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New polymer of lactic-co-glycolic acid-
modified polyethylenimine for nucleic acid
delivery

Aim: To develop an improved delivery system for nucleic acids. Materials & methods:
We designed, synthesized and characterized a new polymer of lactic-co-glycolic acid-
modified polyethylenimine (LGA-PEI). Functions of LGA-PEI polymer were determined.
Results: The new LGA-PEIl polymer spontaneously formed nanoparticles (NPs) with
DNA or RNA, and showed higher DNA or RNA loading efficiency, higher or comparable
transfection efficacy, and lower cytotoxicity in several cell types including PANC-1,
Jurkat and HEK293 cells, when compared with lipofectamine 2000, branched or linear
PEI (25 kDa). In nude mouse models, LGA-PEI showed higher delivery efficiency of
plasmid DNA or miRNA mimic into pancreatic and ovarian xenograft tumors. LGA-
PEI/DNA NPs showed much lower toxicity than control PEI NPs in mouse models.
Conclusion: The new LGA-PEI polymer is a safer and more effective system to deliver

DNA or RNA than PEL.
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Current gene therapy relies on two systems,
viral and nonviral vectors [1]. Although nonvi-
ral vectors, such as liposome, in general have
more advantages, such as lower immunoge-
nicity and more versatility than viral vectors,
they may have unfavorable pharmacokinet-
ics and lower transfection efficiency in clini-
cal gene therapy [2-4]. One of the most fre-
quently studied cationic polymers for DNA
delivery is polyethylenimine (PEI) 3]. In fact,
the PEI delivery system has been approved
for use in clinical trials of gene therapy for
bladder cancer (5] and HIV therapy [(67]. PEI
in both linear and branched forms delivers
nucleic acids into cells through endocyto-
sis [8-11]. Positively charged PEI amine groups
can electrostatically interact with negatively
charged nucleic acid phosphate groups, con-
dense nucleic acids to form nanoparticles
(NPs), which can protect the nucleic acids
from degradation during the delivery path

and facilitate cellular uptake of the nucleic
acids. In addition, the proton-sponge effect
of PEI enhances endosomal escape leading to
an efficient release of DNA complexes into
the cytoplasm [10]. Low-molecular-weight
PEIs have fewer amine groups per molecule,
having lower overall transfection efficiencies.
High-molecular-weight PEIs can condense
DNA more efficiently, but they may have
less effective release and high cytotoxicity to
cells. Currently, tissue distribution, degrada-
tion and removal process of PEI polymers
from the body as well as the mechanisms of
PEI-induced cytotoxicity are not fully under-
stood. High-molecular-weight PEI lacks
degradable linkages and is not easy to be bro-
ken down and excreted from the body. Due
to its high positive charges, PEI could disrupt
cell membranes [12.13]; and it has the tendency
to aggregate red blood cells and bind comple-
ment components [14,15]. PEI can induce cell
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death through multiple mechanisms including necro-
sis, apoptosis and autophagy with damaging mito-
chondrial functions [1316-21]. Mid-range-molecular-
weight PEIs such as branched PEI (B-PEI; 25 kDa)
and linear PEI (L-PEI; 22-25 kDa) are the most
popular PEIs as transfection agents [10,15.22-24]. B-PEI
may have all types of primary, secondary and tertiary
amino groups; while L-PEI contains only secondary
and limited primary amino groups. B-PEI has a stron-
ger electrostatic interaction with DNA than L-PEI,
accounting for greater compaction, higher zeta poten-
tials and smaller nanoparticle sizes at equivalent DNA
concentrations [10,1523.25]. For example, the particle
size formed from B-PEI (25 kDa) and DNA is 70 nm;
while the particle size formed from L-PEI (25 kDa) and
DNA was 782 nm [26]. B-PEI can enhance extracellu-
lar binding by fivefold as compared with L-PEI [27]. In
addition, B-PEI is internalized by cholesterol depen-
dent pathways; while L-PEI is independent to clathrin
and cholesterol pathways for its internalization [27]. A
number of studies have shown that B-PEI generates
stronger transgene expression than L-PEI [2628-31]. In
contrast, other studies have shown that L-PEI gener-
ates stronger transgene expression in comparison to
B-PEI [22-23.25,32-36]. However, both B-PEI and L-PEI
polymers have certain degrees of cytotoxicity that has
impeded their broad clinical applications although
L-PEI is generally less toxic than B-PEI [32,37-40]. Cur-
rently, chemical and structure modifications of PEI
have undergone extensive research, aiming to reduce
their cytotoxicity and enhance transfection efficiency
or targeted delivery. B-PEI, but not L-PEIL is often
chosen for these investigations mainly because of its
structure and properties [4,41-48]. B-PEI has much
more primary amine groups than L-PEI has. As pri-
mary amines generally are more reactive than sec-
ondary amines, B-PEI is easier to modify and retain
its nucleic acid condensation capability and intrinsic
endosomal activity [49-51). For these reasons, we have
chosen B-PEI (25 kDa) for covalent linkage of LGA
single units in the current study.
Poly(lactic-co-glycolic acid (PLGA) is a US FDA-
approved polymer that is used in therapeutic devices
and drug delivery systems because it is biodegrad-
able, biocompatible, and has low toxicity and excel-
lent pharmacokinetic parameters [s2]. Although some
studies have used PLGA to deliver plasmid DNA into
cells, this use has limited applications in gene ther-
apy because PLGA’s chemical characteristics are not
favorable for DNA loading, stability and release [s3].
After analyzing the chemical structures of both B-PEI
(25 kDa) and PLGA (12~16 kDa), we hypothesized
that the primary amines of PEI would readily react
with PLGA by attacking its ester bonds; this would

result in the formation of amides between PEI and
lactide-co-glycolide acid (LGA). During this reaction,
PLGA molecules at certain concentrations would
be completely fragmented into LGA single units by
PEI, while PEI remained intact. Covalent linkage of
LGA units to PEI would form a new polymer that can
simultaneously form NPs with nucleic acids, improve
DNA or RNA delivery, and decrease toxicity i vitro
and in vivo as compared with unmodified B-PEIL
This new LGA-PEI polymer is fundamentally dif-
ferent from other reported PEI-modified PLGA gene
delivery systems [44,54]. Our hypothesis was tested and
confirmed in the current study; LGA-PEI polymer
may have significant applications as an improved gene
delivery system for the development of new clinical
therapies.

Materials & methods

Chemicals & reagents

PLGA (50:50) (12 kDa-16 kDa, lactide:glycolide
50:50 mol/mol, iv. 0.50—0.65), branched and linear
PEIs with average MW approximately 25 kDa were
obtained from Polysciences Inc. (PA, USA). Ethid-
ium bromide and methylthiazolyldiphenyl-tetrazolium
bromide (MTT) were obtained from Sigma-Aldrich
(MO, USA). Green fluorescence protein (GFP)- or red
fluorescence protein (RFP)-containing DNA plasmids
(5 kb and 8 kb, respectively) were prepared by Aldev-
ron (ND, USA). Custom miRIDIAN mimic (Thermo
Fisher Scientific Biosciences) for miR-520h (double
stranded) was synthesized with DY-547 fluorescent
tag on the passenger strand. The mature sequence of
miR-520h is 22 bp: ACAAAGUGCUUCCCUUUA-
GAGU. The TurboRFP labeled pLemiR lentiviral
vector (Thermo Scientific Open Biosystems) with
miR-520h insert is approximately 11.7 kb. Artificially
modified 1070-base GFP mRNA (mmRNA) was pro-
vided by Dr. Eduard Yakubov (Houston Methodist
Research Institute). Oligonucleotides (DNA primer,
24 bases) were obtained from Sigma-Aldrich.

Preparation of LGA-PEI polymer

The LGA-PEI polymer was prepared by directly mix-
ing PLGA (12 kDa-16 kDa) and B-PEI (25 kDa) in
organic solvent. Typically, 250 mg B-PEI and 120 mg
PLGA were dissolved separately in 10 ml tetrahydro-
furan (THF) each, combined, and then moderately
stirred at room temperature for 48 h. The soft precipi-
tate was separated from the THF solution and washed
with THF solvent two-times. The solid was then dried
in vacuum at room temperature overnight. Four types
of LGA-PEI polymers were prepared at the PLGA/PEI
weight ratios of 0.5:1, 1:1, 2.5:1 and 5:1. The yield of
each new LGA-PEI polymer was determined by dry
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weight analysis. PEI amount and primary amine con-
tent were determined with the Cu(II) method [s5] and
the trinitrobenzene sulfonate assay, respectively [56].

