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Angiogenesis has long been a desired therapeutic approach to improve clinical outcomes of conditions typified
by ischemia. Vascular endothelial growth factor (VEGF) has demonstrated the ability to generate new blood
vessels in vivo, but trials using intravenous delivery have not yet produced clinical success. Localized, sustained
delivery of VEGF has been proven necessary to generate blood vessels as demonstrated by implantable, controlled
release devices. Ultimately, nanoparticles delivered by intravenous injection may be designed to accumulate in
target tissues and sustain the local VEGF concentration; however, injectable nanosuspensions that control the
release of stabilized VEGF must first be developed. In this study, we utilize the heparin binding domain of VEGF
to bind the polyanion dextran sulfate, resulting in an enhanced thermal stability of VEGF. Coacervation of the
VEGF-bound dextran sulfate with selected polycations (chitosan, polyethylenimine, or poly-L-lysine) produced
nanoparticles∼250 nm in diameter with high VEGF encapsulation efficiency (50-85%). Release of VEGF from
these formulations persisted for>10 days and maintained high VEGF activity as determined by ELISA and a
mitogenic bioassay. Chitosan-dextran sulfate complexes were preferred because of their biodegradability, desirable
particle size (∼250 nm), entrapment efficiency (∼85%), controlled release (near linear for 10 days), and mitogenic
activity.

Introduction

Over the past 30 years, arterio- and angiogenesis have been
vaunted as a therapeutic approach to reduce the pathological
consequence of myocardial ischemia, wounds, neuropathy,
retinopathy, transplant failure, etc.1-3 Despite the complexity
of angiogenic signaling pathways, vascular endothelial growth
factor (VEGF) has emerged as a potent angiogenic cytokine.
Unfortunately, clinical trials investigating intravenous (IV)
administration of VEGF have not yet demonstrated sufficient
efficacy above placebo control groups to garner FDA approval.4

Most researchers have suggested that the spatial and temporal
resolution of VEGF administration must be controlled to target
development of mature blood vessels.5,6

Although VEGF has repeatedly been shown to generate new
blood vessels in vivo,4 several problems exist in the IV
administration of this powerful neovascular agent. Because
sustained local concentrations are required to develop mature
blood vessels, the short circulation half-life, extraneous interac-
tions with multiple binding sites (e.g., VEGF receptors, heparin,
etc.), and ultimate degradation of VEGF are problematic.7-10

In addition, systemic IV administration of the growth factor may
result in nonspecific angiogenesis, potentially propagating
conditions such as hypotension, edema, etc.11-13 These facts
have thus far precluded IV injection or infusion as a viable
means to deliver VEGF. For example, the VIVA study
represented the first randomized, double-blind, placebo-
controlled clinical trial using IV delivery of recombinant human
VEGF for therapeutic angiogenesis.14 No statistically significant
difference in patient performance was seen above placebo levels,

although each study group demonstrated some functional
improvement.

Controlled release strategies have demonstrated the impor-
tance of maintaining precise concentrations of active growth
factors over days or weeks and orchestrating the timing of
growth factor release proximal to the site of desired angiogen-
esis.15,16 Reports have shown that growth factors like VEGF
can promote localized angiogenesis in vivo if administered in
a microparticle depot, engineered polymer matrix, or viral vector
genetically encoding for VEGF.7,15,17-19 Each of these methods
has the potential to localize VEGF and to deliver VEGF at a
more constant rate, leading to site-specific angiogenesis. IV
injections or infusions of VEGF are not capable of this kind of
precise delivery of growth factors over extended periods of time;
however, IV injection may be preferred by physicians as
compared to more rigorous device implantation.

Nanoparticles may provide a promising mechanism for
targeted angiogenesis via IV administration. Currently, research
efforts are extending nanoparticle circulation half-life, avoiding
immunological responses commonly associated with particulate
vectors, and accurately targeting nanoparticles in vivo.20-23 By
using antibodies or RGD peptides, nanoparticles carrying
therapeutic small molecules, proteins, or nucleotides have been
targeted to integrins and VEGF receptors to locally deliver
payloads of angiogenic or anti-angiogenic factors.21,23-25 In
addition, nanoparticles utilizing biodegradable materials offer
the potential to sustain the release of growth factors over a period
of days to weeks.7,26 Current techniques often produce nano-
particles by employing harsh organic solvents, synthetic poly-
mers, or surfactants having high toxicity or immunological
activity.27 Many nanoparticle-forming materials, such as poly-
(DL-lactic-co-glycolic acid), often exhibit low protein loading,
routinely demonstrate poor encapsulation efficiency and rapid
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initial release of protein, and may require special formulation
to maintain protein stability.7,28

