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Covalently Adaptable Elastin-Like Protein–Hyaluronic 
Acid (ELP–HA) Hybrid Hydrogels with Secondary 
Thermoresponsive Crosslinking for Injectable Stem  
Cell Delivery
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Shear-thinning, self-healing hydrogels are promising vehicles for therapeutic 
cargo delivery due to their ability to be injected using minimally invasive 
surgical procedures. An injectable hydrogel using a novel combination of 
dynamic covalent crosslinking with thermoresponsive engineered proteins 
is presented. Ex situ at room temperature, rapid gelation occurs through 
dynamic covalent hydrazone bonds by simply mixing two components: 
hydrazine-modified elastin-like protein (ELP) and aldehyde-modified hyal-
uronic acid. This hydrogel provides significant mechanical protection to 
encapsulated human mesenchymal stem cells during syringe needle injection 
and rapidly recovers after injection to retain the cells homogeneously within 
a 3D environment. In situ, the ELP undergoes a thermal phase transition, as 
confirmed by coherent anti-Stokes Raman scattering microscopy observation 
of dense ELP thermal aggregates. The formation of the secondary network 
reinforces the hydrogel and results in a tenfold slower erosion rate compared 
to a control hydrogel without secondary thermal crosslinking. This improved 
structural integrity enables cell culture for three weeks postinjection, and 
encapsulated cells maintain their ability to differentiate into multiple lineages, 
including chondrogenic, adipogenic, and osteogenic cell types. Together, 
these data demonstrate the promising potential of ELP–HA hydrogels for 
injectable stem cell transplantation and tissue regeneration.
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1. Introduction

Hydrogels are water-swollen, insoluble 
networks of crosslinked polymers. These 
materials are characterized by facile dif-
fusion of biomolecules and tissue-like 
elasticity, making them attractive candi-
dates to serve as carriers for the controlled 
delivery of cells, drugs, and other bioac-
tive molecules.[1–4] In particular, inject-
able hydrogels as cell-delivery vehicles 
have been attracting increasing interest in 
recent years due to their ability to homo-
geneously encapsulate cells, to be surgi-
cally delivered in a minimally invasive 
way, and to localize the delivered cargo at 
the desired site of repair.[5–7]

Injectable hydrogels for cell delivery 
can be designed using either physical 
or chemical crosslinking mechanisms. 
Physically crosslinked gels are commonly 
formed using self-assembly that is con-
trolled by external stimuli,[8–10] which 
may expose cells to nonphysiological 
conditions, such as high ionic strength 
or low pH. Chemically crosslinked gels 
are commonly formed through the use of 

crosslinking agents or externally initiated poly merization,[11,12] 
which may expose cells to cytotoxic chemicals, photosensitizers, 
or free radicals.[13] Therefore, a potential limitation of many 
injectable hydrogels is the use of physical or chemical environ-
ments that may interfere with the sensitive, cellular cargo.[14] 
Another potential limitation of many injectable hydrogels is a 
narrow window of acceptable gelation time.[15,16] If crosslinking 
occurs very rapidly, the needle may become clogged due to  
premature gelation, resulting in surgical delivery failure. 
On the other hand, a slow crosslinking process may lead to 
delivery of an incompletely-gelled sample, resulting in their 
drainage away from the target site and an undesirable loss of 
cargo.[17,18]

An appealing strategy to address these limitations is to 
design adaptable hydrogels with shear-thinning and self-healing 
properties.[11,19] At higher shear rates, the material has a lower 
viscosity to facilitate injection. After injection, the material 
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rapidly recovers to localize the cellular cargo at the target site. 
However, many shear-thinning hydrogels are mechanically soft 
and subject to fast erosion.[15,20–22] Recently, dynamic covalent 
crosslinking has emerged as a promising approach to address 
these challenges. Dynamic covalent chemistry (DCC) is the 
study of covalent bonds that can form, break, and reform revers-
ibly under equilibrium control.[23] While these interactions 
have been widely explored to build acellular self-healing mate-
rials,[24–26] only more recently have researchers begun to apply 
dynamic covalent chemistry to the tissue engineering field 
due to the challenges in identifying dynamic chemistry that is 
both noncytotoxic and reversible at physiological conditions. 
To date, this strategy has been applied to crosslink a variety of 
synthetic and natural polymers, including polyethylene glycol 
(PEG), chitosan, hyaluronic acid (HA), and gelatin.[27–31] How-
ever, the use of DCC in the design of shear-thinning hydro-
gels for injectable applications has been lacking, which can be 
attributed to the rapid erosion of gels formed with reversible, 
dynamic crosslinks.[20,32] To overcome this limitation, here we 
demonstrate the combined use of dynamic covalent chemistry 
and thermoresponsive engineered proteins to form a double 
network hydrogel. This novel strategy enables both easy inject-
ability due to reversible DCC crosslinking as well as mainte-
nance of long-term gel integrity with slower erosion rates due 
to secondary thermal crosslinking.

