthetic matrices that support the sprouting of endothelial cells. Because of the inaccessibility
of the acrylate ends groups of the high molecular weight macromer, it is highly likely that low
molecular weight species contributed to the gelation whereas the high molecular weight
components contribute to the soluble fraction of the hybrid hydrogel.

Alternatively, a bifunctional RAFT chain transfer agent that contains an enzymatically

degradable oligopeptide sequence was used for the synthesis of telechelic poly(HPMA) or

HPMA copolymer-doxorubicin (DOX) conjugates. Post-polymerization aminolysis revealed the
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thiol moieties at both ends, through which chain extension was initiated with a bis-maleimide
(Michael addition) to afford a linear high molecular weight multiblock HPMA copolymer
conjugate. These polymers are enzymatically degradable; in addition to releasing the drug
(DOX), the degradation of the polymer backbone resulted in products with molecular weights
similar to the starting material and below the renal threshold. The new multiblock HPMA

copolymers hold potential as new carriers of anticancer drugs.'?

4. Modular Synthesis of Hybrid Hyperbranched or Dendritic Polymers

Hyperbranched polymers™* and dendrimers'® are highly branched macromolecules with a
three-dimensional dentritic architecture. While hyperbranched polymers are less defined and
irregularly shaped, dendrimers are monodisperse and have a globular structure. Due to their
unique structures and abundant functional groups, both types of polymers have found
applications in areas such as cancer therapy, biosensors for diagnostics and light harvesting
scaffolds. While hyperbranched polymers can be conveniently synthesized via one-pot
polymerization of appropriately designed monomers (e.g. ABn or A2 + Bn, where n is 2 or
greater), dendrimers are prepared step by step via convergent and divergent approaches.
Capitalizing on the unique features of bioorthognal chemistries, researchers have devised
efficient synthesis of sophisticated dendrimers in a minimum number of chemical steps by
maximizing the number of reactive chain ends while minimizing the number of reaction steps
required in the process.’”®*?® Here we highlight examples on the orthogonal construction of
hyperbranched polymers and dendrimers containing biological motifs.

Hybrid hyperbranched polymers or dendrimers have been synthesized for drug/gene
delivery purposes. Employing a straightforward approach, Chen et al synthesized cationic
hyperbranched glycoconjugated polymer via Michael-addition polymerization of gentamycin and
N,N'-methylenebisacrylamide. Owing to the presence of various primary, secondary, and tertiary
amines in the polymers, these hyperbranched glycoconjugated polymers showed high buffering

14
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capacity and strong DNA condensation ability, resulting in the high transfection efficiency.
Additionally, the hybrid polymer was found to inhibit the growth of cancer cells and bacteria
efficiently owing to the repetitive presentation of natural aminoglycosides on the polymeric
backbone. ' Enzyme-sensitive, amphiphilic peptide dendrimer drug conjugate, mPEGylated
dendron-GFLG-DOX (Figure 5), ™° was synthesized via two-step highly efficient CUAAC
reaction. The conjugate self-assembled into compact nanoparticles with a negatively charged
surface. The nanoparticles with 9.62 wt% of DOX showed enzyme-sensitive property by drug
release tests. The nanoparticles were found to accumulate and retain within the tumor for a long
time and exhibit enhanced antitumor efficacy compared to the free DOX.

Hybrid dendrimers are frequently synthesized for the multivalent presentation of cell/bacteria
binding motifs. An orthogonal coupling strategy was developed by combining thiol-ene and Sy2
reactions, which was subsequently applied to the accelerated synthesis of multifunctional
dendrimers using carbohydrate building blocks. The B-D-galactopyranoside-coated dendrimer
exhibited nanomolar binding affinity with the bacterial lectin.*' Grandjean et al. described
successive hydrazone/thioether orthogonal ligations of a dendrimeric lysine core with antigenic
peptides and mannoside derivatives. This method provides a flexible one-pot synthesis for
artificial conjugates of clustered carbohydrate receptor ligands bearing antigens.” '3

