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with minimally invasive methods. [ 1–5 ]  To 
accomplish this, in vivo self-assembly 
either through physical or covalent mecha-
nisms is often employed. Unfortunately, 
neither of these mechanisms is without 
issue for widespread use in biomedical 
applications. 

 Hydrogels assembled by physical mech-
anisms may be formed from numerous 
materials and interactions. These include 
biologically derived materials, such as algi-
nate, fi brin, gelatin, Matrigel, or decellu-
larized extracellular matrix; [ 2–4,6,7 ]  however, 
these systems are limited in application, 
due to a high degree of batch-to-batch vari-
ability and minimal control over important 
material properties (e.g., mechanics and 
degradation). Thermoresponsive hydro-
gels, such as poly(N-isopropyl acrylamide), 
block copolymers, and polymer blends, [ 8,9 ]  
often display rapid sol–gel transition on 

injection to aid in localized retention. [ 10 ]  However, these sys-
tems may not be suitable for percutaneous delivery (e.g., cath-
eters) where materials are subject to necessary prolonged expo-
sure at 37 °C within the catheter, prior to injection. Under these 
conditions, the sol–gel transition may occur within the device 
and prevent desired delivery. Synthetic hydrogels including self-
assembling peptides and α-cyclodextrin/PEG pseudopolyrotax-
anes have also been extensively investigated, as discussed in a 
recent review. [ 1–3,7 ]  These systems are synthetically well defi ned 
and are stable toward external stimuli, such as temperature. 
However, they require potentially slow formation of higher 
order assemblies, such as entanglements or microcrystalline 
domains in order to recover mechanical strength, compro-
mising material retention at the target site. Moreover, extension 
of these systems to include end-capped polyrotaxanes has led to 
highly elastic and even thermoresponsive systems. [ 11 ]  Yet, evalu-
ation of these systems to include in vivo formation has yet to be 
demonstrated. 

 As an alternative to these systems, supramolecular self-
assembly based on the direct association of molecular compo-
nents has recently emerged as a means of preparing hydrogels 
through specifi c, noncovalent crosslinks. Such assembly pro-
duces inherently dynamic networks that enable shear-thinning 
and self-healing properties, and thus injectability. [ 12 ]  Both 
binary and ternary associating systems, such as those based 
on heterodimeric peptide/protein [ 13,14 ]  or host macrocycle 
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  1.     Introduction 

 Hydrogels are water-swollen polymeric networks that are used 
widely in biomedical applications as scaffolds for tissue recon-
struction and regeneration or as delivery vehicles for cells, phar-
maceuticals, or other cargo. Injectable hydrogels hold particular 
value in translational medicine as they may be implanted 
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interactions, [ 15,16 ]  have demonstrated shear-thinning abilities in 
conjunction with rapid network recovery. Similarly, cationically 
terminated linear or dendritic binders in conjunction with clay 
nanosheets have been used to form shear-thinning and self-
healing nanocomposites through ionic interactions. [ 17 ]  Such 
recovery characteristics may aid in retention at the injection 
site, [ 9,18,19 ]  particularly for tissues that are under mechanical 
stress (e.g., nucleus pulpous) or those that undergo continual 
dynamic motion (e.g., cardiac tissue). Unfortunately, these 
materials are inherently limited in that they typically exhibit 
low mechanical strength [ 1,12 ]  and may exhibit rapid erosion 
dependent on the valence of crosslinking groups and their 
affi nity. [ 1,14,20 ]  

 For more physically demanding applications, covalently 
crosslinked systems may be more appropriate. In addition 
to increased relative mechanical strength, hydrogels formed 
through covalent means display great versatility with the 
allowed inclusion of controlled network degradation and the 
introduction of biological cues, such as cell adhesion and 
bioactive factor delivery. Indeed, numerous chemical mecha-
nisms have been employed for in vivo crosslinking including 
redox-initiated [ 21 ]  and externally triggered [ 22,23 ]  radical polym-
erizations, as well as various addition reactions including 
Schiff-base, Michael-addition (MA), and Huisgen cycloaddition 
chemistries. [ 3 ]  MA reactions remain prominent in the fi eld, 
due in part to mild reaction conditions, bioorthogonal mecha-
nisms, and readily tailorable reaction kinetics. [ 24 ]  These proper-
ties are highly benefi cial toward injectable applications where 
the hydrogel must form in vivo without cross-reactivity (e.g., 
with protein amine residues) or other biological consequence 
(e.g., exothermic necrosis). The ability to control crosslinking 
kinetics is also of utmost importance, as clinical procedures 
may require the hydrogel to remain in an injectable state for 
an hour or more, making rapid crosslinking reactions unsuit-
able. For ease of clinical application, the hydrogel must there-
fore undergo crosslinking with slow reaction kinetics to pre-
vent premature crosslinking and delivery failure. While such 
slow reaction kinetics may allow delivery, it is realized that 
slow crosslinking results in undesirable loss of material from 
the injection site. [ 18,25 ]  Thus, there is a basic design fl aw with 
currently developed hydrogels for applications as an injectable 
material. 