To achieve this thermal crosslinking, we have selected to use 
a thermoresponsive protein that is recombinantly engineered. 
Protein engineering offers both precise sequence control and 
predictable biofunctionality, properties that are lacking in many 
natural or synthetic polymeric materials.[33,34] For example, 
engineered proteins have been designed to exhibit a variety of 
functions, including thermoresponsiveness, enzyme-respon-
siveness, and cell-adhesion, for potential medical applica-
tions.[35–39] Cell-mediated proteolytic degradation of the matrix 
is a desirable property in the biomedical field.[6,40] Cell-adhesion 
functionality is particularly important for adherence-dependent 
cell types, such as mesenchymal stem cells (MSCs), to promote 
attachment to the matrix in order to maintain their survival and 
function.[41,42]

In this contribution, we have designed a family of double 
network, injectable hydrogels that includes a protein-
engineered, multifunctional elastin-like protein (ELP) that 
is cell-adhesive, thermoresponsive, and enzymatically degra-
dable (Figure 1). The hydrogels undergo a first gelation 
through the formation of dynamic covalent hydrazone bonds 
by mixing hydrazine-modified elastin-like protein (ELP-HYD) 
and aldehyde-modified hyaluronic acid (HA-ALD) without any 
additional chemical crosslinkers. Upon heating (e.g., to physi-
ological temperatures after injection), a secondary physical 
crosslinking occurs via thermoresponsive phase segregation of 
ELP to form a reinforced network. Compared with hydrogels 
formed solely via dynamic hydrazone linkages, these materials 
have significantly slower erosion rates. Hence, these hydrogels 
are injectable due to the reversible, shear-thinning nature of 
the dynamic covalent chemistry, and self-healing and ther-
moresponsive after injection to form a cell-adhesive scaffold 
with long-term stability (Figure 1c and Movie S1, Supporting 
Information), which is required for many regenerative cell 
delivery therapies.

2. Results and Discussion

2.1. Design and Synthesis of ELP–HA Components

ELPs, a class of genetically engineered polypeptides inspired 
by tropoelastin, are composed of the pentapeptide repeat Val-
Pro-Gly-Xaa-Gly, where the guest residue Xaa can be any amino 
acid except proline (Pro).[43] ELP sequences have been used 
in the modular design of a wide array of multifunctional bio-
materials.[44–47] Incorporation of the lysine residue (Lys) at the 
Xaa position of ELP biomaterials enables site-specific, covalent 
crosslinking through reaction with the primary amine.[48–50] 
In this study, we utilized this moiety to functionalize ELP 
with hydrazine groups. The degree of hydrazine modification, 
≈79.4%, was determined by 1H-NMR (Figure S1b,c, Supporting 
Information). ELPs undergo a lower critical solution tempera-
ture phase transition, i.e., they become less soluble when the 
temperature is raised above the transition temperature (Tt).[51] 
Our unmodified ELP has a Tt of 33.9 °C, while ELP-HYD has 
a slightly lower Tt of 25.6 °C (Figure S1d,e, Supporting Infor-
mation). This can be attributed to the slightly lower pKa of the 
hydrazine group compared with the lysine side chain (8.10 vs 
10.54, respectively). Therefore, at physiological pH, ELP-HYD 
has fewer polar residues compared with ELP, resulting in a 
lower Tt. This is consistent with previous work demonstrating 
that less hydrophilic amino acids in the Xaa position results in 
ELP with lower Tt.[34,52]

Hyaluronic acid (HA) is a linear polysaccharide found in 
native extracellular matrix (ECM) throughout the body and 
is widely used in tissue engineering and regenerative medi-
cine due to its role in angiogenesis, cell migration, and carti-
lage regeneration.[53,54] Aldehyde groups were introduced to 
HA through reaction with sodium periodate, as previously 
reported.[29,30] Fourier transform infrared spectroscopy (FTIR) 
was used to confirm the reaction, with a newly formed peak 
at 1733 cm−1 corresponding to the stretching vibration of the 
CO bond in HA-ALD (Figure S2a, Supporting Information). 
HAs with two different degrees of oxidation were prepared, 6% 
and 26% (Figure S2b, Supporting Information).

2.2. Dual-Crosslinked ELP–HA Hydrogels with Slower  
Erosion Rates

Upon mixing of ELP-HYD and HA-ALD at room temperature, 
an ELP–HA hydrogel is rapidly formed via dynamic covalent 
hydrazone linkages between the hydrazine and aldehyde groups 
(Figure 2a), which have recently been proven to be reversible 
and cytocompatible at physiological conditions.[28,55,56] While 
the individual components have very low storage moduli  
(G′), less than 1 Pa, the ELP–HA hydrogel reaches a G′ of 
≈1000 Pa less than 10 s after mixing. Since ELP-HYD has a Tt 
of 25.6 °C, which is very close to room temperature (Figure S1e, 
Supporting Information), to further confirm that the system 
forms a crosslinked network through DCC in the absence of 
ELP thermal aggregation, we conducted a gelation time sweep 
at a much lower temperature of 5 °C. As expected, the gelation 
occurs at a slightly slower rate at this temperature due to slower 
DCC kinetics, however the gel reaches a similar G′ plateau 
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value of ≈1 kPa as compared to gels crosslinked at room tem-
perature (Figure S3a, Supporting Information). After heating to 
physiological temperature, the hydrogel is further strengthened 
by the thermal phase segregation of ELP (Figure 2b). As the 
concentration of ELP-HYD in the final hydrogel is increased 
from 1 to 4 wt%, the thermoresponsive stiffening effect is 
enhanced (Figure 2b). The formation of a secondary physical 
network was further confirmed using coherent anti-Stokes 
Raman scattering (CARS) microscopy (Figure 2c). For ELP–
HA gels containing 4 wt% ELP-HYD and 1 wt% HA-ALD, no 
obvious protein-rich domains were observed at room temper-
ature. Upon heating to 37 °C for 5 min, ELP thermal aggre-
gates on the order of 1 µm in size were observed. After 4 h of 
incubation at 37 °C, the number of ELP aggregates increased. 
These large ELP-rich domains serve as crosslinking points to 
significantly stiffen the ELP–HA network measured as a ≈50% 
increase in the storage modulus (Figure 2b). In contrast, for 
ELP–HA gels containing 2 wt% or 1 wt% ELP-HYD, no evi-
dence of ELP thermal aggregation was detected within the 