Alkene and alkyne functional polyester-based dendrimers of generation 1 to 4 have been
prepared and reacted under free-radical conditions with 2-acetamido-2-deoxy-1-thio--D-glucose
(GIcNAc-SH). As the alkene-dendrimers underwent the addition of one thiyl radical per ene
group whereas each yne group of alkyne-dendrimers was saturated by two thiyl radicals, a
collection of glycodendrimers with glycan density ranging from six to ninety-six GIcNAc per
dendrimer were obtained The glycodendrimers were found to inhibit wheat germ agglutinin at
nanomolar concentrations. ?* Using thiol-ene or thiol-yne, esterification, and azide—alkyne
chemistry, Sharma et al. generated dendrimers having chemically heterogeneous layers (Figure
6). The applicability of this novel approach towards the construction of biologically active
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glycodendrimers having dense surface sugar residues within low dendrimer generations was
fully demonstrated using Erythrina cristagalli, a leguminous lectin known to bind natural killer
cells through its galactoside recognition ability. The dendrimer's surface was decorated with an
azido derivative of N-acetyllactosamine using click chemistry which led to new glycodendrimers

having high affinities as compared to the corresponding monovalent analog.**

5. Modular Synthesis of Hybrid Hydrogel Networks

Orthogonal coupling of multifunctional building blocks with complementary reactivity in a
step-wise fashion beyond the gel point gives rise to crosslinked networks with tissue-like
properties. Compared to networks synthesized by convention chemistries, bioorthognally
constructed hydrogels are theoretically more homogeneous, exhibit less interference from other
functionalities and are more biocompatible to cells and biomacromolecules. Because the
reaction rate can be readily adjusted, gelation kinetics and consequently network properties can
be easily manipulated. Using biocompatible polymers and bioactive peptides/proteins as the
modular building blocks and employing bioorthogonal reactions, various groups are working on
the development of cell-instructive synthetic ECM to interrogate complex processes of tissue
formation and regeneration.**

Covalent hydrogel networks are not necessarily static.** Over time, the soluble polymers
entrapped in the network can slowly diffuse out. If chemically or enzymatically degradable
linkages are present in the network, hydrogels will erode and become softer as a result of matrix
degradation.’®***® Certain chemistries are reversible; thus hydrogels prepared with these

chemistries can be dynamic or erodible.**

If responsive signals or motifs are incorporated,
hydrogel properties can be altered in response to a specific signal input.*** *4%1** Bijoorthogonal
reactions are uniquely suitable for time-dependent modulation of hydrogel properties.** For
example, hydrogels could become stiffened or softened over time, or could present or erase a

biological signal post-gelation in the presence of cells. A cytocompatible covalent adaptable
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hydrogel capable of mimicking the modulus and stress relaxation properties of many complex
biological tissues might be conducive to cell growth.

In this section, we highlight the synthesis of hydrogels using modular building blocks and
employing step growth orthogonal coupling. Owing to its cytocompatible and bio-inert nature,
PEG is widely employed for the preparation of hydrogel networks, thereby serving as a blank
slate for the incorporation of bioactive signals. Because PEG does not contain abundant
functional groups along the polymer backbone, frequently 4 and 8-armed PEG are used. To
overcome these limitations, anionic copolymerization of ethylene oxide with glycidyl ether
derivatives afforded PEG based copolymers with diverse backbone functionality.**®*®
Alternatively, hyperbranched poly(glycerol) (hPG) was used in place of PEG.™® Hyaluronic acid
(HA) is a linear polysaccharide with disaccharide repeats of D-glucuronic acid and N-acetyl-D-
glucosamine. Unlike PEG, HA is abundantly expressed in the natural ECM, interacting with
various proteins or proteoglycans to organize the ECM, to activate various signhaling pathways,
to maintain tissue homeostasis and to facilitate tumor metastasis.*® **' Biomimetic synthetic
extracellular matrices have been produced using HA derivatives carrying orthogonal functional
groups in combination with synthetic polymers or peptides. ** **® Finally, a new class of de

novo saccharide-peptide copolymers has been used in the synthesis of hybrid hydrogels.™**>

5.1. Hydrogels synthesized by oxime/hydrazone chemistry.

160

We have synthesized HA-based hydrogels™" employing hydrazone ligation using hydrazide-
modified HA (HA-ADH) and an HA derivative carrying aldehyde groups (HA-ALD). The
orthogonal nature of the hydrazone chemistry, combined with the rapid gelation kinetics, permits
in situ cell encapsulation and subsequent 3D culture for the creation of physiologically relevant
prostate cancer models.*®**®* The hydrazone ligation permits facile incorporation of therapeutic
molecules for local release purposes.’® Structural proteins can also be integrated in the

