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Q2Polyethylene glycol–gelatin hydrogels with tuneable
stiffness prepared by horseradish peroxidase-activated
tetrazine–norbornene ligation†

J. Carthew, J. E. Frith, J. S. Forsythe * and V. X. Truong *

Tetrazine–norbornene ligation has previously been applied in bioorthognal polymer crosslinking to form

hydrogels suitable for 3D cell culture. However, the tetrazine group is prone to reduction by the free thiol in a

biological environment, reducing the crosslinking efficiency and shortening the storage of tetrazine containing

linkers. Here, we introduce a method to form a tetrazine group in situ by catalytic oxidation of the dihydrogen

tetrazine using horse radish peroxidase (HRP). Enzymatic oxidation is highly efficient at a low HRP concen-

tration and does not require hydrogen peroxide, allowing for rapid gelation when HRP was added to an aqu-

eous solution of 4-arm PEG dihydrogentetrazine and gelatin norbornene. The storage modulus of the

resultant gels can be varied by changing the concentration of the crosslinker, which is in the range of 1.2–3.8

kPa. Human mesenchymal stem cells encapsulated within these gels, with varying stiffness, display varied inter-

actions and morphologies and can be maintained with prolonged culture periods of at least 32 days of 3D cul-

ture. The enzymatic activation of tetrazine–norbornene is therefore an attractive addition to the tetrazine

ligation that is highly suitable for cell related studies in tissue engineering.

1. Introduction

Hydrogels have been increasingly utilised in biomaterials
research as 3D cell culture matrices, with potential applications
ranging from delivery of therapeutics such as proteins and stem
cells, to tissue regeneration.1–5 The presence of cell recognition
sites such as the RGD motif in hydrogels is essential for cell
attachment and survivability, enabling subsequent cellular
processes including proliferation, migration and differentia-
tion.3 Gelatin, an inexpensive protein sourced from natural col-
lagen, is an attractive precursor for the preparation of hydrogel
matrices used in biological studies due to the presence of the cell
binding sequences within the peptide structure.6 In addition, the
gelatin structure contains protease recognition sites for enzymatic
hydrolysis, allowing cell-mediated matrix modelling.7–9 Solutions of
gelatin in water can form hydrogels upon cooling to below ambient
temperature (24 1C), however this temperature range is not suitable
for culture of mammalian cells nor in vivo applications. Therefore
gelatin-based hydrogels that are mechanically stable and cytocom-
patible at physiologically relevant temperatures are highly desirable
for direct 3D encapsulation of living cells, and potential future
application as injectable materials in clinical practice.

Covalently crosslinked polymeric hydrogels are highly
favourable as biomaterial matrices due to the high mechanical
stability and the synthetic flexibility with regard to the incor-
poration of additional biological functionalities.2 Advances in
click chemistry have introduced an expanding toolbox of
bioorthogonal click reactions, being categorized for their fast reac-
tion rate and efficiency in a physiological environment, which can be
used for in situ preparation of cell-laden hydrogels.10,11 Some
examples of such reactions include Michael additions,12 strain-
promoted alkyne azide cycloaddition (SPAAC),13–16 nitrile oxide–
norbornene addition,17,18 oxime ligation,19 and nucleophilic addition
to electron deficient-alkyne.20–23 Nevertheless, there is still a growing
demand for new bioorthogonal click-crosslinking methods that can
be widely applicable for biologically relevant polymers, such as
gelatin and hyaluronic acid, and easily accessible for biomaterial
scientists.10

The inverse electron demand Diels–Alder cycloadditions
(IEDDA) between dienophiles such as norbornene (Nb) or trans-
cyclooctene with tetrazines (Tz) have emerged as an attractive
approach for the preparation of bioorthogonal hydrogels due to
their extremely fast reaction rate and relatively simple synthetic
procedures for the preparation of the precursors.24–26 The bioortho-
gonality of this chemistry has been demonstrated in many in vitro
and in vivo cell labelling applications.27–29 Furthermore, living cells
can be efficiently encapsulated within the polymer networks cross-
linked by Tz–Nb ligation.20,30–33 However, a drawback of the Tz–Nb
cycloaddition is the oxidation potential of the Tz group, making it
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susceptible to reduction by free thiol32 and thus reducing the
efficiency of the Tz–Nb ligation in a biological environment where
cysteine residues or thiol-containing cofactors are present.34

