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Convenient methods for the preparation of gene delivery platforms based on branched low molecular weight polyethylen-
imine (PEI) were described. Firstly, PEI lipids, with a low molecular weight PEI headgroup and hexadecyl chain tail group,
were prepared through a highly efficient ring-opening reaction of glycidyl hexadecyl ether (EpoxyC16) by amine from
PEI. Then, the PEI lipids were used as a component of cationic liposomes and as a surfactant for the preparation of
poly(D,L-lactide-co-glycolide) (PLGA) nanoparticle (NP) via solvent extraction/evaporation method. As potential effective
gene delivery platforms, their preparation, size, size distribution, toxicities, plasmid DNA loading, in vitro transfection
and intracellular trafficking were studied. Both facile platforms showed less toxicity and higher transfection efficacy when
compared to high molecular weight PEI in vitro, and may have further versatile applications in the gene delivery field.
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INTRODUCTION
Current gene therapy delivery systems lack desired con-
venience, efficiency and safety. While viral-based sys-
tems appear to be the most effective way to transfer
genes to cells, safety concerns and long-term oncologic
effects have prompted extensive research on non-viral
delivery systems. Starting with a calcium carbonate-based
delivery technique, several non-viral delivery techniques
have shown comparable transfection efficacies to those
of viral-based gene delivery systems. Among these non-
viral delivery techniques, cationic polymers (polylysine,1–5

chitosan,6–11 PAMAM dendrimer,12�13 synthetic cationic
polymer or lipid14–20 and PEI based systems21–28� have
attracted increasing attention. PEI is a readily commer-
cially available polycation containing a high density of
primary, secondary and tertiary amines. Before recent
investigation into its use as a gene delivery polymer,29 PEI
was previously used as a chelating and flocculation agent.
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Taking advantage of its proton sponge effect and abil-
ity to protect DNA from degradation by enzymes, PEI
shows relatively high transfection efficacy in vitro and
in vivo. However, both the transfection efficacy and toxi-
city of PEI increase with its molecular weight.26�30–35 An
effective transfection by PEI largely relies on the effec-
tive condensation of DNA by the high cationic density
from high molecular PEI. However, higher cationic den-
sity also leads to higher cytotoxicity because of reduced
backbone biodegradability. For example, 800 Da PEI has
lower cytotoxicity but has almost no transfection efficacy;
and 25 kDa PEI is effective in gene transfection but has
high cytotoxicity. Modification of PEI with various chemi-
cal moieties has been studied to both decrease toxic effects
and increase gene delivery efficacy.36–44

Various strategies have been reported to chemically
modify its polymeric backbone. These modifications
increase biodegradability by reducing the positive charge
of PEI. In these reports, low molecular weight PEI was
cross-linked with a series of diacrylate,45–47 and higher
molecular weight PEI analogs with biodegradable back-
bones were complexed with DNA or siRNA. Hydrolysis
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of their ester bonds occur under physiological conditions
within the cell after transfection, and convert the cross-
linked high molecular weight PEI into a low-toxicity.
Using these methods, higher transfection efficacies and
lower toxicities were achieved as compared to 25 kDa
PEI. Similarly, degradable PEIs with acid-labile imine
linkers were synthesized by low molecular weight PEI
and glutadialdehyde.34 These PEIs rapidly degraded into
nontoxic, low molecular weight PEI in acidic endosome.
Disulfide bonds have also been introduced to the backbone
using cross-linking reagents. After being complexed with
DNA, higher molecular weight PEI analogs can be cleaved
into low molecular weight pieces, which reduces toxicity
and potentially allows favorable access for transcription
machinery.
To optimize delivery, highly specific intracellular stim-

uli were designed to trigger PEI systems. Two studies
reported successful methods, which were derived from
stimuli-triggered degradability of disulfide polyester cross-
linked PEI48�49 and pH-sensitive polycations.50 Cationic
lipids are another widely used type of non-viral vectors for
gene delivery, and are especially attractive because they
can easily be synthesized and used for systematic eluci-
dation of structure-activity relationships by verifying their
structures. The polar hydrophilic headgroup of cationic
lipids enable the condensation of nucleic acids and fur-
ther govern transfection efficacy. They can be quaternary
ammonium ions, amines, amino acids or peptides, guani-
dinium ions, heterocyclic headgroups, and other sophis-
ticatedly designed functional headgroups.19�20�51�52 Very
recently, low molecular weight PEI was modified by
amphiphilic Tween 85 via esterification reaction and purifi-
cation. The result of lipid-like Tween 85-modified PEI2K
could condense DNA efficiently and significantly increase
the cellular uptake of complexes with higher transfection
efficacy.53

