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Plasmid DNA was directly encapsulated into biocompatible polymer microparticles via radical
polymerization in an inverse emulsion system. Acrylamide-based microspheres 0.2-1 µm in diameter
were prepared using an acid-cleavable difunctional monomer. Retention of the DNA payload at
physiological pH with complete release under acidic conditions at lysosomal pH was demonstrated.
By trapping the plasmid DNA within the cross-linked microparticle, enzymatic degradation was
prevented when exposed to serum nucleases. For vaccine development, these delivery vehicles were
also investigated for their ability to generate immune responses when delivered to phagocytic cells of
the immune system. Encapsulated plasmid DNA demonstrated immunostimulatory activity in
macrophages, leading to cytokine secretion of IL-6 with a response ∼40-fold higher than that achieved
with DNA alone.

INTRODUCTION

Recent advances in polymeric drug delivery have
focused on the encapsulation of biomolecules, such as
protein, peptide, and DNA antigens, in microgel and
hydrogel systems (1-3). DNA is a promising therapeutic
for use in gene therapy applications (4) but may also be
applicable as a coadjuvant for protein-based vaccines to
stimulate the immune system (5, 6). It is well-known that
bacterial DNA is recognized by vertebrate immune
systems as foreign and elicits a response, such as the
release of cytokines or antimicrobial agents (7-10).
Characteristics of bacterial DNA responsible for this
activity are the higher frequency of CpG dinucleotides
within the sequence as compared to vertebrate DNA, as
well as the presence of unmethylated cytosine bases (11,
12). Both plasmid DNA and short oligonucleotides have
been shown to elicit an immune response in vertebrate
systems (12-15); the incorporation of unmethylated
bases is accomplished for oligonucleotides using the
standard cytosine monomer during solid-phase chemis-
try, and for plasmid DNA through bacterial transforma-
tion. The sequence of these antigens can be selected to
either provoke or prevent an immune response as desired
(14-17). Delivery of immunostimulatory DNA results in
the release of inflammatory triggers such as IL-6, IL-12,
TNF-R, and IFN-γ. These cytokines are crucial in the
maturation and activation of T cells and dendritic cells
(18).

Encapsulation of plasmid DNA provides protection
from nuclease degradation in the serum and can aid in
directing its delivery to target cells, phagocytes. Current
delivery vehicles for DNA-based therapeutics include
cationic liposomes, lipoplexes, and polymer complexes
(19-31). Many of these systems require the use of
cationic polymers to entrap plasmid DNA via an electro-
static interaction with the negatively charged backbone,

in addition to a neutral component to mitigate the toxicity
effects. However, by using a cross-linked microparticle,
we are able to encapsulate plasmids physically, rather
than electrostatically, and without the use of polycations,
which also allows this delivery system to be compatible
with biomolecules of other charged states such as pro-
teins. Previously, much attention has been focused on
biodegradable systems, such as poly(lactic-co-glycolic
acid), which release DNA via hydrolysis of the polymer
chains (32-37). The ester backbone of these micropar-
ticles readily degrades under basic conditions and much
more slowly under physiological pH. As the particles
circulate throughout the body, a slow release of the
encapsulated payload is observed. In contrast, we chose
to design a polymer-based system that would exhibit
minimal degradation in the serum at pH 7.4 until the
particles encounter an acidic environment. Once inter-
nalized in lysosomal compartments of the desired cell
type, the particles would rapidly degrade and deliver the
encapsulated antigen.

