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Abstract

Induction of protein synthesis by the external delivery of in-vitro transcription-messenger
RNA (IVT-mRNA) has been a useful approach in the realm of cell biology, disease treatment,
reprogramming of cells, and vaccine design. Therefore, the development of new formulations
for protection of mRNA against nucleases is required to maintain its activity in-vivo. It
was the aim of the present study to investigate the uptake, toxicity, transfection efficiency
as well as phenotypic consequences of a nanoparticle (NP) in cell culture. NP consists of
poly D, L-lactide-co-glycolide (PLGA) and polyethyleneimine (PEI) for delivery of in-vitro
transcription-messenger RNA (IVT- mRNA) encoded green fluorescent protein (GFP) in
human monocyte-derived dendritic cells (moDCs). Nanoparticles that were synthesized and
encapsulated with synthetic GFP mRNA, exhibited size distribution in this formulation, with
mean particle sizes ranging between 415 and 615 nm. Zeta potential was positive (above
12-13 mV) and the encapsulation efficiency exceeded 73.5%. Our results demonstrated that
PLGA/PEI NPs encapsulation of GFP mRNA had no toxic effect on immature monocyte-
derived dendritic cells and was capable of delivering of IVT-mRNA into moDCs and was
highly effective. The expression of GFP protein 48 h after transfection was confirmed by flow
cytometry, microscopic examination and western blotting assay. This NP can make a way to
target moDCs to express a variety of antigens by [IVT- mRNA. The present study introduced
the PLGA/PEI NP, which provided effective delivery of IVT-mRNA that encodes the GFP
protein.

Keywords: PLGA; PEIL; IVT- mRNA; GFP; Dendritic cells; Nanoparticle.

Introduction the current strategies for non-viral antigen

loading with no risk of altering the host genome.

Protein pulsing and transfection with in-vitro Direct protein delivery is usually not feasible
transcribed messenger RNA (IVI-mRNA) are since the size and instability of protein avoids
it to provide an adequate concentration with a
* Corresponding author: therapeutic effect in animals. However, IVT-
E-mail: zarghami@tbzmed.ac.ir mRNA has some advantages. [IVT-mRNA
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molecules do not exist in nature as they are
either chemically modified and/or sequence-
engineered. Besides not carrying a carcinogenic
risk, IVT-mRNA has temporary activity due to
its natural degradation path and does not require
transport across the nuclear membrane since it
works in the cytoplasm (1). Recently, protein
synthesis by the external delivery of [IVT-mRNA,
which stabilizes expression of the protein in the
desired cells, has been a useful approach in cell
biology, disease treatment, reprogramming of
cells, gene editing strategies, and vaccination.
The use of IVI-mRNA as a vaccine stimulates
the synthesis of protein antigens to activate
the host immune system, effectively eliminating
tumor cells, or preventing infection (2-4). The
main factors that prevent the advancement of
the use of IVT- mRNAs for therapeutic purposes
include their instability, immunogenicity and the
lack of sufficiently efficacious delivery systems
(5). It is expected that these challenges will be
reduced by understanding how to modify their
untranslated regions (UTRs), and poly(A) tail
and study their effectiveness on the sustainability
and efficiency of IVT mRNA translation (1).
mRNA vaccines encapsulated in nanoparticles
(NPs) whose target cells are DCs may be the
most imminent area of vaccination (6, 7). IVT-
mRNA can be loaded into hybrid NPs including
lipids, polymers, and peptides in a structure that
causes stronger transfection (4). Although a few
polymers have been considered for formulating
biocompatible and biodegradable NPs, FDA
approved poly (D, L-lactide-co-glycolide)
(PLGA). PLGA is a non-toxic substance and
is easily metabolized by the Krebs cycle (8, 9).
PLGA NPs of appropriate size are reported to be
effectively taken up by mouse and human DCs,
and slowly hydrolyzed to induce prolonged
antigen stimulation. Now, they are considered
candidate for delivery of vaccine (10, 11).
PLGA can be easily formulated into NPs (12,
13); however, in order to reduce its limitation
in interactions with negative charge compounds
such as DNA/RNA, it is necessary to follow
the appropriate strategy. Previous studies have
shown that the addition of cationic polymer
such as Polyethylenimine (PEI) can be used to
improve the efficiency of the encapsulation (14).
PEI, one of the most positively charged dense

polymers, has been considered as a potential
non-viral delivery vehicle for oligonucleotides,
siRNA and plasmid DNA in-vitro and in-vivo.
PEI eases the endosomal release of polymer-
DNA complexes in a way that endosome is burst
by the particles buffering capacity (pH ranging
from 5.0 to 7.2) and the elevated osmotic
pressure after acidification of the endosome;
consequently, its internal components are
released (10, 15 and 16). It was the aim of the
present study to prepare a NP consisting of
both PLGA and PEI and evaluate the potential
of PLGA/PEI NPs for delivery of IVI-mRNA
encoding GFP protein. According to our
knowledge, the PEI and PLGA mRNA complex
has not been previously reported and it can have
advantages over the delivery systems described
so far.

Experimental

Materials

RiboMAX™ Large-scale RNA Production
Systems T7 Kit (P1300) was obtained from
Promega (Madison, USA). HindIll and Gsul
restriction enzymes were purchased from MBI
Fermentas (Germany). Also RQ1 RNase-Free
DNasel was obtained from Promega (Madison,
USA). PLGA with 50:50 monomer ratio
with viscosity of 1.05 DL/g and molecular
weight of 106 kDa, PEI (Average molecular
weight 750,000) and polyvinyl alcohol (PVA;
Molecular weight 13-23 kDa) were purchased
from Sigma-Aldrich (St Louis, MO, USA).
RPMI 1640 media and fetal bovine serum
(FBS) was purchased from Gibco (USA),
penicillin-streptomycin, L-glutamine obtained
from Invitrogen (Carlsbad, CA, USA). Total
RNA Purification Kit obtained from Jena
bioscience (Jena. Germany), Gel Extraction
Kit was purchased from Qiagen (Qiagen NV,
Venlo, Netherlands). Recombinant human IL-4
and GM-CSF were purchased from Peprotech
(Rocky Hill, NJ, USA). Other chemicals used
were among high quality commercial products
and used without purification.

