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Encapsulating Polyethyleneimine-DNA Nanoplexes into PEGylated
Biodegradable Microparticles Increases Transgene Expression In Vitro
and Reduces Inflammatory Responses In Vivo

Treniece L. Terry,1,2 Brittany E. Givens,1,2,3 Andrea Adamcakova-Dodd,4 Peter S. Thorne,4

Victor G. J. Rodgers,5 and Aliasger K. Salem1,2,6
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Abstract. Encapsulating genetic material into biocompatible polymeric microparticles is a
means to improving gene transfection while simultaneously decreasing the tendency for
inflammatory responses; and can be advantageous in terms of delivering material directly to
the lungs via aerosolization for applications such as vaccinations. In this study, we
investigated the advantages of using polymeric microparticles carrying the luciferase reporter
gene in increasing transfection efficiency in the readily transfectable HEK293 cell line and
the difficult to transfect RAW264.7 cell line. The results indicated that there was a limit to the
ratio of nitrogen in polyethylenimine (PEI) to phosphate in DNA (N/P ratio) beyond which
further increases in transgene expression no longer, or only marginally, occurred.
Microparticles encapsulating PEI:DNA nanoplexes induced cellular toxicity in a dose-
dependent manner. PEGylation increased transgene expression, likely related to enhanced
degradation of particles. Furthermore, intra-tracheal instillation in rats allowed us to
investigate the inflammatory response in the lung as a function of PEGylation, porosity,
and size. Porosity did not influence cell counts in bronchoalveolar lavage fluid in the absence
of PEG, but in particles containing PEG, non-porous particles recruited fewer inflammatory
cells than their porous counterparts. Finally, both 1 μm and 10 μm porous PLA-PEG particles
recruited more neutrophils than 4 μm particles. Thus, we have shown that PEGylation and
lack of porosity are advantageous for faster release of genetic cargo from microparticles and
a reduced inflammatory response, respectively.

KEY WORDS: PEGylation; PLGA; PLA-PEG; Gene transfection; Porosity.

INTRODUCTION

Vaccines are a powerful tool to prevent life-
threatening infections. Vaccination has resulted in the
eradication of smallpox (1), near eradication of polio (2),
and H1N1 influenza viruses, which caused both the
Spanish flu and Swine flu epidemics (3). Vaccines have
also reduced the number of cases of liver cancer caused
by hepatitis B (4), and cervical cancer caused by the
human papillomavirus (HPV) (5,6). Both the hepatitis B
vaccine and the HPV vaccine require repeated adminis-
tration to establish immunity to the viruses. An alternative
method of stimulating the immune system to fight
infections is gene delivery, such as with plasmid DNA
(pDNA). Although this option was proposed in 1990 using
DNA encapsulated into liposomes, several challenges
remain 30 years later for translating pDNA-based vaccines
to clinical settings, and no DNA-based vaccines have yet
been approved for human use (3,7).
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One such translational challenge is effective gene deliv-
ery to the target site. DNA readily undergoes enzymatic
degradation, which can be mitigated by implementing pro-
tective mechanisms. One such mechanism is polymeric
encapsulation with biocompatible polymers, which is benefi-
cial despite reduced nuclear entry (8–16). For example, the
use of polyethylenimine (PEI) as a complexing agent imparts
a positive charge on the DNA, which enhances cellular
uptake (8,13,14,17–19). Further protections from degradation
include using polymeric microparticles, which can also assist
in pulmonary delivery due to their size. These polymeric
microparticles are often developed from polymers found in
FDA-approved devices and formulations, such as poly(lactic-
co-glycolic-acid) (PLGA), or poly(lactic acid) (PLA) (20–22).
Delivering these particles directly to the lungs is advanta-
geous for treating conditions specific to the lungs, such as
asthma or cystic fibrosis, because the lungs are a rich site for
antigen-presenting cells and blood exchange. However, since
the lungs are also a primary site for airborne pathogens, they
also contain a robust defense system to remove xenobiotics
from the body.