 To address these inherent limitations of current injectable 
hydrogel systems, a generally applicable dual-crosslinking (DC) 
mechanism is developed herein. The hydrogels fi rst undergo 
physical assembly ex vivo through supramolecular self-assembly 
mediated by guest (adamantane, Ad) and host (β-cyclodextrin, 
CD) pendant groups. This mechanism enables shear-thinning 
delivery with high retention at the target site. Following injec-
tion, a secondary covalent crosslinking occurs in situ via MA 
to stabilize the network. Crosslinking kinetics of this secondary 
network are clinically appropriate and controlled through 
both the Michael-acceptor reactivity and catalytic conditions. 
The novel combination of autonomous physical and covalent 
crosslinking demonstrated is a generally applicable method for 
retention and subsequent reinforcement of injectable materials 
amenable to clinical application and may serve as a platform for 
numerous ventures in bioengineering and regenerative medi-
cine. To demonstrate this, the materials developed are utilized 

in a mechanical stabilization approach for treatment of myocar-
dial infarctions (MIs).  

  2.     Results and Discussion 

  2.1.     Guest–Host Hydrogels for Shear-Thinning Delivery and 
Target Site Retention 

 CD is a macrocycle composed of 7D-glucose units arranges 
in a toroidal fashion through 1,4-glucosidic bonds, enabling 
it to include a range of hydrophobic molecules in its inte-
rior cavity. [ 26 ]  Of these potential guest molecules, adaman-
tane is widely regarded as having one of the greatest affi nities 
(K a  = 10 5   M  −1 ) [ 12 ]  due both to its hydrophobicity and comple-
mentary size. Together, the molecules form a guest–host (GH) 
pair known to interact in a one-to-one fashion upon mixing 
in aqueous conditions ( Figure    1  a). Hyaluronic acid (HA) is a 
linear polysaccharide found in native ECM and is well suited 
to applications in translational medicine, as it plays a role in 
embryogenesis, angiogenesis, cell migration, and scar reduc-
tion. [ 27 ]  Importantly, HA also provides carboxyl and hydroxyl 
functionalities, useful as reactive handles for ease of modular 
chemical modifi cation. For assembly of GH hydrogels, HA was 
modifi ed (Figure  1 b) either by coupling of 1-adamantane acetic 
acid via esterifi cation (guest, Ad-HA) or aminated CD via ami-
dation (host, CD-HA) as previously described. [ 15 ]   

 GH complexation drives supramolecular assembly of a phys-
ically crosslinked hydrogel. Owing to the linear polymer archi-
tecture and pendant functionality of the guest and host groups, 
macromer components self-assemble through binary com-
plexes, which act cooperatively to result in a net avidity between 
polymer chains. [ 15,28 ]  These interactions were demonstrated by 
rheological measurements, showing that individual macromers 
were viscous solutions and mixing resulted in a hydrogel 
composed of noncovalent bonds (Figure  1 c,d). Owing to the 
reversible nature of the GH complex, the networks formed are 
dynamic. Hydrogels thus displayed stress relaxation at low fre-
quency, indicative of bond restructuring (Figure S1, Supporting 
Information); the relaxation behavior of these networks was 
previously characterized. [ 15 ]  

 As a result of the dynamic bonding structure, hydrogels are 
capable of shear-induced fl ow and rapid recovery. In particular, 
GH hydrogels exhibited yielding behavior and transition to 
liquid-like fl ow under high strain (>35%, Figure  1 e) and dis-
played characteristic shear-thinning behavior under continuous 
fl ow conditions (Figure S2, Supporting Information). Owing to 
the high valence of polymer modifi cations (>40 groups per HA 
chain) and moderate association constant of the GH complex, 
near-instantaneous reassembly of the networks was exhibited 
with >85% recovery of G′ within 3 s following shear-thinning 
(Figure  1 f). As a direct result of these fl ow and recovery char-
acteristics, GH hydrogels are easily injectable, self-healing, 
and readily re-form even upon injection into aqueous media 
(Movies S1, S2, and S3, Supporting Information). 