Methods
Synthesis of mRNA Transcripts
The GFP-encoding plasmid (pGE-GFP) that
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Figure 1. Schematic diagram demonstrating preparation and synthesis

of GFP mRNA- encapsulated poly (D, L -lactide- co -glycolide)

(PLGA) nanoparticles. (A) Preparation of mRNA transcript encoding GFP protein. (B) Synthesis of GFP mRNA- encapsulated PLGA
nanoparticles using a double-emulsion solvent evaporation (W1/0/W2) technique.

was prepared in our previous study and consist
of 5’and 3’hsp70 UTRs, T7 promoter, IRES
sequences for elF4G in human dendritic cells and
GFP gene, were linearized with HindIll and Gsul
restriction enzymes (17). DNA samples were
purified using a PCR purification kit and used as
a template for in-vitro transcription. mRNA was
produced using the RiboMAX™ Large-scale
RNA Production Systems T7 Kit. Transcription
from 5-10 pg of DNA template was performed
in a final 20-200 pL reaction mix and incubated
at 37 °C for 4 h to generate in-vitro transcribed
mRNA. mRNA was purified using Total RNA
Purification Kit followed by DNase I digestion,
according to the manufacturer’s instructions. The
quality of mRNA was determined by loading the
sample on agarose gel and spectrophotometry.
mRNA was stored in RNase-free water at -80
°C. The steps for synthesizing mRNA transcripts
are schematically shown in Figure 1A.

PLGA/PEI NPs synthesis

The PLGA/PEI NPs with or without
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synthetic mRNA were formulated using a
double emulsion (W/O/W) solvent evaporation
method as described previously (18). In this
step, mRNA and PEI were mixed and the
resultant complex was encapsulated in PLGA
nanoparticles. The PEI is added to the PLGA
polymer phase (with weight ratio of 30:0.1) to
increase the encapsulation rate and improve
release of mRNA. Briefly, 4 mg synthetic
mRNA mixed with 0.025% PEI in 600 pL final
RNase free water reaction and was incubated
at room temperature for 30 min. This aqueous
solution was mixed with 3% (w/v) PLGA
polymer solution and sonicated on ice for the 30
sec to form W/O nanoemulsion. The emulsion
from the previous step was added drop wise into
the 5 mL of a 2% (w/v) aqueous solution of PVA
and the resulted mixture was sonicated on ice for
1 min. This W/O/W emulsion was stirred for at
least 12 h at room temperature to evaporate its
chloroform. The PLGA NPs were recovered by
centrifugation at 20,000 x g for 20 min at 4 °C
and the supernatant removed and saved for later
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evaluation. The prepared NPs were washed three
times to remove non-encapsulated synthetic
mRNA and any residual PVA. The supernatant
from each wash step was separately saved to
evaluate presence of non-encapsulated RNA
in wash solutions. To stabilize the capsulated
RNA, the NPs were re-suspended in 5 mL
of 5% trehalose solution. At the end, the NPs
were sonicated for 30 sec over an ice bath and
the PLGA NPs freeze dried (Alpha 1-2LDplus,
Freeze-dryer, Germany). The lyophilized NPs
will be stable for 6 months at =20 °C. The steps
for synthesizing GFP mRNA PLGA/PEI NPs
are schematically shown in Figure 1B.

Characterization of PLGA/PEI nanoparticle

Measurement of size, polydispersity index
and zeta potential

The features of PLGA/PEI NPs including
size (diameter), polydispersity index (PDI), and
surface charge (or zeta potential) were analyzed
using dynamic light scattering, Zetasizer Nano
series (Model, Malvern Instruments Ltd., UK).
Size of particles was the average of three
measurement runs, with triplicate measurements
within each run. Moreover, the morphology
of the PLGA/PEI particles with and without
GFP coding mRNA was examined using a
field emission Scanning Electron Microscope
(FE-SEM) (s4160, Hitachi, Japan).

Gel retardation analysis

Gel retardation assay was used to determine
complex formation between GFP mRNA and
PLGA/PEI NPs (PEI different weight ratio).
For this purpose, four microgram of synthetic
GFP mRNA and the appropriate amount of PEI
were supplemented with RNase free water. The
diluted PEI was added to the mRNA solution at
different N/P ratios and vortexed. After 30 min
of incubation at room temperature, 25 pL of a
3% PLGA solution in chloroform was added to it
and 10uL of the complex samples were subjected
to electrophoresis on 1% agarose gel containing
0.5 pg/uL ethidium bromide after mixing with
loading buffer (30% (v/v) glycerol, 0.25% (w/v)
bromophenol blue, and 0.25% (w/v) xylene
cyanol FF). Electrophoresis was carried out in
80 V for about 1 h in 1X TBE running buffer.
Gel and TBE running buffer were prepared with
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RNase-Free water. The bands were observed
with a transilluminator (Vilber Lourmat E-Box
VX2, Marne la Vallee, France).

Nuclease protection study

To determine protection ability of PLGA/
PEI for encapsulated GFP mRNA nuclease was
added to PLGA/PEI - GFP mRNA complexes
to a final concentration 1U nuclease to 4 ug
synthetic GFP mRNA and the mixtures were
incubated at 37 °C for 1 h. Then SDS solution
was added to the samples to a final concentration
of 1% to release mRNA from PLGA/PEI-GFP
mRNA complexes. Then, the samples were
analyzed by electrophoresis on agarose gel 1%
containing ethidium bromide and the integrity
of the synthetic GFP mRNA in each sample
was observed and compared with free synthetic
mRNA as control.

Assessment of entrapment efficiency (EE)
and loading capacity (LC)

The EE of PLGA/PEI- mRNA formulation
was assessed by calculating the concentration of
free mRNA in the supernatant obtained during the
synthesis procedure. To determine the amount of
non-encapsulated mRNA (free mRNA), the UV
absorbance of all four supernatants, stored from
the NPs formulation, was measured EE was
calculated using the following Equation:

W(Initial mRNA) — W(Free mRNA) x

EE (%) = 100

Witnitial mRNA)

The LC of the NPs was also measured by
determining the amount of loaded mRNA in NPs
according to this Equation:

W(Entrapped mRNA) %

LC (%) = 100

W (Total PLGA/PEI)

(Entrapped mRNA) 1s the amount of loaded mRNA
in NPs and W (Total PLGA/PED) is the total amount of

PLGA/PEI used in the preparation of NPs.

In-vitro mRNA release from NPs
About 1 mg of mRNA-loaded NPs was
incubated with 1 mL of release buffer (10 mM



Tris—HCL, pH 7.4, 1 mM EDTA) on an orbital
shaker at 100 rpm and 37 °C. The samples were
taken in triplicate at different predefined time
points (e.g., at incubation time, 1, 3, 5, 7, 14,
21 and 30 days). At predetermined intervals, the
NPs suspension was centrifuged at 20,000 X g
for 20 min at 4 °C. The concentration of mRNA
in the supernatant was measured in triplicate for
each time point by bio-photometer spectroscopy
at the wavelength of 260 nm.

