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ABSTRACT: Cell transplantation by injection has emerged as a
promising strategy for the treatment of several diseases and injuries
throughout the body. However, the therapeutic efficacy is hampered by
the inevitable cell death during mechanical injection, low cell retention at
the injection site, and lack of structural support for long-term survival and
functioning of the transplanted cells. Till date, no hydrogel formulation
exists that can address all of these issues accompanying cell trans-
plantation. Herein, an injectable in situ forming double-network (DN-I)
hydrogel has been developed that can provide mechanical cell protection
during injection, support long-term retention postinjection, and be
degraded rapidly to allow space for encapsulated cell growth. The
hydrogel was cross-linked via a reversible dynamic covalent CC double
bond produced via a Knoevenagel condensation reaction and was further
reinforced by in situ UV-induced secondary cross-linking. The dynamic
exchange of cross-links in the first network of DN-I hydrogel was significantly enhanced using a biocompatible catalyst, histidine.
The large dynamic network of the DN-I hydrogel allowed injection of prefabricated hydrogels with encapsulated cells using less force
and provided mechanical protection from the injection forces. The secondary cross-linking network improved the retention of the
transplanted cells postinjection and subsequently provided support for cell proliferation and differentiation. The as-developed
injectable in situ forming double-network hydrogel can be used as an effective carrier for stem cell transplantation and tissue
regeneration applications.

1. INTRODUCTION
Injectable cell transplantation has displayed great potential in
the treatment of several injuries and diseases, such as cardiac
disease, peripheral nerve injury, and spinal cord injury.1−5

However, successful cell transplantation is limited by several
obstacles.6−11 First, the transplanted cells are severely damaged
through mechanical force-induced cell membrane damages
during injection.12,13 Next, the low cell retention postinjection
leads to cell dispersal from the injection site, thus leading to
the failure of cell transplantation.6 Also, the maintenance of
proliferation and/or differentiation for transplanted cells is key
for cell transplantation, which is believed to be influenced by
the in vitro mechanical microenvironment including stiff-
ness,14,15 material degradation,16,17 and stress relaxation.18−20

Thus, there is a great need of novel materials to assist in
successful cell transplantation therapy.
Hydrogels are water-swollen and insoluble polymeric

networks that are widely used for the controlled delivery of
cells and drugs.21−28 In particular, owing to their shear-
thinning and self-healing abilities, injectable hydrogels hold
potential in cell transplantation, which can be used to protect
the encapsulated cells from mechanical injuries during the
injection stage.29,30 Moreover, rapid self-healing of the
hydrogel at the injection site would provide support for the

encapsulated cells and prevent post-transplantation cell
dispersal. However, most of the injectable hydrogels undergo
rapid degradation because of the fast exchange kinetics of
cross-linking. The lack of long-term stability results in fast and
uncontrolled collapse of the cell scaffold, causing the burst
release of cells, which significantly limits the cell trans-
plantation efficacy.13,16 In contrast, covalently cross-linked
hydrogels have stable cross-linking networks and have been
reported to provide a stable scaffold for cells.31,32 However,
typically, the covalently cross-linked hydrogels do not allow
simple delivery of the material via injection, which significantly
limits their potential for use as a cell carrier in cell
transplantation. Therefore, combining the advantages of
dynamic hydrogels and covalently cross-linked hydrogels to
design a double-network hydrogel is promising to improve the
cell viability during injection, enhance cell retention post-
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injection, and allow simultaneous cell growth within the
hydrogel. However, till date, no hydrogel has addressed all the
challenges faced by cell transplantation through local
injection.6,29

Herein, an injectable in situ forming double-network (DN-I)
hydrogel has been designed that can provide mechanical cell
protection during injection, support long-term retention
postinjection, and be degraded to allow space for the
encapsulated cells’ proliferation and differentiation. The DN-
I hydrogel first underwent gelation through the formation of a
dynamic CC double bond based on the Knoevenagel
condensation (KC) reaction by mixing the benzaldehyde and
cyanoacetate group-functionalized dextran. Upon exposure to
ultraviolet (UV) light, secondary cross-linking occurred via
photopolymerization of acrylated 4-arm PEG (4-arm PEG-A)
to form an in situ reinforced network (Scheme 1a,b). The
obtained DN-I hydrogel displayed superb injectable and self-
healing performance owing to the addition of the histidine
catalyst (Scheme 1c), which could effectively protect the
encapsulated cells from mechanical injuries during injection
and provide a temporary scaffold to prevent the cell dispersal.

