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A hindered urea bond (HUB), recently reported as a new type of
dynamic chemical bond, can be facilely constructed by mixing an
isocyanate and a hindered amine. Here, we report the use of the
HUB in the design of degradable hydrogel materials for applications of stem cell encapsulation and delivery. Polyethyleneglycol
(PEG) diamine was end-capped with a HUB and an allyl group in a
one-pot synthesis. The resulting polymer was cross-linked to form
a hydrogel under UV with the addition of a 4-arm PEG thiol and a
photoinitiator. The degradation properties of the hydrogels were
conﬁrmed with NMR, GPC, weight loss, and protein release studies.
We found that the degradation kinetics is dependent on the size of
the N-substituents, and the one with the tert-butyl group shows
complete degradation within 2 days. The new hydrogel materials
were also demonstrated to be biocompatible with hMSCs, and the
cell release kinetics can be facilely tuned over 5 days.

In the field of biomedical engineering, hydrogels have played
integral roles in both tissue engineering and drug delivery
applications.1–10 Cellular encapsulation and growth in
scaﬀolds are important aspects for tissue engineering. It is
ideal to replace or supplement damaged or diseased tissue
with in vitro engineered cells. But replacing the cells requires a
suitable scaﬀold with various important properties.2,9–11 The
scaﬀolds need to be biocompatible, able to support cellular
growth, and biodegradable. They should allow for structural
support and nutrients to flow in and out to support the
cells.12–14 Many scaﬀolds have been developed to support the
3D culture for cellular therapies.1,9,15,16 Hydrogels have proven
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to be one of the most ideal systems, which are usually composed largely of water held together with 1–20% of polymers
formed together via covalent or noncovalent crosslinks.17,18
The high water retention of these hydrogels allows for simple
static mimetics of tissue environments. Their stiﬀness is also
easily tunable from a few hundred Pa to a few kPa by tuning
the polymeric compositions and ratios, allowing the support
for various cell types for soft or hard tissues.19–22
Traditional hydrogels are stable and static due to the
polymer type and covalent crosslinking. But these static hydrogels are missing key features that can hinder their applications
for tissue engineering. These hydrogels can restrict the
cellular movement, interaction with the environment, production of an extracellular matrix (ECM), and thus proper
tissue repair and development.23 The ideal hydrogel would
need to be degradable to allow the cells to reorganize themselves and build a new ECM to restructure themselves into the
desired tissue.24 Many of the traditional hydrogels are naturally
degradable via hydrolysis, but the degradation can take weeks or
even months, much too long for any cellular restructuring. In the
past few years, there have been many developments in degradable hydrogel systems that are triggerable via light,25,26 temperature,27,28 enzymes,23,29,30 or pH.31 But these systems require
specific triggers that can be complex to incorporate into the backbone of the monomers and they may not be suitable nor can be
found at the site of interest, thus a hydrogel that can be degraded
naturally over a set amount of time is highly desirable.
A hindered urea bond (HUB), a urea structure containing a
bulky substituent on one of the nitrogen atoms, was recently
found to be hydrolyzable.32–34 The HUB can naturally degrade
in the presence of water at body temperature without any external triggers. Also, HUB structures can be quickly and eﬃciently
constructed through simple mixing of an isocyanate and a secondary hindered amine, and their hydrolysis kinetics can be
tuned from days to years through control of the bulkiness of
the substituents, which makes them potential candidates for
the design of hydrogel biomaterials. Previously we have
demonstrated that hydrophilic cross-linked polymers containing HUBs can be completely degraded in water. However, the

This journal is © The Royal Society of Chemistry 2017

View Article Online

Published on 02 October 2017. Downloaded by University of Illinois - Urbana on 8/30/2018 7:37:09 PM.

