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Protein hydrogels made entirely of host proteins should be of
great value to the field of regenerative medicine. A versatile
and efficient approach to transform any protein into hydrogels
is presented. This strategy is based on the copper-free click
chemistry reaction between azide (N;) and dibenzylcyclooctyne
(DBCO). The target proteins are first individually functionalized
with N5 or DBCO, and then mixed under physiological condition
to trigger the spontaneous formation of a highly crosslinked
protein network or hydrogel through the click reaction. The
resulting click hydrogels exhibited high solution stability,
interconnected porous network, tunable compressive moduli
ranging from 2 to 200 kPa, adjustable stress-relaxation time (t;,
,) between 5 and 2200 s, shape-memory property, self-healing
ability and the ability to support mammalian cells attachment
on 2D and 3D microenvironment, pointing to their great
potential in tissue engineering for diverse biomedical applica-
tions.

The ability of protein hydrogels to mimic extracellular matrices
makes them attractive synthetic materials for regenerative
medicine and tissue engineering. Several strategies have been
exploited to create protein-based hydrogels in the past two
decades.” Depending on the crosslinking chemistry, protein
hydrogels can be broadly categorized into either physical or
chemical hydrogels. Most physically cross-linked protein hydro-
gels rely on protein-protein/ligand interactions to drive hydro-
gel formation, such as hydrophobic interactions between
coiled-coil synthetic proteins,”” resilin-like polypeptides,” gela-
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tin® and collagen,®
between heparin and heparin-binding growth factor (VGEF),
repeats of WW and proline-rich peptide domains,” and PDZ
and its peptide ligand.”! Some physical protein hydrogels suffer
from poor solution stability due to the reversible nature of the
physical interaction.”®” In addition, the proteins that contribute
to the specific protein-protein/ligand interactions often derive
from artificial or animal sources and, if used as tissue implants,
may elicit undesirable foreign body immune responses which
can result in inflammation, scaring and even tissue rejection.
An ideal protein hydrogel for tissue engineering and regener-
ative medicine should be composed entirely of host proteins
and exhibit tunable mechanical properties to facilitate cell
attachment and growth.

Traditional chemical hydrogels are formed using covalent
chemical crosslinking agents, such as glutaraldehyde and
methacrylic anhydride,"® which are often cytotoxic. Recently,
several enzymes have been explored to generate covalent
bonds between different proteins for the synthesis of protein
hydrogels with very high cell compatibility, including SpyTag-
SpyCatcher,™ split intein™ and horse-radish peroxidase.'”
However, these enzymes are all derived from animal or plant
sources and are non-ideal for use in the creation of implantable
tissue engineering scaffolds. Click chemistry has also emerged
as a promising strategy to prepare protein hydrogels due to its
high reactivity, superb selectivity, and mild reaction conditions.
The photoclick reaction between norbornene and thiol was
recently used to form covalently crosslinked gelatin hydro-
gels.'" Unfortunately, this thiol-ene crosslinking strategy pro-
duces harmful radical species and could cross-react with thiols
on cell surface proteins, potentially causing undesirable
cytotoxicity. In addition, the photopolymerization reaction
requires the input of ultraviolet light (UV), which is toxic to the
cells, limiting the clinical translation of the photoclick reaction
to settings where rapid UV illumination is possible."” The
inverse electron demand Diels-Alder click reaction between
tetrazine and norbornene has emerged as another popular click
chemistry for protein hydrogel formation.'® However, this
reaction releases the nitrogen gas as a side product. Although
nitrogen per se is harmless in biological systems, the presence
of nitrogen bubbles within the resultant hydrogel inevitably
affects the hydrogel mechanical integrity during swelling and
compression/stretching. The copper-free strain-promoted
azide-alkyne cycloaddition (SPAAC) click reaction provides
another convenient chemistry for promoting hydrogel forma-
tion. Anseth et al. successfully utilized the SPAAC reaction to
produce hydrogels from the 4-armed PEG tetrazide and an

and specific protein-ligand interactions
[6]
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Figure 1. Click protein hydrogel. (a) Schematic of click chemistry reaction between N; and DBCO functionalized proteins that triggers the formation of a
covalent protein hydrogel. (b) Click protein hydrogels made from different proteins.

Protein name  Quaternary structure  Monomer Size (kDa)

Table 1. Model proteins used in the study.

Protein Unit Size (kDa)

Protein conc (mg/mL) Molar ratio of ~Molar ratio of protein: DBCO

protein : N3
GFP Monomer 294 294 10 1:8 1:12
ncXR Dimer 385 77.0 20 1:8 1:16
BSA Weak dimer 66.5 133 20 1:14 1:14
SLAC Trimer 384 115.2 10 1:8 1:8

acid sequence, respectively.