Moreover, the photocross-linked secondary network provided
a long-term stable scaffold to enhance cell retention within the
DN-I hydrogel at the target site. Also, the first network could
be rapidly degraded via hydrolysis, resulting in the creation of
more space within the DN-I hydrogel for cell differentiation
and proliferation.

2. EXPERIMENTAL SECTION
2.1 Preparation of Single-Network Injectable (S-I) Hydro-

gels. Dex-BA and Dex-CA were separately dissolved in Milli-Q water
to form stock solutions. The catalyst histidine was dissolved in Milli-Q
water at a stock concentration of 10 mg/mL. S-I hydrogels were
prepared by mixing Dex-BA and Dex-CA stock solutions at an equal
molar ratio of benzaldehyde-to-cyanoacetate group. The concen-
tration of the hydrogel was expressed as a weight (Dex-BA and Dex-
CA)/volume percentage (w/v, %). The gelation time of the hydrogel
was determined by the time when the sample was not flowing within
30 s after inverting the vital.

2.2 Preparation of DN-I Hydrogels. Dex-BA, Dex-CA, 4-arm
PEG-A (5%), and the photoinitiator Irgacure 2959 (0.1%) were first
dissolved in 300 μL of Milli-Q water at an equal molar ratio of
cyanoacetate-to-benzaldehyde group. Then, the hydrogel formed
spontaneously within 5 min after addition of histidine. Subsequently,
the hydrogel was irradiated by a UV light (365 nm, 10 mW cm−2) for
5 min to form the second network. The hydrogel concentration was
expressed as a weight (Dex-BA, Dex-CA, and 4-arm PEG-A)/volume
percentage (w/v, %).

2.3 In Vitro Cell Injection and Quantification of Cell
Viability. The cell suspension was first mixed with Dex-BA stock
solutions before further mixing with histidine, Dex-CA, and 4-arm
PEG-A stock solutions. The hydrogel (8%, containing 4.07% Dex-BA
and 3.93% Dex-CA) was formed in a 1 mL insulin syringe fitted with a
29G needle. The hydrogel precursor solution was allowed to gel for
10 min before being injected into the cell culture plate at a flow rate of
1 mL min−1. Cell viabilities were measured using the cell counting kit-
8 (CCK-8) assay at 20 min postinjection (n ≥ 3). In brief, the CCK-8
solution (CCK-8, 1.0 mL, 10% v/v in medium) was added on the gel.
After incubation for another 2 h, the absorbance values of the medium
on the gel at 450 nm were measured using a Bio-Rad 680 microplate
reader. The measurements were performed in triplicate. Also, a
fluorescent live−dead staining assay was further carried out to
visualize the number of live and dead cells after injection (20 min). In
brief, 0.5 mL of phosphate-buffered saline (PBS) solution containing
calcein-AM (1 mM) and propidium iodide (PI) (1 mM) was pipetted
on each cell gel construct. After 30 min, the labeled cells were
observed using a fluorescence microscope (Nikon Eclipse Ti-S, Nikon
Instruments Co., Ltd). The live cells were stained green fluorescence
with calcein-AM and dead cells showed red fluorescence with PI. The
quantified data were obtained using ImageJ software (NIH, v1.8.0)
based on the staining images.

To confirm the growth of encapsulated cells in the hydrogel after
injection, the hydrogel was irradiated by an UV light (365 nm, 10 mW
cm−2) for 5 min after injection to form the secondary network. And
then, the cells in the DN-I hydrogel were incubated in Dulbecco’s
modified Eagle medium (DMEM) for 1, 3, and 5 d. The cell
proliferation in the DN-I hydrogel after injection was quantitated by a
LIVE/DEAD viability/cytotoxicity kit.

