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M
yocardial ischemia�reperfusion
injury is the primary contributor
to the morbidity and mortality

associated with coronary artery disease.
Ischemia�reperfusion has been reported to
result in an increase in reactive oxygen
species (ROS) and intracellular calcium,
which contribute to the development of
cardiac hypertrophy and cardiac failure.1�4

Previous work has shown that minimizing
myocardial damage and oxidative stress
during reperfusion is directly related to a
decrease in morbidity and mortality.5�8

During ischemia�reperfusion, multiple per-
turbations in cell ion homeostasis lead to
alterations in mitochondrial function that
further contribute to oxidative stress and com-
promised energetics. Damage to the mito-
chondrial electron transport chain results in
increased mitochondrial generation of ROS,
which leads to opening of the mitochondrial

permeability transition pore, rupture of the
plasma membrane, and subsequent cell
death.3,9

It is nowwell established that intracellular
Ca2þ is an integral component of cell func-
tion as an important signalingmolecule and
also as a regulator of adenosine-50-triphos-
phate (ATP) production by mitochondria.10,11

However, significant increases in intracellu-
lar Ca2þ that occur during reperfusion are
deleterious to cell function, as they can lead
to further production of ROS by the mito-
chondria and activation of apoptotic and
necrotic pathways.3,9 Thus,minimizing Ca2þ

influx during reperfusion is critical to pre-
venting damage associated with reperfu-
sion injury. In addition, therapeutic inter-
vention with antioxidants to attenuate the
increase in ROS during injury has had varied
success in limiting cardiacdamageandhyper-
trophy, with some studies demonstrating a
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ABSTRACT Increased calcium influx through the L-type Ca2þ channel or over-

expression of the alpha subunit of the channel induces cardiac hypertrophy. Cardiac

hypertrophy results from increased oxidative stress and alterations in cell calcium levels

following ischemia�reperfusion injury and is an independent risk factor for increased

morbidity and mortality. We find that decreasing the movement of the auxiliary beta

subunit with a peptide derived against the alpha-interacting domain (AID) of the channel

attenuates ischemia�reperfusion injury. We compared the efficacy of delivering the AID

peptide using a trans-activator of transcription (TAT) sequence with that of the peptide

complexed to multifunctional polymeric nanoparticles. The AID-tethered nanoparticles

perfused through the myocardium more diffusely and associated with cardiac myocytes more rapidly than the TAT-labeled peptide but had similar effects

on intracellular calcium levels. The AID-complexed nanoparticles resulted in a similar reduction in release of creatine kinase and lactate dehydrogenase

after ischemia�reperfusion to the TAT-labeled peptide. Since nanoparticle delivery also holds the potential for dual drug delivery, we conclude that

AID-complexed nanoparticles may provide an effective platform for peptide delivery in cardiac ischemia�reperfusion injuries.
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reduction in infarct size with antioxidant treat-
ment,12�14 while others showing no significant
difference at all.15�17

The L-type Ca2þ channel is the main route for
calcium influx into cardiac myocytes. Since activation
of the L-type Ca2þ channel during oxidative stress can
lead to further oxidative stress and induction of myo-
cyte hypertrophy,1,2 modifying the function of the
L-type Ca2þ channel during reperfusion may hold the
key to protection against myocardial damage. The
L-type Ca2þ channel is a heterotetramer comprising
three subunits, anR1C subunit, a β2 subunit, and anR2δ
subunit (Figure 1A). The R1C subunit is required for ion
conductance and is sufficient in the absence of acces-
sory subunits. The β2 subunit binds to the R1C subunit
at the alpha interacting domain (AID) and assists with
the trafficking of the R1C subunit to the cellular
membrane.18,19 The β2 subunit also regulates the
inactivation of the R1C subunit.18,19 Previous studies
have demonstrated an important role of AID in mod-
ulating this response. Application of a synthetic pep-
tide corresponding to the sequence of AID significantly

inhibits the interaction between theR1C andβ subunits
of the channel and alters inactivation kinetics of the
channel.20