Fox and co-workers recently reported an elegant method for
mild oxidation of dihydrogen tetrazine (dHTz), which is more
stable against reductants, to Tz using either visible light in the
presence of a photosensitizer or a very low concentration of horse-
radish peroxidase in the absence of H2O2.34 Inspired by this
seminal work, we sought to apply the activation of the dHTz-
conjugated polymer for enzymatic activation of Tz–Nb crosslinking.
We postulated that this gelation method would not only shorten
the synthesis procedure for the preparation of a crosslinker but also
increase the stability of the resultant clickable polymer precursors
in cell culture media. We demonstrated previously that activation
of the Tz ligation by photocatalytic oxidation allows for the
spatiotemporal control of hydrogel formation underneath a tissue
spacer.32 To further expand the scope of tetrazine ligation via
catalytic activation, we seek to employ horseradish peroxidase to
trigger crosslinking for the preparation of biologically relevant
gelatin hydrogels. Although HRP has been used for the fabrication
of gelatin-based hydrogels via phenolic coupling, H2O2 is also
required to facilitate the oxidation process.35,36 The utilization of
the H2O2/HRP system requires careful optimization of the H2O2

concentration as even a moderate concentration of peroxide (30
mM) results in an adverse effect on cells which can lead to a high
level of toxicity.37 Herein we report the preparation of PEG–gelatin
hydrogels crosslinked by activation of the Tz–Nb reaction using
HRP without the need for a peroxide partner. The gel composition
was varied to modulate the mechanical properties of the resultant
gels, and the effect of gel stiffness on encapsulated mesenchymal
stem cells (hMSC) was investigated.

2. Experimental section
General considerations

4-Arm PEG10k-OH was purchased from JenKem Technology
USA, 4-arm PEG10k-NH2 and 5-oxo-5-({6-[6-(pyridin-2-yl)-1,4-
dihydro-1,2,4,5-tetrazin-3-yl]pyridin-3-yl}-amino)pentanoic acid
(Tz-COOH), and (norbornene-2-yl)-N-hydroxysuccinimidyl car-
bonate (Nb-NHS) were prepared following our previously pub-
lished procedures,32 organic solvents were purchased from
VWR in HPLC grade, all other chemicals were obtained from
Sigma-Aldrich. NMR spectra were recorded on a Bruker Avance
III 400 or 600 with a 5 mm broadband auto-tuneable probe with
Z-gradients at 293 K. Polymer samples for 1H NMR analysis
were prepared at a concentration of 40 mg mL�1. NMR spectra
were processed using MesReNova software.

Glassware for synthesis was first submerged in a base-bath
(KOH in isopropanol 2 M) overnight, rinsed with water, sub-
merged in an acid bath (HCl 1 M) for 2–4 h, rinsed with reverse
osmosis water and dried in an oven at 120 1C for 6–12 h.

Synthesis procedures

Synthesis of 4-arm PEG10k-dHTz. Tz-COOH (0.22 g,
0.6 mmol) was dissolved in CH2Cl2 (10 mL) followed by the

addition of EDC (0.18 g, 0.9 mmol) and NHS (0.1 g, 0.9 mmol).
The solution was stirred at ambient temperature for 7 h,
washed with water (10 mL) and brine (10 mL), dried with
MgSO4. After filtration of MgSO4, 4-arm PEG10k-NH2 (1 g,
0.1 mmol) was added to the solution followed by the addition
of N,N-diisopropylethylamine (50 mL, 0.287 mmol) and the
solution was stirred overnight. Subsequently, the solution was
concentrated in vacuo to ca. 2 mL and precipitated by drop-wise
addition to diethyl ether. The polymer product was collected as
an orange powder after filtration (yield: 0.76 g, ca. 75%).

