1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biomaterials. Author manuscript; available in PMC 2018 June 01.

-, HHS Public Access
«

Published in final edited form as:
Biomaterials. 2017 June ; 129: 37-53. doi:10.1016/j.biomaterials.2017.02.032.

Ventricular wall biomaterial injection therapy after myocardial
infarction: Advances in material design, mechanistic insight and
early clinical experiences

Yang Zhul2, Yasumoto Matsumural, and William R. Wagner1:2:3.4*
IMcGowan Institute for Regenerative Medicine, University of Pittsburgh, Pittsburgh, PA, 15219

2Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA, 15219
SDepartment of Surgery, University of Pittsburgh, Pittsburgh, PA, 15219
4Department of Chemical Engineering, University of Pittsburgh, Pittsburgh, PA, 15219

Abstract

Intramyocardial biomaterial injection therapy for myocardial infarction has made significant
progress since concept initiation more than 10 years ago. The interim successes and progress in
the first 5 years have been extensively reviewed. During the last 5 years, two phase Il clinical trials
have reported their long term follow up results and many additional biomaterial candidates have
reached preclinical and clinical testing. Also in recent years deeper investigations into the
mechanisms behind the beneficial effects associated with biomaterial injection therapy have been
pursued, and a variety of process and material parameters have been evaluated for their impact on
therapeutic outcomes. This review explores the advances made in this biomaterial-centered
approach to ischemic cardiomyopathy and discusses potential future research directions as this
therapy seeks to positively impact patients suffering from one of the world’s most common
sources of mortality.
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Introduction

Cardiovascular diseases (CVD) are one of the leading causes of mortality worldwide. In
2012 CVD accounted for 17.5 million deaths around the world [1]. Among CVD,

myocardial infarction (MI) and other types of ischemic heart diseases (IHD) are a principal
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source of mortality [2]. The concept of intramyocardial biomaterial injection therapy was
introduced and has been widely investigated during the past decade as a mechanical strategy
to reduce left ventricular (LV) wall stress by mechanical load shielding, increasing LV wall
thickness and decreasing the ventricle radius, thereby moderating the pathological LV
remodeling process (Figure 1). In 2004, Christman et al. reported that direct injection of
fibrin glue into the infarcted myocardium preserved cardiac function, decreased infarct size
and increased neovasculature formation [3, 4]. Two years later, Wall et al. described the
mechanical contribution of injectates in reducing LV wall stress and improving ejection
fraction using finite element modeling. The injection of biomaterials into a thinned
ventricular wall increases the wall thickness, thus reducing the myofiber stress, and if the
injectate is properly distributed, normalizes the stress in the LV [5]. The early experimental
data and the computational model laid the foundation for many subsequent investigations
into cardiac wall injection therapy as a potential means for improving functional outcomes
in post-MI patients.

The concept of intramyocardial biomaterial injection therapy began to capture the attention
of the broader biomaterials community in the first five years after solidification of the
concept, with early progress being well-summarized and highlighted by several groups in
2011 [6-8]. A variety of biomaterials including naturally-derived hydrogels, synthetic
hydrogels, self-assembling peptides and microparticles have been shown to have therapeutic
effects in animal models [6-8]. Among all candidate injectate materials, alginate hydrogel
was the first to reach phase I clinical trials beginning in 2008 [9]. In the past five years,
research and developments in the field have built momentum and significant progress has
been made in virtually all aspects of the therapy, bringing this approach closer to the
bedside. More biomaterials have entered pre-clinical and clinical trials. More sophisticated
models for the mechanical and biological effects of biomaterial injection have been
introduced. An array of designed, injectable biomaterials that incorporate specific
functionalities have been reported. Optimization of parameters in the injection procedure has
been stressed, and more options in minimally invasive injection procedures have been
explored.

The collective effort of the community could be assembled at this point into a long-term
vision for the implementation of this promising biomaterial-based intervention: (1) imaging
of the patient’s heart provides data for personalized finite element model construction,
emphasizing the spatial distribution of the infarct; (2) a bioactive, bulking material capable
of positively influencing post-MI remodeling events is selected; (3) an injection plan with
parameters guided by personalized cardiac modeling to achieve optimized mechanical and
biological effects is developed; and (4) the patient undergoes the procedure to precisely
deliver the biomaterial and is treated with a complementary pharmaceutical regimen to
further facilitate an optimal chronic outcome. In this review, we summarize the progress in
the field in the past five years that would contribute to meeting the elements that comprise
this vision.

Biomaterials. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 3

Clinical trials and large animal studies

PRESERVATION-1 clinical trial

As noted above, alginate was the first biomaterial evaluated in clinical trials. IK-5001, an
alginate hydrogel (1% sodium alginate plus 0.3% calcium gluconate) developed by Leor et
al. and BioLineRX (Jerusalem, Israel) was shown to have therapeutic benefit in terms of
reduced LV enlargement and increased scar thickness in a preclinical (porcine) infarction/
reperfusion model in 2009 and soon entered a phase | clinical trial (NCT00557531) [9, 10].
In the first-in-man study, 27 patients with moderate-to-large ST-segment-elevation Ml and
successful revascularization were enrolled and had 1K-5001 injected within 7 d after
infarction through the infarct-related coronary artery using an infusion catheter with
percutaneous radial artery access [11]. In the earlier porcine model, IK-5001 was shown to
diffuse through the vasculature and gel in the infarcted myocardium [10]. Six months follow
up in patients showed the safety of the intracoronary hydrogel injection approach [11].

Following the phase I trial, a larger scale PRESERVATION-1 trial (NCT01226563)
investigating the effectiveness of IK-5001 for prevention of ventricular remodeling and
congestive heart failure was initiated [12-14]. The long-term results were recently reported
with the conclusion that intracoronary injection of 1K-5001 prevented neither LV remodeling
compared to saline control nor the occurrence of heart failure [15]. 303 patients with large
ST-elevation myocardial infarction (STEMI) were enrolled and randomized 2:1 to receive a
4 mL injection of alginate or saline in the infarct artery 2 to 5 d following MI. At 6 and 12
months, LV end-diastolic volume index increased for both groups without statistical
differences. In addition, no differential improvements were observed in secondary endpoints
for the hydrogel group [15]. The lack of clinical efficacy following encouraging porcine
model data might be attributable to larger infarction sizes in patients, which would decrease
the likelihood of delivery across the entire infarction region. It would be interesting to know
how the delivered hydrogel was distributed with respect to the varied infarcts in the patient
group and whether LV wall thickening was observed. Additionally, the degradation rate of
the injected material was unknown. There are also conceptual concerns associated with the
intracoronary delivery method. Infusion of the hydrogel precursor into the coronary arteries
might be expected to be accompanied by the risks of hydrogel occluding smaller vessels and
remote embolization. Such effects may be sub-clinical and obviate mechanical benefits
provided by the hydrogel myocardial placement.

