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Abstract
Polymeric vectors are safer alternatives for gene delivery owing to their advantages as compared to viral vectors. To improve 
the stability and transfection efficiency of poly(lactic-co-glycolic acid) (PLGA)- and poly(ethylenimine) (PEI)-based vec-
tors, poly(ethylene glycol) (PEG), folic acid (FA), arginylglycylaspartic acid (RGD) peptides and isoleucine-lysine-valine-
alanine-valine (IKVAV) peptides were employed and PLGA–PEI–PEG–FA and PLGA–PEI–PEG–RGD copolymers were 
synthesized. PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA nano-
complexes (NCs) were formed through bulk mixing. The structure and properties, including morphology, particle size, 
surface charge and DNA encapsulation, of NCs were studied. Robust NCs with spherical shape, uniform size distribution 
and slightly positive charge were able to completely bind DNA above their respective N/P ratios. The critical N/P ratio for 
PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs was identified 
to be 12:1, 8:1 and 10:1, respectively. The covalent modification of PEI through a combination of biodegradable PLGA, 
hydrophilic PEG and targeting motifs significantly decreased the cytotoxicity of PEI. The developed NCs showed both N/P 
ratio and cell type-dependent transfection efficiency. An increase in N/P ratio resulted in increased transfection efficiency, and 
much improved transfection efficiency of NCs was observed above their respective critical N/P ratios. This study provides 
a promising means to produce polymeric vectors for gene delivery.
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Introduction

Owing to the development of cell molecular biology and 
genetic research in recent years, a number of human diseases 
have been identified as being triggered by genetic defects 
and disorders. Gene therapy using deoxyribonucleic acid 
(DNA) or ribonucleic acid (RNA) as a pharmaceutical agent 
is considered as the ultimate cure for these genetic diseases. 
Internalization and utilization of therapeutic genes facili-
tated by so-called “vectors” into targeted cells in the pro-
cess of gene delivery are essential and responsible for the 
success of gene therapy. Compared to viral vectors, poly-
meric vectors are safer alternatives for gene delivery owing 
to their advantages including ease of preparation, low cost, 
structural diversity, manipulable physiochemical properties, 
vector stability upon storage and reconstitution and lager 
payload capacity of gene cargo [1]. Although great efforts 
have been made in recent years to develop various polymeric 
vectors, very few of them are employed for gene therapy in 
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clinical applications due to their low transfection efficiency 
caused by various biological barriers [2–4]. The develop-
ment of new polymeric vectors with high transfection effi-
ciency and low cytotoxicity is urgently needed.

Various polymers, including biodegradable polymers 
such as PLGA and polycations such as PEI, have been uti-
lized to construct polymeric vectors for potential applica-
tions in gene delivery [5–12]. Knowledge about critical 
transfection efficiency-limiting barriers, including gene 
packaging, cellular entry, endo-lysosomal escape, cytosolic 
transport and nuclear import, DNA/vector dissociation 
and biostability, has been gained [13]. Different strategies, 
including PEG modification [14–17], conjugation of target-
ing ligand such as FA [18–20], and modification by func-
tional peptides such as RGD peptides and IKVAV peptides 
[21, 22], have been explored to overcome these barriers and 
improve the transfection efficiency and biocompatibility of 
designed polymeric vectors.

Polymeric vectors designed through a combinatorial 
strategy may be advantageous for efficient gene delivery. 
In order to test this hypothesis, PLGA–PEI–PEG–FA and 
PLGA–PEI–PEG–RGD copolymers were synthesized through 
amidation reaction in this project. New polymeric vectors includ-
ing PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/
DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs were 
formed through bulk mixing. The structures of synthesized 
copolymers were characterized by Fourier transform infra-
red spectroscopy (FTIR). The morphology, particle size and 
surface charge of different NCs were examined by various 
characterization techniques. Gel electrophoresis of differ-
ent DNA complexes at different N/P ratios (molar ratio of 
amine groups in PEI to phosphate groups in DNA) was 
conducted to evaluate their DNA encapsulation and con-
densation efficiency. Cytotoxicity of PLGA–PEI–PEG–FA, 
PLGA–PEI–PEG–RGD and PLGA–PEI–PEG–RGD/IKVAV 
and transfection efficiency of their DNA NCs to human 
embryonic kidney 293 cell line (HEK 293 T) and rat pheo-
chromocytoma cell line (PC12 cells) were assessed.

