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Abstract

Ischemic heart injury causes permanent cardiomyocyte loss and fibrosis impairing cardiac 

function. Tissue derived biomaterials have shown promise as an injectable treatment for the 

post-ischemic heart. Specifically, decellularized extracellular matrix (dECM) is a protein rich 

suspension that forms a therapeutic hydrogel once injected and improves the heart post-injury 

response in rodents and pig models. Current dECM-derived biomaterials are delivered to the 

heart as a liquid dECM hydrogel precursor or colloidal suspension which gels over several 

minutes. To increase the functionality of the dECM therapy, we developed an injectable solid 

dECM microparticle formulation derived from heart tissue to control sizing and extend stability 

in aqueous conditions. When delivered into the infarcted mouse heart, these dECM microparticles 

protect cardiac function, promote vessel density, and reduce left ventricular remodeling by 

sustained delivery of biomolecules. Longer retention, higher stiffness, and slower protein release 

of dECM microparticles are noted compared to liquid dECM hydrogel precursor. In addition, the 

dECM microparticle can be developed as a platform for macromolecule delivery. Together, the 

results suggest that dECM microparticles can be developed as a modular therapy for heart injury.

Graphical Abstract

The dECM microparticle is a novel platform of dECM-derived materials for treating heart 

injury. Decellularized heart extracellular matrix (dECM) is solubilized and then processed 
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(by electrospray) into microparticles. Injecting dECM microparticles into myocardial infarction 

by syringe improves angiogenesis, protects cardiac function, and reduces adverse ventricular 

remodeling.
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1. Introduction

Cardiovascular disease is the leading cause of death worldwide predominated by myocardial 

infarction (MI). An MI results in permanent fibrosis and compromised cardiac function 

which has high risk for heart failure. Despite significant advances in tissue engineering, 

there is no regenerative therapy available for heart disease. Cell therapy and molecular 

reprogramming in hearts are promising approaches currently in development [1], [2]. 

Biomaterials provide a vehicle for cell transplantation and delivery of bioactive molecules 

and more recently shown evidence for directly treating the injured heart [3], [4].

Decellularized extracellular matrix (dECM) derived biomaterials have been investigated 

as a direct therapy for heart injury. The dECM hydrogel prepared by solubilization and 

gelation of adult porcine cardiac tissue improved heart recovery in post-MI pigs [5]. The 

robust homology of extracellular proteins allows dECM transplantation across the species 

[6]. The dECM derived from neonatal mice and zebrafish hearts have been shown to 

stimulate protection of cardiac function, cardiomyocyte proliferation, and angiogenesis in 

post-MI mice suggesting that bioactive cues directing cardiac repair are retained in donor 

dECM for transplantation [7], [8]. We reported recently that fetal porcine dECM hydrogel 

reduces fibroblast activation and collagen deposition, and stimulates cardiomyocyte cell 

cycle activity and vascularization in mice and in vitro models [9], [10]. The mechanism 

of dECM therapy has not been fully realized, however, dECM proteins such as agrin 

and transforming growth factor-beta (TGF-β) modulate cardiomyocyte proliferation and 

fibroblast activation [11]–[13]. We observed a rapid release of proteins from dECM hydrogel 

in aqueous environment supporting that the regulatory proteins of heart regeneration transfer 

to recipients via dECM.

An acute ischemic heart injury results in permanent loss of cardiomyocytes. The critical 

post-injury period that includes stabilization of the replacement scar lasts for more than 

4 weeks [14]. The early cardiac post-injury response (within 72 h post-MI) with cell 

necrosis includes recruitment of immune cells and release of cytokines [15]–[17]. The late 

post-injury response can last for weeks and includes cardiomyocyte apoptosis and collagen 

deposition [18], [19]. The ideal degradation rate and drug release kinetics of biomaterials 

for tissue engineering should match the time course of tissue repair [4], [20], [21]. Cardiac 

dECM hydrogel is vulnerable to collagenase digestion and reported to degrade within a 

week [22], [23]. Thus, increasing the stability of dECM-derived biomaterials will impact the 

therapeutic efficacy for heart injury.
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We hypothesize that solid dECM microparticles will exhibit extended stability in tissue 

and controlled protein release to improve the heart post-injury response. In this study, 

dECM microparticles were generated by electrospray, water-oil emulsion, and heat-induced 

gelation. The dECM microparticles were characterized for protein release kinetics, swelling 

capacity, stiffness, digestion resistance, and stability. Cardiac function, cardiomyocyte cell 

cycle activity, fibrosis, fibroblast activation, and vessel density were evaluated in post-

MI hearts of mice. Similar to liquid dECM hydrogel precursor, dECM microparticles 

preserved cardiac function, reduced fibrosis and fibroblasts activation, and stimulated 

cardiomyocyte cell cycle activity. In addition, dECM microparticles protected against 

left ventricular remodeling and exhibited increased blood vessel density consistent 

with neovascularization. In situ, the dECM microparticles degraded slower than dECM 

hydrogel. dECM microparticles also provide a platform for surface functionalization and 

macromolecular loading. Together, the results suggest dECM microparticles retain the 

therapeutic efficacy of dECM hydrogel precursor for post-ischemic heart injury and can 

be employed for long-term delivery of macromolecules.

2. Results

2.1 Solid dECM microparticle generation

The dECM microparticles were generated by electrospray of solubilized dECM (Figure 

1A). Solubilized dECM was generated using previously established protocols [24]. The 

particle size can be controlled by tuning electrospray voltage and syringe pump flow rate 

(Figure S1A). Detailed in Methods, dECM droplets undergo water-oil emulsion and heat-

induced gelation. The microparticles used in this study are approximately 20 μm in diameter 

with random distribution of aggregate fibers. We observed cell attachment with dECM 

microparticles in 3D culture with 3T3s (Figure 1B) and capture by adherence of H9C2 cells 

in 2D culture (Figure 1C, D). These results suggest that cardiac cells interact directly with 

dECM microparticles which potentially benefits the retention of injected microparticles in 

tissue.

The components of dECM were analyzed by liquid chromatography-mass spectrometry 

of trypsin digested dECM (Table S1). The dECM contains extracellular matrix structural 

proteins including collagen I, fibronectin, laminin, and fibrillin. Growth factors reported to 

impact cardiomyocyte proliferation and stem cell differentiation such as agrin and periostin, 

and angiogenic factors such as heparan sulfate proteoglycan 2 and alpha(B)-crystallin were 

also identified in dECM. Thus, the proteome of dECM microparticles can influence cardiac 

cell phenotypes by macromolecules released by passive diffusion and degradation (Figure 

1E).

2.2 dECM microparticle characterization of stiffness, protein release, and swelling.