AUGMENT-HF clinical trial

An alternative alginate-based strategy has been pursued by Lee et al. and LoneStar Heart
(Laguna Hills, USA). Unlike the IK-5001 studies, open chest surgeries were employed to
directly inject alginate based Algisyl-LVR (a mixture of a Na*-alginate component and a
Ca?*-alginate component consisting of water insoluble particles in water plus 4.6%
mannitol) to infarcted canine hearts instead of with a minimally invasive approach [16].
Algisyl-LVR injection significantly increased ejection fraction (EF) and reduced LV end-
diastolic and end-systolic volumes (EDV and ESV) compared to the saline injection control
[16, 17]. First-in-man evaluation of the safety and feasibility of Algisyl-LVVR injection
therapy was initiated in 2009 (NCT00847964) [18, 19]. Six patients with ischemic (n=4) and
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nonischemic (n=2) dilated cardiomyopathy in the uncontrolled pilot study received
individual injections of 0.25-0.35 mL Algisyl-LVR at 10-15 locations at the LV
midventricular level, halfway between the LV apex and base starting at the anteroseptal
groove and ending at the posteroseptal groove. These injections were performed under direct
visualization during a coronary artery bypass grafting or valve surgery and the procedure
was shown to be safe and tolerable [18]. Improvements in EDV, ESV and EF were observed
as early as 3 d following surgery for all patients [18]. In addition, magnetic resonance
imaging (MRI) was performed to facilitate reconstruction of patient specific LV geometry in
a FE model [20]. Output from the model showed an increase in the volumetric-averaged wall
thickness for all patients and a 35% decrease in myofiber stress [21]. Expanding from this
pilot study, the multicenter AUGMENT-HF trial (NCT01311791) enrolled 78 patients with
advanced heart failure (LVEF<35%, peak VO, of 9.0-14.5 mL/min/kg), randomizing them
to an experimental group receiving Algisyl-LVR injections in addition to standard medical
therapy or to a control group receiving standard medical therapy alone [22]. Over the 12
month follow up, mean peak VO, and mean 6 min walk distance gradually increased in
patients injected with Algisyl-LVR while these parameters worsened in the control group
[22]. Despite favorable trends in EF shortly after injection [18], LV end-diastolic diameter
(EDD), LV end-systolic diameter (ESD), and LV mass were observed over time for the
Algisyl-LVR group, none of these parameters varied significantly between the treatment
groups [22].

Apart from the positive outcomes of the AUGMENT-HF trial, the delivery method
(sternotomy or thoracotomy) excludes patients receiving exclusively percutaneous coronary
interventions (PCI). On the other hand, the compression modulus of Algisyl-LVR is 3-5 kPa
[21], which is less than normal myocardium and stiffer fibrotic tissue, leaving considerable
room for improvements in creating a mechanical shielding effect. In addition, although the
relatively simple composition of the alginate hydrogels is attractive from a regulatory
perspective, the bioactivity of such hydrogels is limited, suggesting another direction for
improving therapeutic outcomes.

Phase I clinical trial of extracellular matrix hydrogel (VentriGel)

A hydrogel (VentriGel) derived from decellularized porcine myocardial tissue has been
developed by Christman et al. and Ventrix, Inc (San Diego, CA) and is recruiting patients for
phase I clinical trial (NCT02305602) [23-25]. The uncontrolled study will evaluate the
safety and feasibility of trans-endocardially delivered VentriGel in patients with LVEF of
25-45% secondary to MI. Primary endpoints will be serious adverse events in the 6 months
after injection, and secondary endpoints will be efficacy indicators including ESV, EDV, EF
and scar mass [24]. Unlike the aforementioned PRESERVATION-1 and AUGMENT-HF
trials, patients will receive VentriGel injection via a MyoStar catheter and NOGA® mapping
will guide injections that will occur 60 d to 3 yr after MI. This population will thus represent
infarcts that are in the chronic stage and will be the first clinical trial to evaluate the efficacy
of injection therapy in this later period. The use of a gel derived from decellularized cardiac
tissue provides a means to deliver structural and functional molecules secreted by the
resident cells of a specific tissue source and preserved in the subsequent processing steps
[26]. These types of materials have been derived from numerous tissue sources and shown to
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provide therapeutic effects in a broad variety of tissue engineering and regenerative
medicine applications [27], [28]. VentriGel injection into porcine myocardial infarcts has
been associated with improvements in cardiac function, ventricular volumes, global wall
motion scores, and blood vessel formation, while not exhibiting damage to peripheral
tissues, nor disrupting cardiac rhythm [29, 30]. The safety and efficacy of the
endomyocardial delivery method using arterial access were also confirmed in this model.

Large animal studies

During the last 5 years, more materials have been evaluated in preclinical trials. Aside from
the aforementioned alginate based hydrogels and ECM hydrogel, hyaluronic acid (HA)
based materials and calcium hydroxyapatite microspheres are the most extensively studied.
Polypeptide and synthetic hydrogels have enriched the variety of biomaterials that have
reached the stage of large animal studies. A summary of recent large animal studies are
presented in Table 1. The majority of these studies demonstrated functional improvements at
their endpoints. Some new challenges that were not encountered in small animal models, but
that are more relevant to clinical conditions, were experienced. Smaller infarctions were
made in the larger animals since larger infarctions were less tolerable, as is the case in
humans. Across different studies, significantly more injections were made in order to cover
the infarction area as the absolute infarction area and muscle volume were far greater than
for rodent models. Thus the design of injection distribution was also a new issue (that will be
discussed in a subsequent section). Although the potential injury from relatively large-
volume injections has not been illustrated in depth, relative smaller volumes were
unanimously chosen by all of the large animal studies, meaning that more injections were
needed to achieve similar volume fractions of injectate in the large animal model. Last but
not least, the feasibility of minimally invasive delivery methods could be demonstrated in
large animals, which has led to their application in the aforementioned clinical trials.[17, 29—
42]

The porcine model is one of the more frequently utilized large animal models and is
attractive in that the coronary artery system is very similar to that of humans [43, 44], with
the right-side dominant manner in which the blood is supplied to the coronary artery system.
Also, the conduction system is similar to 90% of the human population [43]. Since there is
little collateral blood supply, a distinct infarct is easier to create, whereas in other animal
models such as dogs the collateral circulation makes such infarcts difficult to achieve [44].
However, there are several differences between the porcine model and the clinical situation
that need to be considered when analyzing the results in large animal studies. First, the
infarctions are usually created with ligations or intra-arterial occlusions in young, otherwise
healthy animals, lacking the underlying chronic cardiovascular disease (e.g. arteriosclerosis
and hypertension) and other co-morbidities present in the target clinical population.
Secondly, the majority of the reported large animal studies did not involve a reperfusion or
revascularization process (Table 1). The priority for MI patients is to reestablish the blood
supply to the endangered myocardium. Skipping the reperfusion process not only skips the
observation period afterwards, more importantly it excludes the reperfusion injury from the
animal models, whereas reperfusion injury is a substantial complicating factor defining the
extent of an infarct and efficacy of later interventions [45-47]. Finally, over 60% of the
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studies listed in Table 1 delivered the hydrogel within 60 min after infarct creation. This time
frame is not realistic for the majority of patients suffering MI and at risk for ischemic
cardiomyopathy.