Taking advantage of the pH differential between serum
(pH 7.4) and the lysosome (pH 5.0), we have recently
developed a new strategy for the delivery of protein-based
vaccines using an acid-degradable microbead (38, 39).
Given their size of roughly 500 nm in diameter, the cross-
linked microparticles should not be readily taken up by
most cells. Instead, phagocytic cells such as macrophages
and dendritic cells, which play a key role in the activation
and maturation of the immune system, selectively ingest
the microparticles, delivering the particle and its encap-
sulated payload to a lysosomal compartment within the
cell. Cross-linked with a pH sensitive linker, the polymer
microbead degrades in the acidic environment, resulting
in an increase in osmotic pressure within the compart-
ment and leading to lysosomal disruption, thus providing
cytoplasmic delivery of the encapsulated biomolecule
intact. Protein delivery using this microbead system has
been successful at demonstrating class I antigen presen-
tation with macrophages through the activation of cyto-
toxic T cells, a necessary step in vaccine development.
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Therefore, it would be beneficial to combine the T cell
activation ability of immunostimulatory DNA with these
protein microparticles to further enhance the effective-
ness of protein vaccines. Here, we extend the versatility
of our acid-sensitive polymer microparticle by investigat-
ing the encapsulation and release of plasmid DNA in
macrophages and examining the immunostimulatory
effects as a next step in microparticle vaccine strategies.

MATERIALS AND METHODS

Reagents and Materials. â-Galactosidase reporter
plasmid (pSV-â-gal vector, Promega, Madison, WI) was
amplified by bacterial transformation with DH5R (Invit-
rogen, Carlsbad, CA) competent cells in Luria broth
(Sigma, St. Louis, MO) and purified using a Qiagen Mega
kit (Qiagen, Valencia, CA). Double-stranded DNA quan-
tification assays were performed using PicoGreen (Mo-
lecular Probes, Eugene, OR). Absorbance and fluores-
cence readings were taken on a SPECTRAmax 190 and
a SPECTRAmax Gemini XS, respectively, microplate
reader (Molecular Devices, Sunnyvale, CA). Macrophage
cell lines RAW 309.1CR and RAW 264.7 and 293T kidney
cells (ATCC, Manassas, VA) were prepared by the
University of California Tissue Culture/Media Facility
by plating at the density indicated and then incubating
overnight at 37 °C and 5% CO2 before use.

Polyacrylamide Microparticle Synthesis. Micro-
particles were prepared by inverse microemulsion po-
lymerization using a modification of a previously pub-
lished procedure (38). â-Galactosidase reporter plasmid
was dissolved in 400 µL of 300 mM sodium phosphate
buffer pH 7.4 along with acrylamide (100 mg, 1.4 mmol),
an acid labile cross-linker N,N′-bisacryloylbis(2-amino-
ethoxy)-[4-(1,4,7,10-tetraoxaundecyl)phenyl]methane (38)
(2) (25 mg, 0.052 mmol, 3.6 mol %), and potassium
persulfate (6 mg, 0.022 mmol) as the initiator. The
organic phase consisted of 4 mL of hexane containing 120
mg of a 3:1 weight ratio of Span 80 (sorbitan monooleate)
and Tween 80 (poly(ethylene glycol)-sorbitan monooleate).
The emulsion was prepared by sonicating the two phases
for 30 s using a Branson Sonifier 450 with an output
setting of 2 and a duty cycle of 40%. Polymerization
initiated by the addition of 25 µL of N,N,N′,N′-tetra-
methylethylenediamine (TMEDA) to the stirred mixture
was continued for 10 min at room temperature before
recovering the microparticles by centrifugation. The
particles were washed twice with hexane to remove
residual surfactant and then with acetone and finally
dried under vacuum overnight. The particles were ana-
lyzed by scanning electron microscopy using a WDX ISI-
ds130C instrument (Microspec Corporation, Inc.) at 15
kV.

Nondegradable beads encapsulating plasmid DNA
were prepared in similar fashion, using the same wt %
of cross-linker. For this set of microparticles, the aqueous
phase consisted of acrylamide (100 mg, 1.4 mmol), N,N′-
methylenebisacrylamide (25 mg, 0.162 mmol), and 0.50
mg of the â-galactosidase reporter plasmid in 400 µL of
300 mM sodium phosphate buffer pH 7.4 along with
initiating species.