We report a method for efficiently encapsulating and stabiliz-
ing VEGF using complex coacervation of dextran sulfate and
selected polycations (chitosan, polyethylenimine, and poly-L-
lysine) to form polyelectrolyte complexes. This work builds
upon previous work utilizing polyelectrolyte complexes for drug
delivery by Middaugh et al.29-32 VEGF possesses a heparin
binding domain with a high affinity for polyanions.7,33,34 The
polyanion, dextran sulfate, bound VEGF thereby promoting
effective nanoparticle loading, acceptable encapsulation ef-
ficiency, and enhanced VEGF thermal stability. Of the poly-
electrolyte complexes studied, dextran sulfate and chitosan were
especially attractive because these materials are biodegradable,
offer low toxicity,35,36 and can be self-assembled to yield
particles∼250 nm suitable for IV administration.37 Specifically,
dextran sulfate/chitosan nanoparticles possessed the highest
VEGF encapsulation efficiency (∼85%) and released native
VEGF for >10 days. Ultimately, this formulation serves to
protect VEGF for sustained delivery as a platform for future
efforts toward targeting these nanocarriers.

Materials and Methods

Materials. Recombinant human VEGF isoform 165 was graciously
supplied by Genentech, Inc. Chitosan (Mw ) 15 kDa, 84% deacetylated,
Polysciences, Inc.), dextran sulfate (Mw ) 500 kDa, Fisher Scientific),
polyethylenimine (Mw ) 10 kDa, Aldrich), and poly-L-lysine (Mw )
10 kDa, Sigma) (Figure 1) were used as obtained without further
purification. Zinc sulfate heptahydrate (Sigma) was used as a nano-
particle cross-linker in some experiments. Microsep centrifugal devices
(Pall Life Sciences), dialysis membranes (Spectrum), side-A-lyzer
dialysis cassettes (Pierce), and mannitol (Sigma) were used during
particle purification.

Preparation of Polyelectrolyte Complex Nanoparticles.A sample
of VEGF was diluted (1:3, v/v) in 50 mM phosphate buffer, pH 7.0,
and dialyzed into the same buffer using a dialysis cassette with a 10 000
MWCO (Pierce) overnight. The concentration of the recovered sample
(∼1 mg/mL) was determined by UV spectroscopy. To prepare VEGF-
loaded polyelectrolyte complex (PEC) nanoparticles, 80µL of the
recovered sample was added to 800µL of 1% (w/v) dextran sulfate
solution (in water) and stirred at 600 rpm for 30 min. Next, 1.6 mL of
the appropriate polycationic solution (0.1% w/v) was added dropwise
and stirred for another 5 min. Chitosan was dissolved in acetic buffer
(pH ≈ 6) and added dropwise to the dextran sulfate solution. Finally,
80µL of zinc sulfate solution (1 M) was added and stirred for 30 min.32

The prepared particles were dialyzed into 50 mM phosphate buffer with

5% mannitol, for 24 h in the dark. The dialyzed sample was filtered
through a 0.8µm filter and lyophilized to obtain a dry powder.

Characterization of Polyelectrolyte Nanoparticles. The mean
particle size was determined by dynamic light scattering experiments
employing a ZetaPALS Zeta Potential Analyzer (Brookhaven Instru-
ments Corp.). An aliquot of lyophilized particles was suspended in
water, and three consecutive 1 min measurements were obtained by
detecting light scattering at a 90° angle. The mean effective diameter
and polydispersity were determined by the method of cumulants.38 The
surface charge (zeta potential) of the particles was investigated by phase
analysis light scattering using the same instrument. Samples were
prepared by dispersing 5 mg of the lyophilized nanoparticles in 1 mL
of deionized water (Barnstead Nanopure). Three measurements were
taken for each sample.

The morphology of the particles was examined by transmission
electron microscopy (JEM-1200EXII, JEOL). The lyophilized particles
were dialyzed into deionized water for 24 h using dialysis tubing
(SpectroPro MWCO 15 000; Spectrum Laboratories, CA) to remove
mannitol from the sample. Seven microliters of the dialyzed sample
and 3µL of 2% (w/v) phosphotungstate solution were placed on a 300
mesh copper grid with a carbon-coated Formvar membrane. The sample
was allowed to sit for∼2 min, and the excess water was removed
with No. 1 Whatman filter paper. The sample was kept in a desiccator
overnight and examined by TEM.