The dECM hydrogel was generated by gelation of liquid dECM hydrogel precursor at 

37°C. Scanning electron microscopy (SEM) showed similar topography for dECM hydrogel 

and microparticles (Figure 2A, B). Atomic force microscopy analysis indicated that dECM 

microparticle (4.5 kPa) has a significantly higher elastic modulus than hydrogel (2.5 kPa; p 
< 0.001) (Figure 2C). However, the elastic moduli of both microparticles and hydrogel are 
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within the stiffness range of the early-aged heart (<15 kPa) [25]. The dECM microparticles 

and hydrogels were further characterized for protein release kinetics and swelling in PBS. 

Morphology remained relatively constant in PBS for 14 days. Sampling the buffer, a bulk 

release of proteins from dECM hydrogels occurred within 15 min after immersing in PBS 

buffer comprising most of the 24 h solutes (Figure 2D). The dECM microparticles showed 

a repeatedly controlled release of proteins at a relatively constant rate over 24 h. In a 14 

day study of protein release with buffer exchange every two days, approximately 70% of 

total released proteins from dECM hydrogels were on day 2, compared with the much 

lower cumulative released protein load from day 4 to 14. (Figure 2E). In contrast, the 

dECM microparticles released 37% of total released proteins on day 2 and then decreased 

to approximately 10% from days 4 to 14. The mass of total proteins released from dECM 

hydrogels in 14 days was 6.7 times higher than dECM microparticles.

To better understand the changes in dECM microparticles and hydrogels in aqueous buffer, 

swelling and water uptake were examined. The dECM microparticles showed observable 

changes in area from dehydration to water exposure (Figure 2F), while the dECM hydrogels 

did not show significant changes after immersion in water. We observed that dECM 

microparticles swelled by 70% in water, while dECM hydrogels swelled by 3% in water 

(Figure 2G). Water uptake was examined by comparing dry sample weight to that after water 

absorption. The mass of dECM hydrogels increased by 85% after water absorption while 

that of dECM microparticles increased by 97% (Figure 2H). While both dECM formulations 

have a high water capacity, the results indicate that dECM microparticles have a slower 

release of diffusible proteins.

2.3 dECM microparticles collagenase digestion resistance and retention in tissue

To determine if dECM microparticles are stable in a physiological environment, collagenase 

digestion resistance and sample retention were evaluated. A high concentration of 

collagenase (0.1 mg mL−1) was used to accelerate the digestion. A larger mass of dECM 

microparticles was retained than hydrogels after 24 h digestion by visual inspection (Figure 

3A). The dECM hydrogels achieved the maximal cumulative protein release within 2 h of 

digestion. In contrast, dECM microparticles released proteins over the 24 h period (Figure 

3B). The retention of dECM was also examined by pre-labeling dECM with fluorescence 

markers. WGA-Alexa Fluor 488 labeled dECM microparticles and dECM hydrogel 

precursor were injected into explants from porcine hearts and examined at serial time points 

starting at day 1. Explants were incubated at 37°C for 2 h before adding tissue culture media 

to induce dECM hydrogel precursor gelation. Samples were histologically prepared for 

fluorescence microscopy (Figure 3C). The visible area of labeled dECM hydrogel precursor 

dropped rapidly in 7 days and was almost non-visible by day 14 (Figure 3D). In contrast, 

dECM microparticles decreased by only 50% over 14 days. The fluorescence intensity of 

the fluorescent labels was also quantified. The dECM microparticles and dECM hydrogel 

precursor showed a similar decrement of sample fluorescence intensity from day 1 to day 

7 (Figure 3E). However, over the next 7 days, dECM microparticles exhibited a higher 

fluorescence intensity than dECM hydrogel precursor by day 14. These results suggest that 

dECM microparticles are more stable in natural tissue than liquid-derived dECM hydrogel.
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2.4 dECM microparticles increase vessel density by 3 weeks in post-MI hearts

The dECM treatments were evaluated as a therapy for the post-ischemic heart. After 

ligating left coronary artery in day 5 mice hearts, vessel density at week 3 post-MI was 

examined by fluorescent immunostaining (Figure 4A). Blood vessels were identified as 

α-SMA (smooth muscle) and CD31 (endothelial) double-positive structures in this study 

following established markers. We further analyzed blood vessel structures below 1,000 μm2 

as microvasculature. The threshold reflects an inflection in the histogram data of vessel areas 

(Figure S2A) and corroborated dimensions from published studies for neovascularization 

[26], [27]. The dECM microparticles significantly increased the microvasculature density, 

CD31 and α-SMA positive small structures, compared to MI-control (Figure 4B) unlike 

the dECM hydrogel precursor. dECM microparticles treatment also showed a trend for 

increasing the density of all vessels (Figure 4C). The impact of dECM microparticles on 

vascularization was evaluated with the in vitro tube formation assay (Figure S2B). dECM 

microparticles increased the number of branches in human umbilical vein endothelial cells 

(HUVECs) network (Figure S2C, D, E). The results indicate that dECM microparticles can 

distinctly increase small blood vessel density in post-MI hearts.

2.5 dECM microparticles preserve cardiac output 3 weeks post-MI

Cardiac function was measured by echocardiography at week 3 post-MI (Figure 5A). 

dECM microparticles lowered left ventricle end diastolic diameter compared to MI-control 

unlike the dECM hydrogel precursor (Figure 5B). Both dECM microparticles and dECM 

hydrogel precursor lowered end systolic diameter compared to MI-control; although dECM 

microparticles treated hearts was not significantly different from sham levels (Figure 

5C). The ejection fraction (Figure 5D) and fractional shortening (Figure 5E) were higher 

with both dECM treatments relative to MI-control. The stroke volume (Figure S3A) and 

cardiac output (Figure S3B) were also higher in dECM microparticles and dECM hydrogel 

precursor treated hearts in comparison to the MI-control. Together, the results demonstrate 

that dECM microparticles and dECM hydrogel precursor exhibit comparable protective 

effects on cardiac function in post-MI hearts, while dECM microparticles show higher 

protection against left ventricular remodeling.

2.6 dECM microparticles reduce fibrosis and fibroblasts activation 3 weeks post-MI

Heart fibrosis was examined by Masson’s Trichrome staining at week 3 post-MI (Figure 

6A). Since no fibrotic tissue was observed in sham hearts, they were not included in the 

fibrosis analysis. The wall thickness in the infarct area was higher in dECM microparticles 

treated hearts than MI-control (Figure 6B). Both dECM microparticles and dECM hydrogel 

precursor significantly lowered the fibrotic area in comparison to MI-control (Figure 

6C). Because fibroblasts differentiate to α-SMA+ myofibroblasts and increase collagen 

deposition in the infarct area, we then evaluated fibroblast activation in the infarct and 

border zones. Cardiac fibroblasts are heterogeneous cell populations with no comprehensive 

cell marker. In this experiment, Pdgfr-α (Figure 6D) and Vimentin (Figure S4A) were used 

to identify fibroblasts. In Pdgfr-α positive cells, only dECM microparticles significantly 

reduced activated α-SMA+ fibroblasts density and total activated fibroblasts relative to MI-

control, while the liquid dECM effects were only significant with the latter (Figure 6E, F). 
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In Vimentin positive cells, only dECM microparticles treatment lowered fibroblast activation 

to sham levels (Figure S4C). The results demonstrate that dECM microparticles have high 

potency for lowering fibroblast activation and ventricular wall remodeling in post-MI hearts.