Determination of Plasmid DNA Loading. The
plasmid DNA-loaded particles were washed by dispersing
the particles in 300 mM sodium phosphate buffer at pH
7.4 at a concentration of 5 mg/mL using a series of
sonication and vortex steps. The particles were collected
as a pellet by centrifuging for 10 min. The wash super-
natant was removed by pipet, and an equivalent volume
of acidic buffer (pH 5.0, 300 mM acetic acid) was added

to maintain the concentration. The sample was then
heated overnight at 37 °C, and the hydrolyzed solution
was analyzed for the concentration of double-stranded
DNA using PicoGreen. All loadings were determined in
triplicate.

pH Dependent Release. Plasmid-loaded micropar-
ticles were washed with 300 mM sodium phosphate pH
7.4, as described above, at a concentration of 5 mg/mL.
The wash supernatant was removed, and either sodium
phosphate buffer, pH 7.4, or acetic acid buffer, pH 5.0,
was added, and the particle solutions were incubated at
37 °C. After the desired time point, the beads were
collected by centrifugation and the supernatant removed.
Any remaining particles were hydrolyzed at 37 °C
overnight in acidic buffer, and both the supernatants and
the hydrolyzed solutions were analyzed for the concen-
tration of double-stranded DNA. All samples were per-
formed in triplicate. The percent release was defined as
the ratio of the concentration of DNA in the hydrolyzed
solution compared to that found in both the hydrolyzed
and supernatant solutions.

Microparticle Toxicity. RAW 309.1CR macrophages
were plated at a cell density of 5 × 104/well in a 96-well
format. Microparticles with DNA loadings of 0 (empty
beads), 0.88, 2.14, and 4.29 µg plasmid DNA/mg bead
were suspended in Dubelcco’s Modified Eagle Medium
(DMEM) at a concentration of 10 mg/mL. An aliquot of
the bead solution was added to the cells, along with
DMEM containing 10% fetal bovine serum (FBS) to give
a final volume of 100 µL with an overall concentration
of 5% FBS and 0.5 to 5 mg of beads/mL. After being
incubated overnight at 37 °C and 5% CO2, the superna-
tant was aspirated, and the cells were washed three
times with DMEM to removed any remaining beads from
the wells. To each well, 100 µL of DMEM + 10% FBS
was added, and the cells were incubated for an additional
24 h. Toxicity was measured using the MTT assay (40);
briefly, the supernatant was aspirated, and 100 µL of
DMEM + 10% FBS along with 20 µL of a 5 mg/mL
solution of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yl-2H-tetrazolium bromide) in medium were added to
each well. The cells were incubated for 4 h at 37 °C and
5% CO2, after which time the supernatant was removed,
and the MTT crystals were dissolved in 200 µL of
dimethyl sulfoxide (DMSO). The purple solutions (10 µL)
were further diluted with 190 µL of DMSO and 25 µL of
a glycine buffer (0.1 M glycine, 0.1 M NaCl, pH 10.5).
The concentration of MTT was determined by measuring
the UV absorbance at 570 nm.

Nuclease Stability of Encapsulated Plasmid. Mi-
croparticles with a loading of 2.14 µg DNA/mg bead were
suspended in DMEM + 10% FBS to give a final concen-
tration of 5 mg of beads/mL. The solutions were incubated
at 37 °C for the desired time (0, 0.5, 1, and 2 h), and then
the microparticles were collected by centrifugation. The
supernatant was decanted, and the pelleted beads were
washed with 300 mM sodium phosphate buffer pH 7.4
to remove the color from residual medium, as well as any
fragmented DNA. Finally, the microparticles were incu-
bated overnight at 37 °C in 300 mM acetic acid buffer
pH 5.0 to fully release any remaining plasmid DNA. The
stability for a given time point was calculated as the
concentration of double-stranded DNA in the hydrolyzed
beads compared to the concentration determined at 0 h.
DNA released from the exposed beads was analyzed by
agarose gel electrophoresis.

