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C
ardiovascular disease (CVD) is the
leading cause of death in thewestern
world.1 In developedcountries, ische-

mia-reperfusion (I-R) injury is the primary
cause of morbidity and mortality associated
with CVD.2 Increases in reactive oxygen
species (ROS) and intracellular Ca2þ are key
mediators of I-R injury that contribute to the
subsequent progression to cardiac hypertro-
phy and heart failure.3�5 The L-type Ca2þ

channel (LTCC) is a voltage-sensitive trans-
membrane protein and is the main route
for Ca2þ influx into cardiomyocytes. The

channel consists of three subunits: R1C, β2a
and R2-δ (Figure 1). The R1C subunit is com-
posed of four linked homologous motifs.
The arrangement of these four motifs in the
cell membrane forms the ion-conducting
pore structure of the channel. The R1C and
β2a subunits bind via the R-interacting do-
main (AID), located on the cytoplasmic linker
connecting the first and secondmotifs of the
R1C subunit.6 The β2a subunit regulates the
open probability, current amplitude and in-
activation kinetics of the channel, and tethers
it to actin filaments via the subsarcolemmal
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ABSTRACT Increased reactive oxygen species (ROS) production and elevated intracellular Ca2þ

following cardiac ischemia-reperfusion injury are key mediators of cell death and the development of

cardiac hypertrophy. The L-type Ca2þ channel is the main route for calcium influx in cardiac

myocytes. Activation of the L-type Ca2þ channel leads to a further increase in mitochondrial ROS

production and metabolism. We have previously shown that the application of a peptide derived

against the alpha-interacting domain of the L-type Ca2þ channel (AID) decreases myocardial injury

post reperfusion. Herein, we examine the efficacy of simultaneous delivery of the AID peptide in

combination with the potent antioxidants curcumin or resveratrol using multifunctional

poly(glycidyl methacrylate) (PGMA) nanoparticles. We highlight that drug loading and dissolution

are important parameters that have to be taken into account when designing novel combinatorial therapies following cardiac ischemia-reperfusion injury.

In the case of resveratrol low loading capacity and fast release rates hinder its applicability as an effective candidate for simultaneous therapy. However, in

the case of curcumin, high loading capacity and sustained release rates enable its effective simultaneous delivery in combination with the AID peptide.

Simultaneous delivery of the AID peptide with curcumin allowed for effective attenuation of the L-type Ca2þ channel-activated increases in superoxide

(assessed as changes in DHE fluorescence; Empty NP = 53.1 ( 7.6%; NP-C-AID = 7.32 ( 3.57%) and mitochondrial membrane potential (assessed as

changes in JC-1 fluoresence; Empty NP = 19.8( 2.8%; NP-C-AID=13.05( 1.78%). We demonstrate in isolated rat hearts exposed to ischemia followed by

reperfusion, that curcumin and the AID peptide in combination effectively reduce muscle damage, decrease oxidative stress and superoxide production in

cardiac myocytes.
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large structural protein AHNAK.7 The LTCC has been
implicated in the progression to hypertrophy following
I-R injury.8,9 It is well-known that ischemia-reperfusion
results in a dramatic increase in ROS.1 Under these
conditions, the LTCC is glutathionylated and as a result
undergoes conformational change that causes an in-
crease in channel activity and Ca2þ conductance.8,10

The accumulation of intracellular Ca2þ stimulates
Ca2þ-dependent biochemical pathways such as the
Ca2þ calmodulin-dependent kinases and mitogen-ac-
tivated protein kinase, that lead to increased protein
synthesis and development of hypertrophy.3,11�13

The elevated intracellular Ca2þ levels also lead to an
increase inmitochondrial Ca2þ uptake andmitochondrial
ROS production.8,10,14,15 The resulting increase in ROS
maintains the LTCC in an active state.8,10 This positive
feedback known as “ROS-induced ROS release” plays
a key role in the progression toward cardiac hyper-
trophy.8,14�16 Activation of the LTCC also increases
mitochondrial metabolism via a Ca2þ-independent
mechanism due to the mutual attachment of the LTCC
and mitochondria to the cytoskeleton.17�19 This
involves the transmission of movement of the β2a
subunit of the channel (after activation of LTCC)
through cytoskeletal proteins to the voltage-depen-
dent anion channel on the outer mitochondrial mem-
brane that regulates the movement of ATP out of the
mitochondria to the cytosol.19

We have previously reported that application of a
peptide derived against the R-interacting domain of

the LTCC (AID peptide) can decrease myocardial injury
post reperfusion.18,20,21 The AID peptide functionally
uncouples the R1C and β2a subunits, disrupting cyto-
skeletal communication between the LTCC and the
mitochondria and decreasingmitochondrial metabolic
activity.18,22,23 Application of 1 μMAID peptide reduces
myocardial damage in isolated hearts following I-R
injury and in rats after induction ofmyocardial infarction
in vivo without causing negative inotropic effects.20,21