Mechanisms of biomaterial injection therapy and influence of injection

parameters

Initiated by the mechanical analysis of Wall et al., the discussion of the mechanical effect of
ventricular wall biomaterial injection has been a focus of mechanistic studies [5, 48]. In the
last 5 years, substantial progress has been made in the areas of personalized mechanical
analysis supported by advanced imaging techniques, understanding the influence of material
distribution and modulus on the mechanical properties of the LV, and additional biological
effects from injected biomaterials beyond wall thickening and stiffening.

Computational mechanical simulation based on imaging derived models

Due to the complexities and limitations in collecting real-time, in vivo measurements,
computational modeling has become a dominant tool for characterizing the mechanical
impact of hydrogel injection. In a study combining experimentation and modeling, Kichula
et al. validated the LV stiffening and fiber stress relieving effect predicted by FE models
with biaxial testing [49]. Early computational efforts employed simplified cardiac
geometries better suited for addressing the general phenomena driving injection therapy
[48]. More recently, imaging techniques, particularly MRI, have facilitated the development
of case-specific construction of FE models with increasing detail.

Wenk et al. generated the contour points for an FE model from real-time 3D
echocardiography of sheep with anteroapical infarcts at the end of diastole and systole [50].
Dorsey et al. developed FE models specific to experimental pigs in a 12 w study and
achieved serial, non-invasive estimation of infarct material properties [33]. Global LV
structure and function were assessed by cine MRI, and infarct expansion was visualized by
late-gadolinium enhancement (LGE) MRI. Tissue strain was assessed from passive wall
motion given by epicardial tagging, and was used to calculate the physical properties of
infarcted myocardium through an FE model [33].

With patient-specific MRI data from the AUGMENT-HF trial, Lee et al. described a
protocol to build an FE model of the LV which captured the contraction-dilation movements
and ED and ES pressures [20]. The contour was derived by digitizing the endocardial and
epicardial surfaces, as shown in Figure 2. Material properties as model parameters were
adjusted to match the computed EDV and ESV with the imaged volumes [20]. The fiber
stress calculated from the model was shown to decrease as a result of hydrogel injection,
accompanied by improved cardiac function, increased wall thickness and reversed
remodeling (Figure 2) [20, 21]. In this study, predefined myofiber directions were assigned
to the model to generally mimic cardiac anatomy. Recognizing the significant and sensitive
influence of myofiber orientation on LV mechanics, a diffusion tensor magnetic resonance
imaging (DTMRI) based approach was recently described to derive patient-specific
myofiber orientation. Toussaint et al. acquired 2D diffusion tensor images in healthy
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volunteers and proposed a dense approximation scheme of the complete 3D cardiac fiber
architecture of the LV that was validated using ex vivo hearts [51]. This method is expected
to capture local fiber disarray for individual patient infarct regions, which could facilitate the
incorporation of the first patient-specific fiber orientation into the patient’s in silico
reconstructed LV geometry [48, 51].

Influence of biomaterial properties and injection parameters

In addition to acquiring accurate, patient-specific geometric and mechanical cardiac
representations, studying the influence of biomaterial properties and injection parameters
has been another important research direction to understand the mechanical effects of
biomaterial injection. Based on the aforementioned patient-specific modeling study in the
AUGMENT-HF trial which demonstrated the stress-relieving effect of hydrogel injection,
Lee et al. analyzed potential residual strains and stresses introduced by the same treatment
with a modified patient-specific computational model [52]. The simulation showed that the
residual stress can lead to more heterogeneous regional myofiber stress and strain fields.
Hydrogel injection lowered the stress and stretch in the lateral regions between the injection
sites, while above and below the injection site the stress and stretch were increased [52].
This result also highlighted the regional complexity that can result from biomaterial
injection beyond broadly described wall thickening and stiffening.

As biomaterial viscosity, gelation mechanisms, injection locations and LV myocardium
conditions vary, the distribution of an injected biomaterial may differ markedly, resulting in
distinct geometric and mechanical impact on the LV. For example, computational models in
a canine infarction model showed that a striated hydrogel distribution was superior to a bulk
distribution in terms of reducing wall stress, while the latter was more effective when the
hydrogel was delivered later in the remodeling period to the dilated LV wall, where the local
tissue would be stiffer and thinner [53]. Similarly in a human MRI derived model, a striated
distribution exhibited a greater impact on wall stress and strain at the acute stage while a
bulk distribution benefited the fibrotic stage more (Figure 3A,B) [54]. In a rat in vivo model,
bulk distribution of a degradable PEG hydrogel was achieved as injected 1 w after Ml,
which showed significant improvements in scar thickness and cardiac functions compared to
the striated distribution associated with injection immediately after M1 (Figure 3C,D) [55].
However, since the hydrogel was delivered at different time points, the differences in
functional outcomes cannot be attributed to intramyocardial distribution of the biomaterial
alone, as is discussed below.

In addition to biomaterial distribution, the total volume of biomaterial injected affects the
observed mechanical changes. Computational simulations by Wall et al. showed that a
biomaterial injection corresponding to a 4.5% increase in LV wall volume reduced post-MI
border zone fiber stresses and positively affected EF and global function, whereas smaller
volume changes (0.5% to 1.5%) did not have such an effect [5]. In a sheep model Dixon et
al. found that 1.3 mL microparticle injection did not favorably impact the post-Ml
remodeling process, in contrast with functional improvements observed in animals receiving
2.6 mL injections [39]. As the peak LV mass for adult males and females are 200 and 145 g
respectively, and decrease with age, [56, 57] the minimum effective injection volume can be
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predicted to be 5-8 mL based on the model of Wall et al [5]. Therefore, the less-than-
expected effects of the PRESERVATION-1 trial (injection volume = 4 mL) and AUGMENT-
HF trial (injection volume <5 mL) may potentially be attributed to inadequate injection
volumes. Wise et al. evaluated the influence of hydrogel injectate volumes in an FE model of
rat infarcts. The results showed that the therapeutic effects of hydrogel injection, including
ventricular function and wall mechanics, increases with injection volume, but this benefit is
limited or decreases at higher levels, indicating the existence of a threshold or an optimal
volume [58].

In addition to material choice and injection parameters such as material distribution and
volume, the timing of biomaterial delivery post-Ml is a critical factor, as well. Key events
including myocyte apoptosis and necrosis, acute and chronic inflammation, and fibrosis in
LV remodeling occur consecutively after MI, continuously reshaping the local mechanical
and biological environment [59]. Therefore the influence of injected biomaterials is
superimposed on highly dynamic remodeling processes and would be expected to exert
different effects based upon when the intervention is applied. A positive functional effect
from alginate hydrogel injection on LV remodeling in rats has been observed in both recent
and older infarcts (1 and 8 w post-Ml), as a general model of patients at differing stages of
remodeling following MI [60]. Kadner et al. compared the efficacies of injecting a matrix
metalloproteinase (MMP)-sensitive PEG hydrogel immediately or 1 w after Ml in rats.
Immediate delivery resulted in the diffusion of hydrogel through the myocardium, while
delayed injections resulted in the formation of a bulk hydrogel pocket. Also of note, the
hydrogel degraded much faster when delivered immediately after MI compared to 1 w post-
MI, another result of the differing physical and biological LV wall milieu. These differences
are intertwined with the findings that beneficial functional effects were observed only in the
1 w group [55]. Yoshizumi et al. tested three injection time points in a rat model:
immediately after MI, 3 d post-Ml, and 2 w post-MI corresponding to the beginnings of the
necrotic, fibrotic and chronic remodeling phases. The best therapeutic outcomes were found
when the polyNIPAAm-based hydrogel (NIPAAm: N-Isopropylacrylamide) was injected 3 d
after MI and this outcome was related to population fluctuations in neutrophil and
macrophage infiltration and inflammatory signals [61]. This study also implied the existence
of an optimal window for biomaterial injection.

