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ABSTRACT: We have prepared and tested in vivo a novel nanoengineered
hybrid electroconductive cardiac patch for treating the infarcted myocardium.
Of the prepared and tested patches, only those containing spherical nanogold
were able to increase connexin-43 expression in neonatal rat cardiomyocytes
cultured under electrical stimulation. In vivo data indicated that only nano-
gold-containing patches were able to recover cardiac function. Histological
analysis also revealed that connexin-43 levels and blood vessel density were
increased, while the scar size was reduced for animals that received the
nanogold patch. Thus, our study indicates that the incorporation of
electroconductive properties into a collagen-based cardiac patch can improve
its therapeutic potential for treating myocardial infarction.

KEYWORDS: nanomaterials, collagen fibers, extracellular matrix, myocardial infarction, electroconductive materials,
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■ INTRODUCTION

Despite recent advancements in treatments and technologies,
cardiovascular disease (CVD) continues to prevail as the
number one cause of worldwide morbidity, accounting for the
loss of 17 million lives every year.1 Ischemic heart disease is the
most common form of CVD and manifests as a reduction of
coronary blood flow, which can ultimately lead to myocardial
infarction (MI).2,3 While interventional and surgical proce-
dures can improve patient outcomes by re-establishing blood
flow to the myocardium, the restoration of cardiac function
post-MI, including electrical synchronicity within the ventricle,
remains challenging due to the limited self-regenerative ability
of the myocardium.4 A treatment able to restore cardiac
function could potentially reduce intramural strain, which in
turn would prevent post-MI adverse ventricular remodeling
and the progression to heart failure, a condition that has a five
year mortality of ∼50%.5 Biomaterials-based therapies have
been gathering increasing attention for treating MI, with
several materials displaying promising results in both
preclinical,6−14 and clinic studies.15,16 Such biopolymers,
including those based on collagen, have been shown to

promote cardiac recovery through mechanisms such as
structural reinforcement, neovascularization, or attenuation of
inflammation.15−17 However, they typically lack an important
component, namely, electrical conductivity. This realization
has prompted the development of a number of novel hybrid
composite materials with enhanced electroconductive proper-
ties including collagen-derived nanofiber matrices incorporat-
ing silver nanoparticles,18 collagen-based nanometal injectable
matrices,19 nanotube-based composites,20−22 as well as gold-
comprising materials,23−26 to name a few.
Given the ultimate goal of these hybrid materials is to

restore conductive and contractile tissue which is irreversibly
lost after myocardial infarction,27 hybrid platforms need to be
both biocompatible and capable of promoting regeneration
within the infarcted myocardium. To date, our team has
explored the development of biocompatible and conductive
collagenous−nanometal hybrids for cardiac tissue engineer-
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ing.18,19 In the present work, we have assembled and assessed
in vitro and in vivo the first collagen-based hybrid nano-
engineered electroconductive cardiac patch capable of
promoting electrical and mechanical repair of the infarcted
myocardium in a clinically relevant murine model.

■ RESULTS

Collagen protected nanostructures were prepared following a
similar protocol to what part of our team has previously
reported for the preparation of collagen protected nanosilver.28

Slight modifications on the protein concentration and
irradiation times used were carried out for allowing the
formation of collagen coated nanogold structures (see the
Materials and Methods section). Nanoparticles prepared using
type I collagen as the protecting agent are believed to be
“born” encapsulated within the collagen structure, and they
remain protected by protein surrounding the nanoparticle
surface. In colloidal suspension gold coated nanosilver is stable
with ζ potential values of +28 ± 2.0 mV,28 a similar value to

what we have previously reported for nanosilver protected
collagen nanoparticles (≈+30 mV). The colloidal solutions
were then lyophilized and used to spin the electrically
conductive fibers (see the Materials and Methods section).
Figure 1A and Figure S1 show a schematic and macro-

representation of our electroconductive cardiac patch,
respectively. The patch was designed to incorporate an
electroconductive component within collagen fibers while
providing an elastic hydrogel (20.1 ± 3.1 kPa in Young’s
modulus) as mechanical support. The intrinsic hydrophilic
nature of the hydrogel layer also acts as a biomechanical barrier
preventing fiber detachment postimplantation. The hydrogel
layer has a thickness of 100 μm, and a porous structure with an
average pore size of 26 ± 1.4 μm (Figure 1B). The
incorporation of gold nanoparticles into the collagen fibers
did not affect the average thickness of the fibers (≈1.6 μm)
when compared to the pure collagen fibers (see Figure 1C left
and Figure S2). This is similar to what we have recently
reported for the preparation of nanosilver-containing collagen

