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a b s t r a c t

Layer-by-layer (LbL) assemblies of DNA and polycations on the surface of colloidal templates can be used
for gene delivery. Plasmid DNA encoding for secreted alkaline phosphatase (SEAP) was used to deposit LbL
films with poly(ethylenimine) (PEI) on the surface of polystyrene and poly(lactide-co-glycolide) micropar-
ticles. The formation of LBL films was confirmed by zeta potential analysis and fluorescence and atomic
force microscopy techniques. The LbL particles were rapidly internalized in a dose-dependent manner by
eywords:
icroparticles

LGA
ransfection
ayer-by-layer
lasmid DNA

J774.1 murine macrophages. Transfection activity of the LbL particles was evaluated in J774.1 cells using
three different doses (5, 10, 25 particle per cell). The levels of SEAP expression increased with increasing
dose but were lower than transfection levels mediated by control PEI/DNA polyplexes at corresponding
DNA doses. The LbL particles reported here present a promising platform for delivery of DNA to phagocytic
cells.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

An exciting engineering feat for the delivery of therapeutic
acromolecules is to assemble the various molecular components

nto a multi-component architecture and then disassemble the
omponents in a controlled fashion at the targeted site. The layer-
y-layer (LbL) assembly of multilayer polyelectrolyte films offers
uch a possibility. The LbL deposition is a film-forming process of
lacing polyelectrolytes of opposite charges one layer at a time
lternately on top of each other (Decher et al., 1992; Mao et al.,
993; Decher, 1997). The high conformity of the LbL films makes
hem an attractive coating method for surfaces of complex geome-
ries such as microparticles, implantable materials, and biomedical
evices. Film thickness and chemical composition of the LbL films
an be tuned with nanometer precision.

DNA-containing LbL films are promising advanced materials for
oth localized and systemic gene delivery (Jewell and Lynn, 2008).
NA has been incorporated into the LbL films on flat substrates
Lvov et al., 1993; Sukhorukov et al., 1996; Pei et al., 2001; Shen et
l., 2004; Yamauchi et al., 2005; Jewell et al., 2006; Ren et al., 2006;
lacklock et al., 2007; Lynn, 2007; Lu et al., 2008) as well as on
urved surfaces of colloids (Schuler and Caruso, 2001; Vinogradova

∗ Corresponding author. Tel.: +1 313 993 7669; fax: +1 313 577 2033.
E-mail address: oupicky@wayne.edu (D. Oupický).
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t al., 2005; Zelikin et al., 2007) and bubbles (Borden et al., 2007).
hile physicochemical properties of the LbL films have been widely

tudied, significantly lower number of published studies describes
he biological properties of the LbL films (Reibetanz et al., 2006,
007; Ai et al., 2005; Cortez et al., 2006, 2007; De Koker et al.,
007). Thin films and coatings that provide sustained DNA release
re desirable. The sustained localized release of DNA from thin films
nd coatings can enhance gene transfer by maintaining an elevated
oncentration of DNA within the cellular microenvironment (Shea
t al., 1999; Luo and Saltzman, 2000; Shen et al., 2004). Both the flat
nd colloidal templates in principle offer the possibility to deliver
combination of different genes and other therapeutic agents that

an be made part of the delivery system (Reibetanz et al., 2006,
007; Zhang et al., 2007).

Biodegradable PLGA microparticles containing encapsulated
NA have been investigated as possible DNA vaccine delivery sys-

ems. However, encapsulation of large hydrophilic DNA molecules
n such particles is often inefficient and can lead to damage of the
NA (Wang et al., 2004). Many of the problems can be avoided
y surface functionalization of the particles with DNA or poly-
ation/DNA complexes instead of encapsulating DNA inside the

articles (Kasturi et al., 2005; Trimaille et al., 2003). Compared to
dsorbing a single layer of DNA or DNA polyplexes, the LbL pro-
ess offers higher DNA loading and better control of the loading.
n addition, it is possible to encapsulate other active agents in the
article core to augment further the activity of the DNA. Here, we

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:oupicky@wayne.edu
dx.doi.org/10.1016/j.ijpharm.2008.08.019
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how that multilayer plasmid DNA films deposited on biodegrad-
ble PLGA core are readily internalized by murine macrophages in
dose-dependent manner and show moderate levels of prolonged

ransgene expression.