Biological response induced by injection therapy

Recent research reports have also focused on the biological response to biomaterial injection
therapy. As the injected biomaterials alter the local mechanical environment for the
preexisting and post-MI recruited cells, these cells translate the mechanical inputs to
downstream biological signals. In addition, the injected biomaterials and their degradation
products could, for instance, shift the pH and ion balance in the niche, and influence the
inflammatory, fibrotic and foreign body responses. Some biomaterials with inherent
bioactivity such as the ECM-derived hydrogels, may induce desirable post-injection
therapeutic outcomes. Histological evidence of increased vascularization, reduced
inflammation and mitigated scar formation due to biomaterial injection has been extensively
reported across studies involving various types of biomaterials [60-65]. For instance, Zhao
et al. showed that functional improvements following post-MlI injection of a hydrogel
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derived from small intestine ECM were associated with recruitment of c-kit-positive cells,
myofibroblasts, and macrophages [66]. Chen et al. reported murine heart regeneration with
evidence of cardiomyocyte and cardiac precursor cell proliferation induced by the injection
of decellularized zebrafish cardiac ECM [67].

In an ovine MI model, Dixon et al. examined the influence of calcium hydroxyapatite
(CHAM) injection on matrix synthetic and proteolytic pathways. Downregulation of
MMP-13, MMP-7 and collagen was found in the CHAM injection group compared with Ml
only controls, suggesting that the favorable therapeutic effect with CHAM injection was
partly due to alteration of MMP/TIMP (tissue inhibitors of MMPs) profiles [39]. Wassenaar
et al. attempted to better understand the effects of ECM-derived hydrogel injection treatment
on local cellular response. Over 2,000 genes were analyzed with a whole transcriptome
microarray 3 d and 1 w after injection to identify potential pathways linked to the previously
reported beneficial outcomes [30, 68]. Principal component analysis and pathway analysis
showed that alterations in pathways associated with the inflammatory response (Figure 4),
cardiomyocyte apoptosis, infarct neovascularization, cardiac hypertrophy and fibrosis,
metabolic enzyme expression, cardiac transcription factor expression, and progenitor cell
recruitment all may have contributed to cardiac functional improvement [68]. Suarez et al.
explored the influence of biomaterial injection on action potential propagation across the
heart [69]. PEG hydrogels were injected into healthy and infarcted rat hearts as a model
material and were found to delay action potential propagation across the LV epicardium
compared to saline injection and sham controls [69]. In addition, it was found that a highly
diffused hydrogel does not alter action potential propagation, while a hydrogel that did not
spread as extensively would reduce gap junction densities and may create a substrate for
arrhythmias [69].

Despite the aforementioned progress, the links between the mechanical effects of
biomaterial injection and histological and functional improvements are still weak and
incomplete. The key components corresponding to each bioactive injectate are yet to be
identified. It is well known that the renin-angiotensin system (RAS) is an essential regulator
of cardiac functions, and that high mechanical load induces elevation of angiotensin 11 (Ang
I1), a factor that plays an important role in ventricular remodeling (Figure 5) [59, 70-72].
Pathologically high Ang Il levels lead to adverse post-MI responses including high oxidative
stress, inflammation and fibrosis, therefore administration of Ang Il blocker or angiotensin
converting enzyme inhibitor has shown beneficial effects in Ml treatment [73, 74]. Thus the
RAS and Ang Il could be the key to establishing a link between the mechanical effect of
biomaterial injection and related pathological responses. For ECM-derived biomaterials,
identifying key components could facilitate the enhancement of corresponding benefits. For
example, Okada et al. evaluated 2 forms of porcine-derived small intestinal submucosa (SIS)
hydrogels as injectates for MI treatment and found that the level of basic fibroblast growth
factor may partly explain the differential efficacies [75]. Chen et al. found a significantly
higher level of neuregulin-1 in ECM derived from regenerating zebrafish myocardium
compared to adult mouse cardiac ECM, and ErbB2 signaling played an important role in
induction of a regenerative effect in an acute mouse MI model [67].
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Prediction of therapeutic outcomes

Progress in mechanistic studies of biomaterial injection therapy may facilitate outcome
prediction and personalized designs for future patients. Although the problem is complex,
computational models might serve as valuable indicators in clinical planning. Modeling
would start with a detailed description of the LV geometry, and possibly regional cell
metabolism and systemic levels of humoral factors known to influence the remodeling
outcome (e.g. Ang Il). Patient-specific myofiber orientation could be incorporated into the
geometric model and would influence the mechanical model and gel diffusion. This
information would depend upon advancing DTMRI technology. Sirry et al. developed an
imaging-based method to construct detailed cardiac architectures of the heart after
biomaterial injection by combining the digitized distribution of injected biomaterial in a
representative infarcted heart with the geometry of the heart being treated [76]. Histological
sections of infarcted rat hearts that were injected with PEG hydrogel were used to
reconstruct the hydrogel distribution first. Subsequently, cardiac MRI data of a second heart
were collected to create an end-diastolic biventricular geometry and further adjusted to
overlay the hydrogel geometry, which generated the predicted computational model of the
cardiac wall post-injection [76]. Finally, the model might depict the long-term mechanical
and biological effects of the injection therapy by incorporating predicted outcomes from
local inflammation, fibrosis and biomaterial degradation on the local geometry and
mechanics to influence cardiac output. For instance, to predict scar structure following Ml,
Rouillard et al. coupled an agent-based model that predicts the integration of physiological
cues by fibroblasts to a finite-element model that simulates local mechanics [77]. As the
local mechanics at any given time point were predicted based on collagen fiber structure,
which can be linked to fibroblast activity, the coupled model captured the dynamic interplay
between scar deformation, mechanical loading, and scar material properties [77].