Figure 1. (A) Schematic illustration for the assembled hybrid electroconductive material developed in this study. The material is composed of two
layers, namely, the elastic hydrogel (EH) and the aligned nanocollagen fibrous layer (AF), which provide biomechanical support and conductance
to the patch, respectively. (B) Mean pore size in nm for the EH layer measured using CRYO-SEM. Inset shows a representative CRYO-SEM image
of EH. Mean number was calculated by individual measurements of 100 pores from different samples. Frequency indicates the relative number of
events in the population. Error bars correspond to the standard error of the mean. Scale bar = 100 μm. (C) Left: mean thickness of collagen fibers
for composite materials containing the NPs. Control fibers were composed of collagen without NPs embedded within the materials. Center:
nanoparticle size histograms for AgNPs and AuNPs conjugated in collagen fibers. Frequency indicates the relative number of events in the
population. Values calculated from SEM measurements (50 individual nanoparticles). Right: representative SEM images obtained for the fibrous
materials containing AgNPs and AuNPs. Some representative nanoparticles within the collagen fibers are highlighted with green arrows in the
images. Scale bars = 500 nm in both cases. (D) Electrical conductivity of aligned collagen fibers (AF) without and with incorporated metal
nanostructures. Samples were assembled 24 h prior to measurements. Data correspond to an average of 4 independent measurements. *p < 0.05
using a Tukey−Kramer test. (E) Left: representative normalized absorption spectra for the assembled composite material EH + AF containing the
metal nanostructures used in this study. Right: changes in the maximum absorption intensity, derived from the plasmonic absorption of AgNPs and
AuNPs for up to 3 days. Samples were incubated in PBS buffer pH 7.4 at 37 °C and absorption spectra measured at different time intervals (n = 3).
In all cases error bars correspond to standard error.
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fibers.18 Nanoparticles found within the collagen fibers have
mean diameters of 43 ± 17 and 31 ± 12 nm for nanosilver
(AgNPs) and nanogold (AuNPs), respectively (see Figure 1C
center and right). After 24 h postassembling, the cardiac
patches showed ≈160- and ≈320-fold increases in the
electrical conductivity for nanosilver and nanogold, respec-
tively (Figure 1D). The marked increase in conductivity seen
with AuNP incorporation (as compared to AgNP hybrid
fibers) is likely attributable to partial oxidation on the silver
surface with knock-on reductions in electrical conductivity. We
next evaluated nanoparticle stability after incorporation within
the collagen fibers of the cardiac patch. Changes in the
plasmon band of the metal nanoparticles were used to this end
(see Figure 1E left). Interestingly, only the collagen fibers
containing nanogold demonstrated stability for greater than 3
days at 37 °C (Figure 1E right). Longer time-points were not
measured due to the difficulties of maintaining samples free of
bacteria without the need of adding antibiotics.
Nanomechanical properties of the collagen fibers were

evaluated using atomic force microscopy (see Figure S3).
Stiffness values calculated for the AuNP- and AgNP-containing
fibers were similar (1.15 ± 0.05 N/m and 1.03 ± 0.03 N/m,
respectively) but significantly greater than the control (0.83 ±
0.03 N/m, p < 0.001, Tukey−Kramer test), similar to what we
have previously reported for AgNP-containing collagen
fibers.18 Differential scanning calorimetry (DSC) and Fourier
transform infrared (FTIR) analysis were also performed (see
Figures S4 and S5). DSC data indicate that the cardiac patches
have denaturation temperatures >47 °C in all cases. Collagen
fibers were susceptible to type I collagenase degradation upon
the incorporation of either of the nanoparticles (degradation
rates 0.14 and 0.16 au/min for nanosilver and nanogold,
respectively). In addition, the characteristic IR-collagen bands
are present (bands A/B, I, II, and III) in all the analyzed
samples, indicating that the collagen secondary structure is well
preserved upon assembly of the patch.
We next examined the ability of the hybrid materials to

support the maturation of neonatal cardiomyocytes under
electrical stimulation, which is key for their function (see
Figure 2).29−31 Interestingly, only the materials containing the
spherical nanogold particles showed a larger number of (≈1.5
times) connexin-43 (Cx43) positive cardiomyocytes (+alpha-
sarcomeric actin, α-SA) when compared to the control or the
materials prepared using nanosilver (p < 0.05 control vs
nanogold; p > 0.1 control vs nanosilver). These results are
different from those we recently reported for nanosilver-
containing collagen fibers alone, where we observed an
increase in the number of Cx43 positive neonatal cardiomyo-
cytes upon electrical stimulation.18 These differences could be
explained by possible supramolecular changes in the collagen
fibers upon assembly with the elastic collagen hydrogel, leading
to partial oxidation of nanosilver, leading to silver release.
Further, small pilot testing using the patches containing
nanosilver did not produce any positive effect in our murine
model (not shown). Thus, we moved forward with our in vivo
testing using only the nano-gold-containing composite materi-
al.
The in vivo performance of the composite materials was