. Materials and methods

.1. Materials

Polystyrene (PS) microspheres, Polybead® with mean diam-
ter 4.67 ± 0.27 �m, were purchased from Polysciences as 2.5%
queous suspension. Poly(ethylenimine) (PEI, MW 2.5 × 104),
eoxyribonucleic acid sodium salt from calf thymus (ctDNA,
W 10–15 × 106), polyvinyl alcohol (PVA, MW 30,000–70,000),

uorescein isothiocyanate (FITC) and 6-coumarin were pur-
hased from Sigma–Aldrich. Acid-terminated poly(dl-lactide-co-
lycolide) (PLGA, inherent viscosity ∼1.25, monomer ratio 50:50)
as purchased from Birmingham Polymers. Sulforhodamine 101

ulfonyl chloride (TexasRed®) fluorescent dye was purchased from
naspec. All other reagents were purchased from Fischer Scientific.
ll organic solvents used were of HPLC grade. Plasmid DNA vec-

or containing high-expression secreted human embryonic alkaline
hosphatase (SEAP) reporter gene was obtained from Aldevron
Fargo, ND) as 5 mg/mL aqueous solution and used without further
urification. Tropix® Phospha-Light chemiluminescent reporter
ene assay system for the detection of the placental alkaline phos-
hatase was obtained from Applied Biosystems (Bedford, MA).
he water used in all experiments was purified using Nanopure
iamond® Ultrapure Water systems (Barnstead International) and
ad resistivity higher than 18.0 M� cm.

.2. Polymer labeling

PEI was fluorescently labeled with FITC and TexasRed in 100 mM
odium carbonate–bicarbonate buffer (pH 9.0). The reaction was
erformed at room temperature with stirring overnight. The poly-
er was purified by dialysis using Pierce® snake skin dialysis
embrane (MW cut off 10,000) against water for 48 h. The dia-

yzed polymer solution was then lyophilized and stored at −20 ◦C
ntil further use.

.3. Preparation of PLGA microparticles

PLGA microparticles fluorescently labeled with an encapsulated
ye 6-coumarin were formulated by oil-in-water (o/w) emulsion
nd single solvent evaporation technique. Briefly, 75 mg of the acid-
erminated PLGA was dissolved in 2.25 mL of methylene chloride
nd mixed with 250 �g of 6-coumarin in 250 �L of methylene chlo-
ide. The solution was then poured into 25 mL of 2.5% solution of
VA and emulsified using a tissue homogenizer (Tissuemizer®) at
0,000 rpm for 3 min. The o/w emulsion was then stirred overnight
ith a magnetic stirrer until all the organic solvent evaporated.

he microparticles were collected by centrifugation at 4000 rpm
or 30 min at 4 ◦C and washed with 10 mL of deionized water. The
entrifugation and washing steps were repeated two more times.
article size was determined by a calibrated optical microscope. To
educe the size polydispersity, the particles were fractionated by
ifferential centrifugation to obtain particles with a size range of
–6 �m. PLGA microparticles were redispersed in deionized water
nd stored at −20 ◦C until further use.
.4. LbL deposition