In this study, we adopted the highly efficient ring-
opening reaction of epoxides by amine groups for the
modification of low molecular weight PEI with long alkyl
chains, and obtained amphiphilic PEI lipids with differ-
ent amounts of hexadecyl tail groups. The lipids were
further used for the formulation of cationic liposomes
by simple sonication method, and also as a surfactant
in the PLGA NP via the solvent extraction/evaporation
method54�55 (Fig. 1). The properties of these two types
of gene delivery platforms were systematically studied.
Through the physical self-assembly of low molecular
weight PEI on the surface of NP, higher transfection effi-
cacy and lowered toxicity in both facile gene delivery plat-
forms were realized as compared to high molecular weight
PEI 25 kDa. Although PEI based NP as a gene delivery
system has been reported before,53 PEI lipid from highly
efficient chemistry, and later as a component of liposome
or surfactant for PLGA NPs, has never been reported as
an effective gene delivery or co-delivery system.

Figure 1. Scheme of facile gene delivery platforms with low
molecular weight PEI by highly efficient chemistry.

MATERIALS AND METHODS
Materials
Low molecular branched PEI (Mn 600) (PEI800), high
molecular branched PEI (Mn 10000) (PEI25K), gly-
cidyl hexadecyl ether, and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were obtained
from Sigma. Hydrogenated soybean phosphatidylcholine
(HSPC, MW 762) was purchased from Avanti Polar Lipids.
1,2-Dimyristoyl-sn-glycerol, methoxypolyethylene Glycol
(DMG-PEG, 2000) was purchased from NOF America.
Poly(D,L-lactide-co-glycolide) (50/50) with terminal car-
boxylate groups (PLGA; inherent viscosity, 0.55–0.75 dl/g
in hexafluoroisopropanol; MW 44 kDa) was obtained from
Absorbable Polymers International. YOYO-1 and Lyso-
Tracker Red were purchased from Thermo Fisher Scien-
tific. All other reagents were from commercial resources
and were used as received.
Full length plasmid DNA IL-4 (pIL-14) encoded with

GFP (pIL-4/GFP) was amplified using Escherichia coli
DH5� and purified using QIAprep Spin Miniprep Kit
(QIAGEN). The concentration of DNA was determined by
measuring UV absorbance at 260 nm and 280 nm, and the
ratio of absorbance at 260 nm and 280 nm was greater than
1.8. Hela cells were obtained from the American Type Cul-
ture Collection (ATCC) and cultured in DMEM containing
10% fetal bovine serum (FBS), 100 Unit/mL penicillin G
sodium, and 100 �g/mL streptomycin sulfate (complete
DMEM medium). Cells were maintained at 37 �C in a
humidified and 5% CO2 incubator.

SEC and FT-IR
The tetrahydrofuran (THF) size exclusion chromatogra-
phy (SEC) was equipped with Polymer Standards Services
(PSS) columns (guard, 105, 103, and 102 Å SDV columns)
at 35 �C with THF flow rate= 1.0 mL/min, a differential
refractive index (RI) detector (Wyatt Technology) using
PSS WinGPC 7.5 software. FT-IR spectra were obtained
with Jasco FT/IR-6300.
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Synthesis of PEI Lipid
EpoxyC16 (MW = 298) and branched PEI800 with fixed
molar ratio of 12/1, 8/1 and 4/1 were mixed in a glass
vial. The vial was sealed and stirred at 40 �C for 1 day.
Products as white solids were obtained after cooling down
to room temperature. The products were characterized by
FT-IR and SEC and used in following experiments without
further purification.

Preparation of PEI Liposome
The formation of PEI8C16 liposome was used as an exam-
ple. PEI lipid (20 mg), HSPC (10 mg), and DMG-PEG
(2 mg) were mixed and dissolved in 1 mL of DCM/ethanol
(2/1, v/v). The solvent was slowly evaporated, and a thin
film was finally formed. After drying in a vacuum for
24 hrs, the lipid film was hydrated at 40 �C with 2.5 mL
double distilled water to obtain large multilamellar vesi-
cle (LMV) suspensions. The LMV suspension was bro-
ken down to small unilamellar vesicle (LUV) suspensions
by sonication with a probe type sonicator at 40 �C. After
about 10 minutes, a slightly hazy transparent suspension
was obtained, and the size remained unchanged even after
a longer time of sonication. After cooling down, the sus-
pension was adjusted to 2.5 mL with double distilled water
to obtain a liposome stock suspension and stored at 4 �C.