Characterization of the LGA-PEI (0.5:1 w/w)
polymer

Fourier Transform infrared spectroscopy measure-
ments were performed with a Nicolet iS10 FT-IR Spec-
trometer (Thermoscientific). Scans were taken from
650 cm™ to 4000 cm™ at a resolution of 0.48 cm™.
PLGA, B-PEI or LGA-PEI samples were loaded on
the probe of the spectrometer and measured. NMR
spectroscopy was performed with a GE QE 300 MHz
spectrometer; the polymers were dissolved in CDCI,
or DMSO-d, at a concentration of 10 mg/ml. The
molecular mass of LGA-PEI polymer (0.5:1 w/w) was
determined with Zetasizer Nano ZS90 instrument and
Debye plot analysis. The commercial B-PEI (25 kDa)
or LGA-PEI polymer samples were prepared in D.I.
water at concentrations from 1 to 50 mg/ml. After
the materials were dissolved, the solutions were fil-
tered through 0.2 um membrane before the measure-
ment. The molecular weight of LGA-PEI polymer was
measured on a Zetasizer Nano ZS90 instrument. The
principle of this measurement is based on the static
light scattering using Debye plot. In cuvette mode,
measurements from a few different concentrations are
combined to draw a Debye plot. The intercept of the
Debye plot is used to determine the molecular weight,
and the slope is used to calculate the second virial
coefficient [57].

LGA-PEI polymer & nucleic acid interaction

NPs of LGA-PEI (0.5:1 w/w) polymer and nucleic
acids, including plasmid DNA, mmRNA, miRNA
mimic and DNA oligonucleotides, were prepared at
different polymer to nucleic acid weight ratios by add-
ing the nucleic acid solution to the water solution of
LGA-PEI polymer, and vortexing for 5 s. For example,
10 pg plasmid DNA in 50 pl of water was added to
25 ng of LGA-PEI polymer in 50 pl water. These NP
suspensions were kept at room temperature for 30 min
before use without any further treatment. Similarly,
PEI/DNA NPs were prepared as controls.

NP nucleic acid loading efficiency was measured
with spectrophotometry and the gel retardation assay.
For example, LGA-PEI/DNA NPs were prepared by
mixing 10 pg plasmid DNA in 50 pl of water with 0 to
30 pg of LGA-PEI in 50 pl water to make a final 100
ul solution. After 30 min, 50 pl of each suspension was
aliquoted and centrifuged at 15 krpm (Eppendorf, cen-
trifuge 5424) for 10 min. The absorption of the super-
natant at 260 nm was measured with an Agilent 8453
spectrophotometer. Gel electrophoresis was performed
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on 0.8% agarose gels containing 25 nM ethidium bro-
mide. Each lane was loaded with 10 pl of the above
suspension mixed with 5 pul of negatively charged
dye. The samples were run at 80 mV for 45 min and
imaged on a VersaDoc Imaging System with software

‘Quantity One 4.6.7" (Bio-Rad, USA).

Particle size & zeta potential measurements
The sizes of LGA-PEI/nucleic acid NPs were deter-
mined with dynamic light scattering using ZetaPlus
Particle Sizing (Brookhaven Instruments Corp). The
operation parameters were: wavelength 658 nm; angle
90 degree; reference index fluid 1.33; and viscosity
0.89 cp. The zeta potential of the NPs was measured
with a PALs Zeta Potential Analyzer (Brookhaven
Instruments Corp). The operation parameters were:
conductance 39 uS; current 0.22 mA; electric field
10.22 V/cm; reference count rate 1251 keps; and
temperature 25°C.

Scanning electronic microscopy & atomic force
microscopy

LGA-PEI/DNA NPs were analyzed with scanning
electronic microscopy (SEM) and atomic force micros-
copy (AFM). The samples were prepared by mixing
10 pg DNA and 15, 25 or 35 pg LGA-PEI polymer and
then following the procedure described for the size dis-
tribution studies. For SEM imaging, 50 pl of the NP
suspension was dropped onto a carbon tape attached
to an aluminum mount. After air drying at room tem-
perature, the samples were coated with gold-palladium
at 15 mA for 40 s to minimize surface charging. SEM
imaging was conducted with a Nova NanoSEM 230
(FEI) instrument at an accelerating voltage of 10 kV.
For AFM imaging, LGA-PEl/nuclei acid NPs in
water were placed on a mica surface and air dried.
AFM imaging was conducted with a MultiMode® 8
atomic force microscope (Bruker), and the images were
analyzed with ‘NanoScope Analysis’ software.

Cell viability experiments

The cytotoxicity of LGA-PEI/DNA NPs at different
polymer to DNA ratios was determined in a pancre-
atic cancer cell line (PANC-1) and in HEK293 cells
with the MTT assay. The experimental conditions of
the MTT assays were similar to those of the transfec-
tion assays described below. Cells (5000) were initially
cultured in the 96-well plate with DMEM medium
containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin, in a 5% CO, incubator at
37°C for 24 h. The cell medium was replaced with
100 pl opti-MEM™ medium (Thermo Fisher Sci-
entific) and LGA-PEI/DNA NDPs (with a DNA con-
centration of 0.2 or 1 pg/well and various LGA-PEI
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polymer to DNA weight ratios) was added into the
culture and incubated for 16 h. Then, the opti-MEM
medium was replaced with 100 pl fresh medium with
10% FBS and cultured until time for analysis. After
that, the medium was replaced with a fresh medium
containing 1 mg/ml MTT and 2% FBS, and the cells
were incubated for 3 h or more. Finally, 100 ul of 20%
SDS in N, N-dimethylformamide (DMF)/H,O (1:1
w/w) were added to the medium and the cells incu-
bated overnight. Cell viability was determined by
reading the absorbance of formazan at 570 nm on a
microplate reader, and the data were expressed as a
percentage of the readings of untreated cells. For sepa-
rate experiments, cytotoxicity with the same MTT
protocol described above was determined for different
amounts of plasmid DNA with a fixed LGA-PEI/DNA
ratio (2.5:1 w/w), 25 kDa PEI (1.5:1 w/w) or industry-
recommended lipofectamine 2000/DNA ratio (4 pl
reagent/1 ng DNA).

Cell transfection

Several cell types including pancreatic cancer cell lines
(PANC-1 and ASPC-1 cells), human cholangiocarci-
noma cell lines (M213, M214, M055 and M139) [ss],
THP-1 (human monocytic cell line derived from an
acute monocytic leukemia patient), human foreskin
fibroblast (BJ), human embryonic kidney 293 cells
(HEK293), human breast cancer cell line (MCE-7),
human umbilical vein endothelial cells (HUVEC),
immortalized human T lymphocyte cell line (Jurkat),
mouse embryo fibroblasts and mouse embryo stem
cells were used in the cell transfection experiments.
In general, 30,000 cells were initially cultured in the
12-well plate with a culture medium with 10% FBS
for 24 h; the medium was replaced with opti-MEM
medium, and LGA-PEI/DNA, RNA, or miRNA NPs,
PEI/DNA, or lipofectamine 2000/DNA were added
into the culture for 16 h; and, then, the opti-MEM
medium was replaced with the fresh medium with
10% FBS for different times until analysis. For exam-
ple, NDs, prepared by mixing 2 png DNA with 5 g
LGA-PEI polymers in 100 ul H,O, were kept at room
temperature for 30 min before adding them into the
12-well plate culture. Gene expression was measured
by observing GFP-positive or RFP-positive cells under
a fluorescence microscope. Several experiments were
performed in the 96-well plates and 6-well plates with
a similar protocol. A few experiments were also carried
out with 8-well chamber slides (Lab-Tek II). Transfec-
tion efficiency of LGA-PEI polymers of a large modi-
fied mouse artificial chromosome plasmid DNA con-
taining a GFP gene (~200 kb) was tested in PANC-1
cells as described above. Cell density was recorded by
phase contrast microscopy.