2.7 dECM microparticles promote cardiomyocyte cell cycle activity 3 weeks post-MI

Measuring cardiomyocyte renewal in vivo is challenging because of the extremely low 

cardiomyocyte proliferation rate and bi-nucleation. Thus, cardiomyocyte cell cycle activity 

was used as an indicator of proliferation in this study. Cardiomyocyte cell cycle activity 

was examined by immunostaining for Ki67 protein and BrdU incorporation on week 

3 post-MI (Figure 7A). The number of Ki67+ cardiomyocytes is positively related to 

cardiomyocytes undergoing cytokinesis [28]. The dECM microparticles alone significantly 

increased Ki67+ cardiomyocytes compared to MI-control (Figure 7B). BrdU incorporation 

in cardiomyocytes was significantly increased by dECM microparticles and dECM hydrogel 

precursor compared to sham and MI-control (Figure 7C). A similar experiment was 

conducted using day 1 mice ventricle explants (Figure S5A). Cardiomyocyte BrdU 

incorporation (Figure S5B) and the frequency of PHH3+ cardiomyocytes (Figure S5C) 

were increased significantly by both dECM microparticles and dECM hydrogel precursor 

treatments relative to the untreated control. We then used the cardiomyocyte cell line, H9C2, 

to evaluate direct effects of dECM microparticles on cardiomyocyte cell cycle activity 

(Figure S5D). The dECM microparticles significantly increased H9C2 cell cycle activity 

compared to solubilized dECM treatment (Figure S5E). Together, the results indicate that 

dECM microparticles directly increase cell cycle activity in cardiomyocytes and in post-MI 

hearts.

2.8 dECM microparticle provides a platform for drug delivery

dECM microparticles offer potential as a platform for engineered drug delivery. The dECM 

microparticles have an average diameter of 22.8 μm (Figure 8A). The diameter could be 

lowered with increased monodispersity by post-electrospray sonication to 3.4 μm (Figure 

8B) and bead-homogenization to 2.3 μm (Figure 8C), respectively. For proof-of-concept of 

using the particle as a vehicle for macromolecule-loaded polymers, polystyrene beads (200 

nm in diameter) were incorporated into dECM microparticles by mixing solubilized dECM 

with the fluorescently labeled nanoparticles before continuing with the pre-established 

fabrication protocol (Figure 8D). Nanoparticle incorporation could be titrated without any 

obvious impact on dECM microparticle size or aggregation. Similarly, to demonstrate 

direct small molecule loading, fluorescently labeled dextran (10 kDa) was incorporated 

into dECM microparticles at two concentrations (0.1 and 1 mg mL−1) (Figure 8E). 

Controlled release of dextran was observed over 7 days by fluorescence measurements 

of supernatant by plate reader analysis (Figure 8F). Finally, dECM microparticles were 

modified by chemical modification after electrospray for demonstration of altering the 

surface interface. NHS-AF488 was employed to determine whether NHS-ester can conjugate 

molecules to dECM microparticles. An increased fluorescence was observed in NHS-AF488 

functionalized dECM microparticles compared to the passively adsorbed control indicating 

AF488 molecules enrichment (Figure 8G). FTIR analysis of NHS-AF488 functionalized 

dECM microparticles also indicated that NHS-AF488 was conjugated to microparticles by 

NHS-ester (Figure 8H). The results suggest that dECM microparticles can be modified 
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by directly loading drugs, incorporating drug-loaded nanoparticles, or surface coating and 

conjugation potentially for tissue targeting and drug delivery.

3. Discussion

In this study we showed evidence that dECM microparticles by electrospray achieve 

sustained release of diffusible bioactive molecules while being retained in tissue for 

at least two weeks to improve cardiac post-injury response in non-regenerative hearts. 

Previous studies have reported that cardiac dECM hydrogel reduces fibrosis, stimulates 

angiogenesis, and increases cardiomyocyte cell cycle activity in post-MI hearts [5], [8], 

[9], that nano- and micro-particles can be used for delivering drugs to ischemic heart 

[29], [30], and that extracellular matrix proteins can be processed to solid particles [31]–

[33]. Nevertheless, cardiac dECM-derived microparticles and their applications in ischemic 

heart injury treatment have not been reported. This current study suggests that dECM 

microparticles increase vessel density and reduce ventricle remodeling. Our work is the first 

to demonstrate that dECM microparticles can be developed as a therapy for ischemic heart 

injury.

The dECM microparticles represent a variant of decellularized tissue-derived biomaterials. 

Early testing of porcine dECM hydrogel precursor treatment of heart failure patients 

in phase I clinical trial indicates general safety [34]. Similar to dECM hydrogel 

precursor, dECM microparticles are amenable to various needle gauges. In addition, 

dECM microparticles as a solid substrate provide a platform for further modifications 

such as macromolecules or drugs loading and surface functionalization or coating, as 

we demonstrated here. Further analysis will determine whether the dECM microparticle 

preparation with emulsion and solvents results in background crosslinking that distinguishes 

the two dECM modalities. Other groups have demonstrated that tuning hydrogel 

microparticle stability and protein release kinetics can be achieved by modulating particle 

sizes [35], [36]. Effects of particle size remain to be determined with the dECM 

microparticles. The dECM microparticle is primarily composed of insoluble fibrous 

proteins including collagen; however, the enrichment of complex biomolecules likely drives 

biological signaling that can drive post-ischemic signaling. The dECM investigated in this 

study contains extracellular matrix biomolecules reported to regulate cardiogenesis, for 

example agrin and periostin [37], [38]. In contrast, we did not observe putative cardiogenic 

growth factors such as follistatin like-1 and nidogen-1 that have been reported to stimulate 

cardiomyocyte proliferation [39], [40]. Potential enrichment with specific growth factors and 

tissue targeting may further improve the therapeutic efficacy of dECM microparticles for 

tissue engineering.

dECM microparticles induce increased vascularization and protection against ventricle 

remodeling. Otherwise, the dECM microparticles and dECM hydrogel precursor induced 

similar bioactivity with regards to cardiac function, cardiomyocyte cell cycle activity, 

fibrosis, and fibroblast activation by week-3 in post-MI hearts. Interestingly, the observed 

effects may be achieved by the combination of distinct factors. First, dECM microparticles 

release lower amounts of proteins but at a steadier rate compared to liquid-derived hydrogel 

which may alter signaling pathways with time. Second, the retention and stability of 
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dECM microparticles and hydrogel precursor are different after intramyocardial injection, 

though it remains to be determined whether size-mediated retention facilitates this extended 

presence. Cardiac beating and blood flow may accelerate the spreading and dilution of 

dECM hydrogel precursor which result in distribution over a large area. Interestingly, 

nano-sized particles in dECM hydrogel precursor have been reported to infiltrate into 

interstitial tissue and leaky vessels which may provide its own unique advantages [41], 

