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Vascular endothelial growth factor (VEGF) is a well-characterized proan-
giogenic cytokine that has been shown to promote neovascularization in
hearts of patients with ischemic heart disease but can also lead to adverse
effects depending on the dose and mode of delivery. We investigated
whether prolonged exposure to a low dose of VEGF could be achieved by
encapsulating VEGF in polylactic coglycolic acid nanoparticles and
whether treatment with VEGF-containing nanoparticles improved car-
diac function and protected against left ventricular remodeling in the
hearts of mice with experimentally induced myocardial infarction. Poly-
lactic coglycolic acid nanoparticles with a mean diameter of ~113 nm
were generated via double emulsion and loaded with VEGF; the encap-
sulation efficiency was 53.5 � 1.7% (107.1 � 3.3 ng VEGF/mg nano-
particles). In culture, VEGF nanoparticles released VEGF continu-
ously for at least 31 days, and in a murine myocardial infarction
model, VEGF nanoparticle administration was associated with signif-
icantly greater vascular density in the peri-infarct region, reductions in
infarct size, and improvements in left ventricular contractile function
4 wk after treatment. Thus, our study provides proof of principle that
nanoparticle-mediated delivery increases the angiogenic and thera-
peutic potency of VEGF for the treatment of ischemic heart disease.

NEW & NOTEWORTHY Vascular endothelial growth factor
(VEGF) is a well-characterized proangiogenic cytokine but has a short
half-life and a rapid clearance rate. When encapsulated in nanopar-
ticles, VEGF was released for 31 days and improved left ventricular
function in infarcted mouse hearts. These observations indicate that
our new platform increases the therapeutic potency of VEGF.

cardiac tissue; myocardial infarction; nanoparticle; revascularization;
sustained release; vascular endothelial growth factor

INTRODUCTION

Whether the goal of regenerative myocardial therapy is to
invigorate hibernating myocardium by restoring perfusion to
the ischemic region or to replace the damaged muscle with
transplanted cells or engineered tissue, the effectiveness of the
treatment is crucially dependent on vascular growth. Vascular
endothelial growth factor (VEGF) is among the most powerful
and well-characterized proangiogenic cytokines (14, 15, 19)
and has been associated with improvements in cardiac vascu-

larization, but it can also lead to severe side effects, such as
hypotension, limb edema, and retinopathy, or to the growth and
metastasis of malignant tumors (2, 7, 8, 10, 13, 25). VEGF
overexpression has also been linked to a number of human
diseases, including atherosclerosis, age-related macular degen-
eration, rheumatoid arthritis, and diabetic retinopathy (14),
whereas both VEGF overexpression and deficiency in the
glomeruli lead to renal disease in mice (6). Thus, the thera-
peutic use of VEGF requires precise dosing to ensure that
patients receive the maximum possible benefit while avoiding
safety concerns (4).

Evidence suggests that patients respond better to VEGF
therapy when the treatment is administered via repeated infu-
sions (10) or in a slow-release formulation (18) rather than as
a single bolus dose. Longer exposure times may also yield
benefits at lower plasma levels, which could reduce the risks
associated with VEGF overdosing. The short half-life
(33.7 � 13.7 min in plasma) and rapid clearance rate (0.0206
min�1) (5) of VEGF suggest that extended VEGF delivery will
require a method for protecting the protein from the surround-
ing microenvironment. For the study presented here, we hy-
pothesized that encapsulating VEGF in polylactic coglycolic
acid (PLGA) nanoparticles would preserve its integrity and
activity in vivo, thereby prolonging tissue exposure to the
cytokine (Fig. 1). We also tested whether VEGF-containing
nanoparticles can improve left ventricular (LV) function, limit
adverse cardiac remodeling, and increase angiogenesis in mice
with surgically induced myocardial infarction (MI).