Generation of monocyte derived dendritic
cells (moDCs)

Human monocyte-derived dendritic
cells (MoDCs) were generated as described
previously (19). In summary, human PBMCs
were isolated from healthy blood donors using
Ficoll-Hypaque density gradient centrifugation
and were allowed to adhere to plastic plates
for 2 h. Adhered monocytes were washed with
RPMI 1640 medium and were then cultured for
7 days in RPMI 1640 medium supplemented
with  10% FBS, L-glutamine (2 mM),
penicillin (100IU), streptomycin (100 pg/mL),
recombinant interleukin-4(IL-4:25 ng/mL) and
recombinant granulocyte-macrophage colony
stimulating factor (GM-CSF: 50 ng/mL). After
7 days, immature monocyte derived dendritic
cells expressing iDC-specific markers detected
by flow cytometry were ready for NP treatment.

Nanoparticle uptake assessment

To test the ability of nanoparticle release from
endosomes into the cytosol, NPs were labeled
with carboxyfluorescein diacetate succinimidyl
ester (CFSE) dye. The CFSE is a lipophilic
molecule that produces a little fluorescence
outside the cell but in cells and in the presence
of esterase, it becomes markedly fluorescent
(20). Each 1 x 10° moDCs mixed with 100 ng/
mL of CFSE labeled PLGA/PEIs NPs and were
incubated at 37 °C. Changes in cell-associated
fluorescence were examined over time. After 12
and 24 h, 1 x 10° of the cells were analyzed by
Flow Cytometer and fluorescence microscopy to
confirm NP uptake (Olympus-BX51.USA).

In-vitro NPs transfection of monocyte derived
dendritic cells (moDCs)
To carry out the transfection experiments, 2 X
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10° imDCs was seeded per well in 12-well plate
and incubated overnight at 37 °C. Next day,
transfection experiments were performed by
adding nanoparticles to moDCs. The expression
of GFP protein was measured using flow
cytometry, fluorescence microscopy (Nikon
Eclipse TE2000-U, USA) and western blotting
assay 24-48 h after transfection.

Detection of GFP protein expression in
moDCs by Western blotting

After transfection of immature DCs with IVT
GFP mRNA, the transfected and un-transfected
cells were degraded in lysis buffer. Centrifuged
protein deposit was assessed with Western
blot to check the expression of GFP protein.
Briefly, the proteins were transferred from
SDS- PAGE gel to a nitrocellulose membrane.
After incubation of membrane strips in 5%
skim milk powder and 0.1% Tween 20 in TBS
buffer nitrocellulose membrane incubated with
1:1500 diluted primary antibody (GFP-specific
antibody) in 1X TBS. After washing, the strips
were incubated for 2 h with 1:5000 diluted
secondary antibody (Rabbit polyclonal GFP
Antibody- ALP conjugated) in 1X TBS. Finally,
the bands were visualized by adding a detection
substrate BCIP/NBT solution. Un-transfected
cells were analyzed as negative controls for
expression of GFP protein.

Evaluation of PLGA/PEI NPs cytotoxicity
based on viability of moDCs

In-vitro cytotoxicity of PLGA/PEI NPs
against moDCs at concentrations 5 ug/mL was
evaluated using flow cytometry. mDCs cells
were stained with the LIVE/DEAD Fixable Far-
Red Stain (Near-IR, Invitrogen, UK) based on its
fluorescent properties to provide a bright signal
when excited with a red laser. The stained cells
were analyzed using flow cytometer (FACSAria
II, BD, USA) by the appropriate excitation
(633/635 nm) and detection channel (780 nm).

Statistical Analysis

Data were analyzed using statistical software
(SPSS Version 12; SPSS Software Corporation,
Irvine, CA, USA). All data are reported as mean
values £ SEM (n = 3). Statistical differences
between transfected and un-transfected moDCs



Sharifnia Z et al. / TIPR (2019), 18 (4): 1659-1675

A Gsul

GFP gene

pGE-GFP
4577bp

T7 Promoter

GFP mRNA

RNA Marker

9 Kb
7 Kb
5 Kb

3 Kb

2 Kb
1.5 Kb

Figure 2. (A) The pGE-GFP plasmid containing GFP gene and cis-acting flanking structures such as T7 promoter, the 5’ and
3’un-translated regions (UTRs) adjacent the ORF. At the beginning and the end of the sequence containing the GFP gene, two restriction
enzymes Hindlll and Gsul have been placed. (B) The GFP mRNA transcript with a length of about 1.6 kb shown on an agarose gel 1.1%.

Marker Column: RNA marker with a length of 0.5-9 kb.

were evaluated by ANOVA (Statview; SAS
Institute, Cary, NC). Probability values less than
0.05 were interpreted as statistically significant.

Results

In-vitro transcription (IVT) process

pGE- GFP containing GFP gene with known
flanking sequences (Figure 2A) was digested
with Hindlll and Gsul restriction enzymes.
The fragments with an approximate length of
1660 bp, were purified using a Gel Extraction
Kit and the quality of the purified template
DNA was determined by measuring A260/
A280 ratio, which was in the range of 1.6 to
1.8. In-vitro transcription was performed using
the RiboMAX™ [Large-scale RNA Production
Systems T7Kit using recommended template
concentration (5-10 ug). The concentration of
synthesized mRNA in a three-time experiment
was assayed by spectrophotometric analysis at
260 nm and was between 17.5-23.5 mg/mL. The
quality of mRNA was determined by measuring
A260/A280 and visualizing on an agarose gel
(Figure 2B).

Nanoparticle characterization
SEM images showed that the NPs are spherical
and are well dispersed showing homogeneous

distribution around 400-600 nm in diameter
and that the encapsulation of synthetic mRNA
did not seem to cause morphological alterations.
Also a small amount of particle agglomeration
was observed (Figures 3A and 3B). The results
of the determination of size and zeta potential for
PLGA/PEI particles with and without mRNA are
shown in Table 1. Size and zeta potential were
reported as the average and standard deviation of
the measurements, with repeated three times per
sample. Size of blank PLGA (particle without
mRNA) and mRNA-encapsulated PLGA/PEI
NPs is in average 428.9 + 12 and 606.45 = 9.7
nm in diameter, respectively. The polydispersity
index (PDI) indicated that mRNA-encapsulated
PLGA/PEI NPs (PDI of 0.454 + 0.084) were
distributed slightly higher than blank PLGA/
PEI NPs (PDI of 0.437 + 0.012). Measured zeta
potential values were measured for both blank
PLGA/PEI and mRNA-encapsulate PLGA/
PEI to be 12.9 + 0.275 mV and 12.2 + 0372
mV (Figures 3C-3F). Then, in order to better
understand the behavior of these nanoparticles
in the living environment, the mRNA complex
was prepared with different polymer ratios.
First, the condensation of the synthetic GFP
mRNA by PEI at various different N/P ratios
(0.005-0.045) was analyzed by gel retardation
assay (Figure 4). It is well established that
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Figure 3. Characterization of PLGA/PEI nanoparticle. Scanning electron microscope (SEM) images showing the spherical morphology
of PLGA/PEI nanoparticles (A) Blank PLGA/PEI and (B) mRNA-encapsulate PLGA/PEI. (C) size and (D) zeta potential of Blank
PLGA/PEI nanoparticle, (E) size and (F) zeta potential of GFP-encapsulate PLGA/PEI nanoparticle. The images show the values
associated with one measurement. Measurements were repeated three times for the formulation of each nanoparticle.