Several parameters can help with reducing this xenobi-
otic response within the lung, including tailoring the size and/
or composition of the microparticles. Particle size may be
tailored by changing the overall diameter of spherical
particles, the morphology of particles, or by varying the
porosity of particles which changes the effective diameter,
also known as the aerodynamic diameter (23,24). The
polymeric composition may be altered by including co-
polymers, notably by using poly(ethylene glycol) (PEG).
PEG is a hydrophilic and widely biocompatible polymer that
enhances pulmonary absorption and retention via reduced
phagocytic clearance (20,25,26).

In this study, PLGA, PLA, and PLA-PEG microparticles
were loaded with pDNA nanoplexes and delivered to lung
and kidney cells in vitro and to lung cells in vivo via intra-
tracheal instillation in rats. In cell culture studies, a relation-
ship between microparticle concentration and cell death was
established, as well as the effect of time and dose on
transgene expression of the luciferase reporter gene. The
goal of the in vivo studies was to determine the extent to
which microparticles elicited an immunogenic response,
which is indicative of their proportional presumptive harm
to the lungs. Total cell and neutrophil counts from the
bronchoalveolar lavage fluid of rats indicated there was
inflammation induced by microparticle exposure. Taken
together, these results support the notion that polymeric
microparticles can be developed as an effective genetic-based
vaccine but with some degree of inflammatory response to the
polymers comprising the microparticles.

MATERIALS AND METHODS

Materials

The PLA-PEG co-polymers used in this study have been
previously described (23). PLGA monomers of D,L-lactide/
glycolide at a 50:50 molar ratio and inherent viscosity of 0.47
dL/g were purchased from Absorbable Polymers Interna-
tional (Pelham, AL). Poly(vinyl alcohol) (PVA, Mw 30–70
kDa), reagent grade dichloromethane (DCM), ethyl acetate

(EA), 88% hydrolyzed and branched PEI (Mw 25 kDa), and
DNA from herring sperm were purchased from Sigma-
Aldrich (St. Louis, MO). Cellgro was purchased from Fisher
Scientific, Inc. (Hampton, NH), 0.9% sterile saline was
purchased from Baxter, and Diff-Quik stain was purchased
from Dade-Behring, Inc. (Deerfield, IL).

Plasmid Expansion and Extraction

Plasmid DNA was used to form nanoplexes. The
VR1255 plasmid encoding firefly luciferase driven by the
cytomegalovirus (CMV) promoter was used for these studies.
Plasmids were transformed in Escherichia coli DH5α and
amplified in Terrific Broth media at 37°C overnight in a
rotary shaker at 300 rpm (New Brunswick Scientific Classic
C24, New Brunswick, NJ). The pDNA from the expanded
plasmid was isolated and purified using Qiagen Giga plasmid
purification kit (QIAGEN, Hilden Germany) by following
the manufacturer’s protocol. The concentration and purity of
the pDNA were discerned by measuring the optical density
(OD) at 260 nm and 280 nm in a microplate spectrophotom-
eter (Spectramax Plus 384, Molecular Devices, San Jose,
CA). The purity was obtained from the OD280/OD260 and the
final concentration from OD260.

Nanoplex Preparation

Nanoplexes were prepared as previously published
(13,23). Briefly, PEI and herring sperm DNA or pDNA were
added in a nitrogen/phosphate (N/P) ratio of 15:1 in 1 mL of
0.25% PVA solution. The sample was vortexed for 30 s and
allowed to sit at room temperature for 30 min to complete
complexation.