network without compromising their assembly properties and bioactivities. Vocal fold fibroblasts
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encapsulated in the composite matrix adopted a fibroblastic morphology, proliferated readily,
expressed genes encoding important vocal fold ECM proteins and actively modulated the
viscoelasticity of the constructs through a cell-mediated remodeling process.'® The same
hydrazone chemistry, when restricted in the inverse emulsion droplets resulted in hanoporous
HA microgels.'®™ The resultant microgels contain reactive handles that can be used for
bioconjugation *°® or crosslinking purposes.'®> '*”  Simple mixing of these functional microgels
with an aqueous solution of HA-ADH, HA-ALD or PEG-dialdehyde results in a hierachically
structured, elastic hydrogel within 5 minutes. This type of network (referred to as doubly
crosslinked network, DXN) contains highly crosslinked HA microgels in a loosely crosslinked
secondary HA network. The viscoelastic properties of the matrix can be readily modulated by
varying the particle size, surface functional group, inter-particle and intra-particle crosslinking.
188 When appropriately functionalized with collagen like polypeptide'®® or gelatin,'™ the HA
DXNs facilitate integrin mediated attachment of MSCs and matrix mediated osteogenic
differentiation (Figure 7). Separately, Patenaude and Hoare applied the same chemistry to the
preparation of injectable HA/poly(N-isopropylacrylamide) hydrogels. '™

The reversible nature of the hydrazone chemistry, combined with the tunability of the
reaction kinetics, has led to the discovery of novel hydrogel properties. Hydrolysis of the
hydrazone linkage recreates the respective hydrazide and aldehyde groups. If respective
partners are located in close proximity, local network integrity can be restored via the
reformation of new hydrazone bonds.*’? Hydrazone-based hydrogel networks are reported to be
dynamically adaptable and self-healing. McKinnon et al. *® described PEG hydrogels formed
through the ligation of an aliphatic hydrazine-terminated multiarm PEG macromer with
aldehyde-terminated multi-arm PEG macromer. Rapid gelation occurred under physiological
conditions via the formation of bis-aliphatic hydrazone bond without the need for analine
catalysis and not surprisingly, the hydrolysis rate is pH-dependent. The modular nature of
hydrogel construction and the large number of easily tuned variables provide access to gels with

18
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a wide range of modulus and stress relaxation characteristics. These covalently adaptable
hydrogels, when incorporated with RGD, also through hydrazone bonds, allow for the
development of physiologically relevant morphologies for mouse myoblasts, whereas static,
non-adaptable gels prevent cytoskeletal rearrangement and extension. Taken together, these
studies show that hydrazone linked hydrogels offer unique advantages in terms of dynamic

tunability and should serve as a valuable complement to existing hydrogel technologies. *"*

5.2. Hydrogels synthesized by Michael addition or thiol-ene chemistry.

Michael-type addition reaction is a versatile orthogonal reaction for the formation of hydrogel
networks. Frequently, acrylate, maleimide or acrylamide-based double bonds are used. Cross-
reaction with native proteins is not an issue since most cysteine thiols in proteins exist in the
oxidized S-S form and lysine amines react with these enes at a much lower rate. Using thiolated

HA (HA-SH), prepared using a dihydrazide reagent containing an internal disulfide bond *">*"’

synthetic ECM has been developed using PEG diacrylate (PEGDA) as the Michael donor. °* 17
When thiol is used in a stoichiometric excess to acrylate, the fast Michael addition reaction
contributes to the initial network formation and the slow disulfide bond formation gradually
increases gel stiffness. '"* ¥ Depending on the molecular weight of HA and PEG, percent
functional group incorporation in HA, concentrations of HA and PEG and thiol/acrylate ratio,
hydrogels with elastic modulus varying from 11 Pa to 3500 Pa have been prepared. **' Co-
crosslinking thiolated HA with other thiolated biomacromolecules (heparin or gelatin) creates a
more complex network containing immobilized biological cues for growth factor sequestration or
for integrin engagement. *** This type of hydrogel system has been commercialized and widely
used in cell therapy, growth factor delivery and the regeneration of healthy bladder, bone,
cartilage, sinus, spinal cord and vocal fold tissues and the creation of disease models.*®?
Although the incorporation of thiolated gelatin in HA gels facilitates the attachment and
spreading of fibroblasts on the hydrogel surface, cells remain rounded inside the gel in 3D. ** In
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order for cells of mesenchymal origin to spread in 3D hydrogel networks, both matrix
metalloproteinase (MMP) degradable crosslinker and RGD signals must be incorporated and
cell spreading is more significant in gels with higher RGD density. *** These observations

reconfirm the early observations from the Hubbell group ' %

on vinyl sulfone-terminated
multiarm PEG macromers and a cysteine-terminated MMP substrate as the crosslinkers that
both RGD and MMP signals for 3D attachment and migration of cells of mesenchymal origin.