GFP: green fluorescent protein; ncXR: xylose reductase from Neurospora crassa;
coelicolor.” The quaternary structure and the molecular weight for each protein were predicted based on the protein’s crystal structure and primary amino

1221 BSA: bovine serum albumin; SLAC: small laccase from Streptomyces

alkene-functionalized peptides."” In another study, Song et al.
reported a biodegradable hydrogel formed through SPAAC
under physiological conditions from the azide-containing PEG_
co-poly(5,5-bis(azidomethyl)-1,3-dioxan-2-one) and dibenzocy-
clooctyne (DBCO)-functionalized PEG."® Similar polymer-syn-
thetic peptide hybrid hydrogels have been developed using
the SPAAC chemistry™ and these have found applications
ranging from cell encapsulation® to drug release.”"” However,
so far, SPAAC has so not been used for the creation of
hydrogels from globular proteins.

In the current work, we developed a SPAAC-mediated
protein ligation approach that enables the creation of hydro-
gels from essentially any protein, making it possible to produce
hydrogels composed entirely of host proteins. The overall
scheme for click-protein hydrogel formation is outlined in
Figure 1a. To form a crosslinked protein network or hydrogel,
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each hydrogel building block protein unit needs to be labeled
with at least three functional groups. We define protein unit
(PU) as the smallest unit of protein(s) that can form a hydrogel
crosslink. Each protein unit consists of one protein molecule for
monomeric proteins or two protein molecules for dimeric
proteins. The hydrogel building block proteins were first
functionalized with N;-PEG, or DBCO-PEG; via primary amine-
NHS ester reaction as described in the materials and methods.
The reaction pH, incubation time and the ratio of protein to
each chemical were tuned in order to preserve protein
solubility and ensure that there are at least 3 functional groups
on each protein unit. Four model proteins of different sizes and
quaternary structures were labeled with the N;- and DBCO-
functional groups. The exact functionalization condition for
each protein can be found in Table 1.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The extent of protein functionalization is semi-quantita-
tively evaluated via visualization on SDS-PAGE gel after reaction
with dye molecules carrying the respective opposite functional
group (Figure S1).%¥ As a preliminary evaluation of the hydrogel
formation, N;- and DBCO-functionalized proteins were mixed at
1:1 molar ratio in microcentrifuge tubes (20 pL total) and
incubated at room temperature. The next day, PBS (100 pL) was
added to each tube. A clear interface between the protein and
the PBS solution indicates the formation of a hydrogel (Fig-
ure 1b). According to this method, all model proteins were able
to form click protein hydrogels, although the minimum protein
concentration needed for hydrogel formation varies (Figure S2).
In general, higher number of functional groups per PU leads to
more stable protein hydrogels.

The 3D structure and the surface topography of click
protein hydrogels were analyzed using scanning electron
microscopy (SEM). As shown in Figure 2a, click hydrogels
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Figure 2. (a) SEM images of 3D microstructure of ncXR hydrogels. (b) Erosion
profile of protein hydrogels in PBS for 4 weeks at room temperature.

appeared as smooth sheets-like entangled microstructures that
form a highly porous 3D network with pore diameters ranging
between 1 and 3 um. We next evaluated the solution stability
of our click protein hydrogels. Cured click protein hydrogels
composed of different concentrations of the various building
block proteins were immersed in erosion buffer for 28 days at
room temperature. The erosion buffer was replaced periodically
and the amount of protein in the buffer was quantified using
the BCA assay (Figure 2b). Overall, click protein hydrogels
exhibited high solution stability. At 5% w/v protein concen-
tration, the hydrogel made of monomeric GFP eroded ~15%,
while those made of dimeric ncXR and BSA eroded < 4%.
Negligible amount of protein erosion (< 1%) was observed for
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GFP, ncXR and BSA click hydrogel at protein concentration
equal or above 10% w/v. On the other hand, the trimeric SLAC
hydrogel were not stable during prolonged incubation in
erosion buffer, likely due to the low protein concentration and/
or the low functionalization efficiency and/or dissociation of
the trimeric SLAC. Efforts to increase the labeling efficiency of
SLAC, as well as to increase the concentration of SLAC in a click
protein hydrogel, were not successful due to severe precip-
itation of this protein under these conditions. Our results
confirmed that click protein hydrogels of high solution stability
can be easily produced. Furthermore, the erosion profile of
these click protein hydrogels can be tuned by adjusting the
concentration and/or the labeling efficiency of the hydrogel
building block proteins.