2.4 In Vivo Hydrogel Retention Characterization. Female
BALB/c nude mice (6−8 weeks old) were chosen to assess the
retention of the DN-I hydrogel in vivo. To track the rapid degradation
of the first dynamic network, Dex-CA was labeled with a near-infrared
fluorescence dye, Cy7. For in vivo transplantation, the mice were
anesthetized with isoflurane, and the mixture solutions (60 μL for
each sample) containing Dex-BA, Dex-CA, histidine, 4-arm PEG-A,
and Irgacure 2959 were injected subcutaneously via an insulin syringe
with a 29 G needle. After 10 min, the hydrogel was irradiated by a UV
light (365 nm, 10 mW cm−2) for another 10 min to form the second
network. In this experiment, a hydrogel precursor solution without 4-
arm PEG-A was used as a control. At different time intervals, the

Scheme 1. Preparation and Chemical Structures of
Injectable In Situ Forming Double-Network Hydrogel.

a(a) Preparation of Injectable In Situ Forming Double-Network
Hydrogel. During the injection, the histidine catalyst promotes the
rapid exchange of dynamic CC double bonds and rearrangement of
the network to facilitate the flow of hydrogel and protect the
encapsulated cells from the mechanical force-induced injuries. After
the injection, UV-initiated radical polymerization of the acrylate
groups at the end of 4-arm PEG-A led to secondary cross-linking and
enhanced retention of the DN-I hydrogel. Furthermore, rapid
degradation of the first dynamic network promoted proliferation
and differentiation of the encapsulated cells. (b) Chemical structures
of cyanoacetate- and benzaldehyde-modified dextran polymers. (c)
Schematic of histidine-accelerated dynamic exchanges of CC
double bonds, wherein the catalyst histidine formed a transition
state with aldehyde to accelerate dehydration of the rate-determining
step.
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retention of the first dynamic hydrogel network was monitored with
an in vivo imaging system (Caliper Life Sciences, USA) at day 0, 3,
and 7 postinjection, and the data were analyzed using Living Image
software (Caliper Life Sciences, USA). To track the long-term
retention of the DN-I hydrogel network, thiolated Cy5 was
incorporated into the secondary network in the hydrogel. Hydrogel
precursor solutions (60 μL for each sample) containing Dex-BA, Dex-
CA, histidine, 4-arm PEG-A, and Irgacure 2959 were injected
subcutaneously via an insulin syringe with a 29 G needle. After 10
min, the hydrogel was irradiated by a UV light (365 nm, 10 mWcm−2)
for another 10 min to form the second network. For this experiment,
hydrogel precursor solutions (60 μL for each sample) containing 4-
arm PEG-A, thiolated Cy5, and Irgacure 2959 were used as a control.
At different time intervals, the retention of the DN-I hydrogel
network was monitored with an in vivo imaging system (Caliper Life
Sciences, USA) at day 0, 3, 7, 15, and 21 postinjection, and the data
were analyzed using Living Image software (Caliper Life Sciences,
USA).

3. RESULTS AND DISCUSSION
In our previous work, we have shown that a CC double
bond formed by the catalysis-free Knoevenagel condensation
(CKC) reaction between benzaldehyde and cyanoacetate in
the aqueous solution was a thermally reversible dynamic
covalent bond, which could be used to formulate injectable,
self-healing, and thermosensitive hydrogels under physiological
conditions.33,34 However, the dynamic exchanges of the CC
double bond are relatively slow, which results in the hydrogel
prepared from the CKC reaction to be not satisfactory for an
injectable cell carrier. Fortunately, it has been demonstrated
that the KC reaction in aqueous media can be accelerated by
multiple biocompatible catalysts, such as sodium ascorbate,
histidine, proline, and arginine.35−37 Therefore, herein, it is

proposed that the abovementioned catalysts can be used to
accelerate the formation of CC double bonds, enhance the
dynamic exchange, and improve the injectability of hydrogels
based on the KC reaction. To verify this hypothesis, a proof-of-
concept study was conducted using benzaldehyde and
cyanoacetate group-functionalized dextran, denoted as Dex-
BA and Dex-CA, respectively, as the model building blocks
(Figures S1−S3). The hydrogel readily formed upon mixing
Dex-BA and Dex-CA with an equal molar ratio of
benzaldehyde-to-cyanoacetate group. The catalytic efficiency
of different catalysts in water was investigated by measuring the
gelation time of hydrogels using the same amount of catalysts.
As shown in Figure 1a and Figure S4, the hydrogel with the
histidine catalyst had the lowest gelation time compared to the
hydrogels with proline and sodium ascorbate, signifying that
histidine exhibits the highest catalytic efficiency for the KC
reaction. To illustrate that the exchange of the dynamic CC
double bond can be accelerated by histidine, methoxy
poly(ethylene glycol) end-functionalized with benzaldehyde
and cyanoacetate, denoted as mPEG-BA and mPEG-CA,
respectively, was prepared and used as reactive model
compounds to study the histidine-catalyzed KC reaction
process (Figure S5). The rate of CC double bond formation
(k1) and cleavage (k−1) with different contents of histidine was
measured, and the equilibrium constant (Keq) was obtained
from the reaction rate constants (Table S1). As shown in
Figure 1b, histidine exhibited effective catalytic activity for the
KC reaction and both k1 and k−1 were significantly accelerated
with the rise in the histidine content. Keq of the reaction
remained unchanged and was independent of histidine
contents. Similarly, a vial inversion test shows that as the