The hydrolysis of the ester linkages at the crosslinking points in the above HA/PEG gels
may compromise the overall gel stability and complicate the interpretation of cellular enzymatic
processes. To improve the hydrolytic stability of HA gels, acrylate groups were introduced to HA
via an amide linkage (HA-AM). Thus, HA gels are formed within 30 minutes of mixing of HA-SH
and HA-AM and slow gel stiffening occurs overnight, reaching a plateau modulus of 234+30 Pa.
The orthogonal reaction permits direct encapsulation of prostate cancer cells as well as HA
microgels containing sequestered growth factors.’® Prostate cancer cells entrapped in HA
matrices formed distinct multicellular aggregates which grew and merged to form spherical
aggregates, expressing E-cadherin, and showing cortical organization of F-actin. Compared to
2D-cultured cells, the engineered tumoroids increased the expression of pro-angiogenic factors
and multidrug resistant proteins. The engineered models (Figure 7) were utilized to assess the
treatment efficacy of nanoparticle-based drug delivery systems. 163 185186

Guan and coworkers synthesized copolymers containing peptide-saccharide along the
backbone.'®" Chemically crosslinked hydrogels (Figure 8) were prepared via Michael addition by
mixing hybrid polymers with cysteine or vinyl sulfone groups. Intriguingly, a single amino acid
mutation (valine (V), cysteine (C), tyrosine (Y)) in the polymer backbone has profound effects on
the gel properties and the behaviors of encapsulated chondrocytes.”™™ The synthetic
saccharide/peptide hydrogels have also proven useful for islet transplantation. **°

Micrometer-sized hydrogel particles containing living cells were fabricated with an exquisite

control through the use of droplet-based microfluidics and PEG and hyperbranched polyglycerol
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(hPG). Gelation was achieved via the nucleophilic Michael addition of dithiolated PEG macro-
cross-linkers to acrylated hPG building blocks. Microgel properties were varied through the use
of PEG linkers with different molecular weights along with different concentrations of
macromonomers. Fibroblasts and lymphoblasts were successfully encapsulated in the microgel
with high viability. *®’

Thiol-ene photochemistry has been extensively explored for hydrogel synthesis because this
photoinitiated polymerization occurs at neutral pH and can be controlled both spatially and
temporally.*®¥*% Proteins and cells have been entrapped in these gels for the controlled release
of protein therapeutics and 3D culture purposes. For example, the bioactivity of lysozyme was
maintained above 90% following the exposure to thiol-ene photopolymerization conditions.**
Bovine chondrocytes were encapsulated in a similar gel with high viability and synthesized ECM
resembling that of a hylain cartilage. Contrarily, when encapsulated in a radically crosslinked
gel, lysozyme exhibits a compromised activity (50%) and chondrocytes adopt a hypertrophic
phenotype, thus pointing to the advantages of step growth mechanism for hydrogen
preparation.®

Cell-adhesive, MMP-degradable PEG hydrogels were prepared using thiol-ene
photopolymerization. MSCs entrapped in the resultant matrices undergo classical trilineage
differentiation in the presence of differentiation media. Pancreatic ductal epithelial cells
(transformed cell line) formed ductal cyst-like structures in 3D and cellular aggregation was
dependent on the immobilized laminin-derived peptide signals as well as MMP-mediated matrix
degradation.'*® *** Similarly, norbornene-functionalized HA (HA-Norb) was combined with di-
thiols to create non-toxic hydrogels with a wide range of mechanical properties. By limiting the
initial extent of crosslinking, HA-Norb gels were synthesized with remaining pendent norbornene
groups that could be reacted with thiol-containing molecules in the presence of light and an
initiator, including with spatial control. Secondary reactions with a di-thiol crosslinker changed
mechanical properties, whereas reaction with mono-thiol peptides had no influence on the gel

21



ChemComm

elastic modulus. This orthogonal chemistry was used sequentially to pattern multiple peptides
into a single hydrogel, demonstrating the robustness of this system for the formation of complex
hydrogels %°