Microsphere Preparation

The double emulsion solvent evaporation method was
used to form microspheres. For non-porous microspheres, the
primary emulsion consisting of an oil phase (3% w/v PLA-
PEG or 0.75% PLGA, 7% w/v DCM, and 3% v/v EA) and
water phase (nanoplexes in PVA and water) was sonicated
(Sonics & Materials Inc., Newtown, CT) for 10 s. This
solution was added to a 22 G needle and injected into a 2%
PVA solution at room temperature. This resultant double
emulsion was homogenized (T 25 Digital ULTRA-
TURRAX®, IKA Works, Inc., Wilmington, NC) for 10 s at
7500 rpm with dispersed phase to continuous phase (DP/CP)
ratio of 5. Microspheres were stirred slowly overnight and
were subsequently washed thrice in ultrapure water and
ultimately concentrated to 1 × 1010–2 × 1010 number
concentration in a 0.9% sodium chloride solution.

The preparation method for porous microspheres dif-
fered in that the secondary emulsion contained 1% PVA and
1% sucrose rather than 2% PVA, and the DP/CP ratio was
either 2 or 10 for 10 μm and 4 μm particles, respectively.
Microspheres of 1 μm diameter were prepared with 0.5% w/v
polymer and DP/CP equal to 1. The primary emulsion was
instantaneously poured into a 2% PVA solution and homog-
enized at 10,000 rpm for 10 s. These were stirred for 5 min
and placed on a hotplate for 3 h for solvent evaporation.
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Washing and concentration methods were the same for both
porous and non-porous particles.

Cell Culture

Human embryonic kidney (HEK293) cells and murine
macrophage (RAW264.7) cell lines were obtained from
American Type Culture Collection (ATCC, Manasssas, VA).
Cells were maintained in T75 flasks in an incubator at 37°C
and 5% CO2; media used was Dulbecco’s Modified Essential
Medium (DMEM, Life Technologies, Carlsbad, CA) supple-
mented with 10% v/v fetal bovine serum (FBS, Atlanta
Biologicals, Flower Branch, GA), and 100 U/mL penicillin/
100 μg/mL streptomycin (Invitrogen, Carlsbad, CA), hereon
referred to as “complete media.”

Cytotoxicity In Vitro

Cytotoxicity of 4 μm, porous PLA-PEG particles was
assessed with the MTT (3,[4,5-dimethylthiazol-2-y]-2, 5-
diphenyl tetrazolium bromide) assay (Promega, Madison,
WI). Cells were seeded in a 96-well tissue culture plate at a
density of 1 × 104 cells/well. Cells were allowed to grow
overnight prior to incubating with 200 μL of complete media
containing microspheres at varying concentrations. After 4,
12, or 24 h of incubation, the media was replaced with 100 μL
of fresh media. The MTT solution, suspended in 1X DPBS
(Gibco, Waltham, MA) was added to each well and incubated
for 2 h. Cells were lysed with 100 μL of 20% v/v sodium
dodecyl sulfate (SDS) in 50% v/v DM at pH 4.7 overnight.
The absorbance of the lysate at 550 nm was measured in a
microplate spectrophotometer (Spectramax Plus 384, Molec-
ular Devices), and the resultant values were compared with
the control, which contained no microspheres.

Transfection Efficiency In Vitro

Cells were seeded in 12-well tissue culture plates at 1 ×
105 cells/well and allowed to grow overnight. Microspheres (4
μm, porous PLA-PEG) were added into complete media at
an equivalent dose of 1 μg DNA/well. Nanoplex transfection
(i.e., without microsphere encapsulation) was achieved via
seeding cells in 24-well plates at a density of 1 × 105 cells/well.
The total DNA concentration was 0.2 μg/well. Nanoplexes
were dosed to cells in serum-free media, then after 4 h, the
media was replaced with complete media. Cells were allowed
to grow for an additional 44 h (48 h total) prior to assessing
luciferase expression. Cells were lysed with 200 μL lysis
buffer (Promega) and subjected to three freeze-thaw cycles
prior to centrifugation at 11,856 × g for 5 min. Luciferase was
quantified using a luminometer (Lumat LB 9507, EG&G
Berthold, Oak Ridge, TN). The luciferase assay (Promega)
was mixed with cell supernatant (100 μL/20 μL, respectively)
for 10 s. The total protein concentration in cell extract was
measured using the Pierce BCA protein assay kit (Thermo
Fisher Scientific) and used to normalize the luciferase activity.