Preparation of PEI-PLGA NPs
PEI/PLGA NPs were prepared by a modified sol-
vent extraction/evaporation method.55�56 Briefly, PLGA
(15 mg), PEI8C16 (25 mg), and DMG-PEG (2 mg) were
dissolved in 0.5 mL of DCM. The solution was combined
with 2.5 mL of DD water in a glass vial. The mixture
was stirred and sonicated with a probe type sonicator for
5 minutes to obtain a fine emulsion. The emulsion was
further stirred overnight at 4 �C in the vial without a cap to
yield a slightly hazy transparent suspension. The suspen-
sion was washed using Amicon Ultra-4 centrifugal filter
(Millipore, Billerica, MA) with a molecular weight cut-off
of 100 kDa, and adjusted to 2.5 mL with double distilled
water to obtain a stock PEI-PLGA NPs suspension, which
was stored at 4 �C.

Preparation of pDNA Loaded
Liposomes and PEI-PLGA NPs
N/P ratios of pIL-4/GFP loaded liposome and PEI-PLGA
NPs were the ratios of moles of the amine groups of
chitosan to those of the phosphate groups of pIL-4/GFP.
For the calculation of N/P ratios, 330 Da was used as
the average mass per charge for pIL-4/GFP and 43 Da
was used as the mass per charge PEI.57 The nanofor-
mulation (0.2 �g/�L) was mixed with pIL-4/GFP or
YOYO-1 labeled pIL-4 solution at different N/P ratios
in PBS (10 �L) and incubated at room temperature for
30 min.

Gel Retardation Assay
Liposomes or NPs were mixed with 0.2 �g pIL-4/GFP
with different N/P ratios,57 and the effect of liposome
on the condensation of pIL-4/GFP was investigated using
electrophoresis on 1% agarose gel with Tris-acetate (TAE)
running buffer at 100 V for 30 min. DNA was visualized
with ethidium bromide (0.2 mg/mL).

Zetasizer
The size, size distribution, and zeta potential were acquired
by a Zetasizer Nano ZS (Malvern). For each sample, the
liposome or NPs were tested three times at 25 �C in double
distilled water at a concentration 1 mg/mL.

Scanning Electron Microscope (SEM)
Changes in the morphologies of the obtained NPs were
observed by using a SEM (JEOL JSM-6010LA, Tokyo,
Japan). In order to avoid the breaking down of the lipo-
somes and NPs, we placed 50 �l of liposomes and NPs
onto the cover glass and added one drop of 2% of uranyl
acetate (Cat. No. 22400, Electron Microscopy Sciences
Hattfield, PA) for 15 min. Then the slide was washed out
with DI, and the sample was kept in the vacuum desic-
cator to dry out for 24 h. The dried samples were coated
with gold/Palladium using Gold/Palladium Target 57 mm
diameter×0.1 mm thick (Gold/Palladium Target: Electron
Microscopy Sciences Cat. No. 91017PD) with research
grade argon gas (EMS Quorum EMS 150R ES sputter
coater Laughton, East Sussex, United Kingdom) to observe
SEM, which were operated at 15 kV with top view.

Cytotoxicity Assay
Hela cells were seeded in 96 well plates at a density of
1×104 cells per well with 200 �L of culture medium for
24 h. Then, PEI Liposomes and PEI 25 K at concentration
of 5, 7.5, 10, 15, 20 and 25 ng/mL were added to cultures.
No treated cultures served as control. After 24 h treatment,
the medium was removed and 0.1 mL of MTT solution
(5 mg/mL) was added to each well to react for 45 min-
utes at 37 �C. The supernatant was removed and 0.1 mL
DMSO was added to dissolve the MTT formazan crys-
tals. The plates were gently shaken for 10 min to let the
purple formazan crystals dissolve. Absorbance at 490 nm
was measured and the results were normalized by controls.
Each experiment was done in triplicate.

