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ABSTRACT: Myocardial infarction (MI) leads to the formation of an
akinetic scar on the heart muscle causing impairment in cardiac contractility
and conductance, leading to cardiac remodeling and heart failure (HF). The
current pharmacological approaches for attenuating MI are limited and often
come with long-term adverse effects. Therefore, there is an urgent need to
develop novel multimodal therapeutics capable of modulating cardiac activity
without causing any major adverse effects. In the current study, we have
demonstrated the applicability of polydopamine nanoparticles (PDA-NPs) as
a bioactive agent that can enhance the contractility and beat propagation of
human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs).
Treatment of hiPSC-CMs with PDA-NPs demonstrated accumulation of the
latter into mitochondria and significantly enhanced time-dependent
adenosine triphosphate (ATP) production in these cells, indicating improved
mitochondrial bioenergetics. Furthermore, the effect of PDA-NPs on hiPSC-
CM activity was evaluated by measuring calcium transients. Treatment with PDA-NPs increased the calcium cycling in hiPSC-CMs
in a temporal manner. Our results demonstrated a significant reduction in peak amplitude, transient duration, time to peak, and
transient decay time in the PDA-NPs-treated hiPSC-CMs as compared to untreated hiPSC-CMs. Additionally, treatment of isolated
perfused rat heart ex vivo with PDA-NPs demonstrated cardiotonic effects on the heart and significantly improved the hemodynamic
function, suggesting its potential for enhancing whole heart contractility. Lastly, the gene expression analysis data revealed that PDA-
NPs significantly upregulated cardiac-specific genes (ACADM, MYL2, MYC, HCN1, MYL7, GJA5, and PDHA1) demonstrating the
ability to modulate genetic expression of cardiomyocytes. Taken together, these findings suggest PDA-NPs capability as a versatile
nanomaterial with potential uses in next-generation cardiovascular applications.
KEYWORDS: heart failure, myocardial infarction, maturation, mitochondria, polydopamine

1. INTRODUCTION
Heart failure (HF) is a multifaceted bioenergetic disease
characterized by poor cardiac contractility and low cardiac
output. HF affects 26 million people worldwide and exerts a
significant socio-economic burden.1,2 Myocardial infarction
(MI) results from the blockage of the coronary artery supplying
oxygenated blood to heart muscles causing damage to the
ventricular muscle.3 The inflammatory response following MI
exacerbates damage to the heart tissue by activating the cascade
of matrix-metallo proteases (MMPs). MMPs’ activation further
results in ventricular wall thinning and remodeling.4,5 Taken
together, all these events lead to the formation of a non-
contractile scar tissue, hampering cardiac contractility leading to
cardiac insufficiency, a reduction in the heart’s ability to pump
blood sufficiently. Current pharmacological interventions are
limited in preventing cardiac remodeling, plausibly due to poor
cardiac targeting.6 Despite recent advances, the current
therapies for mitigating cardiac failure have not been successful
in improving clinical outcomes.

At themolecular level, HF is strongly associated with impaired
mitochondrial functioning. In HF, disturbances to mitochon-
drial bioenergetics cause a 30% decline in the adenosine
triphosphate (ATP) production compared to healthy hearts.7−9

Therefore, the current pharmacological approach for HF
treatment largely focuses on reducing the oxygen demand to
compensate for the poor cardiac contractility.10 However, the
next-generation therapeutics for HF are directed toward
preserving cardiac functionality and enhancing the energy
supply.11 Another hallmark of HF is elevated Reactive Oxygen
Species (ROS) levels due to alterations in the myocardial redox
state.12 Therapies targeting mitochondrial function, capable of
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enhancing the ATP supply and redox buffering capacity, could
emerge as promising therapies.13,14

To address this long-standing problem, researchers have
developed strategies involving biomaterials and nanomaterials as
an alternative to current therapies. One of the most extensively
studied material among them is polydopamine (PDA), also
known as Mussel-inspired biomaterial. PDA exhibits a
promising therapeutic potential due to its antioxidant, anti-
inflammatory, immunomodulatory, and cardioprotective prop-
erties.15−18 It is well documented that PDA could effectively
interact with a wide variety of surfaces due to the presence of
adhesive catechol functional groups, which includes enhancing
the wettability of coated scaffolds.19 Self-assembled PDA
nanoparticles (PDA-NPs) have also been extensively studied
for the application of drug delivery and light-mediated
photothermal therapy, suggesting the growing interest in
exploring PDA as a potential nanomedicine. However, there
have been limited studies reported on PDA-NPs for their
application as cardiac nanomedicine.
Nanoparticle-based therapies could emerge as a novel

therapeutic intervention with enhanced site-specific effects and
minimal off-target toxicities. Furthermore, nanoparticle-based
therapies could also enable multimodal cardiac modulation
effects.20 In the current study, we have evaluated the potential of
PDA-NPs in modulating the activity of human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
(Figure 1). We hypothesize that PDA-NPs could demonstrate a
dual response, primarily due to the superficial interaction with

the cell surface of the cardiomyocytes which may also alter the
contractility and electrical conductivity of cardiomyocytes.
Second, PDA-NPs can enhance mitochondrial ATP, thereby
modulating mitochondrial redox buffering capacity.

