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The influence of polymer topology and side chain
functionality on the Schiff-base reactivity of
biocompatible polypeptide hydrogels

Robert D. Murphy, *a Franz Lobianco,b Viviane Chiaradia,a Josué M. Galindo,a

Tom Hodgkinson b and Andreas Heise acd

Presented are bio-inspired, synthetic polypeptide-based hydrogels derived from Schiff-base chemistry.

Through the N-carboxyanhydride ring opening polymerisation (NCA ROP), polypeptides with linear and

star topologies were readily synthesised and modified by post-polymerisation modification to form

aldehyde and acyl hydrazide rich complimentary crosslinkers. Through mixing pure polymer topologies

(e.g., linear and linear crosslinkers) or topological blends (e.g., star and linear crosslinkers), a wide range

of mechanical properties could be accessed, forming robust, biocompatible hydrogels.

1. Introduction

Hydrogels are an important class of soft viscoelastic materials
used in a wide variety of applications which include tissue
engineering,1 and flexible electronics.2 The chemistry of hydro-
gels is highly versatile,3 though conventionally, chain-growth
polymerisation reactions are utilised to induce covalent network
crosslinking.4 As an alternative approach, covalent crosslinking
of hydrogels can also be achieved using step-growth reactions of
complimentary reactive functional groups.5 A more recent adap-
tation of step-growth reactivity comes in the form of dynamic
covalent chemistry (DCC), which has been used to great effect to
enhance embedded properties, converting hydrogel networks
from static to dynamic.6,7 Hydrogels with truly modular proper-
ties and on-demand reversibility have been fabricated through
reactions which form boronate esters,8,9 disulphides,10,11 Diels–
Alder adducts,12,13 and Schiff-base adducts.14,15

The Schiff-base reaction in particular has garnered much
attention to this end, whereby the dynamic, reversible nature of
bonds formed through condensation of nucleophilic (e.g., amino)
and aldehyde groups, can endow hydrogels with unique proper-
ties such as pH response, self-healing capabilities (reversible
bonding), and tuneable gelation kinetics.16 Since the Schiff-base

formation is in equilibrium with hydrolysis,17 the pH response
and reversibility is contingent on the pKa of the nucleophilic
species used, which can be amine, hydrazide, acyl hydrazide, or
aminooxy groups.18 Schiff-base governed crosslinking is widely
adapted for hydrogels, using natural biopolymers,19 or synthetic
polymers.15 It has also emerged as a key tool for crosslinking of
proteins or (poly)peptides, an underexplored class of materials
ideally suitable for hydrogel fabrication.20 Bioinspired synthetic
polypeptides can be readily prepared via the N-carboxyanhydride
ring opening polymerisation (NCA ROP),21,22 with a range of
architectures,23,24 enabling rapid access to versatile hydrogel
materials based on the chemistry of amino acid residue.25–31 To
this end, Schiff-base reactivity can be leveraged from these mod-
ular synthetic polypeptides, via straightforward side chain
modification.32 The Yin group have successfully demonstrated a
range of side chain modified polypeptides, such as oxidation of
diols to aldehydes,33 and amidation with acyl hydrazides,34

enabling hydrogel fabrication from Schiff-base reactivity. The
studies also highlight the hydrogels’ adaptability as viable carti-
lage tissue engineering scaffolds, demonstrating the remarkable
potential for polypeptides within biomedical applications.35

In terms of design principles for Schiff-base chemistry, some
studies have elucidated key differences in reactivity profiles and
stability of aldehyde reactions with oximes, amines and acyl
hydrazides.36 To this end, the nature of aldehyde chemistry has
also been examined recently.37 In addition to nucleophile type,
polymer architecture may also influence Schiff-base reactivity,
with star or branched polymer topologies differing significantly
from traditional linear polymers.38 While star or branched poly-
mers have been used for Schiff-base hydrogel crosslinking,14,39

there are only a few studies which loosely demonstrate how
polymer architectures can change reactivity and hydrogel
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properties,40,41 while no studies have utilised polypeptides for this
purpose. Therefore, a more systematic understanding of how
polymer topological blends (linear or star) may impact Schiff-
base reactivity would be beneficial for the field.