Fluorescence Microscopy. Microscopy studies were
performed with both degradable and nondegradable,
dextran-encapsulated microparticles. For degradable
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beads, fluorescein-labeled dextran (5 mg, FITC-dextran,
MW 70 kDa, Molecular Probes) was encapsulated using
the inverse emulsion polymerization procedure described
above using the acid sensitive cross-linker, N,N′-bisacryl-
oylbis(2-aminoethoxy)-[4-(1,4,7,10-tetraoxaundecyl)phenyl]-
methane (38). FITC-dextran microparticles were also
prepared using 25 mg of N,N′-methylenebisacrylamide,
a nondegradable cross-linker. Scanning electron micro-
graphs of both samples showed spherical beads of similar
size to the DNA-loaded microparticles. RAW 264.7 cells
were prepared in a 24 well plate with cover slips at a
density of 3 × 105 cells/well. The beads were suspended
in DMEM + 10% FBS (5 mg/mL), and the solution
delivered to the cells with additional medium to give a
final volume of 1 mL and a final concentration of 0.25
mg beads/mL. After incubation overnight, the superna-
tant was aspirated, and the cells were washed five times
with DMEM. DMEM + 10% FBS (1 mL) was then added
to the cells, and they were allowed to grow for another
24 h. The cells were washed five times with phosphate-
buffered saline (PBS, Gibco) and fixed to the cover slips
by the addition of 1 mL per well of a paraformaldehyde
solution. The cells were incubated for 10 min at room
temperature and then washed twice with PBS. To
prepare the paraformaldehyde solution, 1.5 g of paraform-
aldehyde was dissolved in 20 mL of H2O and 20 µL of 10
M NaOH that was previously equilibrated to 56 °C. The
solution was cooled to room temperature, and 25 mL of
H2O and 5 mL of 3 M sodium phosphate were added. The
resulting solution was brought up to pH 10.5 using 10
M NaOH, sterilized by passing it through a 0.22 µm filter,
and stored at 4 °C until needed. Micrographs were taken
with a Nikon Eclipse TE300 inverted microscope, equipped
with a Nikon Plan Fluor 40×/0.60 objective and the
appropriate excitation/emission filters (494 nm/519 nm).

Transfection Studies. Plasmid-encapsulated beads
(60 mg) were hydrolyzed by incubating them overnight
in 3 mL of 300 mM acetic acid pH 5.0. The resulting
plasmid was recovered by first passing the hydrolyzed
solution through a Nap-25 column (Amersham, Piscat-
away, NJ) that had been equilibrated with water. Frac-
tions displaying a UV absorbance at 260 nm were
reduced in volume and then isolated again using a
Qiagen Tip-20. 293T kidney cells were plated at a density
of 6 × 104 cells/well in a 24-well plate. To each well, 500
µL of DMEM + 10% FBS was delivered along with 100
µL of a solution containing either original or isolated
plasmid DNA (0.25 or 0.5 µg total) in OPTI-MEM (Gibco),
in which the DNA had been complexed with 5 µg of
Lipofectamine 2000 (Invitrogen) for 15 min. Control wells
contained either medium alone or DNA without trans-
fection agent. The cells were incubated overnight at 37
°C and 5% CO2. The cells were aspirated, and 400 µL of
Z buffer (41) was delivered to each well and incubated
for an additional 6 h. The supernatant was transferred
to a 96-well plate, and â-galactosidase activity was
determined by monitoring the UV absorbance of the
hydrolyzed phenolate at 570 nm. The Z buffer was made
according to literature (41): 100 µM 2-mercaptoethanol,
9 mM MgCl2, 0.125% NP-40 (Sigma), and 0.15 mM
sodium chlorophenol red â-galactopyrandoside (CPRG,
CalBioChem, San Diego, CA) in PBS.

IL-6 ELISA. A 96-well plate of RAW 264.7 macroph-
ages at a density of 2 × 104 cells/well was incubated
overnight with 100 µL of a 5 mg/mL solution of micro-
particles in DMEM + 10% FBS. Microparticles with DNA
loadings of 0 (empty beads), 0.88, 2.14, 4.29 µg plasmid
DNA/mg bead made with degradable and nondegradable
cross-linkers were analyzed. Control wells consisted of

untreated cells and cells with plasmid DNA alone. The
media was diluted 5-fold and analyzed using an IL-6
ELISA kit (Pierce, Rockford, IL). Absorbance values were
measured at λ ) 450 nm and corrected using λ ) 550
nm as a background reference. IL-6 concentrations were
calculated using a standard curve.