2. MATERIALS AND METHODS
2.1. Materials. Dopamine HCl, Tris base, 2,2-Diphenyl-1-

picrylhydrazyl (DPPH), and ascorbic acid were procured from
Sigma-Aldrich. All the other reagents used were of analytical grade.
2.2. Culturing and Maintenance of hiPSC-CMs. The hiPSC-

CMs were procured from Cellular Dynamics international (FUJIFILM
Cellular Dynamics Inc.) and were cultured following themanufacturer’s
protocol as previously described.21 The plated cells were maintained in
Cardiomyocyte MaintenanceMedium (Fujifilm CDI) and incubated at
5% CO2 in a humidified atmosphere at 37 °C.
2.3. Methods. 2.3.1. Preparation of PDA-NPs. PDA-NPs were

prepared by the oxidative polymerization of the dopamine monomer.
Briefly, 60 mg of dopamine were weighed and dissolved in a mixture of
water/ethanol (65 mL/60 mL) and stirred. To this mixture, 10 mL of
water containing 90 mg of tris base were added, and the solution was
stirred overnight. The change in color of the solution from light brown
to black confirmed the formation of NPs. The following day, NPs were
collected by centrifugation at 15,000 rpm for 10 min and lyophilized.22

2.4. PDA-NPs Characterization. 2.4.1. UV−vis Spectroscopy,
FTIR Spectroscopy, NTA and Zeta potential analysis. The prepared
nanoparticles were subjected to UV−vis spectroscopic analysis
(Synergy H1, Biotek Instruments). The samples were diluted with
water, and the absorbance spectrum was recorded from 400 to 900 nm.
The FTIR (4500 portable FTIR spectrometer, Agilent) spectroscopic
analysis was performed by drying the samples to form a film, and the

Figure 1. Schematic representing modulatory effect of polydopamine (PDA-NPs) on human induced pluripotent stem cell derived cardiomyocytes
(hiPSC-CM’s). The electrophysiological parameters of hiPSC-CMs treated with PDA-NPs were assessed using the multielectrode array system
(MEA). The real-time measurement of H2O2 catalysis was assessed by Apollo free radical analyzer. The ex vivo analysis was performed on isolated
hearts using the Langendorff apparatus. The expression of cardiac specific markers was evaluated by qPCR.
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spectra were compared with free dopamine. For NTA (Nanosight NS-
300, Malvern Panalytical), the nanoparticle solution was diluted to a
ratio of 1:1000, for evaluating the size distribution and nanoparticle
concentration. Lastly, the nanoparticle samples were subjected to zeta-
potential analysis to evaluate the surface charge.

2.4.2. TEM and SEM Imaging of PDA-NPs. The nanoparticles were
imaged using Cryo-TEM (Thermo Scientific Glacios Cryo-TEM), and
the samples were suspended in distilled water and casted on a copper
grid for imaging. Similarly, for SEM (Apreo II) imaging, the samples
were drop-casted on conductive carbon tape and gold sputter-coated
prior to imaging.23,24

2.4.3. Scanning Electron Microscopy (SEM) Imaging of PDA-NPs
Treated Cardiomyocytes.The PDA-NPs (10 μg/mL) were exposed to
hiPSC-CM’s for 4 h on a glass coverslip, followed by the cells being
washed with PBS and fixed using glutaraldehyde. The fixed cells were
dehydrated by incubating them in ethanol gradually. Later the samples
were sputter-coated and imaged using SEM (Apreo II).25

2.4.4. Intracellular Uptake of PDA-NPs. Immunofluorescence
imaging was performed on hiPSC-CMs cultured on coverslips. PDA-
NPs were tagged with calcein by surface adsorption; briefly 1:1 (w/w)
PDA-NPs and calcein were added to PBS (1 mL). The solution was
stirred overnight, and the following day the pellet was collected and
washed three time to avoid unbonded calcein. The hiPSC-CMs were
incubated with PDA-NPs tagged with calcein (25 μg/mL) for 4 h after
which they were washed twice with DPBS and processed for
immunostaining as described previously.26 Briefly, the cells were fixed
in 4% PFA for 15 min at RT, permeabilized using 0.2% Triton X-100,
and incubated in a blocking buffer containing 1% bovine serum albumin
(BSA, Sigma-Aldrich, MO). The cells were incubated with the rabbit
anti-Troponin T (1:200, Sigma-Aldrich, MO) overnight at 4 °C,
followed by the antirabbit Alexa Fluor 594 (1:1000, Cell Signaling
Technology, MA) for 1 h at RT in the dark. The cells were
counterstained with DAPI (Thermo Fisher Scientific, MA), and the
coverslips were mounted over glass slides using ProLong Gold Antifade
Mountant (Life Technologies, MA). The cells were then imaged on an
Olympus FV3000 (Olympus Life Sciences, PA) confocal microscope.