New strategies in material design

Biomaterial injection therapy for the cardiac wall continues to focus broadly on two putative
modes of action, mechanical and biological. Material design to enhance or add to these
properties has been the subject of extensive investigation, together with strategies to create
materials that open new possibilities for delivery and retention in the infarcted tissue. One
driving force behind the development of such materials has been the debate as to whether
mechanical effects from biomaterial injection alone are sufficient for cardiac functional
benefit [15, 32, 78]. Rane et al. injected bio-inert PEG in rat MI model, but the polymer
treated group did not show functional benefit compared to the saline control [78]. In a
separate study using a slightly different PEG hydrogel, Dobner et al. achieved temporary
mitigation of LV remodeling, but with the absence of long term geometrical or functional
improvements [79]. Although the lack of observed beneficial effect may be due to a variety
of reasons, e.g. hon-degradability of injectates, the design of biomaterials with specific
mechanical and biological functionalities, and coordinated interaction with the post-Ml
remodeling process, is of growing interest.
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Electroactive materials

Synchronized electrical signal transduction is essential for normal myocardial contraction.
As noted previously, an injected hydrogel with minimal interstitial spreading may delay LV
activation upon injection and reduce gap junction density, possibly resulting in an
arrhythmia [69]. Therefore, efforts have been made to fabricate conductive injectable
biomaterials for MI treatment. Mihic et al. grafted polypyrrole (PPy) to nonconductive
chitosan to create a semiconductive PPy-chitosan hydrogel [80]. In a rat MI model, PPy-
chitosan injection improved conduction as indicated by a decreased QRS interval and
increased transverse activation velocity compared to saline or chitosan controls. The material
conductivity also contributed to improved cardiac function in comparison with the chitosan
group, in addition to the therapeutic effect from chitosan injection [80]. Cui et al.
synthesized a conductive polyNIPAAm-based biodegradable thermoresponsive hydrogel by
covalently attaching electroactive tetraaniline (TA) to a sidechain of the copolymer (Figure
6A) [81]. Under pulsed electrical stimulation this hydrogel supported cell proliferation and
differentiation of H9c2 cells, especially when doped with HCI, and the TA component
endowed antioxidant activity to the hydrogel [81]. However, this study did not report cardiac
injection data. Baei et al. incorporated gold nanoparticles into chitosan to generate
electroactive hydrogels (Figure 6B) [82], which represents a facile strategy of adding
conductive particulates (e.g. metallic particles, carbon nanotubes, graphene nanosheets) to
nonconductive hydrogel substrates to create conductive injectable biomaterials. For example,
Annabi et al. introduced a highly elastic and conductive hydrogel based on recombinant
human tropoelastin and graphene oxide nanoparticles. The composite hydrogel electrically
connected explanted abdominal muscles in vitro and supported the growth and maturation of
cardiomyocytes [83].

Injectable bioactive materials

A separate focus for adding functionality to injectable biomaterials has been the covalent
attachment of bioactive cues or moieties capable of binding bioactive signaling molecules.
Reis et al. conjugated a chitosan-collagen hydrogel with QHREDGS, an angiopoietin-1-
derived peptide that supports cardiomyocyte survival and binds to integrins [84]. The peptide
functionalized hydrogel was retained in the myocardium for more than 2 w and increased the
proportion of cardiac troponin-T* cells (cardiomyocytes) compared to controls. Cardiac
function and scar formation were improved compared with peptide-free hydrogel and Ml
only controls [84]. Lin et al. injected platelet-derived growth factor-BB (PDGF-BB) binding
peptide nanofibers 1 month after infarction in a porcine model [41]. Three months after
injection, myofibroblast replenishment was promoted, LV remodeling was positively
influenced and cardiac diastolic function was improved [41]. A glutathione containing
chitosan hydrogel was developed by Li et al., which showed antioxidant properties and
corresponding cardiomyocyte protection against reactive oxygen species in vitro [85]. In
vivo influence on cardiac functions awaits evaluation.

Rocca et al. have fabricated a gelatinized alginate hydrogel with uniform capillary-like
channels and directly injected this hydrogel into the antero-septal wall at the infarct border
zone [86]. Cardiac function was improved compared to saline injection control in a rat
injection trial. In addition, the injected hydrogel was vascularized and populated by CD68*
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macrophages. These macrophages largely showed an M2-like phenotype as marked by
CD206 expression, suggesting a constructive remodeling response [86]. Similar local tissue
responses have been observed in disease models treated with decellularized matrix materials
[26, 28, 87]. Along these lines, Johnson et al. have extracted hydrogel material from human
myocardial matrix, which has similar in vitro physical properties to porcine myocardial
derived hydrogels. In vivo therapeutic effects are yet to be determined [88]. Chen et al.
decellularized regenerating zebrafish myocardium, which enabled regeneration of adult
mouse cardiac tissue and functional recovery after injection in an acute MI model [67].

New in situ crosslinking strategies

Despite the high targeting efficacy achieved in the aforementioned studies and the
attractiveness of a peripheral injection approach, the mechanical effect for such approaches
tends to be weakened as the particles do not crosslink to form a more mechanically robust
network [89-92]. However, in situ crosslinking in the myocardium might remedy this
shortcoming. Nguyen et al. designed nanoparticles which passively accumulate in the
infarcted area through the enhanced permeability and retention effect and respond to local
enzymatic stimuli (MMPS), resulting in the decomposition of the nanoparticles and
subsequent transformation into a network embedded in the myocardium, as shown in Figure
7 [93]. Two days after tail vein injection in a rat MI model, the responsive nanoparticles
could be found in the infarct and border zone, but not the remote myocardium. The polymer
was observed 28 d after injection, demonstrating long-term LV retention [93]. The
crosslinked network could theoretically lower local mechanical stress, especially during
ventricular dilation. However, in theory, responsive nanoparticles can only migrate into the
existing extracellular space, which may limit the extent of the wall thickening effect. In
contrast, injected biomaterials are propelled by the pressure in the syringe or catheter,
leading to the expansion of the injection space, and possibly greater ventricular wall
thickening. Despite the potentially limited physical thickening effect associated with this
delivery approach, wall stress reduction can still be enhanced with the implementation of
crosslinking mechanisms that stiffen the delivered material network.

Novel in situ gelation mechanisms have been adopted in many recent hydrogel designs to
create mechanically stronger, diffused gelation networks at injection sites. Bastings et al.
developed supramolecular ureido-pyrimidinone (UPy) modified PEG hydrogels which
remained a low viscosity fluid at high pH (>8.5), but underwent sol-gel transition in the
infarcted myocardium with its lower pH [40]. The pH responsiveness allowed catheter-based
delivery in a porcine MI model that showed the safety of the delivery method [40]. Xu et al.
developed a two component system consisting of thiolated collagen (Col-SH) and
oligo(acryloyl carbonate)-b-poly(ethylene glycol)-b-oligo(acryloyl carbonate) (OAC-PEG-
OAC) copolymers, which gels under physiological conditions via Michael-type addition
[94]. The mechanical strength, gelation time and degradation rate can be tuned by the
concentration and ratio of the two components, and degree of substitution for Col-SH. The
hydrogel significantly improved cardiac function and reduced infarct size in a 28 d study
employing a rat infarction model [94]. Bai et al. employed an aldehyde-amine reaction to
crosslink oxidized alginate with collagen upon intramyocardial injection. Compared with a
calcium-crosslinked alginate hydrogel, the crosslinked alginate/collagen hydrogel reduced
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matrix metalloprotease activity and achieved a smaller expansion index [95]. Rodell et al.
developed an alternative to photo-crosslinkable methacrylated HA hydrogels by substituting
the photo-crosslinking with a host-guest assembly method (Figure 8) [96]. Adamantine and
B-cyclodextrin were attached to HA respectively to form a two-component hydrogel system.
The host-guest interaction renders the hydrogel shear-thinning and provides injectability
while maintaining stability [96]. This hydrogel was shown to improve cardiac function in a
rat M1 model [97]. Additionally, Rodell et al. combined thiol-ene Michael addition with the
host-guest assembled hydrogel to further increase hydrogel modulus and stability. The dual-
crosslinked hydrogel exhibited an enhanced therapeutic outcome compared with hydrogel
crosslinked by sole host-guest assembly in both rat and ovine model [35, 98]. The shear-
thinning property also facilitated percutaneous delivery via endocardial injection under
fluoroscopic and echocardiographic guidance in sheep [35].

