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Abstract
An estimated 985,000 new myocardial infarctions (MI) will occur in the U.S. in 2011. While
many will survive the initial insult, the early damage will eventually lead to heart failure for which
the only definitive cure is transplantation. CM (CM) apoptosis is a large contributor to cardiac
dysfunction, and although potential therapeutic molecules exist to inhibit apoptotic pathways, drug
delivery methods are lacking. This damage is largely regional and thus localized delivery of
therapeutics holds great potential; however CMs are relatively non-phagocytic, which limits
existing options that rely on phagocytosis. Recently, the sugar N-acetyl-glucosamine (GlcNAc)
was shown to be bound and internalized by CMs, providing a potential mechanism for drug
delivery. Here we demonstrate efficacy of a drug delivery system comprising a drug-loaded
biodegradable polyketal nanoparticle that is surface-decorated with GlcNAc. Inclusion of the
sugar enhanced uptake by CMs as measured by intracellular activated fluorescence. When
delivered in vivo following ischemia-reperfusion injury, GlcNAc-decorated particles loaded with
the p38 inhibitor SB239063 reduced apoptotic events and infarct size, and improved acute cardiac
function. This was in contrast to our published data demonstrating no acute effect of non-sugar
decorated, p38 inhibitor-loaded particles. These data suggest a novel therapeutic option to enhance
uptake of drug-loaded nanoparticles to CMs, and perhaps reduce the large amount of CM cell
death following myocardial injury.
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Introduction
Myocardial infarction affects 985,000 new patients in the U.S. annually and is the leading
cause of global morbidity and mortality [1]. During ischemic injury and in subsequent
reperfusion [2], apoptotic signaling cascades in CMs are triggered, leading to localized death
at the cellular level [3]. As adult CMs are terminally differentiated [4,5] and relatively non-
proliferative [6], the ischemic insult leads to eventual dysfunction and failure at the organ
level [7,8]. Because the initial cell death is primarily regional [9], localized therapy to target
and reverse the damage to the injured myocardium is quite promising. Therefore, CM-
specific rescue presents itself as a compelling therapeutic target following myocardial
infarction.

Apoptotic pathways are complex and include many molecules, including whose activation
either promote or inhibit cell death. Several proteins in these pathways have demonstrated a
cardioprotective role, such as Bcl-2 [10,11], Bcl-xL [12], and XIAP [13]. Other proteins
outside of apoptotic pathways also improve cell survival, such as SOD and Catalase that
attenuate oxidative stress produced during ischemia-reperfusion (IR) injury [14,15].
Furthermore, expression and activity of these proteins are regulated by intracellular
signaling molecules such as c-jun N-terminal kinase (JNK) [16,17], AKT [18], and p38 [19]
to name a few. Whereas many of these kinases have specific small molecule inhibitors,
delivery and toxicity concerns due to the need for large systemic doses preclude their use.

While overexpressing anti-apoptotic proteins and antioxidants in CMs has shown functional
improvements in animal models [20–24], many delivery hurdles prevent clinical translation.
The short circulation half-life of these proteins and small molecules [25] precludes systemic
delivery due to the need for extended exposure to large amounts of therapeutic needed. To
address this concern, many studies have been performed using biomaterials for sustained,
local delivery [26–30]. Despite some successes, methods to deliver drugs to the infarct
currently rely on passive release into the interstitium from delivery vehicles or
internalization by phagocytic cells. As the majority of phagocyctic cells accumulate 24–72h
following IR injury [31], delivery vehicles that rely on passive macrophage-mediated release
do not inhibit the excessive apoptosis that occurs in CMs during the initial 72h. Drug
delivery vehicles that target CMs are virtually nonexistent, owing largely to the non-
phagocytic nature of these cells. However, recent studies have implicated N-acetyl-D-
glucosamine (GlcNAc) as a viable candidate for a drug delivery system targeted to CMs,
demonstrating the ability of CMs to bind to and internalize GlcNAc-decorated liposomes
[32,33]. The use of liposomes as a drug delivery vehicle, however, may lead to challenges:
leakage of water-soluble drugs during preparation and storage is a known disadvantage; and
the destabilization of liposomes in the presence of high-density lipoproteins in blood plasma
limits its use [34].

Previously, we inhibited chronic cardiac dysfunction through the controlled release of the
p38 inhibitor SB239063 from microparticles into the extracellular region of the post-
infarcted heart [30]. Despite this improvement in chronic function, there was no change seen
in early function, indicating release was not fast enough or the inhibitor was not taken up by
the appropriate cell type. In vitro, macrophages readily phagocytosed the particles whereas
other cell types did not, most likely due to lack of targeting agents. In this study, we
developed a drug delivery system for enhanced CM uptake by decorating degradable,
biocompatible polymeric nanoparticles (polyketals) with GlcNAc (cartoon depiction in
Figure 1) and demonstrated its ability to be internalized by CMs. Using these GlcNAc
particles, we were able to reduce infarct size and improve acute cardiac function in strong
contrast to our published data with unmodified polyketals.
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Materials and Methods
Synthesis of GlcNAc-alkyl

