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Abstract
We report, for the first time, on the preparation, characterization and in vitro testing of poly (D,L-
lactide-co-glycolide) (PLGA) microparticles loaded with polyamidoamine (PAMAM)-plasmid
DNA (pDNA) dendriplexes. Loading of pDNA into the PLGA microparticles increased by 150%
when pDNA was first complexed with PAMAM dendrimers relative to loading of pDNA alone.
Scanning electron microscopy (SEM) showed that the presence of PAMAM dendrimers in the PLGA
microparticles created porous features and indentations on the surface of the microparticles. Loading
PLGA microparticles with PAMAM-pDNA dendriplexes lowered the average PLGA microparticle
size and changed the surface charge of the microparticles from negative to positive when compared
to PLGA microparticles loaded with pDNA alone. The zetapotential and buffering capacity of the
microparticles increased as the generation of the PAMAM dendrimer loaded in the PLGA
microparticles increased. Gel electrophoresis assays showed that all the PLGA microparticle
formulations were able to entrap the pDNA within the PLGA matrix. There was no significant
difference in the cytotoxicity of PLGA microparticles loaded with PAMAM-pDNA dendriplexes
when compared to PLGA microparticles loaded with pDNA alone. Furthermore, and in contrast to
PAMAM dendrimers alone, the generation of the PAMAM dendrimer loaded in the PLGA
microparticles had no significant impact on cytotoxicity or transfection efficiencies in human
embryonic kidney (HEK293) or Monkey African green kidney fibroblast-like (COS7) cells. The
transfection efficiency of PLGA microparticles loaded with generation 3 (G3) PAMAM-pDNA
dendriplexes was significantly higher than PLGA microparticles loaded with pDNA alone in
HEK293 and COS7 cells. PLGA microparticles loaded with G3 PAMAM-pDNA dendriplexes
generated equivalent transfection efficiencies as (G3 to G6) PAMAM-pDNA dendriplexes alone in
COS7 cells when the transfection was carried out in serum containing media. The delivery system
developed in this report has low toxicity, high pDNA loading efficiencies and high transfection
efficiencies that are not reduced in the presence of serum. A delivery system with these characteristics
is expected to have significant potential for translational applications.
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1. Introduction
Biodegradable microparticles can be used to provide sustained delivery of plasmid DNA
(pDNA) and have shown significant potential in vaccination applications1–3. A common
approach to loading pDNA into biodegradable microparticles is to use the double emulsion
solvent evaporation method4–6. A challenge with preparing pDNA loaded biodegradable
microparticles using the double emulsion solvent evaporation method is that the manufacturing
process can cause damage to the pDNA thereby denaturing or inactivating it1,5. This occurs
because the process of entrapping the pDNA into the microparticles exposes the pDNA to
organic solvents, high shear forces and high interfacial tensions at the oil/water interface1,5.
These processes can nick the DNA or lead to breakage in the strands of DNA. In addition, the
hydrophilic characteristics of pDNA can lead to poor loading levels in hydrophobic
microparticles1,5. Plasmid DNA could alternatively be bound to the surface of cationic
microparticles thereby avoiding exposing the pDNA to processes that could degrade the
pDNA7–11. However, this approach does not allow for pDNA to be released over a sustained
period of time. Other approaches to protecting plasmid DNA include entrapping the pDNA in
blends of biodegradable polymers and cationic polymers4,12,13.

We have previously shown that the most efficient transfection efficiencies generated by
biodegradable polymeric microparticles are achieved by first complexing the pDNA with a
cationic polymer prior to entrapping the pDNA into the microparticles4. Examples of cationic
polymers and excipients that have been used for complexation with pDNA prior to entrapment
in microparticles include polyethylenimine (PEI), polylysine (PL) and chitosan4,14–16.

A promising class of cationic polymers that efficiently complex with pDNA is the
polyamidoamine (PAMAM) dendrimers (figure 1)17–20. PAMAM dendrimers have a number
of advantages over linear cationic polymers such as PEI20,21. In comparison to linear cationic
polymers such as PEI, PAMAM dendrimers are spherical, monodisperse polymers with a
reduced structural density in the intramolecular core20.

In this study, we show for the first time, that loading PAMAM-pDNA dendriplexes into
biodegradable microparticles results in significantly higher transfection efficiencies than
loading pDNA alone. We also show that loading PAMAM-pDNA dendriplexes into PLGA
microparticles significantly lowers the toxicity associated with the PAMAM dendrimers.
Finally, we show that loading PAMAM-pDNA dendriplexes into biodegradable microparticles
produces a delivery system that can generate transgene expression levels that are as high as
the PAMAM-pDNA dendriplexes alone when the transfections are carried out in serum-
containing media. PLGA microparticles loaded with PAMAM-pDNA dendriplexes have low
toxicity and high transfection efficiencies that are not reduced in the presence of serum and is
therefore expected to have significant potential for translational applications in vitro and in
vivo.

2. Materials and Methods
2.1 Materials

D, L-Lactide/Glycolide copolymer (PLGA, molar ratio: 50:50, inherent viscosity 0.54dL/g)
was purchased from Absorbable Polymers International (Pelham, AL USA). PAMAM
dendrimers from generation 3 to 6 (G3, G4, G5 and G6, ethylenediamine core) and poly (vinyl
alcohol) (PVA, MW 30–70kDa) were purchased from Sigma-Aldrich (St. Louis, MO). The
Bicinchoninic acid (BCA) protein assay kit was purchased from Pierce Biotechnology Inc.
(Rockford, IL). Dulbecco’s Modified Eagle’s Medium (DMEM) was obtained from Gibco
BRL (Grand Island, NY). The luciferase assay system was purchased from Promega (Madison,
WI). For cellular uptake studies, FITC (Fluorescein Isothiocyanate, Sigma-Aldrich) labeled

Intra and Salem Page 2

J Pharm Sci. Author manuscript; available in PMC 2010 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dendrimers G3-G6 were prepared by reaction of FITC and PAMAM dendrimers in 0.1M
sodium carbonate buffer (pH 9) at 4°C in darkness overnight. FITC-conjugated dendrimers
were purified by dialysis (MWCO 7000, Pierce Biotechnology Inc., Rockford, IL) and then
lyophilized (Labconco FreeZone 4.5, Kansas City, Missouri). The level of fluorescein in the
dendrimers was determined by measuring their absorbance at 498nm using standard curves of
FITC. Spectrofluorometric analysis (Spectramax M5 Microplate reader, Molecular Device)
found that approximately 3% of the dendrimer amino groups were attached with FITC.