This occurs as a result of a decrease in metabolic
activity.18,20,24 Effective delivery of drugs to the myocar-
dium during reperfusion is critical to reducing the
damage that leads to cardiac hypertrophy and failure.
We delivered the AID peptide to the I-R injured myo-
cardium using multifunctional polymeric nanoparticles
because they represent a novel vehicle for effective
delivery of drugs.20 The nanoparticles were constructed
from fluorescently labeled poly(glycidal methacrylate)
(PGMA). The core encapsulated magnetite nanoparti-
cles, rendering the system suitable for fluorescent and
magnetic imaging. The high density of epoxide groups
present in the PGMA core enabled covalent attachment
of the cationic polymer polyethylenimine (PEI) via a ring
opening reaction. The resulting positive surface charge
was used to electrostatically tether the AID peptide to
the surface. This system delivered the AID peptidemore
rapidly and more diffusely through the myocardium
compared to conventional delivery methods using cell-
penetrating peptides (CPPs), also referred to as protein
transduction domains (PTDs).20

Figure 1. Schematic representation of the L-type Ca2þ channel (LTCC) and polymeric nanoparticles delivering antioxidant
and AID peptide. LTCC, with the R-interacting domain (AID region) indicated. Polymeric nanoparticles encapsulating the
antioxidant curcumin or resveratrol are shown with the AID peptide electrostatically tethered to the nanoparticle surface.
AHNAK = large subsarcolemmal structural protein.
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Elevated intracellular Ca2þ following I-R injury stimu-
lates Ca2þ-dependent biochemical pathways. These
pathways include calcineurin/nuclear factor of acti-
vated T cells, Ca2þ calmodulin-dependent kinases and
mitogen-activated protein kinase, which also activate
nuclear factor κB (NF-κB).3,11�13 Activation of these
pathways results in the mobilization of transcription
factors that promote increased protein transcription
and the expression of genes leading to inflammation
and hypertrophy. The use of the naturally occurring
antioxidants curcumin and resveratrol has been re-
ported previously to be effective at counteracting
oxidative damage and the increase in ROS accompany-
ing I-R injury.25 Both compounds are also potent cardi-
oprotectants that interact with numerous biochemical
pathways to mitigate I-R injury. Both compounds have
been shown to reduce infarct size by up to 50%, inhibit
NF-κB and prevent the development of pathological
hypertrophy.26�28 However, their efficacy has been
limited by poor bioavailability, low aqueous solubility
at physiological pH and difficulty in delivery to target
cells.29,30 Polymeric nanoparticles offer advantages in
delivery that may overcome these obstacles.31�33 It is
widely accepted that several interdependent, concur-
rently occurring biochemical processes define the com-
plexity of cardiac I-R injury. Therefore, monotherapy
with a single drug that targets a single pathwaymay be
inadequate in the treatment of I-R injury. Synergistic
action using combinatorial drug treatment is an attrac-
tive strategy to prevent disease recurrence.1 A major
challenge in the development of combinatorial therapy
is to unify the pharmacokinetics and cellular uptake of
various therapeutics in order to allow precise control
of dosage and treatment schedules. In this article we
examine the efficacy of simultaneous delivery of the
AIDpeptide in combinationwith antioxidants curcumin
or resveratrol using multifunctional PGMA nano-
particles on myocardial damage and oxidative stress
following I-R injury in isolated rat hearts

RESULTS AND DISCUSSION

Nanoparticle Characterization and Therapeutic Loading.
The multifunctional PGMA nanoparticles utilized in
this study were prepared from an oil in water emul-
sion process which yielded nanoparticles that had a
z-averaged hydrodynamic diameter of 152 nm (95%
confidence interval 75�335 nm; PDI: 0.062) for the
curcumin loaded nanoparticles and 129 nm (95%
confidence interval 58�335 nm; PDI: 0.097) for the
resveratrol loaded nanoparticles following PEI attach-
ment (see Figure S1 in Supporting Information for
nanoparticle characterization). Antioxidant loading
within the nanoparticles was determined by HPLC.
We found that encapsulation of curcumin and resver-
atrol in the PGMA nanoparticle constructs differed.
The loading efficiency of curcumin was 11.8% (w/w),
compared to 1.0% (w/w) for resveratrol. Loading of

the therapeutic AID peptide was achieved through
electrostatic attraction between the highly cationic
PEI chains on the surface of the nanoparticles and
the negatively charged peptide as has been described
previously.20 Through this method the average load-
ing efficiency of the therapeutic AID peptide on the
nanoparticles was 12.5% w/w. The release kinetics of
both resveratrol and curcumin were monitored in vitro

(see Figure S2, Figure S3 and Methods for details).
The resveratrol nanoparticles with lower loading had
a fast release profile when compared to the curcumin
nanoparticles, which had high loading and a slower
sustained release profile over the 60 min reperfusion/
therapy window.