Animals

Male Sprague Dawley rats (100–124 g weight) were
purchased from Harlan Laboratories (Indianapolis, IN).

Animals were quarantined in HEPA-filtered Thoren
caging units at the Pulmonary Toxicology Facility at The
University of Iowa for 12 days prior to initiating the
experiment. Rats were supplied with food and water ad
libitum and kept on a 12-h light-dark cycle. The animal
protocol was approved by the Institutional Animal Care
and Use Committee and complied with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals.

In Vivo Inflammation Measurements

Rats were exposed to polymeric microspheres by
intra-tracheal instillation. Initially, animals were anesthe-
tized with 5% isoflurane for 5 min or until the eyelid
closure reflex was lost, using a precision vaporizer (Fortec
Tec 3). Then during intubation and exposure to particles,
animals were kept under anesthesia with 3% isoflurane. A
100 μL aliquot of particle suspension for one of 6 particle
types (Table I), or of 0.9% sterile saline solution
(control), was administered to each rat.

Bronchoalveolar lavage (BAL) fluid and lungs were
collected 4 h after instillation to assess pulmonary inflamma-
tion. Animals were euthanized with isoflurane and exsangui-
nated through the heart. The trachea was exposed,
cannulated with a 23 G catheter and lungs were washed 3
times with sterile 0.9% sodium chloride (5 mL each time).
The recovered fluid was centrifuged (800 x g for 5 min at 4°C)
and the cell pellet resuspended in Cellgro media, the total cell
count in the pellet was determined using a hemocytometer.
BAL cell types were ascertained by cytospinning and
counting after Diff-Quik staining.

Statistical Analysis

Statistical analysis was performed in the GraphPad Prism
software (GraphPad Software, San Diego, CA) using means,
standard deviations, and n = 3 for cell counts. A two-way
analysis of variance (ANOVA) with Tukey’s post-test was
conducted for relative cell viability. A one-way ANOVAwith
Tukey’s post-test was run on cell counts. Multiple compari-
sons were conducted to determine statistically significant
differences between specific groups. Significant differences
are denoted by * (p < 0.05), ** (p < 0.01), *** (p < 0.001),
**** (p < 0.0001), or “n.s.” for no significance.

Table I. All Polymeric Particle Types Administered In Vivo, Only
4 μm Porous PLA-PEG Particles Were Used for In Vitro Experiments

Polymer Diameter Porosity

PLGA 4 μm Porous
PLGA 4 μm Non-porous
PLA-PEG 4 μm Porous
PLA-PEG 4 μm Non-porous
PLA-PEG 10 μm Porous
PLA-PEG 1 μm Porous
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RESULTS

Cytotoxicity of Microparticles

Blank porous PLA-PEGmicroparticles were administered to
the readily transfectable cell line, HEK293, in vitro. Changes in the
relative cell viability were used to indicate which incubation times
and/or microparticle concentrations affected proliferation rates.
Cell viability was assessed using the MTT assay at 4, 12, and 30 h
after administering blankmicroparticles (Fig. 1). Dose did not have
a significant effect on viability 4 h after administration; however,
higher doses (12.5 and 25 mg/mL) significantly decreased cell
viability at 30 h compared with the lower doses (Table S1). There
was also a significant decrease in cell viability from 4 to 12 h for
particles administered at both 12.5mg/mL (p< 0.05) and 25mg/mL
(p < 0.01).

Encapsulated nanoplexes (N/P 15) reduced relative cell
viability in a dose-dependent manner for both HEK293 and
RAW264.7 cells (Fig. 2). When compared with blank microparti-
cles in HEK293 cells (Fig. 1), it was apparent that loaded
microparticles were less tolerated by HEK293 cells than blank
microparticles according to the MTTassay.