Transfection of pIL-4/GFP by PEI
Liposomes and PEI-PLGA NPs
Hela cells and mouse bone marrow derived macrophages
(BMMs) were seeded into 48-well plates and cultured
overnight in complete DMEM with 10% FBS (37 �C, 5%
CO2� until 70% confluence was reached before in vitro
DNA transfection assays. For transfection, pIL-4/GFP
liposomes and PEI-PLGA NPs were prepared at different
N/P ratio containing 0.4 �g or 0.8 �g of pIL-4/GFP and
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incubated for 30 min at room temperature, then added into
each well of 0.2 mL medium. After 6 h, the media were
replaced with fresh, FBS-containing media (0.5 mL/well).
The cells were further cultured for 48 h. PEI25K/pIL-
4/GFP complexes, at N/P ratio of 10 and 0.8 �g DNA,
were used as positive control.22 The GFP expressing cells
were visualized by Nikon Ti fluorescence microscopy
(Nikon Instruments Inc., Melville, NY).

Flow Cytometry
The cells were fixed with 2% paraformaldehyde to deter-
mine the GFP positive cell percentage and GFP fluores-
cence intensity by GalliosTM Flow Cytometer. Total of
5×105 cells were quantitatively analyzed by flow cytom-
etry and analyzed with Flowjo software.

Enzyme-Linked Immunosorbent Assay (ELISA)
The human and mouse specific anti-IL-4 antibodies were
used to detect IL-4 protein levels in culture medium at
day 5 post transfection by ELISA assay according to the
manufacturer’s protocol (Abcam, Cambridge, MA, USA).
Each well was repeated three times.

Intracellular Tracking pIL-4
Hela cells were seeded on 10 mm2 glass coverslips, placed
in 24-well plates and incubated for 24 h. pIL-4 was labeled
with green fluorescence (YOYO-1) at a ratio of 10/1; the
nucleic acids base pair to dye molecules. The resulting
YOYO-1 labeled pIL-4 was then loaded into PEI nanofor-
mulations at the N/P ratio of 20/1. YOYO-1 labeled
nanoformulations were added to the cells at a DNA con-
centration of 1 �g/mL and incubated with the cells for
1, 2 and 24 hr. After being stained with Lysotracker-Red
according to the manufacturer’s protocol, the cells were
immediately fixed with 4% paraformaldehyde. Nuclei were
stained with DAPI. Intracellular localization was visual-
ized using Nikon Ti fluorescence microscopy.

Statistical Analyses
One-way analysis of variance was used to compare each
of the outcomes. If the overall F -test was statistically sig-
nificant, then pairwise comparisons were conducted with
adjustments made for multiple comparisons, using Tukey’s
method. P values less than 0.05 were considered statisti-
cally significant.

RESULTS
Synthesis of PEI Lipid
Lipids with PEI headgroups51 and hexadecyl chains tail
groups were synthesized by epoxy-amine chemistry58

between the epoxide group from EpoxyC16 and the amine
group from low molecular weight PEI.59–61 One mol of
branched PEI800 has approximately 18 mol of amine
groups, in which 4.5 mol (25%) are tertiary amines,

9 mol (50%) are secondary amines and 4.5 mol (25%) are
primary amines according to the information provided by
the supplier. Both secondary amines and primary amines
can react with epoxide groups. One secondary amine group
can react with one equivalent epoxide group, and one pri-
mary amine group is capable of engaging in two ring open-
ing reactions. Theoretically, one mole of PEI800 can react
with 18 mol of EpoxyC16. In our study, the molar ratios
at 12 to 1, 8 to 1, and 4 to 1 between EpoxyC16 and
PEI800 were designed and studied. The reactions under
three fold ratios went smoothly without any solvent at
40 �C (Fig. 2(A)). After a 24-hour reaction, we labeled
the products as PEI4C16, PEI8C16, and PEI12C16. They
were characterized by FT-IR and SEC. By comparing the
FT-IR spectra of all three products with the starting mate-
rial EpoxyC16 (Fig. 2(B)), we can see that the character-
istic peaks of epoxide group at 850 cm−1 and 910 cm−1

fully disappeared in the spectra of products. FT-IR spec-
tra indicated that EpoxyC16 fully reacted with PEI800,
and no EpoxyC16 was left in the unpurified products. In
order to characterize the molecular weight and molecu-
lar weight distribution of the obtained products by THF
SEC, their acetylation derivatives were prepared. From
SEC elution curves (Fig. 2(C)) of acetylation derivatives
of PEI800, PEI4C16, PEI8C16 and PEI12C16 (labeled
respectively as Ac PEI800, Ac PEI4C16, Ac PEI4C16
and Ac PEI4C16), three obtained PEI lipids had differ-
ent molecular weights and molecular weight distributions
as compared to the original PEI800, indicating the com-
plete reaction of PEI800 with EpoxyC16. Thus, three PEI
lipid headgroups with different amounts of hexadecyl tail
groups were obtained with convenience and high purity by
the ring-opening reaction of epoxide by PEI800.