RESULTS AND DISCUSSION

Synthesis of Polyacrylamide Microparticles. Mi-
croparticles prepared using inverse microemulsion po-
lymerization (42, 43) were successfully loaded with
plasmid DNA. The â-galactosidase reporter plasmid
(pSV-â-gal, Promega, 6820 bp) was dissolved in aqueous
buffer along with acrylamide 1 and 3.6 mol % of a
bisacrylamide acetal cross-linker 2 (Scheme 1). This
cross-linker was previously shown to be readily incorpo-
rated with acrylamide under free radical polymerization
conditions to produce protein-loaded microparticles (38).
The aqueous phase was dispersed in hexane containing
3% (w/v) surfactants (Span 80/Tween 80) using sonica-
tion. These neutral surfactants do not coordinate the
phosphate backbone of DNA, as would ionic surfactants,
thus resulting in disruption of the inverse emulsion. The
radical polymerization was initiated using potassium
persulfate and TMEDA, effectively trapping the plasmid
inside the cross-linked beads, 3. Following the synthesis,
plasmid-loaded particles 3 were washed with excess
solvent and dried under vacuum, with yields ranging
from 50 to 85%. While these polymerization conditions
were mild enough for protein encapsulation as shown
previously, further analyses were performed to validate
the stability and integrity of the encapsulated plasmid
DNA.

The isolated microbeads were analyzed in the dry state
using scanning electron microscopy (Figure 1). Ranging
from 0.2 to 1 µm in diameter, plasmid-loaded micropar-
ticles displayed similar surface characteristics to beads
that contained no DNA. This size is appropriate for
targeting delivery to macrophages, which readily ingest
particles of 0.5-1 µm (44).

Microparticle Loadings and DNA Integrity. The
concentration of plasmid DNA in the microparticles was
determined by first washing the microparticles in 300
mM sodium phosphate at pH 7.4. A small amount of
plasmid DNA is detected in this washing step, corre-
sponding to the removal of DNA that is physisorbed to
the surface of the microparticle. The sample was then
heated overnight at 37 °C in an acidic buffer to fully

Scheme 1. Synthesis of Plasmid-Loaded Microparti-
cles
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hydrolyze the acetal cross-links, releasing linear poly-
acrylamide chains, a tri(ethylene glycol)-functionalized
benzaldehyde, and plasmid. The concentration of double-
stranded DNA in the acidic buffer was determined using
PicoGreen (Table 1).

An initial loading of 2.0 µg/mg of plasmid DNA on a
125 mg scale was used in the synthesis of the acid-
degradable microparticles. After the beads were washed
and isolated, a loading of 0.88 µg of DNA/mg of polymer
was determined, giving an encapsulation efficiency of
44%. Increasing the concentration of plasmid in the
polymerization mixture to 4.0 and 8.0 µg/mg produced
higher DNA loadings within the resulting microparticles.
While the encapsulation efficiency remained fairly con-
stant, the amount of DNA found encapsulated in the
particles roughly doubled for each 2-fold increase in the
initial concentration, with the largest loading being
slightly higher than those reported with PLGA particles
of comparable size (36, 37).

Having successfully encapsulated plasmid DNA in
microparticles, we next sought to verify that the structure
of the released DNA remained intact. Should the DNA
be degraded into smaller fragments during the course of
the polymerization procedure, the fragments could diffuse
out of the microparticle prior to phagocytosis and hy-
drolysis. Also of interest is preserving the tertiary
structure of the plasmid. Possible detrimental conditions
prevailing during the microparticle polymerization and
subsequent acidic degradation include sonication to form
the emulsion, reactions involving free radicals, and the
use of a treatment at pH 5.0, 37 °C, for 18 h. In other
microparticle formulations, plasmid DNA has been shown
to be sheared during sonication in addition to being
susceptible to cleavage and degradation during homog-
enization or drying steps (37, 45, 46). Therefore, DNA
recovered from our polyacrylamide microparticles after
acidic cleavage of the acetal cross-linkers was analyzed
by agarose gel electrophoresis to investigate its integrity
(Figure 2). The original plasmid DNA, prepared by
bacterial transformation, is shown in lane 2; the upper
band corresponds to the open circular form of isolated
plasmid DNA and the lower to the supercoiled structure,
as it is more compact and therefore migrates faster
through the agarose gel. After the polymerization and
hydrolysis steps, the plasmid DNA is composed mostly