Herein, we disclose the synthesis and characterisation of a
library of linear and star-shaped polypeptides, exploring their
use as a versatile Schiff-base hydrogel platform based on
polymer topology. Using NMR spectroscopy, circular dichroism
and rheological analysis, the structure–property relationship
could be elucidated to identify gelation times and gel strength,
which was found to be directly governed by polymer architec-
ture. Moreover, these remarkably tuneable polypeptide hydro-
gels also served as highly biocompatible matrices for
encapsulated human mesenchymal stem cells (hMSCs).

2. Experimental
2.1. Linear poly(c-benzyl-L-glutamine) (l-PBLG)

g-benzyl-L-glutamate NCA (42.00 g, 1.60 � 103 mmol) was dis-
solved in 1000 mL of CHCl3. Hexylamine (161.00 mg, 1.60 mmol)
and 18-C-6 (423.00 mg, 1.60 mmol) in 5 mL CHCl3 were then
quickly added to the solution. The reaction was continued at
room temperature until full conversion of NCA was confirmed by
FTIR spectroscopy. The solution was then reduced in vacuo to 1/3
its volume, followed by precipitation into excess diethyl ether
(1.1 L) and drying in vacuo (yield: 31.40 g, 89%).

2.2. Star poly(c-benzyl-L-glutamate) (s-PBLG)

g-benzyl-L-glutamate NCA (5.00 g, 1.90 � 101 mmol) was dis-
solved in 80 mL of CHCl3. G1 PPI dendrimer (DAB-Am-4) (50.00
mg, 1.58 � 10�1 mmol) in 1 mL CHCl3 was then quickly added
to the solution. The reaction was continued at room tempera-
ture until full conversion of NCA was confirmed by FTIR
spectroscopy. The solution was then precipitated into excess
diethyl ether (300 mL) and dried in vacuo (yield: 3.95 g, 95%).

2.3. Linear poly(hydroxyethyl-L-glutamine) (l-PHELG)

The l-PBLG (6.00 g, 2.53 � 10�1 mmol) was dissolved in 70 mL
DMF, before addition of ethanolamine (16.70 g, 2.73 � 102

mmol) and 2-hydroxypyridine (5.20 g, 5.46 � 101 mmol). The
reaction solution was stirred for 3 days at 50 1C, before cooling
and precipitation into 350 mL diethyl ether. The residue was
then dissolved in 30 mL deionised water and dialysed for 3 days
before lyophilisation to yield l-PHELG (yield: 3.75 g, 80%).
*s-PHELG was prepared in a similar manner.

2.4. Linear poly(hydroxyethyl-L-glutamine-co-
formylethylester-L-glutamine) (PHELG-co-PFEELG) (l-PBzAld)

The l-PHELG (210.00 mg, 1.05 � 10�2 mmol) was dissolved in
5 mL DMSO, before addition of 4-dimethylaminopyridine
(4.30 mg, 3.53 � 10�2 mmol), 4-formyl-benzoic acid (53.00
mg, 3.53 � �1 mmol), and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (96.80 mg, 5.05 � 10�1 mmol). The
reaction was stirred for 3 days at room temperature, before
precipitation into 80 mL diethyl ether and drying. The residue

was then dissolved in 5 mL deionised water and dialysed for 3
days before lyophilisation to yield l-PBzAld (yield: 165.00 mg,
76%). *s-PBzAld was prepared in a similar manner.

2.5. Linear poly(acyl hydrazide-L-glutamine) (PAHLG)
(l-PAHz1)

The l-PBLG (4.00 g, 1.57 � 10�1 mmol) was dissolved in 160 mL
DMF, before dropwise addition of hydrazine hydrate (11.70 g,
3.64 � 102 mmol). The reaction solution was stirred for 1 day at
room temperature, before precipitation into 800 mL diethyl
ether. The residue was then suspended in 50 mL deionised
water, and adjusted to pH 4 with 1M HCl. It was dialysed for 3
days before lyophilisation to yield l-PAHz1 (yield: 1.60 g, 49%).
*s-PAHz1 was prepared in a similar manner.

2.6. Linear poly(acyl hydrazide-L-glutamine-co-hydroxyethyl-L-
glutamine) (PAHLG-co-PHELG) (l-PAHz2)

The l-PBLG (1.00 g, 3.92 � 10�2 mmol) was dissolved in 10 mL
DMF, before addition of hydrazine hydrate (200.00 mg,
6.27 mmol) and ethanolamine (1.72 g, 2.82 � 101 mmol). The
reaction solution was stirred for 3 days at 50 1C, before cooling
and precipitation into 120 mL diethyl ether and drying. The
residue was then suspended in 20 mL deionised water, and
adjusted to pH 4 with 1M HCl. It was dialysed for 3 days before
lyophilisation to yield l-PAHz2 (yield: 505.00 mg, 63%).
*s-PAHz1 was prepared in a similar manner.