In vivo toxicity & gene delivery

The following animal work was approved by the Office
for Protection from Research Risks and Animal Wel-
fare Act guidelines under an animal protocol approved
by the Baylor College of Medicine Institutional Ani-
mal Care and Use Committee. /n vivo toxicity tests of
PEI, LGA-PEI, PEI/DNA and LGA-PEI/DNA NPs
were carried out by injecting Balb/c mice with poly-
mer or polymer/DNA NPDs via the tail vein. The maxi-
mum tolerated dose was defined as 0.5 mg/kg below
the dose at which any animal had died within 10 h of
iv. injection [59]. Mice received iv. injection with B-PEI
(25 kDa) at serial doses (8, 6.5, 6, 5.5 or 5 mg/kg body
weight) or with LGA-PEI (0.5:1 w/w) polymer at serial
doses (29, 26, 23, 22, 21 and 20.5 mg/kg body weight).
Four doses (30, 50, 100 and 200 pg DNA) of PEI/
DNA (1.5:1 w/w, n = 3) and LGA-PEI/DNA (2.5:1
w/w, n = 4) were injected in a volume 200 pl. The mice
were given food and water before or after the injection
and were monitored closely after iv. injection.

For in vivo gene delivery, NPs prepared with 75 ng
LGA-PEI polymer and 30 ug REP DNA (2.5:1 w/w;
10 N/P), or 45 pg PEI and 30 pg DNA (1.5:1 w/w;
9.4 N/P) were mixed in water and then injected into
wild-type Balb/c mice (20 to 30 g in weight; about
200 pl/mice, 3 mice/group) through the tail vein.
Control mice (n = 3) were injected with water only.
The mice were injected the same NP suspension in 200
pl, three-times in 5 days, and sacrificed on day 8 (n = 3)
and day 19 (n = 3). Mouse organs were collected for his-
tological analysis, and RFP expression was determined
with fluorescence microscopy. To determine the DNA
delivery efficiency to subcutaneous xenograft tumors,
nude mice (n = 3) were injected subcutaneously with
another human pancreatic cancer cell line (AsPC-1
cells). Briefly, 2 x 10° cells (50 pl) were injected into
the right flank of 6-8 week old female nude mice. The
tumors grew for 2 weeks. NPs prepared with 25 pg
LGA-PEI polymer and 10 ug RFP DNA (2.5:1 w/w;
10 N/P) were diluted to 30 ul sterile H,O and injected
directly into the tumor. The mice were injected once
and sacrificed 3 days later. Mouse tumor tissues were
collected for histological analysis, and RFP expression
was determined with fluorescence microscopy. In addi-
tion, the human ovarian cancer cell line (SKOV3, 1 x
10° cells) was orthotopically injected into the bilateral
ovaries of female nude mice. After xenograft tumors
were developed in 5 weeks, LGA-PEI (75 ng)/REFP
DNA (30 pg) NPs were injected via tail vein into
the nude mice three-times in 5 days (n = 5); 5 days
later, the mice were sacrificed and organ cryosections
were analyzed under a fluorescence microscope. In a
separate experiment, orthotopical SKOV3 tumors were
similarly established in 5 weeks. LGA-PEI/miR-520h
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Table 1. Polyethylenimine content and primary amine percentage in different preparations of lactic-

co-glycolic acid-modified polyethylenimine polymers.

LGA/PEI polymer PEI content (%)
PEI 100
LGA-PEI (0.5:1 w/w) or (1:1 n/n)t 647 +1.6

LGA-PEI (1:1 w/w) or (2:1 n/n) 48.0+0.8
LGA-PEI (2:1 w/w) or (4:1 n/n) 323x14
LGA-PEI (5:1 w/w) or (10/1 n/n) 15.7+0.6

*In this study, LGA-PEI polymer (0.5:1 w/w or 1:1 n/n) was selected for DNA loading and delivery experiments.
LGA-PEI: Lactic-co-glycolic acid-modified polyethylenimine; n/n: mole/mole; PEl: Polyethylenimine.

LGA content (%) Primary amine (%)
0 100

35.3 49 3

52 9.5+ 2.1

68 11.3+£0.1

84 8.2+0.2

mimic (DY547 tag, 15 pg) NPs were injected into the
mice via tail vein once (n = 3); 5 days later, the mice
were sacrificed and organ cryosections were analyzed
under the fluorescence microscope.

Statistical analysis

All data are presented as mean + SEM. Differences
among three or more groups were analyzed with one
way analysis of variance (ANOVA). Student #test was
used to compare two groups. A p-value < 0.05 was
regarded as statistically significant.

Results

LGA-PEI polymer synthesis & characterization
Initially, we synthesized four LGA-PEI polymers based
on PLGA and PEI weight ratios (0.5:1, 1:1, 2:1 and
5:1). PLGA (12~16 kDa) and branched PEI (25 kDa)
dissolved well in THF. After stirring the reaction mix-
ture for 48 h, we separated the soft precipitate from
the solution by filtration. The yield of each new LGA-
PEI polymer is >95% by dry weight analysis. The
w/w ratios of PLGA to PEI ranged from 0.5:1 to 5:1,
corresponding to molar ratios (n/n) that ranged from
1:1 to 10:1, respectively. For LGA-PEI (0.5:1 w/w)
polymer, the PEI content in the polymer was 64.7.0
+ 1.6% according to the results of the copper sulfate
assay [55], and the primary amine number was 49 + 3%
of that of PEI according to the trinitrobenzene sulfo-
nate assay [s6]. For LGA-PEI (1:1 w/w) polymer, the
PEI content in the polymer was 48.0 + 0.8%, and the
primary amine number was 9.5 + 2.1% of that of PEIL
For LGA-PEI (2:1 w/w) and LGA-PEI (5:1 w/w) poly-
mers, the primary amine numbers were 11.3 and 8.2%
of that of PEL, respectively (Table 1). Therefore, about
90% of primary amines of PEI were accessible for the
reaction with LGA. Only 10% of primary amines
of PEI were not able to react with LGA. DNA read-
ily interacts with all amine groups of PEI, including
primary, secondary and tertiary amines of LGA-PEI
polymers. From these data, we could understand the
reliable reaction between B-PEI and PLGA through

the amide bond formation in a dose-dependent fash-
ion. In this study, LGA-PEI polymer (0.5:1 w/w or 1:1
mole/mole) was selected for further structure analyses,
DNA loading and delivery experiments because at this
condition, PLGA is completely broken down to the
LGA single units, which covalently linked to B-PEI
(25 kDa) molecule to form a truly new LGA-PEI
polymer, while maintaining a relatively high primary
amine content for nucleic acid loading and delivery.
The structure of LGA-PEI (0.5:1 w/w) polymer was
analyzed. The FT-IR spectroscopy of PLGA shows
the ester C=0 stretching absorption at 1746.8 cm™.
This peak disappeared in the spectroscopy of LGA-
PEI polymer; instead, a new peak of amide C=O
stretching at 1651.6 cm™ appeared, indicating the for-
mation of amide bonds (Figure 1B). Furthermore, the
C-N stretching band at 1595 ¢cm™ in the pure B-PEI
(25 kDa) sample disappeared, but a new peak appeared
at 1530 cm™ with greater intensity in the LGA-PEI
sample. The FT-IR results indicate that the reaction
was completed between PLGA and PEI polymers.
NMR spectroscopy was also used to characterize the
LGA-PEI (0.5:1 w/w) polymer. The chemical shifts of
protons at 5.2, 4.8 and 1.56 ppm in the PLGA sample
are assigned to CH, CH, and CH, protons, respec-
tively [60] (Supplementary Figure 1A). In the PEI sample,
the peak at chemical shift of 2.59 ppm was assigned to
CH, protons, and the broad peak at 2.8 ppm to NH
and NH, protons (Supplementary Figure 1B). In the
LGA-PEI sample, many new peaks appeared which
were different from those of PLGA or PEI individual
samples (Figure 1C). The most important peak was
the one at 7.75 ppm, assigned to amide RCONH pro-
ton [61], confirming the formation of an amide bond
between LGA and PEL Peaks at 1.8 ppm were assigned
to —OH proton; at 1.22 ppm to —~CH,; at 4 ppm to CH
proton, and at 3.82 ppm to CH, protons of the LGA
unit, respectively. While peaks at 2.28 and 2.6 ppm
were assigned to CH, protons of -NCH,CH,NH_;
peaks at 3.2 and 3.6 ppm to CH, protons connected
with amide and the broad peak at 3.45 ppm to amino
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protons of PEI unit (62]. The molecular mass of com-
mercial B-PEI (25 kDa) and LGA-PEI (0.5:1 w/w)
polymer was determined with Zetasizer Nano ZS90
instrument and Debye plot analysis. As expected,
molecular weight of commercial B-PEI (25 kDa) was
determined as 24.6 kDa (Supplementary Figure 2), and
molecular weight of the LGA-PEI (0.5:1 w/w) polymer
was determined as 42.6 kDa (Supplementary Figure 3).