Application of thiol-ene chemistry in a confined space or at an interface has resulted in the
production of microgels or multilayered hydrogels. For example, taking advantages of the ability
of eosin-Y to generate radicals upon visible light exposure and its high diffusivity, hydrogels with
multilayer structures were prepared by step growth thiol-ene photochemical reactions. The initial
light exposure resulted in the formation of the core hydrogels, through which the residual eosin-
Y diffuses outwards to initiate further crosslinking. The thickness of the thiol-ene gel coating
could be easily controlled by adjusting visible light exposure time, eosin-Y concentration initially

loaded in the core gel, or macromer concentration in the coating solution. *°¢ 9

5.3. Hydrogels synthesized by cycloaddition reactions

Diels—Alder click reaction was applied to the synthesis of HA hydrogels by reacting furan-
modified HA with bis-maleimide-PEG. Biomolecules were photopatterned into the hydrogel by
two-photon laser processing, resulting in spatially defined growth factor gradients. The Young's
modulus was controlled by either changing the hydrogel concentration or the furan substitution
on the HA backbone, thereby decoupling the hydrogel concentration from mechanical
properties. Porosity was prepared by cryogelation, and the addition of galactose further
influenced the porosity, pore size, and Young's modulus of the cryogels. These HA-based
hydrogels offer a tunable platform with a diversity of properties for directing cell function, with
applications in tissue engineering and regenerative medicine. *%%%%

CuAAC was applied to hydrogel synthesis as early as 2006. *® The goal was to make a
more perfect hydrogel network with robust mechanical properties. However, an efficient
chemistry does not guarantee perfect networks. In fact, carbon black, a form of paracrystalline
carbon, has to be incorporated in the gel to improve the mechanical properties. CUAAC of
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tetrakis(2-propynyloxymethyl)-methane (TMOP), diazide end-functionalized triblock copolymers
of poly(B-caprolactone) with PEG (N;-PCL-PEG-PCL-N;) afforded amphiphilic co-networks
whose properties can be tuned by varying the hydrophilic/hydrophobic ratio. Both hydrophilic
and hydrophobic drugs can be encapsulated in the resultant networks and the drug release is
attributable to the well-defined molecular structure and tunable hydrophobic/hydrophilic
composition of the hydrogels.?**

The toxicity issues associated with Cu motivated researchers to explore the utility of other
orthogonal reactions for hydrogel synthesis. For example, the inverse-electron-demand D-A
reaction between norbornene and tetrazine has been utilized for gelation purposes. Mixing of
multifunctional PEG-tetrazine macromer with a dinorbornene peptide resulted in hydrogel
formation within minutes. MSCs were encapsulated in such gels with high post-encapsulation
viability. The specificity of the tetrazine norbornene reaction allows for sequential modification of
the network via thiol-ene photochemistry.”® pH-Cleavable cell-laden microgels (Figure 9) were
fabricated in microfluidic channels by SPAAC employing PEG dicyclooctyne and dendritic
poly(glycerol) displaying azide groups through an acid-labile benzacetal linker. Cells were
encapsulated in the microgel with a high viability and were subsequently selectively released by
varying the pH without compromising the overall cell viability and cell spreading. The capture
and release microgel platform allows cells to be studied and manipulated during the
encapsulation and then be isolated and harvested by decomposition of the microgel scaffolds.
205

The Jia/Fox groups have successfully demonstrated the application of tetrazine ligation to
create hydrogel materials via a diffusion-controlled interfacial gelation (Figure 10) at the gel-
liquid interface.®® Syringe delivery of tetrazine modified HA (HA-Tz, pink, viscosity molecular
weight: 218 kDa) to a bath of bisTCO crosslinker (colorless, MW=1,253 Da) resulted in the
instantaneous formation of a crosslinked shell (colorless), through which bisTCO diffused

inwards to introduce further crosslinking. Alternatively, injection of bisTCO into a bath of HA-Tz
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allowed instant formation of a crosslinked shell, through which bisTCO diffused outwards to
create water-filled hydrogel channels. The interfacial polymerization process permitted the
creation of HA hydrogels with pre-determined spatial distribution of TCO-tagged Alexa Fluor 647
(Alexa-TCO) without external triggers or templates by timed alteration of the TCO bath
composition. For example, microspheres with a multilayer structure were created by simply
alternating the presence/absence of Alexa-TCO in the TCO bath during crosslinking. Similarly,
microspheres with a radial gradient of the fluorescent tag (Figure 10) were readily created by
continuously varying the Alexa-TCO concentration (0-0.47 yM) during the 2-h crosslinking
process. This interfacial gelation is projected to find utility in the fabrication of cell-instructive

matrices for the growth of in vitro tissue models.