Efficacy of Nanoparticle Delivery at Reducing I-R Injury in
Isolated Hearts. We investigated the effect of nano-
particle delivery of curcumin and resveratrol in the
presence or absence of the AID peptide on myocardial
damage in response to I-R injury ex vivo in rat hearts by
measuring creatine kinase (CK) and lactate dehydro-
genase (LDH) release into cardiac perfusate. We have
found previously that 10 μMAID is effective at decreas-
ing myocardial injury and increasing GSH/GSSG ratio
post I-R.24 We tethered 1 μM AID peptide to NP's
because this concentration is effective at decreasing
CK and LDHwithout significantly increasing GSH/GSSG
ratio.18,20,24 This allowed us to assess an additive effect
of the antioxidants. Hearts were perfused retrogradely
with Ca2þ-containing KHB solution for 30 min, followed
by 50min global no flow ischemia then 60min reperfu-
sion. Nanoparticle treatments were administered at the
time of reperfusion. These included either empty nano-
particles (NP), curcumin loaded (NP-C), AID peptide
tethered nanoparticles containing curcumin (NP-C-AID),
resveratrol loaded nanoparticles (NP-R), AID peptide
tethered nanoparticles containing resveratrol (NP-R-
AID) or AID peptide tethered nanoparticles (NP-AID).

Consistent with previous studies, exposure of hearts
to empty nanoparticles (NP) resulted in a significant
increase in CK and LDH release in response to I-R injury
(Figure 2A-D).20 Consistentwith an increase in oxidative
stress after application of NP's during reperfusion, the
GSH/GSSG ratio was decreased (Figure 2E). Exposure
of hearts to NP-AID, NP-C or NP-C-AID resulted in
a significant reduction in CK and LDH release at 15,
30, 45, and 60 min following reperfusion compared to
NP (p < 0.05, ANOVA) (Figure 2A and C). However, only
NP-C and NP-C-AID decreased oxidative stress in
the tissue because GSH/GSSG ratio was increased
(Figure 2E). Exposure of hearts to NP-R-AID resulted in
significant reduction in CK and LDH release at 15, 30,
45, and 60 min following reperfusion compared to
NP (Figure 2B and D). However, application of NP-R
reduced CK and LDH release at 15 and 30 min but
appeared to increase at 45 and 60min post reperfusion
(Figure 2B andD) suggesting thatmyocardial injurywas
occurring but release of CK and LDH was delayed.
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In additionwe recorded a lowGSH/GSSG ratio at 60min
after application of NP-R indicating the tissue remained
oxidized (Figure 2E). To further confirm that release of
CK and LDH was delayed we measured CK and LDH
release up to 120 min after application of NP-R post
reperfusion. Consistent with continued myocardial in-
jury, CK and LDH increased after 45 min and continued
to increase up to 120min after application of NP-R (inset

at right Figure 2B and inset at right Figure 2D). These
data suggest that low loading and fast release of resver-
atrol from PGMA nanoparticles negates its efficacy to be
used as a combinatorial platformat reducingmyocardial
injury or oxidative stress post ischemia-reperfusion

Effect of Nanoparticle Delivery on Superoxide Production.
We measured the effect of nanoparticle delivery of
curcumin and resveratrol in the presence or absence

Figure 2. Effect of nanoparticles onmuscle damage and oxidative stress in isolated rat hearts. (A�D) Creatine kinase (CK) and
lactate dehydrogenase (LDH) release measured in perfusate samples following 50 min of global no flow ischemia. Perfusate
samples were collected during 60 min of reperfusion with empty nanoparticles (NP), curcumin (NP-C) or resveratrol (NP-R)
containing nanoparticles and AID peptide nanoparticles that were empty (NP-AID), contained curcumin (NP-C-AID) or
contained resveratrol (NP-R-AID) as indicated and normalized to the CK or LDH released prior to the commencement of
ischemia (Pre). Inset at right: CK and LDH release up to 120min after reperfusion in the presence of NP-R as indicated. (E) GSH/
GSSG ratio in homogenized cardiac tissue after 60 min of reperfusion with nanoparticles as indicated. n: represents the
number of hearts. * represents P < 0.05 and ** represents P < 0.01 compared to NP.
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of the AID peptide on superoxide in isolated mouse
cardiac myocytes using the fluorescent indicator
dihydroethidium (DHE). Myocytes were preincubated
with nanoparticle treatments for 20 min prior to
experimentation. Consistent with previous studies,
exposure of myocytes to BayK(�), an LTCC agonist,
resulted in a 53.1 ( 7.6% increase in DHE signal in the

presence of empty nanoparticles (NP, Figure 3A and B).
The response was attenuated by the LTCC antagonist
nisoldipine. Exposure of myocytes to NP-AID or
NP-C resulted in a partial but significant decrease in
DHE signal in response to BayK(�) compared to NP
(Figures 3A�D). Exposure of cardiac myocytes to
NP-C-AID caused a significantly greater decrease in