To form multilayer films on the surface of microparticles, 1 mL
f a 1.5 mg/mL PEI solution (containing 0.5 M NaCl) was added to

s
t
d
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n aqueous suspension of ∼4.5 × 108 of the PS or PLGA particles in
.6 mL. The polycation was allowed to adsorb on the surface of the
olloids for 20 min with intermittent shaking. The dispersion was
hen centrifuged at 4500 rpm for 5 min. After centrifugation, the
upernatant was removed and 1.6 mL of water was added. The par-
icles were then redispersed by ultrasonication for about 40–50 s.
entrifugation and washing steps were repeated three times to
nsure complete removal of non-adsorbed polycation. Then, a layer
f DNA (either ctDNA on PS or plasmid DNA on PLGA micropar-
icles) was deposited. For this, 1 mL of a 0.5 g/L solution of DNA
n 0.2 M sodium acetate buffer (pH 5.0) was added to the parti-
les and then allowed to adsorb for 20 min. The same procedure
f centrifugation and washing was applied as in the case of PEI
eposition. This process was continued until the desired number of

ayers was deposited. The LbL assembly was monitored by fluores-
ence microscope (Nikon Eclipse TE2000U). Images were analyzed
sing Metavue® imaging software. The amount of plasmid DNA
dsorbed on the surface of the PLGA microparticles was estimated
y measuring the decrease in DNA concentration in the supernatant
fter each deposition step using 260 nm absorbance (A260 = 1.0 cor-
esponds to 50 mg DNA/L). Alternatively, the microparticles were
ydrolyzed overnight using 0.1 M NaOH and the DNA concentration
as determined by absorbance at 260 nm.

.5. Preparation of hollow DNA/PEI capsules

Hollow DNA/PEI capsules were obtained by dissolving the PS
ore with tetrahydrofuran (THF). The polyelectrolyte multilayer-
oated microparticles were incubated with 0.5 mL of THF overnight.
he exposure of the particles to THF was repeated two more times
o facilitate complete removal of the colloidal template. The parti-
les were then washed with deionized water three times so that
he capsules were free of any organic solvents. The capsules were
hen dispersed in 1.5 mL water and stored until further use for
haracterization.

.6. Zeta potential measurement

The zeta potential of the LbL-coated microparticles was deter-
ined using a 90 Plus from Brookhaven Instruments Corp. with zeta

otential module equipped with 35 mW solid state laser (658 nm).
cattered light was detected at 90◦ angle and a temperature of 25 ◦C.
bout 1.6 mL of a suspension of the charged particles in water was
sed for the measurements. Zeta potential values were calculated
rom measured velocities using Smoluchowski equation and results
re expressed as mean ± S.D. of 8–10 runs.

.7. AFM characterization

The surface morphology of the hollow capsules and the thick-
ess of the thin films were characterized using atomic force
icroscopy (AFM). 15 �L of the hollow capsule dispersion was

laced on freshly cleaved mica and the sample was air dried for
–3 h. AFM images were acquired using a Multimode Nanoscope

IIa AFM (Digital Instruments) and J scanner in tapping mode in air.
mplitude, height, and phase images were captured but only height

mages are shown here. The height images have been plane-fit in
he fast scan direction with no additional filtering.

.8. SEM characterization
Scanning electron microscopy (SEM) was used to study the
urface morphology of the LbL-coated and PLGA control micropar-
icles. Samples were prepared by placing 25 �L of the particle
ispersion on freshly cleaved mica substrate and then air dried for
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Visualization of the PEI/DNA films adsorbed on PS micropar-
ticles was achieved by using fluorescently labeled PEI (FITC-PEI)
during deposition and by staining the DNA layers by incubating
the particles with ethidium bromide solution after completing the
6 S. Kakade et al. / International Jour

–3 h. The samples were then coated with gold using a Gold Sput-
er coater (EFFA® Mark II Coater, Ernst F. Fullam, Latham, NY) for
0 s at 200 mmHg pressure and 40 mA current. The sputter-coated
amples were then imaged using a Hitachi S-2400 SEM operating
t an accelerating voltage of 20 keV.