[42]. On the other hand, dECM microparticles exhibit increased rigidity and swelling 

relative to dECM hydrogel precursor which suggests dECM microparticles require larger 

stresses to relocate. Thus, the region of dECM microparticle action mainly concentrates at 

the injection site for macromolecules released by diffusion. Interactions of fibroblast and 

cardiomyocytes with dECM microparticles were evaluated in vitro. The evidence supports 

cellular retention of microparticles retention by adhesion and stimulation of cardiomyocyte 

division. It remains to be determined whether direct cell-microparticle contact has unique 

benefits distinct from the released soluble factors. Interestingly, the molecular components 

of the final dECM products may differ. Hydrophobic molecules in the digested protein 

suspension may have been lost during emulsion. In contrast, hydrophilic molecules, like 

most growth factors, could be enriched [43]. Similarly, the slow gelation of the dECM 

hydrogel precursor may allow for diffusion of highly soluble factors upon injection. Further 

molecular characterization will elucidate differences in the composition.

There are caveats to the impact of dECM microparticles that warrant consideration. We 

initially observed increased surgery mortality in high-dose (> 10 μL) dECM microparticles 

injected groups (60% mortality vs. 20% mortality in 2 μL injected groups). A large 

dose delivery of microparticles or fluid volume into myocardium may damage tissue 

as a physical obstruction or edema increasing inflammatory responses in the heart. The 

diameter of the dECM microparticles can range from 5 μm to 55 μm. Pilot testing 

with electrospray parameters including flow rates, voltage, temperature, and emulsion 

formulation indicates the size range can be broadened or narrowed. We show evidence that 

monodispersed particles could be achieved via post-fabrication processing (e.g., sonication, 

homogenization) to achieve lower sizes (single-digit micron). From the literature, small 

particles (< 1 μm) are subject to macrophage phagocytosis and thus are potential triggers 

for an immunoresponse [44], [45]. Large particles (> 100 μm) have been shown to 

induce foreign body responses and fibrosis [46]. Although the polydispersity of dECM 

microparticles has been reduced to better evaluate the utility of microparticles in vivo, the 

inflammatory response at different time points needs to be evaluated with monodispersed 

particles of different sizes. In addition, optimizing the dosage for mass and volume will 

be important to maximizing treatment effects. Investigating post-injection dECM dynamics 

in vivo will provide critical information on structure-function relationships including tissue 

distribution based on size and extent of post-MI tissue remodeling, protein release kinetics 

in bulk, and defined dECM molecules (e.g., agrin) with the associated cellular signaling 

(e.g., Yap). Extending the duration of in vivo experiments to 4 weeks or longer will 

further provide detailed characterization of stability and therapeutic efficacy of dECM 

microparticles in late-stage heart repair. In addition, although increased vessel density 

was observed in dECM microparticles treated hearts, further investigation is needed for 

angiogenic activity. In vitro tube formation assay indicates that dECM microparticles 
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increase tube branching. To evaluate dECM microparticles angiogenic activity, we will need 

to probe for established angiogenesis markers such as Ang-2 and Tie-1 and intravital stains 

for vessel patency.

Hydrogel particles at the micro- and nano- scales have a long history as vehicles for 

controlled release that can be delivered by needle and catheter [47]–[49]. The dECM-derived 

microparticles are a relatively new format of microspheres for biomedical application. The 

hydrophilicity of hydrogel microparticles makes them a promising way for delivering water-

soluble biomolecules like growth factors and cells [50]. Delivering growth factors from 

protein-derived microparticles have been shown to increase bone and cartilage regeneration 

[32], [51]. Protein-derived microparticles can also be employed for delivering cells or 

as a scaffold for cell infiltration in tissue engineering [52], [53]. Extracellular matrix 

fiber proteins like collagen have also been processed to microspheres and investigated 

for drug delivery and tissue engineering [33], [54]–[56]. However, microparticles derived 

from dECM have not been investigated as a vehicle for delivering extracellular growth 

factors to heart-injured recipients as we show here for the first time. We also establish 

that the dECM microparticles provide a solid substrate for chemical modification and small 

molecule loading.

The juvenile mice employed in this study provide an established MI model for evaluating 

the post-injury response in non-regenerative hearts. Published works have demonstrated that 

heart regenerative capacity drops promptly after birth in mice and the incomplete recovery 

after heart injury is observed after day 3 in neonates [57], [58]. Similar to adult heart MI 

model, ischemic heart injury lowers cardiac function and results in permanent scarring in 

juvenile post-MI mice. The recently closed regenerative window and potential for stimulated 

cardiomyocyte proliferation in juvenile mice allow a useful evaluation of candidate therapies 

to then deploy in adults. Investigating heart repair in early-aged animals can also reveal the 

mechanism of complete heart regeneration in newborn animals. However, to better estimate 

the therapeutic efficacy of dECM microparticles for MI patients, microparticles need to be 

tested in adult and large mammal MI models for development towards a clinically relevant 

approach.

4. Conclusion

We developed a solid hydrogel microparticle derived from fetal porcine heart decellularized 

extracellular matrix using an electrospray emulsion approach in this study. The 

microparticles showed higher stability and slower macromolecule release kinetics compared 

to liquid forming hydrogel. dECM microparticles protected heart function and stimulated 

heart regeneration in post-MI mice hearts. dECM microparticles by electrospray show 

potential as a drug-release platform.

5. Methods

5.1 dECM isolation and solubilization

dECM harvest was based upon previous publications [59]. Porcine tissue was acquired for 

secondary use from animals on protocols approved by the Case Western Reserve University 
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(CWRU) Institutional Animal Care and Use Committee (IACUC). Animals were first 

anesthetized by an intramuscular injection of Telazol and then euthanized by an overdose 

of Fatal-Plus, pentobarbital sodium (>100 mg kg−1). This method is consistent with the 

recommendations of the 2000 Panel on Euthanasia of the American Veterinary Medical 

Association. Porcine ventricles were cut to approximately 2 cm3 dices and immersed in 1 

% sodium dodecyl sulfate solution (Sigma-Aldrich, St. Louis, MO, USA) to decellularize 

for 48 h until tissue appeared white in color. The samples were washed and soaked in a 1% 

solution of Triton X-100 (Sigma-Aldrich) for 4 h. The samples were then washed three times 

with deionized water for 12-24 h. Samples were lyophilized (SP Scientific, Gardiner, NY, 

USA) and kept at −80 °C for long-term storage. To generate dECM solution, lyophilized 

dECM was pulverized in liquid nitrogen and digested in 1 mg mL−1 pepsin (Sigma-Aldrich) 

in 0.01 M HCl buffer for 10 h at room temperature. Next, dECM was added at 10 mg mL−1 

digestion buffer. Once completed, the pH was adjusted to 7 by adding 1 N of NaOH, and 

then the sample was diluted in 1:10 by volume in 10 × phosphate buffered saline (PBS; 

pH~7.4). Penicillin-streptomycin (P/S) (10,000 U mL−1, Cytiva, Marlborough, MA, USA) 

was added to reach a final concentration of 100 U mL−1. The sample was then stored at 

−20 °C. The dECM solution is a hydrogel precursor that aggregates into a 3D hydrogel at 

physiological temperature such as when administered in vivo.