2.4.5. Mitochondrial Localization of PDA-NPs. The subcellular
localization of PDA-NPs was evaluated by Immunofluorescence
imaging as reported earlier.27 Briefly, following a 24 h treatment with
(10 μg/mL) PDA-NPs (calcein) the cells were washed fixed in 4% PFA
for 15 min at RT. Permeabilization was done for 10 min at RT using
0.2% Triton X-100 and incubated in a blocking buffer containing 1%
bovine serum albumin (BSA, Sigma-Aldrich, MO) for 1 h at RT. The
cells were then incubated with Anti-ATP5A antibody [15H4C4]-
MitochondrialMarker, (abcam) at a dilution of 1:500 overnight at 4 °C,
followed by Goat Anti-Mouse Alexa Fluor 647 antibody (abcam) at a
dilution of 1:1000. The cells were counter stained with DAPI and
mounted using ProLong Gold Antifade (Thermofisher Scientific). The
cells were imaged on an Olympus FV3000 microscope.

2.4.6. IsolatedMitochondrial Binding.The interaction of PDA-NPs
with mitochondria was evaluated by isolating mitochondria from
hiPSC-CMs. Mitochondria were isolated as described earlier.28,29

Briefly, hiPSC-CMs were homogenized in ice-cold mitochondrial
isolation buffer (in mM/L, 70 sucrose, 210 mannitol, 1 EDTA-Na2, 50
Tris-HCl, pH 7.4) using a Potter-Elvehjem homogenizer (7 rapid
strokes). The homogenate was transferred into a 2.0 mL Eppendorf
tube and centrifuged at 2000 × g for 5 min. The supernatant was
carefully transferred into a clean 1.5 mL Eppendorf tube and
centrifuged at 12,000 × g for 10 min. The pellet containing crude
mitochondria was suspended in 55 μL of resuspension buffer (70 mM
sucrose, 210 mM mannitol, 0.1 mM EDTA-Na2, 50 mM Tris HCl,
pH 7.4). The mitochondria were preincubated with 100 nM
MitoTracker (ThermoFisher Scientific) for 60 min, and then incubated
with PDA-NPs (10 μg/mL) for 4 h. They were imaged using a confocal
microscope (Nikon A1R). The binding efficiency was calculated by
using ImageJ.

2.4.7. Transmission Electron Microscopy (TEM) Imaging of PDA-
NPs Treated Cells. The hiPSC-CMs were cultured on Permanox
chamber slides (Sigma-Aldrich) at a density of 20,000 cells/well. The
cells were treated with PDA-NPs (10 μg/mL) for 4 h. Later, the cells

were washed with PBS and fixed using glutaraldehyde (2%). Cells were
then rinsed, and heavy metal stained using 2% aqueous osmium
tetroxide followed by a rinse and 2% aqueous uranyl acetate. Cells were
dehydrated using an ethanol dehydration series (70%, 90%, 100%) at 5
min for each step and four times for 15 min for the final step. Cells were
then changed to acetone and infiltrated with an increasing series of
EPON resin mix in acetone and subsequently embedded using inverted
BEEM capsules at 60 °C for 24 to 48 h. After curing, the cells were then
sectioned at 90−100 nm using a Leica ultramicrotome equipped with a
Diatome histo diamond knife, and imaged using TEM (FEI Tecnai G2
Biotwin TEM).30,25

2.4.8. Calcium Transient Imaging. For calcium imaging, 40,000
hiPSC-CMs were plated on fibronectin-coated glass-bottom dishes
(Cellvis). Calcium transients in the hiPSC-CMs were visualized using
the Fluo-4 AM (ThermoFisher Scientific) as per the manufacturer’s
instructions. Briefly, 0.5 mL of DMEM containing 10 μMof Fluo-4-AM
dye was added to each dish, and the cells were incubated for 1 h at 37 °C
in the dark. The medium was then replaced with fresh DMEM, and the
cells were further incubated for 30 min before imaging in the line scan
mode using a Nikon A1R HD laser-scanning confocal microscope.
Calcium transients were recorded before and after the addition of 10
μg/mL PDA-NPs. All acquired images were then analyzed using the
ImageJ software to determine the changes in fluorescence intensity of
the cells.

2.4.9. Multielectrode Array (MEA) Analysis of Cardiomyocytes.
The field potentials of hiPSC-CMs treated with different concen-
trations of PDA-NPs were measured using an MEA system. For this,
hiPSC-CMs were cultured at a density of 40,000 cells per well directly
on 24-well MEA plates (M384-t MEA-24 W, Axion Biosystems,
Atlanta, GA, United States) having 16 PEDOT microelectrodes per
well for 2 weeks.30 The plate was equilibrated in the MEA system
(Maestro Edge, Axion Biosystems, Atlanta, GA, USA) for 30 min in 5%
CO2 with a humidified atmosphere at 37 °C. The baseline was recorded
for each well for 5 min, after which the hiPSC-CMs were treated with
different doses of PDA-NPs (5, 10, 25 μg/mL). The plates were
equilibrated for 5 min after the addition of NPs, and the field potentials
were recorded for 5 min. AxIS Navigator version 1.4.1.9 was used for
data recording while the cardiac analysis tool version 2.1.10 (Axion
Biosystems, Atlanta, GA United States) was used for data analysis. The
beat period, field potential duration (FPD), and conduction velocity
were calculated. Further, Fredericia’s correction was applied to the
FPD, to interpret the effect of PDA-NPs on the QT interval. All the
electrophysiological parameters including Spike Amplitude Mean
(SAM), Propagation Consistency (PC), and Beat Period Irregularity
(BPI) were also calculated using AxIS Navigator (Axion Biosystems).