Synthesis of gelatin-Nb. Gelatin (bovine skin type B, 1 g) was
dissolved in warm water/dimethylformamide (30 mL v/v = 2/1)
until a clear solution was obtained. To this solution Nb-NHS (63
mg, 0.25 mmol) was added in dimethylformamide followed by
the addition of N,N-diisopropylethylamine (50 mL, 0.287 mmol).
The solution was stirred at ambient temperature overnight and
dialysed against excess DI water using a dialysis tubing with a
molecular weight cut-off of 3500 Da. The solution was then
lyophilized to give the final product as a white solid (yield: 0.92
g, 92%). The fluoraldehyde assay was used to assess the amine
content of gelatin before and after norbornene conjugation,
and the degree of substitution was found to be 47%. 1H NMR
also confirms the presence of the norbornene chemical shifts
in the spectrum of the resultant gelatin product (Fig. S1, ESI†).

UV-Vis spectroscopy

The UV-Vis spectra were obtained using a Cary60 spectrometer
using a quartz cuvette with a transparent window of 220–
800 nm. The recorded absorbance values were corrected for
background and solvent absorbance.

Rheological analysis

Rheological tests were carried out on an Anton Paar Physica
rheometer with a plate–plate configuration – the lower plate is
made of a quartz and the upper plate is made of stainless steel
with a diameter of 15 mm. In a typical experiment, Gelatin-Nb
solution containing HRP and 4-arm PEG10k-dHTz solution
were mixed and the solution was quickly vortexed for 5 seconds.
25 mL of the resultant mixture was then placed on the lower
plate and the upper plate was lowered to a measurement gap of
0.2 mm. A layer of paraffin oil was applied on the edge of the
stainless steel plate to prevent dehydration of the hydrogel and
the test was started within 10 seconds by applying a 1% strain
with a frequency of 1 Hz on the sample.

Fabrication of hydrogels

For swelling and gel fraction studies, polymer solutions were
first prepared by dissolving the respective 4-arm PEG10k-dHTz
and Gelatin-Nb in PBS solution containing HRP (1 mg mL�1).
In a typical procedure for preparation of the PEG2 gel (see
Table 1), a solution (50 mL) of 4-arm PEG10k-dHTz (4 wt%) was
added to a solution (50 mL) of gelatin-Nb (4 wt%) which also
contains HRP (1 mg mL�1). The two solutions were mixed and
cast into a cylinder mould made from a plastic syringe capped
with paraffin. For the swelling study, the prepared gels were
allowed to swell in water until no change in hydrogel mass was
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observed. The fully swollen gels were freeze-dried and the gel fraction
was calculated from the ratio of the weight of the dried gel (Wd) over
the weight of the total polymer precursors in solutions.

The equilibrium water content was calculated as:

EWC ¼Ws �Wd

Ws

In which Ws is the weight of the fully swollen hydrogel.

Hydrogel degradation

To study hydrogel degradation, the materials were placed in
excess PBS pH 7.4 solution and incubated at 37 1C. The
experiment was undertaken under laboratory conditions with-
out sterilization of the buffer media. The degradation was
monitored by measuring the swelling ratio of the hydrogel at
predetermined time periods. For the enzymatic degradation
study, collagenase from Clostridium histolyticum (Sigma) was
added at a concentration of 10 U mL�1 to the PBS media.

Cell culture and characterisation

hMSCs were cultured in complete culture media (DMEM,
containing D-glucose and sodium pyruvate, from Life Technol-
ogies, USA) supplemented with penicillin–streptomycin (100 U
mL�1, Life technologies, UK) and 10% (v/v) foetal bovine serum
(FBS) (Scientifix Life, USA). Cells were incubated under humi-
dified conditions, at 37 1C with 5% CO2 and passaged upon
reaching 80% confluence.

For encapsulation of hMSCs, two solutions were prepared. 4-
Arm PEG10k-dHTz was dissolved at concentrations of 4, 6 and 8%
w/v in complete media containing HRP (1 mg mL�1) (solution A).
Solution A was then incubated at 37 1C for 30 min. Gelatin-Nb was
dissolved in complete culture media (4% w/v) and combined with
trypsinized hMSCs (passage 6) at a cell density of 2.5 � 106 cell
mL�1 (solution B). Solutions A and B were then mixed in a 1 : 1
ratio, and 30 mL placed onto glass-bottomed culture dishesQ4 (Flur-
odisk, WPI). Polymer solutions were left to polymerise for 10 min,
after which complete growth media were added to the culture flask
to completely submerge the gels. Change of the media was then
conducted every 3–4 days.

