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Monodisperse Poly(lactide-co-glycolic acid)-
Based Nanocarriers for Gene Transfection

Jeong Hoon Byeon, Hee-Kwon Kim, Jeffrey T. Roberts*

This contribution describes a simple, aerosol-based method for fabricating monodisperse par-
ticles containing mixtures of poly(lactide-co-glycolic acid) [PLGA], protamine sulfate (Prot), and
poly(i-lysine) [PLL] as nanocarriers for gene transfection. Aqueous solutions of PLGA, Prot, and
PLL were collison-atomized, and the resulting aerosolized droplets were dried “on the fly” to
form solid particles, which then were electrostatically size-classified into 50, 100, and 200 nm
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mobility diameter samples. Measurements of cell viability and

transfection reveal that the fabricated nanocarriers have a lower I%Jo ~ ; !-ﬁ
cytotoxicity (>85% in cell viability) and a higher transfection .o =t q

efficiency [>8.7 x 10° in relative light units (RLU) mg™] than does
25 kDa polyethyleneimine (=50% and 6.8 x 10° RLU mg™).

1. Introduction

Polymeric nanoparticles (1-200 nm diameter range) can
be used therapeutically as nanocarriers drugs or biologi-
cally active material.ll Nanocarriers prepared using bio-
compatible and biodegradable poly(lactide-co-glycolic acid)
[PLGA] polymers have attracted much attention as suitable
candidates for therapeutic applications because of favo-
rable physicochemical characteristics, including safety,
stability, relative ease of large-scale production, and lack of
intrinsic immunogenicity.’! Many formulations based on
polymer-based systems exist as colloidal liquids, usually
synthesized using time-consuming batch, wet chemical
processes and are generally stable only for short periods
of time. Moreover, some polymer systems are designed to
be gradually degradable by hydrolysis, making long-term
storage in liquid form not a viable option.?! In addition,
many formulations are unstable as liquid suspensions for
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a variety of reasons, including degradation of the carrier
and/or active substance, formation of insoluble aggregates,
and unwanted loss of bioactivity.[) One approach for over-
coming such stability limitations is to formulate and store
dry powders.

In contrast to classical wet chemical methods, aerosol
processing involves a much more limited number of
preparation steps. It also produces material continuously,
allowing for a straightforward collection of powders and
generating low waste.[’] The field of therapeutic aerosol
bioengineering, driven originally by the goal of developing
inhalable insulin, is now expanding to address medical
needs ranging from respiratory to systemic diseases.[!
Dry particles can be formulated in the aerosol state by
atomizing liquid solutions in an appropriate carrier gas
and removing solvent from the resulting particles.[°"]
Processing is highly reproducible, relatively easy to scale
up, and offers uniform particle size distributions.[5! The
method is mostly used in the pharmaceutical industry
to generate spherical microparticles for treating pulmo-
nary diseases,”] although it also can be used to generate
a variety of nano-sized polymeric particles,™P! some
of which have been proven to be effective therapeutic
carriers.[”"]

The size and surface characteristics of a polymer par-
ticle inevitably influence therapeutic capabilities. The
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ability to control the size and morphology distribution
of particles in a polymer formulation thus translates into
the ability to control release properties.[®] Size and surface
modification have been effective strategies for enhancing
particle utility, increasing circulation time for transport
across physical barriers, and prolonging residence time at
an active site.[8] For example, release efficiency generally
increases with surface-to-volume ratio, making mono-
dispersity a critical element of dosage control. Release
is also enhanced by surface diffusion or erosion. Size
and surface control can sometimes be achieved in a wet
chemical process by controlling synthesis conditions, but
non-uniform distributions and chemical heterogeneity
are more often the case. Low cytotoxicity and high gene
transfection efficiency are also critical issues in designing
current delivery carriers.[?2]

The purpose of the present work is to report the
fabrication of monodisperse nanoparticles containing
mixtures of the copolymer PLGA, the homopolymer poly(t-
lysine) [PLL], and the drug protamine sulfate (Prot) using a
one-step aerosol method. PLGA, which has favorable bio-
degradable and biocompatible properties, is widely used
therapeutically. The cationic components of the particles,
Prot, and PLL, have been widely applied in delivery car-
riers because they electrostatically interact with nega-
tively charged DNA and help to enhance the affinity for
proteins and cells.l! In this work, the applicability and
suitability of these particles as nanocarriers are explored.
In particular, critical physicochemical properties (size,
morphology, and surface charge) and biological proper-
ties [in vitro cytotoxicity and transfection efficiency in
human embryonic kidney (HEK) 293 cells] of the gene
loaded nanocarriers are evaluated.

2. Results and Discussion

Figure 1 summarizes the size distributions of particles
formed by collision atomizing an aqueous solution of
PLGA, and an aqueous solution of PLGA, Prot, and PLL. The
geometric mean diameter (GMD), geometric standard devi-
ation (GSD), and total number concentration (TNC) of the
pure PLGA particles are 100.1 nm, 1.75, and 2.06 x 107 par-
ticles cm™3, respectively, as shown in Table 1S (Supporting
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PLL, and size-classified PLGA/Prot/PLL nanocarriers. The size-

I Figure 1. Size distributions of non-classified PLGA and PLGA/Prot/
classified carriers are differentgray(so, 100, and 200 nm) lines.