METHODS

All procedures involving animals were approved by the Animal
Resources Program of the University of Alabama at Birmingham and
were consistent with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals. Because the experimental
treatment consisted of the human variant of VEGF (hVEGF) and
PLGA nanoparticles, in vivo experiments were performed with im-
munocompromised NOD/SCID mice (~25 g, up to 16 wk of age, The
Jackson Laboratory, Bar Harbor, ME) to minimize the immune
response. Human umbilical vein primary endothelial cells (HUVECs;
PCS-100-010) were purchased from the American Type Culture
Collection. PLGA (lactide-to-glycolide molar ratio: 50:50, molecular
weight: 7,000–17,000) and polyvinyl alcohol (PVA; molecular
weight: 89,000–98,000) were purchased from Fisher Scientific.
hVEGF165 recombinant protein (19.2 kDa) and the human VEGF
Quantikine ELISA Kit were purchased from R&D Systems. Vascular
cell basal medium and the endothelial cell growth kit were purchased
from Fisher Scientific. Coumarin-6 (molecular weight: 350.43) and
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dichloromethane were purchased from Sigma-Aldrich (St. Louis,
MO). All other chemicals were obtained from commercial sources.

Preparation and Characterization of PLGA Nanoparticles

PLGA nanoparticles were prepared via a double emulsion (water/
oil/water phase) technique. Briefly, a solution of PLGA (100 mg) in
dichloromethane (5 ml) with or without VEGF (200 �l at 100 �g/ml)
and with or without coumarin-6 (1 mg) was ultrasonicated at 40%
amplitude in 40-s intervals with 20-s pauses for a total of 2 min; 20 ml
of a 4% (wt/vol) PVA-water solution was then added, and the mixture
was ultrasonicated on ice at 40% amplitude in ~40-s intervals with
20-s pauses for a total of 2 min. The mixture was transferred to 10 ml
of a 4% (wt/vol) PVA-water solution and 30 ml of Milli-Q water to a
100-ml glass beaker and stirred for 4 h until the dichloromethane
evaporated. The solution was then centrifuged at 1,000 g for 10 min
to remove any aggregates, and the supernatant was removed and
centrifuged at 45,000 g for 20 min to collect the nanoparticles. The
nanoparticles were washed three times (to remove any PVA) by
resuspending them in 50 ml of Milli-Q water and recollecting them
via centrifugation at 45,000 g for 20 min and then frozen at –80°C
overnight, lyophilized for 48 h, and stored in Eppendorf tubes at
–80°C.

Nanoparticle size measurements were performed via nanoparticle
tracking analysis with a NanoSight NS300 Instrument (NanoSight,
Wiltshire, UK); � potentials were determined with a Zetasizer Nano
ZS (Malvern, Southborough, MA), and scanning electron microscopy
was performed with a Quanta FEG 650 (FEI, Hillsboro, OR). The
VEGF release profile was determined by suspending the VEGF
nanoparticles in the release medium (deionized PBS with 0.1% BSA
and 0.02% sodium azide), incubating them at 37°C with constant
shaking, withdrawing, and replacing 900 �l of the medium at the
indicated time points and then measuring VEGF levels in the with-
drawn medium with a human VEGF ELISA kit.

In Vitro Analyses

Cell proliferation. HUVECs were seeded in 96-well (3 � 103

cells/well) or 8-well (2 � 105 cells/well) plates and cultured for 48 h
with 30 ng/ml free VEGF protein, 1 mg/ml VEGF-loaded nanopar-
ticles, which [based on the release profile determined in PBS (Fig.

2D)] would release 30 ng/ml VEGF during the culture period, or in the
absence of VEGF (untreated). Proliferation was evaluated by counting
the cells that stained positively for expression of the proliferation
marker Ki67 and by measuring NADPH-dependent dehydrogenase
activity. Ki67 expression was identified via immunofluorescence with
anti-Ki67 primary antibodies (rabbit, IgG, ab16667, Abcam, Cam-
bridge, MA) and FITC-conjugated secondary antibodies (donkey
anti-rabbit, IgG, no. 711095152, Jackson ImmunoResearch, West
Grove, PA). Dehydrogenase activity was measured with a MTS assay
kit (G1112, Promega, Madison, WI).

Tube formation. HUVECs (1 � 105 cells/well) were seeded in
24-well plates that had been precoated with Matrigel and cultured for
16 h with 30 ng/ml free VEGF protein, 1 mg/ml VEGF-loaded
nanoparticles, or in the absence of VEGF (untreated). Cells were
stained with calcein AM dye, and tube formation was evaluated via
fluorescence microscopy and bright-field microscopy with an Olym-
pus IX83 microscope.