spatial resolution of CARS microscopy (Figure S4, Supporting 
Information). This is consistent with the mechanical character-
ization data for these two gels that show only modest changes 
in hydrogel stiffness after increasing the temperature to 37 °C, 
≈17% and 7%, respectively (Figure 2b). We next performed an 
oscillatory rheometry measurement on a preformed ELP–HA 
hydrogel during a heating and cooling cycle to investigate if the 
material exhibits any hysteresis associated with ELP thermal 
crosslinking (Figure S3b, Supporting Information). When 
increasing the temperature from 5 to 60 °C, G′ increased more 
than eightfolds, indicating the presence of physical crosslinks 
through the formation of ELP aggregates. During the reverse 
cooling process, hysteresis was initially observed, and the 
thermal aggregates required lower temperatures to become dis-
assembled. Interestingly, after the entire heating-cooling cycle, 
the G′ was reduced to about half of its initial value, potentially 
due to the breakage of hydrazone crosslinks during the thermal 
aggregate disassembly process that had not yet had sufficient 
time to be reformed.

Adv. Funct. Mater. 2017, 1605609

Figure 1. Injectable ELP–HA hydrogels. a) ELP–HA is composed of hydrazine-modified elastin-like protein (ELP-HYD) and aldehyde-modified hyalu-
ronic acid (HA-ALD). b) Schematic of ELP–HA hydrogel formation. c) Photographs demonstrating the injectability and rapid self-healing of ELP–HA 
hydrogels.
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Figure 2. Characterization of double network ELP–HA rheology, network structure, and erosion kinetics. a) Oscillatory time sweep of ELP-HYD (4 wt%) 
and HA-ALD (2 wt%) before mixing and after mixing to form the ELP–HA (2, 1 wt%) hydrogel. Storage modulus (G′) shown with filled symbols and 
loss modulus (G″) shown with empty symbols; tested at 25 °C. b) Oscillatory time sweep of ELP–HA hydrogels for 5 min at 25 °C and 5 min at 37 °C. 
c) Structure of protein-rich ELP thermal aggregates observed by CARS microscopy at various temperatures. d). Oscillatory time sweep of a control 
hydrazone-crosslinked HA hydrogel (3 wt%) without thermal crosslinking. e) Hydrogel erosion profiles for ELP–HA (2, 1wt%) and control HA hydrogel 
(3 wt%) without thermal crosslinking.
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While hydrogels formed through hydrazone crosslinking 
have been previously reported,[57,58] the application of hydra-
zone-crosslinked hydrogels for injectable applications has 
been lacking. This is partially attributed to the fast hydrogel 
degradation that typically occurs when using this crosslinking 
mechanism,[59,60] due to the reversible nature of hydrazone 
linkages.[61] Injectable hydrogels formed via purely dynamic 
crosslinks tend to have fast degradation rates that can lead to 
low localized cargo retention and decreased treatment effi-
ciency.[15,20,21] To investigate whether the formation of sec-
ondary thermal crosslinking could increase the long-term 
integrity of hydrazone-crosslinked hydrogels, we compared 
the erosion rate of the double network ELP–HA gel to that of a 
control gel with only hydrazone crosslinking (Figure 2d,e). The 
control HA gel was formulated to consist of the same overall 
polymer concentration and the same stoichiometric ratio of 
aldehyde and hydrazine groups as the ELP–HA gel. Fitting of 
the erosion data to a zero-order kinetic model yielded an initial 
erosion rate for ELP–HA of 2.3% per day (over the full 9 d of 
the experiment), while the erosion rate for the control HA gel 
was more than tenfolds greater at 28.7% per day (over the first 
2 d of the experiment). By day 3, more than 80% of the control 
HA hydrogel without thermal crosslinking had eroded, while 
less than 5% of the double network ELP–HA had degraded. 
By day 9, the control HA hydrogel had completely disappeared, 
while more than 80% of the double network ELP–HA gel 
remained (Figure 2e).

While preventing uncontrolled erosion, the incorporation 
of protein-engineered ELP also allows for enzymatic degrada-
tion of the hydrogel, which is desirable for materials designed 
for implantation.[62] Oscillatory time sweep rheology of the gel 
in the presence of the protease elastase demonstrated that the 
material is degradable in a concentration-dependent manner, 
with G′ at 10 min being 1600, 600, and 150 Pa in the presence 
of 0, 0.2, and 1 mg mL−1 elastase, respectively (Figure 2b and 
Figure S5, Supporting Information). As described above, the 
mechanical stiffness of ELP–HA hydrogels can be tuned by 
adjusting the ELP concentration from 4 to 1 wt% (Figure 2b). 
In addition to ELP concentration, the extent of HA oxidation 
can also be used to easily manipulate the hydrogel stiffness by 
controlling the ratio of aldehyde to hydrazine reactive groups. 
While maintaining the ELP–HA hydrogel at a concentration 
of 1 wt% ELP and 1 wt% HA, a modest 4-fold increase in HA 
oxidation resulted in a 20-fold decrease in G′ (Figure S6a, 
Supporting Information). This is due to an excess of alde-
hyde groups relative to hydrazines for the 26% HA-oxidized 
gel (estimated to be about 4:1) compared to an estimated 1:1 
stoichiometry for the 6% HA-oxidized gel. When an excess of 
one reactive group is present, this leads to the formation of a 
gel network with multiple dangling ends and loops that do not 
effectively contribute to the network mechanics.[63] The reac-
tive group stoichiometry can be explicitly controlled for each 
ELP–HA formulation. As a further example, for the gels with 
4 wt% ELP-HYD and 1 wt% HA-ALD, increasing HA oxidation 
from 6% to 26% led to a stiffening of the gel network, as the 
aldehyde:hydrazine ratio changed from 1:4 to 1:1, respectively 
(Figure S6a, Supporting Information). Again, gels formed with 
an equimolar ratio of reactive groups are stiffer.