2.2 Cell Culture
Human embryonic kidney cells (HEK293) and Monkey African green kidney fibroblast-like
cell line (COS7) were obtained from the American Type Culture Collection (ATCC, Rockville,
MD). The cells were maintained in DMEM supplemented with 10% FBS, streptomycin at
100μg/ml, penicillin at 100U/ml, and 4mM L-glutamine at 37°C in a humidified 5% CO2-
containing atmosphere.

2.3 Amplification and Purification of Plasmid DNA
VR1255 plasmid is a 6.4-kb cDNA encoding firefly luciferase driven by the cytomegalovirus
(CMV) promoter/enhancer. The plasmid was transformed in Escherichia coli DH5α and
amplified in Terrific Broth media at 37°C overnight with a shaking speed of 300rpm. The
plasmid was purified by an endotoxin-free QIAGEN Giga plasmid purification kit (QIAGEN,
Valencia, CA) according to the manufacturer’s protocol. Purified pDNA was dissolved in
saline, and its purity and concentration were determined by UV absorbance at 260 and 280nm.

2.4 Preparation of pDNA loaded PLGA Microparticles and PAMAM-pDNA dendriplex loaded
PLGA Microparticles

2.4.1 PLGA microparticles loaded with pDNA—PLGA microparticles were prepared
using a w/o/w double emulsion, solvent evaporation technique. Briefly, 200 mg of 50:50 PLGA
was dissolved in 5ml of dichloromethane (DCM). VR1255 pDNA in 0.5% (w/v) PVA solution
was prepared at a concentration of 4mg/ml. Using a microtip probe sonicator set at level 2
(Sonic Dismembrator Model 100, Fisher Scientific, Pittsburgh, PA), 500μl of the PVA solution
containing 2mg of VR1255 pDNA was mixed with the PLGA/DCM solution for 20 seconds
to form the first emulsion. This emulsion was then rapidly added to 50ml of 0.5% (w/v) PVA
solution with stirring at 13,500 rpm for 30 seconds using an IKA Ultra-Turrax T25 basic
homogenizer (IKA, Wilmington, NC). The second emulsion was stirred overnight during
which time the DCM solvent was evaporated. The supernatant was collected and analyzed
spectrophotometrically at 260nm using a SpectraMax Plus384 Microplate Spectrophotometer
(Molecular device) for pDNA content. The microparticles were then washed 3 times with
deionized water and then lyophilized (Labconco FreeZone 4.5, Kansas City, Missouri).
Plasmid DNA entrapped in the PLGA microparticles was calculated by subtracting the pDNA
content in the supernatant from the initial concentration of pDNA added. Microparticles were
stored at −20°C until use. Empty microparticles in acetonitrile were spiked with a known
amount of pDNA. Following the procedure, recovery of the extracted pDNA was found to be
complete. Microparticles containing pDNA were also dissolved in acetonitrile and the pDNA
was extracted in TE buffer (10 mM, pH 8.3). The amount of pDNA was determined based on
absorbance at 260 nm. For in vitro microparticle uptake studies, PLGA microparticles loaded
with Rhodamine 123 were prepared using a single emulsion evaporation methodology. Briefly,
200 mg of 50:50 PLGA and 2 mg Rhodamine 123 (Sigma) was dissolved in 5mL DCM. This
was then rapidly added to 50mL of 0.5% (w/v) PVA in deionized water with stirring at 13500
rpm for 30s. After evaporation overnight, the rhodamine labeled microparticles were washed
and collected as described above.
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2.4.2 PLGA Microparticles loaded with PAMAM-pDNA dendriplexes—PAMAM
dendrimer (G3-G6)-pDNA dendriplexes at N/P ratio of 5 were prepared by mixing 150 μg of
VR1255 with 97.5μg of PAMAM dendrimer. The mixture was vortexed for 20 s, and incubated
for 30 min at room temperature. Then 500 μl of PAMAM-pDNA complexes solution was
mixed with 5 ml of DCM containing 200 mg of PLGA 50:50 using the microtip probe sonicator
set at level 2 for 30 seconds to form the first emulsion. This emulsion was then rapidly added
to 50ml of 0.5% (w/v) PVA solution and homogenized at 13,500 rpm for 30 seconds. The
mixture was stirred overnight during which time the DCM solvent evaporated. The resulting
particles, which were thereafter named as PG3, PG4, PG5, PG6 were then washed 4 times with
deionized water and lyophilized. Particles were stored at −20°C until use. Microparticles
containing dendriplexes were dissolved in acetonitrile and the dendriplexes were extracted in
TE buffer (10 mM, pH 8.3). Loading of dendriplexes in the PLGA microparticles was analyzed
spectrophotometrically at 480nm/520nm (Ex/Em) using the PicoGreen Reagent and a
SpectraMax Plus384 Microplate Spectrophotometer (Molecular device) after it was found that
complexing the pDNA with PAMAM dendrimers interfered with absorbance readings at 260
nm. The level of dendriplexes loaded into the microparticles was then determined using a linear
calibration curve prepared using known concentrations of PAMAM-pDNA dendriplexes and
the PicoGreen Reagent.