 Finally, we sought to demonstrate the capacity of GH hydro-
gels for injection site retention. Toward this, magnetic resonance 
imaging (MRI) has been useful to image HA hydrogels, as  T  2  
relaxation behavior of the multiple hydroxyl moieties enables 
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ease of imaging both in vitro and in vivo. [ 15,22,29 ]  For this inves-
tigation, hydrogels were injected into explanted porcine myocar-
dium and subjected to  T  2 -weighted MRI, allowing visualization 
of material in situ. The pattern of nine injections was observed 
both in the tissue cross section and corresponding 3D recon-
struction (Figure  1 g). Hydrogel injections were quantitatively 
evaluated at higher fi eld strength and resolution to evaluate 
retained volumes and morphology over time, demonstrating 
GH hydrogels were initially well retained (>98% in all cases), 
and the hydrogel retention was independent of injection volume 
(50–300 µL examined; Figure S3, Supporting Information). 
Hydrogels were sustained within the tissue for greater than one 
week in vitro and exhibited minimal morphological changes over 
time with the exception of modest swelling (Figure S4 & Table 
S1, Supporting Information). In summary, the GH hydrogel 
mechanism developed affords a supramolecular hydrogel 
through dynamic binary GH associations. The GH hydrogel is 
capable of shear-yielding and rapid mechanical recovery, thus 
enabling injectable delivery with high target site retention.  

  2.2.     Dual-Crosslinking Hydrogels with Controlled 
Michael-Addition Kinetics for Injectable Delivery 

 MA crosslinking ( Figure    2  a) occurs through the reaction of a 
nucleophile, such as a thiol, and an activated olefi n. Common 
thiolated small molecule crosslinkers [ 30 ]  were avoided in mate-
rial design, opting rather for the modifi cation of HA mac-
romers to limit diffusion from the reaction site. Initial attempts 
were made to functionalize HA with thiols (HA–SH) via cys-
tamine amidation; however, the product could not be isolated 
in soluble form following disulfi de bond reduction and lyophi-
lization. This is presumably a result of a decreased pK a  of the 
thiol due to the regional chemical structure, [ 31 ]  leading to accel-
erated generation of the thiolate anion and resulting interchain 
disulfi de bond formation. HA was thus modifi ed by esterifi ca-
tion with 3,3′-dithiodipropionic acid followed by reduction with 
DTT. The product was isolated by precipitation from EtOH and 
subsequent lyophilization from acidifi ed water (HCl, pH 3.5). 
The degree of HA modifi cation, determined by  1 H-NMR, 
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 Figure 1.    Guest–host hydrogel formation, enabling shear-thinning injection and hydrogel retention. a) Interaction of adamantane (Ad, guest) and 
β-cyclodextrin (CD, host) in formation of a reversible guest–host (GH) complex crosslink, and b) corresponding synthesis for specifi c guest (Ad-HA) 
and host (CD-HA) macromers. c) Schematic of supramolecular hydrogel formation utilizing guest–host complexation. d) Oscillatory time sweeps of 
individual macromers and hydrogel formed at 3.5 wt%; storage modulus (G′, fi lled symbols) and loss modulus (G′′, empty symbols) at 1.0 Hz, 1.0% 
strain. e,f) Shear-thinning and recovery characterization, demonstrating e) shear yielding behavior at high strain for GH hydrogel (3.5 wt%) and f) cor-
responding recovery under repeated deformation of 1.0 (low) and 100% strain (high, shaded) at 10 Hz. g) Short axis MRI cross section of an explanted 
porcine heart showing retention of injected hydrogels (left, injection sites indicated), with corresponding 3D reconstruction (right) of nine 300 µL GH 
hydrogel injections (purple) in a porcine whole heart explant (red); imaged at 3T.
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demonstrated complete reduction of the disulfi de bond with no 
change in modifi cation before and after reduction. Moreover, 
GPC analysis demonstrated that HA–SH was recovered without 
degradation of the polymer or formation of interchain disulfi de 
bonds (Supporting Information).  