2.3. ELP–HA Injectability and Cell Protection

For all three ELP–HA formulations tested, G′ was stable 
across two decades of frequency range at 37 °C and 5% strain 
(Figure S6b, Supporting Information). We next evaluated the 
rheological behavior in response to variable strain at a constant 
frequency of 1 Hz. As expected, compared with the linear vis-
coelastic region (LVR) of ELP-PEG hydrogels formed through 
permanent covalent crosslinks,[64] the LVR of the adaptable 
ELP–HA hydrogel is much larger (8% vs 100%, respectively) 
(Figure S6c, Supporting Information). The larger LVR is due 
to the dynamic nature of the hydrazone linkage, which allows 
the network to adapt to the applied strain. These data are con-
sistent with work by Lu et al. on Dock-and-Lock hydrogels, 
which demonstrated that gels with adaptable crosslinks had 
much higher yield strains than gels with permanent covalent 
crosslinks.[20] In addition, ELP–HA hydrogels displayed shear-
thinning properties at 37 °C (Figure 3a). The hydrogels exhib-
ited a sharp yielding transition upon exposure to high shear 
rates (10 s−1) at physiological temperature, resulting in a low 
viscosity (≈10 Pa s) (Figure 3b). At low shear rates (0.1 s−1), the 
networks reversibly and rapidly (≈6 s) recovered due to refor-
mation of the dynamic covalent bonds. Rapid shear-thinning 
and self-healing kinetics are desirable for injectable applica-
tions to facilitate easy transplantation and good localization of 
cellular cargo at the desired site.[11]

We then tested the potential of the ELP–HA hydrogel to 
be used as an injectable cell carrier using human MSCs as a 
model cell type. Several studies have shown that MSC viability 
is reduced after exposure to syringe needle flow.[65,66] Our 
previous work has demonstrated that some shear-thinning 
and self-healing hydrogels can provide cell protection from 
the damaging mechanical stresses experienced during injec-
tion.[67,68] MSCs were encapsulated in the hydrogel and ejected 
through a 28 gauge needle at multiple flow rates of 0.5, 1, 2, 
and 4 mL min−1. As flow rate increased, a larger percentage of 
cells delivered in phosphate-buffered saline (PBS) were found 
to have damaged cell membranes (Figure 3c,d). In contrast, 
all samples delivered with ELP–HA had similar cell viability 
(≈90%) regardless of flow rate. Compared to delivery in PBS, 
the ELP–HA hydrogel provided significant protection to the 
stem cells at all flow rates (Figure 3d). Immediately after ejec-
tion at the highest rate (4 mL min−1), 94.5% ±  3.4% of the cells 
within the hydrogel had intact membranes, while cells deliv-
ered with saline had a statistically lower cell viability of 79.7% ±   
2.6% (Figure 3c,d). Postinjection, cells delivered with ELP–HA 
were homogeneously distributed throughout the gel, while 
cells delivered with PBS settled to form a dense cell layer at 
the bottom (Figure 3e,f). These data indicate that the fast gel 
recovery rate of ELP–HA is sufficient to maintain cells in a 3D 
dispersion at the target site.

2.4. Maintenance of MSC Differentiation Potential

While it has been demonstrated that MSCs can have a reduced 
viability when exposed to syringe needle flow, previous work has 
also suggested no changes in MSC differentiation potential after 
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injection.[66,69] To evaluate the ability of the ELP–HA hydrogel 
to maintain long-term cell viability and differentiation, MSCs 
were encapsulated in ELP–HA, injected through a 28-gauge 
needle, and cultured for up to 3 weeks in chondrogenic, osteo-
genic, or adipogenic media. At day 7, cell viability was measured 
and gene expression was analyzed to quantify early markers of 
differentiation (Figure 4a–c). No significant difference in cell 
viability was found among the three culture conditions, and 

all were quantified to be >90% after 1 week of in vitro culture 
after injection (Figure S7, Supporting Information). Aggrecan 
and collagen II are the major extracellular components of 
cartilage and were used as indicators of chondrogenesis;[70] 
alkaline phosphatase (ALP) and the osteoblast-specific tran-
scription factor core binding factor α1 (Cbfa-1) were selected as 
markers of osteogenesis;[71] and fatty acid-binding protein (aP2) 
and its up-stream transcription factor peroxisome proliferator 