Table 1. Size, Zeta potential, PDI, mRNA encapsulation efficiency (EE) and loading capacity (LC) of mRNA-loaded nanoparticle.

Formulation Size (nm) PDI* Zeta Potential (mV) EE (%)® LC (%)*
Blank PLGA/PEI NPs 428 + 12 0.437+0.012 12.9 £0.275 - -
mRNA encapsulated

PLGA/PEI NPs 606 +9.7 0.454 +0.084 12.2 £ 0372 73.54 £2.12 11.47+0.33

“Polydispersity Index.
"Encapsulation Efficiency.
‘Loading Capacity.
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Figure 4. Gel retardation assays. Electrophoretic migration of GFP mRNA complexed with PEI/PLGA at varying N/P ratios ranging
from 0.005 to 0.045. Complexes were prepared by mixing 4 pg of synthetic GFP mRNA with different amount of PEI according to the
desired ratio. Lane 1 (left) un-complexed synthetic mRNA, lane 2-6 represented GFP mRNA complexed with PEI/PLGA at varying
N/P ratios ranging from 0.005 to 0.045. As shown in Figure N/P ratio 0.025 and more than 0.025 were sufficient to totally condense the
mRNA, as no free mRNA migrated into the gel. Experiments have been done three times.

during electrophoresis, the complexes, which
are less negatively charged and heavier than
free mRNA, are retained in the wells (N/P ratio
0.025-0.045) whereas un-complexed mRNA can
migrate into the gel. As shown in Figure 4, our
results demonstrated that an N/P ratio 0.025 was
sufficient to totally condense the mRNA, as
no free mRNA migrated into the gel. Although
the N/P ratio of more than 0.025 was sufficient
to condense all of the mRNA, due to the high

toxicity of PEI, the best ratio for transfection
in the cultured cells was considered to be N/P
ratio 0.025. Also, maintaining the mRNA in
nanoparticles in the presence of nuclease for 1 h
incubation was investigated. As shown in Figure
5, our results indicated that N/P ratio of more
than 0.025 was sufficient to protect mRNA from
digestion by nuclease. This result demonstrated
that PLGA/PEI nanoparticles could protect
encapsulated mRNA from nuclease digestion.

Figure 5. Agarose gel electrophoresis of mRNA extracted from nanoparticles after treatment with nuclease enzyme. Lane 1 (left)
untreated control mRNA, lane 2-6 represented GFP mRNA complexed with PEI /PLGA at varying N/P ratios ranging from 0.005 to
0.045 incubated with nuclease at 37 for 1 h. As shown, N/P ratio 0.025 and more than 0.025 was sufficient to protect mRNA from

digestion by nuclease.
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IVT-mRNA EE and LC determination

The mRNA encapsulation rate in NPs
can be calculated by subtracting the amount
of recovered mRNA in the wash supernatants
from the initial amount of mRNA used. In four
supernatants obtained during the NP formulation
process, non-encapsulated mRNA remaining
was evaluated. Absorbance measurements at
260 nm by UV spectrophotometer were obtained
for all four supernatants. The remaining mRNA
level was measured in the range of 1140 to 1340
pg in supernatant and the calculated average
values of encapsulation efficiencies (EE%) and
loading capacity% (LC%) were 73.54 + 2.12%
and 11.47 + 0.33 (Table 1).

In-vitro mRNA release study

Figure 4 shows that by considering the initial
amount of loaded mRNA (3500-4700 pg) and
EE%, the mRNA release rate from nanoparticles
during 30 days after encapsulation was about
8.3-44.3% which is considered as a slow process
(Figure 6).

Particle uptake

To show the uptake and endosomal escape
of NPs in moDCs, the NPs were labeled by
CFSE dye. Immature moDCs were incubated
with labeled NPs. After 12 h incubation, moDCs
were collected and stained with Hoechst dye.
The mRNA uptake efficiency of this NP was
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quantitatively analyzed using a FACS Calibur
flow cytometer. Fluorescent intensity of moDCs
transfected with labeled NPs compared to the
control cells, which were moDCs that did not
have exposure to labeled NPs. Using this method,
the introduction of NPs into the cytoplasm of the
moDC cells was confirmed because the CFSE-
labeled nanoparticles show its fluorescence
property upon entry into cytosol. The moDCs,
recieving labeled NPs were washed 3 times with
PBS and their fluorescence emission intensity
was measured after 12 h and 24 h. Analysis
by fluorescence microscopy exhibited localized
fluorescence signals after culturing moDCs
(Figure 7A). Also the percentage of CFSE-
positive moDCs 12 and 24 h after the exposure
were 42.8%, 63.8%, respectively (Figures
7B-7E).

Performing of mRNA transfection with NPs

To generate iDCs from monocytes, CD14+
cells were purified from normal blood samples
and differentiated into iDCs using a human
recombinant IL-4 and GM-CSF. On day 5,
monocyte-derived cells were assessed for the
expression of monocyte- and iDC-specific
markers by flow cytometry. Supplementaryl
indicates the result of arepresentative experiment.
After 24 and 48 h in-vitro transfection of the
immature moDCs with re-suspended NPs in
RPMI solution at a concentration of 5 pg/
mL, the expression of GFP in the moDCs
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Figure 7. Intracellular uptake of CFSE-encapsulating nanoparticles by moDCs. (A) Fluorescent images of uptake of CFSE-encapsulating
nanoparticles by moDCs. Merged DAPI and CFSE image. Nanoparticles are greenish-yellow and the nucleus is blue, nuclei stained with
Hoechst 33258. Scale bars represent 100uM. Flow cytometry analysis of moDCs encapsulated the CFSE labeled nanoparticles. (B and
D) CFSE-positive moDCs were not exposed to the nanoparticle and gated in a CFSE-(FL1) dot plot (Day 0). (C) CFSE-positive moDCs
were exposed to the nanoparticle (12 h after the exposure - percentage of positive cell: 42.8%). (E) CFSE-positive moDCs were exposed
to the nanoparticle (24 h after the exposure - percentage of positive cell: 63.8%).