Figure 3. Curcumin and AID tethered nanoparticles significantly attenuate cellular superoxide in vitro. (A) DHE fluorescence
(DHE fluores.) recorded from myocytes before and after addition of 10 μM BayK(�) following preincubation with NP or AID
peptide nanoparticles (NP-AID). The arrow indicates where BayK(�) was added. (B) Mean( SEM of the ratio of the rise in DHE
fluorescence formyocytes exposed toNP or NP-AID as indicated. (C) DHE fluorescence (DHE fluores.) recorded frommyocytes
before and after addition of 10 μM BayK(�) following preincubation with NP or curcumin nanoparticles with (NP-C-AID) or
without (NP-C) the AID peptide. The arrow indicates where BayK(�) was added. (D) Mean ( SEM of the ratio of DHE
fluorescence for myocytes exposed to NP, NP-C or NP-C-AID as indicated. (E) DHE fluorescence (DHE fluores.) recorded from
myocytes before and after addition of 10 μMBayK(�) following preincubation with NP or resveratrol nanoparticles with (NP-
R-AID) or without (NP-R) the AID peptide. The arrow indicates where BayK(�) was added. (F) Mean( SEM of the ratio of DHE
fluorescence for myocytes exposed to NP, NP-R or NP-R-AID as indicated. * represents P < 0.05 compared to NP þ BayK(�),
# represents P<0.05 compared toNP-RþBayK(�) andþ representsP<0.05 compared toNP-R-AIDþBayK(�). n=number of
cells; a.u. = arbitratry units.
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DHE signal in response to BayK(�) compared to NP
(Figures 3C and D). However, exposure of cardiac
myocytes to NP-R or NP-R-AID did not significantly alter
DHE signal in response to BayK(�) (Figure 3E and F).
These data provide evidence that NP-C-AID may be
most effective in reducing oxidative stress in response
to activation of the LTCC compared to NP-C, NP-R or
NP-R-AID. Elevated ROS production is a key mediator
in the development of myocardial injury following

ischemia-reperfusion.34 Attenuating the increase in
ROS following I-R is critical to reducing the development
of myocardial injury. Production of ROS peaks early
following reperfusion,35 causing covalent modification
of the LTCC.10 The effects of a short exposure to excess
ROS persist for many hours.8 Mitigating the increase in
ROS is important to reduce myocardial damage caused
by oxygen radicals. The ability of nanoparticle-assisted
delivery of curcumin to attenuate both muscle damage

Figure 4. Curcumin and resveratrol loaded nanoparticles have no effect on ψm in vitro. (A) Representative traces of JC-1
fluorescence recorded in individual myocytes before and after exposure to 10 μM BayK(�) after incubation with NP, AID
peptide-tethered nanoparticles (NP-AID) or nisoldipine (Nisol). The arrow indicates where BayK(�) was added. 4 mM sodium
cyanide (NaCN) was added to collapseψm. (B) Mean( SEMof changes in ratiometric JC-1 fluorescence formyocytes exposed toNP
or NP-AID as indicated. (C) Representative traces of JC-1 fluorescence recorded in myocytes before and after exposure to 10 μM
BayK(�), following treatment with NP, curcumin nanoparticles with (NP-C-AID) or without (NP-C) the AID peptide or nisoldipine
(Nisol). The arrow indicateswhere BayK(�) was added. 4mMsodium cyanide (NaCN) was added to collapseψm. (D) Mean( SEMof
changes in ratiometric JC-1 fluorescence for myocytes exposed to NP, NP-C or NP-C-AID as indicated. (E) Representative traces of
JC-1fluorescence recorded inmyocytes before and after exposure to 10μMBayK(�), following apreincubationwithNP, resveratrol
nanoparticles with (NP-R-AID) or without (NP-R) the AID peptide or nisoldipine (Nisol). The arrow indicates where BayK(�) was
added. 4 mM sodium cyanide (NaCN) was added to collapse ψm. (F) Mean ( SEM of changes in ratiometric JC-1 fluorescence for
myocytes exposed to NP, NP-R or NP-R-AID as indicated. * represents P < 0.05 compared to NP þ BayK(�), # represents P < 0.05
compared toNP-CþBayK(�) andþ representsP<0.05compared toNP-C-AIDþBayK(�).n=numberof cells; a.u. =arbitratryunits.
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and oxidative stress simultaneously in isolated hearts
suggests this may be an effective treatment following
I-R injury.

Effect of Nanoparticle Delivery on Mitochondrial Membrane
Potential. Activation of the LTCC has been shown
to increase mitochondrial metabolism via a Ca2þ-
independent mechanism due to mutual attachment of
the LTCC and mitochondria to the cytoskeleton.17�19,24

This is assessed as changes in mitochondrial membrane
potential (ψm) in cardiac myocytes. Application of 1 μM
AID peptide can partially attenuate the increase inψm in
cardiac myocytes after activation of LTCC.20,24 We ex-
amined the effect of nanoparticle delivery of curcumin
and resveratrol in the presence or absence of the
AID peptide on ψm in isolated mouse cardiac myocytes
using the fluorescent indicator JC-1. Myocytes were
preincubated with nanoparticle treatments for 20 min
prior to experimentation. Consistent with previous
studies, exposure of myocytes to BayK(�) resulted in a
19.8 ( 2.8% increase in JC-1 signal in the presence of
empty nanoparticles (NP, Figure 4).17 The response
was attenuated by nisoldipine. Exposure of myocytes
to NP-AID significantly reduced the BayK(�) stimulated
increase in JC-1 signal compared to NP (p < 0.05,
ANOVA) (Figure 4A and B). Exposure of myocytes to
NP-C-AIDbut notNP-C resulted in a significant reduction
in JC-1 signal in response to BayK(�) (Figure 4C and D).
Similarly, exposure of myocytes to NP-R-AID but not
NP-R caused a significant reduction in JC-1 signal
in response to BayK(�) (Figure 4E and F). Application
of sodium cyanide (NaCN) at the end of each experi-
ment verified the JC-1 signal was mitochondrial in
origin. These data confirm that the AID peptide can
significantly attenuate BayK(�) induced increases in
ψm. These data are consistent with the proposed me-
chanism of action of the AID peptide, which functionally

uncouples the R1C and β2a subunits of the LTCC.23

The uncoupling disrupts the interaction between the
LTCC and the cytoskeleton, preventing changes in mito-
chondrial membrane potential and metabolism
in response to activation of the channel.7,18