Information). Analogous data for particles derived from
the aqueous mixtures are 125.2 nm, 1.77, and 2.06 x 107
particles cm=3, respectively. The distribution of the PLGA/
Prot/PLL particles is slightly shifted to larger sizes, con-
sistent with incorporation of the two new components
Prot and PLL. The size-classified carriers show substantially
narrower GSD values (=1.25) than the non-classified cases
(1.77). Mobility classification does result in some material
loss.l'! The number concentration of particles classified
at 50 nm is 4.9% of the concentration of non-classified par-
ticles. For particles classified at 100 and 200 nm, the values
are 10.2% and 3.4%, respectively.

Figure 2 shows typical TEM images of PLGA/Prot/PLL
particles, collected both before and after mobility classi-
fication. The PLGA/Prot/PLL particles exhibit similar uni-
form spherical shapes, with smooth surfaces. Particles are
also well separated. The formation of dense solid particles
(second image in Figure 2) is facilitated by slow convective
drying, where the time for the liquid to evaporate is greater
than the time required for supersaturated particles at the
liquid—vapor interface to migrate back toward a droplet
center. The mean mode diameter of the non-classified
PLGA/Prot/PLL nanocarrier particles is 134 + 8.2 nm. The
same data for the 50, 100, and 200 nm classified cases
are 53 +2.2,104 £ 3.2, and 199 * 8.6 nm, respectively, and

200 nm, classified

100 nm, classified

B Ffigure 2. TEM images of non- and size-classified PLGA/Prot/PLL carriers.
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B Figure 3. IR spectra of (A) pure PLGA and (B) PLGA/Prot/PLL carrier samples. NMR spectrum (C) of a PLGA/Prot/PLL carrier sample.

these data are in good agreement with the data shown in
Figure 1. Particles are also spherical in shape, and nearly
monodisperse.

The number density of the PLGA/Prot/PLL carriers varies
with size and the value for the 50 nm classified case is the
highest well described by the following equation:

6M pi G proy piL

" 7D} Prrgay prot/ pri @)
where n is the number of PLGA/Prot/PLL -carriers,
Mpiga/prot/prL IS the unit mass (1 mg) of PLGA/Prot/PLL, D, is
the average diameter of PLGA/Prot/PLL, and ppiga/prot/pLL 1S
the density of PLGA/Prot/PLL (1.26 g cm~3). The estimated
numbers of PLGA/Prot/PLL carriers are approximately
0.08, 1.23, 0.15, and 0.02 x 103 mg™ for the cases of the
non-classified, and 50, 100, and 200 nm classified particles,
respectively, and the corresponding specific surface
area of the cases are approximately 38.6, 96.8, 48.4, and
24.2 m? g1, respectively.

FTIR spectra of collected PLGA particles (Figure 3A)
show absorbance peaks at 1087 and 1187 cm™ (C-O
stretch), 1389 cm™ (CH bend), 1759 cm™ (ester C=0),
2946 cm™ (CH, bend), and 2960 cm™! (CH; bend).**! For
a sample of collected PLGA/Prot/PLL particles (Figure 3B),
the absorption peaks at 1033 and 1190 cm™ are attributed
to the symmetrical and asymmetrical stretching vibra-
tions of S=0, respectively, arising from incorporated Prot.
Other features include characteristic absorption peaks at
around 3400 cm™ (related to-NH, and O-H groups), and
the 1730 cm™! peaks assigned to carbonyl and ester groups
(NHCOO stretching combined with ester COO stretching),
originating from Prot and PLL['' The PLGA/Prot/PLL
sample still showed the peak positions at 1,759 cm™ (C=0
ester), 2946 cm™ (CH, bend), and 2960 cm™ (CH; bend),
which were also observed for the pure PLGA sample,
implying that the PLGA/Prot/PLL was a mixture form of
PLGA, Prot, and PLL. Figure 3C shows on H NMR spec-
trum, obtained of a particle sample that was suspended in
D,0 and then subjected to ultrasound treatment for 10 s.
Characteristic peaks of PLGA are obtained at 1.45 ppm
5 (a), 4.87 ppm § (b), and 5.21 ppm & (c).I*?] Peaks at 1.35
and 4.20 ppm are attributed to protons in the lysine seg-
ment.['*l The peaks labeled f, g, and h at 1.59, 1.74, and
3.13 ppm, § are assigned to protamine sulfate.['4] Minor
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differences between the IR and NMR spectra of pure PLGA
and the PLGA/Prot/PLL are taken as evidence for mixing
of PLGA, Prot, and PLL. It can be inferred that the pDNA
could be completely complexed with the carriers by ionic
binding (because a positive surface charge allows an
electrostatic interaction between negatively charged cel-
lular membranes and the positively charged complexes).
The zeta potential of PLGA/pDNA is initially negatively
charged (due to the existence of carboxyl groups on
PLGA), at approximately —20.7 mV, but became positively
charged, as shown in Table 2S (Supporting Information).
The values of the PLGA/Prot/PLL-pDNA complexes con-
firm the net positive charge, which is attributed primarily
to protonated amino groups.?¢!