was investigated. Our results demonstrate that percentage number in the fluorescence-activated
GFP expression can be detected, using flow cell sorting profile represents the percentage
cytometry, fluorescent microscopy examination, of the cells expressing GFP 24 and 48 h after
and western blotting assay. The average transfection that was 42.4% + 1.98, 70.2% +
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Figure 8. Flow cytometry analysis, fluorescence microscopic images and western blotting of GFP PLGA/PEI NPs-treated moDC
cells. GFP PLGA/PEI nanoparticles were added to the cell culture media at the final concentration of 5 pg/mL and GFP protein
expression was measured 24-48 h post treatment. (A-D) flow cytometry analysis of GFP PLGA/PEI NPs-treated moDCs. (A) As a
control, moDCs only treated with PBS buffer (Negative Control). (B and C). Percentage of GFP positive moDCs were transfected with
PLGA/PEI NPs encapsulation of GFP mRNA 24 h and 48 h after transfection respectively. The percentage number in the fluorescence-
activated cell sorting profile represents the percentage of GFP-expressing cells sorted within a prefixed gate region. (D) The
comparison percentage of GFP positive moDCs in control negative and after transfection of moDCs with PLGA/PEI NPs encapsulation
of GFP mRNA. The results represent the mean = SD (n = 3 for one of three independent experiments). P < 0.05 by One-way analysis
of variance as compared with the corresponding controls. (E) GFP expression in moDCs using fluorescence microscopy. Immature
moDCs were transfected with PLGA/PEI NPs encapsulation of GFP mRNA and were analyzed for GFP protein expression 48 h after
transfection. GFP protein expressed in moDCs have been indicated in fluorescent microscopy fields (Down). (F) Western blotting for
detect expression of GFP protein in moDCs 48 h after transfection by PLGA/PEI NPs encapsulation of GFP mRNA. The right line of
marker is protein extract from the un-transfected DCs as negative control and the left line of marker is GFP protein with the expected
molecular mass (27 kDa) in the DCs extract.
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Figure 9. Flow cytometry analysis of moDCs viability, before and after transfection with NPs. The dot plots show Near-IR fluorescence
on the x-axis and count cells on the y-axis. Gates were drawn based on un-staining Mo-DCs (row cells). Percentages of dead cells
(left corner) and viable cells (right corner) are indicated. (A) The percent viability of iDC calls before transfection with PLGA/PEI
nanoparticles. (B-D) The percent viability of moDC calls after transfection with PLGA/PEI nanoparticles at 12, 24 and 48 h after
exposure respectively. (E) Comparison of the mean viability of moDCs cells before and after exposure to nanoparticles (at 12, 24, 48 h,
respectively). Measurements were repeated in triplicate for each time and the standard errors are shown.

232, respectively (Figures 8A-8D). Microscopic
examination revealed that transfection of moDCs
with PLGA/PEI NPs happened in a relatively
good transfection efficiency (Figure 8E). Also,
the GFP expression in moDCs was screened by
western blotting after 72 h (Figure 8F).

As shown in Figure 8F, GFP protein with
the expected molecular weight (27 kDa)
was observed in cell extracts obtained after
transfection of moDCs. The right side of the
marker shows the expression of proteins in
negative control cells which were moDCs that
did not exposed to mRNA-encapsulated NPs.

Evaluation of PLGA/PEI NPs cytotoxicity
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The viability of labeled iDCs with Near-
IR (viability dye) before and after transfection
with PLGA/PEI NPs (at 12, 24 and 48 h after
exposure) were estimated using a FACSAria
II flow cytometer. Examination of mean
fluorescent intensity of the cultured moDCS
that were exposed to mRNA-encapsulated NPs
showed a similar trend to the percentage of iDCs
that were not exposed to mRNA-encapsulated
NPs (Figures 9A-9D). The mean viability of
the pre-treated moDCs (93.23 + 1.64) and
the treated moDCs (at 12, 24, 48 h: 91.25 =+
3.18, 88.45 + 3.3, 92.83 + 1.48 respectively),
did not show any significant difference



(Figure 9E).
Discussion

In recent years, mRNA has been proposed
as an effective alternative to DNA-based
treatments and successfully was used in vaccine
technology due to several benefits. mRNAs do
not need to enter nuclear to perform transfection
process. The integration probability of mRNA
into the host genome is low and also they
have high expression rate and predicted kinetics.
However, due to some undesirable features such
as large size, negative charge, and enzymatic
degradation, the widespread use of mRNA is
limited. Therefore, it is possible to overcome
these limitations by modifying mRNA delivery
methods and use it as a therapeutic tool (5, 21).
To formulate mRNA vaccines, many complex
agents have been used to facilitate the delivery
of mRNA to the cytosol. But the use of complex
agents in-vivo is often associated with toxicity,
especially for high molecular weight compounds
(22). Current approaches to encapsulate and
transfer of the therapeutic compounds focus on
the development of liposomal and biodegradable
polymeric nanoparticles (23, 24). In this regard,
cationic lipids are commonly used, for example,
to the intravenous injection and intradermal
administration of antigen coding mRNA (25).
The first report presented in order to increase
the protection and uptake of mRNA by cells is
related to generation of an immune response by
direct administration of mRNA encapsulated
in liposomes. In this study, the mice were
immunized intraperitoneally with liposomes
containing mRNA, which encoded the influenza
virus nucleoprotein (NP). The results of their
study showed that injection of only mRNA or
mRNA encapsulated in liposomes could not raise
cytotoxic T lymphocytes (CTL) and suggested
that the cause of the absence of CTL is due to
the instability of liposomes in the peritoneal
environment (26). The most important defect
in the liposomal system is the short half-life
of the nanoparticles in the serum for a few
hours due to the binding of serum proteins to
them. Therefore, in order to prevent instability
caused by the interaction of cationic liposome
with serum proteins in studies conducted on
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miRNA delivery, sometimes anionic and neutral
liposomes were used. Also, in other studies,
the linkage of the lipids with hydrophilic and
flexible compounds such as polyethylene
glycol (PEG) is also considered as a solution
for increasing the stability and half-life of lipid
nanoparticles (27). Although cationic lipid-
based delivery systems are attractive in terms of
performance, they might generate toxicity and
induce immunogenicity in-vitro and in-vivo (1).
Another report also showed that the complexity
of mRNA with protamine was the most effective
way of stabilizing mRNA against degradation
with serum components (28). Protamine
as a polycationic heterogeneous peptide is
obtained from fish. Combining protamine
with polyanionic heparin through electrostatic
interaction neutralized the anticoagulant heparin
functions (29). But there is evidence that the
use of protamine is associated with a number of
side effects, including complement activation,
release  of  histamine, carboxypeptidase
inhibition, production of thromboxane, nitric
oxide, and antibody (30). The use of cationic
polymers for delivery of synthetic mRNA has
not been studied in comparison with pDNA and
siRNA, but they have high potential and have
been well developed to compete with many
lipid systems. The negatively charged synthetic
mRNA complexation spontaneously interact
with cationic polymers due to their opposite
charges, and typically polyplexes are more
stable than lipoplexes. Cationic polymers are
able to bind and also condense synthetic mRNA
into NPs which makes IVT-mRNA uptake more
efficient through endocytosis. Moreover, the
nanostructures protect the synthetic mRNA from
nuclease degradation, and facilitate endosomal
escape (31). Among various cationic polymers,
PLGA has been largely evaluated for its ability
to deliver various types of drugs (32, 33). PLGA-
composed nanoparticles easily escape from
lysosomes to the cytoplasmic portion and release
their content over a long period of time (34,
35). These features make PLGA nanoparticles
effective as a potential tool for gene delivery (36,
37). PLGA-based nanoparticles were used as a
carrier of miRNA for HepG2 cell transfection
(38). Also, PLGA nanoparticles have been used
as a delivery agent for vaccines. Many studies
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have shown that nanosystems can increase the
absorption of antigens or adjuvants by APCs
and provide better immune responses than
soluble antigen presentations. Apart from higher
absorption by APCs, and in particular the use
of PLGA nanoparticles for vaccines and cancer
immunotherapy based on nanotechnology,
there are several other advantages (14). The
advantage of this polymer is the ability to
escape from the endosomes, its biodegradability,
and cellular compatibility (39). PEI is one of
the most efficient positively charged cationic
polymers used as a gene carrier that condenses
a nucleic acid into cationic polyplexes, and can
stabilize and protect nucleic acid for hours from
nucleases in the tissues (40).