Transgene Expression

Luciferase expression was used as a marker for successful
gene transfection in both HEK293 and RAW264.7 cells. Changes
in luciferase expression were noted as a function of the N/P ratio
used for the unencapsulated nanoplexes to determine if the N/P
ratio influenced transgene expression. Luciferase expression
increased with increasing N/P ratios in both cell lines (Fig. 3).
These increases occurred primarily from N/P 0 to N/P 10,
whereupon luciferase expression tapered off. A statistically
significant increase in luciferase expression compared with the
control (N/P 0; pDNA only) was noted in HEK293 cells at N/P 20
(p < 0.001). In contrast, although RAW264.7 cells followed the
same trend, there were no statistically significant differences in
luciferase expression compared to the control (Fig. 3).

A broader range of N/P ratios were tested from N/P 0 to N/P
25 (HEK293) and N/P 0 to N/P 30 (RAW264.7) to elucidate
changes in luciferase expression as a function of the N/P ratio.
These data indicated that there was an increase in luciferase
expression from N/P 0 to N/P 2 in HEK293 cells, and a tapering
after N/P 5 (Figure S1). In RAW264.7 cells (Figure S2), luciferase
expression increased from N/P 0 to N/P 4 and tapered after N/P 8.

Nanoplexes encapsulated in porous PLA or porous PLA-
PEG microparticles were also effective at inducing luciferase
expression in HEK293 (Fig. 4A) and RAW264.7 cells (Fig. 4B).
Luciferase expressionwasmeasured every 48 h, for up to 144 h. For
both PLA and PLA-PEG microparticles in HEK293 cells,
luciferase expression significantly increased as a function of time
from 96 to 144 h (p < 0.0001) (Table S2). In contrast, significant
increases in luciferase expression were observed from 48 to 96 h (p
<0.01) inRAW264.7 cells for both types ofmicroparticles aswell as
from 96 to 144 h in PLAmicroparticles (p< 0.0001) andPLA-PEG
microparticles (p < 0.01). In HEK293 cells, the addition of PEG to
the microparticles significantly increased luciferase expression (p <
0.0001). In contrast, in RAW264.7 cells, only one time point (96 h)
showed significant differences.

Differential Cell Counts Following Intra-tracheal Instillation

Particles were administered via intra-tracheal instillation to
ensure deposition within the lung. The effects of altering the
microparticle material (PLGA versus PLA-PEG), the porosity of
particles (porous versus non-porous), and the size of porous
particles (1 μm, 4 μm, 10 μm) on differential cell counts in the
BAL fluid were assessed (Fig. 5).

Porosity influenced the cell counts for the PLA-PEG
microparticles but did not for the PLGA microparticles. In
particular, there were no differences between the numbers of
macrophages, neutrophils, or total cells (Fig. 5) for 4 μm
PLGA particles that were porous or non-porous. However,
for 4 μm PLA-PEG particles, non-porous particles generally
had lower cell counts, particularly in neutrophils and total
cells (Fig. 5). Comparing porous particles of difference sizes
revealed that exposure to 1 μm and 10 μm PLA-PEG
microparticles resulted in the recruitment of similar numbers
of macrophages (Fig. 5); however, 1 μm porous PLA-PEG
recruited more neutrophils (Fig. 5) and total cells (Fig. 5)
than the 10 μm particles. Furthermore, both 1 μm and 10 μm
particles recruited more cells than the 4 μm particles. Thus,
confirming that the particle size is an important factor in the
immune response to particle administration in the lung.

DISCUSSION

Genetic material (DNA/RNA) does not easily cross the cell
membrane because of charge repulsion (27). Generally, charge
repulsion is overcome by complexing DNA or RNA with a
positively charged polymer, such as PEI (28–30). Once complexed,
there is a net positive charge that can facilitate cell binding and
uptake and then escape from endosomal compartments through a
mechanism known as the proton sponge effect (28,31,32). How-
ever, positively charged polymers kill many of the cells that get
transfected above a certain N/P ratio (33,34). Microparticles may
offer a protective barrier to cell death by prolonging the release
profile of the positively charged material. Encapsulation into
microparticles also protects the DNA from degradation and slows
release (23,35,36).