Antioxidant Capacity of Curcumin and Resveratrol. We
investigated the antioxidant capacity of curcumin
and resveratrol in vitro in the absence of nanoparticles
in order to estimate effective working concentrations
of antioxidant. Isolated cardiac myocytes were prein-
cubated for 20 min with curcumin or resveratrol dis-
solved in DMSO at concentrations of 0.2, 2, and 20 μM.
BayK(�) stimulated increases in superoxide production
(as measured by DHE fluorescence) were significantly
decreased by curcumin and resveratrol at 2 and 20 μM
compared to 0.2 μM antioxidant and DMSO only
controls (Figure 5). This confirms that curcumin and
resveratrol are potent antioxidants in vitro at con-
centrations above a therapeutic threshold that lies
between 0.2�2 μM. Indeed the concentrations of
resveratrol and curcumin in the NP-R-AID and NP-C-
AID formulations (both administered at 1 μM AID
peptide concentration) were 0.82 μM (at 1 wt %
loading) and 7.2 μM (at 11.8 wt % loading), respec-
tively. On the basis of the release profiles (Figure S2 and
S3) it becomes obvious that the amount of curcumin
released from the nanoparticles during 60 min of
reperfusion was above the therapeutic threshold win-
dow of 0.2�2 μM. The same did not hold true for
resveratrol, as NP-R and NP-R-AID did not alter DHE
signal. This was despite a significant effect of free
resveratrol on BayK(�) stimulated increase in DHE
signal (Figure 5). We propose this was a consequence
of the lower encapsulation of resveratrol coupled with
its fast release kinetics. Indeed the initial burst release
from NP-R reduced CK and LDH release at 15 and

Figure 5. Concentration-dependent inhibition of DHE signal by curcumin and resveratrol in the absence of nanoparticles. (A)
Mean( SEM of the ratio of the BayK(�)-stimulated increase in DHE fluorescence for myocytes preincubated for 20 min with
curcumin at 0.2, 2, 20 μM or DMSO only. (B) Mean( SEM of the ratio of the BayK(�)-stimulated increase in DHE fluorescence
for myocytes preincubated for 20 min with resveratrol at 0.2, 2, 20 μM or DMSO only, as indicated. * represents P < 0.05
compared to 0.2 μM free curcumin or resveratrol as indicated and # represents P < 0.05 compared to DMSOþBayK(�).
n = number of cells. The lack of bar graph indicates complete attenuation of BayK(�)-stimulated increase in DHE signal by
curcumin or no change in basal DHE signal by curcumin in the absence of BayK(�) as indicated.
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30min; however, the lower loading failed to control the
increase at 45 and 60 min post reperfusion.

CONCLUSION

Encapsulating curcumin in PGMA nanoparticles in
the presence or absence of tethered AID peptide is an
effective combination for simultaneous action in the
reduction of myocardial damage and oxidative stress
following ischemia-reperfusion ex vivo in rat hearts.
Combinatorial trials involving resveratrol proved less
effective, and are therefore not a viable candidate for
simultaneous therapy. Nanoparticles encapsulating the

antioxidant curcumin significantly decreased superox-
ide production in response to activation of the LTCC in
isolated cardiac myocytes. The response was more
potent when myocytes were treated with curcumin
loaded nanoparticles that were tethered with the AID
peptide. This additive effect appears to be due to a
decrease in metabolic activity in the myocytes by the
AID peptide. Importantly, in vitro analysis revealed that
curcumin and the AID peptide reduce I-R injury via

differentmechanisms demonstrating that this combina-
tion would potentially be expected to bemore effective
than either therapeutic alone in an in vivo setting.

METHODS
Nanoparticle Synthesis. Magnetite Synthesis. Monodispersed

magnetite nanoparticles were synthesized by thermal decom-
position as described by Sun et al.36 In brief, iron(III) acetylace-
tonate (2 mM), 1,2-tetradecandiol (10 mM), oleic acid (6 mM),
oleylamine (6 mM) and benzyl ether (20 mL) were mixed with a
magnetic stirrer and heated to 100 �C for 1 h. The mixture was
heated to 200 �C under an atmosphere of N2 for 2 h and then
heated to reflux (∼300 �C) for 1 h. The reaction mixture cooled
overnight under an atmosphere of N2 and was precipitated in
ethanol (40 mL) and centrifuged at 3000g for 15 min. The
precipitate was resuspended in hexane (7.5 mL) and centri-
fuged again under identical conditions. The supernatant con-
taining magnetite nanoparticles was stored under argon until
use.