DNA loading efficiency of LGA-PEI polymer

The positively charged LGA-PEI (0.5:1 w/w) polymer
dissolved completely in water. LGA-PEI polymer and
DNA were mixed at ratios that usually ranged from
1.5:1 to 25:1 by adding a plasmid DNA solution to a
water solution of LGA-PEI polymer, and mixing the
final solution with a vortex for 5 s. DNA loading was
measured with both spectrophotometry and the gel
retardation assay. Gel electrophoresis was performed
on 0.8% agarose gels containing 25 nM ethidium bro-
mide. Ata 0.5:1 w/w ratio (2 N/P), LGA-PEI polymer
retained most of the plasmid DNA, and at a low 1:1
w/w ratio (4 N/P), it was able to retain the DNA com-
pletely (Figure 2A). Therefore, at this ratio (1:1 w/w),
the DNA loading is 100%. The more LGA-PEI poly-
mer is available, the more cationically charged poly-
mers bind to and condense DNA. Thus, LGA-PEI
(15 pg or above) and plasmid DNA (10 pg) efficiently
formed NDPs. Optical measurements can determine
free DNA or polymer/DNA NPs suspended in solu-
tion (Figure 2B). After LGA-PEI polymer (from 0 to 30
ug) and plasmid DNA (10 pg) was mixed and centri-
fuged, the DNA amount in the supernatants decreased
from 100 to 0% as the polymer amount increased
to 15 pg; however, when the polymer concentration
increased further (20-30 pg), the DNA amount in
the supernatants increased. This indicates that the
negatively charged DNA molecules were neutralized
by positively charged polymers, and that particles were
formed and centrifuged down. However, when more
polymers were present, the extra positive charge of
the polymer made the particles soluble in the aqueous
solution; the particle size became smaller and could
not be centrifuged down under the conditions of the
experiment. This was further confirmed by the zeta
potentials of polymer/DNA NPs. The zeta potential of
B-PEI (25 kDa) was up to only 90 mV, but decreased
to 60 mV when PEI formed a complex with negatively
charged DNA. The zeta potential of LGA-PEI/DNA
was much smaller, around 20 mV; this indicated that
the positive charge of PEI was effectively shielded by
LGA single units (Table 2). The particles prepared at
1:1 w/w (4 N/P) ratio (i.e., 10 pg LGA-PEI with 10 ng
DNA) aggregated into microparticles perhaps because
of their low surface charge.

Self-assembly nanoparticles of the LGA-PEI
polymers with nucleic acids

Mixing LGA-PEI (0.5:1 w/w) polymer and plasmid
DNA in water resulted in the formation of LGA-PEI/
DNA NPs. These NPs had sizes that depended on the
ratios of LGA-PEI to DNA, and ranged from 100 to
130 nm, according to the dynamic light scattering
results. A representative size distribution for 25 g
LGA-PEI/10 pg DNA is shown in Figure 2C. Polydis-
persity was between 0.1 and 0.3. In addition, the LGA-
PEI delivery system was used to deliver oligonucleotide
DNA or RNA for therapeutic purposes. LGA-PEI
NPs were formulated with different amounts of single
stranded oligo DNA primer (23 bases), and size distri-
bution was determined with dynamic light scattering.
We found that mixing 25 pg LGA-PEI with 5 pg oligo
DNA did not form NPs; mixing it with 10 pg oligo
DNA formed larger particles (250 and 900 nm), and
mixing it with 15 oligo DNA formed smaller particles
(100 and 250 nm) (Figure 2D).

Particle images were taken with SEM and AFM.
The samples were prepared by mixing LGA-PEI
polymer and GFP plasmid DNA (5 kb) in nitrogen/
phosphorus (N/P) ratios of 6 (1.5:1 w/w), 10 (2.5:1
w/w) and 14 (3.5:1 w/w). When DNA was condensed
with LGA-PEI polymer at N/P ratio of 6 (1.5:1 w/w),
SEM images clearly show that the DNA was wrapped
by polymers and that the particles agglomerated and
formed in sizes ranging from 150 to 230 nm (Figure 3A).
The AFM images clearly show fused particles and free
DNA chains (Figure 3E). With more LGA-PEI poly-
mers, however, the particles look more solid and rigid,
and the size decreases to 100—150 nm as N/P increased
to 10 (2.5:1 w/w) (Figure 3B & F). When the N/P is
increased to 14 (3.5:1 w/w), the particles become
smaller to around 30—-50 nm (Figure 3C, D & G). The
AFM images show nonfused particles of about 100 nm
in size for the higher N/P formulations (Figure 3F & G).
Thus, LGA-PEI polymer condenses DNA effectively
and controls the particle size. The more polymer is
present, the smaller the size of the NPs is. As a control,
we combined 15 pg PEI and 10 pg DNA to form NPs
of less than 100 nm in size (Figure 3H). Furthermore,
35 ug LGA-PEI polymers and 10 pug modified mRNA
(mmRNA) also formed NPs of less than 100 nm in
size (Figure 31). The NPs formed with LGA-PEI poly-
mer and big plasmid DNA molecules (11.7 kb) were
slightly bigger than those formed with smaller plasmid
DNA (data not shown).

Cytotoxicity of LGA-PEI/DNA NPs

The cytotoxicity of LGA-PEI/DNA NPs and PEIl/
DNA complexes was investigated in a human pancre-
atic cancer cell line (PANC-1). The cells were treated
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Figure 1. Synthesis of LGA-PEI polymer. (A) Proposed mechanism for the formation of LGA-modified PEI polymers. (B) Fourier
transform infrared spectroscopy (FT-IR) analysis of PLGA, PEl and LGA-PEI polymers. The formation of an amide bond between the
PLGA and PEl is indicated by the -OC-NH- stretching absorption at 1651.6 cm™'. (C) NMR spectroscopy analysis.

overnight with NPs in 10% FBS DMEM medium,
then cell viability was determined with the MTT assay.
The amount of plasmid DNA was fixed at 1 pg/well
in 96-well plates, while different amounts of LGA-PEI

polymers or PEI were used (Figure 4A). PEI content in
LGA-PEI polymers was the same as the amount (N/P)
of unmodified PEI used in the experiments. We stud-
ied PEI/DNA and LGA-PEI/DNA N/P ratios at 6, 12,
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Figure 2. Plasmid DNA loading efficiency of LGA-PEI polymer and particle size distribution. LGA-PEI (0.5:1 w/w) polymer was used.
(A) DNA gel retardation assay was performed on 0.8% agarose gels containing 25 nM ethidium bromide. Different amounts of LGA-
PEl polymer (0, 5, 10, 15, 20, 25 or 30 png) were mixed with 10 ug plasmid DNA. (B) Optical measurement. Free DNA or polymer/DNA
NPs suspended in solution were detected with spectrophotometry. Plasmid DNA (10 ug) was mixed with 0 to 30 ng LGA-PEI polymer
and centrifuged. (C) Size distribution of 25 ng LGA-PEI/10 pg plasmid DNA (double-stranded, circular DNA) NPs. The size of the
particles in solution was determined with a Zeta Potential Analyzer. (D) Size distribution of 25 ng LGA-PEI/15 pg oligonucleotide DNA
(single-stranded, 23 nucleotides).

