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Abstract

Early revascularization is critical to reduce morbidity after myocardial infarction, although 

reperfusion incites additional oxidative injury. Superoxide dismutase (SOD) is an antioxidant that 

scavenges reactive oxygen species (ROS) but has low endogenous expression and rapid 

myocardial washout when administered exogenously. This study utilizes a novel nanoparticle 

carrier to improve exogeneous SOD retention while preserving enzyme function. Its role is 

assessed in preserving cardiac function after myocardial ischemia-reperfusion (I/R) injury. Here, 

nanoparticle-encapsulated SOD (NP-SOD) exhibits similar enzyme activity as free SOD, 
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measured by ferricytochrome-c assay. In an in vitro I/R model, free and NP-SOD reduce active 

ROS, preserve mitochondrial integrity and improve cell viability compared to controls. In a rat in 
vivo I/R injury model, NP-encapsulation of fluorescent-tagged SOD improves intramyocardial 

retention after direct injection. Intramyocardial NP-SOD administration in vivo improves left 

ventricular contractility at 3-hours post-reperfusion by echocardiography and 4-weeks by 

echocardiography and invasive pressure-volume catheter analysis. These findings suggest that NP-

SOD mitigates ROS damage in cardiac I/R injury in vitro and maximizes retention in vivo. NP-

SOD further attenuates acute injury and protects against myocyte loss and chronic adverse 

ventricular remodeling, demonstrating potential for translating NP-SOD as a therapy to mitigate 

myocardial I/R injury.

Graphical Abstract

Encapsulating superoxide dismutase, a potent but transitory antioxidant, within a semipermeable 

nanoparticle construct protects from proteolytic cleavage while maintaining its antioxidant 

activity. In an in vivo model of myocardial ischemia/reperfusion injury, direct intramyocardial 

administration of this antioxidant-nanoparticle construct protects myocardium against damage 

from reactive oxygen species. This preserves ventricular structure and function in both acute and 

chronic settings.
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1. Introduction

Ischemic heart disease remains the leading cause of morbidity and mortality worldwide, 

with over seven million people experiencing a myocardial infarction (MI) annually.[1,2] 

Untreated, mortality associated with MI exceeds 30%.[3] Current treatment paradigms 

prioritize urgent revascularization through percutaneous coronary intervention (PCI), which 

are critical in limiting ischemic injury and preserving cardiac function. Reperfusion, 

however, generates additional cellular injury due to a buildup of reactive oxygen species 

(ROS) related to an abrupt change from a hypoxic to a hyperoxic milieu.[4]

ROS accumulate both intracellularly within the cardiomyocytes and the vascular 

endothelium, as well as extracellularly as the immune system undergoes oxidative burst.[4–6] 

Intracellularly, ROS disrupt Ca2+ equilibrium, impair paracrine signaling, and result in cell 

death.[7] This occurs through depletion of the sarcoplasmic reticulum and increased Ca2+ ion 
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flux between depolarized mitochondria and the cytosol, opening the mitochondrial 

permeability transition pore (mPTP) and dissipating the chemiosmotic gradient required for 

ATP production.[8–12] Increased cytosolic Ca2+ and depleted oxidative phosphorylation have 

also been linked to decrements in contractility and viability in cardiomyocytes secondary to 

ischemia-reperfusion (I/R) injury.[13,14]

Innate protective mechanisms exist to attenuate I/R injury. One important early ROS 

scavenging enzyme is superoxide dismutase (SOD), which functions inside the mitochondria 

and cytosol and catalyzes the conversion of free radical superoxide (O2
•−) into hydrogen 

peroxide (H2O2) in a pathway ultimately yielding oxygen and water. Given its potential to 

act early in mitigating oxidative damage, SOD is an attractive potential therapeutic target in 

reducing I/R injury. Recombinant SOD has been shown to reduce free radical accumulation 

in isolated rabbit myocardium[15,16] and mitigate I/R injury in cardiomyocytes,[17] while in 
vivo I/R injury was attenuated in transgenic mice overexpressing SOD.[18]

Despite its potent antioxidant properties, use of exogeneous SOD has yielded inconsistent 

results.[15,19,20] This has been attributed to the enzyme’s intrinsic properties, namely, a short 

half-life, rapid tissue washout, and limited membrane permeability.[21–23]

Coupling antioxidant enzymes to carrier vehicles has been increasingly used to enhance 

enzyme bioavailability. Nanoparticle carriers have been shown to protect enzymes against 

proteolysis in neuronal I/R injury and other models of oxidative stress,[24–29] similar to 

larger microparticles and polyethylene-glycol (PEG)-based delivery modalities.[30,31] This 

study utilized a novel NP-encapsulated SOD (NP-SOD) which, unlike many other carriers, 

allows for delivery of unmodified enzyme, protection from proteolysis, and access to ROS 

via a highly porous membrane. Previously shown to be beneficial in a model of neurologic 

injury,[24] this antioxidant-nanoparticle construct was adapted for use in cardiac I/R injury. 