2.5 Microparticle Size and Surface Morphology
Microparticle size and zetapotential measurements were conducted using the Zetasizer Nano
ZS (Malvern, Southborough, MA). Briefly, the microparticles were suspended in deionized
water at a concentration of 1mg/ml. The size measurements were performed at 25°C at a 173°
scattering angle. The mean hydrodynamic diameter was determined by cumulative analysis.
The zetapotential determinations were based on electrophoretic mobility of the microparticles
in the aqueous medium, which were performed using folded capillary cells in automatic mode.
Microparticle morphology was assessed by scanning electron microscopy (SEM, Hitachi
S-4000). Briefly, air-dried microparticles were placed on adhesive carbon tabs mounted on
SEM specimen stubs. The specimen stubs were coated with approximately 5nm of gold by ion
beam evaporation before examination in the SEM operated at 5kV accelerating voltage.

2.6 In vitro release of PAMAM-pDNA dendriplexes
PLGA microparticles (200 mg) loaded with PAMAM-pDNA dendriplexes were suspended in
phosphate buffered saline (PBS, 10 ml, 50 mM, pH 7.4) for 2 months. The suspension was
gently shaken in a water bath at 37°C. At various time intervals, the supernatant was removed
after centrifugation and replaced with fresh medium. PAMAM-pDNA dendriplex containing
microparticles were incubated in TE buffer and the released fraction were estimated
spectrophotometrically at 480nm/520nm (Ex/Em) using the PicoGreen Reagent and a
SpectraMax Plus384 Microplate Spectrophotometer (Molecular device).

2.7 Buffering Capacity of pDNA loaded PLGA Microparticles and PAMAM-pDNA dendriplex
loaded PLGA Microparticles

The ability of PLGA microparticles loaded with PAMAM-pDNA dendriplexes (PG3 to PG6)
to resist acidification was tested using the acid titration assay as described by Tang et al 22.
Briefly, 10 mg/ml PG3, PG4, PG5 or PG6 microparticles were suspended in 150mM NaCl,
respectively. The pH was first adjusted to ~9.0 and then titrated in small increments with 0.1
N HCl until a pH of 3.0 was reached. Multiple pH readings were taken to ensure that equilibrium
had been reached. The slope of the pH versus HCl added graph provides an indication of the
intrinsic buffering capacity of the delivery vehicles.
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2.8 Cytotoxicity Evaluation using the MTT assay
The cytotoxicity of the pDNA loaded PLGA microparticles and the PAMAM-pDNA
dendriplex loaded PLGA microparticles was evaluated using the MTT (3-[4,5-
dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) assay.23 COS7 and HEK293 cells
were seeded in a 96-well plate at a density of 10,000 cells/well. Twenty-four hours later, cells
were incubated with 200 μl of complete DMEM containing PLGA microparticles loaded with
pDNA or PLGA microparticles loaded with PAMAM-pDNA dendriplexes at various
concentrations. After 4h of incubation, the medium in each well was replaced with 100 μl of
fresh complete medium. 25μl of 5mg/ml MTT solution in PBS was added to each well and
incubated with cells for additional 2 h. Cells were lysed with 100 μl of the extraction buffer
(20% SDS in 50% DMF, pH4.7) overnight. The optical density of the lysate was measured at
550 nm using a Spectramax plus384 Microplate Spectrophotometer (Molecular Device). Values
were expressed as a percentage of the control to which no microparticles were added.

2.9 Cellular uptake of pDNA loaded PLGA Microparticles, PAMAM-pDNA dendriplexes and
PAMAM-pDNA dendriplex loaded PLGA Microparticles

PAMAM-pDNA dendriplexes (G3, G4, G5, and G6) and PAMAM-pDNA dendriplex loaded
rhodamine labeled PLGA Microparticles (PG3, PG4, PG5 and PG6) were prepared using
FITC-labeled dendrimers. HEK293 cells were seeded into 12-well plate at a density of
1×106/well 24h before transfection. After 24h incubation, the medium was replaced with fresh
DMEM containing 10% FBS. 0.5mg/well PLGA/Rhodamine 123, FITC labeled G3, G4, G5,
G6, PG3, PG4, PG5 or PG6 microparticles were incubated with HEK293 cells for 16 h. Then
the cells were washed with PBS three times to remove free fluorescent labeled particles and
the particles adsorbed on the cells surface. Samples were then assessed using flow cytometry
(Becton Dickinson). Dot plots were gated on FSC/SSC properties of HEK293 cells to exclude
free fluorescent labeled particles. Data was analyzed using Cell-QuestPro software. All samples
were tested in triplicate.

2.10 Evaluation of Luciferase Expression in COS7 and HEK293 cells
COS7 and HEK293 cells were seeded into 24-well plates at a density of 8×104/well 24 h before
transfection. 0.2 mg/well PLGA microparticles loaded with pDNA and PLGA microparticles
loaded with PAMAM-pDNA dendriplexes were added to the cells in transfection medium
(serum-free) and incubated for 4 h at 37 °C, followed by further incubation in serum containing
medium for 44 h. Transfection experiments were also carried out in serum (10%) containing
medium in COS7 cells with additional PAMAM-pDNA dendriplexes alone included as control
groups. The PAMAM-pDNA dendriplexes were prepared and tested using PAMAM
dendrimers of generation 3, 4, 5 and 6 (denoted as G3/DNA, G4/DNA, G5/DNA and G6/DNA
respectively). The concentration of the microparticles was selected based on a target pDNA
loading of 5μg/mg microparticles and an equivalent pDNA dose of 1 μg/well. After the
incubation, cells were treated with 200 μl of lysis buffer (Promega). The lysate was subjected
to two cycles of freezing and thawing, then transferred into tubes and centrifuged at 13200 rpm
for 5 min. Twenty microliters of supernatant was added to 100 μl of luciferase assay reagent
(Promega) and samples were measured on a luminometer for 10 s (Lumat LB 9507, EG&G
Berthold, Bad Wildbad, Germany). The relative light units (RLU) were normalized against
protein concentration in the cell extracts, measured by a BCA protein assay kit (Pierce).
Luciferase activity was expressed as relative light units (RLU/mg protein in the cell lysate).
The data were reported as mean ± standard deviation for triplicate samples. Every transfection
experiment was repeated at least twice.
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2.11 Statistical Analysis
Group data were reported as mean+/−SD. Differences between groups were analyzed by one
way analysis of variance with a Tukey post-test analysis. Levels of significance were accepted
at the P<0.05 level. Statistical analyses were performed using Prism 5 software (Graphpad
Software, Inc., San Diego, CA.)