A live/dead assay kit (Life Tech, USA) was used as per
manufacturer’s instructions. Live/dead staining was conducted
at 1, 7 and 32 days and subsequently imaged using an inverted
Leica SP5 confocal microscope running with Leica LAS AF
software. Z-stacks were obtained through a depth of 50–200
mm through the hydrogels, from which 3D reconstructions were
performed using Image J.

Cell morphology was examined using the fluorescent F-actin
distribution. Hydrogels were washed three times in PBS and

fixed in 4% PFA in PBS for 30 min at RT. Gels were subse-
quently washed two times in PBS, then permeabilised for 10
min with 0.5% Triton X-100 in PBS. Blocking was conducted at
ambient temperature in 3% BSA for 30 min, followed by
incubation in Actin Red (Life Tech) for 1 h at a dilution of 2
drops per mL of 3% BSA. Images were taken as described for
live/dead staining.

All quantification for cell based studies were conducted
across three independent experimental repeats, and analysed
using Image J unless otherwise stated. ANOVA statistical tests
followed by post hoc Turkey tests were conducted to validate
data unless otherwise stated.

3. Results and discussion
3.1 Oxidation of the dHTz polymer endgroup by horseradish
peroxidase

To apply the IEDDA in gelatin crosslinking, we first prepared 4-
arm PEG containing the dHTz end group via carbodiimide
coupling and investigated the catalytic activity of HRP with
regard to the oxidation of the dHTz to Tz group in PBS pH 7.4
solution (Fig. 1a), which is relevant to a cell culture
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Table 1 Composition of the prepared hydrogels and their physical characterisation

Hydrogel [dHTz] (mM) [Nb] (mM) Gelation timea (s) Gel fraction (%) EWC (%)

PEG2 0.8 B2.87 534 � 33 73 � 2 98.8 � 0.3
PEG3 1.2 B2.87 460 � 18 78 � 2 98.1 � 0.2
PEG4 1.6 B2.87 325 � 10 81 � 1 96.9 � 0.2

a Measured from rheological experiment at the time when G0 values reached a plateau.

Fig. 1 (a) Sche Q5me of the HRP catalysed oxidation of the dihydrogen
tetrazine endgroup of PEG in PBS solution; (b) UV-Vis spectra of the
oxidation process showing the conversion of the dHTz group to Tz group
in the presence of HRP (23 nM), each spectrum was collected after 10 s; (c)
graph showing the decrease of absorbance at 292 nm and a concomitant
increase in absorbance at 329 nm during the reaction; and (d) addition of
hydrogen peroxide and HRP decreased the reaction rate while peroxide
alone did not oxidise dHTz. Blue arrow indicates the time point when HRP
and/or peroxide was added.

This journal is �c The Royal Society of Chemistry 2018 J. Mater. Chem. B, 2018, 00, 1�8 | 3
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environment. 4-Arm PEG10k-dHTz shows a maximum absor-
bance at 292 nm due to the presence of the dTz endgroup. Upon
addition of HRP (23 nM), the consumption of the 292 nm peak
followed by the appearance of an absorption at 324 nm was
observed (Fig. 1b); in parallel, the formation of a less intense
peak at 527 nm was detected. This change in UV-Vis absorbance
is indicative of the oxidation progress as the new absorption is
characteristic of the tetrazine group.32,34 The conversion was
complete within 10 min of HRP addition, as observed from
monitoring the UV-Vis spectrum of the reacting solution
(Fig. 1c). We note that addition of H2O2 resulted in a decrease
of the reaction kinetics compared to sole HRP in the polymer
solution, and H2O2 by itself did not catalyse the oxidation
(Fig. 1d). This observation is in agreement with a previous report
on the enzymatic oxidation of a small tetrazine compound, and
suggests that the oxidation of dHTz does not proceed through
reactive oxygen species activation but through binding of the
dhTz to the enzyme and possible direct electron transfer.34

Further analysis of the polymer products using 1H NMR
spectroscopy showed that 87% conversion of the dHTz to Tz group
(Fig. 2) was achieved after 30 min at ambient temperature for a
polymer concentration of 10 wt% (2 mM, standard concentration

for preparation of hydrogels) and with the HRP concentration of 23
nM. By increasing the HRP concentration to 2.3 mM, 83% conver-
sion of the dHTz group was achieved within 5 min in PBS pH 7.4
solution at ambient temperature. This conversion is less effective
than photocatalytic oxidation of the dHTz endgroup (ca. 95% after
5 min of reacting at similar catalyst concentration),32 however HRP
is expected to be less toxic than the photosensitizer (methylene
blue) used in light-induced oxidation.