The goal of this study was to evaluate the efficacy of NP-SOD in reducing myocardial I/R 

injury through enhanced enzyme stability and bioavailability.

2. Results

2.1. SOD-loaded porous polymersomes retain SOD while maintaining enzyme activity

NP-SOD was developed by containing SOD within polymersomes composed of 75 mol% 

Poly(ethylene glycol) (900)-polybutadiene (1800) copolymer (denoted PEG-PBD) / 25 mol

% poly(ethylene glycol) (450)-poly(propylene oxide) (1400) copolymer (denoted PEG-

PPO), Figure 1A. The SOD encapsulation efficiency within these NPs was ~ 20.17%. 

Dynamic light scattering (DLS) showed that NP-SOD had a mean diameter of 116 nm 

(Figure 1B). Transmission electron microscopy (TEM) further confirmed the formation of 

nanoparticles, Supplementary Figure S1. As shown in Figure 1C, SOD displayed high 

catalytic activity following nanoparticle encapsulation, indicating that superoxide radicals 

can access the encapsulated SOD through the porous membrane of PEG-PBD/PEG-PPO 

polymersomes. The activity of SOD following disruption of the polymersome with Triton 

X-100 was similar to the activity of NP-SOD without Triton X-100 treatment. In contrast, 

when SOD was encapsulated in nonporous polymersomes made from 100 mol% PEG-PBD, 

SOD activity was only detected after disrupting the nonporous polymersomes with Triton 
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X-100 treatment. These results indicate that SOD-encapsulated PEG-PBD/PEG-PPO 

polymersomes provide a permeable membrane that allows free superoxide radicals to pass 

into the aqueous interior and interact with the encapsulated antioxidant enzyme SOD. In 

addition, DLS measurements showed that there were no significant changes in the 

hydrodynamic diameter when NP-SOD were incubated in phosphate buffered saline (PBS) 

for 1 week (Figure 1D) and in serum for 24 hours (Figure 1E).

2.2. SOD provides protection against cellular oxidative stress in vitro

The therapeutic effect of SOD in an in vitro model of I/R was assessed using the general 

oxidative stress fluorescence indicator dye H2DCFDA. ROS cleavage of H2DCFDA was 

diminished and fluorescent intensity reduced in free and NP-SOD treated cells compared to 

those treated with empty NP or PBS, Figure 2A/B. Cellular redox state was further assessed 

via mitochondrial membrane permeability. As mPTP opening is an early and lethal event in 

the cellular mechanisms behind ROS damage,[9,13] preservation of membrane polarization 

indicates a more favorable redox state. JC-1 aggregate/monomer intensity ratios in untreated, 

uninjured cells was 2.48; NP-SOD (2.47) preserved mitochondrial membrane potential 

compared to free SOD (1.56, p=0.003), empty NP (0.96, p<0.001) and PBS (0.66, p<0.001; 

Figure 2C/D). Cytotoxicity of NP-SOD, free SOD and empty NP were additionally analyzed 

by measuring cardiomyoblast lactate dehydrogenase (LDH) release while cell viability was 

measured through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay. At 24 hours, NP-SOD, free SOD and empty NP-treated cells demonstrated 

comparable, minimal cytotoxicity and cell viability to PBS-treated cells, Supplementary 

Figure S2.

2.3. Nanoparticle encapsulation improves intramyocardial SOD retention in vivo

An important theorized distinction between antioxidant enzyme-nanoparticle therapy and 

antioxidant enzyme alone lies in the former’s ability for enhanced retention within the 

myocardium. Using an in vivo rat I/R injury model, fluorescent-tagged SOD was more 

effectively retained within the myocardium at longer timepoints when NP-encapsulated 

rather than freely administered (Figure 3). At 24 hours after reperfusion NP-SOD retention 

was 65.06% of baseline compared to 44.79% in freely administered SOD (p=0.003); at 72 

hours, retention was 63.25% that of baseline in NP-SOD vs. 30.46% in free SOD (p<0.001).

2.4. NP-SOD reduces I/R injury in vivo

2.4.1. NP-SOD protects against acute oxidative injury following I/R in rats—
Exogenous SOD administration was assessed in vivo during the acute phase of myocardial 

I/R injury. At 3 hours, 7 NP-SOD, 5 free SOD, 6 PBS and 4 sham animals were assessed. 

NP-SOD administration decreased post-reperfusion myocardial ischemia histologically 

(Figure 4A). Mean area at risk (AAR) of mid-papillary cross sections in sham animals was 

0%, while NP-SOD (AAR 12.1%) was lower than both PBS (33.0%, p=0.044) and free SOD 

(53.7%, p<0.001), Figure 4B. To explain this protective effect, lipid peroxidation was 

measured via free malondialdehyde (MDA) concentration in border-zone tissue lysates. 