2.4.10. DPPH Assay. The antioxidant potential of PDA-NPs was
evaluated by DPPH assay.31 A stock solution of DPPH (Sigma-Aldrich,
USA) in ethanol was prepared (100 μM), and 100 μL from the stock
solution were added to the 96-well plates. To each well nanoparticles in
varying concentrations (1, 5, 10, 25, 50 μg/mL) were added,
respectively. The decrease in absorbance following the addition of
test samples was recorded, and the percent DPPH quenched was
plotted. Ascorbic acid with the same concertation range was used as a
control.

2.4.11. Catalytic Conversion of H2O2 by PDA-NPs. To assess the
antioxidant potential of PDA-NPs, we monitored the catalytic
conversion of H2O2 to oxygen in the presence of PDA-NPs.32 The
measurement of H2O2 was done using Apollo 4000 free radical analyzer
(World Precision Instruments, Sarasota, FL, USA). The Apollo system
HPO probe was inserted in a sealed 25 mL bottle containing a 5 mL
deoxygenated water suspension of PDA-NPs (10 μg/mL). The system
recorded the decline of H2O2 concentration upon mixing with PDA-
NPs. After switching to the O2 probe, the same setup was used to record
the concentration of oxygen generated by mixing 10 μg/mL PDA-NPs
with 1 mM H2O2 over a 24 h time course.

2.4.12. Assessment of Intracellular Quenching of H2O2. The
intracellular quenching of H2O2 was measured by using a commercially
available kit (abcam). Briefly, the cells were grown in a 24 well plate
coated with 0.1% gelatin with an approximate density of 30,000 cells/
well. After 48 h of incubation, the cells were treated with PDA-NPs (10
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and 25 μg/mL) for 24 h. Later, the cells were washed to remove excess
nanoparticles and cells were treated with a H2O2 probe supplied in the
kit at 1:20 dilution and incubated for 60 min. After this step, the cells
were again given a gentle wash with the supplied buffer to remove excess
dye. Followed by adding fresh media containing 100 μM H2O2 for 15
min. The fluorescence intensity was recorded by using a plate reader
(Synergy H1, Biotek Instruments) and performing area scan at Ex: 543
nm and Em: 570 nm.33

2.4.13. ATP Estimation. The ATP measurements were made using
the ATP Bioluminescence Assay Kit HS II (Sigma-Aldrich). Briefly, the
hiPSC-CMs were plated on a 6-well plate, the cells were treated with
PDA-NPs at different time-points (0, 4, and 24 h). Following the
treatment, cells were trypsinized and collected. The cells were lysed and
reacted with luciferase for luminescence signal acquisition using the
SpectraMax M4Microplate Reader (Molecular Devices LLC).34

2.4.14. Langendorff Isolated Perfused Heart Experiment. The
Langendorff isolated heart perfusion experiment was performed by
following the method as published earlier.35 Briefly, Sprague−Dawley
rats were anesthetized, hearts removed, and retrogradely perfused at
constant 80 mmHg pressure using 95% O2/5% CO2 bubbled modified
Krebs buffer. A water-filled balloon catheter connected to a pressure
sensor was inserted in the left ventricle below the left atria to record the
LVSP, LVDP, and heart rate. Three-lead EKG micro clips were
connected to the heart to acquire the electrical activity. The perfusion
rate was monitored using an inline transonic flow probe connected to a
T106 flow meter (Transonic systems, USA). All signals from the
connected sensors were computer-acquired using Powerlab 4/20 (AD
Instruments, USA) and LabChart 5 Software (5.5.6). All animal
experiments were performed according to the guidelines of the
Institutional Animal Care and Use Committee at The Ohio State
University.

2.4.15. Gene Expression Analysis. RNA Isolation. hiPSC-CMs were
cultured at 10 μg/mLPDANPs for 2 weeks. The cells were washed with
PBS and lysed in TRIZol reagent (ThermoFisher Scientific, USA). The
lysate was centrifuged at 13,000 rpm for 15 min, and the supernatant
was collected. An equal volume of ethanol (100%) was added and
mixed thoroughly. Total RNA was extracted using the Direct-zol RNA
Miniprep kit per the manufacturer’s protocol (Zymo Research, Irvine,
CA). RNA was quantified using a NanoDrop 2000 spectrophotometer
(ThermoFisher Scientific, USA) and stored at −80 °C for further
analysis.

cDNA Synthesis. First strand cDNA synthesis was performed using
the Qiagen RT2 First Strand cDNA synthesis kit (330404, Qiagen) per
the manufacturer’s protocol as described previously.30

Real-Time Quantitative PCR. RT-qPCR was performed using
Qiagen RT2 SYBR green ROX qPCR Mastermix (330523, Qiagen)
according to the manufacturer’s protocol as previously described30 on a
QuantStudio 3 (Applied Biosystems, USA) using QuantStudio design
and analysis software V.1.4.1. Data are expressed as mean ± SD, n = 3.