Biomaterials Science

preparation of hydrogels involves the use of small molecular
methacrylate monomers, which are toxic to cells. Herein, we
make a further step to explore the potential of HUB hydrogels
for biomedical engineering applications. We report the design
and synthesis of hydrophilic polymeric precursors containing
HUB structures that can safely mix with cells, cross-link to
hydrogel materials, and show fast hydrolysis kinetics and good
biocompatibility with human mesenchymal stem cells.
The preparation of HUB hydrogels is based on a thiol–ene
reaction between linear polyethylene glycol (PEG) bearing HUB
groups end-capped by a double bond and 4-arm PEG endcapped by thiol groups (Scheme 1). The HUB bearing PEG precursors were synthesized through end-functionalization of
commercially available PEG derivatives. Amine di-functional
PEG (PEG-DA, Mn ∼ 2 K) reacted with excess m-xylylene diisocyanate, which converted end groups to isocyanates. Without
purification, N-substituted allylamine was directly added into
the mixture to convert all isocyanate groups (including the
ones in polymers and excess small molecules) into urea
bonds. After that, the polymers were purified through precipitation with ethyl ether, while di-urea small molecules still
remained intact in solution and were removed (see the synthetic scheme in Fig. 1a). Two types of N-substituted allylamine were used in the synthesis, one with a tert-butyl group
(to create more bulky tert-butyl urea (TBU)) and the other with
a methyl group (to create less bulky methyl urea (MU)). Fig. 1b
shows the 1H NMR characterization of these two polymers.
The peaks from end groups (urea and allyl groups) can be
clearly identified and well assigned to the designed structures.
It is important to notice that the addition sequence of the first
step has a big influence on the structure of the final product.
Since the reaction between an isocyanate and an amine is very
fast, one should add PEG-DA slowly into excess diisocyanate
with vigorous stirring to reduce the chance of inter-chain
coupling. In our experiment, some coupling products (dimer,
trimer, etc.) were still observed in GPC, but the ratio is lower
than 20% for both tert-butyl urea capped PEG (PEG-DTBU) and
methyl urea capped PEG (PEG-DMU). However, when the
addition sequence was reversed, the resulting polymer showed
a much larger molecular weight and very low signal for end-

Scheme 1 Schematic illustration of the synthesis and degradation of
hydrogel structures based on a hydrolysable hindered urea bond (HUB).
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Fig. 1 Synthesis of HUB bearing polyethylene glycol precursors. (a)
Two-step synthetic route of polyethylene glycol end-capped with HUB
linkages and double bonds for thiol–ene crosslinking; (b) 1H NMR
spectra of PEG-DTBU and PEG-DMU in D2O. Peaks were assigned to
protons on chemical structures shown in (a).

capped double bonds due to the occurrence of many interchain couplings (Fig. S1 and 2†).
Next we studied the hydrolysis of the HUB in PEG precursors. Based on the previous studies about the HUB hydrolysis
mechanism,33 we used the release rate of N-substituted allylamine to characterize the hydrolysis kinetics of the HUB
(Fig. 2a). Two types of polymers, PEG-DTBU and PEG-DMU,
were dissolved in deuterated water, and the production rate of
N-substituted allylamine was monitored by 1H NMR. As shown
in Fig. 2b for PEG-DTBU with a more bulky HUB, the intensities of peaks a–c corresponding to the end N-tert-butyl allylamine groups decreased over time. However, new peaks a′–c′
next to their original peaks appeared and increased gradually,
which were assigned to the released small molecules (Fig. 2b).
The concentration of the released amine increased quasi-linearly with the rate of approximately 11% per day (Fig. 2c).
However, for PEG-DMU with less bulky urea, no change in 1H
NMR was observed even after 130 h (Fig. 2c). This concluded
that the hydrolysis behavior is related to the bulkiness of the
HUB structure. We then used GPC to characterize the change
in molecular size after water incubation for 2 days. After water
degradation, the end group becomes amine, and may or may
not couple with the released isocyanate from other chains to
form a permanent urea bond (Fig. 2a). The coupling reaction
doubles the molecular weight of the polymer. As shown in
Fig. 2d, the GPC curves of PEG-DMU remained the same after
incubation of 48 h showing no hydrolysis. In contrast, we
observed the appearance of peaks for coupled chains for
PEG-DTBU, which demonstrated that the end group has been
hydrolyzed (Fig. 2d).
To synthesize HUB hydrogels, two PEG-HUB precursors
were mixed with 4-arm PEG thiols (same equivalence of functional groups, 10% water solution) and UV cured through
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Fig. 3 Water degradation studies of HUB hydrogels. (a) Synthesis of
HUB hydrogel through thiol–ene reaction. Four-arm PEG-thiol was used
as a cross-linker; (b) weight change in TBU (black curve) and MU (red
curve) after immersing in PBS for varying times; (c) release proﬁle of
BSA-FITC from HUB hydrogels over time. Data for both (b) and (c) represent averages of triplicate experiments. Error bars are standard deviation (n = 3).