PEI is only partly protonated in the
extracellular neutral pH, so the nucleic acid is
still linked through electrolytic interactions, but
in the acidic environment of the endosome, the
protonation and charge density of PEI would
increase. This process will lead to the instability
of the vesicles containing the polyplex and then
facilitate the release of the nucleic acid molecule
from the endosome, as a result, PEI provides
a favorable component in the field of delivery
of nucleic acids (41, 42). So far, nanoparticles
containing PLGA and PEI polymers have been
used in many studies to deliver the gene and
drug. Patil and colleagues argued that PEI, as an
amine-rich cationic polymer, has the potential to
increase the SIRNA retention rate in the matrix
of'the PLGA. Also, the release of oligonucleotide
from a PLGA/PEI nanoparticle compared with
the PLGA nanoparticle, is more continuous.
Polymer PEI is more hydrophilic than PLGA
and is easily soluble in aqueous buffers,
which creates channels in the nanoparticle
matrix, accelerating the degradation of the
nanoparticle and release of oligonucleotides.
Their results indicated that insertion of PEI in
PLGA nanoparticle affects the cell’s up-take
of the nanoparticle. The effective efficiency
of SiRNA-loaded nanoparticles in reducing the
gene expression in the two cell lines suggests
that the PLGA/PEI nanoparticles were a useful
system for delivery of SiRNA. The problem
with using PEI is its toxicity. PEI, depending on
the concentration used, can be very toxic to the
cells. The formulation used in above study had

a low concentration of PEI (3 ng/ug of PLGA)
and PLGA/PEI nanoparticles did not induce
a significant cytotoxicity (43). We also used a
similar concentration (1 ng/0.3 pg of PLGA) in
the present study in nanoparticle formulation.
In another study, Shengpeng Wang et al. used
PEI-PLGA nanoparticles with hyaluronic acid
to deliver doxorubicin (DOX) and miR-542-
3p to breast cancer. Their results demonstrated
that HA/PEI-PLGA nanoparticles were able to
provide chemotherapeutic agents and miRNAs
as tumor suppressor (44).

In this study, we implemented a simple,
efficient, and controlled system using common
strategies. The NPs we made are consisted of
two bio-materials: PLGA and PEI. PLGA is a
hydrophobic and biodegradable component with
the ability to encapsulate many hydrophobic
biomaterials such as nucleic acids. PEI improves
the effectiveness of the encapsulation and
promotes the interaction between positively
charged nanoparticles and negatively charged
cell membranes and also it elevates the release
of encapsulated biomolecules and endosomal
escape. The branched PEI with higher molecular
weights has shown great success for in-vitro
transfections since it condenses nucleic acids
more efficiently than the linear PEI, hence to
design our NP we used branched PEI (45). Here
we showed that PLGA encapsulated mRNA/PEI
complex, had no toxic effect on immature DCs
and was capable of delivering IVT-mRNA in
DC cells. PLGA/PEI nanoparticles may further
be studied as a vehicle for the delivery of various
synthetic mRNA to DC in order to provide a
variety of recombinant proteins to stimulate the
immune system. Particle size and zeta-potential
are significant factors since they directly have
effect on the stability, biodistribution and also
these factors determine the level of cellular and
tissue uptake.

Zeta potential is an indicator of the surface
charge of NPs/IVI-mRNA complexes. The
surface positive charges of the nanostructures
can aid the NPs attach firmly to the negatively
charged cellular membrane, hence accelerating
their entry into the cells through endocytosis.
As presented in Table 1, PEI is located on the
surface of PLGA NPs owing to the electrostatic
interaction of anionic PLGA copolymers with
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cationic PEI molecules. Introduction of PEI
resulted in the positive zeta potential of the
NPs. IVT-mRNA are attached to the surface
of PLGA/PEI NPs because of the electrostatic
interaction between positively charged PLGA/
PEI NPs and negatively charged IVT-mRNA.
The zeta potential of the complexes enhances
in parallel with the NPs/ IVT-mRNA N/P ratio,
which leads a reasonable affinity to the surface
of the cells.

Conclusion

We developed PLGA/PEI NPs which contain
a hydrophobic PLGA core and PEI as a cationic
polymer. The NP formulations were characterized
and evaluated for delivery of IVT-mRNA.
NPs were well tolerated by human monocyte-
derived DCs (moDCs). The nanoparticle was
prepared by a simple and controllable process
and contained biocompatible, biodegradable,
and non-toxic polymers and hence might be
useful as a potential [IVT-mRNA delivery system.
Further, in-vivo investigations are planned to
show the efficacy of these nanostructures as
an [VT-mRNA delivery system for a variety of
applications, especially for the presentation and
delivery of recombinant proteins by [IVT-mRNA
to dendritic cells with therapeutic aims.