Controlling injectate modulus and degradation rate

To achieve a more comprehensive and deeper understanding of the influence of specific
biomaterial parameters on injection therapy, there has been an increasing focus on
modulating injectate properties such as modulus and degradation rate, while maintaining the
same material platform. Ren et al. synthesized polyNIPAAm-based hydrogels with fast and
slow degradation by copolymerization with differing ratios of dextran-PCL containing
macromonomer. A rat M1l model showed that myocardial contractility was greater with the
slower degrading hydrogel (50% weight loss in 30 d) compared with the faster degrading
version (50% weight loss in 3 d) [99]. Based on another previously proven effective
hydrogel, Zhu et al. introduced an auto-catalysis strategy to modulate the degradation rate of
polyNIPAAm-based thermally responsive hydrogels which allowed the hydrogel to
decompose on a tunable time scale from days to months [100, 101]. Varying the crosslinking
density and hydrolytic stability of crosslinkers, Tous et al. fabricated two degradable HA
hydrogels (50% weight loss in ~20 and 60 d) and two hydrolytically stable hydrogels with
different modulus (low: ~7 kPa; high: ~35-40 kPa). Results from an ovine MI model
indicated that all hydrogels resulted in better cardiac output compared to the MI control
group, and the stiffer, stable hydrogels were more effective in limiting expansion of LV
volume [34]. The typical moduli range for investigated injectable hydrogels varies from 1 Pa
to 100 kPa [62, 88, 102], thus the conclusion derived above was comparing materials on the
relatively stiff end of this range and may have limited applicability to softer materials. At the
lower end of the stiffness range, the moduli of extracellular matrix based hydrogels have
been increased by crosslinking, yet the influence on injection therapy is yet to be determined
[103, 104].

Injectate distribution and topography

Once injected, the distribution assumed by the biomaterial may also be an important factor
in achieving a maximal therapeutic effect. This is illustrated by computational models [53,
54], as discussed above. In concert with imaging, injection pattern planning may be pursued
prior to surgery, but material design will influence the spread of the injectate once infused
into the cardiac wall. Direct injection of microparticles into the cardiac wall leads to
injectate pocket formation regardless of particle geometry (microrods, microcube,
microspheres) whereas nanoparticles quickly diffuse through the myocardium [37, 105,
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106]. For hydrogel materials, viscosity and gelation time are the major determining factors
of distribution. For example, less viscous, slow gelling ECM hydrogels diffuse to distal
tissue while more viscous, rapid gelling alginate and HA hydrogels tend to form hydrogel
“islands” upon injection [17, 30, 34]. Zhu et al. increased the hydrophilicity of a
polyNIPAAm-based hydrogel by incorporating a higher percentage of N-vinylpyrrolidone
monomer in the polymer backbone, obtaining a low viscosity, slower gelling version. While
the relatively hydrophobic hydrogel formed isolated masses in the myocardium, higher
hydrophilicity allowed the hydrogel to diffuse through the tissue before gelling [107].

Currently, the major injectate topographies are aggregated microparticles, discrete hydrogel
deposits and diffuse hydrogel networks. However, there are only a few studies (including the
aforementioned study on the influence of injectate distribution [55]) directly comparing
these geometries on the same material platform. Pinney et al. found that injected microcubes
and microrods induced differing therapeutic effects in a rat infarction/reperfusion model
[105], which showed the influence of injectate microstructure in treating MI. On the other
hand, recent advances have introduced methods of fabricating injectable porous materials,
especially injectable porous hydrogels [108-110]. As porous structures have been proved
capable of positively affecting biological responses including cell infiltration,
neovascularization and foreign body responses in various medical applications [108, 111], it
might be expected that injectable porous materials could further improve therapeutic
outcomes.

Visualization of injected biomaterials

Visualization of injected biomaterial in vivo could provide important information on
hydrogel distribution and degradation, which could be useful for evaluating the relationship
between injection therapy delivery strategy and the efficacy of the treatment. In small animal
models visualization has been achieved by quantum dots for fluorescent imaging,
radionuclide imaging and computed tomographic (CT) imaging [106, 112, 113]. In addition,
optoacoustic imaging could be a potential tool to not only follow the location and amount of
injectate in vivo, but also to provide a noninvasive method to measure the mechanical
strength of the injected material and the myocardium [114, 115]. However, imaging depth
and scanning area are relatively limited for fluorescent and optoacoustic imaging [116] and
repeated radiation exposure by CT might be a concern for patients. The injectates would also
need to be radio-opaque or otherwise labeled for these methods. For extracting patient
cardiac geometric and functional information, and establishing case-specific computational
models, MRI has become a leading imaging tool in preclinical studies [49]. Dorsey et al.
covalently attached an arginine-based peptide to HA hydrogel, which resulted in a 2-fold
enhancement in signal strength in chemical exchange saturation transfer MRI and allowed
discrimination between different hydrogel materials and surrounding tissue based on their
chemistry [117]. Combining material design with the versatility of MRI techniques can be
foreseen to provide attractive levels of patient-specific, real-time visualization for cardiac
injection therapy.
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Injection methods

As discussed above, injection parameters including volume, distribution and timing may
have great impact on the outcome of injection therapy. In addition, the mechanisms and time
course for an injectate to “set up” in situ varies with injectate chemistry. Chemical
crosslinking, shear-thinning polymers, temperature-driven phase change, pH or ionically
driven gelation, have all been employed, while other materials are not designed to undergo
any substantial change in mechanical properties [6, 40, 96]. Depending on whether injection
occurs in an open surgical field, through a minimally invasive, remote approach, or
intravascularly, concerns and constraints on the hydrogel design arise. Risks to the patient
associated with the errant delivery of a gelling material into the blood stream (embolic
damage) are a clear concern. Further, the ease and precision of the delivery mechanism will
have direct impact on the adoption and efficacy of the therapy. Injection methods that can
leverage current surgical and minimally-invasive technologies may lower the translational
barrier and be adopted with a lower complication risk.

Direct epicardial injection

Direct epicardial injection of biomaterial into the LV wall through sternotomy or
thoracotomy is the easiest method to control and is theoretically compatible with all types of
injectates. As the surgical field is exposed to the clinician, pre-determined injection locations
and volumes can be easily achieved and improvised. The precision of direct injection can
hardly be challenged by other methods. Another derivative advantage is that the delivery
pathway and time spent by a biomaterial in this pathway is minimized. This parameter may
be important with materials that rely upon phase change or chemical reaction that may be
initiated during the delivery process.