 Reactants and reaction conditions were directly investigated 
through real-time rheological observation to identify condi-
tions with a range of gelation times from minutes to hours. 
As addition reaction kinetics are highly dependent on the 
structure and electrophilic activation of the Michael-acceptor, 
various Michael-acceptor modifi cations of HA were performed 
including the methacrylate (MeHA), acrylate (AHA), vinyl sul-
fone (VSHA), and maleimide (MaHA) derivatives. Reaction 
pH was also considered, as the thiolated anion (generated via 
deprotonation in basic conditions) is the reactive species. [ 24,31 ]  
Gel times decreased with increasing reactivity of the Michael-
acceptor (Figure  2 b), pH (Figure  2 c), and polymer concentration 
(Figure  2 d). These trends were consistent across the entirety 
of the parameter space investigated (Figure S5, Supporting 
Information). From these results, MeHA was determined to 
be a viable Michael-acceptor for clinical use, as it exhibited gel 
times greater than 45 min if the polymer concentration and pH 
were properly controlled. Based on these trials in conjunction 
with GH hydrogel behavior, we selected hydrogels of approxi-
mately 3.5 wt% as optimal for pursuit of subsequent in vivo 
applications. 

 To allow combination of physical and covalent crosslinking 
mechanisms for DC hydrogels ( Figure    3  c), thiolated Ad-HA 
and methacrylated CD-HA were prepared by modular, sequen-
tial synthesis (Figure  3 b). The degree of HA modifi cation was 
maintained at approximately 20% for all groups, and sequen-
tial reactions were observed to be independent of prior modi-
fi cations. Despite the secondary polymer modifi cation for MA, 

GH hydrogels retained their native mechanical properties prior 
to liberation of the reactive mercapto group by reduction with 
DTT (Figure S6, Supporting Information) and were qualita-
tively observed to have similar injectable properties. To dem-
onstrate the necessity and effi cacy of the DC approach toward 
retention, hydrogel injections were performed into explanted 
porcine myocardium followed by washing in PBS for 24 h. 
MRI imaging (Figure  3 d) showed that MA gels alone did not 
have suffi cient initial mechanics for retention, even in a sta-
tionary tissue explant. Such a crosslinking approach is there-
fore insuffi cient for therapeutic use, despite its suitability for 
percutaneous injection. Conversely, the GH and DC gels were 
both well retained at the injection site. Rheological time sweeps 
show that upon initial formation, DC hydrogels have moduli 
similar to that of GH hydrogels, yet subsequent crosslinking 
via the desired MA resulted in a more rigid viscoelastic solid 
with increased shear modulus (Figure  3 e). Following this cova-
lent crosslinking step, cessation of fl ow and bulk relaxation 
behaviors were observed as evidenced by oscillatory frequency 
sweeps demonstrating the loss of bulk relaxation behavior at 
low frequency (Figure S7, Supporting Information). Allowing 
crosslinking to proceed to completion, hydrogels with com-
pressive moduli of 25.0 ± 4.5 kPa were obtained, whereas 
GH hydrogels did not have suffi cient mechanics for unconfi ned 
compression testing. In sum, secondary modifi cation of HA to 
allow MA was accomplished in a modular fashion, allowing in 
situ stabilization without compromising the injectable behavior 
of the GH gel.  