3. Results
3.1 Formation of PAMAM-pDNA dendriplexes and loading into PLGA Microparticles using
Double Emulsion Solvent Evaporation

Figure 2 schematically shows our approach for preparing PLGA particles loaded with pDNA
and figure 3 schematically shows our approach for preparing PLGA particles loaded with
PAMAM-pDNA dendriplexes. PLGA particles loaded with pDNA were prepared using a w/
o/w double emulsion solvent evaporation technique. 0.5% (w/v) PVA solution was selected to
prepare microparticles based on a previous optimization study on microparticle fabrication. To
load dendriplexes into the PLGA microparticles, PAMAM dendrimers and pDNA were
complexed at an N:P ratio of 5 and then entrapped into the PLGA microparticles using the
same w/o/w double emulsion solvent evaporation technique as the loading of pDNA alone.

3.2 Microparticles Size, Zetapotential and Morphology of Microparticles
Figure 4a shows the microparticle size of the PLGA microparticles loaded with pDNA alone
and PLGA microparticles loaded with PAMAM-pDNA dendriplexes prepared with varying
generation levels of PAMAM dendrimers. PLGA microparticles loaded with pDNA alone had
an average size of 1.2 μm. PLGA microparticles loaded with PAMAM-pDNA dendriplexes
had an average size, ranging from 800 to 1000 nm, that was significantly lower than PLGA
microparticles loaded with pDNA alone (P<0.001). The generation of the PAMAM dendrimer
used did not have a significant impact on the average size of the PLGA microparticles loaded
with PAMAM-pDNA dendriplexes (P>0.05).

Figure 4b shows the zetapotential of PLGA microparticles loaded with pDNA alone or with
PAMAM-pDNA dendriplexes prepared with varying generations of PAMAM dendrimers.
PLGA microparticles loaded with pDNA alone showed a net negative zetapotential of −28
mV. In contrast, the zetapotential of all PLGA particles loaded with PAMAM-pDNA
dendriplexes (PG3 to PG6) was positive and the value of zetapotential increased as the
PAMAM dendrimer generation used for complexing with pDNA increased (Figure 4b).

The surface morphology of PLGA microparticles loaded with pDNA alone and PLGA
microparticles loaded with PAMAM-pDNA dendriplexes (PG3 to PG6) was examined by
scanning electron microscopy (SEM). Particle morphology was influenced by the presence of
PAMAM-pDNA dendriplexes in the inner aqueous phase. PLGA microparticles containing
pDNA alone were round spheres with a smooth surface. In contrast, many of the PLGA
microparticles loaded with PAMAM-pDNA had indentations and porous features on the
surface (Figure 5).

3.3 Release of PAMAM-pDNA Dendriplexes from PLGA Microparticles
Release of PAMAM-pDNA Dendriplexes (Figure 6) was initially fast with with 0.2 mg
dendriplexes (pDNA conc) released by 4 hrs. This was followed by a more sustained
cumulative release of 1.05 mg of pDNA by 720 hrs.
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3.4 Increases in Buffering Capacity of PAMAM-pDNA dendriplex loaded PLGA Microparticles
are correlated with the Generation of the PAMAM Dendrimer Used

The buffering capacity of the PLGA microparticles loaded with pDNA alone and PLGA
microparticles loaded with PAMAM-pDNA dendriplexes was assessed by measuring the
change in pH of a particle suspension (10mg/ml) upon addition of increasing amounts of 0.1
N HCL. As shown in figure 7, the buffering capacity of PLGA microparticles loaded with
PAMAM-pDNA dendriplexes (PG3 to PG6) is correlated with the generation level. The higher
the generation level of the PAMAM dendrimers encapsulated in the PLGA microparticles, the
more effective it is at buffering against pH changes. Similar results have been previously
reported for PAMAM dendrimers alone 11,22,24,25. This is indicated by the shift and a decrease
in the slope of the titration curves. The most significant shifts in buffering capacity were
observed in PLGA microparticles loaded with PAMAM-pDNA dendriplexes prepared using
generation 5 and generation 6 (P<0.001).

3.5 Loading PAMAM-pDNA Dendriplexes into PLGA Microparticles Results in Higher pDNA
Loading in Comparison to PLGA Microparticles Loaded with pDNA Alone

The loading efficiency of PLGA microparticles loaded with pDNA alone and PLGA
microparticles loaded with PAMAM-pDNA dendriplexes were determined by dissolving 200
mg of lyophilized particles in 2mL of acetonitrile. The pDNA and PAMAM-pDNA
dendriplexes were extracted in TE buffer (10 mM, pH 8.3). The amount of pDNA was evaluated
based on absorbance measurements using standard calibration curves. The actual loading of
PLGA microparticles loaded with pDNA alone was 3.2 μg pDNA/mg particles (Table 1).
Complex formation of PAMAM dendrimer and pDNA before encapsulation into PLGA
particles leads to an approximate 150% increase in pDNA loading relative to the pDNA alone
loading in PLGA microparticles (P<0.001). The actual loading of pDNA in PG3 to PG6
microparticles is approximately 8.1 μg pDNA/mg particles. The generation of the PAMAM
dendrimer used to complex the pDNA prior to loading in PLGA microparticles had no
significant effect on the level of pDNA loaded (P>0.05).

3.6 Evaluation of the ability of PLGA microparticles to entrap pDNA
PLGA microparticles loaded with pDNA alone or PAMAM-pDNA dendriplexes (PG3 to PG6)
were prepared as described in the materials and method section. The ability of the PLGA
microparticles to entrap pDNA was analyzed by agarose gel electrophoresis as shown in figure
8. All the PLGA microparticle formulations completely inhibit pDNA migration on the gel,
suggesting a strong pDNA entrapment capacity and/or that the entrapment of the dendriplexes
in PLGA microparticles did not cause the dendriplexes to disassociate.