Nanoparticle uptake. HUVECs were seeded in 96-well plates (3 �

103 cells/well), allowed to grow until confluent, and then cultured at
37°C with 2 or 20 �g/ml nanoparticles that had been loaded with
coumarin-6 or with both coumarin-6 and VEGF. After the 6-h culture
period, cells were washed twice with PBS and solubilized with 5%
SDS in 0.1 M NaOH. Nanoparticle uptake was quantified by analyz-
ing the fluorescence intensity of the cell lysates. Measurements were
normalized to the fluorescence intensity of an equivalent amount of
coumarin-6-loaded nanoparticles and expressed as a percentage.

Mouse MI Model and Analyses

Mice were anesthetized with inhaled isoflurane (2%), intubated,
ventilated, and placed in a right lateral decubitus position on a heating
pad. A left thoracotomy was performed, and the left anterior descend-
ing coronary artery was ligated as previously described (21). Animals
were treated with one of three doses of VEGF nanoparticles (0.6, 2.4,
or 6 ng) or allowed to recover without any experimental treatment.
The nanoparticles were injected into the peri-infarct region with a
modified Hamilton needle; the pectoral muscles and skin were closed,
and a combination of carprofen and buprenorphine was provided for
pain control. The fifth group of animals (n � 6) underwent all surgical
procedures necessary for MI induction except for the ligation step.

Echocardiography. Echocardiography was performed before and 4
wk after surgery to assess LV function. Animals were lightly anes-
thetized with 0.5–1% inhaled isoflurane, and heart rates were stabi-
lized at 400–500 beats/min. B-mode and two-dimensional M-mode
images were obtained from the parasternal long-axis and short-axis
views at the midpapillary level of the LV and analyzed with a Vevo
2100 system (Visualsonics, Toronto, ON, Canada). Measurements
were performed offline with Vevo 770 (version 3.0.0) quantification
software and used to calculate LV ejection fraction (LVEF), LV
fractional shortening (LVFS), LV end-diastolic diameter (LVEDD),
and LV end-systolic diameter (LVESD), as previously described (23).

Infarct size and wall thickness. Immediately after the second
echocardiographic procedure, hearts were harvested, frozen in 30%
sucrose, embedded, and cut into 10-�m sections; six sections from the
apex to the base of the heart were stained with Sirius red and fast
green. The area of the infarct (i.e., the region stained with Sirius red)
was quantified as previously described (12), normalized to the area of
the LV, and expressed as a percentage. Wall thickness was measured
in fast green Sirius red-stained sections by taking the average length
of five segments along evenly spaced radii from the center of the LV
through the infarcted LV free wall (22). Analyses were performed
with National Institutes of Health Image (24) and ImageJ software.

Vascular density. Six sections from each heart were stained with
fluorescent anti-CD31 antibodies; vascular density was then expressed
as the number of CD31-positive vascular structures per unit area in the
border zone of infarction (20, 21).
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Fig. 1. The duration of vascular endothelial growth factor (VEGF) exposure is
extended via encapsulation in polylactic coglycolic acid (PLGA) nanoparticles.
VEGF-containing PLGA nanoparticles were prepared via a double emulsion
(water/oil/water phase) technique. After administration, the encapsulated
VEGF was protected from degradation and slowly released from the nanopar-
ticles via diffusion through the polymer matrix, desorption of the adsorbed
VEGF from the surface, degradation or erosion of the nanoparticle matrix, and
the combination of erosion and diffusion, which prolonged the length of time
that it was capable of interacting with VEGF receptors (VEGF-Rs) on the
surface of cells at the site of administration.
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Statistical Analysis

Data are presented as means � SE. Comparisons between groups
were evaluated via one-way ANOVA with the Bonferroni correction.
Calculations were performed with GraphPad Prism 7 software. P
values of �0.05 were considered significant.