 In addition to modifi cation of the hydrogel stiffness, sec-
ondary covalent crosslinking is expected to alter hydrogel 
degradation. Physically crosslinked hydrogels, including the 
GH system, undergo mass loss dominated by surface erosion 
through stochastically governed network disassembly. [ 1,14,15 ]  
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 Figure 2.    Michael-addition hydrogel formation, tuning of crosslinking kinetics. a) Schematic of covalent crosslink formation via generalized Michael-
addition reaction between a thiol-modifi ed HA macromer and Michael-acceptor (VSHA: vinyl sulfone HA, AHA: acrylated HA, MeHA: methacrylated 
HA). b–d) Real-time rheological observation (storage modulus (G′), 1.0 Hz, 1.0% strain) of Michael-addition crosslinking with variations in the 
(b) Michael-acceptor reactivity, (c) pH, and (d) macromer concentration.
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Rapid erosion and release of encapsulated cargo, often on the 
order of hours to days, is known to be dependent on the affi nity 
of the heterodimeric interactions and their valence. [ 1,14,20,32 ]  The 
GH hydrogel system demonstrated surprising stability toward 
erosion in vitro (65.6 ± 1.9% remaining at day 28), likely owing 
to the high valence of functional groups. Mass loss, however, 
was relatively rapid as compared with the DC hydrogels, which 
exhibited a signifi cant reductions in mass loss at all observed 
time points beyond day 3 (Figure  3 f). For DC hydrogels, mass 
loss was still observed, likely resulting from macromer surface 
erosion preceded by the expected slow hydrolysis of thioether–
ester bonds formed through MA. [ 33 ]  

 As established in vitro, the material systems described are 
intended to afford physically crosslinked hydrogels with inject-
able capacity and optional in vivo stabilization through cova-
lent DC. However, in vitro degradation is not always a reli-
able predictor of in vivo behavior. [ 34 ]  Our lab and others have 
shown that near-IR fl uorescent labeling has great utility in 
tracking material degradation and release of biological factors 
in vivo. [ 35,36 ]  To examine the potential for crosslinking and deg-
radation in vivo, hydrogels were injected subcutaneously in 

mice ( Figure    4  a). An innovative approach was used to provide 
fl uorescence using a custom peptide sequence (GCKKG-Cy7.5). 
Standard solid phase peptide synthesis allowed preparation of 
the fl uorescent peptide in high purity, where the amine ter-
minus was capped by the free acid of Cyanine 7.5 during the 
synthesis. Despite harsh reaction conditions, absorbance and 
emission spectra demonstrated the expected fl uorescence prop-
erties ( λ  max abs/em  = 800/808 nm). Subsequent reaction with CD-
MeHA under basic conditions enabled fascicle near-IR labeling 
of the macromer used to form the hydrogel. Upon injection, 
a visible gel formed under the tissue, and degradation was 
monitored over 4 weeks (Figure  4 a,b). Over the time course, 
GH gels approached complete degradation, while DC gels 
remained as visible and palpable solids until the experiment 
endpoint (Figure S10, Supporting Information). Quantifi cation 
of fl uorescence intensity (Figure  4 c) again showed signifi cant 
differences between groups for all time points beyond day 3. 
Results are in qualitative agreement with in vitro degradation 
studies and demonstrate the capacity of the material systems 
toward injectable delivery as well as the ability to implement 
secondary crosslinking in vivo. In sum, both in vitro and in vivo 
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 Figure 3.    Dual-crosslinking hydrogel formation, retention, and altered biophysical properties. a) Addition of thiol and methacrylate in formation 
of a covalent crosslink and b) corresponding synthesis of guest Michael-donor (Ad-HA-SH) and host Michael-acceptor (CD-MeHA) macromers. 
c) Schematic of dual-crosslinking (DC) hydrogel formation. d) MRI cross-section of explanted porcine myocardium injected with the Michael-addition 
(MA), guest-host (GH), and dual-crosslinking (DC) hydrogels; imaged at 9.4T (for interpretation in color as well as histological confi rmation, the reader 
is referred to Figures S8 and S9, Supporting Information). e) Oscillatory time sweeps (1.0 Hz, 1.0% strain) of GH and DC hydrogels immediately after 
mixing. f) Cumulative in vitro erosion profi les (mean ± SD;  n  = 3) for GH and DC hydrogels.
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results clearly demonstrate the ability of the materials to form 
GH hydrogels that fl ow for injectable delivery, rapidly recover 
for retention at the target site, and which undergo optional 
secondary covalent crosslinking to modulate their biophysical 
properties. 