MDA concentration was reduced in NP-SOD treated rats compared to those receiving PBS, 

(32.95 vs. 40.74 μM, p=0.039), while lipid peroxidation in NP-SOD was comparable to free 

SOD (32.23 μM, p=0.961), Figure 4C. Functional degree of acute myocardial injury was 
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then measured by echocardiography. Comparing sham (n=4), NP-SOD (n=7), PBS (n=6) 

and free SOD (n=5), left ventricular (LV) function was preserved in the NP-SOD group 

(ejection fraction [EF]=50.6 +/− 2.0%) compared to PBS (33.2 +/− 2.5%, p<0.001) and free 

SOD (34.8 +/− 1.5%, p<0.001), Figure 4D. There was no significant difference between 

PBS and free SOD-treated animals (p=0.949).

2.4.2. NP-SOD attenuates chronic adverse ventricular remodeling—Treatment 

effects were additionally analyzed in the chronic setting. Sham (n=9), NP-SOD (n=13), PBS 

(n=12) or free SOD (n=10) treated rats were assessed 28 days post I/R injury via terminal 

hemodynamic measurements with subsequent heart explant. Comparing extent of adverse 

LV remodeling via fibrosis, there was a stepwise decrement in LV scar area from PBS (10.4 

+/− 1.7%, n=7) to free SOD (6.9 +/− 1.1%, n=5), while NP-SOD demonstrated the least scar 

burden (4.6 +/− 0.6%, n=8; NP-SOD to PBS p=0.007), Figure 5A/5B. Assessing myocardial 

remodeling at a microscopic level revealed even greater NP-SOD therapeutic efficacy, as 

fibrotic scar replacement encompassed 1.4 +/− 0.2% of LV myocardium in NP-SOD animals 

(n=5) compared to 9.2 +/− 1.7% in PBS (n=5, p<0.001) and 6.9 +/− 0.6% in free SOD 

animals (n=4, p=0.006), Figure 5C/5D. These results were further corroborated by 

Hematoxylin & Eosin (H&E) staining of hearts subjected to I/R injury which demonstrated 

greater myocyte density and decreased fibrosis in NP-SOD treated hearts compared to free 

SOD and PBS, Supplementary Figure S3.

Hemodynamic function at 28 days was assessed through echocardiography and invasive 

intra-ventricular pressure-volume loop recordings. The primary hemodynamic outcome, end 

systolic pressure-volume relation (ESPVR), assesses for preload-independent contractility; 

this was significantly higher in the NP-SOD group, Figure 6. ESPVR of sham animals was 

0.50 +/− 0.05 (n=8) and 0.41 +/− 0.043 in NP-SOD animals (n=10, p=0.376). ESPVR in the 

NP-SOD group was 49.1% greater than PBS (n=11, p=0.003) and 38.1% greater than free 

SOD (n=9, p=0.042). Other preload-dependent markers of LV function similarly showed 

NP-SOD superiority. Mean EF, measured by echocardiography, was 64.8% in NP-SOD 

animals compared to 45.1% in the PBS group (p<0.001) and 50.2% in those receiving free 

SOD (p<0.001). Other pressure-volume catheter measured parameters were heart rate, 

cardiac output, stroke volume and stroke work. Heart rate was similar across treatment 

groups, while stroke volume demonstrated superiority in NP-SOD compared to both PBS 

and free SOD groups.

2.5. Discussion

This manuscript has described the creation and use of a novel nanoparticle construct to 

encapsulate SOD and allow for more efficient, sustained antioxidant function in the setting 

of myocardial I/R injury. This was done by first characterizing the unique permeable, 

biocompatible nature of the nanoparticle itself. The NP-SOD construct was further shown to 

maintain therapeutic efficacy in an in vitro I/R setting, in which NP-SOD and free SOD 

were both able to efficiently scavenge ROS and maintain mitochondrial integrity without 

causing additional cytotoxicity or cell death. Translating to an in vivo myocardial I/R 

setting, SOD retention within the myocardium was improved with NP-encapsulated; this 

correlated with NP-SOD protecting against acute injury as well as chronic ventricular 
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remodeling. SOD has long been considered an attractive therapy in reducing oxidative 

damage but has failed to translate into pre-clinical success, and this construct provides 

promise into restoring its translational potential.

To date, treatment failure of SOD has been attributed to its intrinsic characteristics such as 

short half-life (4–8 minutes),[21] tissue washout,[32] and rapid proteolysis.[33] Attempts to 

address these shortcomings to-date have successfully enlisted the use of delivery vehicles by 

harboring SOD within liposomal[34] or polymersome[24] constructs or enmeshing it within 

hydrogels.[35–37] Despite these advances, prior studies have observed limitations in delivery 

vehicles’ ability to balance the need for stability and preservation of SOD with the 

accessibility and permeability required to treat affected tissue. For example, in order for 

SOD-loaded liposomes or polymersomes to be used as an efficient antioxidant, they should 

allow ROS (e.g. O2
•−) to pass into the aqueous interior and interact with encapsulated SOD. 