GlcNAc-alkyl (1) was synthesized by clicking an azide-modified GlcNAc (6) onto an
alkyne-functionalized alkyl-hexaethylene glycol (7) (shown in Figure 2). The azide-
modified GlcNAc (6) was synthesized by functionalizing the anomeric carbon of GlcNAc
(2) in three steps. Briefly, the hydroxyl groups of GlcNAc were protected with acetic
anhydride in pyridine, generating (3). The anomeric acetyl of (3) was activated with lewis
acid to form the oxazoline donor, and then coupled with azido-propanol, using TMSOTf as
the catalyst to afford the desired derivative (6). The final product GlcNAc-alkyl (1) was
synthesized by clicking the GlcNAc (6) onto the alkyl-hexaethylene glycol (7) in presence
of catalyst copper(I) bromide, followed by deacetylation. The identities of final and
intermediate species were confirmed by 1H- and 13C-NMR and mass spectrometry.
Compound (1) 1H NMR (400 MHz, CDCl3): δ (ppm) 7.57 (s, 1H, triazole), 4.94 (t, 1H, J =
8.8 Hz), 4.56 (m, 2H), 4.48 (m, 1H), 4.36–4.33 (m, 2H), 4.14–4.12 (m, 2H), 3.77–3.57 (m,
26H), 3.25 (m, 2H), 3.30 (m, 2H), 2.07 (m, 2H), 1.98 (s, 3H), 1.40 (m, 2H), 1.22–1.13 (m,
31H). 13C NMR (100 MHz, CDCl3): δ (ppm) 173.8, 156.4, 145.1, 123.5, 101.2, 76.7, 75.7,
70.7, 70.5, 70.4, 70.3, 69.7, 65.2, 64.5, 63.6, 61.6, 56.6, 53.4, 46.6, 41.0, 31.9, 30.1, 29.9,
29.7, 29.6, 29.5, 29.3, 29.2, 26.7, 23.3, 22.7, 14.1. HRMS (FAB): m/z calculated for
C43H81N5O14 [M+Na]+: 914.6, found: 914.6.

PCADK synthesis
PCADK was synthesized as previously described [28]. Briefly, 2,2-dimethoxypropane was
reacted with 1,4-cyclohexanedimethanol in an acetal exchange reaction in distilled benzene
at 100°C with p-toluenesulphonic acid as the polymerization catalyst. 2,2-dimethoxypropane
was supplied to the reaction in an equimolar ratio to 1,4-cyclohexanedimethanol. To
compensate for the loss of benzene and 2,2-dimethoxypropane through distillation,
additional amounts were added every two hours. At 8h, a small amount of triethylamine was
added to the reaction vessel to stop the reaction. Adding this reaction mixture dropwise to
cold hexanes (−20°C) precipitated out the polymer, which was then removed by vacuum
filtration and dried prior to particle formation.

Particle production
Polyketal particles loaded with rhodamine B (Sigma-Aldrich) (PK-GlcNAc-rhodamine)
were prepared via a solvent displacement method. Briefly, a solution of 40 mg
poly(cyclohexane-1,4-diyl acetone dimethylene ketal) (PCADK) and 0.2 mg Rhodamine B
in 8 mL tetrahydrofuran was added dropwise into a vigorously stirred aqueous solution of
1% GlcNAc-alkyl. The resulting stirred suspension was vented for 6h to allow for
evaporation of solvent.

Polyketal particles loaded with 5-chloromethylfluorescein diacetate (Invitrogen) (PK-
GlcNAc-CMFDA), (9′-(4-(and 5)-chloromethyl-2-carboxyphenyl)-7′-chloro-6′-oxo-1,2,2,4-
tetramethyl-1,2-dihydropyrido[2′,3′-6]xanthene (Invitrogen) (PK-GlcNAc-CMRA), or
SB239063 (Axxora) (PK-GlcNAC-SB) were generated using an emulsion-solvent
evaporation technique. Fifty mg of PCADK and cargo (0.25 mg CMFDA, 100 μg CMRA, or
0.5 mg SB239063) were dissolved in 1 mL of dichloromethane. The polymer solution was
then added to 7 mL of 5% polyvinyl alcohol (PVA) and 5 mg GlcNAc-alkyl (or 0.5 mg
GlcNAc-alkyl for 1% decoration of PK-GlcNAc-CMFDA particles), homogenized at high
speed for 60s, and sonicated for 30s to produce nanoparticles. The resulting emulsion was
transferred to 30 mL of 0.5% PVA and stirred at approximately 100 rpm for 4h to allow for
evaporation of solvent. All of the particle suspensions were then centrifuged and washed
with deionized water three times to remove residual PVA and GlcNAc-alkyl, as well as non-
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encapsulated cargo. The suspension was then snap frozen in liquid nitrogen and lyophilized
to produce a free flowing powder.

Particle characterization
Particles were sized by a Wyatt DynaPro Nanostar dynamic light scattering (DLS)
instrument (Wyatt Technology) and imaged by a Zeiss Ultra 60 scanning electron
microscope (SEM). Nanoparticle circumferences were traced using ImageJ software to
confirm DLS-determined sizes. Zeta potentials of particles in PBS buffer (pH 7.4) were
measured by a Malvern Instruments Zetasizer.

To determine cargo content, loaded and non-loaded particles were hydrolyzed overnight in 1
N HCl. Quadruplicates of 1 mg each of CMFDA-loaded nanoparticles (0%, 1%, and 10%
decorated PK-GlcNAc-CMFDA particles) were hydrolyzed in 100 μL HCl at 80°C for 3h.
To activate CMFDA fluorescence, 200 μL Ba(OH)2 was added to each sample heated at
80°C for 3h. Following neutralization with 10x PBS, solutions were snap frozen in liquid N2
and and lyophilized to concentrate CMFDA. All readingsz were performed in 100 μL PBS,
and fluorescence determined via plate reader (exc/emi = 492/517 nm) (BioTek Synergy 2)
and loading amount calculated from a standard curve generated using free CMFDA
(r2=0.99). The absorbance of resultant solutions containing SB239063 was measured at 320
nm and loading efficiencies calculated from a standard curve generated using free
SB239063 (r2=0.99).