Figure 1. Effect of the histidine catalyst on the reversible CC double bond exchange reaction and properties of the S-I hydrogel prepared from
Dex-BA and Dex-CA in the presence of histidine. (a) Gelation time of 8% S-I hydrogels with the same amount (0.013 mmol) of different catalysts
(control group represents the S-I hydrogel formed without a catalyst. His, Pro, and SA groups represent the S-I hydrogels formed in the presence of
histidine, proline, and sodium ascorbate, respectively). The red “X” indicates that the S-I hydrogel could not be formed when arginine (Arg) was
used as the catalyst. (b) Time-dependent UV−vis absorbance spectra of 5% polymer solutions at 37 °C in Milli-Q water for histidine
concentrations of 0 mg, 0.5 mg, and 1 mg. (c) Oscillatory time sweep (8% gel) demonstrating that the gelation was accelerated with rising histidine
concentrations but the equilibrium modulus of the hydrogels remained unchanged. (d) Oscillatory frequency sweep demonstrates that the hydrogel
modulus was independent of incorporated histidine concentrations but dependent on the dextran concentrations. (e) Stress relaxation was
accelerated by the increase of the histidine concentrations but was independent of the dextran concentrations. Relaxation modulus was normalized
by the initial relaxation modulus. (f) Quantification of τ1/2 as per stress relaxation tests in panel (e)
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concentration of histidine increased from 0 to 4 mg, the
gelation time of hydrogels based on the dynamic CC double
bond decreased from 140 to 60 s (Figure S6). Furthermore,
the gelation process was evaluated using dynamic time sweep
rheological experiments. As shown in Figure 1c, the hydrogels
with different histidine contents reached the same final plateau
modulus of about 950 Pa and amplifying the histidine loading
to 4 mg further shortened the time to 1 min. Thereafter, the
mechanical properties of hydrogels were studied using the
dynamic frequency sweep tests. Figure 1d shows that G’ of the
hydrogels with different histidine contents and polymer
concentrations reached a plateau in the entire frequency
range. G’ remained unchanged regardless of the catalyst
loading amount at a fixed polymer concentration, which
suggests that the catalyst histidine had no effect on the
equilibrium network structure or hydrogel modulus. In
contrast, when the histidine content was fixed at 1 mg, G’
increased significantly with the rise in dextran concentrations.
Next, the impact of histidine on the stress relaxation behavior
was explored. The stress relaxation rate under a constant strain
was defined by the time at which the stress relaxed to half of its
original value, τ1/2. As shown in Figure 1e,f, the stress
relaxation rate was enhanced significantly for these hydrogels
in the presence of histidine, with τ1/2 decreasing from 580 s
without histidine to 25 s with 4 mg histidine. However, the
stress relaxation rate did not change with the alteration of
dextran polymer concentrations, as shown by the same stress-
relaxation profiles for 5, 8, and 10% hydrogels in Figure 1e.
Hence, these results indicate that the histidine catalyst
accelerated the formation and exchange dynamics of the C
C double bond but hardly affected the thermodynamic

equilibrium, which could result in improved injectability of
the hydrogel.
Hydrogels with rapid exchange dynamics of cross-linking are