3.7 Loading PAMAM-pDNA dendriplexes into PLGA microparticles reduces the cytotoxicity
associated with PAMAM dendrimers

In vitro cytotoxicity was evaluated in COS7 and HEK293 cells with increasing doses of PLGA
microparticles loaded with pDNA and PLGA microparticles loaded with PAMAM-pDNA
dendriplexes. The concentrations tested ranged from 15.6 to 250 μg of PLGA particles per
milliliter of DMEM. As shown in figure 9a and 9b, PLGA microparticles loaded with
PAMAM-pDNA dendriplexes (PG3 to PG6) had similar cytotoxicity profiles to PLGA
microparticles loaded with pDNA alone in both HEK293 and COS7 cells. No significant
difference in toxicity was observed when the generation of the PAMAM used to complex with
pDNA prior to entrapment in the PLGA microparticles was increased (P>0.05). Similar
differences in toxicity between the groups tested were observed at varying time-points (data
not shown).
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3.8 PLGA microparticles loaded with PAMAM-pDNA dendriplexes can be efficiently taken up
by HEK293 cells

Figure 10 shows cellular uptake data of fluorescence-labeled microparticles incubated with
HEK293 cells. PLGA microparticles loaded with PAMAM-pDNA dendriplexes displayed 8
fold higher uptake in cells than unmodified PLGA microparticles (P<0.001). No significant
difference in the cell uptake of PLGA microparticles loaded with PAMAM-pDNA
dendriplexes was observed for increasing generation levels of the PAMAM dendrimer
complexed with pDNA.

3.9 Loading PAMAM-pDNA dendriplexes into PLGA microparticles significantly increases
the transfection in COS7 and HEK293 cells when compared to PLGA microparticles loaded
with pDNA alone

Gene transfection mediated by PLGA microparticles loaded with pDNA alone and PLGA
microparticles loaded with PAMAM-pDNA dendriplexes was evaluated in COS7 and HEK293
cells (Figure 11a and 11b). All of the PLGA microparticles loaded with PAMAM-pDNA
poyplexes showed significantly higher transgene expression than PLGA microparticles loaded
with pDNA alone. The only exception was PG6, which in COS7 cells, generated transgene
expressions that were similar to pDNA alone (P>0.05). The transfection efficiency of PLGA
microparticles loaded with PAMAM-pDNA dendriplexes was not dependent on the generation
of PAMAM dendrimer incorporated. Among the PLGA microparticles loaded with PAMAM-
pDNA dendriplexes, the PG3 particles mediated the highest luciferase expression in both cell
lines, which was 60-fold or 27-fold higher than PLGA microparticles loaded with pDNA alone
in HEK293 or COS7 cells, respectively. PLGA microparticles loaded with PAMAM-pDNA
dendriplexes generated higher transfection efficiencies in HEK293 cells than COS7 cells.

3.10 PLGA microparticles loaded with PAMAM-pDNA dendriplexes retain high transfection
efficiencies when tested in serum containing media

Gene transfection mediated by PLGA microparticles loaded with pDNA alone, PLGA
microparticles loaded with PAMAM-pDNA dendriplexes and PAMAM-pDNA dendriplexes
alone were evaluated in COS7 cells (Figure 12). The results showed that transgene expression
generated by PAMAM-pDNA dendriplexes in serum containing media was significantly lower
than PAMAM-pDNA dendriplexes tested in serum-free media (P<0.05). The presence of
serum in the media reduced the transfection efficiency of PAMAM (G3)-pDNA and PAMAM
(G4)-pDNA dendriplexes by 279% and 838% in COS7 cells, respectively. The transgene
expression generated by PAMAM (G5)-pDNA and PAMAM (G6)-pDNA dendriplexes was
reduced by 1318% and 2127%, respectively, when transfections were carried out in serum
containing media. In contrast, no significant reduction in transfection efficiency was observed
for any of the PLGA microparticles loaded with PAMAM-pDNA dendriplexes (PG3-PG6)
when transfections were carried out in serum-containing media relative to transfections carried
out in serum-free media (P>0.05).

4. Discussion
When pDNA is delivered using liposomes or cationic polymer vectors such as
polyethylenimine, the expression of the genes is transient and the delivery systems are
frequently associated with high toxicity4,26. A potential approach to overcoming transient gene
expression and high toxicity is to utilize PLGA polymers for sustained release of pDNA1. For
example, sustained pDNA delivery using PLGA microparticles has shown significant potential
in transfecting human arterial smooth muscles27,28 and airway epithelia29. PLGA
microparticles are biodegradable, biocompatible, have the capacity to protect pDNA from
nuclease degradation and have FDA approval for several biomedical and drug delivery
applications.
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A significant challenge in the development of PLGA delivery systems has been the difficulty
of entrapping hydrophilic DNA type molecules within the hydrophobic PLGA1. Additionally
the DNA can become damaged during the encapsulation procedure or become inactivated as
a result of the acidic environment created by accumulation of oligomers within the
particles1.

A promising approach to overcoming these limitations is to utilize cationic polymers or
excipients1,4,8,10–12,15,16,30–36. Cationic polymers can be incorporated into PLGA based
microparticles using a number of approaches. PLGA and cationic polymers can be blended
and pDNA entrapped into the blended polymer mixture4,12,13. Cationic polymers can be
attached onto the surface of the PLGA microparticles and pDNA then immobilized onto the
surface of the PLGA microparticles using electrostatic interactions1,8,9,11,37. The advantage
to this approach is that pDNA is never exposed to any of the harsh manufacturing conditions
for preparation of the microparticles including exposure to organic solvents and shear forces.
A drawback to this approach is that the pDNA is not released over a sustained period of time.
Finally, pDNA can be complexed with cationic polymers and the complexes can then be loaded
into PLGA microparticles1,4. This approach compacts the pDNA providing significant
protection to the pDNA during the process of entrapment into PLGA microparticles1. We have
previously shown, using PEI as the cationic polymer, that complexing pDNA with PEI and
then loading the PEI-pDNA polyplexes into PLGA microparticles resulted in a delivery system
that generated higher transgene activity in HEK293 and COS7 cells than either conjugating
PEI to the surface of the microparticles or blending PLGA and PEI before loading pDNA into
the microparticles4.