assessed in mice by grafting patches onto the infarcted
myocardium 7 days after MI was induced (see Figure 3A).
Changes in cardiac function were evaluated using echocardiog-
raphy. A decrease in the left ventricular ejection fraction
(LVEF), an index of the cardiac contraction, was observed for

sham mice (chest opened but no implant). Implanting the
elastic hydrogel (EH) or the composite of EH and aligned
fibers (AF) prevented the decline in LVEF (see Figure 3B),
possibly due to mechanical stabilization of infarcted LV wall.
Notably, implantation of the composite material containing
AuNPs significantly improved LVEF (p < 0.05) compared to
all other experimental groups (see Figure 3B). Similarly,
fractional area change (FAC) and the end-systolic pressure−
volume relationship (ESPVR), both representative indices of
myocardial contraction, were improved only for animals that
received the implant containing AuNPs (see Figure 3C).
Despite the short time course of the experimental protocol (35
days), end-systolic LV volume was improved, which is
secondary myocardial dilation to adverse structural remodel-
ing, whereas that was not the case in end-diastolic LV volume
(see Figure S6).
Immunohistological analysis of left ventricle tissue sections

indicated that only the group treated with the cardiac patch
containing AuNPs showed a trend (p = 0.05) for increased
vasculogenesis within the infarcted area (determined by
quantification of CD31+/α-SMA+ vessels; see Figure 3D and
Figure S7). No significant changes were detected in the
number of myofibroblasts (CD31−/α-SMA+ cells) when
compared to the control. The increase in vascularization was
accompanied by a 2-fold increase in the number of connexin-
43 discs per troponin I+ cardiomyocyte (see Figure 3D and
Figure S8). Only the group treated with the cardiac patch
containing nanogold showed a significant decrease in the scar
size of ≈25% as assessed by Masson−Trichrome staining
(Figure 3D right and Figure S9). In addition, the number of
M1 (inflammatory) and M2 (pro-wound healing) macro-
phages within the infarcted tissue was also quantified (see
Figure 3E and Figure S10). The number of M1 pro-
inflammatory macrophages in the infarcted myocardium was
greater than the number of M2 wound healing macrophages in
all treatment groups except for the mice that received the
AuNP patch. In these mice, there was no difference in the
number of M1 vs M2 macrophages, which is suggestive of a
more pro-healing environment.

Figure 2. Top: representative immunofluorescent images of neonatal
cardiomyocytes (40 000 cells/cm2) cultured on the assembled
composite materials under electrical stimulation for 24 h. Cells were
stained for α-sarcomeric actin (α-SA; red) and connexin-43 (Cx43;
green). Nuclei were stained using DAPI (blue). Scale bars = 50 μm.
Bottom: effect of electrical stimulation on neonatal cardiomyocytes
cultured with and without metal nanostructures. Values are expressed
as the ratio between the number of Cx43/α-SA double positive cells
relative to control. Error bars correspond to standard error of the
mean (n = 4). *p < 0.05 calculated using a Tukey−Kramer test.
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When analyzing total gold biodistribution within various
mouse organs at different time-points after implantation,
nanogold remained stably linked to the cardiac patch, with 150
± 50 μg/g found in the left ventricle region immediately after
implantation and similar values obtained 28 days post-
implantation (see Figure 3F). Unsurprisingly, minor redis-

tribution of nanogold to off-target tissues was detectable with
values 50−200 times lower than within the implant region.
To assess the patches’ effect on electrical activity in the

heart, we assessed the arrhythmogenicity using an invasive in
vivo electrophysiological study 28 days after implantation.
Despite the application of triple extra stimuli down to tissue