We propose a unique approach to regulate channel
function during reperfusion by targeting the AID re-
gion of the R1C subunit rather than directly altering
calcium influx through the S5�S6 pore region of the
R1C subunit of the channel. The rationale for this is that
we propose to manipulate channel function at a con-
centration of the peptide that does not alter calcium
influx and thereby prevents negative inotropic effects.
Therefore, delivery of a peptide that binds to the AID
region may provide an effective therapeutic interven-
tion by preventing the movement of the β2 subunit
during activation of the channel.
A current and widely used strategy for the effective

delivery of therapeutic peptides, proteins, and nucleic
acids is via conjugation with cell-penetrating peptides
(CPPs), also referred to as protein transduction domains
(PTDs). The TAT peptide sequence is one of the most
widely researched CPPs.21 TAT is an 11 residue long
peptide taken from the HIV-1 TAT protein that activates

Figure 1. Schematic representation of AID peptide loaded nanoparticles (AID-NP) and TAT-bound AID (AID-TAT).
(A) Sequence of TAMRA-labeled AID peptide including TAT sequence. Site of attachment to alpha interacting domain
(AID) of the L-type Ca2þ channel is shown. (B) Epoxide attachment of PEI polymer chains to the PGMA nanoparticle surface.
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transcription of the viral genome and is a responsible
factor for the virus' transfection.22 TAT is rich in arginine
and lysine residues,making it a highly charged, basic, and
hydrophilic peptide suitable for attachment to the anion-
ic cell membrane and subsequent cargo delivery.21�24

TAT conjugationhas beenused for thedelivery of a range
of cargoes including peptides, proteins,25 and nano-
particles.26,27 However, the safety of the use of TAT as
therapy is still uncertain, as questions remain regarding
the toxicity and immunogenicity of TAT peptides. It has
been speculated that TAT, especially through repeated
dosing, may produce a significant immunogenic re-
sponse, thus limiting its clinical applications;22 however
other studies have provided data presenting low toxicity
of the TAT peptide when used for delivery.28,29 In this
report, we compare TAT-mediated delivery and nanopar-
ticle -mediated delivery of the AID peptide (Figure 1). The
twomodes of delivery are compared in an ex vivomodel
of cardiac ischemia�reperfusion injury.

RESULTS AND DISCUSSION

The nanoparticle used in the current study consists
of a rhodamine B-polyglycidal methacrylate core (RhB-
PGMA) containing encapsulated magnetite (Fe3O4)
nanoparticles. Polyethyleneimine (PEI) was covalently
bound to the RhB-PGMA core to facilitate a cationic
surface suitable for electrostatic conjugation with the
AID peptide and to facilitate cell membrane interac-
tion. We exploited the epoxide functionality of poly-
(glycidyl methacrylate) (PGMA) to covalently attach
cationic rhodamine B and PEI to the nanoparticle sur-
face. This results in strong AID peptide complexation
with the nanoparticle surface. Previous studies demon-
strate that this covalent attachment of PEI to multiple
epoxy groups of the PGMA core renders the nanopar-
ticle nontoxic in both in vitro30 and in vivo31 settings.
Furthermore, the presence of magnetite serves a two-
fold function. First, it is a potential MRI contrast agent
for in vivo tracking, as the nanoparticles were

Figure 2. Characteristics of nanoparticles. (A) TEM image of magnetite nanoparticles, scale 100 nm. (B) TEM image of
polymeric nanoparticles containing encapsulated magnetite without AID peptide loading, scale 500 nm with high
magnification inset, inset scale 50 nm. (C) Particle size distribution by dynamic light scattering. (D) Zeta potential of the
nanoparticles before PEI functionalization (red), with PEI functionalization (black), and with AID peptide conjugated to the
PEI-functionalized nanoparticle surface (blue).
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superparamagnetic, as determined by SQUID magne-
tometry with no magnetic hysteresis at 300 K (with
specific saturation magnetization of 6 emu g�1) and
the transverse relaxivity r2 of the nanoparticle deter-
mined, based on the iron content inside the polymer,
to be 340 s�1 mM�1 Fe.30 Second, and most impor-
tantly, the presence of magnetite provides a means to
separate, wash, and concentrate the nanoparticles
using a magnetic fractionation column suitable for
peptide conjugation. The nanoparticles used in the
current study had an average size of 160 nm (95%
confidence interval 85�342 nm) and a positive sur-
face charge of 65 mV (Figure 2). The AID peptide was
complexed to the nanoparticles through the favor-
able electrostatic interactions between the negative
residues on the peptide and the cationic PEI grafted
to the nanoparticle surface. Peptide loading on the
nanoparticles was determined to be 0.072 nM AID