18 and 24. The MTT test results indicated that the
treatment with LGA-PEI/DNA NPs at 12 N/P pro-
duced either no or minor toxicity when compared with
no treatment. When we used PEI/DNA complexes as
controls, however, approximately half of the cells died
when the PEI/DNA N/P ratio was 12. Thus, the LGA
component of LGA-PEI polymers has a protective
effect against PEI-induced cytotoxicity. The LGA-PEI/
DNA delivery system is much less toxic than the PEI/
DNA delivery system at the same PEI and DNA con-
tents and experimental conditions. PEI to DNA ratio
(1.6:1 w/ws; 10 N/P) was equivalent to a NP of 25 ug
LGA-PEI/10 pg DNA (2.5:1 w/w; 10 N/P), which

was the most commonly used condition in the current

study. In addition, we compared the cytotoxicity of
LGA-PEI and lipofectamine 2000 (4 pl for 1 pg DNA
as industry recommended) by loading serial amounts
of plasmid DNA for delivery in PANC-1 cells. The
results showed that LGA-PEI polymer delivering same
amounts of DNA with lipofectamine 2000 showed a
less toxicity than lipofectamine 2000 in PANC-1 cells
(Figure 4B).

LGA-PEI polymer efficiently delivers nucleic
acids to different cell types in vitro

PANC-1 cells cultured in 96-well plates were treated
overnight with NPs in 10% FBS DMEM medium.
Then, the medium was replaced with fresh medium,
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Table 2. Zeta potential of LGA-PEI/DNA nanoparticles.

Nanoparticles w/w ratio N/P ratio Zeta potential (mV)*
5 png LGA-PEI /10 ng DNA 0.5:1 2 -38.9+3.3
10 ng LGA-PEI /10 ng DNA 1:1 4 N/A

15 ng LGA-PEI /10 ug DNA 1.5:1 6 30+ 1.4
20 pug LGA-PEI /10 ug DNA 2:1 8 22+ 8

25 ng LGA-PEI /10 ug DNA 2.5:1 10 214+ 0.4
35 ug LGA-PEI /10 pg DNA 3.5:1 14 27.5+4.3
10 pg PEI/10 ug DNA 1:1 6 575+ 1.5
20 ug PEI/10 ug DNA 2:1 12 63.8+4.6
fLGA-PEI (0.5:1 w/w) polymer was used.

Zeta potential was measured in distilled water at ambient temperature.

LGA-PEI: Lactic-co-glycolic acid-modified polyethylenimine.

and the cells incubated for another day. Green fluo- DNA delivery systems (Figure 5A). Under the same
rescence was evaluated for the transfection efficacy experimental conditions, LGA-PEI/DNA NPs had a
of the LGA-PEI/GFP DNA NPs and compared transfection activity that was better than that of PEI/
with that of lipofectamine 2000/DNA and PEI/ DNA polyplexes and similar to that of lipofectamine

® © ©
N/P ratio of 6 N/P ratio of 10 N/P ratio of 14 T
(15 pg LGA-PEI (25 pg LGA-PEI (35 pg LGA-PEI 53 2507
and 10 pg DNA) and 10 ug DNA) and 10 ug DNA) o>
N5 200
)
[Z)
El g 150
Sw
< £ 100
83
w®? 50
35
SE o0
-
LGA-PEI (ug) 15 25 35
DNA (ug) 10 10 10
N/P ratio 6 10 14
15 ug LGA-PEI 25 pg LGA-PEI 35 pg LGA-PEI 15 ug PEI 35 pg LGA-PEI
and 10 ug DNA and 10 ug DNA and 10 pyg DNA and 10 ug DNA and 10 pg modified mRNA

L.

Figure 3. Direct observation of LGA-PEI/DNA NPs with scanning electron microscopy and atomic force microscopy. LGA-PEI polymer
with 64% PEI corresponding to the LGA-PEI 0.5:1 w/w polymer was used. (A-C) are SEM images. (D) Average particle size of three
different LGA-PEI/DNA N/P ratios (6, 10 and 14) in SEM images. LGA-PEI/DNA N/P ratios (6, 10 and 14) are correspondent to its w/w
ratios (1.5:1, 2.5:1 and 3.5:1), respectively. (E-G) are AFM images of samples prepared with LGA-PEI polymers (64% PEI) and plasmid
DNA (4.7 kb) at nitrogen/phosphorus (N/P) ratios of 6, 10 and 10. (H) Control: 15 ug PEl and 10 ug plasmid DNA. (I) Control: 35 pg
LGA-PEI polymers and 10 ng modified mRNA of GFP.

LGA-PEI: Lactic-co-glycolic acid-modified polyethylenimine; NP: Nanoparticle; PEl: Polyethylenimine.
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Figure 4. Cytotoxicity of LGA-PEI/plasmid DNA NPs in vitro. LGA-PEI (0.5:1 w/w) polymer was used. (A) Comparison between LGA-PEI
polymer and unmodified PEI. Different amounts of LGA-PEI polymer were mixed with plasmid DNA (1 pg/well in 96-well plates). The
amount of PEl in LGA-PEI and unmodified PEl was the same. Pancreatic cancer cell line (PANC-1) cells were incubated overnight with
nanoparticles in 10% FBS DMEM medium; cell viability was determined with the MTT assay. n = 3/group. (B) Comparison between
LGA-PEI polymer and commercial lipofectamine 2000. NPs of LGA-PEI/DNA (2.5/1) or lipofectamine 2000 delivered different amounts
of plasmid DNA into PANC-1 cells.
LGA-PEI: Lactic-co-glycolic acid-modified polyethylenimine; PEIl: Polyethylenimine.

2000/DNA in PANC-1 cells, while the cell density
in LGA-PEI/DNA NP-treated cells was greater than
that in both PEI/DNA and lipofectamine 2000/ DNA
groups, indicating less cytotoxicity. These results
were confirmed in PANC-1 cultures in 12-well plates
(Supplementary Figure 4A). PANC-1 cells treated with
LGA-PEI/DNA expressed GFP for a longer time than
the cells treated with lipofectamine/DNA. GFP fluo-
rescence was still observed in days 16 and 28 in cells
transfected with LGA-PEI/DNA, while cells trans-
fected with lipofectamine/DNA showed very weak
GFP fluorescence (Supplementary Figure 4B). LGA-
PEI polymer kept at room temperature from 2 weeks
to 3 months did not lose its plasmid DNA delivery

capability, demonstrating the stability of the polymer
(Supplementary Figure 4C). Transfection rate of LGA-
PEI/GFP DNA NPs was also high in another pancreatic
cancer cell line (AsPC-1) (Supplementary Figure 4D).
Interestingly, LGA-PEI polymer was able to success-
fully deliver a modified mouse artificial chromosome
DNA (~200 kb) containing a GFP gene to PANC-1
cells (Supplementary Figure 5).

Gene transfection efficiency of LGA-PEI poly-
mer was tested in cholangiocarcinoma cell lines
(M213; 5B; MO055, M214 and M139;
Supplementary Figure 6) with a GFP gene-containing

Figure

plasmid and compared with that of the lipofectamine
2000 delivery system. Under the same culture condi-

Figure 5. Gene delivery efficiency of LGA-PEI/DNA or RNA NPs in vitro determined by immunofluorescence (see
facing page). LGA-PEI (0.5:1 w/w) polymer was used. (A) Delivery of plasmid DNA to pancreatic cancer cell line
(PANC-1). LGA-PEI/plasmid DNA (0.2 png/well in 96-well plates), and lipofectamine 2000/DNA or PEI/DNA controls
containing GFP gene, were incubated with PANC-1 cells for 20 h. (B) Delivery of GFP gene-containing plasmid
DNA to a cholangiocarcinoma cell line (M213). LGA-PEI polymers or lipofectamine 2000 control with GFP gene-
containing plasmid (4 ug/well in the 6-well plate) were incubated with M213 cells for 48 h. (C) Delivery of DNA
into THP-1 (suspension cell culture). LGA-PEI or lipofectamine 2000 delivered 2.5 ug DNA/well in 12-well plates
for 48 h. (D) Human fibroblasts (BJ). LGA-PEI and lipofectamine 2000 delivered 1 ng DNA/well in 12-well plates
for 48 h. (E) Delivery of modified GFP mRNA (mmRNA) into PANC-1 cells (10 ng RNA/well in 12-well plates) in 48 h.
(F) Delivery of synthetic miR-520h mimic labeled with DY-547 (1 ng double stranded RNA/well in 8-well chamber
slides) by LGA-PEI or lipofectamine 2000 into PANC-1 cells in 24 h. Control: miR-520h mimic alone. (G) Fluorescence
density analysis of delivery of synthetic miR-520h mimic labeled with DY-547 (1 ug double-stranded RNA/well in
8-well chamber slides) into PANC-1 cells in 24 h by LGA-PEI copolymer and lipofectamine 2000.