.9. Cellular uptake in J774.1 macrophages

The cellular uptake of the 6-coumarin-labeled LbL-coated PLGA
icroparticles was studied using fluorescence microscopy and

uorescence-activated cell-sorter (FACS). Murine macrophage cell
ine J774.1 was obtained from American Type Culture Collection
ATCC, Manassas, VA) and was maintained in Dulbecco’s Modi-
ed Eagle Medium (DMEM) supplemented with 10% fetal bovine
erum and 1% penicillin–streptomycin. For the FACS analysis, the
ells were plated in a 12-well plate at a seeding density of
0,000 wells/plate 24 h before incubation. The cells were incubated
or 1 and 3 h with three doses of the LbL-coated PLGA microparticles
5, 10, and 25 particles/cell) containing 6-coumarin. After incuba-
ion, the cell culture medium was completely removed and the cells
ere washed once with PBS buffer, trypsinized, resuspended in PBS

nd centrifuged at 800 rpm for 15–20 min at 4 ◦C. After centrifu-
ation, the cell pellet was carefully removed and resuspended in
00 �L PBS. The cells were stored on ice during all times and 10,000
vents per sample were counted on FACS. 6-Coumarin was excited
sing the 450 nm line of argon laser and emitted light collected
t 490 nm. Background fluorescence and auto fluorescence were
etermined using untreated cells. Cellular debris showing reduced
orward and side-scatter was excluded from the analysis. Histogram
lots were constructed using the CellQuest software. Arithmetic
ean of fluorescence intensity per cell incorporating fluorescence

rom each sample was calculated and the results expressed as the
ean fluorescence intensity ± S.D. of triplicate samples.

.10. Transfection activity

Transfection efficiency in J774.1 murine macrophage cell line
as analyzed using the LbL-coated PLGA microparticles at three
ifferent doses (5, 10, and 25 particles/cell) and compared with con-
rol PLGA particles without DNA or PEI/DNA polyplexes at the same
NA doses. All the transfection studies were performed in 48-well
lates with cells plated 24 h prior to transfection at the seeding
ensity of 30,000 cells/well. Triplicate samples were used in all the
ases. On the day of transfection, the cells were incubated with the
bL-coated microparticles or PEI/DNA polyplexes in 1 mL of DMEM
upplemented with 10% FBS. After 3 h of incubation, the transfec-
ion mixture was completely removed, washed with sterile PBS and
he cells were continued to be cultured in 1 mL of the medium. Sam-
les were drawn every three days and replaced with fresh medium.
o measure levels of SEAP reporter gene expression, 100 �L of the
ample was diluted with 300 �L of the dilution buffer and heated at
5 ◦C for 30 min to deactivate endogenous phosphatases and then
ooled on ice for another 30 min. 100 �L of the above sample was
dded to a luminometer tube and to this 100 �L of the assay buffer
including appropriate alkaline phosphatase inhibitor) was added
nd incubated for 5 min. To this, 100 �L of reaction buffer (includ-
ng CSPD® substrate) was added and incubated for another 20 min.

single tube Sirius® luminometer (Zylux Corporation) was used to

easure the luminescence with the injector set off and measure-
ent taken for 10 s with 2 s delay time. The transfection results are

xpressed as Relative Light Units (RLU)/s. The results are expressed
s mean RLU/s ± S.D. and where necessary, significant differences
etween two groups are determined by Student’s t-test. A value of
< 0.05 was considered statistically significant.

F
(
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. Results and discussion

Deposition of DNA-containing LbL films on the surface of
icroparticles is a straightforward way of preparing particles
ith defined surface properties and controlled DNA content.
iodegradable particles coated with the LbL films containing plas-
id DNA may represent a promising delivery system for DNA

accines. The possibility of encapsulating additional active agents
n the biodegradable core further enhances the potential utility of
uch systems for a variety of combination drug/gene therapeutic
pproaches. While physicochemical properties of the LbL-coated
articles have been widely investigated, data describing the bio-

ogical properties of the LbL particles are still somewhat limited
Reibetanz et al., 2007; De Koker et al., 2007; Cortez et al., 2006,
007; Johnston et al., 2006; Ai et al., 2005; Reibetanz et al., 2006). To

mprove our understanding of the interactions of the LbL particles
ith living cells, the present study focuses on evaluating cellular
ptake and transfection activity of PLGA particles coated with LbL
lms based on plasmid DNA and PEI.