In comparison to linear cationic polymers such as PEI or PL, PAMAM dendrimers have several
unique and advantageous features11,38,39. PAMAM dendrimers, similar to polymers such as
PEI, have amine groups capable of protonation at physiological conditions20,39. PAMAM
dendrimers are thus able to generate significant buffering capacity that allow the dendriplexes
to escape from the endosome and into the cytoplasm using the “proton sponge
mechanism”39. In comparison to polymers such as PEI, however, dendrimers are spherical,
monodisperse polymers with lower structural density in the intramolecular core39. Similar to
PEI, however, using PAMAM dendrimers as a standalone delivery system has a number of
drawbacks. Cationic polymers such as PAMAM tend to aggregate in the presence of serum
and this significantly reduces transfection efficiencies and therefore, the potential for in vivo
applications 26,40–42. Additionally, as the generation of the PAMAM dendrimer increases, so
does the cytotoxicity43–45. Given our other recent observations that complexing the cationic
polymer PEI with pDNA prior to entrapping the pDNA in the microparticles generates stronger
transgene activity in cells than conjugation of PEI to the surface of PLGA microparticles or
blending of PEI/PLGA4, we decided, for the first time, to evaluate the potential of PLGA
microparticles loaded with PAMAM-pDNA dendriplexes for applications in non-viral gene
delivery.

Negatively charged pDNA condenses and complexes with PAMAM to form a dendriplex. The
extent of dendriplex formation and condensation is a function of the charge balance in the
pDNA/dendrimer complex and commonly referred to as the nitrogen/phosphate or N/P ratio.
The negative charge on pDNA arises from the presence of an extensive phosphate (P)
backbone. For the purposes of calculating the N/P ratio, we use the average molecular weight
of the amine residue of the repeating unit in the PAMAM dendrimer to be the corresponding
number of “N” moieties per molecule.

In this approach, PAMAM-pDNA dendriplexes were prepared at an N:P ratio of 5. This N:P
ratio was selected based on previous optimization studies showing that it generated the
strongest transgene expressions in HEK293 cells and COS7 cells. The dendriplexes were then
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loaded into PLGA microparticles using a double emulsion solvent evaporation technique.
Complex formation between PAMAM dendrimer and pDNA before entrapment into PLGA
particles leads to an approximate 150% increase in pDNA loading relative to loading of pDNA
alone in PLGA microparticles (P<0.001). We presume that the increased loading is primarily
due to the reduced hydrophilicity of the pDNA when complexed with the PAMAM dendrimers
that then allows for better distribution throughout the hydrophobic PLGA matrix. Similar
results have been reported for increasing loading efficiency of pDNA in PLGA particles using
poly-L-lysine46 or in PLA particles using chitosan47. SEM analysis showed that PLGA
microparticles loaded with pDNA alone were smooth and spherical in morphology. In contrast,
when PLGA microparticles were loaded with PAMAM-pDNA dendriplexes, porous features
and indentations appeared on the surface of the microparticles. Previous studies have shown
that porous particles are formed when PEI/oligonucleotide complexes are encapsulated within
PLGA microparticles48. Higher osmotic pressure within particles may contribute to increased
surface porosity49. For example, the encapsulation of osmotically active PAMAM dendrimers,
may lead to a difference in osmotic pressure between the inner and outer aqueous phases that,
in turn may lead to an influx of water to the inner aqueous phase during the particle hardening
process. An increased inner aqueous phase volume would be expected to result in increased
porosity48,50.

Encapsulating PAMAM-pDNA dendriplexes into PLGA microparticles resulted in significant
particle size reduction (P<0.001) in comparison to PLGA particles loaded with pDNA alone.
This may have resulted from the decrease in pDNA size after condensation of pDNA by
PAMAM dendrimers. Previous studies have showed that pDNA complexed with cationic
polymers such as PEI display reduced sizes in the range of 20–200 nm51. The generation of
the PAMAM dendrimer used did not significantly change the size of the PLGA microparticles
loaded with PAMAM-pDNA dendriplexes.

The zetapotential of PLGA particles loaded with PAMAM-pDNA dendriplexes was positive
in phosphate buffered saline. In contrast, the zetapotential of PLGA microparticles loaded with
pDNA alone showed a net negative zetapotential value of −23.48 mV. This suggests that some
of the PAMAM dendrimer moieties are stably associated with the surface of the PLGA
microparticles. The zetapotential of PLGA microparticles loaded with PAMAM-pDNA
dendriplexes showed an increasing correlation with increasing generation of the PAMAM
dendrimer. An increase in dendrimer generation from G3 to G6, resulted in a zetapotential
increase from +7.29 mV to +31.65 mV. This change in zetapotential is associated with an
increase in higher positive charge density as the generation of the dendrimer increases. We
have previously shown that changing the charge of the surface of microparticles from negative
to positive significantly increases cell uptake and the incorporation of the PAMAM-pDNA
dendriplexes into PLGA microparticles is expected to have the same impact4,11. Release
profiles of PAMAM (G3)-pDNA dendriplexes clearly showed that the microparticles are
capable of providing an initially higher dose of dendriplexes followed by lower doses released
over a sustained period of time. The sustained release of the dendriplexes over the time tested
confirms that dendriplexes are distributed throughout the PLGA microparticle matrix.