The mechanical stiffness of click protein hydrogels made of
different proteins were evaluated using the uniaxial compres-
sion test. The rates of compressive stress increased with strain
for all hydrogels (Figure 3a, Figure S3a, b), indicating that these
hydrogels can be easily deformed under low strain but exhibit
strong stiffness at high strain. This hydrogel behavior is similar
to that of human soft tissues such as collagen®' and elastin.*®
The hydrogel peak stress (at 0.5 mm/mm strain) varied between
8.6 - 280 kPa (Figure 3b). Not surprisingly, higher density of
functional groups on each protein unit and higher protein
concentration lead to higher peak stress. The hydrogel
compressive modulus, calculated from the initial linear region
(0.05-0.2 mm/mm strain), follows a similar trend as the peak
stress and varies broadly between 5 to 200 kPa for the different
hydrogels (Figure 3d). These peak stress and compressive
modulus are comparable to that of enhanced alginate® and
gelatin hydrogels.”

The viscoelastomeric properties of the click protein hydro-
gel were investigated using 5 cycles of cyclic compression test.
The dissociation of non-covalent inter- and intra-molecular
interactions and/or protein conformational drift cause the
protein hydrogel to lose or dissipate energy upon material
deformation during the loading step, resulting in reduced
stress during the unloading step or a hysteresis on the loading-
unloading trajectory.”” The area of the hysteresis is used to
indicate the amount energy dissipation of different hydrogels
during deformation (Figure 3e). Energy dissipation is protein
concentration and functional group density dependent, and
ranged between 1.5 and 23 kJ/m’ However, despite the
different amount of energy dissipation for the different hydro-
gels, very similar amounts of energy dissipation were recorded
after each successive cycles of deformation for all hydrogels
(Figure 3f, g, S3c, d), indicating that these hydrogels likely
undergo viscoelastic deformation during compression/defor-
mation. These studies indicate that click hydrogels with a wide
range of different mechanical properties can be prepared,
pointing to their potential to be tailor-made to suit specific
biomedical applications.

Next, we determined the stress-relaxation property of our
click hydrogels. Tunable stress-relaxation time is desirable for
promoting differentiation, cell spreading and proliferation.®
Each protein hydrogel disk was compressed at a low strain
(0.15 mm/mm) and the time needed for the stress to reduce

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Mechanical characterizations of hydrogels. (a) Cyclic compression test results for ncXR hydrogel. Peak stresses at 0.5 mm/mm strain (b), compressive
modulus (c) and energy dissipation amount (d) of different hydrogels. (e) The amount of energy dissipations during 5 cycles of compression for ncXR
hydrogels. (f) Recovery of energy dissipation (E. D.) between the 5" and the 1% cycle cycle compared for different hydrogels. (g) Stress relaxation under

0.15 mm/mm strain for ncXR hydrogels. (h) Stress relaxation times (t,,,) for different hydrogels.

(relax) to half of its initial value (t;,) was recorded (Figure 3h, i,
S3e, f). All click hydrogels exhibited rapid stress-relaxation with
t,, range between 5 to 2200 s. The t;,, value increased with
increasing protein concentration but did not seem to be
significantly affected by the different proteins, suggesting that
the stress-relaxation property is mainly influenced by inter-
protein interaction rather than intra-protein interaction. The t,,,
for click hydrogel composed of 3% and 5% w/v ncXR are 5s
and 140 s, respectively, comparable to that of alginate hydro-
gels.”” At concentration above 10% w/v, the stress relaxation
time appear to plateau at 1000-2000 s.

Due to the high chemical stability of N; and DBCO,
unreacted functional groups in a protein hydrogel should
remain active after gelation and thus should enable the click
hydrogel to self-heal after deformation (Figure 4a). To test this
hypothesis, a GFP click protein hydrogel (10% w/v, stored at
4°C for a few weeks) was cut into two pieces with a razor
blade. The two halves (A and B) were then gently pressed
against each other and incubated at room temperature over-
night. As a control, one of the hydrogel pieces was treated with
5mM N; to block all the reactive DBCO-functional groups and
then pressed against the other piece. The next day, the self-
healing behavior was qualitatively assessed by picking up one
half hydrogel using a pair of tweezers. If the other half hydrogel
adheres to the first half hydrogel, it would confirm the ability of
the hydrogel to self-heal. As shown in Figure 4b (also
supplementary video 1), the two half hydrogels are strongly
annealed to each other, resulting in a self-healed hydrogel disk.
On the other hand, treatment with excess N; completely
abolished the hydrogel self-healing behavior (Figure 4b, bot-
tom), confirming that the unreacted functional groups in the
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hydrogel are responsible for the self-healing behavior. This
hydrogel self-healing mechanism is analogous to previous
polymer hydrogels employing the Schiff base,®" host-guest
interaction® and electrostatic interaction,®® and is different
from non-covalent hydrogels that self-heal because of their
shear-thinning ability.*"