Adv. Funct. Mater. 2017, 1605609

Figure 3. Shear-thinning and self-healing ELP–HA hydrogel can protect cells during syringe needle flow. a) ELP–HA hydrogel viscosity as a function of 
shear rate at 37 °C under continuous flow. b) Shear-thinning and self-healing behavior of ELP–HA hydrogel under alternating shear rates of 0.1 and 10 s −1 
at 37 °C. c) Live/dead (green/red) confocal projection images of MSCs exposed to syringe needle flow (28 gauge, 0.5 in., 4 mL min−1) within PBS or ELP–
HA hydrogel. d) Quantification of cell viability immediately postinjection for multiple flow rates. Error bars represent mean ± SD. *p < 0.05, n = 5. e,f) 
Confocal 3D reconstructions of live/dead MSCs (green/red) postinjection (28 gauge, 0.5 in., 4 mL min−1) within PBS e) and ELP–HA hydrogel f).
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activated receptor-γ (PPARγ) were chosen as markers for adi-
pogenesis.[71] All of the analyzed genes increased expression at 
least fivefold over that at day 1, indicating that the stem cells 
maintained their potential to differentiate toward multiple line-
ages (Figure 4a–c). Furthermore, immunofluorescence staining 
within chondrogenic cultures of collagen showed that collagen 
II nodules were well distributed throughout the hydrogel net-
work (Figure 4d) and importantly showed a higher density and 
quantity than collagen X (Figure S8, Supporting Information). 
In addition, the MSCs had produced their own cartilage-like 

ECM within the ELP–HA gel, with sulfated glycosaminoglycans 
(sGAG) forming intercellular, connected neocartilage structures 
(Figure 4e). These findings strongly suggest that the cells are 
able to go through chondrogenic differentiation after injec-
tion within ELP–HA hydrogels. For osteogenic and adipogenic 
cultures, positive staining for ALP activity and lipid accumula-
tion, respectively, further proved that MSCs were able to follow 
osteogenic and adipogenic differentiation, respectively, after 
injection (Figure 4f,g). Taken together, these data demonstrate 
that our shear-thinning and self-healing ELP–HA hydrogels can 

Adv. Funct. Mater. 2017, 1605609

Figure 4. MSCs maintain differentiation potential for multiple lineages after syringe needle delivery within ELP–HA hydrogel. Quantitative gene expres-
sion of chondrogenic markers aggrecan and collagen II a), osteogenic markers ALP and Cbfa-1 b), and adipogenic markers aP2 and PPARγ c) at day 7.  
Values are normalized to gene expression level at day 0. Error bars represent mean ± SD, n = 3. d) Immunofluorescence staining for chondrogenic 
marker collagen II (green) and cell nuclei (blue) after 3 week culture in chondrogenic differentiation medium. e) Safranin-O staining for chondrogenic 
marker sGAG after 3 week culture in chondrogenic differentiation medium. f) Fast blue staining for osteogenic marker ALP after 2 week culture in 
osteogenic differentiation medium. g) Oil Red O staining for adipogenic marker of neutral lipid accumulation after 2 week culture in adipogenic 
differentiation medium.
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protect stem cells during injection and maintain their differen-
tiation capability into multiple lineages.

3. Conclusion

In conclusion, we have developed a hydrogel system that 
harnesses the beneficial features of both dynamic cova-
lent crosslinking to enable easy injectability and thermal 
crosslinking to enable prolonged scaffold stability for cell cul-
ture. Namely, the utilization of dynamic covalent crosslinking 
enables the hydrogel to be shear-thinning and to protect cells 
from the mechanically disruptive forces experienced during 
injection. Following this, hydrogel reinforcement is achieved 
through the thermal phase segregation of the multifunctional, 
engineered elastin-like protein. We further demonstrate that 
mechanical stiffness of the network can be tuned from 50 to 
5000 Pa by simply altering the component concentration and 
the degree of functional group modification. Additionally, stem 
cells encapsulated within the hydrogel maintain high viability 
and differentiation potential postinjection. The approach of 
combining dynamic covalent crosslinking and secondary 
crosslinking may have great potential for many materials appli-
cations, including the injectable delivery of regenerative stem 
cells.

4. Experimental Section
ELP Expression and Purification: The design and synthesis of a modular 

recombinant ELP, containing bioactive domains and lysine residues to 
act as amine-reactive crosslinking sites, was previously reported.[72,73] 
The amino acid sequences of ELP used in these experiments are shown 
in Figure S1a in the Supporting Information. ELP was expressed and 
purified using standard recombinant protein technology. Briefly, protein 
sequences were cloned into pET15b plasmids, expressed in Escherichia 
coli, strain BL21(DE3), and induced with 1 × 10−3 m isopropyl β-d-1-
thiogalactopyranoside at an OD600 of 0.8 for ≈6 h. The harvested cell 
pellets were suspended, lysed by three freeze–thaw cycles, and purified 
by iterative inverse temperature-cycling as previously reported.[73] Protein 
molecular weight and purity were confirmed by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis. Purified ELP was dialyzed three times 
(10 000 molecular weight cut-off (MWCO), 36 h, 4 °C, deionized water) 
to desalt. The ELP was then lyophilized and stored at 4 °C until use.

Synthesis and Characterization of ELP-HYD: ELP-HYD was synthesized 
using a slightly modified procedure from the previously reported 
method.[56] HATU, 4-methylmorpholine, tri-Boc hydrazinoacetic acid, 
trifluoroacetic acid (TFA), anhydrous dimethylformamide (DMF), and 
dichloromethane (DCM) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Tri-Boc hydrazinoacetic acid (0.149 g, 0.37 mmol, 2 equiv. 
per amine) was dissolved in anhydrous DMF (5 mL) and activated 
with HATU (0.145 g, 0.37 mmol, 2.0 equiv.) and 4-Methylmorpholine 
(102.2 µL, 0.925 mmol, 4.5 equiv.). The reaction was stirred for 5 min, 
and then ELP (molecular weight (MW): 37 840 Da; 0.5 g, 0.185 mmol 
amine, dissolved in DMF) was added, and the reaction was allowed to 
proceed overnight at room temperature. The product was precipitated 
in ice-cold diethyl ether, dried, treated with a solution of 50:50 DCM:TFA 
(with 2.5% triisopropylsilane added) for 4 h to remove the Boc group. 
The resulting compound was precipitated in ether, dissolved in 
deionized water, dialyzed (10 000 MWCO) against deionized water for 
2 d, and lyophilized.