Unfortunately, most liposomes or polymersomes have a low membrane permeability. The 

novelty of this study’s therapy is in the utilization of nanoparticles that enable stable, yet 

efficient delivery of SOD. By doping diblock copolymer PEG-PPO into PEG-PBD 

polymersomes, the construct is able maintain the to harbor and retain the antioxidant 

enzyme within the nanoparticle while small molecules, such as free superoxide radicals, are 

able to pass through the permeable membrane of polymersomes.

As oxidative injury leads to both acute myocardial dysfunction as well as chronic LV 

dysfunction and adverse remodeling, the therapeutic efficacy of NP-SOD was assessed in 

both the acute and chronic stages using a I/R model. Acute injury three hours after I/R was 

measured via quantifying oxidative damage by ROS induced lipid peroxidation. NP-SOD-

treated animals were able to scavenge free radical species more efficiently than those treated 

with PBS as measured by levels of the reactive aldehyde MDA. When comparing free SOD 

to PBS, however, no statistically significant treatment effect was observed. These subtleties 

became more evident as injury was analyzed from a macroscopic view. Histologic 

quantification of myocardial AAR not only demonstrated significantly greater myocardial 

preservation following administration of NP-SOD compared to PBS, it also showed that free 

SOD administration alone was, at best, equivalent to placebo injection. Ultimately, when 

assessing clinical utility, organ function is the most critical assessment of treatment effect; 

this study demonstrated a 17% improvement in EF in NP-SOD treated rats compared to the 

PBS group, while free SOD alone did not improve LV function over PBS.

In addition to attenuation of acute injury, NP-SOD also improved enzyme retention and 

bioavailability, likely owing to the protective quality of the polymersome construct against 

enzymatic degradation. Similar benefits have been observed in previous studies assessing 

carrier-based delivery systems.[22,38,39] As up to 50% of total permanent infarct in 

myocardial I/R is due to reperfusion itself, prolonged antioxidant availability and function 

using NP-SOD treatment are significant. This study demonstrated a reduction in collagen 

deposition, less fibrosis and preservation of functional myocardium in NP-SOD compared to 

saline alone at both cellular and whole-organ levels, while free SOD failed to replicate these 

treatment benefits. Importantly, these findings translated to significant improvement in 

chronic LV function in NP-SOD treated animals over those treated with saline or 

unencapsulated SOD.
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Several studies have shown that ischemic preconditioning may be a reliable and effective 

method to reduce I/R injury;[40–42] however, its clinical utility is limited as the vast majority 

of PCI therapy for myocardial infarction occurs in the emergent, unplanned setting. 

Similarly, while direct intramyocardial administration is more invasive than catheter-based 

or peripherally delivered therapy, its use mitigates potential treatment variability related to 

targeting and absorption and raises the potential for undesired systemic consequences. 

Future studies in enhancing peripheral delivery may follow recent promising advancements 

using nanocarriers in cancer models, [43–45] or may rely upon alternative modalities such as 

bispecific antibody binding. [46] Until these modalities show the potential for clinical 

translatability, however, this study’s treatment construct and delivery model provides the 

most direct and straightforward assessment of antioxidant-nanoparticle based therapy in an 

in vivo model of cardiac I/R injury.

This study has several limitations. One stems from the rapidity in which superoxide and 

other ROS are degraded, making direct in vivo quantification of ROS injury a challenge. In 
vitro data was relied upon to ensure that the enzyme of interest was functioning in an 

antioxidative capacity; this mirrored, although could not replicate, an in vivo model. 

Additionally, significant morbidity and mortality in I/R injury is caused by fatal arrhythmias,
[47] as ROS generation itself impairs local electrophysiology by modifying proteins central 

to excitation-contraction coupling and altering myofilament sensitivity.[48] While this study 

assessed acute injury from mechanistic, histologic, and functional perspectives, it did not 

quantify injury at an electrophysiologic level. Procedural mortality was low, however, at 

10% with two mortalities in the 28-day cohort (4.4%) occurring post-operatively. One death 

occurred after PBS injection and one after NP-SOD and may have been due to a number of 

different factors including fatal arrhythmia. Injection itself may further cause injury via 

disruption of already compromised microvasculature, which may represent a potential area 

requiring alternative therapy delivery modalities moving forward with preclinical translation.

3. Conclusion

This study provides a promising foundation for further development and assessment of a 

nanoparticle construct which delivers stabilized, bioavailable, exogeneous SOD. Described 

in this study is a therapeutic model which demonstrates the ability to utilize the potent 

antioxidative properties of SOD while preserving enzyme integrity within a semipermeable, 

amphiphilic diblock nanoparticle. The transience of SOD has been a long-standing deterrent 

to its exogeneous administration as a potential cardio-protectant in myocardial I/R injury. 