Acknowledgment

Authors would like to thank Department
of Medical Biotechnology for supporting this
project and providing the necessary infrastructure
for successful accomplishment of this research.

References

(1) Hajj KA and Whitehead KA. Tools for translation:
non-viral materials for therapeutic mRNA delivery.
Nat. Rev. Mater. (2017) 2: 17056.

(2) Avci-Adali M, Behring A, Keller T, Krajewski S,
Schlensak C and Wendel HP. Optimized conditions for
successful transfection of human endothelial cells with
in-vitro synthesized and modified mRNA for induction
of protein expression. J. Biol. Eng. (2014) 8: 8.

(3) Benteyn D, Anguille S, Van Lint S, Heirman C,
Van Nuffel AM, Corthals J, Ochsenreither S, Waelput
W, Van Beneden K and Breckpot K. Design of an
optimized Wilms’ tumor 1 (WT1) mRNA construct

1673

In-vitro Transcribed mRNA Delivery Using PLGA/PEI Nanoparticles

for enhanced WTI1 expression and improved
immunogenicity in-vitro and in-vivo. Mol. Ther-Nucl
Acids (2013) 2: e134.

(4) Guan S and Rosenecker J. Nanotechnologies in
delivery of mRNA therapeutics using nonviral vector-
based delivery systems. Gene Ther. (2017) 24: 133-43.

(5) Islam MA, Reesor EK, Xu'Y, Zope HR, Zetter BR and
Shi J. Biomaterials for mRNA delivery. Biomater. Sci.
(2015) 3: 1519-33.

(6) Phua KK. Towards targeted delivery systems: ligand
conjugation strategies for mRNA nanoparticle tumor
vaccines. J. Immunol. Res. (2015) 2015: 680620.

(7) Phua KK, Nair SK and Leong KW. Messenger RNA
(mRNA) nanoparticle tumour vaccination. Nanoscale
(2014) 6: 7715.

(8) Sadeghzadeh H, Pilehvar-Soltanahmadi Y, Akbarzadeh
A, Dariushnejad H, Sanjarian F and Zarghami N.
The effects of nanoencapsulated curcumin-Fe304 on
proliferation and hTERT gene expression in lung
cancer cells. Anticancer Agents Med. Chem. (2017)
17: 1363-73.

(9) Amirsaadat S, Pilehvar-Soltanahmadi Y, Zarghami
F, Alipour S, Ebrahimnezhad Z and Zarghami N.
Silibinin-loaded magnetic nanoparticles inhibit h\TERT
gene expression and proliferation of lung cancer cells.
Artif. Cells Nanomed. Biotechnol. (2017) 45: 1649-56.

(10) Cappellano G, Comi C, Chiocchetti A and Dianzani U.
Exploiting PLGA-based biocompatible nanoparticles
for next-generation tolerogenic vaccines against
autoimmune disease. Int. J. Mol. Sci. (2019) 20: 204.

(11) Saluja SS, Hanlon DJ, Sharp FA, Hong E, Khalil D,
Robinson E, Tigelaar R, Fahmy TM and Edelson
RL. Targeting human dendritic cells via DEC-205
using PLGA nanoparticles leads to enhanced cross-
presentation of a melanoma-associated antigen. /Int. J.
Nanomedicine (2014) 9: 5231.

(12) Mohammadian F, Pilehvar-Soltanahmadi Y, Zarghami
F, Akbarzadeh A and Zarghami N. Upregulation of
miR-9 and Let-7a by nanoencapsulated chrysin in
gastric cancer cells. Artif. Cells Nanomed. Biotechnol.
(2017) 45: 1201-6.

(13) Mohammadian F, Abhari A, Dariushnejad H, Zarghami
F, Nikanfar A, Pilehvar-Soltanahmadi Y and Zarghami
N. Upregulation of Mir-34a in AGS gastric cancer cells
by a PLGA-PEG-PLGA chrysin nano formulation.
Asian Pac. J. Cancer Prev. (2015) 16: 8259-63.

(14) Danhier F, Ansorena E, Silva JM, Coco R, Le Breton A
and Préat V. PLGA-based nanoparticles: an overview
of biomedical applications. J. Control. Release (2012)
161: 505-22.

(15)ChenZ,HeY, Zhang Land Li Y. Enhanced DNA release
from disulfide-containing layered nanocomplexes by
heparin-electrostatic competition. J. Mater. Chem. B
(2015) 3: 225-37.

(16) Nayerossadat N, Maedeh T and Ali PA. Viral and
nonviral delivery systems for gene delivery. Adv.
Biomed. Res. (2012) 1: 27.

(17) Sharifnia Z, Bandehpour M, Kazemi B and Zarghami
N. Design and development of modified mRNA



Sharifnia Z et al. / TIPR (2019), 18 (4): 1659-1675

encoding core antigen of hepatitis C virus: a possible
application in vaccine production. lran. Biomed. J.
(2019) 23: 57-67.

(18) Pantazis P, Dimas K, Wyche JH, Anant S, Houchen CW,
Panyam J and Ramanujam RP. Preparation of siRNA-
encapsulated PLGA nanoparticles for sustained release
of siRNA and evaluation of encapsulation efficiency.
Methods Mol. Biol. (2012) 906: 311-9.

(19) Spaggiari GM, Abdelrazik H, Becchetti F and Moretta
L. MSCs inhibit monocyte-derived DC maturation and
function by selectively interfering with the generation
of immature DCs: central role of MSC-derived
prostaglandin E 2. Blood (2009) 113: 6576-83.

(20) Wang XQ, Duan XM, Liu LH, Fang YQ and Tan
Y. Carboxyfluorescein diacetate succinimidyl ester
fluorescent dye for cell labeling. Acta Biochim.
Biophys. Sin. (2005) 37: 379-85.

(21)Lutz J, Lazzaro S, Habbeddine M, Schmidt KE,
Baumhof P, Mui BL, Tam YK, Madden TD, Hope
MJ and Heidenreich R. Unmodified mRNA in LNPs
constitutes a competitive technology for prophylactic
vaccines. NPJ Vaccines (2017) 2: 29.

(22) Andalib S, Talebi M, Sakhinia E, Farhoudi M, Sadeghi-
Bazargani H, Motavallian A, Pilehvar-Soltanahmadi Y.
Multiple sclerosis and mitochondrial gene variations: a
review. J. Neurol. Sci. (2013) 330: 10-5.