LGA-PEI: Lactic-co-glycolic acid-modified polyethylenimine; PEl: Polyethylenimine.
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tions, the transfection rate of the LGA-PEI polymer
was slightly better than that of lipofectamine 2000.
Importantly, the LGA-PEI polymer was less toxic than
lipofectamine 2000 as demonstrated by a higher cell
density (Figure 5B). LGA-PEI polymer was able to
deliver GFP plasmid DNA into THP-1 cells in suspen-
sion with no or limited toxicity, while lipofectamine
2000 was unable to do so and caused significant cell
death (Figure 5C). Although both the LGA-PEI poly-
mer and lipofectamine 2000 transfected GFP plas-
mids into human fibroblasts (BJ) with similar trans-
fection efficiency, the LGA-PEI polymer was much
less toxic (Figure 5D). In addition, the gene transfec-
tion efficiency of LGA-PEI/DNA NPs was also tested
in culture media with or without serum. We found
that serum did not affect gene delivery of LGA-PEI
polymers (Supplementary Figure 7).

The LGA-PEI polymer efficiently delivered modi-
fied GFP mRNA into PANC-1 cells (Figure 5). LGA-
PET’s delivery of synthetic miR-520h mimic (double-
stranded RNA) labeled with fluorescent dye DY-547
was also effective. After incubation with miR-520h
mimic (control), lipofectamine 2000/miR-520h, or
LGA-PEI/miR-520h mimic for 24 h, the cells with the
LGA-PEI/miR-520h mimic NPs showed red fluores-
cence that was much stronger than that of control cells
with miR-520h mimic alone and with lipofectamine
2000/miR-520h (Figure 5F & G).

It is known that cell density affects gene transfec-
tion of the lipofectamine 2000/DNA delivery system.
We confirmed that both LGA-PEI polymer and lipo-

fectamine 2000 effectively delivered the GFP gene-
containing plasmid into human embryonic kidney 293
(HEK293) cells (Supplementary Figure 8A). In order to
determine whether cell density influences GFP expres-
sion in the LGA-PEI/DNA system, HEK293 cells
that were 80-90%, 40% and 20% confluent were
treated with LGA-PEI/DNA NPs. We found that the
rate of GFP expression in these cells was not depen-
dent on cell confluency (Supplementary Figure 8B);
this indicates that cell density had no effect on the
gene transfection of the LGA-PEI/DNA delivery sys-
tem. LGA-PEI/DNA NPs had a transfection activity
in a breast cancer cell line (MCF-7) that was similar
to that of lipofectamine 2000/DNA in these cells
(Supplementary Figure 9). Furthermore, we showed that
LGA-PEI polymer was able to deliver GFP gene into dif-
ficult-to-transfect cell lines such as THP-1 (Figure 5C),
HUVEC:s (Supplementary Figure 10), primary mouse
embryo fibroblasts (Supplementary Figure 11A) and
mouse embryo stem cells (Supplementary Figure 11B)
although the transfection rate was limited in a low to
moderate level at the current experimental condition.
Jurkat cell is another difficult-to-transfect cell line.
Compared to lipofectamine 2000 delivery system,
LGA-PEI polymer was much more efficient to deliver
GFP gene into Jurkat cells, and it also showed less
cytotoxicity in Jurkat cells (Figure 6).

Since L-PEI is often used as an effective transfection
agent, we performed separate experiments to compare
the transfection efficiency and cytotoxicity of L-PEI
(25 kDa), B-PEI (25 kDa) and our new LGA-PEI

Jurkat (immortalized human T lymphocyte cell line): 24-well plate, 24 hours

LGA-PEI 2.5 pg
1 pg DNA/well

LGA-PEI 6.25 pg
2.5 pg DNA/well

LFM2000 4 pl
1 pg DNA/well

LFM2000 10 pl
2.5 pg DNA/well

Figure 6. Comparison of gene delivery by LGA-PEI polymer and lipofectamine 2000 (LFM2000) in Jurkat cells.
LGA-PEI delivery of a GFP gene-containing plasmid (1 and 2.5 ng DNA/well) into Jurkat cells in 24-well plates for
24 h. The same amount of plasmid DNA with LFM2000 delivery was used for the comparison. Fluorescent images

and cell density images were observed at 24 h.

LGA-PEI: Lactic-co-glycolic acid-modified polyethylenimine; PEI: Polyethylenimine.
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Figure 7. Comparison of gene delivery efficiency and cytotoxicity of L-PEI (25 kDa), B-PEl (25 kDa) and LGA-PEI polymer in HEK293
and PANC-1 cells. (A) Delivering GFP containing plasmid to HEK293 cells. Cells were seeded onto the 96-well plate overnight. Three
concentrations of delivery agents (1:1, 2:1 and 3:1 w/w for L-PEl and B-PEl; 2.5:1, 3.5:1 and 5:1 w/w for LGA-PEI polymer) and 0.2 ug
GFP plasmid DNA/well were used for transfection for 24 h. Green florescence signal as transfection efficiency was examined under

a fluorescence microscope, and cellular density as potential cytotoxicity was evaluated with phase contrast microscopy analysis.

(B) Delivering GFP containing plasmid to PANC-1 cells. L-PEI (2:1 w/w), B-PEI (2:1 w/w) or LGA-PEI (3.5:1 w/w) and 0.2 pg GFP plasmid

DNA/well were used for transfection in the 96-well plate for 48 h. Green florescence signal and cellular density were recorded. (C) Cell
viability after gene delivering in PANC-1 cells. L-PEI (2:1 w/w), B-PEI (2:1 w/w) or LGA-PEI (3.5:1 w/w) and 0.2 ug GFP plasmid DNA/well
were used for transfection in the 96-well plate for 48 h. Cell viability was determined by MTT assay.

*p<0.05 n=6.

LGA-PEI: Lactic-co-glycolic acid-modified polyethylenimine; PEIl: Polyethylenimine.

(0.5:1 w/w) polymer at comparable transfection condi-
tions. Commercial L-PEI (25 kDa) is recommended to
use L-PEI/DNA weight ratios of 1:1, 2:1 and 3:1 for its
optimal condition of transfection experiments in many
types of cells such as HEK293 cells. Thus, we chose
HEK293 cells for our initial experiments. HEK293
cells (5000/well) were seeded onto the 96-well plate
overnight with DEME medium and 10% FBS; three
concentrations of delivery agents (1:1, 2:1 and 3:1

w/w for L-PEI and B-PEI; 2.5:1, 3.5:1 and 5:1 w/w
for LGA-PEI polymer) and 0.2 ng GFP plasmid DNA
and opti-MEM medium were added to each well and
cultured for 24 h. Green florescence signal as trans-
fection efficiency was examined under a fluorescence
microscope, and cellular density as potential cytotox-
icity was evaluated with phase contrast microscopy
analysis. LGA-PEI polymers showed higher transfec-
tion efficiency and cell density than both L-PEI and
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Table 3. Survival rate of mice after tail vein injection of PEI/DNA or LGA-PEI/DNA nanoparticles.

LGA-PEI/DNA (2.5:1 w/w)
delivery (n = 4) (ug DNA)

PEI/DNA delivery® (n = 3) Survival rate (%)

(ug DNA)

30 100 30

50 0 50

100 - 100

200 - 200

TLGA-PEI (0.5:1 w/w) polymer was used.

LGA-PEI: Lactic-co-glycolic acid-modified polyethylenimine; PEI: Polyethylenimine.

Survival rate (%)

100
100
100
50

B-PEI delivery agents at all three concentrations.
B-PEI had slightly higher transfection efficiency than
L-PEI at two concentrations (2:1 and 3:1 w/w). Both
L-PEI and B-PEI showed cytotoxicity at 2:1 and 3:1
(w/w) concentrations as the cell density was reduced
(Figure 7A). In addition, we performed a similar
transfection experiment in pancreatic cancer cell line
PANC-1 cells (48 h). Although three delivery agents
had similar transfection efficiency, LGA-PEI showed
a higher cell density, indicating much less cytotoxic-
ity than L-PEI and B-PEI at the comparable condi-
tion (Figure 7B). Furthermore, we performed the MTT
assay for PANC-1 cells to further confirm the cytotox-
icity of three delivery agents with identical transfection
conditions. LGA-PEI polymer did not show any cyto-
toxicity at the (3.5:1 w/w) concentration as compared
with the negative control. However, L-PEI and B-PEI
at the (2:1 w/w) concentration significantly reduced
cell viability by 42 and 56%, respectively, as compared
with the control (p < 0.05, n = 6) (Figure 7C). Thus,
LGA-PEI polymer is superior to both L-PEI and B-PEI
delivery agents in these cell transfection studies.