With this NP-SOD construct, the intent was to stabilize SOD function within the 

myocardium for extended durations. The findings observed here, particularly NP-SOD’s 

ability to preserve LV native structure and function in both acute and chronic settings, 

warrant further investigation into the molecular, metabolomic and immunologic responses of 

the myocardium to NP-SOD treatment. Ongoing analysis will inform future therapeutic 

strategy in achieving clinical translatability.
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4. Experimental Section/Methods

4.1. Animal Use

All experiments conformed to the National Institute of Health Guide for Care and Use of 

Laboratory Animals and were approved by the Institutional Animal Care and Use 

Committee of the University of Pennsylvania. Rattus norvegicus (Wistar) rats were obtained 

from Charles River Laboratories, Inc (Boston, MA).

4.2. Nanoparticle construct

4.2.1. Materials—PEG-PBD and PEG-PPO were purchased from Polymer Source 

(Dorval, Quebec, Canada). IRDye 800CW NHS Ester was obtained from LI-COR, Inc. 

Calbiochem (EMD Millipore, Billerica, MA) provided Cu,Zn-Superoxide dismutase (MW 

32500) from bovine erythrocytes. All other chemicals were used as received. All buffer 

solutions were prepared with deionized water.

4.2.2. Synthesis of fluorescent labeled SOD—IRDye 800CW-labeled SOD was 

prepared for retention assay and was synthesized utilizing a molar ratio of 2:1 of IRDye 

800CW NHS Ester : SOD. For preparation, 1 mL 9.5 mg mL−1 SOD (in 1 M sterile PBS) 

was mixed with 58.5 μL 10 mM IRDye 800CW NHS Ester (in anhydrous DMSO). After 

shaking at room temperature for 2 hours, unconjugated IRDye 800CW NHS Ester was 

removed by centrifugal filter devices (Amicon Ultra-4, 3000 MWCO, Millipore Corp.). The 

purified IRDye 800CW-labeled SOD was stored in darkness at 4°C.

4.2.3. Preparation of SOD-encapsulated porous nanoparticles—Nanometer-

sized porous polymersomes were prepared using the film hydration technique.[22] A 75 mol 

% PEG-PBD/25 mol % PEG-PPO mixture was prepared in chloroform in a glass vial using 

a total of 20 mg of PEG-PBD. The chloroform solvent was removed using a direct stream of 

nitrogen prior to vacuum desiccation overnight. After the formation of a dried film, 1 mL of 

9.5 mg/mL SOD or IRDye 800CW-SOD in 1 M PBS (pH 7.4) was added to the dried 

polymer film. Samples were subjected to 5 freeze−thaw−vortex cycles in liquid nitrogen and 

warm H2O (55°C), followed by extrusion 21 times through a 200 nm Nuclepore 

polycarbonate filter using a stainless-steel extruder (Avanti Polar Lipids). Non-entrapped 

SOD was removed via size exclusion chromatography using Sepharose CL-4B (Sigma-

Aldrich). The sample was further purified and concentrated by centrifugal filter devices 

(Amicon Ultra-4, 100,000 MWCO, Millipore Corp.).

4.2.4. SOD activity measurement—SOD activity was measured using the 

ferricytochrome c assay.[49] Hypoxanthine (HX) and xanthine oxidase (XO) were used as a 

source of superoxide anion, while cytochrome c indicated scavenging of superoxide radical 

competing with SOD. Working solutions contained 50 mM phosphate buffer (pH 7.8), 0.1 

EDTA, 50 μM HX, 20 μM cytochrome c and nanoparticle samples (before and after 

polymersome dissolution with Triton X-100). The reaction was initiated by the addition of 

XO (0.2 U/ml final concentration) and the absorbance was monitored at 550 nm using 

Synergy H1 hybrid multi-mode microplate reader (BioTek). One unit of SOD activity was 

defined as the amount of the enzyme which inhibited the rate of cytochrome c reduction by 
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50%. Differences in SOD activity before and after Triton X-100 treatment were determined 

using separate Student’s t-tests for each formulation. The SOD encapsulation efficiency was 

calculated utilizing the following equation:

Encapsulation efficiency % = Activity of SOD in the SOD NPs / Activity of SOD in feeding × 100

4.2.5. Assessing nanoparticle morphology—The morphology of the NPs was 

imaged on a Tecnai-12 electron microscope. A drop of the samples were placed on a carbon 

coated 200-mesh copper grids for 2–3 minutes, then washed with water. The grids were 

stained with 2% phosphotungstic acid and analyzed at an acceleration voltage of 120 kV.

4.2.6. Instrumentation—DLS measurements were performed on a Zetasizer Nano from 

Malvern Instruments. The scattering angle was held constant at 90°. Fluorescence spectra 

measurements were done on a SPEX FluoroMax-3 spectrofluorometer (Horiba Jobin Yvon).