3. RESULTS AND DISCUSSION
TheMussel-inspired PDA is formed by oxidative polymerization
of dopamine. PDA-NPs have been extensively researched as a
photothermal transducer for photothermal therapy of localized
tumors. Recent literature strongly supports the use of polydop-
amine-hybrid constructs like PDA-CNTs,36 PDA-MXene,37 and
PDA-rGO,38 for tissue engineering applications pertaining to
conductive cells like neurons and cardiomyocytes.39,40 In the
current study we have evaluated the dynamics of intracellular
and extracellular interactions of self-assembled PDA-NPs with
hiPSC-CMs. The PDA-NPs were prepared by oxidative
polymerization of the dopamine monomer. These nanoparticles
exhibited a wide range of absorbance, characteristic of PDA-NPs
(Figure 2A).40 Both free dopamine and PDA-NPs were then
subjected to FTIR analysis, and as shown in Figure 2B, the
characteristic peaks at 3200 and 1650 cm−1 represent the −OH
and −NH functional groups present in free dopamine. In
contrast, the peak at 3200 cm−1 was relatively reduced in PDA-

NPs. The presence of −OH functional groups on PDA-NPs are
responsible for the antioxidant properties. Later, the PDA-NPs
were subjected to NTA analysis to evaluate the size distribution,
and as shown in Figure 2C, PDA-NPs were around 180 nm,
exhibiting a strongly negative zeta potential (Figure 2D). The
prepared NPs were then subjected to SEM and TEM imaging
revealing a solid and spherical nanostructure (Figure 2E,F).
To evaluate the cellular interaction of PDA-NPs with hiPSC-

CMs, SEM imaging was performed on the cells post incubation
(4 h). As shown in (Figure 3A−3C) the PDA-NPs were found to
be adhering on the cell surface despite several wash cycles. These
findings suggest that PDA-NPs could physically bind on the cell
surface possibly due to the adhesive properties of PDA.41 The
intracellular uptake of PDA-NPs loaded with calcein (Figure S1)
was identified via confocal microscopy, and the hiPSC-CMs
were immune-stained for troponin-T. Confocal images revealed
that PDA-NPs accumulated within the cytoplasmic region of the
cell (Figure 3D−3G). Furthermore, PDA-NPs treated cells were
stained for mitochondrial-specific ATP5A to evaluate mitochon-
drial localization. As shown in Figure 4A−4I, the PDA-NPs were
found to be in cytoplasm and associated with mitochondria.
These results show that nanoparticles are present in the vicinity
of mitochondria. However, to further confirm the binding of
PDA-NPs to the mitochondria of the cardiomyocyte’s, isolated
mitochondria were loaded with mito-tracker and incubated with
PDA-NPs. As shown in Figure 4J−4L, PDA-NPs were
colocalized with isolated mitochondria. Protein proximity
analysis29 indicated that the colocalization index between NPs
and mitochondria was 0.44 + 0.05 (n = 14). Our results show

Figure 2. Physicochemical characterization of PDA-NPs. (A) UV−vis
spectroscopic analysis of PDA-NPs. (B) FTIR spectroscopic analysis of
dopamine and PDA-NPs. (C and D) NTA and Zeta potential analysis
of PDA-NPs. (E and F) TEM and SEM imaging of PDA-NPs,
respectively.
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direct evidence of NPs and mitochondria interacting with each
other. In cells, there are other organelles and cellular
components present in the vicinity of mitochondria where
NPs can localize. However, our approach of imaging isolated
mitochondria rules out the role of any other cellular component
in the interaction of nanoparticles and mitochondria.42 It should
be noted that only ∼45% of mitochondria isolated from cells
interact with NPs (Figure S2). Furthermore, TEM imaging was
performed on the hiPSC-CMs treated with PDA-NPs, and as
shown in Figure 4M−4O, the PDA-NPs were observed in and
around mitochondria with only smaller size PDA-NPs
penetrating inside mitochondria. These findings confirm that
the PDA-NPs exhibit mitochondrial binding.
The effect of PDA-NPs on hiPSC-CMs activity was evaluated

by measuring calcium transients. Treatment with PDA-NPs
enhanced the calcium transients in hiPSC-CMs in a time-
dependent manner. As shown in Figure 5A−5D, a significant
reduction in peak amplitude, transient duration, time to peak,
and transient decay time was noted when compared to baseline.
These results suggest that PDA-NPs could exhibit a drug-like
effect on hiPSC-CMs, which can significantly modulate cardiac
contraction (Figure 5E−5G). To further confirm the cardio-
modulatory potential of PDA-NPs, we investigated the electro-

physiological changes in hiPSC-CMs using MEA analysis. The
hiPSC-CMs cultured on MEA plates were treated with PDA-
NPs in different doses (5, 10, and 25 μg/mL). The PDA-NPs
treatment of hiPSC-CMs caused an immediate increase in the
beat rate in a dose-dependent manner (Figure 6A). The
enhanced contractility of cardiomyocytes was maintained in all
treated wells for 48 h post-treatment. As shown in Figure 6B a
significant dose-dependent decrease in the beat period was
observed in PDA-NPs treated groups, when compared to the
untreated group. These findings were consistent with a
significant decline in field potential duration (FPD) in PDA-
NP treated cardiomyocytes. As shown in Figure 6C, an increase
in the dose of PDA-NPs leads to a significant decrease in FPD of
hiPSC-CMs, suggesting enhanced conductivity. A significant
shortening of the Q-T interval was also observed in a dose-
dependent manner as shown in Figure 6D−6F (the black and
red arrows represent the field potential before and after PDA-
NPs treatment, respectively, showing significant shortening
post-treatment). These results further correlate with the calcium
transients suggesting modulation of cardiomyocyte contractility
by PDA-NPs treatment. Further, we also monitored the treated
wells for the parameters influencing the electrical conductivity of
hiPSC-CMs as shown in Figure 7A. We found that with an