In vivo toxicity & DNA delivery

Lipofectamine 2000 is not recommended for in vivo
use because it is toxic to red blood cells and other cells.
Only some liposome formulations and PEI can be used
in vivo, but their toxicity is well recognized [325]. In
this study, Balb/c mice received iv. injection of B-PEI
(25 kDa) at doses of 8, 6.5 and 6 mg/kg body weight
died, while the mice received B-PEl at 5.5 and 5 mg/kg
survived. Balb/c mice injected with LGA-PEI (0.5:1
w/w) polymers at doses of 29, 26, 23, 22 and 21 mg/
kg body weight died, while the mouse received LGA-
PEI at 20.5 mg/kg survived (Supplementary Table 1).
Balb/c mice showed a maximum tolerate dose of B-PEI
(25 kDa) of about 5 mg/kg. By contrast, the LGA-PEI
(0.5:1 w/w) polymer showed a maximum tolerate dose
of about 20 mg/kg, which corresponds to a PEI dose
of 12 mg/kg. For plasmid DNA delivery, all mice (n
= 3) died after they were injected via tail vein with

PEI (75 pg)/DNA (50 pg) complexes (1.5:1 w/ws; 9.4

N/P). On the other hand, all mice (n = 3) injected with
LGA-PEI (125 pg)/DNA (50 pg) (2.5:1 w/w; 10 N/P)
NPs survived the treatment. Furthermore, all mice (n
= 4) that received LGA-PEI (250 pg)/DNA (100 pg)
NPs survived, and half the number of mice (n = 4)
that received LGA-PEI (500 pg)/DNA (200 pg) NDPs
survived (Table 3). Thus, LGA-PEI and LGA-PEI/
DNA NPs are much less toxic iz vivo than PEI and
PEI/DNA complexes.

The LGA-PEI polymer was used to deliver RFP
plasmid DNA to Balb/c mice via tail vein injection
to study the DNA transfection efficiency in mouse
organs and to compare it with that of PEI/DNA
delivery. Plasmid DNA (30 pg) with either LGA-
PEI polymer or B-PEI (25 kDa) was injected into
mice three-times in 5 days, then the mice were sacri-
ficed on day 8 (n = 3) (Figure 8A) and day 19 (n = 3)
(Supplementary Figure 12), respectively. In LGA-PEI/
DNA NPs-treated mice, the liver, spleen and pancreas
showed strong red fluorescence, while the heart, lungs
and kidneys showed no red fluorescence. PEI/DNA-
treated mice showed only weak red fluorescence in liver,
spleen and pancreas (Figure 8A). Thus, the LGA-PEI
delivery system is more efficient than the PEI-based
delivery system 77 vivo. In addition, nude mice (n = 3)
were injected subcutaneously with a pancreatic cancer
cell line (AsPC-1). When the tumors were established
after 2 weeks, LGA-PEI (25 ng)/RFP DNA (10 pg)
was directly injected into the tumor once and the tissue
harvested 3 days later. We observed strong red fluores-
cence in the tumors indicating high DNA transfection
inside the tumor tissue (Figure 8B). We also studied the
systemic delivery of RFP plasmid DNA and miRNA
mimic into ovarian cancer in a xenograft mouse model.
Ovarian cancer cell line (SKOV3) was orthotopically
injected into bilateral mouse ovaries and the tumor
was established after 5 weeks. LGA-PEI (75 ng)/REP
DNA (30 ng) NPs were injected into each mouse (n =
5) via tail vein three-times in 5 days. Five days after the
last injection, the mice were sacrificed for analysis; red
florescence signal was readily detected in the xenograft
tissues (Figure 8C). In a separate experiment, LGA-PEI
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(37.5 pg)/miR-520h mimic with DY-547 tag (15 ug)
NPs were injected into each of the SKOV3 xenografted
mice (n = 3) via tail vein once. Five days later, the mice
were sacrificed for analysis; red fluorescence was also
observed in ovarian cancer tissues (Figure 8D). Thus,
the LGA-PEI polymer is an effective system to deliver
plasmid DNA or RNA into tumors in the mouse
xenograft model.

Discussion
In the current study, we have proved our hypoth-
esis that the properties of B-PEI (25 kDa) could be
improved by covalently linking it to LGA single unites
for nucleic acid delivery. The mechanism of the reac-
tion between PLGA and PEI is via nucleophilic attack
by the primary amine of PEI on the carbonyl carbon
of PLGA to form a positively charged tetrahedral inter-
mediate, followed by the removal of an alcohol group
(RC-O) [63]. This reaction is favorable in organic sol-
vent because the overall activation energy of the ami-
nolysis reaction is often negative [63,64]. Under current
experimental conditions, PLGA is completely broken
down into LGA single units by PEI and forms a new
LGA-PEI (0.5:1 w/w) polymer. Based on the number
of ester bonds, the PEI content and the primary amine
percentage, we estimate that each LGA-PEI polymer
contains about 109 LGA single units and 1 PEI mol-
ecule (Supplementary Figure 13A). To the best of our
knowledge, LGA monomer or LGA ester is not com-
mercially available. Theoretically, monomer LGA
ester can be coupled to B-PEI (25 kDa), producing a
similar LGA-PEI polymer that is obtained by the reac-
tion between PLGA and PEI as shown in the current
study. Simple lactate ester or glycolide ester can also
react with primary amines of PEI to form lactate-PEI
or glycolide-PEI polymers, but not LGA-PEI polymers.
This LGA-PEI polymer is fundamentally different
from other PLGA and PEI preparations previously
reported in the literature. Several studies reported
preparing PLGA NPs bearing PEI on their surface
by mixing first the PLGA NP with the water-in-oil-
in-water technique in PVI solution, and then adding
PEI into the solution to form a PEIl-coated PLGA
NPs [44,54,65-71]. In these studies, PLGA NPs are the
core, and PEI attached to the surface makes the NPs
cationic. All the methods reported in the literature
used less than 15% PEI to prepare PLGA-PEI and less
than 2 h reaction time. In our study, however, PLGA
molecules are fragmented to LGA single unites by PEI
and these LGA units are covalently conjugated with
PEI through the amide linkage forming completely a
new LGA-PEI polymer (0.5:1 w/w and 48 h reaction
time), which contains 67% PEI. In fact, intact PLGA
no longer exists in our current LGA-PEI polymer. Two

New LGA-PEI polymer for nucleic acid delivery Research Article

important reaction factors that determine the struc-
ture difference of our LGA-PEI polymer with other
polymers that include PLGA and PEI are the reaction
time of PLGA with PEI and the PLGA to PEI ratio.
Thus, our LGA-PEI polymer is a new material, which
has differences in chemical structure, properties, func-
tions and potential applications from those reported in
literature [44,54,65-71].

With one simple step reaction, our LGA-PEI polymer
can load DNA completely at a low polymer/DNA ratio
of 1:1 w/w (4 N/P), which corresponds to a loading
capacity of 1 pg polymer loading 1 pg DNA. This indi-
cates that LGA modification does not change the load-
ing efficiency and capacity of PEI. LGA-PEI polymers
condense DNA molecules to form a particle. Accord-
ing to our estimation, the LGA-PEI/DNA weight ratio
of 1.5:1 (6 N/P) corresponds to a LGA-PEI to DNA
molecular ratio of about 180:1. At this ratio LGA-PEI
polymers may form particles that have several plasmid
DNA molecules between 150 and 230 nm in size. In
the case of the higher LGA-PEI/DNA weight ratio,
such as 3.5:1 (14 N/P), more LGA-PEI polymer mol-
ecules may separate DNA molecules and form particles
with fewer DNA molecules than in the case of the poly-
mer/DNA weight ratio of 1.5:1 (6 N/P). Thus, LGA-
PEI polymers can further condense DNA molecule(s)
to particles as small as 50 nm. We believe this explains
our observation that the higher the polymer/DNA ratio
is, the smaller the particle sizes are, as determined by
SEM. Based on the calculation of the molecular weight
of LGA-PEI polymer (42 kDa), plasmid DNA (5 kb,
3300 kDa), and size as well as volume of the NPs, we
can estimate the contents of different NPs. Smaller
particles (36 nm) formed with 35 pg LGA-PEI/10
pg DNA may contain 1 plasmid DNA molecule and
275 LGA-PEI polymers (Supplementary Figure 13B).
The larger particles (100 nm) formed with 25 pg
LGA-PEI and 10 pg DNA may contain about 15 plas-
mid DNA molecules and 2955 LGA-PEI polymers
(Supplementary Figure 13C).