Biophysical Characterization of VEGF, VEGF Bound to DS, and
VEGF in PEC Nanoparticles. Differential Scanning Calorimetry.
Calorimetric experiments were performed with a MicroCal VP-DSC
high throughput capillary differential scanning calorimeter (Northamp-
ton, MA). DSC thermograms were obtained from 10 to 115°C at a
scan rate of 1°C/min with VEGF, VEGF bound to DS, VEGF PEC
nanoparticles, and unloaded PEC nanoparticles. Baseline correction was
performed by subtracting a buffer thermogram obtained under identical
conditions. The data were analyzed using Microcal Origin 7.0 (Origin-
Lab Corp., Northampton, MA).

Circular Dichroism. Far-UV spectra were collected using a Jasco
810 spectropolarimeter equipped with a Peltier temperature controller
(Jasco, Easton, MD). Protein samples (0.1 mg/mL) were analyzed at
37 °C in a quartz cuvette with a 0.1 cm path-length. Spectra were
collected at a scan rate of 10 nm/min and a resolution of 0.5 nm using
a response time of 2 s and a bandwidth of 1 nm. To monitor changes
in the secondary structure of VEGF bound with DS or in nanoparticles,
CD spectra were obtained for VEGF in the presence of a 10-fold or
50-fold weight excess of dextran sulfate or loaded in PEC nanoparticles.
Spectra for VEGF bound with DS were background corrected with
respect to DS in buffer, and spectra for VEGF-loaded nanoparticles
were background corrected with respect to unloaded nanoparticles. The
thermal unfolding of the proteins was followed by monitoring the CD
signal at 208 nm over a temperature range of 10-90 °C with a
resolution of 0.5 and a 15°C/h heating rate. The protein concentration
was 0.1 mg/mL for all measurements. CD signal was converted to molar
ellipticity, and the thermal transitions were analyzed using the Jasco
Spectra Manager and MicroCal Origin v.7.0 software.

Fourier Transform Infrared Spectroscopy. The physical structures
of VEGF, VEGF-DS, VEGF PECs, and all individual components of
the complexes were evaluated using Fourier transform infrared (FTIR)
spectroscopy. Samples of each component contained 1% (w/v) dextran
sulfate, 5 mg/mL VEGF, 2% (w/v) chitosan, and 1% (w/v) PEI or poly-
L-lysine. The PEC nanoparticle samples contained less than 0.03 mg/
mL VEGF, 0.3% dextran sulfate (DS), and 0.06% chitosan, PEI, or
poly-L-lysine. Samples were run using attenuated total reflectance
employing a 45° ZnSe trough plate with volatile liquid cover. Data
were collected using a Bomem PROTA FTIR protein analyzer
(Norwalk, CT) to acquire spectra using 256 scans from 700 to 4000
cm-1 with a resolution of 4 cm-1. VEGF and VEGF-DS samples
contained buffer, while all other samples were run in distilled-deionized
water. A spectrum of water or buffer was subtracted from each sample

Figure 1. Structures of poly-L-lysine, polyethylenimine, chitosan, and
dextran sulfate.
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spectrum by eliminating the association band of water at 2200 cm-1

using Omnic software.

High-Resolution DeriVatiVe UV Absorbance Spectroscopy. UV
absorbance temperature perturbation studies were conducted with an
Agilent (Palo Alto, CA) 8453 diode array UV-visible spectrophotom-
eter. Spectra were collected using an integration time of 25 s over a
range of 10 to 90°C at 2.5°C intervals. A 5 min equilibration was
included before collection of each spectrum to allow for sufficient time
to equilibrate temperature. Spectral analysis was conducted using
Chemstation software (Agilent). Second derivative spectra were
conducted using a nine-point data filter and fifth degree Savitzky-Golay
polynomial, and subsequently fitted to a cubic function, with 99
interpolated points per raw data point, permitting 0.01 nm resolution.
Peak positions were determined from the interpolated curves using
Microcal Origin7.0. A 1 cmpath length capped cuvette was used with
a total sample of 200µL of protein sample at 0.2 mg/mL. The spectrum
of VEGF-DS was also conducted in the same manner except that the
DS solution was used as a blank to remove interference from DS.