4.3. Cell culture and in vitro analysis

4.3.1. In vitro I/R model—Embryonic Rattus norvegicus cell line, H9C2 

cardiomyoblasts (ATCC® CRL-1446™) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS). Cells were 

maintained in a humidified incubator at 37°C (21% O2 / 5% CO2) and utilized for 

experiments from passages 2–8. Ischemia-reperfusion injury was modeled by exposure to 

hypoxia (0.5% O2 / 5% CO2 / 95% N2 / 37°C) for 60 mins before treatment administration 

and return to normoxia (21% O2 / 5% CO2 / 74% N2 / 37°C). For in vitro experiments, 10 U 

of free SOD or NP-SOD dissolved in cell culture grade distilled water was administered for 

every 25,000 cells.

4.3.2. ROS quantification in vitro—H9C2 cells were seeded in black-wall, clear 

bottom 96-well plates at a density of 25,000 cells per well and allowed to adhere overnight. 

Ischemia was induced for one hour before administration of either PBS, empty NP, free 

SOD or NP-SOD and reperfusion in normoxic conditions. A 20 mM stock solution of 

H2DCFDA was dissolved in anhydrous DMSO and stored at −20°C for up to one week. A 

final concentration of 20 μM H2DCFDA was dissolved immediately prior to use in sterile 

PBS and added to each well for a 20 min incubation at room temperature in the dark. The 

H2DCFDA solution was aspirated and replaced with sterile PBS before reading the 

fluorescence intensity on the Nexcelom Celigo Cell Image Cytometer (Ex/Em: 485 nm/535 

nm).

4.3.3. JC-1 mitochondrial membrane staining: In multi-well chamber slides, H9C2 

cells were seeded at a density of 50,000 cells per chamber and incubated in growth media 

overnight. Cells were then placed into either hypoxic or normoxic conditions for 1 hour 

before administration of PBS, empty NP, free SOD or NP-SOD. Slides were then returned to 

normoxia for 3 hours of reperfusion and stained with 10 μg/mL JC-1 working solution 

(Abcam) for 10 min in the dark at room temperature. Slides were then washed with PBS and 

mounted with Vectashield DAPI conjugated mounting medium and imaged on a Leica 
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Fluorescence microscope. The intensity of JC-1 aggregate (Ex/Em: 535 nm/595 nm) and 

monomer (Ex/Em: 485 nm/535 nm) intensities were then quantified with ImageJ.

4.3.4. Cellular cytotoxicity and viability—H9C2 cells in cell culture medium were 

seeded at a density of 10,000 cells per well before incubation with 20 μL of the specified 

treatment at 21% O2 / 5% CO2. To assess cytotoxicity, samples of culture media from each 

treatment group were harvested in a time-dependent fashion and diluted 1:100 in LDH 

Storage Buffer. Samples and standards were incubated in equivolume LDH Detection 

Reagent and Reductase for 60 minutes according to supplier instructions before 

luminescence was recorded (Promega LDH-Glo). Viability was assessed after incubating 

treated cells with 10 μL of 12 mM Vybrant MTT (Invitrogen) for 4 hours at 37°C. Culture 

media was then removed after 24 hours and formazin crystals were dissolved using DMSO. 

Absorbance at 540 nm was measured.

4.4. In vivo analysis

4.4.1. In vivo I/R model—A rat model of myocardial I/R injury was used to study the 

efficacy of NP-SOD in vivo. General anesthesia was induced with 5% isoflurane, after 

which rats were endotracheally intubated with a 16-gauge angiocatheter and mechanically 

ventilated. Confirmation of anesthesia to a surgical plane was confirmed by absence of 

palpebral and pedal reflex. Isoflurane was maintained at 1–3% intraoperatively. 

Subcutaneous injections of 0.05 mg/kg buprenorphine were administered for analgesia. 

After positioning in right lateral decubitus position, a left sided thoracotomy was performed 

via the fourth interspace and the pericardium was opened. The left anterior descending 

artery was then exposed and suture ligated 1 mm below the left atrial appendage with a 7–0 

polypropylene suture, creating an anterolateral infarction encompassing 30–40% of the LV. 

Ischemia was maintained for 60 minutes as described previously.[50] At 60 minutes, five 

separate 20 μL intramyocardial injections of selected treatment (100 μL total) were 

administered circumferentially along the ‘border zone’ of perfused and non-perfused tissue. 

The ligation was then relieved immediately after intramyocardial injection with treatment 

modalities, allowing for reperfusion. The chest was then closed in three layers, analgesia 

administered through 1mg/kg intercostal bupivacaine and 2 mg/kg subcutaneous meloxicam 

injections and the animal recovered. When applicable, an additional group of sham surgery 

subjects underwent thoracotomy alone without ligation or injection.

4.4.2. Confirmation of I/R injury by plasma Troponin I concentration—Whole 

blood was collected before ligation and 3 hours post reperfusion in heparinized tubes and 

centrifuged at 2500 × g for 15 minutes at 4°C. Plasma was separated out and stored at 

−80°C. Troponin I ELISA (Abcam) was then conducted with samples prepared according to 

instructions for quantification of plasma troponin I. Samples with elevation of plasma 

troponin I above 20,000 pg/mL were confirmed to have myocardial I/R injury.