Figure 3. (A) Diagram summarizing the experimental protocol for in vivo implantation of the patches in an MI mouse heart. The composite
material is glued to the left ventricular wall, beneath the pericardium, using fibrin glue. (B) Left ventricular ejection fraction (LVEF) over time after
treatment in MI mice. Implantation took place at day 7 post-MI, highlighted by the pink region in the plot. Experimental groups included
nontreated animals (control) (n = 14), EH (n = 9), EH + AF (n = 11), and EH + AF-AuNPs (n = 14). (C) Left: fractional area change (FAC) at
35 days post-MI in mice implanted with the different treatments. Right: end-systolic pressure−volume relationship (ESPVR) at 35 days post-MI in
mice treated with the different materials. For the ESPVR measurement, sample sizes were 5 (control), 4 (EH), 5 (EH + AF), and 6 (EH + AF-
AuNPs). (D) Histological analysis was carried out 28 days post-treatment. From left to right: number of α-SMA+/CD31+ (vessels) and α-SMA+/
CD31− (myofibroblasts) detected in the infarct region; number of positive connexin-43 discs, expressed as pixels/mm2 and average scar size. In all
cases (n = 6). (E) Ratio of CD68+/CD206+ (M2)/CD68+/CD206− (M1) cells per mm2 present in the scar for the different treatment groups at 28
days postimplantation (n = 6). P-values in part E were calculated from two tail t test comparing the values of M1 and M2 in each group. (F) Total
gold content (μg/g of dry tissue) measured 2 and 28 days after implantation of our cardiac patch containing nanogold (n = 4). Otherwise indicated,
p-values were calculated using a Tukey−Kramer test.
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refractoriness, no animal treated with the cardiac patch
containing AuNPs demonstrated nonsustained or sustained
ventricular tachycardia. Similarly, implant of the AuNP patch
did not alter the ventricular refractoriness, thus providing a
reassuring safety indication supporting the application of a
nanoengineered electroconductive collagen-based cardiac
patch after myocardial infarction (see Figure S11).

■ DISCUSSION
Assembling an implantable device for cardiac tissue repair and
regeneration requires the consideration and inclusion of several
factors, such as biocompatibility, an electroconductive
component, and mechanical properties that can withstand
the stress during cardiac contraction. In this work, we used one
of the most abundant proteins in the healthy myocardium,
collagen, as a structural backbone to develop a hybrid material
consisting of an elastic hydrogel and nanoengineered aligned
fibers. Initially we aimed at testing both AuNPs and AgNPs as
the electroconductive component in our material, and the
results demonstrated that nano-gold-containing fibers had
superior electrical conductivity and stability under physio-
logical conditions.
The reduced stability observed for nanosilver-containing

collagen fibers assembled onto the cardiac patch could be
explained in terms of conformational changes of the fibers,
which for the case of nanosilver-containing fibers promotes the
degradation (probably oxidation) of the nanoparticles. This
resembles the reduced stability of citrate protected nanosilver
in saline buffer, where there is a gradual decrease in the
plasmonic absorbance of nanosilver when exposed to high
ionic strengths media.28 Since electrical stimulation has been
reported as the factor enabling Cx43 expression within ex vivo
cultured neonatal rat cardiomyocytes,29−31 we further tested
the ability of our assembled patches to increase the number of
Cx43 discs per neonatal rat cardiomyocytes cultured with or
without electrical stimulation. As expected from the stability
and conductivity data, only the materials containing nanogold
displayed improved levels of Cx43 expression. This increase in
Cx43 expression suggests a better anisotropic transfer of the
electrical signal, possibly reducing the risk of malignant cardiac
rhythms and improving the functional maturation of
cardiomyocytes.32,24

The implantation of our nanoengineered material containing
AuNPs into an established myocardial scar in mice
demonstrated benefits beyond simple structural reinforcement.
Particularly, the improvement of cardiac function (i.e., LVEF,
FAC, and ESPVR) indicates that there must be an underlying
mechanism able to restore cardiac contractility. This is
supported by the observation of new blood vessel formation
and an increase in the number of positive Cx43 discs per
cardiomyocytes within the scar area, along with a net reduction
in the scar size only observed for the AuNP cardiac patch
treated mice. Following MI, monocytes are recruited from
bone marrow and splenic reserves.33,34 By endogenous cardiac-
derived chemotactic signals released from the infarcted tissue,
resident and monocyte-derived macrophages polarize into
distinct phenotypes.35,36 Interestingly, at day 28 postimplanta-
tion, the AuNP patch was the only treatment that did not have
a greater number of recruited M1 inflammatory macrophages
than M2 wound healing macrophages. Although we did not
assess the direct interaction between M2 macrophage recruit-
ment and vasculogenesis in this study, it has been reported that
M2 macrophages possess the ability to promote angio-

genesis.37 Although a detailed study of the in vivo mechanism
goes beyond the scope of the present work, it has been
reported that β1-integrin plays a key role(s) in the regulation
of mechanical stretch-induced electrical and mechanical
junctions.38−40 β1-integrin can initiate a host of intracellular
signaling pathways, which includes focal adhesion kinase
(FAK), integrin-linked kinase (ILK), and Src.41 Thus, some
authors have investigated the link of such pathways for other
nanomaterials, such as carbon nanotubes.22,42 Also, down-
stream signaling studies in vivo in rats have suggested their
activation via a ILK/AKT/β-catenin axis, whereas activation of
FAK/ERK/GATA4 pathways has also been studied. Specifi-
cally, β-catenin is presumed to stimulate the transcription of
Cx43 via T-cell factor/lymphoid enhancer factor (TCF/
LEF),43−45 and GATA4 is a transcription factor that has
been shown to regulate the expression of Cx43 in the heart.46