VEGF Loading, Entrapment Efficiency, and Release from PEC
Nanoparticles.VEGF loading into polyelectrolyte nanoparticles was
calculated by an indirect method where VEGF concentration was
determined in purified supernatant and subtracted from the initial
amount entered into the experiment. Several methods were attempted
to directly measure VEGF encapsulation by disrupting nanoparticles
with sodium dodecyl sulfate, high sodium chloride concentration, and
low pH; however, no method proved as accurate as the indirect method.
After particles were made, they were centrifuged at 15 000g for 45
min, and the supernatant was separated for analysis. The amount of
VEGF in the original VEGF sample used to make particles and the
supernatant was determined by UV spectroscopy (Agilent 8453) based
on an extinction coefficient of 0.37 mg-1 mL cm-1 for VEGF at 276
nm. To determine the VEGF release kinetics,∼10 mg of lyophilized
sample was resuspended in 50 mM phosphate buffer (pH 7.0) within
Microsep centrifugal devices (MWCO) 100 000 Da) and incubated
at 37°C while being shaken at 150 rpm. The vial was centrifuged at
4000g for 1 h, and the solution containing the released protein was
collected and analyzed by BCA assay. Active VEGF content in the
released protein was determined by an enzyme-linked immunosorbent
assay (ELISA) and measured in triplicate. The ELISA measured the
concentration of “active” VEGF, that is, VEGF maintaining binding
affinity to the polyclonal antibody. Plates precoated with polyclonal
antibody were used to capture VEGF in each sample. After washing,
biotinylated monoclonal antibody specific for VEGF was added, which
bound to the immobilized VEGF captured during the first incubation.
Biotinylated VEGF specifically bound with a streptavidin-peroxidase
enzyme, which allowed for chromogenic detection at 450 nm upon
addition of substrate, tetramethylbenzidine. The assay has a detection
range between 5 pg/mL and 3 ng/mL. The optical density of the samples
was read at 450 nm with a microplate reader (Spectramax M5,
Molecular Device). Eight standard VEGF solutions were used to prepare
the standard curve. VEGF released from PEC nanoparticles was
determined by ELISA and BCA, respectively. The percentage of
“active” protein was determined by dividing the VEGF concentration
determined by ELISA by the VEGF concentration determined by BCA.

Mitogenic Bioassay of VEGF and PEC Nanoparticles Entrapping
VEGF. The activity of VEGF either in solution or released from
nanoparticles was determined using a cell proliferation assay. Briefly,
human umbilical cord vascular endothelial cells (HUVEC) were seeded
in 96-well tissue culture plates in DMEM medium supplemented with
2% heat inactivated bovine serum at a density of 2000 cells/well. Cells
were incubated with 100 ng/mL of VEGF either in solution or in
nanoparticles. A Cell Titer 96 aqueous cell proliferation assay kit
(Promega, Madison, WI) was used to quantify the viable cells. The
cell proliferation was determined at different time points over a period
of 5 days posttreatment. At∼5 days, cells began to form a continuous
monolayer, and contact inhibition of cell proliferation confounded
further analysis. To determine VEGF concentration in the medium of

cells treated either with VEGF solution or with VEGF nanoparticles,
the medium from each well was collected, centrifuged at 13 000 rpm
for 10 min, and the supernatant was analyzed for VEGF using the
ELISA described before. Statistical significance was calculated using
one-way analysis of variance (ANOVA) with Tukey’s comparison post
test.

Results

Stabilization of VEGF by Binding Dextran Sulfate. VEGF
thermal stability may be improved in formulations through the
addition of polyanions, which associate with the heparin binding
domain of VEGF.33,34 Differential scanning calorimetry ther-
mograms indicated a shift in the melting temperature of VEGF
when mixed with 1% w/v dextran sulfate (Figure 2). VEGF by
itself showed very high thermal stability with a melting
temperature (Tm) of about 107°C (Figure 2H). This unusually
high thermal stability is largely due to the unique cystine knot
motif that essentially cross-links the protein tertiary structure.39

VEGF bound to dextran sulfate did not show any transition,
suggesting that the thermal stability of VEGF was increased
above the range of our instrument (115°C) upon binding to
dextran sulfate (Figure 2G). Dextran sulfate alone did not
possess a thermal transition of any kind for the conditions
studied (data not shown). Similarly, VEGF-loaded and unloaded
nanoparticles did not show any thermal transition peak within
this temperature range (Figure 2A-F).

Far-UV CD was employed to explore the secondary structure
of VEGF in the presence and absence of dextran sulfate and
within nanoparticles. The unbound form of VEGF possessed a
negative peak around 208 nm (Figure 3A). Based on the fact
that â-sheet and type-Iâ-turn structures give rise to negative
peaks at 215 and 205 nm, respectively, the negative peak at
208 nm for VEGF suggests a mixture ofâ-sheet andâ-turn
structures within the protein as has been confirmed in the crystal
structure.40 The secondary structure was quantified by decon-
volution of the CD spectrum using the program CTSSTR
provided by Dichroweb software and revealed a high percentage
of â-sheet structure (33%) andâ-turn structure (25%). VEGF
bound to dextran sulfate (â-sheet, 39%;â-turn, 23%) and inside
the PEC nanoparticles revealed similar CD spectra, which
overlapped quite well with the unbound form of VEGF,
suggesting negligible perturbation of the secondary structure
of VEGF upon binding to dextran sulfate and formulating into