The presence of primary and tertiary amines on the PAMAM dendrimer loaded in the PLGA
microparticles allowed for the microparticles to resist acidification in acid titration
experiments. This buffering capacity against pH changes is purported to lead to
endophagosomal escape into the cytoplasm through a “proton sponge mechanism”22,39.
Increases in the generation level of the PAMAM incorporated into the PLGA particles was
correlated to increases in buffering capacity. The most significant differences in buffering
capacity were observed when PAMAM dendrimers of generation 5 and 6 were used to complex
pDNA prior to entrapment in PLGA microparticles (P<0.001 in comparison to PLGA
microparticles loaded with pDNA alone). As with our previous studies on the development of
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cationic microparticles, zetapotential and buffering capacity were broadly correlated4,11.
Confirmation that pDNA or PAMAM-pDNA dendriplexes loaded into the PLGA
microparticles remained entrapped in the PLGA microparticles and that dendriplexes remained
intact after fabrication was observed through the lack of mobility of pDNA in gel
electrophoresis assays.

We used the MTT assay to make dose dependent toxicity measurements of the PLGA
microparticles loaded with pDNA alone or PAMAM-pDNA dendriplexes. PLGA
microparticles loaded with PAMAM-pDNA dendriplexes were incubated at levels
significantly above the levels used for transfection experiments (250 μg of particles per ml of
DMEM). In both HEK293 and COS7 cells, no significant difference in toxicity was observed
in comparison to the biocompatible PLGA microparticles without any PAMAM dendrimer
incorporated.

A number of studies have shown that increasing the generation and concentration of the
PAMAM dendrimer increases cytotoxicity to levels similar to that of PEI 24,43–45,52,53. In this
study, no significant differences in cytotoxicity were observed from PLGA microparticles
loaded with PAMAM-pDNA dendriplexes relative to PLGA microparticles loaded with pDNA
alone. We have previously shown that these levels of toxicity are significantly lower than those
generated by cationic polymers such as PEI 4,11. Furthermore, incorporation of PAMAM
dendrimers into biodegradable PLGA microparticles removed generation dependent
cytotoxicity of PAMAM dendrimers. We have observed similar results when PAMAM
dendrimers were conjugated to the surface of PLGA microparticles. This result suggests that
combining PLGA and PAMAM dendrimers provides an effective way to reduce PAMAM
dendrimer toxicity. A comparison of the toxicity data from our previous studies on PLGA
microparticles with PAMAM dendrimers conjugated to the surface versus PLGA
microparticles loaded with PAMAM-pDNA dendriplexes in this study reveals that loading
dendriplexes into PLGA microparticles results in a significant reduction in toxicity. This is
likely to be due to the more sustained release of PAMAM-pDNA dendriplexes from the PLGA
microparticles reducing the concentration of PAMAM dendrimer exposed to the cells at any
one time. Flow cytometry studies showed that loading PAMAM-pDNA dendriplexes into
PLGA microparticles significantly enhanced cell uptake by 8 fold in comparison to unmodified
PLGA microparticles (P<0.001). A drop in particle size from 1200 nm to approximately 800
nm was observed when comparing unmodified PLGA microparticles with PLGA
microparticles loaded with dendriplexes that could be potentially contributing to this increased
uptake. However, previous studies have shown that its likely to be the change in zetapotential
from negative to positive when incorporating dendriplexes into the PLGA microparticles that
has the strongest impact on increasing cellular uptake11. This is because positively charged
microparticles can demonstrate an enhanced interaction with the negatively charged cellular
membranes. However, increasing the generation of the PAMAM dendrimer conjugated to the
PLGA microparticles had no effect on increasing cell uptake further.

Gene transfection experiments were carried out on HEK293 and COS7 cells, which are two
model cell lines commonly used to evaluate transfection efficiency26,54. PLGA microparticles
loaded with pDNA-PAMAM dendriplexes significantly enhanced luciferase expression in
comparison to PLGA microparticles loaded with pDNA alone in both COS7 and HEK293 cell
lines. PLGA microparticles loaded with G3 PAMAM dendrimer-pDNA dendriplexes
generated the highest transgene luciferase expression. In contrast to PAMAM dendrimers
alone, however, increasing the generation of the PAMAM dendrimer complexed with pDNA
and loaded into the PLGA microparticles did not increase luciferase transgene expression. This
result was observed in both HEK293 and COS7 cell lines. Lower generation PAMAM
dendrimers are cheaper, easier to synthesize, less toxic and have longer circulation times38,
43–45,55. Thus, the ability to generate the highest transfection efficiencies using G3 PAMAM
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dendrimers complexed with pDNA and loaded into PLGA microparticles will have significant
translational benefits. These results are also consistent with ours and others previous studies
in which zetapotential and buffering capacity of PAMAM dendrimers do not necessarily
correlate with transfection efficiencies11,18,38,56. The increase in transfection efficiency
generated by PLGA microparticles loaded with PAMAM-pDNA dendriplexes in comparison
to PLGA microparticles loaded with pDNA alone is therefore related to increased pDNA
loading, protection of pDNA during loading, and sustained release of pDNA-PAMAM
dendriplexes. The positively charged PLGA microparticles are also likely to have increased
interactions with the cell surface. Although buffering capacity may enhance transfection to
some degree, our results indicate that it is not the dominant parameter in enhancing transfection
efficiency with this delivery system.

Another parameter that can significantly impair the transfection efficiency of cationic polymer-
pDNA dendriplexes is the presence of serum. Serum can cause aggregation of cationic
polymer-pDNA dendriplexes and reduced uptake by endocytosis. This results in reduced
transfection efficiencies and is a major limitation for adapting cationic polymer based non-
viral delivery systems for in vivo applications57,58. We tested the transfection efficiency of
PLGA microparticles loaded with PAMAM-pDNA dendriplexes and PAMAM-pDNA
dendriplexes alone in serum free media and serum containing media. The transgene expression
generated by PAMAM-pDNA dendriplexes alone in serum-free media was significantly higher
than the transgene expression generated when transfections were carried out in serum-
containing media. In contrast, there is no significant difference in the transgene expression
generated by PLGA microparticles loaded with PAMAM-pDNA dendriplexes in serum-free
or serum containing medium (P>0.05). These results indicated that loading PAMAM-pDNA
dendriplexes into PLGA microparticles can reduce the direct interaction between anionic
components in serum and cationic PAMAM-pDNA dendriplexes. The ability of a non-viral
gene delivery vector to generate equivalent transfection efficiencies in serum free and serum
containing media increases the potential for translational applications in vivo.