peptide/μg nanoparticles (0.16 w/w %) (Figure S1
Supporting Information). The loading of peptide
on the nanoparticles without PEI surface func-
tionalization was determined to be 0.024 nM AID
peptide/μg nanoparticles (0.05 w/w %), hence pro-
viding evidence for the PEI inclusion, resulting
in a 3-fold increase in peptide loading with the
nanoparticles.
The nanoparticle�AID peptide complexes were ad-

justed for optimal peptide concentration with a stock
solution of 100 μM peptide in sterile milli-Q water,
which was subsequently diluted to either 1 or 10 μM
peptide for all experiments with comparison to the
same concentration of AID-TAT in the ex vivo ische-
mia�reperfusion injury model.
Both delivery systems were initially investigated for

their rate of association with cardiacmyocytes. Primary
isolates of guinea pig cardiac myocytes were exposed

Figure 3. Myocytes take upAID-tetherednanoparticlesmore rapidly thanAID-TAT. (A) Fluorescent uptakeof RhB-AID-NP and
TAMRA-AID-TAT association with cardiac myocytes over changes in time. Minimum n = 12 per time point, per sample. (B�D)
Images of a guinea pig cardiacmyocyte following 5 h incubation with 1 μMRhB-AID-NP. (B) Confocal DIC. (C) Fluorescent RhB
signal. (D) Confocal DIC image overlaid with fluorescent RhB signal. (E�G) Images of a cardiac myocyte following 4.5 h
incubation with 1 μM AID-TAT-TAMRA. (E) Confocal DIC. (F) Fluorescent TAMRA signal. (G) Confocal DIC image overlaid with
fluorescent TAMRA signal. All scale bars 10 μm.
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to 1 μM AID-TAT peptide labeled with carboxytetra-
methylrhodamine (TAMRA). Uptake of the TAMRA-
labeled peptide (TAMRA-AID-TAT) was measured as
an increase in fluorescence over time relative to back-
ground levels. Maximal association of TAMRA-AID-TAT
with myocytes occurred at 35 min (n = 14, Figure 3A).
We then compared uptake of the AID-TAT peptidewith
that of the AID peptide (minus TAT) complexed to the
polymeric nanoparticles, making use of the nanoparti-
cles covalently binding rhodamine B (RhB) for fluores-
cent tracking. In contrast to the TAT-linked peptide, the
AID peptide complexed to nanoparticles (RhB-AID-NP)
associated with cells more rapidly, with a maximal
fluorescent signal occurring at 15 min (Figure 3A). It
is noteworthy that the peptide complexed to the
nanoparticles did not significantly affect the associa-
tion of the nanoparticles with the cells (Figure 3A
nanoparticles alone, RhB-NP). Furthermore, zeta po-
tential measurements indicated that the peptide-
complexed nanoparticles had a net positive charge of
18mV in comparison to a 65mV charge on the cationic
PEI decorated nanoparticles (Figure 2D). Confocal ima-
ging of the peptide complexed to nanoparticles
(labeled with RhB) and TAMRA-labeled TAT-peptide
demonstrated similar cellular association for bothmodes
of delivery after 5 and 4.5 h of incubation, respectively
(Figure 3B�G). Additionally, confocal analysis also
revealed that the two modes of delivery operated

differently in an in vitro setting. The TAT-based delivery
showed internalization of the peptide following incu-
bation withmyocytes; however the nanoparticles were
mainly associated with the cell surface (Figure 3D,G
and Figure S2 video of confocal Z-stack reconstruction
in the Supporting Information). The region of the
L-type calcium channel targeted by the AID peptide
is found intracellular and close to the cellular mem-
brane; hence association with the lipid bilayer of the
cells is proximal to the intended delivery site and is likely
to be sufficient for effective delivery of the AID peptide.
We next examined the distribution of the peptide in

the myocardium using the two modes of delivery.
Perfusion of 1 μM RhB-AID-NP into the coronary ar-
teries of healthy hearts resulted in a dense and wide
distribution of nanoparticles throughout the tissue
when assessed bymagnetic resonance imaging as well
as fluorescent microscopy when compared to controls
(buffer reperfusion only) (Figure 4A,B). In comparison,
perfusion of 1 μM TAMRA-AID-TAT resulted in a more
sparse distribution assessed by fluorescence micro-
scopy (Figure 4C). It is anticipated that the wider and
more dense distribution in the heart muscle by the
nanoparticles is further support of the data presented
in Figure 2A, where it is evident the nanoparticles are
able to associate more rapidly with myocytes in com-
parison with the AID-TAT peptide, especially over the
longer time frame assessed during the perfusion.