Thus, for example, AuNPs have been shown to enhance
assembly and formation of intercalated discs, especially gap
junctions, through a β1-integrin mediated ILK/AKT/GATA4
pathway without increases in β-catenin expression.47,48 In these
studies, electrical stimulation was not applied in the in vitro
evaluation, making it reasonable to conclude the activation of
the pathway was a result of the materials conductivity. In fact,
Wu and Gao suggested that getting a tight cell-scaffold
adhesion by embedding many nanoprotrusions on a
conductive substrate is more crucial than simply pursuing a
higher scaffold conductivity.49 In the present study, the
functional effect seen upon implantation of the nano-gold-
containing cardiac patch aligns well with the maintenance of
the metal in the scar area. This localized retention of nanogold
also indicates our successful design of the hybrid functional
cardiac patch without any side effects such as its accumulation
in off-target organs or the production of arrhythmogenic
activity.

■ CONCLUSIONS

We have prepared and tested in vivo the efficacy of a novel
nanoengineered hybrid cardiac patch for treating the infarcted
myocardium. While patches containing both nanosilver and
nanogold were produced, only the nano-gold-containing
patches were able to increase the level of Cx43 expression in
neonatal rat cardiomyocytes under electrical stimulation. More
importantly, the nanogold patches were able to recover cardiac
function in an in vivo model of an established myocardial scar.
Furthermore, histological analysis revealed that the number of
Cx43 positive cells was increased alongside an increase in
vascular density and a net decrease in scar size for the patches
containing nanogold. Also, nanogold did not relocate to other
organs, and patches did not lead to arrhythmias. Although
additional research for uncovering the underlying mechanism
is required, our material presents the first step in the rational
design of novel functional cardiac patches whose design
incorporates nanoengineering as a structural backbone.

■ MATERIALS AND METHODS
Chemical Reagents. Silver nitrate (AgNO3), gold(III) chloride

trihydrate (HAuCl4·3H2O), 2-hydroxy-1-[4-(2-hydroxyethoxy)-
phenyl]-2-methyl-1-propanone (I-2959), 1,4-butanediol diglycidyl
ether (BDDGE), N-(3-(dimethylamino)propyl)-N′-ethylcarbodii-
mide hydrochloride (EDC), N-hydroxysuccinimide (NHS), and
trifluoroethanol (TFE) were purchased from Sigma-Aldrich (St.
Louis, MO). Type I medical grade porcine collagen (TheraCol)
purchased from Sewon Cellontech Co. Ltd. (Seoul, South Korea) was
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used as received. Unless otherwise indicated, all solutions were
prepared with Milli-Q water.
Synthesis of Collagen-Capped AgNPs. Collagen protected

silver nanoparticles (AgNPs) were prepared according to a previously
described protocol.28 Briefly, an aqueous solution containing 0.2 mM
AgNO3 and 0.2 mM I-2959 was prepared and purged with N2 for 90
min to deoxygenate the solution. Type I medical grade porcine
collagen (1.0 μM) was then added, and the mixture was purged with
nitrogen for additional 90 min. This was followed by exposure to
UVA irradiation at 25 °C in a temperature controlled Luzchem CCP-
4 V photoreactor for 60 min. The solution was then divided into 32.5
mL aliquots, frozen at −80 °C for 1 h, and then freeze-dried for 5
days.
Synthesis of Collagen-Capped AuNPs. Collagen protected

gold nanoparticles (AuNP@collagen) were synthesized in a similar
way to AgNP@collagen, with the only difference being that the metal
precursor concentration is 0.33 mM HAuCl4.
Synthesis of Collagen Hydrogels. Collagen hydrogels were

prepared using the epoxy cross-linker BDDGE, following a similar
protocol described by Alarcon et al.50 Briefly, 0.4 mL aliquots of 10
w/w% collagen were weighed out and mixed in a T-piece system as
described previously.51 Collagen was buffered with 0.036 M Na2CO3
and 0.064 M NaHCO3, and the pH was adjusted to 11 by titration
with 2.0 N aqueous NaOH. Then, 15−25 μL of 10% w/v BDDGE
solution was added to the T-piece system. The cross-linked collagen
solutions were dispensed into glass molds separated by 100 μm thick
spacers to obtain flat sheets, which were cured at 100% humidity and
4 °C for 24 h, then washed extensively in phosphate saline buffer pH
7.4 to remove any non-cross-linked substrate.
Preparation of Electroaligned Fibers. A solution containing 14