Agarose gel retardation assay was carried out to con-
firm whether pDNA would associate with the cationic
PLGA/Prot/PLL nanocarriers, and to qualitatively investi-
gate the optimal weight ratio (0.1, 0.5, 1.0, 5.0, and 10.0) of
PLGA/Prot/PLL to pDNA for binding efficiency. As shown
in Figure 1S (Supporting Information), it is observed that
naked DNA (lane 1) migrated to the positive electrode
under the electric field. At a ratio of 0.5 or above, almost
all DNA combined with PLGA/Prot/PLL with little free
DNA visibly escaping in lanes 3-6.

The cytotoxicity of the complexes at the chosen sizes
was evaluated using an MTS assay in HEK 293 cells.
Results were compared to PEI (Figure 4A), which has
been widely applied in biomedical applications because
of its excellent properties such as biocompatibility, non-
toxicity, and biodegradability.'®! Results show that cell
viability is >85% for all the tested PLGA/Prot/PLL carriers,
while a lower viability (~50%) was observed for PEIL This
implies that PLGA/Prot/PLL may be non-cytotoxic in a
clinical context. In addition, there are no significant differ-
ences of cytotoxicity between the PLGA/Prot/PLL samples.
The cytotoxicity of cationic polymers is considered to be
a consequence of damage from interactions with plasma
membranes or other cellular compartments./*¢! There-
fore, the fact that the cell viability of all PLGA/Prot/PLL
carriers is >85% suggests that the charge density of
PLGA/Prot/PLL is acceptable invitro. Differences in trans-
fection ability among these PLGA/Prot/PLL carriers were
further confirmed by a luciferase assay. The ability of the
PLGA/Prot/PLL carriers to transfect HEK 293 cells using
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imaging of PLGA/Prot/PLL carriers in HEK 293 cells for 24 h. (C-a) to (C-d) are the non-classified, and the 50, 100, and 200 nm classified

I Figure 4. Results of (A) cytotoxicity of PLGA/Prot/PLL carriers in HEK 293 cells, (B) transfection efficiency, and (C) transfection fluorescence

PLGA/Prot/PLL carriers, respectively.

pDNA containing the luciferase and the green fluores-
cent protein (GFP) gene was investigated and compared
to PEI/pDNA complexes. From the results of the amount
of luciferase protein (Figure 4B), it is shown that naked
DNA was barely transfected in HEK 293 cells, whereas
both PLGA/Prot/PLL and PEI complexes could achieve
intracellular transfection. Compared with PEI complexes,
the transfection of PLGA/Prot/PLL complexes still exhibits
a higher expression of up to 2.1 x 107 RLU mg™! (for the
50 nm classified case). The efficiency increased with
decreasing carrier size, implying that the transfection
efficiency may be controlled by classifying the carrier
size. In previous reports, PLGA nanocarriers with smaller
sizes below 100 nm have been shown to have higher
transfection efficiencies than those of larger sizes.2'7]
In the present cases, the carrier size demonstrated a key
role in determining the level of transfection efficiency
because the zeta potential did not show a remarkable
difference between the samples [the 200 nm classified
(26.7 mV) case is slightly higher than 50 nm classified
(23.2 mV) case]. Figure 4C shows fluorescence images of
HEK 293 cells for the PLGA/Prot/PLL complexes derived
from GFP expression, which further confirmed the
transfection and differences between the PLGA/Prot/PLL
complexes (i.e., sizes). The higher efficiency of the PLGA/
Prot/PLL carriers may be ascribed to the combination of
high affinity between the luciferase and PLGA/Prot/PLL
complexes and the relatively small size (i.e., especially
50 nm, which corresponds to relatively high surface area,
96.8 m? g1) of the PLGA/Prot/PLL carriers [cf. ~120 nm for
PEI (Figure 2S, Supporting Information) and =125 nm for
non-classified PLGA/Prot/PLL carriers].
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3. Conclusion

For the first time, one-step aerosol fabrication of monodis-
perse PLGA-based mixture polymer nanocarriers has been
used in in vitro cytotoxicity and transfection. Aqueous
solutions of PLGA, Prot, and PLL were collison-atomized,
and the resulting aerosolized droplets were dried to form
solid particles, which then were electrostatically size-
classified into 50, 100, and 200 nm mobility diameter sam-
ples. Agarose gel retardation assay confirms that collected
particles bind pDNA. It exhibited a lower cytotoxicity and
a higher transfection efficiency in HEK 293 cells compared
to the PEI/pDNA complexes. These results further establish
aerosol processing as an efficient, green, scalable fabrica-
tion, which is generalizable to an extraordinarily broad
range of promising nanocarriers.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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