Figure 3. Extracellular and intracellular interaction of PDA-NPs with hiPSC-CM’s. (A, B, and C) SEM images of PDA-NPs binding the hiPSC-CM’s
superficially (orange arrows). Intracellular uptake of PDA-NPs (D) DAPI, (E) Troponin T, (F) PDA-NPs labeled with calcein. (G) Merged image,
white arrow shows PDA-NPs.
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increasing concentration of PDA-NPs from 5 to 25 μg/mL a
gradual increase in the mean spike amplitude was evident,
suggesting that treatment with PDA-NPs enhances the
depolarization of the cell (Figure 7B).43 Furthermore, a similar
response was observed in conduction velocity across the cell
(Figure 7C). It is also worth mentioning that treatment with
PDA-NPs also enhanced the beat propagation consistency and
conductance (Figure 7D). On the other hand, a significant
decline in the beat period irregularity was observed with PDA-
NPs treatment (Figure 7E). Taken together, these findings
suggest that PDA-NPs exhibit strong bioactivity on conductive
cells like hiPSC-CMs and can modulate electrophysiological
parameters influencing the function of these cells.
In chronic conditions like HF, where the electrophysiological

parameters are adversely affected, intracellular stressors like
ROS can exacerbate the cellular damage.44 PDA-NPs are known
to possess the antioxidant potential which have been widely
reported.45,46 PDA-NPs were also assessed for free radical
scavenging potential by DPPH assays. As shown in Figure S3,
PDA-NPs demonstrated a significant free radical scavenging
activity in a dose-dependent manner. At the dose of 10 μg/mL

about 60% of free radicals were quenched within 60 min of
addition, whereas at 25 μg/mL the scavenging activity of PDA-
NPs was comparable to the case of ascorbic acid. We then tested
the ability of PDA-NPs to quench intracellular ROS, and as
shown in Figure S4A−B, pretreatment of hiPSC-CMs with
PDA-NPs prevents excessive accumulation of ROS. Further-
more, untreated cells showed loss of activity due to the injury
while PDA-NPs pretreated groups were functional (Figure
S4C). These observations agree with the earlier published
reports demonstrating the cytoprotective effect of PDA-NPs on
cardiomyocytes.16,47

The overwhelming accumulation of ROS generated due to the
redox imbalance observed during disease state gets converted to
H2O2 causing excessive cellular damage.44 This could be
mitigated by enhancing the redox buffering capacity of the
cells. Next, we tested the catalysis of H2O2 by monitoring the
real-time concentrations of H2O2 and O2. As shown in Figure
8A, an immediate reduction in H2O2 concentration was noted
when compared to the control in the presence of PDA-NPs;
these findings demonstrate the enzyme-like activity of PDA-
NPs. Furthermore, As shown in Figure 8B, the generation of O2
from H2O2 upon PDA-NP (10 μg/mL) treatment was
significantly accelerated. When the PDA-NPs are exposed to
H2O2, it is known to degrade.46 Therefore, we performed an
accelerated degradation of PDA-NPs by adding varying

Figure 4. Intracellular localization of PDA-NPs and mitochondrial
binding. (A) DAPI, (B) PDA-NPs (calcein), (C) Anti-ATP5A
antibody (mitochondrial marker) + Secondary antibody Alexa Fluor
647, (D) Merged image. (E) 3-D Z-stacked image (white arrows
showing the presence of PDA-NPs localized with mitochondria and in
cytoplasm). Control (F), DAPI (G), PDA-NPs (calcein), (H)
Secondary antibody, Alexa Fluor 647, (I) Merged image. (J) Mito-
Tracker staining of isolated mitochondria. (K) PDA-NPs (calcein), (L)
Merged image. (M) TEM images of PDA-NPs localizing to
mitochondria of treated hiPSC-CM’s. (N and O) Zoomed images of
(M) respectively (black arrows showing PDA-NPs). Scale bar 500 nm.