3.2 Hydrogel preparation and characterisation

To prepare the PEG–gelatin hydrogel, we next synthesised
gelatin functionalised with Nb groups via carbodiimide cou-
pling. Mixing the gelatin-Nb solution with a solution contain-
ing 4-arm PEG10k-dHTz and HRP resulted in the formation of a
gel within 5 mins (Fig. 3a). Small bubbles were observed due to
the release of the nitrogen gas as a side-product from the Tz–Nb
addition (Fig. 5). The formation of the gel was not observed in
the absence of HRP as only the Tz group is reactive towards the
Nb group. It has previously been shown that Tz can be readily
reduced to dHTz in the presence of thiol, although thiol
reduction is much slower than Tz–Nb addition.32 Thus, the
in situ activation of Tz–Nb ligation by HRP catalytic oxidation
can help to prolong the storage of the dHTz precursor prior to
crosslinking, and to prevent premature crosslinking while
preparing the solution containing polymer precursors. The fast
gelation time under a cytocompatible trigger is highly attractive
because it permits the user to easily formulate and handle the
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Fig. 2 1H NMR (400 MHz, CDCl3) of (a) 4-arm PEG10K-dHTz and (b)
polymer after being treated with PBS pH 7.4 solution with the polymer
concentration of 2 mM containing HRP (23 nM) for 30 min. The oxidation
can be observed from the disappearance of the chemical shift at 8.2 ppm
(marked as j).

Fig. 3 (a) Images of 4-arm PEG10k-dHTz solution showing orange col-
our, which changed to red upon addition of HRP, this solution formed a gel
by addition of gelatin-Nb and the colour of the crosslinked gel was yellow
which is characteristic of the Tz–Nb adduct; (b) evolution of G0 and G00 as a
function of time following HRP catalysed Tz–Nb crosslinking, hydrogels
were prepared by mixing oxidised 4-arm PEG10k-dHTz (4-arm PEG10k-
Tz) and gelatin solution; and (c) amplitude sweep charts of the gelatin–
PEG hydrogels with different PEG concentrations after complete gelation.
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solution prior to hydrogel formation, allowing the gel mixture
to be used as an injectable material.

The mechanical properties of hydrogels are important para-
meters that can affect cell fate and function in both 2D and 3D
cultures,38–40 and the stiffness of hydrogels is generally modu-
lated by varying the composition of the polymer concentration
in the gelling mixture. In our study, we kept the concentration
of the gelatin constant while varying the concentration of the
PEG linker to form hydrogels (Table 1) with storage modulus
varying from 1200 Pa (soft hydrogel) to 3800 Pa (stiff hydrogel).
In all hydrogels the molar concentration of the Nb group is in
excess compared to the dHTz group, thus the amount of the
PEG is the determining factor for the crosslinking density due
to the orthogonality of the Tz–Nb ligation. The hydrogels are
named relating to the weight percentage of PEG in the solution
of polymer precursors which includes 2 wt%, 3 wt% and 4 wt%,
henceforth PEG2, PEG3 and PEG4 were used throughout.
Hydrogels were observed to form within 10 min of mixing the
PEG-dHTz/HRP solution with gelatin-Nb solution, or addition
of HRP to the solution mixture of PEG-dHTz and gelatin-Nb.
Rheological analysis of the gelation process displays a sharp
increase in the storage modulus (G0) value upon mixing 4-arm
PEG10K-Tz with gelatin-Nb, and the G0 value reached a plateau
after 300–500 s. We were not able to observe the crossover point
between G0 and G00, which marks the transition between the
liquid-like behaviour and the solid-like behaviour due to the
rapid speed of crosslinking (20–30 s) after mixing the polymers
meaning that the gelation point was likely reached before data
collection was commenced. These kinetics are similar to the
kinetics reported for gelatin-based hydrogels prepared by direct
Tz–Nb ligation,33 and is faster than a similar hydrogel system
(composed of 4-arm PEG-amide dibenzocyclooctyne and
gelatin-azide) using SPAAC crosslinking.13 This is because the
investigated Tz–Nb has a higher rate constant than the SPAAC
in water – the reported rate constants41 for these two reactions
are kTz–Nb = 0.94 M�1 s�1 and kSPAAC = 0.31 M�1 s�1 respectively.