Preparation and Characterization of PEI
Liposomes and PEI-PLGA NP
Liposomes were made from PEI lipid, HSPC and DMG-
PEG, a polyethylene glycol modified lipid (Fig. 1). DMG-
PEG, which will provide the PEG corona for the formed
liposome, was used to increase the stability of PEI lipo-
some in medium or with in vivo circulation.62 For this
study, liposomes were simply prepared without extrusion
by hydration and sonication, known as the microfluid
method.63�64 After a series of tentative transfection exper-
iments, we found a higher mass percentage of PEI head-
groups in the liposome composition was very important
to the final transfection efficacy. The transfection effi-
cacy of PEI liposomes was low (fewer than 0.5% GFP
positive cell) when the mass percentage of PEI head-
groups of the liposome composition was less than 8.3%.
By increasing the ratio of PEI lipids in the liposome
composition, the mass percentage of PEI headgroups was
successfully elevated to 18.6%, 15.7% and 8.8% in the
liposomes made from PEI4C16, PEI8C16 and PEI12C16
respectively. The size and size distribution of prepared
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Figure 2. (A) Synthesis of PEI lipid by highly efficient reaction of EpoxyC16 with PEI800. (B) FT-IR spectra of EpoxyC16, PEI4C16,
PEI8C16 and PEI12C16. (C) THF SEC elution curves of Ac PEI800, Ac PEI4C16, Ac PEI4C16 and Ac PEI4C16.

liposomes, as characterized by Zetasizer, were listed in
Table I. All nanoformulations showed narrow size distri-
bution (Fig. 3(A)). However, these three PEI lipids were
not capable of forming particles smaller than 400 nm in
size when the mass percentage of PEI headgroups were
further increased.

The obtained PEI lipid, with its amphiphilic nature, is a
functional surfactant. Next, we designed a core–shell NP
using PEI lipids as a surfactant, with PLGA as the core,
to develop a core–shell nanoparticle (PEI-PLGA NP) by
solvent extraction/evaporation method.55�56 By comparison
of three PEI liposomes, PEI8C16 liposomes had the high-
est transfection efficacy. We have chosen PEI8C16 as the
surfactant to formulate core–shell NP. It can be envisaged
that the obtained PEI-PLGA NP has a hydrophobic PLGA
core, with C16 chains inserted within hydrophilic cationic
PEI shells. PEI-PLGA NP has the diameter and zeta poten-
tial of 146.36 nm and +41.1 mV respectively (Fig. 3(A)).
The positive zeta potential value was in agreement with the

Table I. Preparation and characterization of PEI liposome and PEI-PLGA nanoparticles.

Formulation PEI mass
(PEI lipid:HSPC:DMG-PEG:PLGA) (mg) content (%) Size (nm) PDI Zeta potential (mV)

PEI12C16 LIPO 27.5:27.5:2:0 8.8 148�5±1�36 0.13 +43�13±0�80
PEI8C16 LIPO 20:10:2:0 15.7 115�10±1�56 0.25 +37�93±0�76
PEI4C16 LIPO 12.5:12.5:2:0 18.6 75�24±1�92 0.20 +32�0±1�63
PEI-PLGA NP 25:0:2:15 15.0 146�36±1�89 0.18 +41�1±1�05

Note: LIPO (liposome).

structure of the obtained PEI-PLGA NP, with its cationic
PEI shell. SEM was used to analyze the morphology
of PEI liposomes and PEI-PLGA NP. The SEM images
exhibit well-dispersed PEI liposomes (Fig. 3(B)) and PEI-
PLGA NP (Fig. 3(C)), which were smooth in surface and
spherical in shape. The bright color showing the cores
of PEI-PLGA NP is an indication of a hollow core. The
results clearly show that the shape and size of PEI lipo-
some and PEI-PLGA NPs were under 150 nm. These
measurements correspond with the zetasizer measurement.
In contrast to PEI liposome, PEI-PLGA NPs is a firmer
shape because of the PLGA core and PEI shell structure.
In addition, the shape and size of PEI liposome and PEI-
PLGA NP were uniform for months, indicating both chem-
ical and physical stability.