of the open circular form, with some linear and super-
coiled structures as also seen in lane 3. A double
restriction digest of each of these samples yielded identi-
cal linear fragments, another indication that the double-
stranded DNA remained unchanged during the poly-
merization procedure and that only the tertiary structure
is affected by the processing conditions. While the tertiary
structure of plasmid DNA has not been studied with
respect to its immunostimulatory efficiency, it has been
shown that open circular and supercoiled DNA have
roughly equivalent transfection capabilities (47, 48).

To verify the activity of the plasmid DNA, the trans-
fection ability of the recovered plasmid was evaluated
using 293T kidney cells. Control DNA, as well as plasmid
recovered from hydrolyzed microparticles, was complexed
with Lipofectamine 2000, a commercially available trans-
fection agent. From the agarose gel analysis described
above, the isolated plasmid is mostly in the open circular
form, whereas the original sample of DNA is mostly
supercoiled (Figure 2). Both of these structures are
capable of undergoing transcription in cells, but not,
however, the linear species that are present in the
recovered plasmid (47, 48). Figure 3 depicts the trans-
fection results of the DNA complexes with 293T kidney
cells. Untreated cells or wells with DNA alone showed
no â-galactosidase activity. For DNA-Lipofectamine
assemblies, there is a minor decrease in the transfection
ability of the isolated plasmid compared to the original
DNA vector, most likely due to the presence of a small
amount of linear plasmid in the isolated DNA sample.
Encapsulated DNA is capable of transfection, as only the
tertiary structure of the plasmid is altered by the
polymerization and hydrolysis procedures. The inverse

Figure 1. Scanning electron micrograph of plasmid-loaded
microparticles. 15 kV, 20 000 ×. Scale bar represents 500 nm.

Table 1. Plasmid DNA Loading in Microparticles

initial DNA loading
(µg/mg polymer)

observed loading
(µg/mg polymer)

encapsulation
efficiency, %

2.0 0.88 ( 0.15 44
4.0 2.14 ( 0.15 53
8.0 4.29 ( 0.17 54

Figure 2. Analysis of released DNA by agarose gel electro-
phoresis. Lane 1: Lambda Hind III ladder, fragment size (bp)
given to the left. Lane 2: original plasmid DNA. Lane 3: DNA
recovered from microbeads after acid hydrolysis. Conditions: 1%
agarose, 75 V for 1 h, stained with ethidium bromide.

Figure 3. Transfection of 293T Cells. â-Galactosidase activity
was measured as the absorbance of hydrolyzed CPRG for control
(shaded) and recovered DNA (open), complexed with Lipo-
fectamine 2000.
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microemulsion polymerization technique described herein
is compatible with both DNA and proteins (38), making
possible future studies in vaccine delivery involving the
encapsulation of biomolecules that vary by function
(specific T cell activation, immunostimulation, or anti-
sense) and classification (protein, DNA, or RNA).

Nuclease Stability of Encapsulated Plasmid. Sta-
bility of the microparticles at pH 7.4 is also important
as the polymer scaffold functions to protect the encap-
sulated plasmid. Within 5 min of exposure to serum
nucleases, plasmid DNA begins to break down rapidly
and is completely degraded within 1 h (49); at pH 7.4,
however, the DNA does not diffuse out of the micropar-
ticle as demonstrated in the release experiments. The
pores of the microparticle are small enough to keep the
plasmid DNA encapsulated until the delivery vehicle
reaches the acidic environment of the phagolysosome.
The serum stability of the plasmid microparticles was
investigated to determine whether nucleases could enter
the microparticle and degrade the DNA. To demonstrate
that the microparticles actually protect the encapsulated
DNA, the beads were exposed to serum nucleases by
combining them with Dubelcco’s modified Eagle medium
containing 10% fetal bovine serum at 37 °C (Figure 4).
The amount of DNA remaining in the beads was ana-
lyzed. Any degradation of the plasmid by the nucleases
present in this medium would result in small, linear
fragments. Since short DNA sequences cannot be re-
tained, they would readily diffuse out of the particles.
However, no appreciable decrease in the concentration
of double-stranded DNA was observed with the plasmid-
encapsulated particles and thus, no degradation of the
DNA was observed over a period of 2 h. Additionally,
when analyzed by agarose gel electrophoresis, no change
was detected for the DNA recovered from microparticles
that had been exposed to serum nucleases.