The LGA-PEI polymer allows for sufficient DNA
binding through electrostatic forces between the
amines of PEI and the phosphate DNA backbones, but
the LGA units might be spared and form a barrier that
may shield the PEI/DNA complex from nonspecific
interactions. Indeed, we found that the LGA-modified
PEI significantly changed some properties of PEI, for
example, it lowered the zeta potential from 60 mV (of
PEI/DNA) to 20-30 mV (of LGA-PEI/DNA). LGA-
PEI polymer may shield nucleic acids better than PEI.
Interestingly, the LGA-PEI polymer can condense and
deliver a large artificial chromosome DNA (~200 kb)
into cells. It is also a better DNA delivery system for
difficult-to-transfect cells, such as THP-1 cells and
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Jurkat cells in suspension and HUVECs, than com-
mercial delivery reagents such as lipofectamine 2000.
In addition, we showed that LGA-PEI polymer could
be used for primary fibroblasts and stem cells. Thus,
the LGA-PEI polymer condenses the DNA effectively,

controls particle size and may have broad applications
for gene delivery in different types of cells.

The LGA-modified PEI significantly decreased the
cytotoxicity of PEI/DNA in vitro. In PANC-1 cells,
LGA-PEI/DNA showed either no or minor toxicity at
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Figure 8. Delivery efficiency of LGA-PEI polymer/nucleic acids into mouse models (see facing page). LGA-PEI
(0.5:1 w/w) polymer was used. (A) Organ distribution. Plasmid DNA (30 pg), with either LGA-PEI polymer or PElI,
was injected via tail vein into mice three-times during 5 days; mice were sacrificed on day 8 (n = 3). Fluorescence
microscope imaging was performed for liver, spleen, pancreas and lungs. H&E staining for these organs was
performed for observation of the tissue structure, which is normal. (B) Pancreatic xenograft tumor in a nude
mouse model. Nude mice (n = 3) were injected subcutaneously with pancreatic cancer cell line AsPC-1 for 2 weeks.
LGA-PEI/RFP DNA (10 png) NPs were directly injected into the tumor. Three days later, the tumors were harvested
and the red fluorescence analyzed. H&E staining showed xenograft cellular morphology. (C) Human ovarian
cancer cell line (SKOV3) was orthotopically injected into the bilateral ovaries of female nude mice (n = 5). When
xenograft tumors developed in about 5 weeks, LGA-PEI/RFP DNA (30 ng) NPs were injected via tail vein into the
nude mice three-times in 5 days. Five days later, the tumors were harvested and the red fluorescence analyzed.
(D) Orthotopic SKOV3 tumors in nude mice (n = 3) were established in 5 weeks, then LGA-PEI/miR-520h mimic
(DY-547 tag, 15 ng) NPs were injected into the mouse via tail vein once. Five days later, the tumors were harvested

and the red fluorescence was analyzed.

LGA-PEI: Lactic-co-glycolic acid-modified polyethylenimine; PEIl: Polyethylenimine.

LGA-PEI to DNA weight ratios up to 3:1 (N/P 12)
when compared with untreated cells, while PEI/DNA
complexes at N/P 12 killed half of the cells. Most
importantly, LGA modification remarkably reduced
PEI-associated toxicity in the mouse model. The maxi-
mum tolerated dose of LGA-PEI (20 mg/kg) was much
higher than that of PEI (5 mg/kg). Furthermore, the
LGA-PEI polymer could deliver up to 200 pg DNA to
mice without killing them; in contrast, all mice died
when PEI delivered 50 ug DNA. Having lower toxicity
is one of the major advantages of LGA-PEI polymers
for in vitro and in vivo applications of gene delivery.
It is known that the transfection efficiency of PEI/
DNA increases with increased molecular weight of
PEI, while high molecular weight PEI alone results in
higher cytotoxicity (72]. The high toxicity of PEI also
depends on the polydispersity, and the surface charge
density of the polymers. Fischer et al. observed that
the higher cytotoxicity of high molecular weight PEI
was caused by high affinity binding to the cell surface
which resulted in massive necrosis [15]. [n vivo, high
molecular weight PEI may accumulate due to either a
lack of a degradation pathway or a mechanism of excre-
tion for such molecules [40]. Our LGA-PEI polymer is
less toxic than the unmodified PEIL. Further study is
necessary to investigate the underline mechanism of
less toxic LGA-PEI polymers.

In the current study, we did not study the proper-
ties of lipofectamine 2000 with static light-scattering
technology and other technologies. Lipofectamine
2000 was used as a positive control of gene transfec-
tion experiments iz vitro. Since LGA-PEI polymer has
completely different chemical structures and mecha-
nisms of nucleic acid delivery with lipofectamine
2000, we only compare its delivery efficiency and cel-
lular toxicity with the LGA-PEI polymer. We did not
determine the optimal transfection conditions of lipo-
fectamine 2000 for all cell lines used in this study. It is
well known that different cell types may have different
optimal vector/DNA ratios for effective transfection.
Based on the instructions provided from the company,

we only used 4 pl lipofectamine 2000 per 1 pg DNA
or RNA for standard transfection experiments. Thus,
comparison of the transfection efficiency between
LGA-PEI and lipofectamine 2000 in the current study
may have limitations to draw solid conclusions. High
efficiency of the delivery of double stranded RNAs
into cells or tissues shown in the current study does
not necessarily mean a high functional efficiency of
these RNAs; functions of these therapeutic RNAs
are also dependent on cellular process such as RNA
release from polymers and their stability in cytoplasm.
In the study, we did not examine the functions of these
delivered RNAs. More experiments are warranted to
address these important issues.

Conclusion

We have designed, synthesized and characterized a
new LGA-modified PEI polymer (42.6 kDa), which
can self-assemble into NPs and deliver nucleic acids
into cells in both cell culture and animal models. The
LGA-PEI polymer has higher nucleic acid loading
capacity and lower toxicity than PEI, and it condenses
the nucleic acids into small-sized NPs. The LGA-PEI/
DNA or RNA NPs have high transfection efficiency in
PANC-1 cells and effectively deliver DNA into diffi-
cult-to-transfect cells and organs or tumors in animal
models. Thus, new LGA-PEI polymer as an improved
delivery system for nucleic acids could have broad
clinical applications of gene or nucleotide therapies for
cancer and many other diseases.

Supplementary data

To view the supplementary data that accompany this paper
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Executive summary

and high toxicity.

formed of lipofectamine 2000 and PEI.
chromosome DNA (~200 kb) into cells.

and ovarian xenograft tumors.

e Current gene delivery systems are less successful for clinical applications because they often have low efficacy

* We report the development of an improved delivery system for nucleic acids. We have designed, synthesized
and characterized a new polymer of lactic-co-glycolic acid-modified polyethylenimine (LGA-PEI), which
spontaneously forms nanoparticles (NPs) with nucleic acids.

e These LGA-PEI/plasmid DNA NPs showed higher DNA loading efficiency, higher DNA transfection efficacy
and lower cytotoxicity in several cell types including PANC-1 and Jurkat cells, when compared with those NPs

e This LGA-PEI polymer effectively delivered plasmid DNA, modified mRNA, miRNA and large artificial
¢ In nude mouse models, LGA-PEI polymer effectively delivered plasmid DNA or miRNA mimic into pancreatic

¢ In mouse models, LGA-PEI/DNA NPs showed higher delivery efficiency into major organs, such as liver, spleen
and pancreas, and much lower toxicity than control PEI NPs.
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