Figure 4. Assessment of biodistribution of AID in hearts perfused with either AID-NP or TAMRA-AID-TAT. (A) Fluorescent
microscopy of a heart perfused with KHB only (no therapeutic delivery) for 30 min. (B) Fluorescent microscopy of a heart
perfused with KHB supplemented with 1 μM AID-NP for 30 min. (C) Fluorescent microscopy of a heart perfused with KHB
supplemented with 1 μM AID-TAT-TAMRA for 30 min. (D) R2 MRI map of heart perfused only with KHB (i.e., heart shown in
panel A) for 30 min. (E) R2 MRI map of heart perfused with KHB supplemented with 1 μMAID-NP (i.e., heart shown in panel B)
for 30 min. Note the brighter, higher R2 values, indicating accumulation of nanoparticles.
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Finally we assessed the efficacy of the AID peptide in
alleviating damage in an ex vivo guinea pig cardiac
ischemia�reperfusion model making use of both de-
livery systems. Hearts were isolated from adult guinea
pigs and were then perfused retrogradely on a Lan-
gendorff apparatus with Ca2þ-containing Krebs solu-
tion for 30min, followed by no flow ischemia for 30min
and then reperfusion for 30 min in the presence of 1
μM AID-TAT peptide (AID-TAT), 1 μM scrambled AID-
TAT peptide (AID(S)-TAT), AID-complexed nanoparti-
cles (AID-NP), or scrambled AID-complexed nanoparti-
cles (AID(S)-NP). Damage was assessed by comparing
the release of creatine kinase (CK) and lactate dehy-
drogenase (LDH) in the perfusate collected during
reperfusion to the levels pre-reperfusion. Application
of 1 μM AID-NP was as effective as 1 μM AID-TAT at
preventing CK release and similarly at decreasing LDH
release, with both delivery systems producing signifi-
cant improvements when compared to the AID(S)-TAT
or AID(S)-NP controls (Figure 5A,B).
Intracellular Ca2þ plays an integral role in cardiac

function. Calcium influx is critical to cardiac excitation
and contraction.32 Calcium influx is also necessary
for release of calcium from intracellular stores and

actin/myosin interaction for contraction.32,33 Intracellular
Ca2þ levels were assessed as changes in Fura-2 fluores-
cence after activation of the L-type Ca2þ channel with
application of the dihydropyridine receptor (DHPR) ago-
nist BayK(�). Consistent with previous reports,34 BayK(�)
alone resulted in an 8% increase in Fura-2 signal, and the
L-type Ca2þ channel antagonist nisoldipine (Nisol) atte-
nuated the increase in Fura-2 after application of BayK(�)
(Figure 5C). Application of 1 μMAID-TAT or 1 μMAID-NP
had no effect on the Fura-2 signal after application of
BayK(�) (Figure 5D,E). However, application of 2 or 10μM
AID-TAT resulted in a decrease in the BayK(�)-stimulated
Fura-2 signal (Figure 5D). Similar results were recorded
with AID-NP (Figure 5E). These results suggest that 1 μM
AID peptide is an effective concentration to decrease
ischemia�reperfusion injurywithout altering Ca2þ influx.