The toxicity of the beads was tested in RAW 309
macrophages. The cells were >65% viable for all samples
tested, even at concentrations as high as 5 mg of beads/
mL. There were minimal toxicity differences between
polymer microparticles and plasmid-loaded particles.
While polyacrylamide itself is nontoxic, the effects of the
aldehyde byproducts of the degradation have yet to be
examined (50).

pH Dependent Release of Plasmid Encapsulated
Microparticles. The pH dependence of DNA release
from the microparticles was evaluated by incubating the
microbeads at 37 °C in pH 7.4 sodium phosphate buffer
or pH 5.0 acetic acid buffer. After the desired time point,
the beads were collected by centrifugation and the
supernatant analyzed for DNA (Figure 5). At physiologi-
cal pH, there was an initial burst release of 10%,
indicating that some of the DNA is not fully encapsulated
within the beads. Additional incubation at neutral pH
showed no further release of DNA since the pores of the

cross-linked microparticles are too small to allow for
diffusion of the plasmid out of the beads. Presumably
then, the microparticles would not release the DNA
payload until the microparticle hydrolyzed in an acidic
environment.

Under acidic conditions, however, full release of the
DNA is achieved within 2 h at pH 5. The hydrolysis
kinetics of acetal cross-linkers similar to 2 have been
measured previously with a half-life of 24 h at pH 7.4
and only 5 min at pH 5.0 (39). The release of plasmid
from the microbeads is slower, as would be expected given
their incorporation in a cross-linked network.

Fluorescence Microscopy Studies. A key issue with
DNA delivery is its distribution within the cellular
environment. To examine where the payload is delivered
in a macrophage, polyacrylamide microparticles were
prepared encapsulating fluorescently (FITC) labeled dex-
tran, MW 70 kDa. Dextran was labeled instead of DNA
because fluorescent tags for DNA may dissociate and
intercalate into cellular DNA, giving misleading results
as to the location of the encapsulated biomolecule.
Particles with degradable and nondegradable cross-
linkers were prepared and added to RAW 264.7 mac-
rophages. After incubation overnight, the cells were
examined by phase contrast mode and with fluorescein
excitation (Figure 6). Cells alone showed no autofluores-
cence. In contrast, cells treated with beads containing the
acid sensitive cross-linker showed a diffuse fluorescence
in the cytoplasm, (B), indicating that the acid labile
linkage degraded in the lysosome and released the
fluorescently labeled payload into the cytoplasm with no

Figure 4. Nuclease stability of plasmid-encapsulated micro-
particles.

Figure 5. pH dependent release of plasmid DNA from micro-
particles at 37 °C.

Figure 6. Fluorescence microscopy of macrophages. Phase
contrast and fluorescence images of dextran-loaded micropar-
ticles with a degradable (A, B, respectively) and a nondegradable
(C, D) cross-linker.
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migration of the FITC-dextran to the nucleus. Nonde-
gradable beads made with N,N′-methylenebisacrylamide
as the cross-linker showed a much more punctate fluo-
rescence (D), indicating that the FITC-dextran remained
localized in the lysosome of the cell. The nondegradable
beads are readily phagocytosed by the macrophages, but
are sequestered in the lysosome as the particles possess
no synthetic switch to initiate lysosomal escape.