2.7. CD spectroscopy

CD spectroscopy was performed on an Applied Photophysics
Chirascan Plus Circular Dichroism Spectrometer at 20 1C.
Polymer solutions were prepared a concentration of 0.01 mg
mL�1 and analysed in a quartz cuvette with a path length of
1 cm. Secondary structural features of recorded CD data were
determined using online software BestSel.

2.8. Hydrogel formulation

Hydrogels were prepared by separately dissolving the PBzAld
and PAHz polypeptides in phosphate buffered saline (PBS)
solution at 5.0 wt% respectively, to form viscous solutions.
The two solutions were then blended together to form hydro-
gels at room temperature. See Table S3 for more details.

2.9. Rheology

Rheological measurements of hydrogels were completed on an
MCR 301 digital rheometer (Anton Paar). Hydrogels were for-
mulated as described above (Section S2.8, SI) and then imme-
diately analysed on the rheometer. All experiments were
conducted at room temperature (20 1C) using a parallel plate
(PP25, Anton Paar) consisting of a 25 mm diameter geometry
and a gap length of 0.095 mm. The use of a protective hood was
employed to prevent evaporation.
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3. Results and discussion
3.1. Synthesis and characterisation of polypeptide topologies

For the synthesis of the polymer library, the NCA monomer of
benzyl-L-glutamate (BLG) was used to create polypeptides with
readily amenable side chains (Fig. 1). BLG NCA was initially
synthesised and its purity confirmed by 1H NMR spectroscopy
(Fig. S1). To create linear and star polymer topologies, ring
opening polymerisation (ROP) of BLG NCA was conducted using
monofunctional hexylamine in the presence of a crown ether
(18-C-6) catalyst, or multifunctional 4-armed poly(propylene
imine) (PPI) dendrimer initiators (Fig. 1, step 1a/2a).42 A mono-
mer/initiator ([M]0/[I]0) ratio of 100/1 was maintained to afford
linear and star poly(BLG) (l-PBLG) and (s-PBLG) with an overall
degree of polymerisation (DP) of 116 and 110 respectively, as
confirmed by 1H NMR spectroscopy (Fig. S2 and S3). Size
exclusion chromatography (SEC) confirmed the formation of
l-PBLG116 and s-PBLG110 with controllable molecular weights
(Mn) and low dispersities (Ð) (Fig. S4). Linear and star polypep-
tides with aldehyde and acyl hydrazide side chains were then
formed by post-polymerisation modification of PBLGs. Aldehyde
decorated polypeptides were accessed through aminolysis of the
PBLGs, subjecting the benzyl esters to ethanolamine and
2-hydroxypyridine (Fig. 1, step 1b). Non-ionic, hydrophilic func-
tionalities were endowed to linear and star topologies, with
1H NMR spectroscopy confirming resultant poly(hydroxyethyl-
L-glutamine) (PHELG) structures (Fig. S5 and S6). The hydroxy
side chains were then condensed with 4-formylbenzoic acid,
targeting 30% of PHELG of linear (35/116) and star (33/110)
polypeptides for benzaldehyde (BzAld) functionalisation, using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.hydrochloride
(EDC�HCl) and 4-dimethylaminopyridine (DMAP) (Fig. 1, step 1c).
The degree of functionalisation (DF) of the newly formed linear
and star poly(hydroxyethyl-L-glutamine-co-formylethylester-L-
glutamine) (PHELG-co-PFEELG), termed l-PBzAld and s-PBzAld