Numerous factors such as DNA size, ionic strength, and pH
f solution influence the deposition of the LbL films on colloidal
icroparticles (Sukhorukov et al., 1998a,b; Caruso and Mohwald,

999). We first used the PS particles and readily available ctDNA to
ptimize the deposition process before proceeding with the PLGA
icroparticles containing plasmid DNA/PEI films. ctDNA is often

sed as a model molecule for plasmid DNA despite its linear topol-
gy and typically also a larger size. The LbL deposition was studied
y measuring zeta potential of the particles and by monitoring par-
icle size and morphology using optical microscopy. The quality of
he layer formation was indicated by alternating zeta potential val-
es as shown in Fig. 1. The charge reversal by DNA was observed
ntil the 8th layer. The zeta potential values of the particles with
erminating DNA layers between −25 and −50 mV agree well with
revious studies of DNA deposition on microparticles and micro-
ubbles (Schuler and Caruso, 2001; Zelikin et al., 2007; Borden et
l., 2007). After 8th layer, however, the DNA deposition failed to
ield a negatively charged surface. Consequently, we chose to limit
he number of PEI/ctDNA bilayers on PS particles to 4.5.
ig. 1. Zeta potential values as a function of the deposited layer number for the PS
PEI, ctDNA) (top) and PLGA (PEI, pDNA) (bottom) microparticles.
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The PS particles have been widely used in the studies of the LbL
films because of their physicochemical properties and availability
of a wide range of sizes with low polydispersity. However, PS is ill-
suited for biomedical applications such as gene delivery because

Table 1
Size distribution of PLGA microparticles before and after fractionation

Size range Before fractionation After fractionation
ig. 2. Microscopic characterization of the LbL films on the PS core after depositio
ilayers of PEI/DNA and one layer of FITC-PEI (FITC fluorescence, bar 55 �m). Images
uorescence micrograph of the capsules with DNA labeled with ethidium bromide

eposition (Fig. 2a and b). The images of PS particles coated with
EI/DNA confirm the presence of both PEI and DNA layers. Fig. 2a
hows PS microparticles with 3 PEI/DNA bilayers with DNA labeled
ith ethidium bromide. Subsequent deposition of a polycation

ayer using FITC-PEI resulted in the appearance of green fluores-
ence on the particles due to FITC (Fig. 2b). In addition, the particles
n Fig. 2 show a low level of aggregation, which is often an issue
ccompanying the formation of LbL capsules containing large DNA
olecules (Trimaille et al., 2003). Our results suggest that when

ggregation was observed after DNA deposition, sonication of the
article dispersion as well as subsequent deposition of PEI layer
ffectively reduced the aggregation. It should be noted that while
onication can damage DNA, complexation with polycations pro-
ects nucleic acids against ultrasonic fragmentation (Mckenzie et
l., 2000).

In order to evaluate the thickness of the deposited LbL films,
he polymeric core of the particles was dissolved and the result-
ng hollow capsules of PEI/ctDNA were studied. The decomposition
f the particle template to obtain hollow capsules of similar size
nd shape as the template has been widely reported (Donath et
l., 1998; Peyratout and Dahne, 2004; Sukhorukov et al., 2004).
uch capsules are promising materials to encapsulate bioactive
ompounds for in vitro and in vivo delivery (Caruso et al., 2000;
ntipov et al., 2001; Tiourina et al., 2001). We employed previously
eported method of overnight incubation and sedimentation for
he solubilization of the PS core to obtain hollow PEI/DNA capsules.
he incubation of the core shell particles in 0.5 mL THF was carried
ut for 48 h after which the solubilized core was separated as the
upernatant. This procedure was repeated two more times to dis-
olve completely the remaining PS. Three washings with deionized

ater were then employed for the complete removal of any THF

rom the capsule dispersion. The washings were carried out in the
ame manner as in the case of removal of the core, i.e., by incubat-
ng the dispersion in deionized water for 48 h and then removing
he supernatant. The hollow capsules in solution can be seen under