CONCLUSIONS

The delivery of the AID peptide on the polymeric
nanoparticle was more rapidly taken up into the
myocyte and was more widely distributed in the
myocardium than when the peptide was delivered
using the HIV-derived TAT sequence (Figures 3 and 4).
Although not addressed here, an additional advantage

Figure 5. Comparison of effects of AID-TAT and AID-NP on damage assessment ex vivo and intracellular calcium in vitro.
(A) Creatine kinase (CK) and (B) lactate dehydrogenase (LDH) levels were assessed in perfusate taken before (Pre) and after
(Post) ischemia�reperfusion in the presence of AID(S)-TAT, AID-TAT, AID(S)-NP, or AID-NP as indicated (see text for detail).
(C�E) Fura-2 was used to assess alterations in intracellular calcium inmyocytes following addition of the L-type Ca2þ channel
agonist BayK(�) alone or BayK(�) plus Nisol (C) or in the presence of AID-TAT (D) or AID-NP (E) as indicated. Nisol: nisoldipine
(L-type Ca2þ channel antagonist).
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of the nanoparticle-based system is a platform for inter-
vention using multiple payloads combined within a
single delivery platform that is currently unattainable
using TAT-mediated delivery. We conclude that AID-TAT
and AID-complexed nanoparticles provide effective

modes of delivery of the AID peptide in the heart.
Bothmodesofdeliverywereefficacious in reducingdamage
associatedwith ischemia�reperfusion. Therefore this study
provides justification for further development of the
techniques for toleranceasa therapy in theclinical setting.

METHODS
Nanoparticle Synthesis. Materials. Chemicals were purchased

from Sigma-Aldrich unless otherwise stated: benzyl ether (99%),
ethyl methyl ketone (MEK), iron(III) acetylacetonate (97%), oleic
acid (BDH, 92%), oleyl amine (70%), Pluronic F108, polyethyle-
nimine (PEI 50% solution,Mn 1200,Mw 1300), poly(glycidylmetha-
crylate) (PGMA, Mn = 150 539 kDa and polydispersity index 2.3,
was a generous gift from Prof. Igor Luzinov and Dr. Bogdan
Zydyrko, School of Materials Science and Engineering, Clemson
University, Clemson, SC, USA), rhodamine B (RhB, Kodak, 95%),
and 1,2-tetradecanediol (90%) were used as received.

Preparation of Multimodal Polymeric Nanoparticles. Magnetite
Synthesis. Magnetite was prepared in accordance with the
method described by Sun et al.35 Briefly, iron(III) acetylacetonate
(2 mM), 1,2-tetradecanediol (10 mM), oleic acid (6 mM), oleyla-
mine (6 mM), and benzyl ether (20 mL) were mixed with a
magnetic stirrer and gradually heated under a constant flowof N2.
Themixture was held at 100 �C for∼1 h before being ramped to
200 �C, held for 2 h, and finally heated to reflux (∼300 �C) and
held for 1 h under a blanket of N2. The sample was allowed to
cool to room temperature overnight under N2 flow. The sample
was collected and purified through a series of precipitations
with ethanol; collection was via centrifugation and then resus-
pension in hexane, stored until use under argon.

PGMA Modification with Rhodamine B. PGMA (100 mg) and
rhodamine B (20 mg) were dissolved in ethyl methyl ketone
(30 mL) and heated to reflux under a N2 atmosphere for 18 h.
The PGMA-rhodamine-modified polymer was precipitated with
diethyl ether and dried before use in nanoparticle production.

Multimodal Polymeric Nanoparticle Synthesis. Nanoparticles
were prepared by an “oil in water” emulsion process. The
organic phase contained magnetite nanoparticles (18 mg)
and dissolved PGMA-rhodamine B (90 mg) in a 1:3 mixture of
CHCl3 and MEK (6 mL). The organic phase was added dropwise
to a vortexing aqueous solution of Pluronic F108 (1.25% w/v,
30 mL), with the resulting microemulsion homogenized with a
probe-type ultrasonicator for 1 min on low power. Organic
solvents were allowed to evaporate under moderate stirring
and N2 flow overnight. Magnetite aggregates and unreacted
polymer were removed via centrifugation (3000g, 45 min), with
the supernatant being collected and incubated with PEI (50 wt %
solution, 100 mg) at 70 �C for 20 h. The PEI-modified magnetic
polymeric nanoparticles were collected on a magnetic separa-
tion column (LS, Miltenyi Biotec) and washed with milli-Q water
to remove excess Pluronic and unattached dye before being
collected, aliquoted, and stored. The equivalent dry mass of
samples was determined by freeze-drying.

Nanoparticle Characterization. Transmission ElectronMicroscopy
(TEM). Nanoparticle samples were prepared by deposition
from water onto carbon-coated copper grids and imaged at
120 kV on a JEOL JEM-2100. Magentite samples were prepared
by deposition from hexane onto carbon-coated copper grids
and imaged at 120 kV on a JEOL JEM-2100.