RESULTS

Nanoparticle-Encapsulated VEGF Is Slowly Released for at
Least 31 Days

PLGA nanoparticles (Fig. 2A) with mean diameters of
115.6 � 1.3 and 113.1 � 5.2 nm (Fig. 2B and Table 1) were
generated by a double emulsion technique; the encapsulation
efficiency (i.e., the amount encapsulated/total amount available �
100%) was 53.5 � 1.7% (Fig. 2C and Table 1), and the concen-
tration of encapsulated VEGF was 107.1 � 3.3 ng protein/mg
nanoparticles (Table 1). When 1 mg of VEGF-loaded nanopar-

ticles was incubated in 1 ml PBS at 37°C, 42.9% of the encap-
sulated VEGF was released during the first 3 days and 67.3% was
released by day 10 (Fig. 2D), which corresponded to release rates
of 13.5–16.4 ng·ml�1·day�1 from day 0 to day 3 and 1.9–8.3
ng·ml�1·day�1 from day 3 to day 10 (Table 2). The rate of VEGF
release at later time points ranged from 0.4 to 0.7 ng·ml�1·day�1

through day 31.

Nanoparticle-Encapsulated VEGF Is More Potent Than the
Free Protein for Promoting Proangiogenic Activity in
Cultured HUVECs

The effects of nanoparticle-mediated VEGF delivery on
endothelial cell proliferation and tube formation were evalu-
ated in vitro by culturing HUVECs for 48 h with 30 ng/ml free
VEGF protein, 1 mg/ml VEGF-loaded nanoparticles, which
[based on the release profile determined in PBS (Fig. 2D)]
would release 30 ng/ml VEGF during the culture period, or in

D.

A 

D 

B 

C 

0

20

40

60

80

0 10 20 30

C
u

m
u

la
ti

v
e
 R

e
le

a
s
e
d

 V
E

G
F

 (
%

) 
 

Time (Days) 

Empty Nanoparticles VEGF-containing Nanoparticles 

C
o

n
c
e
n

tr
a
ti

o
n

 (
E

6
 p

a
rt

ic
le

s
/m

l)
  

C
o

n
c
e
n

tr
a
ti

o
n

 (
E

6
 p

a
rt

ic
le

s
/m

l)
  

0    100   200  300  400  500  

Size (nm) 

0     100  200  300  400  500   

Size (nm) 

Fig. 2. Polylactic coglycolic acid (PLGA) nanoparticles release measurable amounts of vascular endothelial growth factor (VEGF) for up to 31 days in vitro.
The size distribution (A) of the PLGA nanoparticles was evaluated via nanoparticle tracking analysis (B). C: the amount of VEGF encapsulated by the
nanoparticles (right lane) was compared with the amount present in the solution before the encapsulation procedure (left lane) via Western blot. The two bands
correspond to fully dissociated monomers (20 kDa) and undissociated dimers (40 kDa) of human VEGF. D: VEGF-containing nanoparticles were incubated at
37°C in culture medium for 31 days. The cumulative amount of VEGF released from the VEGF nanoparticles was determined via ELISA assessments of aliquots
taken from the release medium at the indicated time points and presented as a percentage of the total amount of VEGF present in the nanoparticles at the beginning
of the release experiment.

Table 1. Polylactic coglycolic acid nanoparticles: physical characteristics

Nanoparticle Contents Size, nm Encapsulation Efficiency, %* VEGF Concentration, ng/mg Surface Charge, mV

Empty 115.6 � 1.3 NA NA –56.2 � 8.5
VEGF 113.1 � 5.2 53.5 � 1.7 107.1 � 3.3 –55.4 � 8.2

VEGF, vascular endothelial growth factor. *Encapsulation efficiency � (VEGF encapsulated in nanoparticles/VEGF fed) � 100.
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the absence of VEGF (untreated). Proliferation was signifi-
cantly greater in VEGF nanoparticle-treated cells than when
cells were cultured with the VEGF protein or in the absence of
VEGF (untreated) (Fig. 3, A and B), whereas tube formation
after treatment with VEGF nanoparticles or free VEGF was
similar and significantly greater than in untreated cells (Fig.
3C). Furthermore, experiments with nanoparticles containing
the fluorescent marker coumarin-6 with or without VEGF
indicated that the mechanism by which the contents of the
nanoparticles are taken up by the cells is saturable: up to 84%
of the fluorescence signal was internalized when cells were
cultured with 2 �g/ml nanoparticles compared with 12% when
the nanoparticle concentration was 20 �g/ml (Fig. 3D).