5. Conclusions
PLGA particles have significant potential for generating sustained transgene expression.
Loading pDNA into the PLGA microparticles generates non-viral vectors with poor
transfection efficiencies. Cationic polymers such as PAMAM dendrimer can generate high but
transient transgene expression. However, higher generation PAMAM dendrimers alone are
toxic and all PAMAM dendrimers display reduced transfection efficiencies in the presence of
serum. Loading PAMAM-pDNA dendriplexes into PLGA microparticles generates a delivery
system that has several advantages over either PLGA microparticles alone or PAMAM
dendrimers alone. PLGA microparticles loaded with PAMAM-pDNA dendriplexes have
desirable cytotoxicity profiles similar to PLGA microparticles alone, have higher cell uptake
than PLGA microparticles alone, provide sustained release of PAMAM-pDNA dendriplexes,
have higher loading efficiencies of pDNA and generate strong transfection efficiencies in
serum free or serum containing media. PLGA microparticles loaded with PAMAM-pDNA
dendriplexes are therefore likely to have significant translational potential for applications in
RNA, DNA and oligonucleotide delivery.
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Figure 1.
Structure of poly (lactic-co-glycolic acid) (PLGA) and PAMAM dendrimers with
ethylenediamine core.
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Figure 2.
Schematic of preparation of PLGA microparticles loaded with plasmid DNA alone.
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Figure 3.
Schematic of preparation of PLGA microparticles loaded with PAMAM-pDNA dendriplexes.
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Figure 4.
Particle size and zeta potential of PLGA microparticles loaded with PAMAM-pDNA
dendriplexes (PG3 – PG6). Particle size (a) and zeta potential (b) of PLGA microparticles
loaded with PAMAM-pDNA dendriplexes. Data is represented as the mean ± standard
deviation (n=3).
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Figure 5.
SEM images show the morphology of all the PLGA microparticles loaded with PAMAM-
pDNA dendriplexes is smooth and spherical in appearance with porous features intermittently
spread throughout the surface.
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Figure 6.
PAMAM (G3)-pDNA dendriplex release profiles from PLGA microparticles determined using
UV spectrophotometry and the picogreen assay reagent (averages representative of 8
measurements + SD).
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Figure 7.
Acid titration experiments with 0.1 N HCL to demonstrate the buffering ability of PLGA
microparticles loaded with pDNA alone and PLGA microparticles loaded with PAMAM-
pDNA dendriplexes. The data shows significantly increased buffering of PLGA microparticles
loaded with PAMAM-pDNA dendriplexes when compared to PLGA microparticles loaded
with pDNA alone.
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Figure 8.
The ability of PLGA microparticles loaded with PAMAM-pDNA dendriplexes to prevent
pDNA migration was analyzed on agarose gel stained with ethidium bromide.
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Figure 9.
A) Cytotoxicity study of PLGA PAMAM (PG3 to PG6) pDNA particles in HEK293 cell lines.
Cell viabilities were evaluated by MTT assay as described in the experimental section. Data
is represented as the mean ± standard deviation (n=6). B) Cytotoxicity study of PLGA PAMAM
(PG3 to PG6) pDNA particles in COS-7 cell lines. Cell viabilities were evaluated by MTT
assay as described in the experimental section. Data is represented as the mean ± standard
deviation (n=6).
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Figure 10.
Flow cytometry data of fluorescence-labeled particles that have been incubated with HEK293
cells. The cellular uptake of the PAMAM –pDNA dendrimers alone or PLGA microparticles
loaded with PAMAM dendriplexes are presented as percentage of fluorescence-labeled cells
(n=3 per group).
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Figure 11.
A) PLGA pDNA and PLGA PAMAM-pDNA (PG3 to PG6) particles mediated gene
transfection in COS7 cells. Particles were incubated with cells at a concentration of 0.2mg/
well with a target pDNA dose of 1μg/well. Cell harvesting and luciferase assays were
performed 48h after transfection as described in the materials and methods section. Data is
represented as mean ± standard deviation (n=3). All the PLGA particles loaded with PAMAM-
pDNA polyplexes exhibited efficient gene delivery in COS-7 cells. B) PLGA pDNA and PLGA
PAMAM pDNA (PG3 to PG6) particles mediated gene transfection in HEK293 cells. Particles
were incubated with cells at a concentration of 0.2mg/well with a target pDNA dose of 1μg/
well. Cell harvesting and luciferase assays were performed 48h after transfection as described
in the materials and methods section. Data is represented as mean ± standard deviation (n=3).
All the PLGA PAMAM pDNA particles exhibited efficient gene delivery in HEK293 cells.
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Figure 12.
Effect of serum on transgene expression of PLGA microparticles loaded with pDNA alone and
PLGA microparticles loaded with PAMAM-pDNA (PG3 to PG6) dendriplexes in COS7 cells
in serum-free media (Black bar) or media containing 10% serum (Gray bar). Microparticles
were incubated with cells at a concentration of 0.2mg/well with a target pDNA dose of 1μg/
well. Cell harvesting and luciferase assays were performed 48h after transfection as described
in the materials and methods section. Data is represented as mean ± standard deviation (n=3).
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Table 1

pDNA loading in PLGA microparticles (Averages representative of 3 measurements ± standard deviation).

pDNA actual loading (μg DNA/mg particles)

PLGA/pDNA 3.2±0.3

PG3 8.0±0.2

PG4 8.0±0.1

PG5 8.2±0.3

PG6 8.2±0.2
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