mg of AgNP/AuNP and 21 mg of pure collagen in 400 μL of TFE was
prepared, and sequentially sonicated and vortexed until fully
combined. Meanwhile, 2 M solutions of EDC and NHS were
prepared in 100 μL of TFE. Both solutions were sequentially
sonicated until fully dissolved. Then, 72 μL of the EDC solution and
72 μL of the NHS solution were added to the collagen solution and
subsequently sonicated for 5 min. The AgNP/AuNP solution was
then loaded into a 1 mL syringe and connected to the infusion pump
of the electrospinner. The distance between the nozzle of the infusion
pump and the rotor of the electrospinner was 20 cm. The rotor was
set to spin at 400 rpm, and the parameters of the voltage were set at
1.55 mA and 15.0 kV. The system was primed with the solution, and
then the infusion was commenced at a rate of 3.33 μL/min. The fibers
were collected on a rotary collector, which were then anchored onto
the elastic collagen hydrogels.
Characterization of Materials. The metal nanoparticle surface

plasmon band (SPB) was measured by UV−vis spectroscopy with a
Synergy Mx multimode microplate reader (BioTEK, Winooski, VT).
Stability tests were performed by following the changes in the SPB of
the AgNPs or AuNPs contained in the collagen fibers, incubated with
PBS at 37 °C up to 72 h.
Microstructure analysis of the collagen matrices was assessed using

low temperature cryo-scanning electron microscope (c-SEM) images
at −50 °C (Tescan: Vega IIXMU, Brno, Czech Republic). Samples
were prepared as previously described.52 Fiber thickness and
nanoparticle size were calculated from scanning electron microscope
(SEM) images. The samples were coated with a 5.0 nm thick carbon
film prior to SEM imaging using a low vacuum coater Leica EM-
ACE200 (Wetzlar, Germany), and imaged by using the secondary
emission detector in a JSM-7500F FESEM from JEOL Inc. (Peabody,
MA). ImageJ (National Institute of Health, Bethesda, MD) software
was used to measure the pore sizes, the thickness of the fibers, and the
nanoparticle size on the collagen fibers.
Differential scanning calorimetry (DSC) was performed for the

collagen matrices. The glass transition temperature (Tg) of the
samples was measured using a Q2000 DSC (TA Instruments, New
Castle, DE). Heating scans were recorded in the range 8−210 °C at a
scan rate of 10 °C/min. Tg was measured on the onset of the
endothermic peak.

Fourier transform infrared (FTIR) analysis was carried out on
collagen matrices. The samples were dried for 3 days, manually
powdered, and mixed. Infrared measurements were carried out in a
Nicolet 6700 FTIR, equipped with a Smart iTR attenuated total
reflectance (ATR) sampling accessory. For each sample, 64 scans
were collected and averaged.

The degradation of nano-metal-conjugated collagen fibers in the
presence of type I collagenase was assessed. The samples were
incubated in Tris-HCl buffer solution containing type I collagenase (5
units/mL) at 37 °C and their absorbances measured for up to 90 min.

For the electrical conductivity measurements, each of the collagen
matrices was plated onto a glass slide between 2 strips of copper
electrode. Electrical conductivity measurements were recorded on a
Princeton Applied Research Parstat 2273 analyzer controlled by
Power Suite software (AMETEK Inc., Berwyn, PA). Electrochemical
impedance spectra, based on ±10 mV potential modulation, were
recorded over a frequency range from 2 MHz to 10 kHz using a
standard 4 electrode setup.

Mechanical properties of collagen hydrogels were assessed by an
Instron mechanical universal tester (Model 3342, Instron, Norwood,
MA) equipped with Series IX/S software. Rectangle pieces (2.5 × 5
mm) of the collagen hydrogels were excised to measure Young’s
modulus using a crosshead speed of 10 mm/min.

A WITec Alpha 300 microscope (Witec, Germany) was used to
carry out nanoindentation measurements on nanocomposite samples.
Five force−indentation curves were collected in randomly selected
areas of the sample surface by using a cantilever with a tetrahedral tip
with a nominal spring constant of 0.2 N/m (Nanoworld, Switzer-
land). The stiffness was determined by measuring the slope of the
force−indentation curves in the linear region after tip contact with the
surface.