5.4. Hydrogels synthesized by other orthogonal chemistries

Other orthogonal chemistries are less explored for hydrogel synthesis due to the
complication in synthesis and/or slow kinetics. Staudinger ligation has been explored for the
covalent stablization of ionically crosslinked alginate hydrogels using azide functionalized
alginate and 1-methyl-2-diphenylphosphinoterephthalate-terminated, telechelic PEG. ?°® Native
chemical ligation has been explored to create covalently crosslinked hydrogels using
macromonomers of four-armed PEG with either thioester or N-terminal cysteine peptides.?®” A
similar strategy has been applied to prepare anti-inflammatory hydrogels supporting islet cell
survival in the presence of diffusible pro-inflammatory cytokines.?*® 2%°

Enzyme-catalyzed reactions, although highly specific and naturally biocompatible, are
underexplored for the synthesis of bioactive hydrogels. Ehrbar et al. used activated coagulation
transglutaminase factor Xllla (FXllla) for gelation and site-specific coupling of cell adhesion
ligands and engineered growth factor proteins to PEG-based proteolytically degradable
hydrogels. Primary stromal cells can invade and proteolytically remodel these networks both in
an in vitro and in vivo setting. These hybrid networks can potentially serve as alternatives for
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fibrin as provisional drug delivery platforms in tissue engineering. ?*° Using a photocaged FXllla
substrate, Mosiewicz et al created PEG-based hydrogels with masked peptide. Subsequent
laser-scanning lithography afforded highly localized biomolecule tethering. This approach for the
3D manipulation of cells within gels should open up avenues for the study and manipulation of
cell signaling.”*

Mosiewicz et al. 22

employed phosphopantetheinyl transferase (PPTase) to catalyze
covalent cross-linking of PEG-based hydrogels (Figure 11). Gels were formed within minutes
under physiological conditions by mixing two aqueous precursors containing multiarm PEG
macromers end-functionalized with the PPTase substrate Coenzyme A (CoA) and a genetically
engineered dimer of a carrier protein. Bioactive hydrogels were produced by covalent
incorporation of a CoA-functionalized cell adhesion peptide (RGDS), resulting in specific
adhesion of primary fibroblasts on the hydrogel surfaces. 3D encapsulation of cells resulted in
high cell viability (ca. 95%) and single cell migration over long distances within RGDS-modified
gels. In general, enzyme-catalyzed gelation reactions usually result in heterogeneous hydrogels

with low mechanical strength due to the low conversion imposed by the inability of enzymes to

diffuse readily during the gelation process. *3

5.5 Manipulation of hydrogel properties using multiple chemistries.

Bioorthogonal reactions are frequently combined to generate complex hydrogels with
dynamic properties. In some cases, certain functional groups participate in multiple types of
reactions, some of which may not necessarily be orthogonal in nature. In other cases, two
independent chemistries are used to sculpt the hydrogels. Burdick and coworkers devised a
step-wise approach to fabricate hydrogels that stiffen over time in the presence of cells. The
initial network was established by Michael addition between thiol and methacrylate or maleimide
and the additional crosslinking was achieved by radical chain polymerization. Time dependent

214

gel stiffening was found to selectively differentiate MSCs,“™* which is directed by the generation
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of degradation-mediated cellular traction independently of cell morphology or matrix mechanics.
Moreover, switching the permissive hydrogel to a restrictive state through delayed secondary
crosslinking reduced further hydrogel degradation, suppressed traction, and caused a switch
from osteogenesis to adipogenesis in the absence of changes to the extended cellular
morphology.”*®

Photoinitiated thiol-ene chemistry is frequently combined with other orthogonal chemistries
for light-directed spatial patterning purposes in the presence or absence of cells. For example,
thiol-ene photochemistry was combined with aniline-catalyzed oxime ligation or CuAAC for 3D
patterning of peptides in PEG gels post gelation. #® Using copper-free click chemistry (Figure
12), DeForest et al. directly encapsulated cells in PEG-based hydrogels. Subsequently, thiol—
ene photocoupling chemistry is introduced that enables patterning of biological functionalities
within the gel in real time and with micrometer-scale resolution. This material system enables
researchers to tailor independently the biophysical and biochemical properties of the cell culture
microenvironments in situ.** This synthetic approach uniquely allows for the direct fabrication of
biologically functionalized gels with ideal structures that can be photopatterned, and all in the

presence of cells.*®®

6. Conclusion and Perspective.

In this article, we discussed modular approaches for the synthesis of hybrid polymeric
biomaterials using diverse building blocks and employing orthogonal reactions. These highly
efficient and selective reactions have enabled facile control over the composition, structure and
properties of polymeric biomaterials, considerably expanding the design options. Covalent
integration of bioactive motifs in linear, hyperbranched or dendritic polymers has given rise to
bioconjugates with unique biological functions. Bioorthogonal chemistry is particularly attractive
for the fabrication of hydrogels in the presence of living cells to produce biologically relevant 3D
constructs with desired mechanical properties and spatial presentation of biological signals.
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Proteins can also be entrapped in the matrix with high bioactivity and be released in a controlled
manner. Light-triggerable chemistries and diffusion controlled ligation mechanism are
particularly attractive for spatial patterning purposes.