Degree of decoration was measured by first hydrolyzing 5 mg of PK-GlcNAc (with a
theoretical decoration of 10% and 1%) and PK particles (in triplicate) in 1 N HCl, followed
by neutralization with NaOH. The absorbance of the resulting solutions was measured at
278 nm in a plate reader and wt% decoration calculated from a standard curve generated
from free GlcNAc-alkyl (r2=0.99). GlcNac-alkyl decoration was orthogonally confirmed by
analyzing molecular species by electrospray ionization mass spectrometry.

SB release characterization
2 mg of PK-GlcNAc-SB and PK-GlcNAc particles in triplicate were suspended 1 mL PBS
(pH 7.4) and set on an inverting rotator (0.25 Hz) at 37°C. At specified timepoints,
suspensions were spun at 13.3 rpm for 5 min to pellet particles and 100 μL supernatant
removed for analysis. 100 μL fresh PBS was added to compensate and particles
resuspended. The absorbance of the samples was measured at 320 nm and concentration
calculated from a standard curve of free SB239063 (r2=0.99). At the end of the experiment,
the particles were hydrolyzed to determine the amount of remaining SB, and a release curve
was generated accounting for amount of SB released from and remaining in particles.

CM isolation
CMs were isolated from day-old Sprague Dawley rat pups as previously described [32,29].
Briefly, excised rat hearts were washed with Hank’s Balanced Salt Solution and minced,
followed by extracellular matrix digestion in 1 mg/mL trypsin solution in a rotating shaker
at 4°C for 6h. Following centrifugation, the supernatant was removed and pellet re-
suspended in 0.8 mg/mL collagenase solution. The suspension was incubated at 37°C for 10
min and filtered through 70 μm syringe filter. To remove vascular smooth muscle cells and
endothelial cells, the suspension was plated for 1h in fibronectin-coated T75 flasks. The
non-adherent cells were removed and plated in fibronectin-coated 6- or 12-well plates in
antibiotic-supplemented DMEM media (10% FBS). Twelve hours before treatment, cells
were quiesced in serum-free media.
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Imaging of rhodamine-loaded particles in cells
A 0.5 mg/ml particle suspension of rhodamine-loaded, GlcNAc-decorated particles in
serum-free DMEM media was added to quiesced CMs. After incubation at 37°C for 12h,
cells were washed three times with phosphate buffered solution and cells fixed in 4%
paraformaldehyde. Following membrane permeabilization, immunostaining was performed
with mouse anti-α-actinin (Sigma-Aldrich) and DAPI to stain nuclei. Cells were imaged
with a Zeiss 510 META confocal laser scanning microscope.

Determining uptake of CMFDA-loaded particles in cells
A 0.5 mg/ml suspension of CMFDA-loaded or non-loaded particles with varied levels of
GlcNAc decoration was prepared in serum-free DMEM media and added to quiesced CMs.
Following incubation at 37°C for 12h, fluorescence of cells was measured by plate reader
(exc/emi = 492/517 nm).

Treatment of CMs with PK-GlcNAc-SB
Quiesced cells were incubated with 0.5 mg/mL of PK-GlcNAc-SB or PK-GlcNAc particles
in serum-free DMEM at 37°C for 18h, followed by stimulation with TNF-α (10 μg/mL) 20
min. Cells were harvested in lysis buffer with protease and phosphatase inhibitors. Western
analysis for p38 activation was performed on 35 μg of protein lysate. Following SDS-PAGE
separation, proteins were transferred to a nitrocellulose membrane and probed with
antibodies against phosphorylated or total p38 (Cell Signaling).

Animal studies
Randomized and blinded studies were conducted using adult male Sprague-Dawley rats
(obtained from Charles River) weighing 250 g. Rats were subjected to ischemia-reperfusion
(IR) injury as described previously [35]. Briefly, under isoflurane anesthesia (1–3%), the left
anterior descending coronary artery was occluded for 30 minutes using an 8-0 prolene
suture. Following occlusion, reperfusion was initiated by removal of the suture and animals
were divided into treatment groups. Particle suspension treatments were given in 100 μL of
sterile saline into the perimeter of cyanotic ischemic zone (3 locations) through a 30-gauge
needle immediately after reperfusion. The survival rate of animals during surgery was 80%,
and 100% during recovery. All animal studies were approved by Emory University
Institutional Animal Care and Use Committee.

To examine in vivo uptake of particles, rats were divided into three treatment groups: saline
alone, PK-CMRA, and PK-GlcNAc-CMRA (n=3 for each group). Three days following IR
and treatment, rats were sacrificed and hearts excised. After preservation in Optimal Cutting
Temperature (OCT) compound (Tissue-Tek), hearts were sectioned into 7 μm thick slices
and immunostaining performed with anti-α-actinin (Sigma-Aldrich) and DAPI to stain
nuclei. Tissues were imaged with a Zeiss 510 META confocal laser scanning microscope
(CMRA exc/emi = 548/576 nm).