expected to be ejected using less force, and the applied force
for injection is usually determined by the yield stress of the
hydrogels.8,38 As shown in Figure 2a,b, when histidine was
incorporated into the system, the S-I hydrogels displayed a
prominent yield behavior due to the rapid exchange dynamics
of CC double bond linkage. Also, a lower yield stress was
observed when more histidine was used, indicating that less
force was needed for the injection through a syringe for the
case of hydrogels with more histidine. In addition, Figure 2c
shows that the viscosity of the S-I hydrogel with histidine was
lower than those of the S-I hydrogels without catalysts or with
proline and sodium ascorbate as the catalysts. The viscosity of
the S-I hydrogel with histidine decreased with an increase in
the shear rate from 0.1 to 100 s−1 (Figure 2c), implying that
the histidine-catalyzed S-I hydrogel displayed a prominent
shear-thinning behavior. Owing to the improved dynamic
exchange rate of the CC double bond in the presence of
histidine, the S-I hydrogel is expected to exhibit excellent self-
healing properties.8,39−43 Thus, linear viscosity measurements
were performed at alternating low and high shear rates (Figure
2d). When the S-I hydrogel was exposed to a high shear rate
(10 s−1) at 37 °C, it demonstrated a sharp yield transition
behavior, which resulted in a low viscosity (≈100 Pa·s).
However, the viscosity rapidly recovered to the original value
when a low shear rate (0.1 s−1) was employed, which was
probably due to reformation of the dynamic CC double
bond linkage. Additionally, in a strain amplitude test, G′ and
G″ of the hydrogel initially remained unchanged when the

Figure 2. (a) G’ and G″ as a function of shear stress for the 8% S-I hydrogel with different histidine contents. (b) Quantification of the yield stress
from shear stress sweep tests in panel (a). (c) Viscosity measurements of the 8% S-I hydrogel as a function of shear rate with different catalysts (2
mg) at 37 °C. (d) Shear-thinning and self-healing properties of the 8% S-I hydrogel under alternating shear rates of 0.1 and 10 s−1 at 37 °C. (e)
Images of the 8% S-I hydrogel to be ejected through a 29 G needle without clogging (the hydrogel was dyed with Coomassie brilliant blue for
visualization). (f) Schematic illustration of the injection process for the S-I hydrogel.
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strain was increased from 1 to 10%. A further increase in the
strain to 100% led to a significant drop of both G′ and G″
values with a crossover point appearing at about 40% strain,
indicating the rupture of the hydrogel network. However, when
a small strain of 1% was immediately applied on the destructed
hydrogel, it could completely recover to its original mechanical
strength (Figure S7). Furthermore, a macroscopic self-healing
test was performed to verify the self-healing ability of the S-I
hydrogel (Figure S8). Next, the S-I hydrogel was prepared in
the barrel of a syringe in the presence of histidine, which could
be easily ejected through a 29 G needle without clogging
during the injection process. The S-I hydrogels immediately
recovered to the gel state after injection (Figure 2e,f) and their
modulus remained identical after injection (Figure S9). To
conclude, the S-I hydrogel demonstrated excellent injectable

and self-healing performance, which are promising for
injectable cell delivery applications.
Considering the excellent injectable and self-healing abilities

of the S-I hydrogel, the potential of S-I hydrogel to offer
mechanical protection for the encapsulated cells during syringe
injection was investigated. First, the cytotoxicities of Dex-BA
and Dex-CA were evaluated using the MTT assay with human
umbilical vein endothelial cells (HUVECs).44 The cell
viabilities of Dex-BA and Dex-CA polymers were all greater
than 99% even when their concentrations reached up to 4.0 mg
mL−1, suggesting their excellent biocompatibility (Figure 3a
and Figure S10). The encapsulated cells in the S-I hydrogel
were distributed homogeneously and no aggregation was
observed after incubation for 2 h (Figure S11). When the
hydrogel was coincubated with HUVECs for 5 days, the

Figure 3. (a) In vitro cytotoxicity of Dex-BA and Dex-CA at different concentrations on HUVECs. (b) HUVEC viability following in vitro injection
through a 29 G syringe needle at about 1 mL min−1 (**p < 0.01, ***p < 0.001, n ≥ 3). (c) Images of LIVE/DEAD analysis for encapsulated
HUVECs in S-I hydrogels after injection in the presence and absence of histidine or without injection in the presence of histidine. Scale bar: 50 μm.
(d) Quantification of the encapsulated HUVEC viability in the S-I hydrogel immediately after injection in the presence or absence of histidine from
the LIVE/DEAD assay shown in panel (c) (**p < 0.01, n ≥ 3). (e) Quantification of the HUVEC viability in PBS solutions with or without
injection from the LIVE/DEAD assay shown in panel (c) (***p < 0.001, n ≥ 3). (f) Viability of BMSCs within the 8% S-I hydrogel in the presence
and absence of histidine following in vitro injection through a 29 G syringe needle at about 1 mL min−1 (**p < 0.01, n ≥ 3).