4.4.3. In vivo SOD retention—Using the in vivo I/R model described above, 

intramyocardial enzyme retention was assessed using fluorescent-labeled SOD. IRDye 

800CW fluorophore (10 mM) was conjugated to SOD [500 U/mL] and injected into the 

myocardium as either free or nanoparticle-encapsulated enzyme. Hearts were explanted in a 
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time-course fashion at 15-minutes, 24- and 72-hours post injection (n=4 per group per 

timepoint). Imaging was performed with near-IR IVIS microscopy (Spectrum, Ex/Em 760 

nm/800 nm), and retention quantified by proportional radiant efficiency [p/s/cm2/sr]/[μW/

cm2] of the region of interest (ROI) to that of baseline after subtracting background signal.

4.4.4. Assessing in vivo therapeutic efficacy—Subjects were divided into four 

treatment groups to assess for therapeutic efficacy. Again using the in vivo I/R injury model, 

animals received intramyocardial injections of 1) free SOD [500 U/mL], 2) NP-SOD [500 

U/mL], 3) PBS or 4) sham surgery alone. Analyses were performed at 3 hours to measure 

the extent of acute injury and 28 days to assess chronic ventricular remodeling.

4.4.5. Measuring LV hemodynamic function—LV function was measured 3 hours 

post reperfusion. They were re-induced with 5% isoflurane. After endotracheal intubation 

and mechanical ventilation, rats were placed in supine position and isoflurane decreased to 

1–3% to maintain adequate sedation. EF was then measured by transthoracic 

echocardiography (Philips SONOS 5500). Ventricular function was assessed in the 

parasternal short-axis view at the ventricular base, mid-papillary region and apex, as well as 

in parasternal long-axis.

LV function was assessed 28 days after the initial operation in the same manner. These data 

are represented as the average of individual mid-papillary and apical EF measurements, 

taken in triplicate. Following echocardiography recordings, the right neck was dissected, and 

the right common carotid artery exposed. A 2-Fr pressure-conductance catheter (Millar, Inc., 

Houston, TX) was then passed in retrograde fashion into the LV through an arteriotomy in 

the right common carotid artery. Primary hemodynamic measurements assessed preload-

independent contractility through ESPVR. This was obtained by measuring the slope of end-

systole during occlusion of the IVC.[51] Additional hemodynamic parameters measured were 

EF, cardiac output, stroke volume, stroke work, and heart rate.

4.4.6. Histologic quantification—Following terminal hemodynamic measures, hearts 

were explanted, washed with sterile PBS and prepared for further analysis. Hearts assessed 3 

hours post-surgery were filled at −25°C for 5 minutes and sectioned into 2 mm slices. 

Alternating 2 mm sections were stained with TTC for 20 minutes at 37°C and fixed with 4% 

paraformaldehyde. Sections were photographed and the injured area at risk was assessed by 

quantifying the relative area of white (unstained, non-perfused) to red (stained, perfused) 

myocardium using ImageJ. Remaining sections were flash frozen for future analysis.

For animals assessed 28 days post-surgery, hearts were filled and frozen in OCT at −80°C. 

Utilizing a Leica CM3050S Cryostat, 10 mm sections were obtained and mounted for 

histological analysis. Hearts were stained with Masson’s Trichrome Stain (Sigma Aldrich) 

and the area of gross left ventricular scar represented as Aniline Blue positive myocardial 

fibrosis was quantified using ImageJ. Picrosirius Red (Abcam) was administered to frozen 

sections for 1 hour and dehydrated as previously described[52] before quantification of LV 

area containing collagen deposits using ImageJ. Additional 10μM cryosections were fixed in 

4% paraformaldehyde and stained for one minute in both Mayer’s Hematoxylin and Eosin 
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(H&E) before dehydration with ethanol and xylene. Slides were mounted and imaged in 

bright field across the length of the left ventricle and septum.

4.4.7. Lipid peroxidation quantification—MDA is an end product of ROS induced 

lipid peroxidation.[53] Frozen myocardial tissue was lysed in MDA extraction buffer with 

butylated hydroxytoluene and precipitated with TBA according to instructions (Abcam). 

Samples and standards were heated at 95°C for 1 hour. Samples were then transferred to a 

96 well plate and absorbance was recorded at OD 532 nm in the BioTek Gen5 Synergy 2 

plate reader.

4.5. Statistical analysis

Treatment across groups was randomly generated and subjects identified with random 

identifiers. Investigators were blinded to treatment during both data acquisition and analysis. 