In vivo reduction of apoptotic events was explored by dividing the rats into three treatment
groups: saline alone, empty PK-GlcNAc, and PK-GlcNAc-SB (n=3 for each group). One
day following IR and treatment, rats were sacrificed and hearts excised. After
cryopreservation in OCT compound, hearts were sectioned and subject to immunostaining
for α-actinin and DAPI. Tissues were subject to TUNEL in situ apoptosis detection, TMR
red (Roche) to stain for apoptotic nuclei and imaged with a Zeiss Axioskop microscope.
Using Image-Pro Plus software (MediaCybernetics), apoptotic and total nuclei were tallied
and extent of apoptosis calculated for each treatment group.
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For structural and functional experiments, rats were split into three groups: saline alone, PK-
GlcNAc, and PK-GlcNAc-SB (n>7 for each group, N=29 total). Additionally, some animals
received sham surgery. Echocardiography was performed three days following surgery. The
animals were sacrificed and immediately perfused for infarct size measurements.

Echocardiography
Rats were anesthetized with inhaled isoflurane (1–3%; Piramal) and subjected to
echocardiography 3 days after IR surgery. Short axis values of left ventricular end systolic
(ES) and end diastolic (ED) dimension were obtained using a Vevo® 770 echocardiography
workstation with a high frequency transducer. An average of 3 consecutive cardiac cycles
was used for each measurement and was made 3 times in an investigator-blinded manner.

Infarct size
Three days following IR, animals were sacrificed and isolated hearts perfused at 37°C
retrograde through the aorta with Krebs-Hepes buffer. The coronary artery was then re-
occluded with the suture that was left in place at the time of reperfusion and the heart was
perfused with filtered Evan’s blue dye to define the left ventricle (LV) area at risk. The LV
was sliced into cross-sections followed by 2 min soaking in 1% 2,3,5-triphenyltetrazolium
chloride (TTC) solution at 37°C to stain viable myocardium, followed by fixing in 4%
paraformaldehyde. Each section was photographed for analysis. Noninfarcted tissue (region
outside the ligated area) was identified by deep blue staining, ischemic but viable
myocardium was identified by deep red staining (at-risk area), and non-viable LV tissue was
identified by white coloration. ImageJ software was used to trace the three areas in all
sections. The areas of the three regions from all slices were summed for each heart and data
were expressed as infarct size/area-at-risk.

Statistics
All statistics were performed using GraphPad Prism software.

Results
CM internalization of PK-GlcNAc-rhodamine nanoparticles

Cultured CMs harvested from day-old Sprague-Dawley rat pups were incubated with
rhodamine-loaded, GlcNAc-decorated particles prepared by a solvent displacement method.
Particles were imaged by SEM and analyzed by ImageJ software and had an average
diameter of 320±156 nm (mean±SD; Figure 3a). Cells were incubated with particles for 6h
and analyzed by confocal microscopy to visualize particle uptake. To determine cell
morphology, sections were counterstained with the cardiac-specific marker α-actinin (green)
and images were merged to determine overlay. As demonstrated in the orthogonal images,
rhodamine-loaded GlcNAc particles (red) were internalized by CMs (Figure 3b).

CM internalization of PK-GlcNAc-CMFDA nanoparticles in vitro
To further demonstrate particle internalization, GlcNAc-decorated (0%, 0.6%, 9% as
determined experimentally) CMFDA-loaded nanoparticles were prepared via a single
emulsion method. Following hydrolysis of particle samples and fluorescence activation,
average CMFDA encapsulations were determined by plate reader to be 2.9, 5.1, and 4.3
nmol CMFDA/mg particle for 0%, 0.6%, and 9% sugar decoration, respectively (Figure 4a).

The fluorescence of cultured CMs treated with CMFDA-loaded nanoparticles for 12h was
determined by plate reader and normalized to the 0% GlcNAc particles and the respective
particle CMFDA content. Cells treated with 0.6% GlcNAc decorated particles exhibited a
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1.4±0.1-fold increase in fluorescence, whereas treatment with 9% GlcNAc particles resulted
in a significant 2.8±0.1-fold increase in fluorescence over cells treated with CMFDA-
loaded, non-decorated particles (mean±SEM; n=4; *p<0.01, ***p<0.001. ANOVA; Figure
4b).

In vitro inhibition of p38 activation
PK-GlcNAc-SB and PK-GlcNAc particles were prepared by a single emulsion method and
had a mean diameter of 370 nm by SEM image analysis and DLS (Figure 5a&b). A
cumulative release curve of SB239063 from PK-GlcNAc-SB particles was generated, with
24% released by day 5 in a 2 mg/mL suspension (Figure 5c)

To evaluate in vitro particle internalization, CMs were pretreated with serum free media
alone or particles for 18h and stimulated with TNF-α (10 μg/mL) for 20 minutes. Proteins
were run on SDS-PAGE gel and membranes were stained for both phosphorylated and total
p38 levels. Band densities were calculated by Carestream Health Imaging software. The
amount of p38 phosphorylation (p-p38) was normalized to total p38 for each treatment
(Figure 5d). TNF-α stimulation significantly increased p-p38 over basal levels in PK-
GlcNAc pretreated CMs (0.7±0.1 to 1.8±0.2), but not in the PK-GlcNAc-SB pretreated cells.
Additionally, the amount of TNF-α-stimulated p-p38 was significantly decreased in PK-
GlcNAc-SB cells compared with PK-GlcNAc pretreatment (1.8±0.2 vs. 0.7±0.3; mean
±SEM; n=3; p<0.05; ANOVA followed by Tukey post-test).