Cardiomyocyte Isolation and Culture Conditions. Neonatal
rat ventricular myocytes (NRVMs) were freshly isolated as we
described in previous work.53 Briefly, trypsin (Amersham Biosciences,
Piscataway, NJ) and collagenase type II (Worthington Biochemical,
Freehold, NJ) were used for digestion of heart ventricle tissues
collected from 2 day old rats (Sprague−Dawley, Harlan, Indianapolis,
IN). Isolated NRVMs were resuspended in M-199 medium (Life
Technologies) supplemented with 10% fetal bovine serum (FBS),
19.4 mM glucose, 2 mM L-glutamine, 2 unit/mL penicillin, 0.8 μg/mL
vitamin B12, 10 mM HEPES, and 1× MEM nonessential amino acids
(Sigma-Aldrich). Cardiac fibroblasts were removed by two rounds of
60 min preplating steps, which allow the fibroblasts to attach to the
dish bottom and be removed from the cell suspension containing the
NRVMs. After the preplatings, cells (NRVMs) were plated at 40 000
cells/cm2 onto 12 mm diameter circle glass slides covered with 8 mm
diameter patches. The samples were placed in 24-well plates and
cultured for 12 h without electrical stimulation. Successively, cells
were submitted to electrical stimulation for 24 h (0.4 V, 5 ms pulse
duration, and 5 Hz frequency) using a C-PACE system (Ion Optix
LLC., Westwood, MA).

After the 24 h of pacing, cells were rinsed twice with HBSS and
0.25 mL of prewarmed 4.0% PFA added and incubated for 15 min at
room temperature. Then, 2 rinsing steps were performed using PBS
containing 5.0 mM NH4Cl, followed by twice rinsing with cold PBS.
Samples were then blocked and permeabilized using a BSA/PBS/
Triton-x solution for 90 min at room temperature. Mouse anti-alpha-
sarcomeric actinin antibody (α-SA, Sigma-Aldrich) and rabbit
anticonnexin-43 antibody (Cx43, Sigma-Aldrich) were used for
primary antibodies. Secondary antibodies conjugated to Alexa Flour
488 and Alexa Flour 546 (Life Technologies, Carlsbad, CA) and 4-
+O,6-diamidino-2-phenylindole (DAPI) counterstain (Vector Labo-
ratories, Burlingame, CA) to the cell nucleus were used for fluorescent
visualization. The samples were imaged with a Zeiss Axiovert 200 M
fluorescence microscope equipped with an AxioCam MR camera
(Carl Zeiss, Oberkochen, Germany). For the quantitative analysis, the
number of Cx43+/α-SA+ cells was counted in 4 randomly selected
FOV. Each experimental group was assessed by n = 4.

Myocardial Infarction Model and Cardiac Patch Transplant.
A clinically relevant mouse model of MI was generated in 9 week old
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female C57BL/6 mice (Charles River, Wilmington, MA) by ligation
of the left anterior descending coronary artery (LAD) just below its
emergence from the left atrium. This procedure results in a large MI
involving the anterolateral, posterior, and apical parts of the heart. All
procedures were performed with the approval of the University of
Ottawa Animal Care Committee, by the National Institute of Health
Guide for the Care and Use of Laboratory Animals. Mice were
anesthetized (2% isoflurane) and intubated, and the heart was
exposed via fourth intercostal thoracotomy, and the LAD ligated. At 1
week post-MI (baseline), echocardiography was performed using a
Vevo770system (VisualSonics, Toronto, Canada) with a 707B series
real-time microvisualization scan head probe. Then, mice were
randomly divided into 4 groups receiving either (1) AuNP fiber-
aligned patch (AuNP group, n = 14), (2) pure collagen fiber-aligned
patch (n = 11), (3) patch without fibers (n = 9), or (4) no treatment
(n = 14). Surgical procedure for patch implantation was optimized
prior to testing the materials reported herein. For the transplant, the
heart was exposed via fourth intercostal thoracotomy again; a small
“pocket” under the pericardium was created, and the patch was
transplanted onto the infarcted area and immobilized to the surface
using fibrin sealant (TISSEEL, Baxter, Deerfield, IL). The mice were
then observed for 4 weeks post-treatment, after which they were
sacrificed (5 weeks total time post-MI), and hearts were collected for
further analysis. In all cases, patches remained attached to the heart
until the end of the experiments.
Follow-Up of Cardiac Function in Animals Postinjection.