Figure 2. Differential scanning calorimetry thermograms of (A) loaded
PLL-DS, (B) unloaded PLL-DS, (C) loaded PEI-DS, (D) unloaded
PEI-DS, (E) loaded CS-DS, (F) unloaded CS-DS, (G) VEGF bound
to DS, and (H) VEGF. “Loaded” denotes VEGF inclusion into the
formulations according to the reported methods.
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nanoparticles.41,42Although the CD spectrum for VEGF in the
PEC nanoparticles showed relatively large fluctuations below
210 nm, potentially due to interference of the polymer and/or
the relative opacity of the nanoparticle suspension, the negative
peak around 208 nm remains visible, suggesting significant
â-sheet content was retained (Figure 3A).

Temperature-induced changes in the secondary structure of
VEGF were also evaluated by monitoring changes in CD signal
at 208 nm (Figure 3B). For VEGF, an increase in molar
ellipticity was observed as the temperature was increased,
suggesting a loss of VEGF secondary structure. In contrast,
VEGF bound to DS showed unchanged secondary structure over
the temperature range evaluated, indicating that DS effectively
stabilizes VEGF.

The second-derivative UV absorbance spectrum of VEGF
exhibited three distinct negative peaks, all of which were
monitored as a function of temperature. At 10°C, the negative
peaks occurred approximately at 258 nm (Phe), 268 nm (Phe/
Tyr), and 276 nm (Tyr). Changes in the microenvironment of
these residues induced changes in their spectral characteristics,
thus providing a tool for analyzing the tertiary structural stability.
Peaks associated with Tyr/Trp and Trp were not evident in the
second-derivative UV absorbance spectrum because VEGF does
not possess any Trp amino acids. With the increase of
temperature, the peak positions for these amino acids all shifted
to longer wavelengths (Figure 4). The Phe peak showed the
most significant shift (∼1.5 nm) and provided the most
distinctive assay of the tertiary structure of VEGF (Figure 4A).
For all three amino acid peaks, VEGF bound with DS generally
showed a decreased red shift, especially for the Phe peak at
258 nm, which remained almost unchanged over the temperature
range studied. These results indicated that the tertiary structure
of VEGF was thermally stabilized through binding to dextran
sulfate.

Physicochemical Characterization of Polyelectrolyte Nano-
particles and VEGF. Dextran sulfate was complexed with three
polycations (chitosan, polyethylenimine, and poly-L-lysine) to
determine the effect of these materials on particle size, poly-
dispersity, zeta potential, and VEGF encapsulation efficiency.
Each of these polycations vary in charge density and have a
history of use as gene, peptide, and small protein delivery
vehicles.43-45 Prior to the work reported here, we systematically
screened polyelectrolyte molecular weights and concentrations
to determine conditions for most effectively forming∼200 nm

Figure 3. (A) CD spectra of VEGF, VEGF bound with DS, and VEGF
entrapped in PEC nanoparticles. (B) The effect of temperature on
the molar ellipticity of VEGF as monitored at 208 nm by CD (n ) 2).

Figure 4. UV absorbance revealed the effect of temperature on the
second derivative peak (A) at 258 nm (Phe), (B) at 268 nm (Phe/
Tyr), and (C) at 275 nm (Tyr) for VEGF and VEGF bound with DS (n
) 3).
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particles. Varying the mass ratio of polycation to dextran sulfate
resulted in direct control over polymer complex diameter and
zeta potential including the production of small (∼200 nm)
complexes. Exemplary data for chitosan paired with dextran
sulfate are shown (Figure 5). These trends corroborate reports
in literature.37 The results for polyethylenimine or poly-L-lysine
complexed with dextran sulfate were also similar to literature
reports and were examined for obtaining particles∼200 nm in
size while maintaining the same ratio of DS to polycation.30-32

A Brookhaven ZetaPALS Zeta Potential Analyzer was used to
analyze the particle size and size distribution of∼5 mg/mL
solutions of the complexes in deionized (DI) water (Table 1).
Poly-L-lysine nanoparticles showed the smallest particle size
under these particular fabrication conditions (see Materials and
Methods). The polydispersity values for formulations of nano-
particles were all less than 0.23 at the polyelectrolyte concentra-
tions employed, indicating reasonable size distributions for the
nanoparticle formulations. Increasing polyelectrolyte concentra-
tion generally resulted in the formation of a precipitate. In
general, the nanoparticle formulations possessed negative surface
charges (Table 1). The encapsulation of VEGF does not seem
to significantly change the size and zeta potential of the PEC
nanoparticles studied. TEM images provide supporting evidence
of the particle size and insight into the particle morphology
(Figure 6).