Fig. 2 Water degradation of a HUB in PEG-HUB precursors.
(a) Degradation reaction of HUB structures at the end of the chain;
(b) time dependent 1H NMR spectra in D2O showing new peaks of
released amine over time; (c) plot of hydrolyzed HUB ratio vs. incubation
time at 37 °C; (d) GPC curves of PEG-HUB before and after 48 h incubation in PBS solution.

thiol–ene reaction (Fig. 3a). The shear modulus of the TBU gel
and the MU gel was measured through indentation tests by
using an atomic force microscope (see ESI and Fig. S3† for
experimental details). A spherical indenter was pressed into
the samples and the force on the indenter was recorded as a
function of indentation depth. Both the samples and the
probes were kept in DI water during tests. The hydrogel is
assumed to be incompressible. Through Hertzian contact solution, we can obtain the shear modulus of the sample, which is
10.0 ± 0.9 kPa for the TBU gel, and 4.7 ± 0.6 kPa for the MU
gel. The error bar is for 8–10 measurements at diﬀerent
locations on each sample. Then the two gels were immersed
into phosphate buﬀered saline (PBS) and the weight change
was monitored at varying times with the incubation at 37 °C
(gels were pre-treated with deionized water for 12 h). TBU
based gels completely disappeared after 16 h. In contrast, MU
based gel remained intact after 3 days (Fig. 3b). We noticed
that the gel degradation speed for TBU seems higher than
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bond hydrolysis kinetics determined by 1H NMR (20 h degradation time corresponding to ∼10% bond breakage). It may be
caused by the hydrolysis kinetic diﬀerence between normal
water and deuterated water. The allyl group, which exists in
the precursor but not in the final network, was also found to
slow down the hydrolysis kinetics. Network defects, such as
loops and unreacted monomers (the reason why MU gel also
showed some weight loss), also reduce the amount of bond
breakage needed for complete gel collapse.
For the potential applications of protein delivery, we encapsulated bovine serum albumin-fluorescein (BSA-Fluo) into the
hydrogel and monitored the release of protein in PBS buﬀer
overtime. TBU based gel released the protein gradually with
the gel itself dissolved into aqueous solution. After 32 h, the
whole piece of hydrogel disappeared and 100% of the dye was
released. For non-degradable MU based gel, it still remained
intact after the same time, and only less than 20% of the dye
released out due to diﬀusion (Fig. 3c).
Human mesenchymal stem cells (hMSCs) are a widely used
cell line for various tissue engineering applications for bone or
cartilage repair. Thus, we tested the biocompatibility of the
TBU hydrogel with hMSCs. Firstly, hMSCs were incubated with
various concentrations of the HUB-PEG precursors for 48 h
(Fig. 4a). After 48 h, an XTT assay was performed on the
cells, in which they demonstrated over 100% viability in
relation to untreated cells. hMSCs were then encapsulated in
the TBEU hydrogel with varying concentrations of PEG-TBU.
After 48 h encapsulation of the hMSCs within the hydrogel,
XTT was conducted on the cells. In relation to an equivalent
number of cells plated in 2D, the 5%, 10%, and 20% hydrogels
demonstrated roughly 100% cell viability (Fig. 4b), indicating
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Fig. 4 Biocompatibility of TBEU hydrogel to human mesenchymal stem
cells (hMSCs). (a) Cell viability after incubating hMSCs with HUB-PEG
precursors for 48 h; (b) cell viability after encapsulating hMSCs in
HUB-PEG hydrogels for 48 h. (c) Fluorescence live dead imaging of
hMSCs encapsulated in TBEU/HUB-PEG hydrogels 48 h after encapsulation using a GE InCell Analyzer 2000. Green ﬂuorescence indicates live
cells and red staining indicates dead cells. Image analysis indicates 94%
live cells. (d) hMSCs release from a degrading mixed backbone of
TBEU : MEU hydrogel. The hydrogel was formed through thiol–ene UV
crosslinking with hMSCs encapsulated inside. After 5 days culture of the
hydrogel on tissue culture treated plates, all cells or part of cells
escaped and adhered to the plate. The hydrogels and the plates were
imaged. At 1 : 0 ratio the hydrogel was completely degraded and all the
cells were released and adhered to the cells, while as the amount of
MEU increases, the amount of hMSCs being released decreased signiﬁcantly and more cells remained encapsulated.