Materials and Methods

Materials

PLGA (Mw 36 kDa, inherent viscosity 0.2–0.3 dL/g) hav-
ing a carboxylic group at one end were purchased from 
Lakeshore Biomaterials, USA. Branched PEI (Mw 25 kDa), 
PEG (H2N-PEG-COOH, Mw 2 kDa), folic acid (FA), RGD 
peptides (Gly-Arg-Gly-Asp-Ser-Pro, GRGDSP) laminin 
mimetic IKVAV peptides (MAPTRIX-L-IKVAV, Mw 
23.1 kDa), N-(3-Dimethylaminopropyl)-N-ethylcarbodi-
imide hydrochloride (EDC·HCl), N-hydroxy succinimide 
(NHS) and dialysis tubes (Mw cutoff: 2 kDa and 20 kDa) 

were Sigma-Aldrich products. Agarose, loading buffer, 
Tris–EDTA and ethidium bromide for gel electrophoresis 
were also purchased from Sigma-Aldrich. Dimethylsulfox-
ide (DMSO) was supplied by Uni Chem Co., Korea. Alexa 
Fluor® 594 phalloidin and live/dead cell viability assay kits 
were purchased from Life Technologies.

Synthesis of Copolymers

PLGA–PEI–PEG–FA and PLGA–PEI–PEG–RGD copoly-
mers were synthesized through amidation reaction as shown 
in Fig. 1.

PLGA36kDa (0.1 mM) was dissolved in 50 mL of DMSO. 
To activate the carboxylic groups on the polymer chain, 
0.5 mM of EDC·HCl and 0.5 mM of NHS were added into 
the polymer solution and stirred for 4 h at room temperature. 
Then 0.1 mM of PEI25kDa dissolved in 50 mL of DMSO 
was added into the activated polymer solution followed 
by stirring for 24 h, after which the solution was dialyzed 
(using dialysis tubing with a Mw cutoff of 20 kDa) against 
DI water for 48 h and then collected by freeze-drying to 
obtain PLGA–PEI.

PLGA36kDa–PEI25kDa (0.05 mM) and PEG (0.05 mM) 
were dissolved in 50  mL of DMSO and 0.25  mM of 
EDC·HCl and 0.25 mM of NHS were added and stirred for 
24 h at room temperature. Then the solution was dialyzed 
(using dialysis tubing with a Mw cutoff of 2 kDa) against DI 
water for 48 h and then collected by freeze-drying to obtain 
PLGA–PEI–PEG.

FA (0.02 mM) was dissolved in 20 mL of DMSO and 
activated by 0.1 mM of EDC·HCl and 0.1 mM of NHS for 
4 h. PLGA–PEI–PEG (0.02 mM) dissolved in 20 mL of 
DMSO was added to the activated solution and stirred for 
24 h at room temperature. Then the solution was dialyzed 
(using dialysis tubing with a Mw cutoff of 2 kDa) against DI 
water for 48 h and then collected by freeze-drying to obtain 
PLGA–PEI–PEG–FA.

RGD peptides (0.02 mM) was dissolved in 20 mL DI 
water and activated by 0.1 mM of EDC·HCl and 0.1 mM 
of NHS for 4 h. PLGA–PEI–PEG (0.02 mM) dissolved in 
20 mL of DMSO was added to the activated solution and 
stirred for 24 h at room temperature. Then the solution was 
dialyzed (using dialysis tubing with a Mw cutoff of 2 kDa) 
against DI water for 48 h and then collected by freeze-drying 
to obtain PLGA–PEI–PEG–RGD.

Characterization of Copolymers

The synthesized PLGA–PEI, PLGA–PEI–PEG–RGD and 
PLGA–PEI–PEG–FA copolymers were analyzed using 
Fourier transform infrared (FTIR) spectroscopy. KBr tab-
lets were made from a mixture of 2 mg of a copolymer and 
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0.4 g of KBr powder. The FTIR spectrum of each sample 
was then obtained using a PerkinElmer® Spectrum BX 
FTIR System.