Unless otherwise specified, all analyses are represented as mean +/− standard error of the 

mean (SEM). Comparisons across groups utilized one-way analysis of variance (ANOVA), 

while individual comparisons between groups were performed using Tukey’s honestly 

significant difference test. P-values of <0.05 were considered significant. Data analysis was 

performed using GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego, CA).Error bars 

on all plots represent mean +/− SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Porous nanoparticle construct retains SOD while maintaining activity.
A) SOD remains encapsulated within a porous nanoparticle, composed of PEG-PBD and 

PEG-PPO, while free superoxide can diffuse through the pores. B) Diameter of NP-SOD as 

measured by DLS. C) SOD activity was tested before and after the treatment of porous and 

non-porous nanoparticles, with encapsulated SOD, with Triton X-100. Triton X-100 is used 

to disrupt the nanoparticle membranes and release the encapsulated SOD. Non-porous NP-

SOD were composed entirely of PEG-PBD. D) Stability of NP-SOD in PBS for 1 week. E) 
Stability of NP-SOD in serum for 24 hours.
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Figure 2. SOD minimizes oxidative injury in H9C2 cells following simulation of I/R injury.
H9C2 cells were subjected to 1 hour of ischemia (0.5% O2) prior to administration of 

treatment groups and were returned to normoxic conditions (21% O2). A-B) Presence of 

ROS free radicals at 3 hours post I/R was quantified by fluorescence intensity (Ex:485 nm) 

produced by cleavage of H2DCFDA. C-D) H9C2 cells were seeded in multi-well chamber 

slides and subjected to either normoxic or I/R conditions before staining with JC-1. Samples 

were then mounted with DAPI and imaged on a Leica fluorescent microscope at 

405/485/535 nm at 10, 40, and 100X magnifications. Image intensities of each excitation 

wavelength were quantified utilizing an automated ImageJ algorithm and set as a ratio of 

JC-1 aggregates (pink: 535 nm) to JC-1 monomers (green: 485nm). Significance represented 

as follows: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 3. NP-SOD increases enzyme retention in the myocardium following I/R injury.
A-B) Free SOD and NP-SOD were tagged with an IRDye 800CW dye and injected 

following 1 hour of myocardial ischemia. Hearts were explanted at 0.25, 24, and 72 hours 

post injection and imaged using the Spectrum In Vivo Imaging System (IVIS) imager 

(ex/em: 760/800nm). Excitation of IRDye 800CW fluorescence was demarcated in regions 

of interest (ROIs) and magnification of signal was quantified using Perkin Elmer software 

and normalized to myocardial area. N=4 animals per group per timepoint.
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Figure 4. NP-SOD administration minimizes acute oxidative injury following I/R in vivo.
A-B) Explanted hearts were flushed with PBS and cut into 2mm sections along the short 

axis. Apical, mid, and basilar sections were incubated in 1% 2,3,5-Triphenyltetrazolium 

chloride (TTC) for 20 minutes at 37°C before fixation in 4% PFA. Sections were imaged and 

the area of ischemic tissue across all apical and middle regions was quantified as a portion of 

the whole myocardium demonstrating the myocardial area at risk. C) LV myocardium was 

lysed and precipitated with Thiobarbituric Acid (TBA). MDA concentration was determined 

by colorimetric detection of TBA-MDA adduct formation as a measure of ROS induced lipid 

peroxidation. D) At 3-hours post I/R, echocardiography was performed across short and long 

axes. End-systolic and end-diastolic volumes were obtained in order to derive LV ejection 

fraction. Treatment groups assessed were as follows: Sham (n=4), PBS (n=6), free SOD 

(n=5), NP-SOD (n=7). Significance represented as follows: *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001.
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Figure 5. Chronic ventricular remodeling following I/R injury is attenuated by NP-SOD 
treatment.
Hearts were explanted at 28-days post I/R, washed, sectioned and mounted at 10 μM in 

OCT. Sections including mid-papillary muscles in the LV were selected as representative 

regions affected by previous I/R injury. Masson’s Trichrome and Picrosirius red stains were 

performed on sections before bright field imaging and automated ImageJ quantification of 

area containing blue fibrotic scar (A) with quantitative analysis (B) and red type I collagen 

(C) with quantitative analysis (D) for the respective stains. Treatment groups assessed were 

as follows: Sham (n=9), PBS (n=12), free SOD (n=10), NP-SOD (n=13). Significance 

represented as follows: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 6. Cardiac function is preserved in animals treated with NP-SOD at 28 days following I/R 
injury.
A) Hemodynamic analysis was performed using transthoracic echocardiography and 

intraventricular pressure-volume loop displacement. Clinical measures for preload-

independent contractility (ESPVR) and other preload-dependent volumetric parameters were 

derived using Millar Pressure-Volume systems and LabChart analysis software. B) 
Representative PV loops during occlusion of the inferior vena cava (IVC) as are utilized in 

deriving ESPVR values. Y-axis represents LV pressure and X-axis represents volume. 

Treatment groups assessed were as follows: Sham (n=8), PBS (n=11), free SOD (n=9), NP-

SOD (n=10). Significance represented as follows: *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001.
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