VEGF Nanoparticles Improve Recovery From MI in Mice

To determine whether nanoparticle-mediated VEGF deliv-

ery can improve recovery from ischemic myocardial injury, MI

was surgically induced in the hearts of mice by ligating the left

anterior descending coronary artery; animals were then treated

with one of three doses of VEGF nanoparticles [MI 	 low-

dose VEGF nanoparticles (0.6 ng): n � 9, MI 	 medium-dose

VEGF nanoparticles (2.4 ng): n � 9, or MI 	 high-dose VEGF

nanoparticles (6 ng): n � 8] or allowed to recover without

VEGF nanoparticle administration (MI: n � 13). Three ani-

mals (MI: n � 2 and MI 	 low-dose VEGF nanoparticles: n �

1) died within 3 days of MI induction, and six more animals

(MI: n � 2, MI 	 low-dose VEGF nanoparticles: n � 1, and

MI 	 high-dose VEGF nanoparticles: n � 3) died within 2 wk

of MI induction (Fig. 4). At week 4, echocardiographic assess-
ments of LVEF, LVFS, LVEDD, and LVESD were signifi-
cantly greater in each of the three VEGF nanoparticle treatment
groups than in the untreated group (Fig5A). Furthermore, the
nanoparticle-encapsulated VEGF could be identified at the site
of administration (Fig. 6), and all three VEGF nanoparticle
doses were associated with significantly smaller infarct sizes
and significantly greater wall thicknesses (Fig. 5B), signifi-
cantly greater measurements of vascular density in the region
bordering the infarct (Fig. 5C), and significantly lower heart
weight-to-body weight ratios (Fig. 5D). However, the benefits
associated with VEGF nanoparticle treatment were not dose
dependent: LVEF, LVFS, LVESD, LVEDD, infarct size, wall
thickness, and heart weight-to-body weight ratios in the three

Table 2. VEGF release from polylactic coglycolic
acid nanoparticles

Time Period, days

VEGF Released

ng/ml %

0–1 16.38 � 0.31 15.29 � 0.42
1–2 13.49 � 0.48 12.59 � 0.45
2–3 16.06 � 0.24 14.99 � 0.23
3–5 16.58 � 0.64 15.48 � 0.60
5–10 9.55 � 0.32 8.91 � 0.30

10–15 3.26 � 0.22 3.05 � 0.21
15–20 2.02 � 0.15 1.89 � 0.14
20–26 2.05 � 0.33 1.91 � 0.31
26–31 3.20 � 0.16 2.99 � 0.15

VEGF, vascular endothelial growth factor.
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Fig. 3. Vascular endothelial growth factor (VEGF) nanoparticles are more potent than free VEGF protein for stimulating the proangiogenic activity of cultured
human umbilical vein primary endothelial cells (HUVECs). A and B: HUVECs were cultured for 48 h with 30 ng/ml free VEGF protein, 1 mg/ml VEGF-loaded
nanoparticles (VEGF nanoparticles), which (based on the release profile determined in PBS) would release 30 ng/ml VEGF during the culture period, or in the
absence of VEGF (untreated). Proliferation was evaluated by measuring the level of NADPH-dependent dehydrogenase activity (A) and immunofluorescent
analysis of Ki67 expression (B). Dehydrogenase measurements are expressed as fold changes from measurements in untreated cells. C: HUVECs were cultured
on Matrigel in 24-well plates with VEGF protein, VEGF nanoparticles, or in the absence of either treatment for 16 h and stained with fluorescent dye (calcein
AM). Tube formation was then quantified. D: HUVECs were seeded in 96-well plates, allowed to grow until confluent, and cultured at 37°C with 2 or 20 �g/ml
nanoparticles loaded with either coumarin-6 or both coumarin-6 and VEGF. Cells were then lysed, and nanoparticle uptake was determined by measuring the
intensity of coumarin-6 fluorescence. Measurements were normalized to the fluorescence intensity of an equivalent amount of coumarin-6-loaded nanoparticles
and expressed as a percentage. *P � 0.05 vs. untreated; **P � 0.05 vs. untreated and free VEGF protein. Each experiment was performed in triplicate.
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dose groups were similar, vascular density was significantly

greater in animals treated with the lowest dose of VEGF

nanoparticles than in the medium- and high-dose groups, and

heart weight-to-body weight ratios in low-dose animals did not

differ significantly from the ratios in sham-operated animals.