All prepared hydrogels swelled in PBS solution with the EWC
values varying from 97% to 99%, which are higher than the water
content of the as-prepared hydrogels (92–96%). Although the
swelling of hydrogels generally leads to a decrease in mechanical
strength,21,42 the increase in the network mesh size due to water
sorption allows for more efficient transport of nutrients and
growth factors, which is essential for cell viability and growth.
Because the gel network structure does not contain hydrolysable
groups, all hydrogels were found to retain their weight in PBS pH
7.4 solution and at 37 1C for more than 1 month (Fig. S2 in the
ESI†). Upon addition of collagenase from Clostridium histolyti-
cum bacteria, which is known to disassemble collagen, signifi-
cant degradation of the gels was observed, and complete
disintegration occurred within 10–15 h (Fig. 4). This enzymatic
triggered degradation can be used to harvest cells encapsulated
within the hydrogel network in a temporal manner. Together
with the high stability under physiological conditions, these
hydrogels are promising materials for an extended 3D cell
culture. The presence of the gelatin also provides the ability
for degradation by cellular enzymes, facilitating matrix

remodelling by encapsulated cells whilst providing a hydrogel
that is stable for prolonged culture periods.
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Fig. 4 Degradation profiles of hydrogels as a function of relative weight
of fully swollen gels in PBS pH 7.4 and at 37 1C and in the presence of
collagenase. Prior to addition of collagenase, the gels were kept in PBS pH
7.4 solution and at 37 1C for 30 days; no degradation was observed during
this period. Data are presented as mean � SD for N = 3.

Fig. 5 (a) Live/dead staining of hMSC encapsulated in PEG–gelatin hydrogels
at day 1, day 7, and day 32 (live cell = green; dead cell = red; scale bar = 100 mm
unless stated otherwise); (b) quantified cell viability taken from across three
independent experimental repeats. Data are presented as mean � SD.
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3.3 hMSC viability and morphology

Extensive research identifies that the mechanical properties of
the growth environment plays a critical role in the cell beha-
viour, growth and differential potential.5,38,43,44 As we are able
to modulate our hydrogel platform to a range of stiffness
values, we further investigated whether our gels provide a
suitable substrate to encourage normal cell attachment, viabi-
lity and spreading. Initial observations of encapsulated hMSCs
revealed phenotypic differences in the cell morphology to that

of tissue culture plastic (TCP) controls (Fig. S3, ESI†). We
observed that cells within the encapsulated scenario displayed
a uniformly dispersed cell population, with more compact
morphologies compared to the highly flattened nature of cells
cultured on TCP. We suggest that this spherical morphology of
hMSCs in the encapsulated scenario was a direct result of the
3D nature of the growth environment, allowing cells to undergo
cell–substrate interactions across the whole cell surface similar
to the in vivo situation.
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Fig. 6 (a) Immunostaining images of encapsulated hMSCs at days 1, 7, and 32 (scale bar = 20 mm for panels and 10 mm for inset images); present
quantification of (b) cell circularity; (c) cell aspect ratio; and (d) numbers of cell projections identified respectively across 50 individual cells assessed
across 3 independent repeats (black bar = PEG2 gel, grey bar = PEG3 gel, white bar = PEG4 gel; * – p r 0.05, ** – p r 0.005).
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To validate that these contrasting phenotypes observed
between 2D and 3D cultures were not a result of altered cell
mortality, cell viability was assessed using live/dead staining.
Quantification revealed cell-laden gels to preserve high cell
viabilities of over 80% across all three gels, both after the
initial encapsulation procedure as well as for extended culture
periods of over one month (Fig. 5a) with no differences in cell
viability across the experimental duration, gel compositions or
in comparison to experimental controls (Fig. 5b). This con-
firmed the non-toxic nature of the crosslinking chemistry and
demonstrated that these hydrogels can maintain an environ-
ment that supports cell viability in 3D for prolonged culture
periods.