FTIR was employed in this study to further explore the
structures of VEGF, the individual polyelectrolytes, and the
complexed nanoparticles. The VEGF spectrum shows the
signature amide I (1700-1600 cm-1) and amide II bands
(1600-1500 cm-1) of the protein (Figure 7A and Supporting
Information Figure 1A). These bands were deconvoluted to
determine the secondary structure composition of VEGF in the
presence and absence of DS (Figure 7 and Table 2). This
analysis demonstrated that VEGF’s secondary structure consists
primarily of â-sheet andâ-turn (Table 2), which is in agreement
with the CD analysis. No significant changes in the secondary
structure of VEGF in the presence and absence of DS were
observed, thus confirming minimal perturbation of secondary
structure upon VEGF binding. In the spectra of VEGF-loaded
and unloaded PEC nanoparticles, the polycationic polymer and

VEGF structures are not clearly apparent (Supporting Informa-
tion Figure 1C). This is likely due to the significantly greater
concentration of DS (0.3% w/v) as compared to the polycation
and protein concentrations (theoretically, 0.06% w/v and 0.03
mg/mL, respectively), because bands representative of SdO
stretching are apparent in the PEC spectra near 1000-1050 and
1200-1300 cm-1.

VEGF Entrapment, Release Kinetics, and Activity.PEC
nanoparticles prepared using chitosan showed the highest
entrapment efficiency of 83.3% (Table 1). The release profile
of VEGF from nanoparticles demonstrated an initial burst release
of ∼12% of VEGF in the first 2 h followed by a slower
sustained release (Figure 8). The relatively high entrapment
efficiency of chitosan-DS PECs explains why these nanopar-
ticles show a greater amount of total VEGF release than the
other two nanoparticle types. PEI-DS and PLL-DS data for
the total amount of VEGF released were consistent with their
entrapment efficiencies (Table 1). Approximately 75% of the

Figure 5. Varying the mass ratio of DS:CS allows control of particle
size and zeta potential.

Table 1. Properties of Polyelectrolyte Nanoparticles

nanoparticle
formulation

diameter
(nm) polydispersity

zeta
potential

(mV)
entrapment

efficiency (%)

CS-DS 239 ( 4 0.18 ( 0.02 -18.4 ( 0.3
VEGF CS-DS 284 ( 4 0.22 ( 0.05 -14.4 ( 0.5 83.3 ( 5.0
PEI-DS 209 ( 3 0.10 ( 0.01 -16.0 ( 1.9
VEGF PEI-DS 258 ( 14 0.02 ( 0.01 -12.9 ( 0.9 48.1 ( 3.4
PLL-DS 173 ( 3 0.14 ( 0.02 -18.7 ( 2.3
VEGF PLL-DS 159 ( 3 0.18 ( 0.01 -14.6 ( 1.5 52.2 ( 0.7

Figure 6. Transmission electron micrograph of DS:CS nanoparticles.

Figure 7. Deconvoluted FTIR spectra of (A) VEGF and (B) VEGF in
the presence of DS. The quality of the spectrum in the presence of
DS is less resolved due to the lower intensity of the amide I and II
bands when DS was added. Regardless, the secondary structure of
VEGF appears to retain â-sheet and â-turn structure in the presence
and absence of DS.
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encapsulated protein was released over a period of 10 days for
all nanoparticle formulations. It was observed that the released
protein retained its structural integrity as determined from the
ELISA assay (Table 3).

VEGF bioactivity was determined in solution or as released
from PEC nanoparticles using an in vitro HUVEC proliferation
bioassay. The results of this assay are shown as a cell viability
curve (Figure 9). HUVEC treated with VEGF in solution (100
ng/mL) showed a negligible increase in cell proliferation that
was not statistically significant from controls employing no
VEGF. The growth increase of cells incubated with VEGF
solution is significant (p < 0.05) at day 2 as compared to that
of the control. Conversely, cells treated with VEGF-loaded
nanoparticles generally demonstrated a sustained significant
increase in the cell proliferation activity with time within 5 days
(p < 0.05 for CS, PEI, PLL nanoparticles at days 2, 3, 5).
Control nanoparticles (blanks) demonstrated significantly lower
proliferation activity as compared to VEGF nanoparticles, with
the exception of PEI nanoparticles as mentioned above.