In vivo uptake of PK-GlcNAc-CMRA particles and apoptotic inhibition by PK-GlcNAc-SB
particles

To examine the ability of the GlcNac-decorated particles to be internalized in vivo, a blinded
and randomized model of ischemia-reperfusion (IR) injury was used. Following 30 minutes
of ischemia, the left ventricle was reperfused and rats received injections of saline, PK-
CMRA (average diameter=443 nm), or PK-GlcNAc-CMRA (average diameter=453 nm)
particles in a randomized and blinded manner (n=3 for each group). Three days following
IR, animals were sacrificed and hearts excised, snap frozen in OCT compound, and
sectioned. Using immunohistochemistry, CMs were identifiable by α-sarcomeric actinin
staining (green). CMRA-positive cells were identified by red fluorescence, and
representative co-localization images are shown in Figure 6a. Qualitative data from the
images suggest efficient in vivo uptake of PK-GlcNAc-CMRA with little staining in PK-
CMRA treated animals.

After establishing that GlcNAc-decorated particles are internalized by CMs in vivo, we
sought to evaluate the anti-apoptotic effect of PK-GlcNAc-SB particles in vivo in a
randomized and blinded manner. Using the IR rat model, we injected saline, PK-GlcNac,
and PK-GlcNAc-SB particles (n=3 for each group) into the border zones of the left ventricle
as described in the methods. Twenty-four hours following IR, the rats were sacrificed, and
TUNEL staining was performed for identification of the apoptotic nuclei (purple color;
Figure 6b) of α-sarcomeric actinin-positive cells (green). The number of apoptotic CMs for
each treatment group was determined and expressed as a percent of total CMs counted. We
found that delivery of PK-GlcNAc-SB particles to the heart significantly reduced the
percentage of apoptotic myocytes in the infarcted area as identified by TUNEL staining
(Figure 6b). In saline-only and PK-GlcNAc treated rats, 83%±14% and 64%±4% of CMs
counted were TUNEL-positive (Figure 6c). However, a significantly lower number of
apoptotic CMs were counted in hearts treated with PK-GlcNAc-SB particles (23%±6%)
(**p<0.05 and *p<0.01; ANOVA followed by Newman-Keuls post-test). Taken together,
these data suggest that GlcNAc decoration of particles enhanced CM uptake in vivo, and
delivered anti-apoptotic signals following IR.
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In vivo cardiac function
We next sought to determine the ability of the SB-loaded particles to rescue rats from acute
cardiac dysfunction. Following 30 minutes of ischemia, the left ventricle was reperfused and
rats received injections of saline, PK-GlcNAc, or PK-GlcNAc-SB particles in a randomized
and blinded manner. Three days following IR, rats were subjected to small animal
echocardiography (n=4 for sham, n>7), prior to determination of infarct size using TTC
staining. Saline treated rats had an infarct size/area-at-risk (IS/AAR) of 43.7%±5.6% (Figure
6a). While no significant difference was seen in rats that received PK-GlcNAc particle
injection post-IR (IS/AAR = 49.4%±3.1%), rats that received PK-GlcNAc-SB particles had
a significant reduction in IS/AAR (28.4%±3.2%; p<0.05 vs. IR and p<0.01 vs. PK-GlcNAc;
ANOVA).

To determine functional changes, left ventricular diameters were measured at peak systole
and diastole to determine fractional area of shortening (n=5). Sham-operated rats had a
fractional shortening (FS) of 50.5%±0.9% that was significantly lower in IR animals (39.6%
±0.7%; p<0.05; ANOVA) (Figure 6b). While no significant increase was seen in PK-
GlcNAc treated rats (38.6%±1.7%), treatment with PK-GlcNAc-SB significantly improved
FS (44.4%±1.2%; p<0.05 vs. IR, p<0.05 vs. PK-GlcNAc; ANOVA). Taken together, these
data demonstrate a positive effect of PK-GlcNAc-SB on cardiac function following IR.

Discussion
Apoptosis of CMs following IR is suggested to be the dominant cause of chronic heart
failure [7,8], but despite the existence of molecules with the potential to inhibit apoptotic
pathways, development of vehicles for intracellular drug delivery into CMs remains a large
challenge for post-MI healing. Systems exist for sustained extracellular release of
therapeutic molecules or that act through phagocytic cells, such as macrophages. However,
potential therapeutics that act intracellularly are precluded from existing systems due to their
inability to transmigrate cell membranes. Previous studies discovered that CMs bind to and
internalize GlcNAc, providing a compelling targeting agent in CM-targeting drug delivery
systems [32]. The researchers delivered pravastatin (a 3-hydroxy-3-methylglutaryl-CoA
reductase inhibitor)-loaded GlcNAc-decorated liposomes to CMs and following stimulation
with interleukin-1β, showed enhanced nitric oxide production and inducible nitric oxide
synthase expression. However, the studies were limited to in vitro experiments and relied on
liposomal vehicles, which are known to be unstable and leak water-soluble contents [34]. In
our approach, we decorated acid-sensitive nanoparticles with GlcNAc and validated our
delivery system both in vitro and in vivo. Our preliminary findings implicate GlcNAc-
decorated nanoparticles as a novel method of delivering therapeutic molecules to CMs to
heal the post-infarct heart.