The microparticles used within this study have been previ-
ously characterized (23). Successful polymerization of PLA and
mPEGwas confirmed using 1HNMR spectroscopy, and the size of
all microparticles was determined using ImageJ and scanning
electron microscopy (SEM). The SEM images also confirmed the
presence of pores in the particles. Porosity was further confirmed
through aerodynamic diameter measurements. An aerodynamic
diameter of 1–5 μm, which was observed for these particles, is
suitable for deposition in the airways (20). The encapsulation
efficiency of the PEI-pDNA within the microparticles was
quantified to be ~80–90% using UV absorbance, and the release
of PEI-pDNA from the microparticles was determined over 340 h
(2weeks)with incubation at 37°C.The resultant cumulative release
was ~90% (23).

HEK293 cells were used in this study because they proliferate
rapidly and can be transfected more readily than other cell types
(37). RAW264.7 murine macrophages are more difficult to
transfect and serve as a model for pulmonary uptake and
phagocytosis. The overall trends that were observed in the
HEK293 cells and the RAW264.7 macrophages were similar. The
relative cell viability of cells cultured with blank microparticles was
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investigated in only theHEK293 cells, because they were expected
to have a more sensitive response than the RAW264.7 macro-
phages. Although there was a decrease in the relative cell viability
at the lower time points, viability increased again by 30 h for low
concentrations of the microparticles (Fig. 1). It was assumed that
unencapsulated PEI-pDNA would induce stronger cytotoxic
responses than the encapsulated microparticle formulations, con-
sistent with prior studies (13,38). PEI is a cationic polymer, whereas
PLGA is a negatively charged, hydrophilic polymer. Previous
investigations have quantified the zeta potential of PLGAwith and
without cationic conjugation, which confirm that the microparticles
alone are negatively charged, but the charge becomes positive once
nanoplexes (or dendriplexes) are introduced (13,15,38). When
nanoplexes were encapsulated into the microparticles, there was a
decrease in relative cell viability that was concentration-dependent
(Fig. 2). Complete monolayer coverage for these particles within
the wells was calculated to occur at 12.5 mg/mL, thus suggesting
that the observed differences in viability at high concentrationsmay

have been cytotoxicity caused by a physical phenomenon (disrup-
tion of the cell membrane) rather than an intracellular cytotoxic
response, such as apoptosis. PEI may induce cell death via
apoptosis promoted by mitochondrial damage (39). Microparticles
can lower the observed toxicity compared with free PEI-pDNA
(15), which may also be a result of apoptosis (40). Therefore, it is
possible that in these experiments, both apoptosis and necrosis
were mechanisms of the observed decrease in cell viability.

We previously reported that∼50%of the pDNA (0.5 μg) was
released from PLA-PEG particles after 9 days (216 h) (23). In the
present study, transgene expression was observed in bothHEK293
andRAW264.7 cell lines after as little as 48 h (Fig. 4), whichmay be
a result of surface nanoplexes from incomplete encapsulation and
enhanced release rates caused by cell enzymes in vitro compared
with the benchtop investigation. At the earliest time point of 48 h,
this effect was not observable in RAW264.7 cells (Fig. 4B), likely
because these cells are more difficult to transfect than HEK293
cells. The increased transgene expression at longer time points can

Fig. 1. Relative cell viability as a percentage of the control (untreated
cells) for HEK293 cells determined from the MTT assay. Cells were
incubated with blank porous PLA-PEG microparticles. All reported
values are the mean and standard deviation for n = 3

Fig. 2. Relative cell viability as the percentage of the control (untreated cells) for HEK293 (a) and
RAW264.7 (b) cells incubated with PEI:pDNA loaded porous PLA-PEG microparticles with N/P =
15 and DNA concentration of 0.08 mg/mL. All reported values are the mean and standard
deviation for n = 3
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be explained by the sustained release of the cargo (Fig. 4).With the
additional knowledge that luminescence, and therefore the lucifer-
ase signal, decreases overtime, we would not expect such
observations in the absence of continued release over the 6-day
(144 h) period for nanoplexes encapsulated into microparticles
which is consistent with the concept that nanoplexes were
undergoing sustained release.