Cell proliferation response gradually increased with time
when HUVEC was treated with VEGF-loaded nanoparticles as
compared to the negligible increase observed for cells treated
with VEGF in solution delivered at an equal bolus dose (100
ng/mL) at time zero. Cell proliferation was impeded by contact
inhibition, which prevented further assessment of cell prolifera-
tion beyond day 4-5. This type of growth curve is common
for this assay. More importantly, VEGF concentration was
sustained around 3.5 ng/mL in cell media as determined from
the ELISA for at least 5 days when cells were treated with
VEGF-loaded nanoparticles, while the VEGF concentration in
culture decreased rapidly for cells treated with VEGF in solution

(Figure 10). Of course, in vitro VEGF release data should not
be interpreted as the total amount released from nanoparticles
because much of the released VEGF will be bound to VEGF
receptors or extracellular matrix (dependent upon cell density),
enzymatically degraded, etc. The relatively constant concentra-
tion of VEGF may be explained by the equilibrium of free
VEGF (detected), degraded VEGF, receptor-bound VEGF, and
VEGF continually released from nanoparticles.

Table 2. Structural Assignment for VEGF and VEGF Bound with DS Based on FTIR Deconvolution

VEGF VEGF-DS

wavenumber
(cm-1)

peak
area % assignment

wavenumber
(cm-1)

peak
area % assignment

1682.5 0.17 3 â-turn 1660.5 0.61 50 â-turn
1661.8 3.15 48 â-turn 1655.6 0.06 5 R-helix
1640.5 0.19 3 â-sheet 1641.5 0.11 9 unordered
1632.6 0.06 1 â-sheet 1626.5 0.43 36 â-sheet
1629.5 2.50 38 â-sheet

Figure 8. VEGF release profiles for CS-DS (9), PEI-DS (b), and
PLL-DS (2) showed similar trends proportional to the encapsulation
efficiency of each formulation (n ) 3).

Table 3. Percentage of “Active” VEGF Released from
Nanoparticles As Determined by ELISA (n ) 3)

nanoparticle
formulation

day 1
“active” VEGF (%)

day 10
“active” VEGF (%)

VEGF CS-DS NP 97.98 ( 7.99 77.45 ( 11.88
VEGF PEI-DS NP 82.66 ( 7.31 78.94 ( 1.21
VEGF PLL-DS NP 95.54 ( 10.04 60.43 ( 11.17

Figure 9. Sustained HUVEC proliferation effect of VEGF in nano-
particles. HUVEC was incubated with a VEGF solution or VEGF-
loaded nanoparticles for 5 days. The optical density at 490 nm was
recorded using MTS assay. (A) CS-DS nanoparticles, (B) PEI-DS
nanoparticles, and (C) PLL-DS nanoparticles (n ) 3).
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Discussion

The design of controlled release systems for the delivery of
proteins poses multiple challenges. The major focus of this work
is to develop a drug delivery system to effectively stabilize and
controllably release VEGF using a nanocarrier administrable
by IV injection. The circulation half-life of VEGF165 is about
30 min in vivo, suggesting the necessity of controlled release
administration for the induction of angiogenesis.10 Although
VEGF is inherently physically stable, maintenance of protein
structure through nanoparticle processing and during release is
essential. For example, proteins in general are sensitive to
solvent exposure, may be especially labile at extreme pH or
high temperature, degrade via hydrolysis, oxidize, etc. Of course,
the bioactivity of the protein also depends on the maintenance
of native structure.

In the current study, we employ an organic solvent-free
method to fabricate nanoparticles that entrap stabilized VEGF.
In addition, when DS with bound VEGF is electrostatically
complexed with a cationic polymer such as chitosan, the
resulting nanoparticles are entirely biodegradable. Dextran
sulfate (DS), a biodegradable polyanion, was utilized because
it has been demonstrated to bind and stabilize heparin-binding
growth factors.7,46 VEGF in solution slowly loses secondary
structure during thermal melts as shown from CD data.
Conversely, dextran sulfate effectively stabilizes the secondary
structure of VEGF as demonstrated by the stable molar ellipticity
minimum at temperatures as high as 90°C. Maintenance of
VEGF secondary structure was also observed in polyelectrolyte
complexes, although these data were somewhat confounded by
the inherent opacity of the nanoparticle suspension. DSC further
confirmed the stabilizing effect of DS and PEC nanoparticles
because these formulations did not show any thermal transition
in the range of 20-115 °C. Finally, FTIR data confirmed that
the structure of VEGF bound with DS is essentially unchanged
as compared to the native structure of VEGF, although clear
VEGF structural data were unattainable in the nanoparticle
formulations.