2
3

a) 3 PEI/DNA bilayers (DNA labeled with ethidium bromide, bar 55 �m) and (b) 3
llow PEI/DNA capsules consisting of 4.5 bilayers after dissolution of the PS core: (c)
0 �m) and (d) AFM image of the hollow capsules (bar 2.5 �m, z-range = 400 nm).

fluorescence microscope to largely maintain the spherical shape
f the template but show a higher degree of aggregation (Fig. 2c).
he aggregation is in contrast to capsules made from other poly-
lectrolyte systems (Vinogradova et al., 2005). The thickness and
urface morphology of the hollow capsules was studied by AFM
Fig. 2d). The AFM image confirms the formation of PEI/DNA shell
n the PS microparticles. The PEI/DNA capsules collapsed upon
rying showing multiple folds. The morphology is similar to that
bserved by others (Schuler and Caruso, 2001; Gao et al., 2002).
FM height analysis revealed a total thickness of the capsule wall
ontaining 4.5 bilayers of PEI/DNA to be 43.2 ± 6.5 nm. The thick-
ess was measured using sectional height analysis of the height
ifference between the flat part of the collapsed capsule and the
ackground baseline. Since the total thickness corresponds to two
arts of the wall on top of each other, the bilayer thickness was
.8 nm. This value lies within the range of previously reported LbL
lms containing DNA (Lvov et al., 1993; Schuler and Caruso, 2001;
lacklock et al., 2007). The grainy wall texture is also consistent
ith previous reports of DNA-containing LbL films. The absence of

arge aggregates at the capsule wall is consistent with the stability
f the capsules against coagulation up to this number of layers.
(average size 1.9 �m) (average size 3.1 �m)

<2 �m 57% 13%
–3 �m 29% 37%
–5 �m 12% 43%
>5 �m 2% 7%



48 S. Kakade et al. / International Journal of Pharmaceutics 365 (2009) 44–52

nfract

o
d
m
b
e
e
i
P
W
P
s
o
a
(
t
s
t
a
t
r
2

p
u
t
d
o
−
w
i
s
b
d

P
c
o

d
a
e
d
s
a
e
e
d
t
p
i
D
m
p
t
p

w
l
l
c
a
p
fl

Fig. 3. Microscopic characterization of the PLGA microparticles: (a) u

f its poor biodegradability. Therefore, we carried out parallel LbL
eposition studies using PLGA microparticles. PLGA is among the
ost important polymers used in drug and gene delivery due to its

iodegradability and biocompatibility (Langer, 1998; Tinsley-Bown
t al., 2000). PLGA microparticles were prepared using standard o/w
mulsion technique. The o/w emulsion, however, typically results
n relatively high size polydispersity. In our case, the size of the
LGA particles ranged from ∼600 nm to ∼6.5 �m (Table 1, Fig. 3a).
hen we attempted to deposit PEI/DNA film on the surface of the

LGA particles using the protocol applied to PS particles, exces-
ive aggregation was observed. We hypothesized that the presence
f the smallest-sized fraction of the particles was responsible for
ggregation due to the combination of the large plasmid DNA size
∼600 nm contour length) and small nanoparticle size leading to
he aggregation (Trimaille et al., 2003). We carried out differential
edimentation experiments in order to reduce the size distribu-
ion. The primary goal was to remove particles smaller than 2.0 �m
nd particles larger than 6 �m in diameter. Table 1 and Fig. 3 show
hat the number of particles smaller than 2 �m was significantly
educed after fractionation. The content of particles larger than
�m increased from 43% to 90% by fractionation.

Using the fractionated PLGA particles, the same deposition
rotocol resulted in significantly less aggregation compared to
nfractionated particles. Similar to the LbL deposition on PS par-
icles, zeta potential measurements confirmed the alternating
eposition of negatively and positively charged polyelectrolytes
n PLGA (Fig. 1b). The zeta potential of bare PLGA particles,
30 mV, indicates that they are less charged than PS particles
ith −50 mV zeta potential. Although the surface charge of the
nitial colloidal substrate is important for effective LbL depo-
ition, similar alterations in zeta potential were observed for
oth PLGA and PS particles and we were able to reproducibly
eposit up to 7 layers. SEM was used to determine the effect of

J
t
c
t

Fig. 4. Scanning electron microscopy micrographs of (a) uncoated and unfractionat
ionated (bar 55 �m) and (b) fractionated (bar 35 �m) microparticles.