In this report, we synthesized a targeting molecule consisting of GlcNAc tethered to an alkyl
chain via a PEG linker. This was completed in a facile 8-step process with inexpensive
materials. The reactions were conducted at the gram scale, but are scalable to kilogram
quantities, allowing for larger production applications. Through hydrophobic interactions,
the hydrophobic tail associated with the polymeric particle, allowing for the more
hydrophilic sugar head group to partition into the aqueous phase to interact with CMs. In
fact, this proposed particle-GlcNAc-alkyl interaction proved effective in decorating
particles: in initial formulations of 10% and 1% by weight GlcNAc-alkyl to PCADK, the
actual degree of decoration was 9 wt% and 0.6 wt%, respectively. This decoration of
hydrophobic polymeric particles with hydrophilic GlcNAc increased the zeta potential from
−8.97 mV (0% decoration) to −3.39 mV (9% decoration). We have used this strategy in
prior studies to bind large proteins to the outside of microparticles. Additionally, this
strategy is not all that uncommon and is used to surface modify hydrophobic polymers with
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hydrophilic molecules [29,36]. The polymer was composed of the polyketal PCADK that
degrades in acidic environments, such as in the developing endosome. The byproducts are
biocompatible (acetone is on the GRAS list and 1,4-cyclohexanedimethanol is FDA
approved as an indirect food additive and has an excellent animal toxicity profile [28]) and
PCADK particles have been shown to neither incite the inflammatory response nor induce
cell death [30]. We are able to routinely produce nanoparticles ranging in size from 200 to
800 nm, which is small enough to allow for cell internalization and large enough to avoid
being flushed from the injured myocardium.

To initially demonstrate enhanced cellular uptake due to GlcNAc-decoration, particles were
loaded with rhodamine B and incubated with CMs. Confocal images taken 12h later
presented evidence of particle internalization wherein red nanoparticles were positioned
within cells, visible within orthogonal frames. However, to more quantifiably determine
internalization, we produced size- and load-matched particles with 0%, 1%, or 10%
GlcNAc-alkyl decoration that contained the cell tracker dye CMFDA. The dye is non-
fluorescent until activated by intracellular esterases and becomes cell impermeant by
reaction with glutathione, thus fluorescence should only been seen when the CMFDA is
released from the particles into the cell. To account for any CMFDA release from non-
internalized particles, we normalized fluorescent readings to non-GlcNAc decorated
CMFDA-loaded particle treatment. This approach allowed us to attribute fluorescence
increase only with internalized particles. By comparing against the 0% decoration control,
we saw a significant increase in fluorescence at 10% GlcNAc decoration, which confirmed
that increasing GlcNAc decoration enhanced cellular uptake. While particle hydrolysis is
possible outside the cell, which would allow release of the cell permeable CMFDA in the
media, our published studies would argue against that. The hydrolysis half-life of PCADK
polymer at pH 7.4 was four years in serum-free media [28], and thus it was unlikely that
significant amounts of the hydrophobic CMFDA were released into the media. Furthermore,
we examined release of CMFDA over 12h in cell free conditions and found no differences
between the different particle preparations (data not shown). The positive trend between
degree of GlcNAc decoration and fluorescence increase implicates varying GlcNAc
decoration to tune internalization kinetics, though more data points are needed. Moreover, it
was suggested in prior studies that oligosaccharide decoration may also enhance uptake,
setting the stage for a multi-sugar decorated particle to alter cell specificity [33]. We did not
explore the mechanism for GlcNAc internalization, but findings from a recent study indicate
that the intermediate filaments vimentin and desmin possess lectin-like domains on the cell
surface that bind to and internalize GlcNAc [33]. Although vimentin and desmin are not
unique to CMs, they are enriched in muscle cells [37] and gene knockouts demonstrate
negative cardiac phenotypes [38].

The mitogen activated protein kinase p38 is known to be a key regulator of apoptotic
pathways and is triggered by IR [39–41]. While our prior studies confirmed that PCADK
was able to deliver therapeutics to macrophages, significant activation of p38 in CMs leads
to apoptosis, activation of inflammatory genes, and stimulation of pro-fibrotic factors.
Previously, we incubated CMs with SB-loaded non-decorated PCADK particles and
analyzed TNF-stimulated p38 activation at several time points. We found no significant
decrease in activated p38 when comparing inhibitor loaded and empty PCADK particles up
to 6h (unpublished data), indicating that CMs internalized little non-sugar decorated particle,
correlating with our current study using CMFDA. As our CMFDA data demonstrated
significant uptake at 18h, we used this time point to determine efficacy of our inhibitor-
loaded GlcNAc particles. After 18h of incubation with PK-GlcNAc or PK-GlcNAc-SB, we
examined kinase activity by measuring TNF-α-stimulated p38 phosphorylation. We found
that while PK-GlcNAc (empty particle) treatment did not prevent p38 activation by TNF-α,
treatment with PK-GlcNAc-SB did prevent this activation, suggesting internalization of
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particles and release of the inhibitor. Additionally, p38 activation was verified through a no
particle control treatment, with a 1.8-fold increase in p-p38 due to TNF-α treatment (data not
shown). The delivery of SB239063 to cells via non-internalization means (i.e. extracellular
release) in the acute phase is relatively low; our release curve indicates that only up to 13%
of SB may be released outside cells at pH 7.4 within three days. Though the current study
only examined a small molecule p38 inhibitor, we have demonstrated the ability of PCADK
particles to encapsulate a broad range of compounds from siRNA to proteins, and future
work will determine whether these cell impermeant factors can also be delivered
intracellularly to CMs.