Polymer Nanoparticle Synthesis. Nanoparticles were synthe-
sized by an oil-in-water emulsion process as described pre-
viously, with modification.37 Dry PGMA (100 mg) was dissolved
inmethyl ethyl ketone (MEK; 9mL). Drymagnetite nanoparticles
(25 mg) were dispersed in chloroform (3 mL) containing dis-
solved resveratrol (25mg) or curcumin (25mg). The two organic
solvents were mixed and added dropwise to an aqueous
solution of the polymer Pluronic F-108 (12.5 mg/mL, 30 mL)
that was vigorously stirring to form a vortex. The resulting
emulsion was ultrasonicated at low power for 1 min to form
the nanoparticles. The organic phasewas evaporated under low
N2 flow overnight. Excess polymer and aggregated magnetite
were removed by centrifugation at 3000g for 45 min. The
nanoparticles contained in the supernatant were collected on
a magnetic separation column (LS, Miltenyi Biotec) and washed
and eluted using Milli-Q water (pH 5.8).

PEI Attachment. Nanoparticles were precipitated by centri-
fugation at 14000g for 30 min and the pellet resuspended in
Pluronic F-108 solution (2.5 mg/mL, 30 mL) containing poly-
ethylenimine (PEI 50% solution Mn 1200, Mw 1300) (20 mg/mL)
adjusted to pH 6.5. Nanoparticleswere reacted in this solution at
room temperature for 48 h to allow for PEI attachment before
being reprecipitated via centrifugation at 14000g for 30 min.
Unattached PEI was removed by repeated washing and cen-
trifugation of the precipitated nanoparticles in Milli-Q water.
Nanoparticles were stored as a concentrated stock at 4 �C
and protected from light to prevent degradation of the light-
sensitive antioxidants. The final concentration of nanoparticles
was determined by lyophilization.

AID Peptide Conjugation. A peptide against the alpha-
interacting domain in the I�II linker of the R1C subunit was synthe-
sized using the amino acid sequence QQLEEDLKGYLDWITQAE
as previously described 23 (Auspep Pty Ltd., Parkville, Australia).
PEI-attached nanoparticles (400 μL of 2 mg/mL stock) were
incubated with 400 μM AID peptide (400 μL) for 1 h (empty
nanoparticles), 24 h (resveratrol nanoparticles) or 48 h (curcumin
nanoparticles) at room temperature. Subsequent centrifugation
at 16000g for 30 min separated the nanoparticles and tethered
AID peptide from the free peptide in solution. The supernatant
was removed and the nanoparticles were resuspended in an

appropriate volume of Milli-Q water to obtain a final peptide
concentration of 100 μM. The AID peptide tethered nanoparti-
cles were stored at 4 �C in glass vials for no longer than 3 weeks.

Nanoparticle Characterization. Dynamic Light Scattering (DLS).
Polymer nanoparticles were prepared for DLS and surface
charge measurements by holding the samples on a magnetic
separation column and washing repeatedly with Milli-Q water.
Nanoparticle size and surface charge measurements were
averaged over 10 runs and each measurement was con-
ducted in triplicate. Results are presented as mean ( standard
deviation.

High Performance Liquid Chromatography. Antioxidant
loadingofpolymernanoparticleswasdeterminedby reverse-phase
HPLC. Lyophilized nanoparticles were resuspended in methanol
to obtain a final nanoparticle concentration of 1 mg/mL. The
samples were ultrasonicated in a water bath for 15 min and
incubated for a further 45 min at room temperature to dissolve
encapsulated antioxidant. Nanoparticles were separated from
the solubilized antioxidant by centrifugation at 14000g for
30min. Three aliquots of the supernatant (150μL) were analyzed
on aWaters 2695 HPLCwith aWaters 2489 UV/vis detector using
isocratic elution throughaC18 analytical column (150� 4.60mm,
5 μm, 25( 5 �C). A mobile phase of acetonitrile:water (1% acetic
acid; adjusted to pH 3.0 using 50% triethanolamine) in the ratio
45:55 (v/v) was utilized for curcumin, as described previously.38

The mobile phase was pumped through the column at the flow
rate of 1.5 mL/min with a run time of 10 min. The injection
volumewas 20μL and each aliquotwas injected in triplicatewith
single wavelength detection at 254 nm. The area under the
largest peak between the retention time7�8minwas integrated
and used to calculate the concentration of curcumin by compar-
ison to a previously prepared standard curve (R2 = 0.9969).

For resveratrol, the method of Ansari et al. was modified
and a mobile phase of 0.25% (v/v) acetic acid in methanol and
water (52:48 v/v) was used.39 The mobile phase was pumped
through the column at the flow rate of 1.5 mL/min with a run
time of 10min. The injection volumewas 20 μL and each aliquot
was injected in triplicate with single wavelength detection
at 303 nm. The area of the largest peak with retention time be-
tween 3.5 and 4.5 min was used to calculate the concentration
of resveratrol by comparison to a standard curve (R2 = 0.9999).