Plasmid DNA (pIL-4/GFP) Encapsulation
The pIL-4/GFP were successfully loaded into liposome
due to the electrostatic interaction between the ionizable
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Figure 3. The particle size and size distribution were ana-
lyzed by DLS and graphed in (A). SEM was used to charac-
terize PEI liposomes (B) and PEI-PLGA NP (C). The particles
appear to be smooth in surface and spherical in shape. In con-
trast to PEI liposomes, the bright color indicates the hollow
core of PEI-PLGA NP in SEM image.

amino groups located on the liposome surface, and the
polyanionic nucleic acids of the pIL-4/GFP. We inves-
tigated the effect of pIL-4/GFP encapsulation on size
and zeta potential of the PEI4C16 liposome by loading
pIL-4/GFP with different nanoformulation (nano)/pIL-4/
GFP ratios based on calculations of nitrogen to phos-
phate (N/P ratio).57 Gel retardation assay was performed
to evaluate the ability of PEI4C16 liposome to con-
dense pIL-4/GFP at N/P ratios of 1/0, 20/1, 10/1, 5/1,
2/1, and 1/1 (Fig. 4(A)). The results showed that pIL-4/
GFP was totally loaded onto the PEI4C16 liposomes
when the N/P ratio was greater than 5/1. When N/P
ratio was reduced from 5/1 to 1/1, the unencapsulated

Figure 4. The effect of pIL-4/GFP encapsulation on size and zeta potential was determined by agarose gel electrophoresis
and zetasizer assays. Results of agarose gel reaction for pIL-4/GFP in PEI4C16 liposome showed in the lanes at different N/P

ratios (A). The size and zeta potential of the modified PEI4C16 liposome at different N/P ratios showed in (B). The increase in
size and decrease in zeta potential were associated to the elevation of pIL-4/GFP loading. For pIL-4/GFP concentration, N/P ratio
at 1/1 includes 0.2 �g plasmid.

Figure 5. Viability of Hela cells after incubation for 24 hrs
with three types of PEI liposome, PEI-PLGA NP, PEI800 and
PEI25K at different concentrations. The commercial PEI25K
served as control. The concentrations were converted to PEI
concentrations. Data are expressed as mean ± SD (n = 3)
(P < 0�01).

pIL-4/GFP was detected with the appearance of a free
pIL-4/GFP band. Three liposomes of PEI12C16, PEI8C16
and PEI4C16 had similar pIL-4/GFP loading ability (data
not shown). The variations in size and zeta potential of
PEI4C16 liposome were also detected for these N/P
ratios. By increasing pIL-4/GFP, the sizes were enlarged
(Fig. 4(B), red line), while the zeta potential (Fig. 4(B),
blue line) declined.

Cytotoxicity
Lowering the cytotoxicity of the gene delivery platform
is one of the major goals for current gene delivery
research.12�19�26�30–35�45�46�65 In this study, MTT assay was
performed to assess the viability of Hela cells follow-
ing PEI liposome and PEI-PLGA NP uptake. PEI NP
showed significantly lower cytotoxicity after 24 hrs treated
to cultures at all experimental concentrations (Fig. 5).
In contrast to PEI25K, PEI4C16 and PEI8C16 lipo-
somes exhibited notable lower cytotoxicity at concentra-
tions under 20 ug/ml (Fig. 5). The reduced cytotoxicity of
PEI liposome and PEI-PLGA NP was conferred by the low
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Figure 6. The pIL-4/GFP was labeled with YOYO-1 (green) before loading into PEI liposomes. Hela cells were treated with YOYO-
1-pIL-4/GFP loaded PEI liposomes for 1, 2 and 24 hrs. The lysosomes were labeled with LysoTracker (red), and the nuclei were
stained with DAPI (blue). The co-localization of YOYO-1-pIL-4/GFP (green) and lysosomes (red) was determined by florescence
microscopy at 1 h. With 2 hrs of incubation, the YOYO-1 labeled pIL-4/GFP was released from lysosomes presenting in cytoplasm
(arrow head). After 24 hrs, the amount of YOYO-1-pIL-4/GFP escaped from lysosomes and entered nuclei (arrow).