    2.3.     Therapeutic Potential: Mechanical Stabilization of 
Myocardial Infarct 

 To demonstrate the therapeutic potential of the material sys-
tems developed, they were investigated in the context of a pre-
ventative treatment for heart failure (HF) resultant from MI. 
HF is a clinical condition in which the contractile functions of 
the heart have been impaired to a level where normal bodily 
functions are compromised. [ 37 ]  In nearly 70% of cases, the con-
dition has been attributed to maladaptive left ventricular (LV) 
remodeling following MI, [ 38 ]  making this the greatest cause of 
cardiovascular related death. [ 39 ]  Extensive work has shown these 
remodeling events are a result of initial expansion of the non-
contractile and compliant infarct, altering normal stress dis-
tributions and precipitating progressive remodeling. [ 37,40 ]  DC 
hydrogels exhibit compressive moduli (25.0 ± 4.5 kPa) greater 
than that of native myocardium, [ 41 ]  and comparable to that of 
materials shown to have effi cacy in attenuating remodeling 
through mechanical stabilization of the infarct. [ 21,29,41,42 ]  A com-
bination of experimental and computational approaches has 
recently demonstrated that this may be due to reductions in the 
local and global myofi ber stresses, related to anisotropic stiff-
ening of the tissue. [ 29 ]  GH hydrogels are likewise investigated, 

as soft material injections have shown some effi cacy in the 
treatment of MI, [ 43 ]  though they may be limited in their ability 
to mechanically restrain the infarct to resist initial expansion. 
Due to the inability of MA hydrogels to be retained at the injec-
tion site in vitro, they were excluded from in vitro studies. We 
used a rodent model of MI to establish the effi cacy of these 
material platforms in attenuating LV remodeling, as small 
animal models allow for relatively large sample size and thus 
reliable data analysis. [ 44 ]  

 Adult male Wistar rats underwent permanent ligation of the 
left anterior descending (LAD) artery to induce MI, and a series 
of injections (6–8; 75 µL total per animal) was performed into 
the myocardium in the infarct border zone region (Figure  4 d). 
Importantly, both GH and DC hydrogels were observed to be 
well retained at the injection site despite the forces of myo-
cardial contraction (Figure  4 e) with continued retention at 
1 day observed histologically (Figure S12, Supporting Infor-
mation). With respect to long-term retention, near-IR imaging 
of the explanted tissue (Figure  4 f) shows diffuse fl uorescence 
throughout the tissue for the GH hydrogel group, whereas 
DC hydrogels remain localized, even at 4 weeks post-MI, with 
a nearly fourfold greater net retention. MI and sham groups 
showed similar, negligible background fl uorescence indicating 
that the signal is not dependent on infl ammation or remode-
ling of the myocardial tissue. 

 Histological, geometric, and functional outcomes were eval-
uated at 4 weeks post-MI to assess the effi cacy of treatments, 
with complete analysis provided in Table S2 (Supporting Infor-
mation). Treatment of MI by hydrogel injections resulted in 
desirable modulation of the tissue response. In particular, 
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 Figure 4.    In vivo degradation behavior modulated by dual-crosslinking. a–c) Near-IR fl uorescence imaging of guest-host (GH) and dual-crosslinking 
(DC) hydrogels after a) injection subcutaneously in the right fl ank of mice and monitored over 28 days (b :  fl uorescent images, c :  normalized signal inten-
sity (mean ± SEM;  n  = 3)). d–f) Epicardial injection and retention in a rat infarct model. Injections were performed in the infarct border (d :  schematic, 
e :  visualization immediately after injection). f) Fluorescence imaging of hearts explanted at the terminal time point (top) and quantifi cation of fl uores-
cence signal intensity (bottom, (mean ± SEM;  n  > 5)).
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mechanical stabilization of the infarct is expected to protect 
the border zone from altered stress distributions and thereby 
reduce the infarct size. Histological evaluation revealed a trend 
toward reduction in the infarct size for DC treatment rela-
tive to GH, as quantifi ed by fi brotic area ( Figure    5  a, Table S2, 
Supporting Information). Importantly, a signifi cant increase 
in border zone vascular density, including both capillary and 
arteriole densities, was observed for the DC relative to GH 
treatments (Figure S13, Supporting Information). Histological 
analysis is in agreement with prior observations of border zone 
protection by infarct stabilization and the angiogenic potential 
of HA. [ 21,36,45 ]  Progressive remodeling post-MI is also known 
to result in dilation of the left ventricle, negatively affecting its 
contractile function. Echocardiographic measurement of the 
LV inner diameter at end systole (Figure  5 b) and end diastole 
showed signifi cantly attenuated LV dilation relative to MI con-
trol for both the GH and DC treatment groups. In sum, his-
tological and geometric outcomes demonstrate attenuation of 
infarct expansion through protection of the border zone and 
resultant prevention of LV dilation.  