5.2 Solid dECM microparticle fabrication

The solid dECM microparticles were fabricated using a custom electrospray apparatus 

(Spraybase, Cambridge, MA, USA) (Figure S1). Solubilized dECM solution was loaded 

into a 5 mL syringe (BD, Franklin Lakes, NJ, USA) and a syringe pump (New Era Pump 

Systems, Inc. Farmingdale, NY, USA) was set to 1.2 mL per hour flow rate. The syringe was 

connected to tubing which terminated in a 23-G needle. A high-power electrical source was 

connected to a needle and then separately the ground collection vessel via copper tape. A 

stir bar was placed inside the collection vessel and set to 100 RPM. The collection vessel 

is then filled with 7 mL olive oil with 5% surfactant (24% Tween 85 and 76% Span 85; 

Sigma-Aldrich). Needle distance is aligned to the beaker height. Syringe pump was then 

started and the voltage was set to between 8 kV to 17 kV depending on the intended sample. 

Once spraying is completed, the sample is transferred to another beaker with constant 

stirring at 600 RPM on a hot plate at 50 °C for 2 h in a desiccator. After heat-induced 

gelation, microparticles were washed with 3 mL acetone (Sigma-Aldrich) three times, spun 

at 1,700 g with each supernatant discarded, and then in 3 mL ethanol (Decon labs, Inc., 

King of Prussia, PA, USA) three times, with each spun at 1,700 g discarding the supernatant 

each time. The samples were suspended in ethanol and stored at −20 °C. The final dECM 

microparticles have a concentration ~10 mg mL−1.

5.3 Microparticles interaction with H9C2

Microparticles were incubated with 1:100 diluted WGA-Alexa Fluor 488 for 2h and 

washed in PBS 3 times before use. H9C2 cells were plated to 96 well plate at 20,000 

cells per well. After overnight plating in DMEM contains 10% fetal bovine serum (FBS; 

ThermoFisher) and 1× penicillin-streptomycin (P/S; ThermoFisher), approximately 20 μg 

dECM microparticles were added to each well. Microparticles were incubated with cells or 

Wang et al. Page 10

Adv Healthc Mater. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



an empty well for 1h, and then gently washed in PBS 3 times. Samples were then imaged by 

bright field and fluorescent imaging. The area of microparticles was measured using ImageJ.

5.4 3T3 and microparticle 3D gel culture

NIH 3T3 cell line was cultured in DMEM media with 10% FBS, 1% P/S. Matrigel 

(Corning) was thawed at 4 °C before use. NIH 3T3 cells were trypsinized and resuspended 

in culture media. NIH 3T3 (78 × 103 cells mL−1), Matrigel (final concentration 4 mg mL−1), 

with or without microparticles were mixed carefully on ice in a microcentrifuge tube and 

allowed to initiate gel setting at 37 °C for 1 min. Then 60 μL of gel suspension was added 

to a 96-well tissue culture plate and incubated at 37 °C for 30 min to complete gel setting. 

Finally, DMEM media with 10% FBS, 1% Pen-Strep was added to each dish. The gel 

mixtures were imaged using microscopy (Zeiss) with phase contrast after 2 days in culture.

5.5 Scanning electron microscopy

Scanning electron microscope (SEM, FEI Helios FIB, ThermoFisher) was used for imaging 

and surface analysis of dECM microparticles and liquid-derived hydrogels. Samples were 

suspended and fixed in 2.5% glutaraldehyde (Sigma-Aldrich) and 2% paraformaldehyde 

(PFA) (Sigma-Aldrich) in 0.1 M cacodylic acid (Sigma-Aldrich) for 1 h at room 

temperature. dECM microparticles and hydrogels were washed with 0.1 M cacodylic acid 

twice and were then serially dehydrated in ethanol (20, 50, 70, 90, 100% ethanol). After 

dehydration, the samples were pipetted onto glass coverslips and were left to air dry at room 

temperature overnight. The dried samples were then sputter-coated (Denton Vacuum, LLC., 

Moorestown, NJ, USA) with platinum before SEM imaging.

5.6 Atomic Force Microscopy (AFM)

A MFP-3D-Bio AFM (Asylum Research, Oxford Instruments, Santa Barbara, CA, USA) 

mounted on an inverted fluorescence microscope (Nikon Eclipse Ti) was used to indent 

the dECM hydrogels or microparticles and obtain their Young’s modulus [60]. The dECM 

microparticles suspended in ethanol were coated on clean glass slides and ethanol was 

allowed to evaporate (~2 h) prior to testing. Similarly, dECM hydrogels were placed in 

sterile AFM Petri dishes (Corning; 35 mm × 10 mm) and covered in PBS (37 °C). Tip-less 

AFM cantilevers (model Arrow TL 1, Nanoworld, nominal spring constant ~ 0.02 N m−1) 

were glued with a 2 ± 0.05 μm diameter polystyrene bead (Sigma) using epoxy. The 

spring constant was determined from a force-distance curve and using thermal calibration 

method in a clean culture dish containing PBS (for gel analysis) or on a clean glass slide 

(for microparticle analysis). Multiple force curves were obtained at random locations on 

the hydrogels immersed in PBS at a rate of ~ 5.1 μm s−1 and a trigger force of ~ 4 

nN. The resulting force versus indentation curves were analyzed by Hertz model fit for 

spherical indenters using Igor Pro 6.37 software. The Young’s modulus was determined 

from these force curves as F = 4EY Rδ3/3 1 − μ2 , where F is indentation force, EY is 

Young’s modulus, μ is Poisson’s ratio (~ 0.4), R is tip radius (1 μm) and δ is the indentation 

depth (~ 500 nm) Data were represented as mean ± standard deviation from at least n = 6 

independent gels/well or multiple particles per glass slide, with at least three independent 

repeats of each experiment.
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5.7 Protein release assay

For release kinetics, the dECM microparticles (~1 mg) and gelled dECM hydrogel precursor 

at 100 μL (~1 mg) were incubated in 600 μL of 1× PBS (37 °C). The dECM microparticles 

and hydrogel used in this experiment were from the same batch of liquid dECM hydrogel 

precursor. In the first 24 h, 60 μL buffer was sampled at 4 min, 15 min, 30 min, 1 h, 2 h, 

4 h, 8 h, and 24 h. Fresh 1× PBS was added after sampling. After 24 h, the entire buffer 

was sampled at days 2, 4, 6, 8, 10, 12, and 14. Fresh 1× PBS was used to replace the old 

buffer after sampling. Samples were kept at −20 °C. BCA assay (ThermoFisher, Waltham, 

MA, USA) was used to measure the protein concentrations.