To quantify the modification efficiency, samples were saved before 
the removal of Boc groups for 1H NMR spectroscopy. The spectrum 
was acquired on a Varian Inova 500 MHz NMR spectrometer using 

deuterated dimethyl sulfoxide as a solvent. The modification efficiency 
was determined by comparing the integration of methyl protons of the 
Boc group with the aromatic protons of tyrosine. Each ELP molecule has 
14 amine groups for modification and 4 tyrosine groups.

Synthesis and Characterization of HA-ALD: HA-ALD was synthesized 
using a slightly modified procedure from the previously reported 
method.[29] HA (0.4 g, sodium salt, MW: 1500–1800 kDa; Sigma-Aldrich) 
was dissolved in H2O (4 mg mL−1). An aqueous solution of sodium 
periodate (Sigma-Aldrich; 216 and 648 mg for sample 1 and sample 2, 
respectively) was added dropwise, and the reaction was stirred overnight 
at room temperature in the dark to achieve differing levels of oxidation. 
Ethylene glycol (500 µL) was then added to inactivate any unreacted 
periodate for 1 h at room temperature. The product was dialyzed 
(10 000 MWCO) against deionized water for 2 d and lyophilized. An 
FTIR spectrometer (Vertex 70, Bruker Optics) was used to identify the 
aldehyde functional groups and confirm the successful oxidization of 
HA. Air was used as a background control, and a single measurement 
consisted of 32 scans with a resolution of 4 cm−1. The molecular weight 
of HA-ALD was characterized using the Nano-Series Zeta Sizer (Nano-ZS 
ZEN3600, Malvern Instruments, Worcestershire, United Kingdom) by 
dynamic light scattering method as previously reported.[74] A refractive 
index increment (dn/dc) for hyaluronic acid of 0.165 mL g−1 was used 
in the measurement. Sample 1 and sample 2 were characterized to have 
molecular weights of 22.8  ± 4.52 and 23.3  ± 7.16 kDa, respectively.

2,4,6-Trinitrobenzene Sulfonic Acid (TNBS) Assay: The degree of HA 
oxidation was quantified using a slightly modified procedure that was 
previously described.[30] HA-ALD (25 µL, 0.6 wt%) was mixed with tert-
butyl carbazate (t-BC; 25 µL, 30 × 10−3 m; Sigma-Aldrich) in 1% aqueous 
trichloroacetic acid to react for 24 h at room temperature. Aqueous 
TNBS (Thermo Scientific Inc.) solution (0.5 mL, 2%, 0.1 m sodium 
bicarbonate buffer, pH 8.5) was transferred into the tube to react with 
the excess t-BC for 2 h at 37 °C. The final mixture was diluted with 0.5 n 
hydrochloric acid and transferred into a 96 well plate. The absorbance 
at 340 nm was measured using a SpectraMax M2 microplate reader. 
A standard calibration curve from the aqueous t-BC solutions ((5–15) 
× 10−3 m) was used to determine the amount of unreacted t-BC and 
further, to convert the result into dialdehyde content. All measurements 
were in triplicate.

Formation of ELP–HA Hydrogels: Lyophilized ELP-HYD and HA-ALD 
were solubilized in chilled PBS (1×, pH 7.4) at a stock concentration of 
4 and 2 wt%, respectively. Air bubbles were removed by centrifugation, 
and the final solutions were kept on ice until use. By mixing ELP-HYD 
and HA-ALD stock solutions at a volume ratio of 1:1 at room 
temperature, the crosslinked hybrid ELP–HA (2, 1 wt%) hydrogel was 
formed. Stock concentrations were adjusted to make gels with different 
formulations.

Hydrogel Mechanical Characterization: Mechanical testing was 
performed on a stress-controlled ARG2 rheometer (TA Instruments) 
using a 20 mm diameter, cone-on-plate geometry. Samples were allowed 
to gel in situ on the rheometer, and a humidity chamber was secured in 
place to prevent dehydration. To prove the formation of a first network 
in the absence of ELP thermal aggregation, time sweep was performed 
at an oscillatory stress of 4.74 Pa at 5 °C for 20 min. To explore the 
hysteresis behavior of the material during the assembly and disassembly 
of ELP thermal crosslinking, the hydrogel was left to gel at 5 °C for 4 h 
to ensure full gel formation followed by an oscillatory temperature ramp 
experiment at a heating/cooling rate of 0.5 °C min−1 for a temperature 
change between 5 and 60 °C. To enable full gel formation, time sweeps 
were performed at an oscillatory stress of 4.74 Pa at 25 °C for 5 min, 
followed by a second-round time sweep at 37 °C for 5 min. For time 
sweep measurement in the presence of elastase, elastase from 
porcine pancreas (Sigma-Aldrich) was first dissolved in HA-ALD, then 
mixed with ELP-HYD and gelled in situ on the rheometer. All further 
measurements were made at 37 °C. A strain sweep from 0.1 to 1000% 
was performed at an angular frequency of 1 Hz to test the LVR. Angular 
frequency sweeps were conducted from 0.1 to 10 Hz with constant 
5% strain amplitude. Storage (G′) and loss (G″) moduli at 1 Hz were 
selected from the frequency sweep. Shear-thinning and self-healing 
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properties of the gel samples were characterized by measuring linear 
viscosity (η) under a time sweep mode at alternating low and high shear 
rates of 0.1 and 10 s−1, respectively, for 1 min each and a total of 6 min. 
All measurements were in triplicate.