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c00635
Chem. Mater. 2021, 33, 5885−5895

5889

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00635/suppl_file/cm1c00635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00635/suppl_file/cm1c00635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00635/suppl_file/cm1c00635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00635/suppl_file/cm1c00635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00635/suppl_file/cm1c00635_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00635?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00635?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00635?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00635?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c00635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


majority of cells survived and grew normally (Figure S12).
These results demonstrate that the S-I hydrogel formed by the
KC reaction had excellent biocompatibility. Next, to confirm
the cytoprotective effect of the S-I hydrogel during the
injection process, HUVEC suspensions were quickly mixed
with the hydrogel precursors containing 2 mg of histidine and
the mixture was immediately transferred to a syringe. After the
injection, the encapsulated cells were incubated for 20 min and
the cell viability was measured using the CCK-8 assay. As
shown in Figure 3b, cell viability in the hydrogel after injection
was over 90% in the presence of histidine, which showed no
difference with the viability of cells directly encapsulated in the
S-I hydrogel without injection. In contrast, the injection results
in severe cell death with about 77% viability for the hydrogels
without histidine, possibly because of the poor injectability of
the hydrogels in the absence of histidine.6,29 Similarly, the cells
in a saline solution (PBS, pH 7.4) had a lower cell viability of
56% postinjection. Furthermore, a LIVE/DEAD staining assay
was also carried out to test the potential of the S-I hydrogel for
use as an injectable cell carrier (Figure 3c−e). The cells

delivered with the S-I hydrogel in the presence of histidine
exhibited higher viability (90.2 ± 3.5%) compared to the cells
encapsulated in the S-I hydrogel without histidine (74 ±
5.6%), while cells delivered with saline solutions exhibited
acute cell death (54.3 ± 5.6%). Also, when histidine was
incorporated in the hydrogel, the S-I hydrogel demonstrated
effective protection for bone marrow mesenchymal stem cells
(BMSCs) and maintained their viability up to 80% during
injection (Figure 3f). All together, these results indicate that
the improved network dynamics of the S-I hydrogel with the
histidine catalyst could enhance injectability and meanwhile
provide better protection for the cells within the hydrogel
during cell transplantation.
Rapid degradation is a major challenge for injectable

dynamic hydrogels used as carriers for cell delivery, which
largely results in low cell retention at the injection site.13,16,30,45

To circumvent this drawback, herein, the addition of a second
network cross-linked by acrylate-functionalized 4-arm PEG (4-
arm PEG-A) (Figures S3 and S13) under UV irradiation has
been demonstrated. As shown in Figure 4a, the S-I hydrogel

Figure 4. Formation and characterization of the DN-I hydrogel. (a) The 8% S-I hydrogel incorporated with 5% 4-arm PEG-A polymers was
injected into a heart-shaped mold and subsequently irradiated by UV light to obtain a heart-shaped DN-I hydrogel. (b) The storage modulus (G’)
of the 8% S-I hydrogel in the presence of 4-arm PEG-A (5%) polymer as a function of time before and after irradiation with UV light for 5 min at
37 °C. (c) Stress−strain curves of the S-I hydrogel and the DN-I hydrogel. (d) Degradation behaviors of the DN-I hydrogel, S-I hydrogel, PEG-5
(hydrogels formed by UV-cross-linking of 5% 4-arm PEG-A polymer solution), and PEG-13 (hydrogels formed by UV-cross-linking of 13% 4-arm
PEG-A solution). (e) Images of the DN-I hydrogel and the S-I hydrogel after swelling in PBS (pH 7.4) for different durations.
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with 4-arm PEG-A polymers was readily injected into a heart-
shaped mold and modeled for 20 min. Subsequently, UV
irradiation was applied to the hydrogel for 5 min and a stable
heart-shaped hydrogel was obtained. Following the photocross-
linking, the storage modulus (G’) of the hydrogel increased
from ≈266 to ≈2050 Pa, that is, about 8 times (Figure 4b).
These results are a strong evidence for the formation of the
secondary chemical covalent network resulting from the UV-
induced cross-linking of acrylate groups in 4-arm PEG-A. The
formation of secondary cross-linking also made the hydrogels
more rigid, exhibiting a higher compressive stress at 50% strain
(Figure 4c). Young’s moduli, calculated from the initial linear
region of the stress−strain curves, for DN-I hydrogel and S-I
hydrogel were ∼12.4 and ∼3.5 kPa, respectively (Figure S14).
The higher Young’s modulus of the DN-I hydrogel compared
to the S-I hydrogel can be attributed to the formation of an
additional secondary network in the DN-I hydrogel. The
degradation behavior was then investigated. The S-I hydrogel
formed by only dynamic CC double bonds (i.e., pre-UV
exposure) underwent rapid degradation in PBS solutions and
no hydrogel mass was retained after 24 h (Figure 4d). The
DN-I hydrogel (i.e., post-UV exposure) exhibited initial rapid
degradation (50 ± 4% for S-I hydrogel) and subsequent
erosion at negligible rates for weeks (Figure 4d). Moreover,
with the rise in the histidine concentration, the degradation
rate increased (Figure S15). The rapid degradation was likely
due to the fast erosion of the dynamic gel network with
improved exchange dynamics in the presence of the histidine
catalyst. Similarly, G’ of the DN-I hydrogel decreased sharply
at first owing to the degradation of the first network but
remained constant afterward (Figure S16). The integrity of the
DN-I hydrogel was maintained after swelling, while the S-I
hydrogel was completely dissolved in 24 h of incubation in