 Continued contractile function of the LV is, however, the ulti-
mate measure of treatment effi cacy. The end-systolic pressure 
volume relationship (ESPVR) is a measure of contractility, valu-
able in hemodynamic analysis due to its independence from 
load and heart rate. [ 46 ]  Determination of ESPVR (Figure S14, 
Supporting Information) showed a trend toward increased 

contractility for both material treatments, but was signifi cant 
only for DC hydrogels. Examination of functional outcomes, 
including fractional shortening (Figure  5 d), ejection fraction 
(Figure  5 e), and cardiac output (Figure  5 f) likewise showed 
improved function over MI in both treatment groups, all with 
a consistent trend for stabilization by DC hydrogels to improve 
outcomes relative to GH. Moreover, the functional assessments 
of DC hydrogel treatments approached those of sham controls 
and were not statistically different for any measure performed 
( p  > 0.28), with the exception of ejection fraction, which was 
improved over MI but was statistically different than sham con-
trols. Analysis of outcomes demonstrates the attenuation of 
adverse LV remodeling for both GH and DC hydrogels, with 
distinct histological and functional improvement afforded DC 
hydrogel treatment capable of mechanically stabilizing the 
infarct border zone.   

  3.     Conclusion 

 In conclusion, the material system developed harnesses the 
benefi cial features of both supramolecular assembly and addi-
tion reaction crosslinking in an orthogonal and complementary 
fashion to create a materials system with unique properties. 
Namely, the utilization of a physically crosslinked hydrogel ena-
bles initial retention at the injection site through shear-thinning 
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 Figure 5.    Histological, geometric, and functional outcomes after hydrogel injection. a) Histological cross sections of myocardial infarction controls 
(MI) or after injection of either guest–host (GH) or dual-crosslinking (DC) hydrogels, demonstrating reduced scar formation (purple color in images) 
with hydrogel treatment at 28 d postinfarction. b–f) Geometric and functional outcomes of b) LV inner diameter at end systole, c) end-systolic pressure 
volume relationship, d) fractional shortening, e) ejection fraction, and f) cardiac output for MI and sham controls, as well as after treatment with GH 
and DC hydrogels. Values represent mean ± SEM, with sham values indicated by the shaded regions.
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delivery. This retention ability facilitates the employment of 
slow covalent crosslinking for stabilization in vivo, occurring 
on timescales that enable ease of clinical application. In recent 
years, there has been a signifi cant drive toward percutaneous 
delivery of materials for both cosmetic and therapeutic pur-
poses, with signifi cant attention given to material retention as 
well as appropriate control of biophysical properties. Indeed, the 
material concept developed herein is a generalizable approach 
which addresses a fundamental challenge in percutaneous 
delivery: the ability to maintain hydrogel presence despite clini-
cally required slow covalent crosslinking. The approach may be 
of great utility in many applications, including soft tissue recon-
struction as well as toward therapeutic needs including nucleus 
pulpous replacement or treatment of MI.  

  4.     Experimental Section 
  Hyaluronic Acid Macromer Modifi cation : Guest and host macromers 

were prepared by methods previously described. [ 15 ]  Briefl y, adamantane-
modifi ed hyaluronic acid (Ad-HA) was prepared by coupling 
1-adamantane acetic acid to HA-TBA via BOC 2 O/DMAP mediated 
esterifi cation. Cyclodextrin-modifi ed HA (CD-HA) was prepared by 
coupling β-CD-HDA to HA-TBA through amidation reaction with 
BOP. Thiolated hyaluronic acid (HA–SH) was prepared by analogous 
esterifi cation of HA with 3,3′-dithiopropionic acid and subsequent 
reduction by DTT. Methacrylated HA (MeHA) was prepared by reaction 
of HA with methacrylic anhydride, similar to previous reports. DC 
macromers were formed by sequential combination of these methods. 
Detailed syntheses of all compounds are provided in the Supporting 
Information. 