5.8 Swelling Analysis

The dECM microparticles and liquid-derived dECM hydrogels were imaged using a Zeiss 

fluorescence microscope (White Plains, NY, USA) in phase contrast mode. To evaluate 

swelling, the microparticles and hydrogels in ethanol were placed on charged glass slides 

(Fisher Scientific, Pittsburgh, PA, USA) and allowed to partially dry and adhere to the glass 

slide. A coverslip was gently placed on top, and ethanol was allowed to perfuse the area to 

re-solvent microparticles. After 10 min, the solution was exchanged with distilled(DI) water 

showing the change in size from the ethanol solvent to water after 15 min [61].

5.9 Water uptake

The dECM microparticles and liquid-derived dECM hydrogels were evaluated for water 

uptake following a published protocol [62]. To quantify changes in mass due to water 

uptake, the mass of microcentrifuge tubes was individually measured for baseline weight. 

The dECM microparticles and hydrogels were then added to the microcentrifuge tubes and 

weighed to get an initial “wet weight.” The samples were then lyophilized and weighed for 

the “dry weight.” Then water was added in 40 μL increments to rehydrate the samples and 

make sure that no excess water was added. If there was excess water, it was removed via 

pipette before weighing again. These masses were subtracted from each other to get changes 

in mass and percentage changes.

5.10 Collagenase digestion

One hundred microliters of dECM hydrogel and microparticles suspended in PBS were 

added to 1.5 mL centrifuge tubes. The mass of the sample in each tube is 1mg. Seven-

hundred microliter of fresh collagenase (Sigma-Aldrich) digestion buffer (0.1 mg mL−1 

collagenase and 0.36mM CaCl2 in 1× PBS) was added to each tube. Samples were incubated 

in a 37°C incubator. Seventy-two microliter of digestion buffer was sampled at time 0, 15, 

30, 60, 120, 240, 480, and 1440 min, and the same volume of fresh collagenase digestion 

buffer was added. Protein concentrations were measured using BCA assay.

5.11 Microparticles retention and stability assay

After washing in 1× PBS three times, dECM microparticles and dECM hydrogel precursor 

were labeled with 100 μg mL−1 wheat germ agglutinin-Alexa fluor 488 (ThermoFisher) 

for 2 h at 4 °C with constant agitation. Two microliters of dECM hydrogel precursor and 

equivalent mass of dECM microparticles were injected through a 10 μL Hamilton syringe 
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into a biopsy core of ~ 3 mm × 3 mm × 2 mm porcine heart cube before plating into 

a 48-well tissue culture dish. Samples were incubated at 37 °C for 2 h to induce dECM 

hydrogel precursor gelation without potential washout from buffer. Samples were then 

incubated in 500 μL DMEM media (ThermoFisher) for 14 days. Media was changed every 3 

days. Samples were washed, cryosectioned on days 1, 3, 7, and 14, and imaged immediately. 

To measure the area of fluorescence-labeled dECM, images were quantified using ImageJ 

(NIH, USA). Histogram of pixel intensity was used to determine the threshold of non-tissue 

area, tissue-background, and Alexa Fluor 488-labeled signal of dECM. To measure the 

relative fluorescence intensity, images were measured with the defined thresholds for the 

averaged intensity of tissue and dECM regions of interest, and then label fluorescence 

intensities were normalized to the tissue.

5.12 Mice MI model and echocardiography

All animal procedures were reviewed and approved by IACUC at CWRU according to 

the guidelines and regulations described in the Guide for the Care and Use of Laboratory 

Animals (National Academies Press, 2011).

Myocardial infarction was performed on non-regenerative day 5 mice as previously 

published [9], [10]. Pregnant CD1 (IGS) mice were purchased from Charles River 

(Wilmington, MA, USA). Day 5 mice were anesthetized by hypothermia and kept on 

ice during the procedure. Analgesia was not available because of the age of the mice. 

Anesthesia was monitored by toe-pinch every 15 min if the procedures are above 15min. 

An incision was made on the fourth intercostal space, pericardium was removed to better 

visualize coronary arteries. A 10-0 Nylon suture (Arosurical instruments co., Newport 

Beach, CA, USA) was used to permanently ligate left coronary artery. Two microliters 

of dECM hydrogel precursor and dECM microparticles were injected through a 10 μL 

Hamilton syringe into myocardium. Two injections were made above and below the 

ligation site. Wound was closed by suture and skin glue (Henry Schein, Melville, NY, 

USA). Recovered mice were returned to the dame. Three weeks post-MI, mice were 

anesthetized by 5% isoflurane (Patterson veterinary, Greeley, CO, USA) vapor in air before 

echocardiography and maintained anesthetized using 1% to 1.5% isoflurane as previously 

published [63]. Body temperature was maintained at 37 °C and heart rate was kept at 400 to 

500 beats per minute. M-mode and B-mode were recorded along the long axis using a Vevo 

3100 (VisualSonics) equipped with a MX550D transducer. Cardiac function was analyzed 

using Vevo lab (VisualSonics). BrdU was injected into mice at 0.1 mg g−1 body weight for 

3 days before euthanization. Animals were euthanized without anesthesia by introducing 

100% CO2 to their home cage for 10min. The CO2 flow rate was about 20% of chamber 

volume per minute. Death was confirmed by heart removal.

5.13 Histology and immunostaining

For Masson’s Trichrome staining, heart sections were deparaffinized and stained as per 

protocols provided by the vendor (Electron Microscopy Sciences, Hatfield, PA, USA). 

For immunostaining, after deparaffinization and antigen retrieval, sections were blocked 

in 10% serum buffer for 1 h at room temperature and incubated in respective primary 

antibody staining buffer [1 × Tris-buffered saline (DOT Scientific Inc. Burton, Michigan, 
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USA) contains 1% BSA (DOT Scientific Inc.) and 0.1% Triton X-100] overnight at 4 °C. 

Rabbit anti-platelet derived growth factor receptor alpha (Pdgfr-α) (Abclonal, Woburn, MA, 

USA), chicken anti-Vimentin (Abcam, Waltham, MA, USA), rabbit anti-phospho-histone 

H3 (PHH3) (Abcam), mouse anti-alpha smooth muscle actin (α-SMA) (ThermoFisher), 

mouse anti-cardiac troponin T (TnT) (Developmental Studies Hybridoma Bank, Iowa City, 

IA, USA), rabbit anti-Ki67 (ThermoFisher), rabbit anti-BrdU (ThermoFisher), and rabbit 

anti-CD31 (Abcam) antibodies were used. All primary antibodies except TnT antibody 

were 1:200 diluted in staining buffer. TnT antibody was 1:10 diluted in staining buffer. 