DISCUSSION

Because of their porosity, hydrogels have been widely in-

vestigated for use as a drug delivery vehicle and could provide

an additional level of flexibility and refinement for prolonging

the duration of exposure to biological molecules, which are

typically less stable than pharmacological agents (3). Further-

more, nanoparticle-based systems that promote the revascular-

ization of ischemic myocardium after MI by enabling the

sustained local release of a therapeutic cytokine would be an

attractive and novel approach to infarcted cardiac tissue regen-

eration (11). In the present study, we establish the proof of

concept of a new, nanoparticle-based therapeutic platform for

localized delivery of the proangiogenic cytokine VEGF to in-

Fig. 4. Kaplan-Meyer survival curves. Myocrdial infarction (MI) was
surgically induced in the hearts of mice by ligating the left anterior
descending coronary artery; animals were then treated with one of three
doses of vascular endothelial growth factor (VEGF) nanoparticles [MI 	

low-dose VEGF nanoparticles (NPLD; 0.6 ng), MI 	 medium-dose VEGF
nanoparticles (NPMD; 2.4 ng), or MI 	 high-dose VEGF nanoparticles
(NPHD; 6 ng)] or allowed to recover with no experimental treatment (MI).
The number of animals in each group that continued to survive
was recorded at weekly time points until animals were euthanized at
week 4.
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Fig. 5. Vascular endothelial growth factor (VEGF) nanoparticles improve recovery from myocardial infarction (MI) in mice. MI was surgically induced
in the hearts of mice by ligating the left anterior descending coronary artery; animals were then treated with one of three doses of VEGF nanoparticles
[MI 	 low-dose VEGF nanoparticles (NPLD; 0.6 ng), MI 	 medium-dose VEGF nanoparticles (NPMD; 2.4 ng), or MI 	 high-dose VEGF nanoparticles
(NPHD; 6 ng)] or allowed to recover with no experimental treatment (MI). The fifth group of animals (sham) underwent sham surgery. A: left ventricular
(LV) ejection fraction (LVEF), LV fractional shortening (LVFS), LV end-diastolic diameter (LVEDD), and LV end-systolic diameter (LVESD) were
evaluated 4 wk after MI via echocardiography (*P � 0.05 vs. MI and sham). B–D: mice were euthanized 4 wk after MI. B: infarct size was evaluated
in Sirius red- and fast green-stained sections and presented as a percentage of the total LV surface area. Wall thickness was measured in fast green Sirius
red-stained sections by taking the average length of five segments along evenly spaced radii from the center of the LV through the infarcted LV free wall
(*P � 0.05 vs. MI). C: vascular density was evaluated in sections from the border zone of ischemia that had been stained for expression of the endothelial
marker CD31 (*P � 0.05 vs. MI). D: myocardial hypertrophy was evaluated as the ratio of the whole heart weight to body weight (HW/BW) (*P � 0.05
vs. MI and sham; **P � 0.05 vs. MI but not vs. sham).
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farcted heart tissue. Future studies will determine the feasibility of
combining our VEGF nanoparticle system with proangiogenic
microRNAs for the treatment of ischemic heart disease.