Further assessment of F-actin following 1, 7 and 32 days
culture revealed differences in the cell morphology and F-actin
organisation not only across time points, but also between the
gels of varying composition and mechanical properties
(Fig. 6a). Initially, hMSCs in all gels displayed a spherical
phenotype, but as time progressed from 7 to 32 days the ability
of the cells to extend filopodia was observed to arise at differing
rates depending upon hydrogel composition, resulting in a
significant difference in the cell morphology at the later time-
points. In the softest hydrogels (PEG2), the hMSCs had
extended processes in all directions by D7. The extent of these
processes increased substantially by D32 resulting in cells with
a well-spread, star-shape morphology. In gels of intermediate
stiffness (PEG4), the hMSCs showed some projections on D7
but were more constrained than those in the PEG2 gel, result-
ing in an elongated spindle-like morphology at 32 days. This
restriction of cell projection was even more evident in the PEG4
gel samples, with hMSCs showing very limited projections at
day 7. These did not change substantially with further culture
to D32, resulting in constrained and highly spherical cell
morphologies – in plain contrast to the morphologies observed
in the gels of a lower modulus. These differences in the cell
morphology are demonstrated by the statistically significant
differences in the cell circulatory, aspect ratio and number of
projections observed between hMSCs in PEG2 and PEG4 gels
(Fig. S4 (ESI†) and Fig. 6b–d). Such a variation clearly highlights
the difference in the ability of the cells to remodel their
environment and adapt their morphology over time.

Whilst differences in hMSC spreading and morphology are
known to occur in response to substrate stiffness,38,43 the
density of polymer crosslinking surrounding the cells may have
also played a role in determining the rate at which cells could
restructure the material. Alongside the differences in the
mechanical properties of the hydrogel compositions tested, it
should also be noted that the PEG crosslinker may limit cell
spreading in our hydrogels.

Overall, we suggest that these findings may have strong
implication in directing hMSC fate, as the ability of hMSCs to
differentiate effectively in 3D hydrogels has been shown to
depend upon the mechanical properties of their environment,
aside their ability to effectively remodel the environment.45

Many hydrogel systems that offer the ability for cellular
remodelling have a significant disadvantage in that they only

maintain their integrity for short time periods (days � B2/3
weeks).17,35,46,47 The hydrogels in this report therefore have
significant advantages over the majority of currently available
hydrogels in that they both support remodelling of the extra-
cellular environment but also remain intact over prolonged
time periods. Given these advantages plus the ability to tune
the hydrogel modulus, which is tightly linked to the cell
morphology, mechanotransductive signalling and hMSC
fate,5,43 this may provide an excellent material for the future
differentiation and delivery of hMSCs for therapeutic
applications.

4. Conclusions

In conclusion, this report presents an efficient method for the
preparation of PEG–gelatin hydrogels, by catalytic activation of
dihydrogen tetrazine oxidation and subsequent tetrazine liga-
tion. The gelation can be activated by the addition of HRP at a
very low concentration and, importantly, does not require the
addition of hydrogen peroxide thus the process is highly
amenable for encapsulation of cells. The resultant gels are
highly stable under physiological conditions, allowing for the
3D culture of hMSCs for more than 1 month. The composition
and mechanical properties of the gels can be modulated so as
to affect the morphology of the encapsulated hMSCs and are
capable of being actively remodelled by the cells, both are
essential factors for the activity and fate of hMSCs. These gels
can also be readily degraded by the addition of collagenase
facilitating easy removal of cells for further analysis. Above all,
the main advantage of our system is the simple synthesis
procedure for the dHTz linker which is more stable than the
traditional Tz linker used in tetrazine ligation, thus increasing
the usefulness of the bioorthogonal crosslinking in cell-related
studies and biomaterials engineering.
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