Differences in luciferase expression between PLA and
PLA-PEG in HEK293 cells demonstrated that the addition of
PEG increased release rates in accordance with previously
reported data (23). There were likely two key effects of PEG
in this study: 1) PEG recruits more water than the hydro-
phobic PLA, thus increasing the hydrolysis reaction necessary
to break down PLA and speeding degradation (41), and 2)
PEG alters protein affinity for the particle surface, resulting
in lower availability (42). These properties of PEG may be
responsible for the noted differences in luciferase expression
upon PEGylation, particularly increased expression in both
HEK293 and RAW264.7 cells in vitro (Fig. 4).

In the in vivo model, the effects of porosity and particle size
were investigated to determine an optimal microparticle for

limiting the inflammatory response in the lungs. Intra-tracheal
instillation was chosen for microparticle delivery because it ensures
that all particles are deposited directly into the lungs prior to
systemic distribution (43,44). This reduces the likelihood that
particles will be eliminated by the complex defense mechanisms
associated with pulmonary delivery, and increases overall delivery
efficiency (43,45,46). Furthermore, highly porous particles of large
geometric diameter have favorable diameters to allow for deposi-
tion in the lung (23,47).

In theBALcollected from treated rats, differenceswere noted
in the number of total cells and neutrophils (Fig. 5). In the
inflammatory response, neutrophils are often the “first responders”
to xenobiotics, and therefore their abundance 4 h after administra-
tion was expected (48). At later time points, it is likely that the
inflammatory response would shift away from neutrophils towards
macrophages. These macrophages release responsive cytokines
and digest the foreign microparticles as part of the inflammatory
response (49). Cellular recruitment may be a direct result of the
release of PEI, as several groups have reported that PEI itself could
elicit an immune response (50). However, PLGA microparticles
have also been demonstrated to recruit immune cells in mice

Fig. 3. Luciferase expression in HEK293 (black bars) and RAW264.7
(gray bars) cells for free PEI:pDNA nanoplexes (i.e., no microparticle
encapsulation) after 48 h of transfection. All reported values are the
mean and standard deviation for n = 3. Statistical significance was
calculated using ordinary two-way ANOVA, comparing each value to
the control (N/P 0) data set

Fig. 4. Luciferase expression in HEK293 (a) and RAW264.7 (b) cells following transfection with
PEI:pDNA loaded porous microparticles for both PLA (black bars) and PLA-PEG (white bars).
Microparticles were added at a concentration of 3 mg/mL (1 μg DNA). All reported values are the
mean and standard deviation for n = 3 trials. Statistical analysis was performed using a two-way
ANOVAwith comparisons between PLA and PLA-PEG at each time point. Significant differences
are denoted by ****p < 0.00001 or n.s. for no significance
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(16,24), and have been shown to be phagocytosed by antigen
presenting cells (14).

The trends in cell counts indicate that particle porosity
influences neutrophil recruitment for PLA-PEG, but not for
PLGA particles (Fig. 5); however, these differences were not
statistically significant. Porosity influences the aerodynamic diam-
eter of particles, which is the effective diameter for aerosolized
particles. Greater porosity results in lower density and corresponds
to a smaller aerodynamic diameter, which effectively means that
the particles behave as smaller than their true size during delivery
(21,47,51). That said, the actual particle size and PEG density are
still important for cellular uptake (42). Given the observed
differences in neutrophil recruitment between porous 4 μm PLA-
PEG microparticles and non-porous 4 μm PLA-PEG microparti-
cles (Fig. 5), it is possible that fewer porous particles were delivered
to the target site as they have a larger potential to reach deeper
within than lung than their non-porous counterparts. Alternatively,
the interaction of PEG with the lungs may limit the inflammatory
response, in this case cellular recruitment (52). This may also
explain why PEGylated particles have longer retention times and
reduced clearance (25).