Although orthogonal chemistries have become an enabling technology for the synthesis of
hybrid biomaterials, it is important to note that a “good chemistry” does not necessarily lead to a
“good material”. Polymers and networks synthesized by modular coupling inevitably follow the
characteristics of step growth polymerization in that the molecular weight of the polymers or the
average molecular weight between crosslinks exhibit high polydispersity. Orthogonal reactions
when inappropriately applied defeat the purpose of the modular design. For example, ultrafast

tetrazine/TCO ligation,®®

when applied to solution polymerization or crosslinking, results in
oligomeric cyclic products or highly heterogeneous, ill-defined hydrogels. ® The application of
this chemistry at the interface enabled the diffusion controlled process that opens up a wide
range of biomaterials applications. Furthermore, hydrogel properties are not solely dependent

on the crosslinking chemistry. Phase separation and network defects®’

may negatively affect
network properties. Multiarm PEGs are frequently used for hydrogel synthesis. The high
functionality facilitates rapid gelation but inevitably leads to more network defects. An attractive
approach is the combination of orthogonal chemistry with orthogonal supramolecular assembly.
218

Overall, orthogonal chemistries have provided researchers with the unprecedented ability to
link two entities in high yield without interference from other functional groups. These
chemistries have become powerful and enabling tools for polymer and materials synthesis. As
organic chemists continue to expand the chemistry toolbox, further advancement in biomaterials
synthesis and fabrication is anticipated. With improved biological understanding of biological

design principles, more sophisticated and biologically relevant materials with controlled spatial

and temporal properties will lead to further advances in the biomedical field.
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Graphical Abstract:
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Onho‘fg‘ona‘l_ Chemistry

@

In this review, we highlight and discuss recent progress in the synthesis of hybrid biomaterials

using modular, molecular building blocks and employing novel, bioorthogonal chemistries.
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Table 1. Classic orthogonal chemistries used in synthesis of biomaterials.

Orthogonal Reactions

Hydrazone ligation: ** %

.—HN—NH2 * o=C— "o .—HN—N:C—

R

Oxime ligation: "%

‘O—NH2 +  o-C— o .—O—N:C—

R R
Thiol-Michael addition: #

O o)
o - —

O o)

Thiol-ene chemistry: = 134 1%

®s N — 00—

Diels-Alder reaction:

./i r N —"O

Copper-catalyzed alyne-azide cycloaddition (CUAAC): 2¢ 101110, 112

N,
‘—N3 + Cut ‘\N\fNK

Strain-promoted azide-alkyne cycloaddition (SPAAC): *°
— ‘\N’N\\N
® - —

A

Tetrazine ligation: ** >

— N—N

N=N R \\ NZT 7 )R
o< )~ - el

N N
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Staudinger ligation: %

o) N, T X
+
Ph,P H0 Ph,

Native chemical ligation: %

HS . v . O
SR + Thioesterification H
H,N — N
S-N acyl shift
HS
Ugi reaction: *°
O O RiR; y

o)
- +
* Rs;—NH, * C=N-R, * N
e g, T RN o e on— & )Lgxg ‘R,
3

b
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Orthogonal chemistry:
R Q=
Hydrogels:

/V\-q/

+ A

Or
TN

>+< S
o B

~—— 1 PEG, polysaccharides, other polymers

Linear hybrid multiblock copolymers:

—~ ' polymer, peptide O polypeptide blocks

Hyperbranched polymers and dendriners:

e

—— ! linker, saccharide

N QQ Sl 7S

1.1 AB, block . : CD, block

g3

Q carbohydrate for surface modification

Figure 1. Schematic summary of biomaterials synthesized using modular approaches

employing orthogonal chemistry.
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/ / -

Figure 2. Elastin-mimic hybrid multiblock copolymers synthesized using CuAAC chemistry. (A):
Multiblock copolymers contain (AKAAAKA), sequence for crosslinking and GGRGDSPG for cell
adhesion. (B): The peptide sequence (VPGVG), is adopted from elastin that contributes to

elasticity. **%
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N, - N, Elution volume (mL)