The development of a dependable system for prolonged local
delivery of therapeutic proteins such as VEGF in injured hearts
has been a goal for several research groups in the field of
cardiovascular therapy. Recent studies have shown that both
intramyocardial injections (17) and patch-mediated transplanta-
tion (16) of VEGF-containing microparticles (~3–5 �m in diam-
eter) led to improvements in cardiac function and other benefits
when tested in rat models of MI. In both cases, estimates of the
protein release rate suggested that ~50% of the microparticle-
encapsulated protein was released in the first 4–26 h and that the
duration of VEGF exposure was limited to 5–10 days. In contrast,
we showed that when VEGF was encapsulated in PLGA nano-
particles, only 15% of the protein was released on day 1; �50%
was released through day 3, and ~0.6 ng·ml�1·day�1 continued to
be released from day 26 to day 31. Thus, on the basis of the
volume of the injections (15 �l), the concentration of VEGF (4
mg/ml), and the VEGF release profile observed when the nano-
particles were cultured in PBS, we calculated that infarcted re-
gions in the hearts of the high-dose nanoparticle-treated mice were
exposed to ~100–200 pg of VEGF after day 26. Although we
acknowledge that the release profile observed in PBS may be
altered by properties of the microenvironment in infarcted tissues
and cell culture medium, such as pH and cellular uptake, this
sustained, low-level release of VEGF may play a significant role
in its therapeutic effects. Nanoparticles have a much larger cumu-
lative surface area than an equivalent volume of microparticles,
which may increase both the total amount of VEGF that they can
carry and their ability to interact with the surrounding tissue.

Our experiments with cultured HUVECs demonstrated that
nanoparticle encapsulation increased the biological activity of

VEGF; both proliferation and tube formation were significantly
higher when cells were treated with VEGF-containing nano-
particles than when an equivalent amount of free VEGF pep-
tide was added to the medium, perhaps because the nanopar-
ticles protected the VEGF from degradation. Furthermore,
although the delivery of nanoparticle-encapsulated VEGF to
cells occurs via diffusion through the polymer matrix, desorp-
tion of the adsorbed VEGF from the surface, degradation or
erosion of the nanoparticle matrix, and the combination of
erosion and diffusion (1), we found evidence of nanoparticle
uptake by HUVECs, which could effectively increase the
VEGF concentration at the site of administration by preventing
the nanoparticles from being cleared into the circulation. The
encapsulated VEGF may also bind to VEGF receptors during
cellular uptake or after release into the cell interior and travel
to the cell membrane before binding to VEGF receptors both
inside and outside the cell.

Our in vitro observations were consistent with the results
from our rodent MI model, in which VEGF nanoparticle
administration was associated with significant improvements
in cardiac performance, angiogenesis, infarct size, wall thick-
ness, and cardiac hypertrophy (heart weight-to-body weight
ratios), regardless of the dose. Notably, measurements of
cardiac function (LVEF, LVFS, LVESD, and LVEDD) were
similar in all three VEGF nanoparticle dosing groups, whereas
the effect on vascular density was greatest in animals that
received the lowest dose; heart weight-to-body weight ratios in
the lowest dose group did not differ significantly from the
ratios in sham-operated animals. Although the mechanisms
responsible for this apparently biphasic relationship between
VEGF nanoparticle dose and vessel density remain unclear,
these results are consistent with a previous report (9) indicating
that the therapeutic benefits of VEGF administration decline at

BZ 

IZ 

MI+NPMD MI+NPLD MI+NPHD

Fig. 6. Nanoparticle-encapsulated vascular endothelial growth factor (VEGF) was detectable 4 wk after administration to infarcted mouse hearts. Because the
nanoparticles were loaded with the human variant of VEGF, the administered protein was detected in sections from the border zone (BZ) and infarcted zone (IZ)
of hearts from animals in the low-dose (NPLD), medium-dose (NPMD), and high-dose (NPHD) groups at week 4 after nanoparticle administration via staining
with human-specific anti-VEGF antibodies (red). Bar, 50 �m.
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higher doses. Our observations also suggest that the therapeutic
effect of VEGF nanoparticle delivery may have been saturated
at the two higher doses and that the duration of VEGF exposure
may be at least as important as the amount of VEGF admin-
istered.

In conclusion, collectively, the experiments described in this
report comprise a proof-of-concept study for a new therapeutic
platform, PLGA nanoparticles, that can be used for the local
delivery of biologically active proteins and peptides. Our
results suggest that nanoparticle-mediated delivery increases
the angiogenic and therapeutic potency of VEGF, which may
enhance the benefits and limit the risks of VEGF therapy by
reducing the dose administered to patients. Additional preclin-
ical and clinical investigations of this promising new delivery
system are warranted.
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