Dynamic Light Scattering (DLS) and Zeta Potential Measure-
ments. Nanoparticle samples were thoroughly washed
(3� ∼2 mL of Milli-Q water) while being held on a magnetic
separation column (LS, Miltenyi Biotec) before being suspended
in Milli-Q water for analysis.

Confocal Imaging. Confocal imaging was done on a Nikon
Ti-E inverted motorized microscope with a Nikon A1Si spectral
detector confocal system running NIS-C Elements software.
Primary isolates of guinea pig cardiac myoctyes were incubated
in MatTek glass bottom dishes and imaged live on the confocal,
making use of the Tokai Hit Chamber microscope incubation

system. Nanoparticles with NPs tethered with AID peptide and
TAMRA-AID-TAT were incubated with myocytes at a final con-
centration of 1 μM peptide.

AID Peptide Attachment to PGMA Nanoparticles. AID pep-
tide (160 nM) was incubated with 800 μg of nanoparticles
(800 μL), 1 h at room temperature. The samples were then
centrifuged 16000g, 30 min, the supernatant was collected, and
aliquots of the supernatant were measured for absorbance at
280 nm using a NanoDrop UV�vis spectrophotometer. Peptide
concentration in the supernatant was measured through com-
parison with the previously prepared standard curve (Figure S2,
Supporting Information). The pellet containing nanoparticles
and attached peptide was resuspended in a suitable volume to
prepare a stock peptide conjugated to nanoparticles of 100 μM
peptide. The conjugated stock samples were stored in glass
vials for up to 1 month at 4 �C for ongoing use. The scramble
peptide attached to nanoparticles was prepared following the
same procedure.

Synthesis of AID Peptide. A peptide against the alpha-inter-
acting domain in the I�II linker of the R1C subunit was synthe-
sized using the amino acid sequence QQLEEDLKGYLDWITQAE
as previously described36 (Auspep Pty Ltd., Parkville, Australia).
A scrambled control was also synthesized (QKILGEWDLAQ-
YTDQELE). A HIV-TAT protein sequence (RKKRRQRRR) was
added to the active and scrambled peptide to produce AID-
TAT and AID(S)-TAT, respectively.

Isolation of Guinea Pig Ventricular Myocytes. Cardiac myo-
cytes were isolated from adult tricolor guinea pigs (Cavea
porcellis) weighing between 200 and 250 g. Animals were
anesthetized with an intraperitoneal injection of pentobarbi-
tone 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 Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes
(NH&MRC, seventh edition, 2004). Cells were isolated and
cultured as described previously.37,38

Uptake Studies with Cardiac Myocytes. Uptake of AID-TAT
and AID-tethered nanoparticles was monitored in freshly iso-
lated myocytes by assessing alterations in TAMRA and rhoda-
mine B fluorescence (ex 535 nm, em 580 nm) prior to and
following addition of TAMRA-labeled AID-TAT and rhodamine
B-labeled AID�nanoparticles, respectively, at 37 �C using a
Hamamatsu Orca ER digital camera attached to an inverted
Nikon TE2000-U microscope. Fluorescent images were taken at
5 min intervals with 200 ms exposure. Metamorph 6.3 was used
to quantify the signal by manually tracing myocytes. An equiva-
lent region not containing cells was used as background and
was subtracted. Fluorescent values for each time point were
plotted relative to anassociatedbasal (pre) fluorescent valueof 1.0.