G

Figure 3. Enzymatically degradable multiblock copolymers synthesized by CuAAC between
poly(HPMA)-di-alkyne and GFLG-di-azide. Multiblock copolymers can be degraded by

Cathepsin B at GFLG peptide blocks. ***

Multiblock polyHPMA

m Cu"SO,/PMDETA

PEO-diAlkyne  Sodium Ascorbate

GFP-diN, N,, 5 days, 25°C

0]
NH -
o

Figure 4. Protein/polymer hybrid multiblock copolymers synthesized by CuAAC chemistry
between green fluorescence protein (GFP)—di-azide and PEO-di-alkyne. **°
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mPEGylated dendron-GFLG-DOX
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Figure 5. Synthesis of amphiphilic mPEGylated dendron-GFLG-DOX conjugate. Nanoparticles
were assembled from the DOX-containing conjugate. **°
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Figure 6. Molecular structures of lactose-decorated glycodendrimers synthesized via a
combination of thiol-ene or thiol-yne, esterification, and azide—alkyne chemistries.'*?
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200 pm N

Figure 7. (A): Chemical structures of HA derivatives used for hydrogel synthesis by the Jia
Group. (B): SEM (i) and cryoSEM (ii-iv) images of HA microgels synthesized by inverse
emulsion crosslinking using HA-ADH and HA-ALD (i), HA bulk gel synthesized by HA-SH and
HA-AM (ii), HA DXN by mixing aldehyde functionalized HA microgels with HA-ADH and collagen
integrated HA-ADH/HA-ALD gel. (C): Confocal images of cells cultured in HA gels. Cytoskeleton
and nuclei staining of C4-2B prostate cancer cells (i), LNCaP prostate cancer cells (ii), vocal fold
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fibroblasts (iii) and MSCs (iv) (i-iii): F-actin and nuclei were stained green and blue respectively;
(iv) F-actin, vinculin and nuclei were stained red, green and blue, respectively,'®? 161 163-165, 167, 185

) . =g
A Saccharide Peptide Safe and Versatile
Saccharide-Peptide Hydrogel
Modular | 1) Polymerization / 7 bz
synthesis | 2) Fucntionaliztion Enzymatic
Gelation Cell Culture
e —
Synthetic ECM
for Tissue Engineering

Functional and Bioabsorbable
Saccharide-Peptide Copolymer

O OHOH H4 H

B Copol Backb :
Opolymer Backbone ()J\I)\_/\rrur\/\/m)
= m+n
OH OH O o~
Cvsteine R=OH,or HN™ ¥NH O\HNE
y H, H,N \H/IVSH HTOMe

Copolymer W e
o]
Valine (V) Cystelne (C) Tyrosine (Y)
I’//
R=OH,or #NH O-5-0
H,N S

Vinyl Sulfone
Copolymer

VsS:C VS:.CY

Figure 8. (A): De novo designed saccharide-peptide hybrid copolymer, when crosslinked,
creates a synthetic matrix suitable for cell culture purposes. (B): Cysteine or vinyl sulfone
containing saccharide-peptide copolymers were mixed to produce hydrogels via Michael
Addition. Hydrogel properties can be tuned by varying the hydrophobicity/hydrophilicity ratio.*>*
157
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Figure 9. Cell encapsulation and release in microgels synthesized via SPAAC.
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Figure 10. Interfacial bioorthogonal crosslinking. Gel (colorless) interface forms when HA-Tz
(pink) contacts a solution of bisTCO. The interfacial kinetics allowed simultaneous introduction
of tagging groups (red star in A and B). Spatio-temporal control can be achieved by simply
varying the relative concentration of the tagging group as a function of time. (C, D): Confocal
images of HA microspheres containing spatially tagged Alexa-TCO (red) in an onion-like layered
structure (C) or in a radial gradient (D). %
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Figure 11. (A) General mechanism of phosphopantetheinyl transferase (PPTase)-catalyzed
transfer of phosphopantethein prostetic group of CoA to the serine residue of ACP; (B) Hydrogel
formed between branched PEG-CoA and fluorescent ACP fusion protein. %2
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Figure 12. Two independent orthogonal chemistries were applied to the preparation of the
PEG/peptide network. The initial gelation was induced by SPAAC and subsequent spatial
patterning was achieved using thiol-ene photocoupling chemistry.'*®
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