herein, was found to be 9 units (8%) respectively, as determined by
1H NMR spectroscopy (Fig. S7 and S8). Acyl hydrazide (AHz)
functionalised polypeptides were formed in a similar manner,
whereby increasing amounts of AHz groups were introduced via
aminolysing with either hydrazine monohydrate alone (Fig. 1, step
2b), or a mixture of hydrazine monohydrate with ethanolamine
(Fig. 1, step 2c).43 This targeted homopolypeptides of poly(acyl
hydrazide-L-glutamine) (PAHLG), and copolypeptides of poly(acyl
hydrazide-L-glutamine-co-hydroxyethyl-L-glutamine) (PAHLG-co-
PHELG). Amount of AHz for DF% was targeted at 100%, 20%
and 10% for polypeptides, specifically termed l-PAHz1-3 for linear,
and s-PAHz1-3 for star herein. Successful synthesis was confirmed
by 1H NMR spectroscopy for linear polypeptides (Fig. S9–S11). AHz
functionalisation was 100% (116 units) for l-PAHz1, while higher
amounts of AHz were noted for l-PAHz2 (57 units, 49%) and l-
PAHz3 (29 units, 25%), likely due to the higher reactivity of
hydrazine monohydrate in contrast to ethanolamine, both used
at 8-fold excess per BLG group. Similar characteristics were
observed for s-PAHz1-3, with DF of 100% (110 units), 50% (55
units), and 25% (28 units) confirmed by 1H NMR analysis (Fig.
S12–S14). A summary of data for the modifications with BzAld and
AHz groups can be found in Table S1.

3.2. Determination of polypeptide secondary structure

Circular dichroism (CD) spectroscopy was used to understand
impact of side chain residues and topology on polypeptide
secondary structure (Fig. 2 and Table S2). The online database
program BestSel was used to calculate secondary structure
content from experimental CD spectra.44 Trends were observed
for side chain modifications (BzAld and AHz) of the linear and
star polypeptides. For l- and s-PBzAld copolypeptides, 0% a-
helical content was observed for both, while 34% and 28% b-
sheets, 23% and 21% turns, and 43% and 51% random con-
formations were observed respectively. In contrast, significant
a-helical content of 83% and 76% was noted for the l- and

Fig. 1 Synthetic scheme for linear and star polypeptide benzaldehyde and acyl hydrazide based crosslinkers. (1a) CHCl3/18-C-6, 1 h, rt (for linear
polymer) or CHCl3/DMF, 30 min, rt (for star polymer). (1b) Ethanolamine, 2-hydroxypyridine, DMF, 4 days, rt; deionised water, dialysis, 3 days. (1c)
EDC.HCl, DMAP, DMSO, 2 days, rt. (2a) CHCl3/18-C-6, 1 h, rt (for linear polymer) or CHCl3/DMF, 30 min, rt (for star polymer). (2b) Hydrazine
monohydrate, DMF, 4 days, rt; 0.1M HCl, dialysis, 3 days. (2c) Hydrazine monohydrate, ethanolamine, DMF, 4 days, rt; 0.1M HCl, dialysis, 3 days.
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s-PAHz1 homopolypeptides, with 6% b-sheet motifs observed
for s-PAHz, along with 17% and 18% random conformations
respectively. Reducing acyl hydrazide groups and increasing
hydroxyl ethyl for the linear copolypeptides resulted in only 1%
a-helical character for l-PAHz2 and l-PAHz3, which also fea-
tured B38% and 30% b-sheets, 20% and 22% turns, with both
having 41% random motifs respectively. Similar profiles were
noted for star copolypeptides s-PAHz2 and s-PAHz3, with 0% a-
helices observed, 37% and 27% b-sheet character, 22% and
24% turns, and 41% and 49% random conformations. In
summary, secondary structures were under more influence of
side group chemistry rather than polymer topology.

3.3. Evaluation of hydrogel crosslinking kinetics

Polypeptides with pendant benzaldehyde (BzAld) and acyl hydra-
zide (AHz) groups were then mixed at room temperature to
induce a Schiff-base reaction (Fig. 3A and Video S1), crosslinking
them into hydrogels through a dynamic covalent acyl hydrazone
bond. Complimentary PBzAld and PAHz polypeptide crosslin-
kers, fixed at 5.0 wt% respectively using phosphate buffered
saline (PBS) were screened for Schiff-base reactivity based on
polymer topology, to identify the influence of architecture.