These observations further support the idea that micro-
particle diameter influenced neutrophil recruitment following
particle administration. Neutrophils are often the “first-line”
of defense in that they release the cytokines that signal for
inflammation and other defensive responses in the lungs.
Such changes in neutrophil recruitment indicated that the
porous 4 μm PLA-PEG are the least inflammatory of the
PEGylated particles investigated here.

Recently, the first mRNA-based vaccines were approved
for emergency use in response to the SARS-CoV-2 global
pandemic. At present, four countries have approved the
vaccine, including the UK’s Medicines and Healthcare
Products Regulatory Agency (MHRA) (53), and the US
Food and Drug Administration (FDA) (54), in addition to
approval from Bahrain and Canada. This novel vaccine

differs from the formulations presented in this study in two
key ways: 1) mRNA and pDNA operate with different
mechanisms (55), and 2) the recently approved vaccines use
lipid carriers rather than synthetic polymers. Lipid-based
particles may be formed from a diverse panel of organic
compounds, with the primary component being amphiphilic
phospholipids. These particles have been used for both DNA
and RNA, with effective complexation via electrostatic
interactions, similarly to how PEI-pDNA nanoplexes were
formed. Furthermore, these particles protect the genetic
material from degradation and increase the likelihood of
cellular uptake, again, similar to PEI-pDNA nanoplexes.
There was existing evidence that mRNA vaccines were
promising, including success in cancers, infectious diseases,
and viral diseases (56–58). The mRNA vaccines work by
entering host cells where their cargo is translated into protein
in the cytoplasm that is subsequently processed and presented
in a form which can activate the immune system, specifically
T cells (59). For pDNA vaccines, the plasmid DNA needs to
enter the nucleus to produce the protein that will then elicit
an immune response through antigen-presenting cells, such as
dendritic cells (60). There remain no DNA vaccines approved
for human use in the USA, but these have had success in
veterinary medicine (61,62). As such, it is possible that these
vaccines will be the next major milestone for human
immunizations.

CONCLUSION

Gene delivery to the lungs can be achieved using
polymeric microparticles, which protect genetic material from
degradation. Additionally, these particles can be carefully
designed such that they are suitable for deposition within the
pulmonary region, allowing them to release their cargo
directly to the target site over time. In this work, we showed
that RAW264.7 murine macrophages, which are difficult to

Fig. 5. Number of macrophages, neutrophils, and total cells in BAL
fluid of exposed and control animals. All values are the mean and
standard deviation for n = 3
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transfect, have transgene expression from 48 to 144 h albeit at
much lower levels than HEK293 cells. Furthermore, using
PEGylated particles in place of PLA particles enhances
transfection with one likely cause being the accelerated
degradation of the microparticles. Finally, intra-tracheal
instillation of microparticles in rats revealed that 4 μm porous
PEGylated microparticles recruited fewer neutrophils and
macrophages than 1 μm or 10 μm porous PLA-PEG
microparticles. For PLGA particles, porosity did not influ-
ence cell recruitment in the BAL fluid, but for PLA-PEG
microparticles, non-porous microparticles yielded lower cel-
lular recruitment than porous microparticles. These studies
have demonstrated that polymeric microparticles encapsulat-
ing PEI:pDNA nanoplexes are suitable for transfecting cells
in vitro, and that 4 μm, non-porous PLA-PEG microparticles
recruited the lowest number of inflammatory cells in vivo.
Further investigations are necessary to determine the ability
of these microparticles to be delivered in a patient-compliant
model, such as an aerosol inhaler. These results, combined
with prior investigations, indicate that deposition in the deep
lung is achievable for future delivery applications.
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