To evaluate the applicability of our GlcNAc-decorated nanoparticle as a drug delivery
system to CMs in vivo, we first examined the enhanced uptake of GlcNAc-decorated
particles and then the anti-apoptotic effect of PK-GlcNAc-SB particles before assessing
functional responses. We injected a saline particle suspension into the myocardium
immediately following IR and evaluated cardiac function and structure in the acute temporal
window. Although injection of small molecule therapeutics would be possible in a clinical
setting, small molecules are cleared quickly from the well-perfused heart. We examined
direct particle injection to the myocardium as intramyocardial injections in humans has been
performed for cell therapy applications and is considered safe [42–44]. Although signaling
cascades persist for weeks following MI and therapeutic treatments would benefit from
sustained delivery, acute therapies are also needed. Our published data demonstrated that
sustained inhibition of p38 by particles in vivo had a chronic—but little acute—benefit.
Therefore we hypothesized that delivery of particles with enhanced CM uptake would
improve acute myocyte survival. We qualitatively found that more CMs internalized
CMRA-loaded particles due to GlcNAc decoration, validating in vivo applicability of this
delivery system. Furthermore, the anti-apoptotic effect of PK-GlcNAc-SB particles was
successfully demonstrated in vivo following IR through the use of TUNEL staining: a 3.6-
fold decrease in apoptotic CMs was observed due to PK-GlcNAc-SB treatment from the
saline-only treatment. While the levels of TUNEL-positive cells in our studies seem rather
high, it is important to note that much of our measurement comes from the border zones as
that is where therapy was introduced. A more thorough study of apoptosis is underway.

In the structural response of rat model, no significant reduction in infarct size was seen
between IR and PK-GlcNAc treatments, indicating no benefit of the empty sugar particle.
However, delivering PK-GlcNAc-SB particles to the injured myocardium significantly
decreased infarct by 35% from IR animals, indicating improved myocyte survival. While
CM survival was not directly measured via cellular markers, infarct size is a well-known
indicator of CM damage. This protective effect of PK-GlcNAc-SB was not only seen on
infarct size, but cardiac function as well. Our data demonstrated significant decreases in
fractional shortening in IR and PK-GlcNAc groups as compared with sham-operated
animals. However, PK-GlcNAc-SB particle treatment restored nearly 50% of lost function
over IR levels. While this was not restored to sham levels, the improvement was significant
and indicates a functional benefit of GlcNAc-decorated particles loaded with a p38 inhibitor.

We did not directly compare with non-decorated, inhibitor-loaded particles in our current
study because it was unnecessary to duplicate negative data we previously produced
utilizing animal studies [30]. In that study, rats that received the p38-loaded inhibitor in
PCADK particles had fractional shortening values similar to empty GlcNAc particle- and
saline-treated IR rats (below 40%). Statistical comparison indicated no significant
differences between those treatments, and PK-GlcNAc-SB was significantly improved over
PCADK-SB particles, despite it being a separate study. It is important to note that we did
not examine long-term function in this study, and the effect of sugar decoration on particle
efficacy in the chronic phase is unknown. As our prior barrier was lack of efficacy during
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the acute phase, we only examined this time point. One would hypothesize that increasing
CM uptake would lead to a rapid depletion of drug-loaded nanoparticles available in the
myocardium. While some studies suggest that inhibiting early apoptosis is critical for long-
term function [45,46], our prior studies with encapsulated superoxide dismutase suggest that
inhibition of apoptosis alone may not be sufficient for long-term improvements [35]. Thus,
the optimal therapy may involve a mixture of decorated and non-decorated nanoparticles to
target both phases of post-MI cardiac dysfunction. In future studies, we will determine the
long-term benefit of PK-GlcNAc-SB treatment and determine whether this early rescue of
function leads to long-term improvements; or if combination with PCADK-SB particles that
chronically inhibited p38 in macrophages gives a synergistic effect. Finally, despite the fact
that GlcNAc glycosylation of proteins improves function of CMs and may play a role in the
response following infarction [47], we saw no beneficial effect of empty PK-GlcNAc
particles. The studies demonstrating a critical role for this sugar did so by altering the
activity or expression of the enzyme O-GlcNAc transferase (OGT). Thus the potential exists
for the empty PK-GlcNAc particles to possess bioactivity in the setting of altered OGT
activity. While not explored in this paper, encapsulation of OGT within PK-GlcNAc
nanoparticles could have therapeutic potential.