Intracellular Ca2þ Levels: Fura-2 Assessment. Intracellular
calcium was monitored in freshly isolated cardiac myocytes
using the fluorescent indicator Fura-2 AM (Fura-2, 1 μM, ex 340/
380 nm, em 510 nm, Molecular Probes) at 37 �C as previously
described.1 Fluorescence at 340/380 nm excitation and 510 nm
emission were measured at 1 min intervals with an exposure of
50 ms on a Hamamatsu Orca ER digital camera attached to an
inverted Nikon TE2000-U microscope. Ratiometric 340/380 nm
signals of individual myocytes were quantified using Meta-
morph 6.3 to measure signal intensity of manually traced cell
regions. An equivalent region not containing cells was used for
background and was subtracted. Fluorescent ratios recorded
over 3 min were averaged 7 min following addition of BayK(�)
and reported as a percentage from the baseline pretreatment
average.
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Ischemia�Reperfusion Model. Hearts from adult tricolor
guinea pigs were excised and perfused on a Langendorff
apparatus with calcium-containing Krebs-Henseleit buffer
(KHB) containing (in mM) 110 potassium glutamate, 25 KCl, 10
KH2PO4, 2 MgSO4, 20 taurine, 5 creatine base, 5 HEPES, 20
glucose, 1.5 CaCl2, 0.5 EGTA, pH 7.4 at 37 �C. Hearts were
perfused for 30 min at a rate of 7 mL/min, followed by 30 min
no-flow ischemia, then 30 min reperfusion as previously
described.39 Perfusates were collected 25 min preischemia
and 10 min following reperfusion. AID-TAT peptide, AID(S)-
TAT peptide, AID-tethered nanoparticles, or AID(S)-tethered
nanoparticles were added to calcium-containing KHB solution
just prior to reperfusion.

CK and LDH Assays. Creatine kinase and lactate dehydro-
genase activity was determined from perfusate from ische-
mia�reperfused hearts as previously described.40 CK activity
was determined using a Randox CK NAC-activated diagnostic
kit (Randox Laboratories). The rate of increase in absorbance
wasmeasured at 340 nm (PowerWaveXS, BioTek) over 15min at
30 �C. CK activity was calculated using the following equation:

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

To determine LDH activity, 150 μL of perfusate sample was
mixedwith 50 μL of LDH assay buffer (50mM imidazole, 375 μM
NADH, 4 mM pyruvate, 0.05% BSA, pH 7.0), and the rate of
decrease in absorbance was measured at 340 nm (PowerWave
XS, BioTek) over 15 min at 25 �C. LDH activity was calculated
using the following equation:

LDH activity (U=mL)

¼
ΔAbs 340 nm
min TEST

�ΔAbs 340 nm
min BLANK

� �
� 3� (dilution factor)

(6:22)(0:1)

Heart Biodistribution Studies. Guinea pig hearts were used
for MRI analysis of NP distribution. Hearts of C57BL/10ScSnArc
mice were used to assess distribution of TAT-AID-TAMRA
fluorescence. After perfusion of AID-NPs or TAT-AID-TAMRA,
hearts were stored in paraformaldehyde for fixation before
MRI measurement. Following MRI, hearts where sectioned
and mounted for fluorescence microscopy analysis on an
Olympus IX71 inverted fluorescent microscope with an Olym-
pus DP70 camera. Images were collected across heart sec-
tions at 4�magnification with a standard TRITC fluorescence
filter and later stitched together making use of the MosaicJ
FiJi Plugin.

MRI. Twelve hours prior to scanning, the four hearts were
transferred to labeled 25 mL glass vials and immersed in
standard saline solution (0.9% NaCl). For the MRI measure-
ments, the four vials were secured to the base of a 1 L plastic
container, and the container was filled with deionized water
to surround the samples, reducing magnetic susceptibility
differences.

All MRI measurements were made on a Phillips 3 T Achieva
scanner (Royal Philips Electronics, Amsterdam, TheNetherlands) at
Sir Charles Gairdner Hospital, Western Australia. A 32-channel
phased-array cardiac coil was centered over the sample con-
tainer. Data acquisition comprised a multiecho spin echo
sequence (TEs 20, 40, 60, 80, 100 ms, TR 4348 ms, 2 excitations).
The slice thickness was 1 mm, and the reconstruction matrix
was 448 � 448 with a field of view 130 � 130 mm. The
transverse relaxation rate, R2, was derived from pixelwise
monoexponential fits to the signal intensity image data using
ImageJ 1.45s (NIH, USA). In previous work,30 R2 was linearly
related to the iron concentration of these PGMA nanoparticles;
hence higher R2 values are indicative of greater accumulation of
nanoparticles in the heart tissue.

Statistical Analysis. Results are reported as mean ( SE.
Statistical comparisons of responses between unpaired data
were made using Student's t test or between groups of cells
using one-way ANOVA and Tukey's posthoc test (GraphPad
Prism version 5.04)
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