Figure 5. Calcium transients analysis post PDA-NPs treatment. (A and
B) Peak amplitude and transient duration of hiPSC-CM’s before PDA-
NPs treatment and post-treatment (5 and 10 min) respectively. (C and
D) Time to peak and transient decay before and after PDA-NPs
treatment (5 and 10 min). (E, F, and G) Representative transient peak
at baseline and post PDA-NPs treatment (5 and 10 min). Data
represent Mean ± SD. One-way ANOVA was performed followed by
Dunnett’s test for comparison with control, ****P < 0.0001.
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concentrations of H2O2 as shown in Figure S5A−C and tested
for free radical quenching efficacy (Figure S5D). It was observed
that PDA-NPs retained the antioxidant potential even when
degraded beyond 50%. These findings support the earlier
published report suggesting that degraded PDA-NPs could be
bioactive.17

The intracellular quenching of H2O2 by PDA-NPs was also
assessed, and as shown in Figure 8C, a significant increase in
intracellular H2O2 was observed when cells were exposed to 100
μMH2O2. Whereas a significant inhibition in intracellular H2O2
was observed in PDA-NPs pretreated cells. Furthermore, in the
current study, we have evaluated ATP production in
cardiomyocytes post-PDA-NPs treatment. Interestingly, we
observed that 10 μg/mL PDA-NPs treatment significantly
enhanced the ATP production in a time-dependent manner, as
strikingly by the end of the 24 h time point a >15-fold increase in
ATP was observed (Figure 8D). These findings support the use
of PDA-NPs as a promising therapeutic agent for preserving the
functioning and enhancing the ATP supply. Collectively, these

findings demonstrate the multimodal effects of PDA-NPs on
hiPSC-CMs like modulating the electrical properties of
cardiomyocytes, enhancing ATP production and Redox
buffering capacity.
The in vitro analysis of cardiomyocytes treated with PDA-NPs

demonstrated a significant modulatory effect and enhanced the
conduction velocity. To evaluate the effect of PDA-NPs on an
isolated beating heart, the Langendorff heart perfusion setup was
used as shown in Figure 9A. The isolated rat hearts treated with
PDA-NPs showed a higher heart rate (Supporting video 1) with
slight changes in ECG signal (Figure 9B and 9C). Furthermore,
hemodynamic parameters were analyzed following the infusion
of PDA-NPs (10 and 25 μg/mL). An immediate change in the
LVSP, (±) dp/dt was observed. More importantly, when 10 μg/
mL was infused for 1 min, a gradual change in the hemodynamic
parameters was noted which led to a 2-fold change by the end of
10 min post-infusion as shown in Figure 9D−9F. In contrast, the
higher dose (25 μg/mL) showed an immediate change in all the
hemodynamic parameters, but with a lesser magnitude
compared to the 10 μg/mL dose (Figure 9G−9I). These
findings suggest that PDA-NPs could significantly enhance the

Figure 6. Multielectrode array analysis of PDA-NPs treated hiPSC-
CMs. (A) Heat map showing the changes in beat rate of hiPSC-CM’s
post PDA-NP’s treadtment (5, 10, and 25 μg/mL). (B) Graph
representing dose dependent fold-change in beat period of hiPSC-CM’s
post PDA-NPs treatment, **P < 0.01, ***P < 0.001, ****P < 0.0001.
(C)Graph representing fold-change in field potential duration in a dose
dependent manner (5, 10, and 25 μg/mL), **P < 0.01. (D, E, and F)
Representative field potential duration of hiPSC-CM’s treated with 5,
10, and 25 μg/mL of PDA-NPs, respectively. Data represent Mean ±
SD. One-way ANOVA was performed followed by Dunnett’s test for
comparison with control.

Figure 7. Electrophysiological assessment of hiPSC-CM’s following
PDA-NPs treatment. (A) Schematic representation of experimental
design. (B) Graph representing modulation in spike amplitude of
hiPSC-CM’s treated with PDA-NPs (5, 10, and 25 μg/mL). (C) Graph
representing conduction velocity of hiPSC-CM’s monolayer treated
with PDA-NPs (5, 10, and 25 μg/mL). (D) Graph representing
propagation consistency of hiPSC-CM’s monolayer treated with PDA-
NPs (5, 10, and 25 μg/mL). #P < 0.05 (unpaired t test) and
representative heat maps of MEA wells (4 × 4 electrodes)
demonstrating the beat propagation of hiPSC-CM’s post PDA-NPs
treatment. (E)Graph representing changes in beat period irregularity of
hiPSC-CM’s post PDA-NPs treatment, **P < 0.01 ***P < 0.001, (5,
10, and 25 μg/mL). Data represent Mean ± SEM. One-way ANOVA
was performed followed by Dunnett’s test for comparison with control.
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hemodynamic parameters possibly by exerting ionotropic effect
in the isolated heart. It is worth noting that higher doses of PDA-
NPs exerted a reversal phenomenon, similar to the biphasic
response of cardiac drugs. Lastly, we also tested the cardiotonic
effect of PDA-NPs in vivo, as shown in Figure S6; following an
i.v. injection a significant increase in the heart rate was observed
at a dose of 1.6 mg/kg. Our findings confirm that PDA-NPs
significantly modulate the activity of cardiomyocytes in vitro and
in isolated perfused hearts ex vivo and in vivo.
Gene expression analysis of cardiomyocyte-associated genes