Conclusion
In summary, our work demonstrates that GlcNAc-decorated nanoparticles can be effective
vehicles for intracellular delivery of therapeutic molecules to CMs. As verified by confocal
microscopy and fluorescent plate readouts, CMs effectively internalized dye-loaded
GlcNAc-decorated particles. Additionally, we demonstrated in vitro therapeutic delivery of
the p38 inhibitor, SB239063, to CMs and validated GlcNAc-decorated nanoparticles as in
vivo delivery vehicles by decreasing infarct size and restoring cardiac function. The lack of
uptake of some molecules by non-phagocytic CMs, toxic doses required of others, and
sustained temporal availability preclude systemic delivery of most therapeutics as a method
of treatment following MI. With the large scalability and non-toxic nature of the
nanoparticles, as well as the ability to encapsulate a variety of compounds, the clinical
potential is quite compelling. The proposed delivery system described in this study
demonstrates a potential means to enrich intracellular therapeutics within CMs, providing a
novel vehicle for treatment for acute myocardial function and possible prevention of heart
failure resulting from massive CM death.
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Figure 1. Overall scheme for proposed GlcNAc-mediated drug delivery system
(a) Decoration of drug-loaded polymeric nanoparticle with GlcNAc should provide a
mechanism whereby therapeutics may be delivered intracellularly to CMs. (b) The particle
will be composed of the acid-labile poly(cyclohexane-1,4-diyl acetone dimethylene ketal)
(PCADK). Once internalized, the particle will degrade into the biocompatible products
acetone and cyclohexanedimethanol.
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Figure 2. Synthesis of GlcNAc-alkyl
A facile and scalable 8-step process is followed to produce the tethering and targeting
compound GlcNAc-alkyl. During nanoparticle production, the hydrophobic alkyl chain
associates with the polymeric particle and the hydrophilic carbohydrate headgroup is free to
interact with CMs.
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Figure 3. Incubation of CMs with PK-GlcNAc-rhodamine particles for internalization
verification
(a) Rhodamine-loaded particles (diameter=320±156 nm) were decorated with GlcNac-alkyl
and imaged by SEM. (b) Cultured CMs were treated with PK-GlcNAc-rhodamine particles
for 12h before fixation in paraformaldehyde and immunostaining for CM-specific α-actinin
(green) and DAPI for nuclei (blue). Confocal microscopy afforded orthogonal views of the
cell, by which internalized nanoparticles (red) can be observed in the same plane as the α-
actinin (arrows).
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Figure 4. Measurement of particle internalization by CMFDA fluorescence demonstrating
increased uptake
PK-GlcNAc-CMFDA nanoparticles were decorated with 0%, 0.6%, or 9% GlcNAc-alkyl by
weight and loaded with the cell tracker dye, 5-chloromethylfluorescein diacetate (CMFDA).
(a) Particles are closely load-matched for CMFDA content: 0%, 0.6% and 9% decorated
particles contained 2.9±0.3, 5.1±1.5, and 4.3±0.2 nmol CMFDA/mg particle, respectively.
Data are expressed as mean±SEM from three experiments. (b) After incubation of CMs with
particles, fluorescence of cell culture was obtained by plate reader and normalized to 0%
GlcNAc-alkyl decoration and respective particle CMFDA content. The positive correlation
between fluorescence and degree of decoration indicates a dose response and confirms cell
uptake of GlcNAc-decorated particles. Data are expressed as mean±SEM from four separate
experiments (*p<0.05, ***p<0.001; ANOVA followed by Newman-Keuls post-test).
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Figure 5. Treatment of CMs in vitro with p38 inhibitor-loaded nanoparticles reduces TNF-α
stimulated p38 activation
PK-GlcNAc and PK-GlcNAc-SB particles were imaged via (a) SEM (diameter=407±125
nm or d=342±165 nm, respectively) and (b) analyzed by DLS (diameter=465±173 nm or
diameter=395±145 nm, respectively). Data are mean±SD. (c) PK-GlcNAc-SB particles
release cargo through diffusion at pH 7.4. (d) PK-GlcNAc did not prevent p38
phosphorylation, as demonstrated by a 2.4-fold increase of p-p38 due to TNF-α treatment.
However, PK-GlcNAc-SB treatment significantly inhibited p38 activation compared with
empty particles. Data are mean±SEM and are expressed as a ratio of phosphorylated to total
p38 (n=3; *p<0.05; ANOVA followed by Tukey post-test.)
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Figure 6. GlcNAc decoration enhances particle uptake in vivo following IR and reduces apoptotic
events
(a) Rats that received myocardial injection of (9′-(4-(and 5)-chloromethyl-2-
carboxyphenyl)-7′-chloro-6′-oxo-1,2,2,4-tetramethyl-1,2-dihydropyrido[2′,3′-6]xanthene
(CMRA)-loaded GlcNAc-decorated particles (PK-GlcNAc-CMRA) immediately following
IR exhibited a greater CMRA fluorescence three days post-IR than animals that had received
PK-CMRA particles, indicating enhanced in vivo uptake due to GlcNAc decoration. (b and
c) Immediately following IR, particles were injected intramyocardially and hearts removed
one day post-IR. TUNEL staining indicated apoptotic nuclei (b) (apoptotic nuclei [purple]
indicated by arrow, non-apoptotic nuclui [blue] indicated by triangle), and comparison
against total cardiomyocyte nuclei indicated that animals that received PK-GlcNAc-SB
particle injections achieved 3.6-fold fewer apoptotic events in the injured myocardium
compared to IR and 2.7-fold fewer than the PK-GlcNAc group (c). (n=3 for each group).
Data are mean±SEM. *p<0.05, *p<0.01. ANOVA followed by Newman-Keuls post-test.
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Figure 7. Infarct size reduction and functional improvements seen in PK-GlcNAc-SB treatment
following ischemia-reperfusion injury
Immediately following IR, particles were injected directly into the injured myocardium.
Three days following surgery, echocardiography was performed and heart cross sections
analyzed for infarct size. (a) The ratio of infarct size to area at risk was calculated for the
treatment groups. PK-GlcNAc treatment had no significant effect, but PK-GlcNAc-SB
treatment significantly decreased infarct size compared to both treatment groups (mean
±SEM, n=5; *p<0.05, **p<0.01; ANOVA followed by Newman-Keul multiple comparison
post-test). (b) Fractional shortening calculated from echocardiographic measurements
demonstrated a significant decrease in function in IR animals compared to sham. There was
no significant improvement seen with PK-GlcNAc, though PK-GlcNAc-SB treatment
improved function compared with other IR groups. (n=4 for sham n>7 for IR groups). Data
are mean±SEM. *p<0.05, ***p<0.001. ANOVA followed by Tukey post-test.
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