The library was screened through mixing homo-topological
blends of linear PBzAld and PAHz, star PBzAld and PAHz, and
hetero-topological blends of linear PBzAld and star PAHz or
linear PAHz and star PBzAld (Fig. 3B). Rheological analysis was
conducted in order to identify crosslinking kinetics for hydro-
gel formation through the Schiff-base reaction at room tem-
perature with time sweeps presented over a 1500 s interval (25
min) to show key differences (Fig. 3C-F). Polypeptides were
readily dissolved in phosphate buffer saline (PBS) solution,
facilitating crosslinking to form ionically stable hydrogels. For
linear homo-topological blends (Fig. 3C), regimes varied
according to amount of AHz groups, while BzAld content
remained constant. For example, l-PBzAld crosslinked almost
instantaneously with l-PAHz1, signified by an immediate gel
point due to a non-detectable crossover of storage modulus
(G0) and loss modulus (G00), whereby G0 plateaued to 530 Pa,

Fig. 3 (A) Schiff-base reaction of pendant benzaldehyde (BzAld) and acyl hydrazide (AHz) side group residues on polypeptides. (B) Graphical
representation of homo- and hetero-topological blends (linear/star polypeptides). (C-F) Rheological time sweeps showing gelation point and viscoelastic
regimes of polypeptide hydrogels from different homo-topological and hetero-topological blends in PBS (strain = 0.1%, frequency = 0.1 rad s�1).

Fig. 2 Circular dichroism spectra of linear (A) and star (B) polypeptides.
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260 s after mixing. Slower Schiff-base kinetics were observed
with l-PBzAld and l-PAHz2, whereby a gel point was observed at
30 s, with G0 plateauing to 2030 Pa after 1200 s. The reaction of
l-PBzAld with l-PAHz3 (the least AHz groups) was even more
sluggish, having a gel point at 360 s, and taking 1700 s to
plateau to a G0 of 110 Pa.

Mixing l-PBzAld as a hetero-topological blend with star
polypeptides with AHz groups resulted in weaker gels, and
slower crosslinking kinetics (Fig. 3D). For example, a similar
non-detectable gel point was observed when blending with s-
PAHz1, with G0 plateauing to 240 Pa after 200 s. After mixing
with s-PAHz2, a gel point was noted after 100 s, while a G0 of 460
Pa was determined after a plateau at 1800 s. For s-PAHz3, it
required 2980 s after mixing for a gel point, almost plateauing
at 5500 s providing a G0 of 260 Pa (Fig. S15).

Similar to the linear analogues, rheological regimes of star
homo-topological polypeptide blends varied (Fig. 3E). Instanta-
neous crosslinking of s-PBzAld and s-PAHz1 was noted, with
displaying a 10 Pa G0 plateau after 100 s. When reacting s-
PBzAld with s-PAHz2 with less AHz groups, it took 550 s for a
gel point, forming gels with G0 of 90 Pa after 1490 s. Interest-
ingly for s-PAHz3, no gelation was observed. Using s-PBzAld as
a star homo-topological polypeptide blend with l-PAHz (1-3),
improvements on purely star-star blends were observed
(Fig. 3F). Rapid gelation and plateauing at 620 s for a G0 of
120 Pa was observable for s-PBzAld and l-PAHz1. Similarly for

s-PBzAld and l-PAHz2, an instant gel point was noted with a
plateau at 1730 s providing a hydrogel with 410 Pa strength.
Very slow reactivity was noted for s-PBzAld and l-PAHz3,
whereby the gel point took 1740 s, stabilising to 60 Pa after
2340 s. Ultimately, purely linear homo-topological blends pro-
vided fastest Schiff-base reactivity and best gel strengths (G0) for
hydrogel formation, while decreasing the amount of AHz
reduced reaction kinetics, as summarised for the screened
library of polypeptide blends in Table S3.

3.4. Hydrogel dynamic properties and biocompatibility

The blend of l-PBzAld and l-PAHz2 was identified as a lead
candidate to further analyse its rheological behaviour and
biocompatibility. The molar ratio of BzAld/AHz was varied
between 0.33, 0.25, and 0.16, in order to identify the influence
of stoichiometry on dynamic properties. A molar ratio of 1 was
avoided in order to demonstrate dynamic behaviour, as
benzaldehyde-based Schiff base bonds have been shown to
form static matrices at 1 : 1 benzaldehyde/acyl hydrazide
ratio.37,45 Maintaining excess of acyl hydrazide was therefore
anticipated to improve dynamic properties such as self-recovery
and stress relaxation. For all tested ratios, similar timeframes
were noted for full crosslinking (B1200 s), with a decrease in G0

moduli (9240, 3200, and 2300 Pa) observed with decreasing
molar ratio (Fig. 4A). As a control experiment, the hydrogel
media was changed from PBS to Dulbecco’s modified eagle