(23) Kumari A, Yadav SK and Yadav SC. Biodegradable
polymeric nanoparticles based drug delivery systems.
Colloids Surf. B Biointerfaces (2010) 75: 1-18.

(24) Schwendener RA. Liposomes as vaccine delivery
systems: a review of the recent advances. Ther. Adv.
Vaccines (2014) 2: 159-82.

(25)Hess PR, Boczkowski D, Nair SK, Snyder D and
Gilboa E. Vaccination with mRNAs encoding tumor-
associated antigens and granulocyte-macrophage
colony-stimulating factor efficiently primes CTL
responses, but is insufficient to overcome tolerance
to a model tumor/self antigen. Cancer Immunol.
Immunother. (2006) 55: 672-83.

(26) Martinon F, Krishnan S, Lenzen G, Magné R, Gomard
E, Guillet JG, Lévy JP and Meulien P. Induction
of virus-specific cytotoxic T lymphocytes in-vivo by
liposome-entrapped mRNA. Eur. J. Immunol. (1993)
23:1719-22.

(27) Yang N. An overview of viral and nonviral delivery
systems for microRNA. Int. J. Pharm. Investig. (2015)
5:179.

(28)Hoerr I, Obst R, Rammensee HG and Jung G. In-vivo
application of RNA leads to induction of specific
cytotoxic T lymphocytes and antibodies. Eur J.
Immunol. (2000) 30: 1-7.

(29) Chang LC, Liang JF, Lee HF, Lee LM and Yang VC.
Low molecular weight protamine (LMWP) as nontoxic
heparin/low molecular weight heparin antidote (II):
in-vitro evaluation of efficacy and toxicity. A4APS
PharmSciTech. (2001) 3: 15.

(30) Shukla RS, Qin B and Cheng K. Peptides used in
the delivery of small noncoding RNA. Mol. Pharm.
(2014) 11: 3395-408.

1674

(31) Wang W, Li W, Ma N and Steinhoff G. Non-viral gene
delivery methods. Curr. Pharm. Biotechnol. (2013)
14: 46-60.

(32) Lotfi-Attari J, Pilehvar-Soltanahmadi Y, Dadashpour
M, Alipour S, Farajzadeh R, Javidfar S and Zarghami
N. Co-delivery of curcumin and chrysin by polymeric
nanoparticles inhibit synergistically growth and
hTERT gene expression in human colorectal cancer
cells. Nutr. Cancer (2017) 69: 1290-9.

(33)Javidfar S, Pilehvar-Soltanahmadi Y, Farajzadeh
R, Lotfi-Attari J, Shafiei-Irannejad V, Hashemi M
and Zarghami N. The inhibitory effects of nano-
encapsulated metformin on growth and hTERT
expression in breast cancer cells. J. Drug Deliv. Sci.
Technol. (2018) 43: 19-26.

(34) Firouzi-Amandi A, Dadashpour M, Nouri M,
Zarghami N, Serati-Nouri H, Jafari-Gharabaghlou
D, Karzar BH, Mellatyar H, Aghebati-Maleki L and
Babaloo Z. Chrysin-nanoencapsulated PLGA-PEG
for macrophage repolarization: possible application
in tissue regeneration. Biomed. Pharmacother. (2018)
105: 773-80.

(35) Mohammadian F, Pilehvar-Soltanahmadi Y, Mofarrah
M, Dastani-Habashi M and Zarghami N. Down
regulation of miR-18a, miR-21 and miR-221 genes
in gastric cancer cell line by chrysin-loaded PLGA-
PEG nanoparticles. Artif. Cells Nanomed. Biotechnol.
(2016) 44: 1972-8.

(36) Tavakoli F, Jahanban-Esfahlan R, Seidi K, Jabbari M,
Behzadi R, Pilehvar-Soltanahmadi Y and Zarghami
N. Effects of nano-encapsulated curcumin-chrysin on
telomerase, MMPs and TIMPs gene expression in
mouse B16F10 melanoma tumour model. Artif. Cells
Nanomed. Biotechnol. (2018) 1-12.

(37) Farajzadeh R, Pilehvar-Soltanahmadi Y, Dadashpour
M, Javidfar S, Lotfi-Attari J, Sadeghzadeh H, Shafiei-
Irannejad V and Zarghami N. Nano-encapsulated
metformin-curcumin ~ in ~ PLGA/PEG  inhibits
synergistically growth and hTERT gene expression
in human breast cancer cells. Artif. Cells Nanomed.
Biotechnol. (2018) 46: 917-25.

(38) Liang GF, Zhu YL, Sun B, Hu FH, Tian T, Li SC and
Xiao ZD. PLGA-based gene delivering nanoparticle
enhance suppression effect of miRNA in HePG?2 cells.
Nanoscale Res. Lett. (2011) 6: 447.

(39)Zhu Y, Liang G, Sun B, Tian T, Hu F and Xiao
Z. A novel type of self-assembled nanoparticles as
targeted gene carriers: an application for plasmid DNA
and antimicroRNA oligonucleotide delivery. Int. J.
Nanomedicine (2016) 11: 399.

(40) Chumakova OV, Liopo AV, Andreev VG, Cicenaite I,
Evers BM, Chakrabarty S, Pappas TC and Esenaliev
RO. Composition of PLGA and PEI/DNA nanoparticles
improves ultrasound-mediated gene delivery in solid
tumors in-vivo. Cancer Lett. (2008) 261: 215-25.

(41) Lachelt U and Wagner E. Nucleic acid therapeutics
using polyplexes: a journey of 50 years (and beyond).
Chem. Rev. (2015) 115: 11043-78.

(42)Li M, Zhao M, Fu Y, Li Y, Gong T, Zhang Z and Sun



X. Enhanced intranasal delivery of mRNA vaccine by
overcoming the nasal epithelial barrier via intra-and
paracellular pathways. J. Control. Release (2016) 228:
9-19.

(43)Patil Y and Panyam J. Polymeric nanoparticles for
siRNA delivery and gene silencing. Int. J. Pharm.
(2009) 367: 195-203.

(44) Wang S, Zhang J, Wang Y and Chen M. Hyaluronic

1675

In-vitro Transcribed mRNA Delivery Using PLGA/PEI Nanoparticles

acid-coated PEI-PLGA nanoparticles mediated
co-delivery of doxorubicin and miR-542-3p for triple
negative breast cancer therapy. Nanomedicine (2016)
12: 411-20.

(45) Godbey W, Wu KK and Mikos AG. Poly (ethylenimine)
and its role in gene delivery. J. Control. Release
(1999) 60: 149-60.

This article is available online at http://www.ijpr.ir