molecular weight of PEI head groups, and will greatly ben-
efit the clinical applications of therapeutic delivery. Among
these three PEI liposomes, the toxicity increased as the
amount of hexadecyl tail groups increased. We deduced
that PEI liposomes with a higher density of tail groups
had greater ability to damage the cell bilayer membrane
when they interacted with cells. This phenomenon is in
accordance with the mechanism of action for membrane
disruptive effects of cationic lipids proposed by Sean.19

Cell Uptake and DNA Release
The efficacy of a gene delivery system depends on
uptake, the condensation and release of the gene, and
its ability to escape from the endosome. Double label-
ing of endosomes by LysoTracker (red) and pIL-4/GFP
by YOYO-1 (green), the microscopy images were further
used to observe the intracellular distribution of YOYO-1-
pIL-4/GFP loaded PEI nanocarriers. When the cells were
incubated with YOYO-1-pIL-4/ GFP-PEI liposomes for
1 hr, green spots of YOYO-1-pIL-4/GFP were observed in
the cytoplasm, indicating the quick uptake by the cultures.

The co-localization indicated the accordance of endoso-
mal (Fig. 6, red) entrapping of YOYO-1-pIL-4/GFP-PEI
liposomes (Fig. 6, green) via the endocytosis uptake mech-
anism. After 2 hrs incubation, YOYO-1-pIL-4/GFP was
separated from endosomes (Fig. 6, arrow head). Impor-
tantly, when the incubation time was further increased
to 24 hrs, the separated YOYO-1-pIL-4/GFP entered and
accumulated in nuclei (Fig. 6, arrow). This phenomenon
indicates that successful separation of DNA from endo-
somes and subsequent integration into the host’s genome
were the key steps for an effective gene transfection.16�66�67

Gene Transfer Efficiency
The pIL-4/GFP containing full-length GFP-IL4 DNA was
loaded into PEI4C16 liposome, PEI8C16 liposome and
PEI-PLGA NP for optimizing transfection efficacy. The
commercially available PEI25K22 was used as control.
Hela cells were transfected at different N/P ratio with
the pIL-4/GFP concentration of 2 �g/mL or 4 �g/mL.
With a series of tentative transfection experiments, the
GFP expression was analyzed by fluorescence microscopy

J. Biomed. Nanotechnol. 14, 1785–1795, 2018 1791



Facile Gene Delivery Derived from Branched Low Molecular Weight Polyethylenimine by High Efficient Chemistry Zou et al.

control
control

Figure 7. Fluorescence microscopy and flow cytometry assays were used to determine the transfection of pIL-4/GFP loaded
PEI4C16 liposome, PEI8C16 liposome, PEI-PLGA NP and PEI25K under their best transfection conditions. The transfection exper-
iments were performed with pIL-4/GFP concentration at 4 �g/mL in PEI4C16 liposome, and 2 �g/mL in PEI8C16 liposome and
PEI-PLGA NP. The transfection by PEI25K was at its optimized N/P ratio of 10/1 (4 �g/mL). The images of GFP expression were
observed at various N/P ratios (A). Transfection efficiency of pIL-4/GFP in cells was determined by flow cytometry (B). Quan-
titative analysis of fluorescence microscopy images was used to calculate the percentage of GFP positive cells (C). The levels
of GFP expression were measured by flow cytometry to determine the fluorescence intensity (D). To identify the expression of
exogenous IL4, mouse bone marrow derived macrophages (BMMs) were transfected with human pIL-4 (hIL-4) and mouse pIL-4
(mIL-4) (E). The culture medium were collected to perform ELISA test. The levels of human and mouse IL-4 protein in BMMs
culture medium were significantly increased at day 5 post-transfection as compared to the control groups (E). Data are expressed
as mean±SD (n = 3) (P < 0�01).