Characterization with CARS Microscopy: In order to visualize the ELP 
aggregate formation within the ELP–HA (4, 1 wt%) hydrogel, maps 
of the carbon–hydrogen vibration at 2930 cm−1,[75] characteristic for 
proteins, were collected by CARS microscopy. The CARS microscope is 
described in detail elsewhere.[76] Briefly, a Nd:Vanadate laser (Picotrain, 
HighQ Lasers GmbH, Hohenems, Austria) generated two ps pulsed 
laser beams (532 and 1064 nm, 7 ps, 76 MHz), the 532 nm beam of 
which pumped an optical parametric oscillator (Levante Emerald OPO, 
Angewandte Physik & Elektronik GmbH, Berlin, Germany, 690–900 nm). 
The OPO was tuned to 811 nm in order to drive the carbon–hydrogen 
vibration at 2930 cm−1 by overlapping the pulses in time and space 
with those of the fundamental 1064 nm beam of the pump laser in the 
sample. The two excitation beams were focused onto the sample plane 
by an oil immersion objective (Nikon Plan Fluor, 40× NA 1.30) mounted 
in an inverted optical microscope (Eclipse TE2000-E with a C2 Confocal 
Microscope scanning head, Nikon). The near-infrared excitation beams 
assured deep penetration depth, and the label-free approach of CARS 
microscopy ascertained imaging of the true ELP aggregate distribution, 
unbiased by photodegradation and 3D diffusion properties of labeling 
molecules. A spatial resolution of ≈300 nm was achieved, as the 
emission of the CARS signal is limited to the high-intensity region of 
the focal volume. A single-photon counting detector (Becker & Hickl 
GmbH) was used to detect the CARS signal by simultaneously scanning 
the two excitation beams over the sample pixel-by-pixel. Dichroic mirrors 
and high optical-density filters were used to separate the CARS signal 
from the excitation beams before the detector.

Hydrogel Erosion Study: ELP–HA (2, 1 wt%) hydrogel was prepared 
as described in the previous section. A control hydrogel, consisting of 
3 wt% HA-ALD, formed at the same stoichiometric ratio of hydrazine 
to aldehyde groups as the ELP–HA gel, was crosslinked using a small 
molecule crosslinker, adipic acid dihydrazide (ADH, Sigma-Aldrich). The 
control gel was formed by mixing the 4.5 wt% HA-ALD stock solution 
with 4.665 mg mL−1 ADH in PBS at a 2:1 volume ratio. 30 µL of the 
desired hydrogels were prepared in separate centrifuge tubes for the 
erosion test. Four replicates were prepared in each group. The gels 
were immersed in 1 mL PBS and incubated at 37 °C. 200 µL of the 
buffer was collected and replaced by fresh PBS at days 1, 2, 3, 6, and 
9. Data collection was stopped on day 9 since the control hydrogel was 
completely degraded. The remaining ELP–HA hydrogels were degraded 
in 2 mg mL−1 hyaluronidase to allow determination of remaining 
hydrogel content for data normalization. HA erosion was quantified by 
uronic acid assay as previously reported.[77]

Cell Culture: Human adult MSCs were purchased (Lonza) at passage 
2 and expanded for 4 passages in high-glucose Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco, Invitrogen, Carlsbad, CA) supplemented 
with 5 ng mL−1 basic fibroblast growth factor, 10% fetal bovine 
serum (FBS, Gibco), 100 U mL−1 penicillin (Gibco), and 0.1 mg mL−1 
streptomycin (Gibco) at 37 °C in 5% CO2. Hydrogel-encapsulated 
cells were exposed to either chondrogenic, osteogenic, or adipogenic 
differentiation medium and were cultured for 21 d postinductions, 
and medium was changed three times per week. Chondrogenic 
medium consists of high-glucose DMEM, 100 × 10−9 m dexamethasone 
(Sigma-Aldrich), 50 µg mL−1 ascorbate-2-phosphate (Sigma-Aldrich), 
40 µg mL−1 proline (Sigma-Aldrich), 100 µg mL−1 sodium pyruvate 
(Gibco), 100 U mL−1 penicillin, 0.1 mg mL−1 streptomycin, and ITS 
Premix (5 µg mL−1 insulin, 5 µg mL−1 transferrin, 5 ng mL−1 selenious 
acid; BD Biosciences) supplemented with 10 ng mL−1 transforming 
growth factor beta-3 (PeproTech, Rocky Hill, NJ). Osteogenic medium 
consists of high-glucose DMEM, 100 × 10−9 m dexamethasone, 
50 mg mL−1 ascorbic acid 2-phosphate (Sigma-Aldrich), 10 × 10−3 m 
β-glycerophosphate (Sigma-Aldrich), 10% FBS, 100 U mL−1 penicillin, 
and 100 µg mL−1 streptomycin. Adipogenic medium consists of 
high-glucose DMEM, 10% FBS, 100 U mL−1 penicillin, 100 µg mL−1 
streptomycin, 10 × 10−6 m dexamethasone, 10 × 10−6 m indomethacin 

(Sigma-Aldrich), 0.5 × 10−3 m 3-isobutyl-1-methylxanthine (Sigma-
Aldrich), and 1 µg mL−1 insulin (Sigma-Aldrich).