Formulation of nanosuspensions for IV injection requires tight
control over the nanoparticle size and surface charge. For
example, larger nanoparticles (>500 nm) may lead to occlusions
or may accumulate in filtering organs. Also, nanoparticles with
a hydrophilic surface possessing a weakly negative or neutral
zeta potential have been shown to minimize adsorption of
opsonizing proteins, leading to a potential extension of circula-
tion half-life.47 Nanoparticles formulated from the three selected

types of cationic polymers, CS, PEI, and PLL, demonstrated
reasonable size distributions with an average diameter between
∼150 and 300 nm for both blank and VEGF-loaded nanopar-
ticles. All blank nanoparticles presented a negative surface
charge with zeta potential values between-16 and-19 mV.
The entrapment of VEGF into nanoparticles slightly decreased
the zeta potential to around-12 to-15 mV, which is reasonable
as VEGF carries a positive charge under the fabrication
conditions (the isoelectric point of VEGF is 8.5).48 This result
may also suggest that some of the VEGF is located on or near
the nanoparticle surface.

Differences in the entrapment efficiency were noted for the
different polyelectrolytes used to condense DS with bound
VEGF. Chitosan is insoluble at pH 7.4. This property may lead
to increased nanoparticle rigidity, thus improving encapsulation
efficiency, extending release, and reducing rapid initial release
of VEGF. Alternatively, the polycations PEI and PLL possess
a higher charge density in comparison to chitosan and may
displace the binding of VEGF to DS. We hypothesize that
similar arguments may apply to the mechanism of controlled
release of VEGF. For example, polyelectrolytes are electrostati-
cally bound to one another; however, these binding events may
be interrupted by buffer salts (charge shielding) or kinetic
binding-unbinding events within the nanoparticle. Similar
hypotheses have been tested for polyelectrolyte multilayers,
which form a “fuzzy” matrix due to interdiffusing of layers.49

Such events may lead to nanoparticle restructuring, thus
increasing the rate of VEGF beyond what would be expected
for VEGF diffusion through a polyanion network.50

Once stable nanosuspensions containing particles possessing
the correct size and surface charge have been formed, the next
step is to localize the accumulation of these nanoparticles in
vivo. Future work will focus on methods to develop nanoparticle
targeting, but here we confirm the controlled release of active
VEGF. The release of VEGF was generally slow, with more
than 75% of VEGF released over 10 days. ELISA studies
confirmed that around 60-80% of VEGF remains bioactive at
10 days in the release experiment, indicating that the protein
encapsulated in nanoparticles was protected. A sustained effect
of VEGF following its encapsulation in nanoparticles is also
evident from the results of cell proliferation studies. The
sustained effect of VEGF-loaded nanoparticles may be attributed
to DS binding and the slow release of VEGF. VEGF concentra-
tion determined in the cell media remains around 3.5 nM for
cells treated with VEGF-loaded nanoparticles as compared to
the rapidly decreasing VEGF concentration for cells treated with
VEGF solutions. Although the protein released from nanopar-
ticles would also suffer from degradation, continuous release
from nanoparticles may ensure the maintenance of VEGF levels
in the cell culture medium. This particular dosing reflects a
reported physiologically active concentration of VEGF (2-6
ng/mL).51 VEGF formulated in this PEC nanoparticle system
represents a promising method to achieve stabilized and
controlled release of this potent mitogen.

Conclusions

VEGF-loaded nanoparticles were successfully formulated
using self-assembled polyelectrolyte complexes based on coac-
ervation of oppositely charged polyelectrolytes. Dextran sulfate
effectively stabilizes VEGF, as evidenced from various bio-
physical techniques. The resulting nanoparticles efficiently
encapsulate and release bioactive protein in a sustained manner.
Moreover, VEGF-loaded PEC nanoparticles significantly stimu-

Figure 10. VEGF concentration in HUVEC medium as determined
by ELISA after incubation with VEGF solution or VEGF nanoparticles
(n ) 3).
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lated endothelial cell proliferation in comparison to VEGF in
solution delivered in equal concentration. The improved efficacy
of nanoencapsulated VEGF to induce cell proliferation was
attributed to the fact that nanoparticles maintained a higher
concentration of the active VEGF in the culture medium, a fact
that was validated by ELISA confirmation of VEGF concentra-
tion in culture. This study provides insight into a nanoparticle
approach for stabilizing and delivering VEGF in an effort to
generate a minimally invasive, intravenous injection toward
future efforts of targeted angiogenesis.
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