Assessment of cardiac function was carried out using long axis 2D
echocardiography in B-mode. Measurements were taken at baseline
before transplant, as well as at days 7 and 28 post-transplant. Cardiac
function and ventricular remodeling were assessed by calculations of
left ventricular ejection fraction (LVEF), fractional area change
(FAC), end-systolic volume (ESV), and end-diastolic volume (EDV).
At days 28 postimplant, hemodynamic measurements were taken

by left heart catherterization, as previously described.54 Briefly, after
mice were anesthetized with isoflurane and ventilated, a 1.2-Fr
conductance catheter (Transonic System Inc., Ithaca, NY) was
inserted into the right carotid artery and passed retrograde through
the aortic valves into the left ventricle. Midline laparotomy was
performed, and the inferior vena cava (IVC) was exposed at the level
of suprahepatic portion. A 5−0 silk suture was placed around the IVC.
Subsequent to shutting off the ventilation, the loop data were
recorded via the ADVantage system (ADV500, Transonic-Science),
prior to and during temporary IVC occlusion created by securing of
the IVC suture. The data were analyzed with LabChart Pro software
(ADInstruments, Sydney, Australia). After the completion of the
measurements, the mice were sacrificed, and the organs were
harvested for further experiments.
Invasive EP Testing. All mice undergoing invasive electro-

physiological (EP) testing underwent a thoracotomy to place a
platinum electrode on the apex of the left ventricle for programmed
electrical stimulation (MyoPacer EP, Ion Optix).55 A standard
electrical stimulation protocol was performed using 10 stimuli
delivered at 100 ms intervals (S1, twice threshold, 2 ms) followed
by a single extrastimulus (S2) starting at a coupling interval of 80 ms.
S2 stimuli were then decremented by 2 ms until failure to capture
(effective refractory period, ERP). If ventricular tachycardia or
fibrillation was not induced, a second extrastimulus (S3) was
introduced 80 ms after the shortest S2 that captured the ventricle.
The S3 was then decreased in 2 ms intervals until the ERP was
reached. Finally, a third extrastimulus (S4) was introduced 80 ms after
the last S3 that captured the ventricle and was decreased by 2 ms
intervals until the ERP was reached. Finally, 10 s of ventricular burst
pacing was performed starting at 80 ms cycle. Burst pacing was then
decreased by 5 ms intervals until intermittent ventricular capture
occurred. If no ventricular arrhythmias were elicited, the animal was
deemed noninducible.
Tissue Preparation for Histology. For all histology and

immunohistochemistry, hearts were harvested, gently perfused with
2−3 mL of saline, snap-frozen in OCT compound, and stored at −80
°C. Slides were prepared with 8 μm sections at different levels. Prior

to staining, sections were fixed with 4% paraformaldehyde. Masson’s
trichrome was performed to measure the relative final scar size by the
midline-arc method, as previously described.56 The images were
quantified using ImageJ software (v.1.41, National Institutes of
Health, Bethesda, MD, USA). For the assessment of vascularization,
tissue sections were stained with anti-CD31 antibody (for endothelial
cells; Santa Cruz Biotechnology, Dallas, TX) and anti-α-SMA
antibody (for vascular smooth muscle cells; Abcam, Cambridge,
UK). The intercellular connection of cardiomyocytes was assessed by
staining with anti connexin-43 (Sigma-Aldrich) and troponin-I
(Abcam). Inflammatory cell numbers in the myocardium were
assessed by staining with anti-CD68 and CD-206 antibodies
(Abcam) for M1 and M2 macrophages, respectively. Cell nuclei
were stained with DAPI. Imaging was performed with a Zeiss Z1
fluorescence microscope and ZenBlue digital image software (Carl
Zeiss). Quantification was done using 5 random microscopic FOV per
sample of the scar, border zone, and remote area.

Inductively Coupled Plasma Assay for Systemic Distribu-
tion of Gold. The total gold concentration in the heart, brain, lung,
lymph nodes, liver, spleen, pancreas, kidney, bladder, and the remnant
of the implant was determined using an inductively coupled plasma−
mass spectroscopy system (ICP−MS; Agilent 7700x). Briefly, the
organs were harvested from freshly euthanized mice (n = 4 in each
group), flash-frozen, powdered, and subsequently freeze-dried for 4
days. The resulting powder was digested in a Digi-PREP MS system
(SCP Science) following the manufacturer’s instructions for injection
into the MS for Au (197 m/z) identification (Ar carrier gas, 0.85 mL/
min; Ar plasma gas flow, 15 L/min).

Statistical Analyses. Data are expressed as the mean ± standard
error. Statistical analyses were performed using Kaleida Graph 4.5
software (Synergy Software, Reading, PA). All values were tested for
significance level of type I error (P < 0.05) via Tukey−Kramer test to
take into account multiple comparisons. Macrophage M1/M2 data
were analyzed using two tail t test.
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