The AUGMENT-HF trial has proven the safety and feasibility of direct cardiac wall
injections in MI patients receiving CABG. CorMatrix (Roswell, GA) has developed a
porcine ECM delivery system composed of a multi-needle syringe assembly, an automated
injection controller, and a portable ultrasound tissue depth measurement system, as shown in
Figure 9. Slaughter et al.demonstrated the feasibility of gas propelled injections in a bovine
model of chronic ischemic cardiomyopathy, as well as the ability to control injection volume
(0.1-1.0 mL) and penetration depth (3-5 mm) under regulated injection pressure into the
target region [118]. However, due to the open-chest requirement for direct injection
approaches, the patient population suitable for such an approach is limited. In the
AUGMENT-HF trial, patients received injection therapy immediately following CABG
surgery, thus a separate sternotomy or thoracotomy was not required. For patients
undergoing percutaneous revascularization procedures, a subsequent open-chest procedure
would not be an attractive option. A related constraint of an open chest approach is that the
injection therapy would likely need to be performed at the time of CABG and could not be
optimized to some earlier or later time point.

Minimally invasive approaches

For patients not receiving CABG or where injection therapy could not be performed in
conjunction with this surgery, minimally invasive delivery approaches are highly favored. A
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variety of systems have been developed in recent years to facilitate fluid or cell delivery to
the cardiac wall [119-121]. These technologies provide the framework to achieve minimally
invasive biomaterial injection therapy. Ota et al. developed a novel miniature robotic device
(HeartLander) that can navigate on the surface of the beating heart and make guided
injections [122]. Zhu et al. delivered a polyNIPAAm-based biodegradable thermally
responsive hydrogel into the LV wall of a live porcine heart using HeartLander. Through a
small subxiphoid incision, the HeartLander crawler approached the LV, went under the
pericardium and used an applied vacuum to anchor on the epicardium (Figure 10A, B).
Guided by a real-time tracking system, the crawler moved on the beating heart through
“release-re-position-anchor” cycles (Figure 10C) and could navigate to the planned injection
sites. Cooled by a fluid sheath around the catheter, the hydrogel was kept in the liquid phase
prior to the injections. Four injections in the planned square layout were made, as shown by
photoacoustic imaging (Figure 10D, E) [107]. The HeartLander delivery system was
considered suitable for a wide variety of injectable biomaterials.

As described above, PCI procedures including intra-arterial infusion and endocardial
injections have been employed in clinical and preclinical trials [15, 29, 30, 35]. PCl is
widely employed in coronary artery stent placement and other therapies, thus the technical
challenges for clinicians mastering this approach would be minimized. A potential drawback
is the theoretical risk of biomaterial regurgitation or leakage into the vascular system,
causing remote embolization. For intra-arterial infusion, where the presumption is that the
material will cross only into the infarcted region and gel there, there is also concern for
undesired gelling to occur in non-targeted tissues. For these two administration routes
biomaterials with fast solidification kinetics would appear to be a greater risk of forming a
mechanically stable embolus. On the other hand, as the intravascular injection route requires
long catheters to run through the vasculature, biomaterials that employ thermally-triggered
gelling are less compatible due to concerns of material solidification in the catheter and
occlusion of the lumen. For injectable biomaterials that actively or passively target the
infarcted myocardium, intravenous injections have been employed in animal models [89, 90,
92]. Intravenous injection is the least invasive delivery method, although there are
considerable limits in terms of the volumes and spatial control over the injectate that is
ultimately delivered to the LV wall.

Perspective

Important milestones have been reached for intramyocardial biomaterial injection therapy
during the first decade since the introduction of this concept. Particularly in the past five
years, forms of this type of therapy have proven compelling enough to justify the initiation
of clinical trials. For this type of therapy to become a routine option for Ml patients, like
coronary artery bypass grafting or stenting, there will, of course, need to be compelling data
from future clinical trials. Furthermore, for clinical success and widespread adoption, it
appears that further progress will need to occur in understanding the mechanisms by which
injection therapy may benefit and preserve cardiac function, and how to improve material
design to leverage this knowledge. From a practical application perspective, improvements
in material properties, injection strategies, imaging, and modeling all can help to improve
the efficacy of the therapy to a point where its clinical potential might be realized.

Biomaterials. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 17

More readily available, information-rich cardiac imaging strategies should complement the
development of biomaterial injection therapy. Such advancements would provide better
information to correlate the topography of injectate delivery with the local state of the
cardiac tissue, allowing the development of algorithms that optimize injection maps for
improved, patient-specific functional outcomes. To realize the potential offered by imaging
advancements, better delivery methods that can effectively deliver precise injectate patterns
within targeted tissue regions will be essential. As noted in this review, significant progress
is being made in this area, but much room remains for innovation. In terms of the nature of
the injectate, the field continues to offer biomaterials scientists and engineers an intriguing
design landscape. The classic trade-offs between bioactive natural materials and highly
controllable synthetic materials characterize much of the literature to date. As with many
other biomaterial applications, designs that can capture the strengths of each material
approach would be desirable. The specific design criteria will remain in flux as mechanistic
questions and delivery strategies are explored.

Often underestimated in its importance for the adoption of such new interventional
approaches is the design of the early clinical trials. This is apparent in the few approaches
that have progressed to this stage for biomaterial injection therapy, as investigators and
regulators seek to design trials that will provide an appropriate risk/benefit profile, but still
apply the therapy in a setting where the benefit is pronounced and readily demonstrated.
Often this means application in patients with poorer prognoses, (who may be receiving
concurrent gold-standard therapy) and the application of the new therapy in a less aggressive
fashion. The clinical trials to date suggest that study design may have failed to provide a
scenario that allowed the benefit of biomaterial injection therapy to be clearly demonstrated.
This is clearly a statement made from the perspective that biomaterial injection therapy
holds promise, but is based on observations that many of the parameters employed to date in
the clinic may have been suboptimal. For instance, the injectate volume, achieved injectate
pattern, patient selection criteria, and time of intervention all are subject to criticism based
on pre-clinical studies and modeling results. Further, clinical trials reported to date have
used the relatively bland material, alginate. While attractive from a regulatory perspective,
this review has discussed the broad array of alternative natural and synthetic materials that
would be more attractive from a variety of perspectives. In spite of the early clinical failures
in terms of their primary endpoints, it is worth recalling that the AUGMENT-HF trial did
demonstrate benefit in secondary endpoints (mean peak VO, and mean 6 min walk
distance), providing encouragement that the early results will serve as a baseline for future
advancement.

In considering the future, this review carried a bias in that it focused exclusively on acellular
biomaterial injection strategies, whose main function is to provide mechanical support to the
LV wall. This class of materials included functional biomaterials whose bioactive
components are innate or are covalently attached to the principal material. Not considered
were injectable biomaterials that serve principally as vehicles for the delivery of bioactive
factors including pharmaceuticals, growth factors or cells. Interested readers may refer to
recent reviews that provide good coverage of biomaterials designed for controlled release
and delivery in the heart [12, 123, 124]. Although biomaterial injection therapy has
repeatedly demonstrated efficacy in animal models, the primary effect and endpoint across
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the many studies is the preservation of cardiac function. However, the ultimate goal for Ml
treatment is to regenerate myocardial tissue and restore the cardiac function to pre-infarct
levels. Recent advances in cell-based cardiac therapy have demonstrated some promise that
cardiomyocyte populations may be restored in the infarcted LV [125-127]. There is potential
to combine the mechanical features inherent in the materials of this review with the
pharmaceutical and biological features developing rapidly as well to create injection
strategies capable of additional efficacy, albeit with potential added regulatory burden.