Based on the hydrogel self-healing property, we reasoned
that our click protein hydrogel should also be injectable. This
injectable property is derived from the ability of small hydrogel
particles to anneal to each other to form a large hydrogel. To
test this hypothesis, we prepared a hydrogel in a syringe. After
gelation, this hydrogel was injected into a soft tubing, which
mimics the wound cavity. Under injection pressure, the click
hydrogel in the syringe fractured into small pieces and passed
through the needle. However, once in the soft tubing, these
small pieces underwent self-healing and formed a new hydro-
gel contouring the shape of the tubing (Figure 4c).

Next, we evaluated the ability of click hydrogel to
remember its original shape after dehydration. A hydrogel disk
(10% of BSA) was air dried (Figure 4d), and then immersed in
PBS at room temperature overnight. Upon rehydration, the
protein film completely regained its original shape and
structure after dehydration-induced deformation, indicating
that both the structure of the protein and the crosslinker
network are recoverable.

Since the mechanical properties of our click hydrogel fall
well within the range of stresses felt by cells in nature,
combined with the high biocompatibility of both protein and
the click chemistry functional groups,"” we reasoned that our
click protein hydrogel should be able to support the attach-
ment and/or encapsulation of mammalian cells. We first

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. (a) Schematic of the self-healing mechanism of click protein
hydrogels. (b) Self-healing behavior of a 10% w/v GFP hydrogel. (c) Injection
of 5% w/v RGD-ncXR hydrogel. (d) A 10% w/v BSA hydrogel can regain its
original shape after dehydration-induced deformation.

inserted an integrin-binding peptide — GRGDS - to one of the
hydrogel building block protein to create RGD-ncXR. Hydrogel
sheets (0.5 mm thickness) composed of 2.5% w/v RGD-ncXR
and 2.5% w/v ncXR (in PBS) were immersed in complete growth
medium for 24 h in a 6 well plate to be equilibrated before the
addition of GFP*™ 293T cells (3.5 x 10° cells/cm?). As shown in
Figure 5a, the cells efficiently attached to the hydrogel sheets
and adopted an elongated morphology. In addition, the cell
number significantly increased between 0 (3.5x10° cells/cm?),
24 (7.2x10° cells/cm?) and 48 hr (20.3x10° cells/cm?), indicative
of rapid cell proliferation.

Next, we evaluated the ability of our click hydrogel to
encapsulate mammalian cells in 3D. Functionalized hydrogel
building blocks RGD-ncXR-N; and ncXR-DBCO (final 2.5% w/v)
were first individually mixed with GFP* 293T cells (final 5 x 10°
cells/mL), and then combined to trigger hydrogel formation,
encapsulating the cells within the hydrogel network. Cells
encapsulated in 3D hydrogel network adopted a rounded
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Figure 5. (a) Adhesion of GFP™ 293T cells on a RGD-ncXR hydrogel (5% w/v)
in 2D. (b) 3D cell encapsulation of GFP* 293T cells in RGD-ncXR hydrogels
(5% w/v). Cell division was indicated by white arrows.

morphology (Figure 5b) with cell division clearly visible after 48
hr of incubation (indicated with arrows). These results demon-
strated that our click protein hydrogels are highly biocompat-
ible and are able to efficiently support mammalian cell
encapsulation in 3D network.

In conclusion, we developed a new hydrogel synthesis
strategy that enables any soluble proteins to be transformed
into a protein hydrogel. This strategy takes advantage of the
highly efficient, orthogonal and biocompatible copper-free
strain-promoted azide-alkyne cycloaddition click chemistry
reaction. Click protein hydrogels with a broad range of
mechanical properties and stress-relaxation time can be easily
produced. In addition, click protein hydrogels exhibit self-
healing and shape-memory property, and are injectable,
enabling the facile preparation of click hydrogels conforming
to the shape of a wound cavity. Finally, the click protein
hydrogels composed of integrin-binding-domain-harboring
building block proteins can efficiently support mammalian cell
attachment/encapsulation and facilitate robust cell prolifera-
tion, pointing to their potential to be used in a wide range of
biomedical applications.

Supporting Information Summary

The Supporting Information provides the details of the
experimental methods, additional figures, along with a movie
demonstrating the self-healing ability of a click-protein hydro-

gel.
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