IL-6 ELISA. Differences between bacterial and ver-
tebrate DNA are recognized by vertebrate immune
systems such that bacterial DNA will invoke a general
immune response that can be characterized by the
secretion of interleukins, radicals, and prostraglandins.
The cytosine residues of bacterial DNA are not methy-
lated as they are in vertebrates. In addition, there is a
6-fold increase in the percentage of CG motifs in bacterial
DNA, typically ∼1.2% in vertebrate and 6-7% in bacte-
rial plasmids (15). The â-galactosidase plasmid sequence
used in these studies contains 6.7% of the CpG dinucle-
otide and therefore should be capable of inducing an
immune response in macrophages.

This response is mediated by a Toll-like receptor,
TLR9, which is thought to be located within the lysosome
or on the cell surface (51-53). Receptor binding of TLR9
on the cell surface can only be accomplished by DNA that
is located on the outside of the particle, as there is
negligible release observed at neutral pH in the extra-
cellular environment. However, if the TLR9 is recruited
to the lysosome, then an immunostimulatory response
should be observed when plasmid encapsulated micro-
particles are delivered to cells, as it has been discussed
above that the DNA will be released when it encounters
the acidic environment of the phagolysosome. Upon
interaction of the encapsulated plasmid with TLR9,
macrophages secrete IL-6 to mediate the growth and
differentiation of T cells, a vital component of vaccine
treatment.

To examine the immunostimulatory properties of the
plasmid-loaded microparticles, RAW 264.7 macrophages
were incubated overnight with 1 µg of naked plasmid or
50 µg of plasmid microbeads of various loadings. Non-
degradable beads with an initial loading of 2.0 µg/mg of
plasmid DNA were also tested. It was not possible to
determine the true loading of these microparticles, as
they are not capable of acidic degradation so the DNA
cannot be recovered. Assuming a similar encapsulation
efficiency as with the degradable system, the final loading
of these beads should correspond to the medium-loaded
beads in which 0.10 µg of plasmid were delivered per well.
The supernatant was analyzed for interleukin-6 (IL-6)
production using an ELISA kit (Figure 7). Beads encap-
sulating plasmid DNA successfully induced the secretion

of IL-6, with a general trend of higher loaded plasmid
beads producing larger amounts of IL-6. The maximum
response is observed when just 0.1 µg of encapsulated
DNA is delivered per well using beads with a loading of
2.14 µg/mg and resulted in an IL-6 response of 6890 pg/
mL, which is 3.75 times that when 1 µg of DNA alone
was added. Treatment with more highly loaded particles,
0.2 µg of DNA per well, did not produce an increased
cytokine response, indicating that a response to DNA
loading had reached a maximum. Untreated cells se-
creted a minimal amount of IL-6. Furthermore, negligible
IL-6 concentrations were measured when unloaded beads
were delivered to the cells, indicating that the polymeric
microparticles themselves do not induce IL-6 production.
With nondegradable particles, there was minimal im-
munostimulation as indicated by the ELISA results.
Because the plasmid DNA is trapped inside the beads,
it is not available to be recognized by Toll-like receptors
either on the cell surface or within the lysosomal com-
partment. Only when the microparticles are capable of
releasing the encapsulated DNA inside the lysosome is
an enhanced response observed.

CONCLUSION

The flexibility of the inverse microemulsion polymer-
ization allows for the encapsulation of both plasmid and
protein to produce microparticles for vaccine develop-
ment. The polymer scaffold serves to protect the DNA
from nuclease degradation and prevents unwanted re-
lease at physiological pH. The particles are readily
phagocytosed by macrophages and induce an immune
response, resulting in IL-6 secretion. Knowing that the
plasmid DNA released from the microparticles is capable
of undergoing transfection and that, according to fluo-
rescent microscopy studies using dextran-encapsulated
microparticles, a bioactive payload is directed to the
cytoplasm of macrophages, further improvements in the
polymeric carrier are required to affect nuclear delivery,
which would allow gene therapy applications to be
accessible with this degradable microparticle system. In
addition, further experiments are underway to develop
multicomponent microparticles containing both protein
for antigen-specific T cell activation and immunostimu-
latory DNA for general T cell stimulation for enhanced
vaccine capabilities.
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