the good biocompatibility of the hydrogel with hMSCs.
Live/dead staining was also done to determine cell survival.
The cells were imaged using a GE InCell analyzer, with
multiple fields and z stack which were then collapsed into
one focal plane for analysis. There is a survival rate of 94%.
The high survivability indicates the excellent biocompatibility
of the polymer and hydrogel to the hMSCs (Fig. 4c). Due to
the rapid degradation of the PEG-TBEU backbone, the degradable PEG-TBEU was mixed with PEG-MEU to create a slow
degrading and pore forming hydrogel for mobile stem cell
encapsulation. PEG-TBEU was mixed with PEG-MEU at varying
ratios at 1 : 0, 4 : 1, 2 : 1, 1 : 1 1 : 2, 1 : 4, and 0 : 1 with the encapsulation of hMSCs. After 5 days, the hydrogel and cells that
were released and adhered to the plate were imaged. As
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expected at a 1 : 0 ratio of the TBEU : MEU backbone, the
hydrogel was completely degraded and all the cells were
released and adhered onto the plate. With the addition of the
non-degradable MEU polymer, the hydrogel remained intact
after 5 days. For the ratios of 4 : 1 and 2 : 1 of TBEU : MEU,
although the hydrogels still remained intact, the hMSCs were
able to migrate out from the gel and adhered to the plate. As
we further increased the MEU ratio to 1 : 1, less cells were
released and adhered to the plate and most cells remained
encapsulated within the hydrogel. At 1 : 2, 1 : 4, and 0 : 1 ratios,
we saw no release at all and all the cells remained encapsulated
within the hydrogel, which could be seen in the images as the
round non-adhered cells (Fig. 4d). It is clear that through the
tuning of the ratios between degradable/non-degradable backbones in the hydrogels, the cell release profile can be well
tuned. This biocompatible hydrogel system is promising for
further studies such as increased pore formation, cell migration,
cell restructuring, organogenesis, or cell delivery applications.
In summary, we for the first time demonstrated the use of a
HUB, a trigger-free and fast hydrolyzing chemical bond, in the
applications of hydrogel materials for stem cell encapsulations
and delivery. Syntheses of HUB-containing, vinyl end-capped
and non-toxic PEG precursors were developed, which can
crosslink with multi-arm PEG thiols to form hydrogels. TBEU
containing hydrogels were proved to completely degrade and
eﬃciently release protein cargos within two days at 37 °C. This
new TBEU containing hydrogel was shown to be non-cytotoxic
and biocompatible with hMSCs. It has also proven to be quite
tunable in the cell release kinetics over 5 days, in which we
can control the amount of cells released back onto the plate
over time. This TBEU hydrogel can be applied in the future for
tissue engineering applications that require highly tunable
and diﬀerent release kinetics of cells or proteins to wound
sites. In addition, due to the dynamic crosslinking of TBEU
hydrogels, future applications with self-stiﬀening or self-relaxing hydrogels are being explored as well, thus altering the
microenvironmental cues to encapsulated cells.
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