(Fig. 7(A)) and flow cytometry (Fig. 7(B)). PEI8C16
and PEI-PLGA NP provided greater transfection effi-
cacy. The transfection efficacy could not be achieved
when pIL-4/GFP concentrations were increased at the
same N/P ratio, which may result from elevated toxicity.
At the pIL-4/GFP concentration of 2 �g/mL, PEI4C16
liposome treated cultures exhibited fewer GFP positive
cells. By taking advantage of the less toxic PEI8C16
liposome, the highest percentage of GFP positive cells
was at the N/P ratio of 15/1 (Fig. 7(C)). Quantitative
analysis of GFP protein production was measured by
flow cytometry.12 PEI-PLGA NP produced greater GFP

fluorescence intensity in comparison to PEI-liposomes and
PEI125K (Fig. 7(D)). To better identify and characterize
functional pIL-4 delivery, mouse BMMs were transfected
with human pIL-4 (hIL-4) and mouse pIL-4 (mIL-4). The
culture medium was collected to perform ELISA test. The
human and mouse IL-4 protein levels were significantly
increased at day 5 post-transfection compared to the non-
transfected controls (Fig. 7(E)). In transfected cultures
with human pIL-4 obtained 103.08±4.82 pg/mL of human
IL4 protein. Mouse BMMs transfected with mouse pIL-4
increased IL-4 protein production to 505.1±11.86 pg/mL
in comparison to 20.5± 3.38 pg/mL seen in the controls.
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Both human and mouse pIL-4 were efficiently transfected
into cells in which human IL-4 expression were markedly
higher than control.

DISCUSSION
In this study, we synthesized PEI lipids with low molecu-
lar weight PEI as the headgroup51 and hexadecyl chain as
the tail group by highly efficient chemical reactions. The
ring-opening reaction of epoxides by amine groups was
carried out under mild conditions without any solvent. This
process is highly efficient and specific, and yields product
with negligible impurities. Compared to a similar modifi-
cation process, no further purification is needed.53 In our
study, under the molar ratios of 12 to 1, 8 to 1, and 4 to
1 of EpoxyC16 to PEI800, PEI800 was found to be fully
modified by reaction with EpoxyC16, and produced three
PEI headgroup lipids.

The obtained PEI lipids, with their hydrophobic C16
alkyl chains and hydrophilic cationic PEI head, are suitable
components for preparing liposomes and a proper surfac-
tant for the preparation of PLGA nanoparticle by a solvent
extraction/evaporation method.55�56 PEI liposome and PEI-
PLGA NP developed by the low molecular weight PEI
lipids, were capable of effectively delivering full-length
pIL-4/GFP into the cells for gene transfection. The posi-
tive zeta potential value was in agreement with the struc-
ture of the obtained PEI liposome and PEI-PLGA NP with
cationic PEI shell. All four nanoformulations made from
PEIs successfully transferred plasmid DNA into Hela cells.
The key for efficient plasmid DNA transfection is for-
mulating a higher mass percentage of PEI headgroups to
liposome composition. We successfully increased the mass
percentage of three PEI lipids to 18.6%, 15.7%, and 8.8%
to produce the liposomes. In addition, the unique features
of PEI-PLGA NP as a co-delivery system68�69 for the pack-
aging of hydrophobic molecules inside of PLGA core and
to load genes onto PEI shell, is certainly realized.25�70

PEI liposomes and PEI-PLGA NP are effective in
gene delivery due to the proton sponge effect of PEI,
which promotes intracellular release and escape from the
endosomes.71�72 The positive potential obtained from PEI
liposomes and PEI-PLGA NP was found to promote cel-
lular uptake. By labeling DNA with YOYO-1 (green), we
were able to visualize the uptake, release, and intracellular
distribution.73 Double fluorescence labeling of pIL-4/GFP
and lysosome effectively detected the delivery efficacy
by visualizing the subcellular localization of pIL-4/GFP
(green) and trafficking the escape from lysosomes (red).
We found that the quick uptake of PEI liposomes and PEI-
PLGA NP led to an increase of intracellular pIL-4/GFP.
The release of DNA from lysosomes is a critical step for
pIL-4/GFP transfection. These NPs, with negative surface
charge, were capable of effectively loading pIL-4/GFP.

In vitro, all nanoformulations formed with low molec-
ular weight PEI lipids showed lower toxicity and higher

transfection efficacy than high molecular weight PEI con-
trol. The reduced cytotoxicity of nanocarriers from mod-
ified low molecular weight PEI has great potential for
gene delivery and clinical applications. These two delivery
platforms may have versatile applications in gene therapy
due to readily available raw materials, the facile, efficient
and clean preparation, and the potential of small thera-
peutic molecules co-delivery. We are currently carrying
out a further study on improving chemical structures and
formulation with the aim of enhancing gene delivery and
co-delivery of small therapeutic molecules, with specific
targeting and appropriate stimuli response.
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