Fluorophore-conjugated goat secondary antibodies (ThermoFisher) were used for detecting 

primary antibodies. All secondary antibodies were 1:200 diluted in staining buffer. Nuclei 

were stained by DAPI (Sigma-Aldrich). A representative image of secondary antibodies-

only negative control is showed in Figure S6F. Sampled were mounted in anti-fade mounting 

media (Vectorlab, Burlingame, CA, USA) and imaged within 2 days.

For fluorescent immunostaining, cardiomyocytes in the MI border area (within 250 μm 

from the edge of infarct area) were imaged. Fibroblasts in infarct and border areas (within 

100 μm of collagen-rich infarct area and in the infarct area) and vessels in infarct and 

border areas (within 400 μm of collagen-rich infarct area and in infarct area) were imaged. 

Cardiomyocytes, fibroblasts, and vessels in sham group were randomly imaged in left 

ventricle wall. For each section, 5 images were randomly taken in the area mentioned above. 

Cell numbers were counted in ImageJ by thresholding using Auto Threshold (Moments, 

Otsu, or Percentile methods). The same auto threshold method was used to analyze the 

images for same cell markers. The segmented color channel of DAPI and the channel of 

specific cell markers were overlayed to highlight specific cells of interest. Cell number was 

counted using Analyze Particle function. BrdU, Ki67, α-SMA positive cells, and CD31 - α-

SMA double positive structures were counted manually. For Masson’s Trichrome staining, 

the whole heart section was imaged and measured using imageJ Auto Thresholding. Fibrotic 

area was measured by Auto Thresholding and manual choosing the infarct region.

5.14 Microparticle macromolecule incorporation and conjugation

As a proof-of-concept for drug loading, dECM microparticles were fabricated after doping 

with latex beads and with dextran. Carboxylate-modified latex beads (ThermoFisher; 

200 nm diameter; 2% w v−1 suspension) were mixed at 1:10 ratio with the dECM 

hydrogel precursor before electrospray. Alternatively, fluorescein isothiocyanate-dextran 

10 kDa (Sigma-Aldrich) were enriched in the dECM hydrogel precursor to reach final 

concentrations of 0.1 mg mL−1 or 1 mg mL−1. The doped dECM mixture was then 

processed by the microparticle fabrication protocol by electrospray and heat-induced 

gelation. Doped dECM microparticles were washed in acetone, ethanol, and 1× PBS three 

times each, before dextran release experiments. Microsphere incorporation and dextran 

loading were evaluated using fluorescence microscopy.

To determine dextran release from microparticles, dextran loaded dECM microparticles (1 

mg) were incubated in 400 μL PBS at 37 °C for 7 days with daily exchange of buffer. 

Dextran concentrations were examined by Synergy H1 spectrometry (BioTek Instruments, 

Winooski, VT, USA) using 490 nm excitation wavelength and 520 nm emission wavelength.
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Surface functionalization was conducted for proof-of-concept of tissue targeting and surface 

modular motifs. NHS-AF488 (Lumiprobe, Hunt Valley, MD, USA) stock solution was 

added to dECM microparticles suspended in 0.1 M sodium bicarbonate buffer. Fifty 

micrograms of NHS-AF488 were used per milligram of dECM microparticles. dECM 

microparticles were incubated with NHS-AF488 at 4 °C overnight, followed by washing 

in PBS five times. Surface functionalized dECM microparticles were imaged using a 

fluorescence microscope.

5.15 Microparticles sonication and bead-homogenization

For sonication, liquid dECM droplets suspended in oil after electrospray were transferred to 

conical tubes and sonicated in a 0.8 L bath sonicator (Btihceuot) for 30 min using 42 kHz 

sonication frequency and 35 W power. Ice-cold water was used to keep the temperature at 0 

°C.

For bead-homogenization, solid dECM microparticles were suspended in ethanol with 

polystyrene beads and metal beads for centrifugal agitation. Then washed in acetone three 

times (5 min each), and three more times (5 min each) in ethanol for cold storage, or 

switched to aqueous buffer for cell treatment.

5.16 Fourier-transform infrared spectroscopy

dECM microparticles were dried on a coverslip and transferred to a Cary 630 FTIR facility 

(Agilent, Santa Clara, CA, USA) for reading. Spectrum range was set to 4000 to 600 per 

centimeter with a resolution of 4/cm. Background calibration was conducted before reading 

a new sample. Averaged data of 512 scans was used for analysis. Baseline correction and 

peak normalization were used for processing FTIR data.

5.17 Statistical analysis

Statistical analysis was conducted using GraphPad Prism 7. A two-tailed t-test was 

performed to compare experiments with two groups. One-way ANOVA and Tukey’s test 

were used for analyzing experiments with three or more groups. The confidence interval 

was set to 0.95 for both t-test and one-way ANOVA. No data pairing or matching was 

applied. The data was assumed to exhibit Gaussian distribution. Data were represented 

as bar graph or dot plot with mean ± standard deviation (SD). Non-preprocessed data 

was used for statistical analysis except the Protein release in 14 d (Fig 2E) and dECM 
retention (Fig 3D, E) data. Protein release in 14 d data was normalized to the amount of 

total protein released in 24h. dECM retention data was normalized to the values on day 

1. Number of experimental repeats is shown in figure legends. In vivo experiments were 

conducted on 4 individual animals for each treatment, while in vitro experiments were 

repeated independently 3 times. For cardiomyocytes, 300 to 550 cardiomyocytes per animal, 

or 1,200 to 2,200 cardiomyocytes per treatment group were analyzed. For fibroblasts, 50 

to 100 cells per animal in sham group and 120 to 320 cells in MI groups, or 200 to 400 

fibroblasts in sham group and 480 to 1280 fibroblasts in MI groups were analyzed.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. dECM microparticles generated by electrospray and experimental setup.
(A) Schematic of dECM microparticles fabrication. dECM droplets were generated by 

electrospray and stabilized in oil with surfactant. Liquid dECM droplets were gelled on 

hotplate and washed in acetone to remove oil and ethanol. The final solidified dECM 

microparticles were stable in ethanol. (B) 3T3 cells interaction with dECM microparticles. 