Fig. 4 Blends of l-PBzAld and l-PAHz2 polypeptides analysed by; (A) rheological time sweep showing gelation point and viscoelastic regimes (strain =
0.1%, frequency = 0.1 rad/s); (B) dynamic amplitude sweep showing self-recovery properties (strain = 0.1% then 100%, frequency = 0.1 rad/s); and
(C) stress relaxation ramp showing dynamic nature of acyl hydrazone bond crosslinks of polypeptide hydrogels in PBS (strain = 0.1%, frequency = 0.1 rad/s). (D)
Graphical representation of dynamic bond exchange of acyl hydrazone crosslinks before, during, and after application of stress.
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medium (DMEM), with gelation time and G0 both impacted
(Fig. S16). Full crosslinking (plateaued G0) was only observed
after 6700 s, while G0 reduced to 1170 Pa, likely due to the
presence of glucose (a reducing sugar) in the media, which
could form Schiff-base bonds with pendant acyl hydrazides.46

Aside from this, all hydrogels could also demonstrate remark-
able self-recovery behaviour, first deforming and then almost
instantaneously reforming their network upon cycling between
high (100%) and low (0.1%) strain (Fig. 4B). The dynamic
nature of the formed acyl hydrazone crosslinks was also probed
by stress relaxation experiments (Fig. 4C). For hydrogels with a
higher molar ratio of BzAld to AHz (0.33), a longer stress
relaxation halftime was observed, in line with the higher
density of acyl hydrazone crosslinks. Decreasing the molar
ratio to 0.25 and 0.16 resulted in a faster relaxation accordingly,
consistent with less dynamic bonds (Fig. 4D).

Further analysis of the l-PBzAld + l-PAHz2 (0.33 molar ratio)
gel properties included a high gel fraction (G) of 87.6 � 4.2%,
and a relatively low swelling ratio (Q) of 7.9 � 0.6 (Table S4).
The dynamic bond relaxation and self-healing behaviour was
also captured macroscopically (Fig. 5A). Remarkable self-
healing was observed in rapid timeframes (30 min) after cutting
tubular hydrogel structures, and placing them in direct contact
after to reform the Schiff-base bonds, without the need for
temperature or additives. The reformed hydrogels could also be
readily manipulated into ring conformations, denoting the true
dynamic yet robust nature of these Schiff-base polypeptide
hydrogels. Subsequently, hydrogel biocompatibility was assessed

through resazurin-based metabolic activity and live/dead viabi-
lity assays, whereby hMSCs were encapsulated in l-PBzAld/l-
PAHz2 hydrogel, with a BzAld/AHz molar ratio of 0.33. The
metabolic activity (Fig. 5B) of encapsulated cells increased
significantly at day 3 compared to day 1 (3.1-fold the initial
activity), remaining constant from day 3 to day 7 (no significant
change) and seeing yet another significant increase on day 14
(5.05-fold the initial activity). Cells viability was also observed in
live/dead assay (Fig. 5C) at day 7, where 90.97% of imaged cells
were flagged as alive.

4. Conclusions

In summary, a series of benzaldehyde modified and acyl
hydrazide modified polypeptides were used to form robust
dynamic hydrogels, with highly tuneable properties. Side chain
modification of polypeptides had direct influence on secondary
structure, while changes in polymer topology had no significant
effect, as evidenced by CD spectroscopy. Hydrogel properties
were readily modulated by blending homo- (e.g., linear/linear)
and hetero- (e.g., linear/star) topological mixtures, providing
insight into how architectural design can be leveraged to
modulate hydrogel mechanical regimes. Biocompatibility
results indicate a promising capability of the presented mate-
rial to not only support, but also stimulate cellular bioactivity,
as encapsulated cells remained viable and with increasing
metabolic activity even after 14 days in culture.
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Fig. 5 (A) Images conveying self-healing behaviour of polypeptide hydro-
gels through dynamic acyl hydrazone Schiff-base bonding, whereby
molded hydrogels (red and blue) were cut and then placed in direct
contact for 30 mins forming stabilised tubular structures. (B) Metabolic
activity of hMSCs embedded in hydrogels, quantified by cell-induced
reduction of resazurin into resorufin, and (C) live/dead viability assay of
hMSCs. * = p o 0.05; ** = p o 0.01.
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