EI/DNA deposition on the surface morphology of the PLGA parti-
les (Fig. 4). No significant changes in the surface morphology were
bserved.

Since the transfection activity of plasmid DNA is significantly
ependent on its dose, we estimated the amount of plasmid DNA
dsorbed on the surface of the PLGA particles coated with 3.5 bilay-
rs of PEI/DNA. We assumed 5-�m PLGA particles and 1 g/cm3 DNA
ensity. Based on the results of DNA-containing LbL films on flat
ubstrate (Blacklock et al., 2007) and on PS particles, we assume
typical thickness of the DNA layer to be 4 nm. This is only an

stimate since it is possible that the DNA film thickness is differ-
nt on the PLGA particles. The number of particles per mg of PLGA
etermined by hemocytometer was ∼1.1 × 107 per mg of PLGA par-
icles. We estimate that there is ∼10 �g of plasmid DNA adsorbed
er mg of PLGA particles containing 3.5 bilayers of PEI/DNA. To ver-

fy this estimate, the particles were hydrolyzed in 0.1 M NaOH and
NA content was measured spectrophotometrically. It was deter-
ined that 7.9 �g plasmid DNA was adsorbed per mg of PLGA

articles with 3.5 PEI/DNA bilayers. These results are lower than
hose reported by a previous study which found 1.8 �g DNA/106

articles (Reibetanz et al., 2006).
In order to evaluate the intracellular uptake of the PLGA particles

ith the deposited PEI/DNA film, the particles were fluorescently
abeled by encapsulating 6-coumarin in the PLGA core. PEI was
abeled with Texas Red to allow imaging of the LbL deposition pro-
ess (Fig. 5) and to allow intracellular imaging of both the PLGA core
nd the LbL films. The cellular association of the LbL-coated PLGA
articles was studied first by fluorescence microscopy and then by
ow cytometry. The LbL-coated particles were readily taken up by
774.1 mouse macrophages (Fig. 6). Increasing the dose of the par-
icles resulted in an increased number of particles per cell. It is
lear that virtually all cells (>95%) internalized at least one par-
icle and some of them internalized as many as 8 particles even

ed PLGA particles (bar 10 �m) and (b) LbL-coated PLGA particles (bar 5 �m).
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ig. 5. Microscopic characterization of the LbL deposition on PLGA particles. (a) fluor
EI/DNA bilayers (bar 55 �m).

t the lowest particle dose used (Fig. 6a). Of the cells that inter-
alized the particles more than 50% of them contained at least 2
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Fig. 8. Transfection activity of LbL-coated PLGA particles in J775.1 macrophages.
Cells were transfected for 4 h with decreasing dose of PLGA particles coated with 3.5
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re shown as mean fluorescence intensity ± S.D. of three replicates.

iven the known stability of the LbL films and the fact that the PLGA
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eeks (Borodina et al., 2007).
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f particles associated with the cells but they do not provide con-
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003; Hasegawa et al., 2008). Therefore, we used FACS analysis to
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ssociated microparticles. The cellular uptake was determined at
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escence intensity of 6-coumarin encapsulated in the PLGA core
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Transfection activity of the PLGA particles coated with 3.5 bilay-
rs of PEI/DNA was then compared with transfection activity of
EI/DNA polyplexes. The polyplexes were formulated at N:P = 8 and
sed at three different DNA doses that correspond to the doses used
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Fig. 9. Comparison of transfection activity of LbL-coated PLGA particles and PEI/DNA
polyplexes. J775.1 macrophages were transfected for 4 h with different doses of
PEI/DNA (N:P = 8) polyplexes and PLGA particles coated with 3.5 PEI/DNA bilay-
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