PBS buffer (Figure 4e). A porous structure of the DN-I
hydrogel was observed after swelling for 1 day and 5 days
(Figure S17). These results indicate that the stability of the S-I
hydrogel was significantly improved due to formation of the
secondary network and rapid degradation of the first dynamic
network in the DN-I hydrogel allowing more space for
differentiation and proliferation of the encapsulated cells.
To study the potential of the DN-I hydrogel for use as an

injectable cell carrier, cell viability after injection was measured
using a LIVE/DEAD cell staining assay. To enhance the cell
affinity in the hydrogel, a cell-adhesive RGD peptide was added
into the DN-I hydrogel via Michael-type addition between the
acrylate groups from 4-arm PEG-A and thiolated RGD peptide
under physiological conditions (Figure S18). HUVECs were
encapsulated within the RGD-modified DN-I hydrogels with 2
mg of histidine. HUVECs were injected through a 29 G needle
into a Petri dish, subsequently irradiated using UV light (365
nm, 10 mW cm−2) for 5 min, and cultured under physiological
conditions in DMEM for different days. As shown in Figure
5a,b, the LIVE/DEAD staining assay demonstrates that
HUVECs cultured in the injectable DN-I hydrogel remained
proliferative with a homogeneous cell distribution and minimal
dead cells postinjection, which is similar to the viability of cells
encapsulated in the DN-I hydrogels without injection. In
contrast, the proliferation behavior of HUVECs within the
covalent PEG-5 hydrogel and PEG-13 hydrogel was clearly
suppressed after the injection and in vitro incubation for 5
days, possibly due to the static nature of these two covalent
hydrogels.46,47 These results suggest that the encapsulated cells
in the DN-I hydrogel retained their proliferation ability after
injection. A possible reason for the phenomenon is that the
rapid degradation of the first dynamic network resulted in the
creation of more space within the DN-I hydrogel for cell

Figure 5. (a) Fluorescence microscopy images of HUVECs cultured within the DN-I hydrogel (with RGD) in the presence or absence of histidine
postinjection on days 1, 3, and 5. The PEG-5 hydrogel was cross-linked with 5% 4-arm PEG-A polymers and the PEG-13 hydrogel was cross-linked
with 13% 4-arm PEG-A polymers. Scale bar: 50 μm. (b) Proliferation of HUVECs within the DN-I hydrogel with or without histidine postinjection
after incubation in DMEM for 1 day, 3 days, and 5 days (*p < 0.05, **p < 0.01, ***p < 0.001, n ≥ 3). (c) Quantitative gene expression of
chondrogenic markers SOX9, collagen II, and aggrecan at day 15. BMSCs were incubated within the DN-I hydrogel in chondrogenic media for 2
weeks. Values are normalized to the gene expression level at day 1.
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proliferation after injection. Another reason may be that the
rate of stress relaxation for the DN-I hydrogel was markedly
enhanced by histidine.48,49 In order to confirm these
hypotheses, stress relaxation tests of DN-I hydrogel and a
covalently cross-linked 4-arm PEG-A hydrogel were performed
(Figure S19). The DN-I hydrogel exhibited a similar stress-
relaxation behavior as that of the dynamic S-I hydrogel. In
contrast, a negligible stress-relaxation behavior was observed
for the covalently cross-linked hydrogel. Furthermore, to
evaluate the ability of the DN-I hydrogel to maintain long-term
cell viability and differentiation after injection, BMSCs were
encapsulated in the hydrogel, injected through a 29 G syringe
needle, and then were cultured for up to 2 weeks in the
chondrogenic media. On day 15, the level of gene expression of
chondrogenic markers including SOX9, type II collagen (COL-
II), and aggrecan was measured via reverse-transcription
quantitative PCR, with glyceraldehyde-3-phosphate dehydro-
genase as a housekeeping gene. SOX9, COL-II, and aggrecan
are established as the major extracellular components of
cartilage and are used as indicators of chondrogenesis.,50,51 As
shown in Figure 5c, the relative gene expression levels of
SOX9, COL-II, and aggrecan exhibited a 15-, 38-, and 11-fold
increase, respectively, compared to those on day 1. Therefore,
BMSC cells encapsulated within the DN-I hydrogel maintained
the potential to differentiate after injection. Hence, it can be
concluded that the DN-I hydrogel after injection could provide
a suitable dynamic scaffold for cell proliferation and differ-
entiation in vitro.
Next, the improved retention of the DN-I hydrogel in vivo