In Vitro Cell Injection and Quantification of Viability: For in vitro cell 
injection studies, cells were first mixed with stock HA-ALD solutions 
at a concentration of 20 000 µL−1 before further mixing with ELP-HYD 
stock solution. The final mixing step was performed in the barrel of a 
1 mL insulin syringe fitted with a 28 gauge needle. The mixture was 
allowed to gel for 5 min before injecting into a circular silicone mold 
(diameter = 4 mm, height = 2.5 mm) within a 24 well plate using a 
syringe pump (SP220I; World Precision Instruments) at a flow rate of 
0.5, 1, 2, and 4 mL min−1. Cell viabilities were determined using live/
dead cytotoxicity kit (Invitrogen) on days 0 and 7 postinjection (n = 5). 
Images were collected using a Leica confocal microscope by creating 
z-stacks of around 250 µm depth with 3.9 µm intervals between slices 
in the middle of the hydrogel and then compressing into a maximum 
projection image. Cell numbers were quantified using ImageJ at each 
time point.

Gene Expression Real-Time Polymerase Chain Reaction (RT-PCR): 
Total RNA was extracted from cell-hydrogel constructs (n = 3 per 
group) after 7 d of culture using TRIzol (Invitrogen) and the RNeasy 
mini kit (Qiagen, Valencia, CA) as previously described.[78] RT-PCR was 
performed on an Applied Biosystems 7900 Real-Time PCR system using 
SYBR green master mix (Applied Biosystems, Carlsbad, CA) and primers 
listed in Table S1 (Supporting Information). The relative expression 
levels of the genes of interest were determined using the comparative 
CT method, in which target gene expression was first normalized to 
that of the housekeeping gene encoding glyceraldehyde-3-phosphate 
dehydrogenase, then normalized by gene expression measured in the 
control group (day 1 MSCs).

Histological Analysis and Immunofluorescence Staining: To visualize the 
chondrogenesis ECM production and distribution, immunofluorescence 
staining of collagen I, II, and X was performed after 21 d of culture. The 
cell-hydrogel samples were harvested and fixed in 4% paraformaldehyde 
(PFA, Sigma-Aldrich) for 1 h at room temperature and then transferred 
to 30% sucrose solution (Sigma-Aldrich) overnight at 4 °C before snap 
freezing in optimal cutting temperature (O.C.T.) according to standard 
cryopreservation techniques. Sections were incubated for 15 min at 
37 °C for enzymatic antigen retrieval, and then incubated with blocking 
buffer containing 2% goat serum and 3% bovine serum albumin. Rabbit 
polyclonal antibody to collagen type I, II, and X (Abcam, Cambridge, 
MA) were diluted at 1:100 and added to the samples separately and 
incubated overnight at 4°C. Secondary antibody was diluted at 1:200 
(Alexa Fluor 488 goat antirabbit; Invitrogen) with Hoechst (2 µg mL−1; 
Invitrogen), and sections were incubated with secondary antibody for 
1 h at room temperature. Samples were mounted (Vectashield;Vector 
Laboratories, Burlingame, CA) and images were taken with a Zeiss 
fluorescence microscope.

sGAG Histological Staining and Imaging: Sections were washed and 
hydrated in distilled water to remove O.C.T. and then stained with 
hematoxylin solution for 5 min and washed in distilled water. Sections 
were destained quickly in acid alcohol (1% glacial acetic acid in 70% 
ethanol, 2–3 dips) and washed with distilled water. Fast green solution 
was used to stain the sections for 3 min and rinsed quickly with 1% 
acetic acid solution within 10 s. Samples were then stained in 0.1% 
safranin O solution for 5 min before dehydrating and mounting for 
imaging.

ALP Staining: Diazonium salt solution was prepared by dissolving 
14 mg of Fast Blue salt (Sigma-Aldrich) in 48 mL DI water at room 
temperature. Naphthol AS-MX Phosphate Alkaline solution (2 mL, 
Sigma-Aldrich) was added to the premade diazonium salt solution. 
Samples were fixed with 4% PFA for 3 min, and then rinsed with DI 
water before incubating in alkaline–dye mixture for 1 h. Before imaging 
under brightfield microscope, samples were thoroughly rinsed with DI 
water to remove background color.

Oil Red O Staining: Oil Red O staining stock solution was made by 
weighing 300 mg of oil red O powder and adding to 100 mL of 99% 
isopropanol. The working solution was made on the same day of 
staining by mixing 3 parts (30 mL) of oil red O stock solution with 
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2 parts (20 mL) DI water and allowing to sit at room temperature 
for 10 min. Samples were harvested and incubated in 4% PFA for 
30 min and rinsed in Dulbecco’s phosphate-buffered saline three times. 
Samples were rinsed with sterile water before adding 60% isopropanol 
for 5 min incubation. Then the oil red O working solution was added to 
the samples and incubated for 30 min before imaging under a brightfield 
microscope.

Statistical Analysis: All data (modulus and cell viability) are 
represented as mean ± standard deviation. Statistical difference between 
samples was analyzed by one way ANOVA and Tukey post test. For all 
statistical tests, a threshold value of α = 0.05 was chosen, and a p-value 
at or below 0.05 indicated significance.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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