3T3 cell protrusions were observed to make contact with dECM microparticles. (C) 

Microparticles captured by H9C2 cells. (D) Microparticles were labeled by WGA-Alexa 

Fluor 488 for quantification of fluorescent surface area after incubation on H9C2 cells and 
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on polystyrene dish. (E) Experimental setup. dECM microparticles (resuspended in PBS) 

were injected into the infarct area immediately after coronary artery ligation in juvenile 

mice. Echocardiography was measured 21 days post-surgery. After 3 days BrdU labeling, 

mice hearts were harvested for histological analysis. (Panel D: n=3, t-test, **p<0.01. All 

data presented as mean ± SD. Black arrows in panel E indicate microparticles.)
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Figure 2. dECM microparticles and hydrogels characterization.
Representative SEM images of dECM hydrogels (A) and dECM microparticles (B). (C) 

Atomic force microscopy analysis indicates that dECM microparticles (4.5 ± 0.7 kPa) have 

higher elastic moduli than hydrogels (2.5 ± 0.3 kPa). (D) dECM hydrogels release soluble 

proteins in aqueous buffer within 24 h. The dECM microparticles exhibit a slower protein 

release rate. (E) In an infinite dilution experiment over 14 days, most of the diffusible 

proteins were released from hydrogels within 2 days, whereas dECM microparticles showed 

a more consistent protein release rate. (F) The dECM hydrogels and microparticles swelling 
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and water uptake were evaluated by microscopy and analytical balance. (G) The area 

of dECM microparticles increases by 70% within 10 min in water, dECM hydrogels 

showed 3% increase in dimensions after immersing in water. (H) The weight of dECM 

microparticles increased by 95% after absorbing water, while that of dECM hydrogels 

increased by 85%. (Panel C: n = 150 to 170 measurements, unpaired t-test. Panel G, H: 

n=3 per treatment, unpaired t-test. *p<0.05, **p<0.01, ****p<0.0001. All data presented as 

mean ± SD.)
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Figure 3. Collagenase digestion and retention of dECM samples.
(A) dECM microparticles and hydrogels were digested by collagenase for 24 h. (B) dECM 

hydrogels were completed digested within 2 h, while the complete digestion of dECM 

microparticles took more than 24 h. (C) dECM microparticles and dECM hydrogel precursor 

labeled by WGA-Alexa Flour 488 were injected into porcine heart tissue explants cultured 

for 14 days. (D) Marginal levels of dECM hydrogel precursor can be observed on day 14. 

The areas of labeled dECM microparticles decreased by 50% from day 1 to day 14. (E) 

The average fluorescence intensity of the remaining samples decreased by 30% in dECM 

Wang et al. Page 25

Adv Healthc Mater. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microparticles and 60% in dECM hydrogel precursor. (Panel B: 3 repeats per group. Panel 

D, E: 3 repeats per group, unpaired t-test. *p<0.05, **p<0.01. All data presented as mean ± 

SD. Panel A: dash line circles dECM.)
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Figure 4. dECM microparticles increase vessel density in post-MI hearts.
(A) Vessels were evaluated by immunostaining for α-SMA and CD31. The density and area 

of vessels were measured to evaluate vascularization. (B) dECM microparticles increased 

small vessel density compared to MI-control. (C) All vessel density. dECM microparticles 

show a trend towards increased vessel density. (Panel B, C: n=4 per treatment, one-

way ANOVA and Tukey’s test. *p<0.05. All data presented as mean ± SD. Arrows 

indicate smaller blood vessels; white boxes indicate magnified areas. Single channels of 

a representative image in panel A are shown in Figure S6A.)
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Figure 5. dECM microparticles preserve cardiac function in 3-week post-MI hearts.
(A) Cardiac function was evaluated by echocardiography. (B) dECM microparticles 

treatment reduced left ventricle end diastolic diameter compared to MI-control. (C) Both 

dECM hydrogel precursor and microparticles lowered left ventricle systolic diameter 

compared to MI-control. However, the end systolic diameter in dECM microparticles 

treated hearts was not significantly different from sham. Both dECM microparticles and 

dECM hydrogel precursor treated hearts showed increased (D) ejection fraction and (E) 

fractional shortening compared to MI-control. dECM microparticles treated group, however, 
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had a tighter distribution than dECM hydrogel precursor group. (Panel B, C, D, E: 

n=4 per treatment, one-way ANOVA and Tukey’s test. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. All data presented as mean ± SD.)
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Figure 6. dECM microparticles reduce fibrosis and fibroblast activation in post-MI hearts.
(A) Fibrosis in heart was examined by Masson’s Trichrome staining. (B) Left ventricle 

wall thickness in the infarct area was higher in dECM microparticles treated group than 

MI-control. (C) dECM microparticles and dECM hydrogel precursor lowered fibrotic tissue 

area compared to MI-control. (D) Fibroblast activation was examined by immunostaining 

for Pdgfr-α and α-SMA. (E) The density of activated fibroblasts was lowered by dECM 

microparticles treatment compared to MI-control. (F) dECM microparticles and dECM 

hydrogel precursor reduced fibroblast activation. (Panel B, C, E, F: n=4 per treatment, 
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one-way ANOVA and Tukey’s test. *p<0.05, **p<0.01, ****p<0.0001. All data presented 

as mean ± SD. Arrows indicate activated fibroblasts; white boxes indicate magnified areas. 

Single channels of a representative image in panel D are shown in Figure S6B. An example 

of the location chosen for wall thickness measurement is shown in Figure S7A.)
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Figure 7. dECM microparticles stimulate cardiomyocyte cell cycle activity in post-MI hearts.
(A) Cardiomyocyte cell cycle activity was examined by immunostaining for Ki67 expression 

and BrdU incorporation in TnT-positive cells. (B) dECM microparticles significantly 

increased the percentage of Ki67+ cardiomyocytes compared to MI-control. (C) Both 

dECM microparticles and dECM hydrogel precursor promoted significant cardiomyocyte 

BrdU incorporation compared to MI-control. (Panel B, C: n=4 per treatment, one-way 

ANOVA and Tukey’s test. *p<0.05, **p<0.01. All data presented as mean ± SD. Arrows 

indicate mitotic cardiomyocytes; white boxes indicate magnified areas. Single channels of 

representative images in panel A are shown in Figure S6D, E.)
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Figure 8. dECM microparticles provide platform technology for drug loading and tissue 
targeting.
(A) Size distribution of original electrospray dECM microparticles (22.7 ± 13.7 μm). 

(B) Size distribution of sonicated microparticles (3.4 ± 2.4 μm). (C) Size distribution 

of bead-milled microparticles (2.3 ± 0.6 μm), all by microscopy. (D) Polystyrene beads 

were incorporated into dECM microparticles. (E) Dextran was incorporated into dECM 

microparticles by electrospray of pre-mixed dECM and dextran solution. (F) A controlled 

release of dextran was observed from dECM microparticles. (G) NHS-AF488 was used for 

dECM microparticle coating. A brighter fluorescent signal was observed in NHS-AF488 
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functionalized particles than passively adsorbed control. (H) FTIR of NHS-AF488 treated 

samples. Increased C-N stretching and C-H bending were observed in NHS-AF488 modified 

microparticles. (Panel F: n=3 repeats per condition, no statistical comparison applied. All 

data presented as mean ± SD.)
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