was evaluated. The hydrogels were injected subcutaneously

into nude mice through a 29 G needle and rapidly recovered as
a compact gel, which was visible and obvious as small bumps at
the injection site. Dex-CA was labeled with a near-infrared
fluorescence dye, Cy7 (Figure S20a), prior to the injection to
observe rapid degradation of the first dynamic network (Figure
6a). On day 7, about 16 and 12% of the hydrogel material was
retained for the DN-I hydrogel without receiving UV light and
S-I hydrogel, respectively (Figure 6b), suggesting that the first
dynamic network underwent rapid degradation in vivo. For the
DN-I hydrogel, immediately after the formation of the first
network, it was exposed to UV irradiation for 10 min to form
the second network (Figure 6c). The covalent hydrogel that
was only cross-linked with 4-arm PEG-A was included as a
control (Figure 6c). Hydrogel retentions were tracked
noninvasively by incorporating a near-infrared fluorescence
dye, thiolated Cy5, into the hydrogel (Figure S20b). On day
21, the remaining materials of the DN-I hydrogel and PEG-5
hydrogel were about 69 and 66%, respectively (Figure 6d),
which indicates that the stability of DN-I hydrogel was
significantly enhanced after the addition of the secondary
network. Collectively, these results indicate that the addition of
a secondary network can effectively promote the long-term
retention of the DN-I hydrogel at the target site.

4. CONCLUSIONS

In summary, an in situ forming double-network hydrogel with
remarkable injectable and long-term retention properties has
been prepared. The hydrogels first underwent gelation through
the formation of dynamic CC double bonds based on the
KC reaction and were further cross-linked via photopolyme-

Figure 6. Hydrogel retention after in vivo subcutaneous injection. (a) Fluorescence images of hydrogels labeled with a near-infrared fluorescence
dye, Cy7, at 0, 3, and 7 days after injection. I represents the DN-I hydrogel without UV irradiation and II represents the S-I hydrogel. (b)
Quantification of material retention relative to day 0 in panel (a). (c) Fluorescence images of hydrogels labeled with a near-infrared fluorescence
dye, Cy5, at 0, 3, 7, 15, and 21 days after injection. III represents the DN-I hydrogel with UV irradiation for 10 min and IV represents the covalent
PEG-5 hydrogel. (d) Quantification of hydrogel retention relative to day 0 in panel (c).
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rization of acrylate groups in 4-arm PEG-A polymers. The
dynamic hydrogel displayed great injectability with the use of a
biocompatible catalyst histidine that enhanced the exchange
dynamics of the CC double bond in the dynamic network.
Hence, such hydrogels could effectively protect the cells from
mechanical damage during injection and provide a temporary
scaffold for postinjection cell retention owing to the rapid self-
healing ability of the first dynamic network. Furthermore, the
photocross-linked network in the double-network hydrogel
enhanced the retention of the DN-I hydrogel at the target site
and further provided a stable scaffold for long-term cell
proliferation and differentiation. Therefore, the as-developed
injectable in situ forming double-network hydrogel can be used
for stem cell transplantation and tissue regeneration
applications.
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