was performed to determine the effect of PDA-NPs treatment
on the structure and functionality of cardiomyocytes (Figure
10). HiPSC-CMs treated with 10 μg/mL of PDA-NPs and
changes in the expression of different genes was assessed. We
observed a significant increase in the expression of pluripotency
marker, MYC (p = 0.0143) and an increase, although
insignificant in another PSC marker NANOG. We also tested
the expression of cardiac transcription factors, HCN1, NKX2.5,
GATA4, and TBX5. Our results showed a significant increase in
the expression of HCN1 while expression of GATA4 and TBX5
remained unchanged post-PDA-NP-treatment. There was an
increase in expression of NKX2.5, although insignificant.
Further, we evaluated the changes in expression of contractile
genes like myosins and troponins. MYH6, α heavy chain,
expression decreased with PDA-NPs treatment while no
significant changes were seen in the expression of MYH7, β
heavy chain. We also observed a significant increase in the
expression of myosin light chains, MYL2 and MYL7. We also
saw a modest increase in the expression of TNNI3 (p = 0.0562),

the only detectable isoform of adult hearts. We have previously
reported a similar expression pattern change during metabolic
and functional maturation of hiPSC-CMs.30 Furthermore, we
also detected a modest increase in Connexin 43, encoded by
GJA1 (p = 0.3707) and a significant increase in expression of
Connexin 43, encoded by GJA5. This is consistent with an
increase in electrical coupling and conductivity of hiPSC-CMs.
Interestingly, consistent with the localization of PDA-NPs to
mitochondria and increased intracellular ATP in the hiPSC-
CMs, we observed a significant upregulation of PDHA1 and
ACADM, a mitochondrial gene associated with ATP produc-
tion. Taken together, our results showed a beneficial role in
PDA-NP treatment of hiPSC-CMs including improved function
and maturation and thereby a positive indication of their
potential role in cardiac therapeutics.
Limitations and Future Directions. The major limitation

in using PDA-NPs for cardiovascular applications is the
nonspecific accumulation of nanoparticles in other organs.
This would influence the effective dose needed for therapeutic

Figure 8. Antioxidant potential of PDA-NPs and modulation of cellular
ATP levels. (A) Real-time H2O2 measurements and subsequent
catalysis upon PDA-NPs (10 μg/mL) addition. (B) Graph representing
real-time conversion of H2O2 to O2 upon PDA-NPs addition (10 μg/
mL). (C) PDA-NPs mediated quenching of intracellular H2O2. Data
are represented as Mean ± SD. One-way ANOVA was performed
followed by Dunnett’s test for comparison with H2O2 treated group, *P
< 0.05, **P < 0.005. (D) Graph representing the fold-change in
intracellular ATP levels before and after the PDA-NPs (10 μg/mL)
treatment in a time dependent manner, ****P < 0.0001. Data represent
Mean ± SD. One-way ANOVA was performed followed by Dunnett’s
test for comparison with 0 h time point. Figure 9.Modulation of hemodynamic parameters of isolated rat heart

post PDA-NPs exposure. (A) Image representing the isolated rat heart
mounted on langendorff’s heart perfusion setup mounted with ECG
electrodes. (B) Graph representing modulation of heartbeat post PDA-
NPs infusion (****P < 0.0001). (C) Graph representing the ECG
changes in the isolated perfused heart with/without PDA-NPs
treatment. (D, E, and F) Graph representing modulation of
hemodynamic parameters LVSP, +dp/dt max, +dp/dt min following 10
μg/mL PDA-NPs for 1 min. (G, H, and I) Graph representing
modulation of LVSP, +dp/dt max, +dp/dt min following 25 μg/mL PDA-
NPs for 1 min. Data represent Mean ± SD. One-way ANOVA was
performed followed by Dunnett’s test for comparison with control.
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effect. Although numerous studies have reported PDA-NPs to
be safe, and our in vitro studies showed no negative effect on
hiPSC-CM viability up to 2 weeks after PDA-NP treatment, it is
still unclear whether long-term retention of these nanoparticles
increases the risk of adverse effects. Moreover, the size of PDA-
NPs has also been reported to influence the activity. Therefore,
future studies focusing on establishing the pharmacokinetic
profile of PDA-NPs and its effect due to variation in size are
desirable. Furthermore, it would be worth exploring the effect of
engineered PDA-NPs to minimize the retention and improve
the clearance. Finally, the current study was only focused on
evaluating the direct effect of PDA-NPs on hiPSC-CMs activity.
However, mechanistic evaluation of PDA-NPs-mediated
modulation of cellular activity needs further exploration.

■ CONCLUSIONS
In summary, we have demonstrated that the activity of hiPSC-
derived cardiomyocytes could significantly be modulated by
PDA-NPs. The multifaceted properties of PDA-NPs make them
promising nanotherapy avenues for heart failure. PDA-NPs
showed a drug-like effect on cardiomyocytes by enhancing cell
contractility and conductivity. Furthermore, the intracellular
mitochondrial targeting of PDA-NPs and enhanced ATP
production demonstrate the potential of next-generation
nanotherapeutics for treating failing hearts. The real-time
catalysis of H2O2 and ROS quenching by PDA-NPs show the
enzyme-like behavior of the nanoparticles, which could play a
crucial role in cardioprotection. Additionally, PDA-NPs showed
modulation of cardiac activity when tested on ex vivo isolated
perfused hearts and in vivo. The improvement in hemodynamic
functional parameters shows the bioactivity of PDA-NPs on the
heart. Collectively, these findings imply that newer nanoparticles
like PDA-NPs displaying multimodal potential could be used as
promising cardiac nanomedicine therapeutics.
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