  Hydrogel Formation : For all studies, hydrogels were prepared from 
stock solutions of the individual macromers in PBS at the desired 
concentration. For hydrogel formation by GH assembly, the two 
component solutions were combined and mixed by manually stirring to 
ensure a homogenous hydrogel then centrifuged to remove entrapped 
air. Hydrogels were formulated such that adamantane and CD were 
present in stoichiometric balance, and the concentration refers to the 
overall weight percent of combined macromers. Formation of hydrogels 
via the MA and DC mechanisms was similarly performed, with the pH of 
dissolution buffers adjusted to obtain the desired pH. 

  Mechanical Characterization : Rheological characterization was 
performed using an AR2000 stress-controlled rheometer (TA 
Instruments) fi tted with a 20 mm diameter cone and plate geometry, 
59 min 42 s cone angle, and 27 µm gap. Rheological properties were 
examined at 37 °C by oscillatory frequency sweeps (0.01–100 Hz; 
1% strain), time sweeps (1.0 Hz; 1% strain), strain sweeps (10 Hz; 
0.05–250% strain), and continuous fl ow experiments (linearly ramped: 
0–0.5 s −1  and returned). For shear recovery experiments, shear-thinning 
was performed at 100% strain with recovery at 1.0% strain, each at 
10 Hz. Compressive mechanics were performed on samples ( n  = 3) 
following crosslinking at pH 8.0 overnight at 37 °C with a dynamic 
mechanical analyzer (DMA, Q800 TA Instruments) at a strain rate of 
10% min –1 . Moduli were calculated at a strain of 10%–20%. 

  MRI Imaging and Analysis : Cardiac explants were imaged (conditions 
and pulse sequences detailed in Supporting Information) using either 
a 3T or 9.4T MRI Scanner (Siemens). Images were converted into 
NIFTI format using ImageJ software. Reconstruction was carried out 
in ITK-SNAP by automated segmentation with manual edge correction, 
allowing 3D reconstruction and quantifi cation of retained hydrogel 
volumes. 

  In Vitro Degradation : Acrylamide molds were used to contain the 
hydrogels within a 5 mm diameter 6 mm high depression. Hydrogels 
were prepared as described and 30 µL of the desired hydrogel loaded 
into the depression. Hydrogels were covered with 1 mL PBS and 
allowed to erode at 37 °C. The buffer was replaced twice weekly. 

Following 28 d, hydrogels were degraded in 1 mg mL –1  hyaluronidase 
to allow determination of remaining hydrogel content necessary for data 
normalization. Macromer release was quantifi ed by uronic acid assay. 

  In Vivo Degradation : To allow for degradation to be directly observed in 
vivo, CD-MeHA was labeled by the near-IR dye Cy7.5 through preparation 
of the peptide GCKKG-Cy7.5 and subsequent MA of the peptide to form 
the derivatized HA macromer (detailed in Supporting Information). After 
injection (25 µL), degradation was assessed biweekly over 4 weeks (Pearl 
Impulse, LI-COR). The fl uorescence signal ( λ  ex / λ  em  = 785/820 nm) was 
integrated over identically sized regions of interest centered over the 
injection site for all animals. Values were baseline corrected to images 
of mice prior to injection ( n  = 11), and normalized to the peak intensity 
for the material group. 

  Myocardial Infarct Model : MI was induced in adult male Wistar rats 
using an established and highly reproducible model. Briefl y, under 
anesthesia and with mechanical ventilation, a left thoracotomy was 
performed to expose the heart. Suture ligation of the LAD coronary 
artery afforded an anterolateral infarct comprising ≈20% of the left 
ventricular wall, which was visually confi rmed by color change resulting 
from myocardial ischemia. [ 36 ]  The animals were randomized into three 
groups and received 6–8 separate intramyocardial injections (75 µL 
per animal) of saline ( n  = 22), GH hydrogel ( n  = 8), or DC hydrogel 
( n  = 8) into the border zone of the infarct. Sham procedures underwent 
saline injection without ligation. Animals were recovered and subject to 
endpoint analysis at 28 d postinfarct. Detailed methods are provided in 
Supporting Information. 

  Statistical Analysis : All data are reported as means ± standard error 
(SEM) or standard deviation (SD), for in vitro data. For degradation 
studies, comparison between groups was performed by Students t-test 
with two-tailed criteria and signifi cance determined at  p  < 0.05. For 
the infarct model, statistical signifi cance was determined by one-way 
ANOVA with post hoc testing to compare between groups. Bonferroni 
correction was used to account for multiple comparisons, with α = 0.05.  

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