The application of biomaterial injection therapy to patients other than those with ischemic
cardiomyopathy was also not addressed. There may be value in using this general strategy in
patients with cardiac diseases characterized by mechanically weaker ventricular walls where
the mechanical or added biological effects discussed above might preserve remaining
cardiac function and maintain a better overall condition while awaiting cardiac
transplantation.

Conclusion

Recent progress in the field of intramyocardial biomaterial injection therapy continues to
entice the broader biomedical community that this relatively straightforward strategy offers
the potential to mitigate post-MI LV remodeling and might supplement revascularization
therapy to reduce the number of patients progressing to end-stage ischemic cardiomyopathy.
Future developments will likely focus on gaining a deeper and more comprehensive
understanding of the underlying mechanisms through which this intervention alters
pathologic ventricular remodeling. Further exploration of delivery methods coupled with
imaging strategies should help maximize functional benefits. Finally, for biomaterials
scientists, the field offers numerous challenges to design injectable materials that meet an
intriguing array of design constraints dictated by both delivery strategy and understanding of
the underlying physiological processes.
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Figure 1.
Left ventricular (LV) remodeling and intramyocardial biomaterial injection therapy. The LV

wall thickness is better maintained by biomaterial injection, and lower wall stress is believed
to contribute to the preservation of LV geometry.
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Figure 2.
(A) Process of quantification of left ventricular wall stress from MRI characterization to FE

modeling results [20]. Rapidform, Truegrid, Closer and LS-DYNA are software routines
implemented to achieve the next step. (B) Calculated end-systolic regional myofiber stress
distribution at baseline (left) and 6 months after injection (right) in a patient [21]. (C) Top:
LV cross-section view at baseline (left) and 6 months (right). Bottom: regional LV wall
thickness measured based on the MRI-reconstructed LV geometry of the same patient in (B)
[21]. Wall thickness unit: cm.
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Figure 3.
Biomaterial distribution in silico and in vivo. (A,B) Cross-section of infarcted heart with

different injectate distributions in an FE model [54]: (A) layered injectate in infarcted LV
represented as transmural layers (red); (B) bulk injectate in infarcted LV represented as
transmural layers (red). (C,D) Alexa Fluor 660 labelled PEG hydrogel (purple) distribution
in infarcted rat hearts 30 min after injection [55]. Hydrogel injected (C) immediately after
infarction, and (D) 7 days after infarction. Scale bar = 50 pm for C and D.
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Figure 4.
(A) Expression of inflammation related genes (red = upregulated; green = downregulated) at

3dand 1 w after injection. (B) CD68" macrophages (brown) in a myocardial ECM-injected
infarct 3 d after injection. (C) Quantification of CD68™ macrophages in the infarcted LV
wall 3 d after injection. (D) Tryptase* (red) cells in myocardial ECM injected heart 1 w after
injection; nuclei (blue). (E) Quantification of tryptase* mast cells in the infarcted LV wall 3
d and 1 w after injection. Scale bars = 50 pm. #p = 0.052. *p < 0.05. [68]
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Figure 5.
Role of Ang Il signaling in adverse myocardial remodeling. Solid connecting arrows =

enzymatic pathway; broken arrows = peptide agonist interacting with its key receptor; Bold
arrow = stimulatory effect. ACE: angiotensin-converting enzyme; AT1R: Ang Il type 1
receptor; ATF3: Activating transcription factor 3; CaMKII: Ca2*/calmodulin-dependent
protein kinases 1lI; ERK: extracellular signal-regulated kinase; IL-6: interleukin-6; JAK2-
STAT: Janus Kinase 2-signal transducer and activator of transcription system; JNK: C-jun-
N-terminal kinase; MAPK: mitogen-activated protein kinase; MasR: Ang 1-7 receptor;
MCP-1: monocyte chemoattractant protein 1; MMIF: macrophage migration inhibitory
factor; MMP: matrix metalloproteinase; NADPH: nicotinamide adenine dinucleotide
phosphate; NFxB: nuclear factor kappa-light-chain-enhancer of activated B cells; PKC:
protein kinase C; ROS: reactive oxygen species; TGF-p1: transforming growth factor-p1;
TNF-a.: tumor necrosis factor-a [59].
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Examples of conductive injectable biomaterials. (A) Synthesis of electroactive tetraaniline-
containing thermosensitive (PN-TA) hydrogels and cyclic voltamogram of a PN-TA
copolymer. mMPEGMA: methoxy(polyethylene glycol) methacrylate; MDO: 2-
methylene-1,3-dioxepane; MAA: methacrylic acid [81]. (B) Preparation of conductive gold
nanoparticle-chitosan thermosensitive (CS-GNP) hydrogels; four-point probe conductivity

of CS hydrogel with different concentrations of gold nanoparticles (n = 3, ***p < 0.001). B-
GP: B-glycerophosphate disodium salt [82].
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Figure 7.

(A?) Peptide-polymer amphiphile (PPA) containing an MMP-2 and MMP-9 specific
recognition sequence (underlined), and PPA nanoparticles self-assembled through
hydrophobic-hydrophilic interactions when dialyzed into aqueous buffer. (B) Circulating
nanoparticles in the bloodstream (not to scale) upon intravenous delivery. (C) Retention of
intravenously delivered nanoparticles in the myocardium. Red: Labeled PPA 2 d post-
injection, green: a-actinin. Areas within white boxes are enlarged in the original publication
and show retention of PPA nanoparticles in these areas. Scale bar = 50 um [93].
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Synthesis of guest Michael-donor (Ad-HA-SH, Ad: adamantine) and host Michael-acceptor
(CD-MeHA, CD: B-cyclodextrin, MeHA: methacrylated HA) macromers. (B) Schematic of
dual-crosslinking hydrogel formation: interaction of Ad (guest) and CD (host) in formation

of a reversible guest-host complex crosslink; addition of thiol and methacrylate in formation

of a covalent crosslink [96].
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Figure 9.
ECM delivery system components and intramyocardial ECM injection. (A) Assembled

ECM delivery system loaded with ECM. (B) Components of disassembled ECM delivery
system: multi-needle ECM syringe and wiper pistons (inset). (C) Automated injection
controller with a pneumatic footswitch pedal and a disposable CO, canister. (D) Tissue
depth measurement system including tablet for real-time cardiac imaging guided delivery of
ECM. (E) In vivo ECM injection sites (white arrows) in bovine LV lateral wall epicardium.
(F) Close-up view of measuring ECM material penetration distance [118].
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Figure 10.
Subxiphoid transepicardial injection of thermoresponsive hydrogel for myocardial injection

therapy. (A,B) Components of the modified HeartLander with cooling feature and
illustration of transepicardial hydrogel injection. (C) Ex vivo demonstration of HeartLander
crawler moving on porcine heart through “release-approach-anchor” cycles. (D)
Photoacoustic imaging of patterned injections made in a beating porcine heart. The signals
of injected hydrogel away from apex were weaker due to energy loss through tissue. (E)
Match between pattern of injected hydrogel with planned injection sites. (F) Injected
hydrogel in LV myocardium (arrow: hydrogel) [107].
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