The loading efficiency and encapsulation efficiency of anti-
oxidant in the nanoparticles were calculated with the following
formulas:

loading efficiency (%) ¼ mass (antioxidant in nanoparticles)
mass (nanoparticles)

� 100

All values are quoted as mean ( standard deviation.
UV�Vis Spectrophotometry. The binding of the AID peptide

to the nanoparticles was quantified by measuring the optical
absorbance of the supernatant following incubation and
centrifugation at 280 nm with a UV�vis spectrophotometer
(Nanodrop 1000). The concentration of AID peptide in the
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supernatant was calculated by comparison to a previously
prepared standard curve (R2 = 0.9980). The difference between
the initial concentration of the AID peptide (400 μM) and the
concentration of the peptide in the supernatant was used
to determine the amount attached to the nanoparticles. The
absorbance in the supernatant was measured in triplicate for
each of three separate aliquots.

Cardiac I-R Injury. Langendorff I/R Heart. Hearts of 6�8 week
old male Wistar rats were excised and perfused retrogradely via
the aorta on a Langendorff apparatus with Ca2þ-containing
Krebs-Henseleit buffer (KHB) containing: 120 mM NaCl, 25 mM
NaHCO3, 4.8 mM KCl, 2.2 mM MgSO4, 1.2 mM NaH2PO4 and
11mM glucose as described previously.40 Hearts were perfused
for 30min at a constant pressure of 80 cmH2O. No-flow ischemia
was induced by stopping the flow of perfusate for 50 min,
followed by 60 min of reperfusion. At the onset of reperfusion,
nanoparticles were delivered directly to the coronaries via the
aorta and continued exposure was ensured via a recirculation
system. The concentration of AID peptide tethered to nanopar-
ticles was 1μM. Nanoparticles without the AID peptide attached
were delivered at the same nanoparticle concentration used to
deliver the AID peptide. Following 60 min of reperfusion with
Ca2þ-containing KHB, hearts were perfused for a further 10 min
with Ca2þ-free KHB before removal from the Langendorff
apparatus and storage in Ca2þ-free KHB on ice for assaying of
reduced to oxidized glutathione. Perfusate samples (∼2 mL)
were collected at 20 and 25 min of perfusion and again at 0, 15,
30, 45, and 60 min of reperfusion. All perfusate samples were
stored at 4 �C until used for CK and LDH assays.

Glutathione Assay. The ratio of the reduced (GSH) and
oxidized (GSSG) forms of glutathione was determined accord-
ing to Rahman et al.41 Potassium phosphate EDTA buffer (KPE)
was prepared by dissolving EDTA disodium salt in 0.1 M
potassium phosphate buffer (pH 7.5). Extraction buffer (EB) was
prepared bydissolving sulfosalicyclic acid and Triton X-100 in KPE
buffer adjusted to pH 6.8. A 10% solution of 2-vinylpyridine and
a 16.7% solution of triethanolamine were prepared in KPE buffer.
A GSSG standard curve ranging from 10 to 80 μg/mL was
prepared by dissolving GSSG in EB. A GSH standard curve was
prepared similarly using pH 6.8 EB.

GSSG and GSH standards and samples were loaded in
triplicate into a 96-well plate. DTNB and ß-NADPH were pre-
pared in KPE buffer. Glutathione reductase (GR) reagent was
prepared by diluting GR in KPE. Equal volumes of GR reagent
and DTNB were mixed immediately prior to commencing the
assay. GRwas added to each sample and standard in the 96-well
plate and incubated for 30 s before the reaction was initiated
with the addition of β-NADPH. The optical absorbance was
monitored at 412 nm (PowerWave XS, BioTek) at 25 �C every 8 s
for 2 min. A least-squares regression line was fitted to the linear
portion of the curve. The gradient of each standard was plotted
against its concentration to produce a standard curve used
to determine GSH and GSSG concentration in each sample. The
oxidized to reduced ratio was calculated by dividing the con-
centration of GSH by the concentration of GSSG.

Creatine Kinase Assay. Creatine kinase (CK) activity was
measured in all perfusate samples using a Randox CK-NAC
diagnostic kit (Randox Laboratories) as described previously.10

Perfusate was added to CK enzyme reagent (Randox) and the
rate of increase of optical absorbance was monitored at 340 nm
(PowerWave XS, BioTek) for 15 min at 30 �C. All samples were
measured in triplicate. The gradient was converted to CK
activity using the equation:

CK activity (U=L) ¼ 4127� (ΔAbs 340 nm)
min

The average value of CK activity in the samples collected
at 20 and 25min of perfusion (prior to ischemia) was set to 1 and
used to normalize CK activity measured during reperfusion.

Lactate Dehydrogenase Assay. The activity of lactate dehy-
drogenase (LDH) in each perfusate sample was determined
by measuring the rate of decrease in absorbance at 340 nm
(PowerWave XS, BioTek) over 15 min at 25 �C as described
previously.10 Briefly, 150 μL of perfusate wasmixedwith 50μL of
LDH assay buffer (50 mM imidazole, 4 mM pyruvate, 0.05% BSA,

375 μM NADH, pH 7.0) and the absorbance measured immedi-
ately. All samples were measured in triplicate. The activity of
LDH in the sample was calculated with the equation:

LDH activity (U=mL) ¼
ΔAbs 340 nm

min
[test] �ΔAbs 340 nm

min
[blank]

� �

6:22� 0:15

LDH activity in perfusate samples collected during reperfu-
sion was normalized to preischemia activity (the average of
20 and 25 min of perfusion).

In Vitro Data. Isolation of Mouse Ventricular Myocytes. Myo-
cytes were isolated from 8-week old male C57Bl/6J mice using a
collagenase dissociation method as described previously.42

Animals were anesthetized by an intraperitoneal injection of
pentabarbitone sodium (240 mg//kg) prior to excision of the
heart as approved by The Animal Ethics Committee of The
University of Western Australia in accordance with the Austra-
lian Code of Practice for the Care and Use of Animals for Scientific
Purposes (NH&MRC, 8th ed., 2013). For all in vitro experiments,
myocytes were preincubated with the nanoparticles for 20 min
prior to commencing fluorescent measurements. AID peptide-
tethered nanoparticles were delivered at a peptide con-
centration of 1 μM. All other nanoparticles were delivered at a
nanoparticle concentration of 2 μg/mL.

Measurement of Mitochondrial Membrane Potential. Mito-
chondrialmembranepotentialwas recorded inmouse ventricular
myocytes using the fluorescent indicator 5,50 ,6,60-tetrachloro-
1,10 ,3,30-tetraethylbenzimidazolylcarbocyanine iodide (JC-1,
200 nM, excitation 480nm, emission 590/520 nm;Molecular Probes)
in HEPES-buffered solution at 37 �C as previously described.8

The fluorescent signal was measured on a Hamamatsu Orca ER
digital camera attached to an inverted Nikon TE2000-Umicroscope.
Mitochondrial membrane potential was expressed as a ratio of
fluorescent emission (580 nm/520 nm) normalized to the pretreat-
ment fluorescent baseline. Fluorescent ratios recorded over 6 min
before and after treatments were averaged and alterations in
fluorescent ratio were reported as percentage increase from the
baselineaverage. JC-1 fluorescencewasstimulatedby theadditionof
the LTCC agonist BayK(�) (10 μM). The channel antagonist nisoldi-
pine (20 μM) was used to verify increases in fluorescence were a
result of BayK(�) stimulation. To verify that the JC-1 signal repre-
sentedmitochondrialmembranepotential, 40mMNaCNwasadded
at the end of each experiment to collapsemitochondrial membrane
potential. Data were analyzed in Metamorph 6.3.

Measurement of Superoxide. Generation of superoxide was
measured in mouse ventricular myocytes using the fluorescent
indicator dihydroethidium (DHE 5 μM, 515�560 nm excitation,
590 long pass emission; Molecular Probes) at 37 �C as previously
described.8 Fluorescent signal was measured on a Hamamatsu
Orca ER digital camera attached to an inverted Nikon TE2000-U
microscope. An equivalent region not containing cells was used
as background and was subtracted. Fluorescent images were
taken at 1 min intervals with an exposure of 200 ms. Ratio of
fluorescence was reported as the slope of the signal measured
at 22�40min (treatment) over the slope of the signal measured
at 0�20 min (basal). DHE fluorescence was stimulated by the
addition of BayK(�) (10 μM). Nisoldipine (20 μM) was used to
verify increases in DHE fluorescence were a result of BayK(�)
stimulation. Metamorph 6.3 was used to quantify the signal by
manually tracing myocytes.

In Vitro Drug Release Studies. 6mgof each of resveratrol and
curcumin loaded nanoparticles were dispersed in 12 mL of PBS
(pH 7.4) with 0.2% w/v Tween 80 as a sink to monitor release
kinetics. The suspensionwas divided in 24 vials of 500μL (0.25mg
NP) each. Samples were then put into an orbital shaker at
125 rpm, 37 �C. At given time intervals, samples were taken out
in triplicates and centrifuged at 16000g for 30 min. The super-
natant was extracted and analyzed for curcumin and resveratrol.
In the case of curcumin nanoparticles, the supernatant was
analyzed for released curcumin content using UV�vis absorption
at 425 nm. These values were compared with a standard curve
of absorption versus concentration for curcumin dissolved in the
release medium as used at 425 nm (see Figure S2). In the case of
resveratrol nanoparticles, due to the lower loading the release
profile was calculated by monitoring the drug loading over time.
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In this case the pellet (0.25 mg) was redispersed in 500 μL of
methanol and sonicated in awater bath for 10min followedbyan
hour of incubation to extract out unreleased drug. Samples were
then centrifuged at 16000g for 20 min to separate polymeric
nanoparticles. Drug containingmethanol samples were analyzed
for resveratrol content usingUV�vis absorption at 323 nm. These
values were compared with standard curve of resveratrol in
methanol at 323 nm generated previously (see Figure S3).

Statistical Analysis. All cardiac assay data are presented as
mean ( standard error of the mean (SEM). Standard deviation
was used in some analyses. Statistical comparisons between
multiple groups weremade using one-way ANOVA, with Tukey's
test applied post hoc to compare unpaired means. P-values
<0.05 were considered significant (GraphPad Prism 6.0).
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