Formation of DNA Complexes

Plasmid enhanced green fluorescent protein (pEGFP) with 
an absorbance260nm/absorbance280nm ratio of 1.88 was 
obtained through the general preparation method including 
transformation, propagation and purification using Escheri-
chia coli (E-coli) provided by Department of Pathology, The 
University of Hong Kong. DNA complexes were formed 
through bulk mixing method. Plasmid DNA (pDNA) was 
diluted to 0.1 mg/mL. An appropriate amount of each nano-
particle solution or copolymer solution was added into the 
plasmid solution at various N/P ratios and votexed for 30 s, 
followed by 30 min incubation at room temperature to obtain 
various DNA complexes. The N/P ratio was defined as molar 
ratio of nitrogen in amine groups of PEI to phosphate in 
DNA.

Morphology and Structure of NCs

Morphological and structural characterization of various 
fabricated NCs was conducted. Solution of NCs was dripped 
on silicon wafers or copper grids covered with carbon film 
and then freeze-dried. The samples of NCs were sputtered 
with a thin gold coating for 30 s by a sputter coater (BEL-
TAC SCD005) and their morphology was examined using 
SEM (Hitachi S-4800 FEG SEM, Japan). Collected samples 
of NCs were examined using TEM (Philips EM208s TEM, 
Netherlands).

Particle Size and Zeta Potential of NCs

The hydrodynamic particle size (by dynamic light scat-
tering) and surface charge of NCs were measured using a 
particle analyzer (Beckman Coulter Delsa Nano C). NCs 
were suspended in DI water at appropriate concentrations 
and their particle size and surface charge were measured at 
25° C. At least three replicates were tested for each type of 
NCs and results were expressed as mean ± SD.

Fig. 1   Synthesis of copolymers
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Gel Electrophoresis of NCs

The electrophoretic mobility of prepared DNA complexes 
with different N/P ratios was evaluated by agarose gel elec-
trophoresis. 2 µL of loading buffer was added to each sample 
of NCs. Then 5 µL of each sample solution was loaded into 
wells of 1% agarose gel. The electrophoresis was carried out 
at 80 V for 30 min in Tris–EDTA buffer. After the comple-
tion of electrophoresis, the gels were stained with ethidium 
bromide (0.5 µg/mL) in Tris–EDTA buffer for 30 min and 
then rinsed with DI water for 20 min. The DNA bands were 
visualized with a UV illuminator.

Cell Culture

HEK 293 T cell line used was a human embryonic kidney 
cell line. PC12 cells were purchased from Biowit Tech-
nologies (Shenzhen, China). HEK 293 T and PC12 cells 
were used for determining the cytotoxicity of fabricated 
copolymers and transfection efficiency of NCs. Cells were 
cultured in DMEM culture medium supplemented with glu-
cose (2 g/L), 10% FBS and 1% P/S antibiotics at 37 °C in 
humidified air containing 5% CO2 in all experiments. When 
the cells cultured in a flask achieved 80% confluence, they 
were enzymatically digested by 0.25% (w/v) trypsin–EDTA 
from the culture flask, and counted using a haemocytometer 
for further experiments.

Cytotoxicity of copolymers

I n  v i t r o  c y t o t o x i c i t y  t e s t s  f o r  P E I , 
PLGA–PEI, PLGA–PEI–PEG–FA, PLGA–PEI–PEG–RGD 
and PLGA–PEI–PEG–RGD/IKVAV to both types of cells 
were performed using live/dead assay. Cells were seeded 
at initial density of 2 × 104 cells/well in 500 μL of growth 
medium in 24-well plates and incubated in a 5% CO2 humid-
ified atmosphere at 37 °C for 24 h to reach 80% conflu-
ences. Growth media were then replaced by fresh medium 
which contained various amounts of polymers. Cells were 
incubated for another 24 h and then treated with 100 μL of 
live/dead staining solution. The fluorescence for live cells 
(green) and dead cells (red) was detected with a fluorescence 
microscope (Nikon Eclipse TE2000-U). The cell viability 
was calculated using the equation as below:

In vitro Transfection

In vitro transfection tests for PEI/DNA, PLGA–PEI/DNA, 
PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/

(1)Cell viability (%) = × 100%

DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs to 
both types of cells at various N/P ratios (5, 8, 10, 12 and 
16) were performed. Cells were seeded at initial density of 
1 × 104 cells/well in 500 μL of growth medium in 24-well 
plates and incubated in a 5% CO2 humidified atmosphere 
at 37 °C for 24 h. The culture medium was then replaced 
by fresh medium which contained various amounts of NCs. 
The pDNA amount in each well was maintained at 5 μg. 
Cells were incubated for another 24 h, washed twice with 
PBS and fixed with 4% PFA for 10 min at room temperature. 
After washing twice with PBS, the cells were permeabilized 
with 0.1% Triton X-100 solution and incubated in (1% w/v) 
BSA block solution for 30 min, followed by the incubation 
in solution containing Alexa Fluor® 594 phalloidin (1:40 
dilution) for 30 min for the staining of F-actin. Fluorescence 
for EGFP (green) and F-actin (red) were detected with a 
fluorescence microscope. The transfection efficiency was 
calculated using the equation as below:

where EGFP-expressing cells were taken as transfected cells.

Results

Synthesis of PLGA–PEI–PEG–FA and PLGA–PEI–PEG–
RGD Copolymers

PLGA–PEI copolymer was first synthesized through ami-
dation reaction between PLGA with one carboxyl end 
group and PEI with amine groups (Fig. 1). FA or RGD 
was then covalently linked to PLGA–PEI through a bifunc-
tional PEG spacer (HOOC–PEG–NH2) to synthesize 
PLGA–PEI–PEG–FA and PLGA–PEI–PEG–RGD copoly-
mers (Fig. 1). The FTIR spectrum of PEI, PLGA, PLGA–PEI, 
PLGA–PEI–PEG–FA and PLGA–PEI–PEG–RGD is illus-
trated in Fig. 2. The absorbance at 1573 and 3330 cm−1 
was detected in PLGA–PEI copolymer attributed to 
vibration of N–H bond. The absorbance at 2851 and 
2929 cm−1 was due to vibration of C–H bond and absorb-
ance at 1759 cm−1 was caused by stretching of C=O bond 
in ester group. The obvious absorbance at 1628  cm−1 
attributed to C=O bond in amide group was also detected 
in both PLGA–PEI and PLGA–PEI–PEG–FA. A weak 
absorbance at 1460 and 1560 cm−1 attributed to stretch-
ing vibration of C=C bond in aromatic ring was detected 
in PLGA–PEI–PEG–FA copolymer. A wide band absorb-
ance at 1636 cm−1 attributed to C=O bond in amide group 
was observed in PLGA–PEI–PEG–RGD copolymer. 
The FTIR spectrum confirmed the successful synthe-
sis of PLGA–PEI–PEG–FA and PLGA–PEI–PEG–RGD 
copolymers.

(2)Transfection efficiency (%) = × 100%
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Morphology, Particle Size and Surface Charge 
of Different NCs

T h e  P E I / D N A ,  P L G A – P E I – P E G – FA / D N A , 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/
IKVAV/DNA complexes were formed through bulk mix-
ing with different N/P ratios. The molar ratio of RGD to 
IKVAV in PLGA–PEI–PEG–RGD/IKVAV/DNA complexes 
was maintained at 1:1. The morphology of different DNA 
complexes with 12:1 N/P ratio was examined under both 
SEM and TEM and is shown in Figs. 3 and 4. The particle 
size and surface charge of different DNA complexes with 
different N/P ratios are shown in Fig. 5.

I n d i v i d u a l  P E I / D N A , 
PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/
DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs with 
relatively narrow size distribution were clearly observed 
under SEM (Fig.  3). The PLGA–PEI–PEG–FA/DNA, 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/
IKVAV/DNA NCs with diameters less than 200 nm under 
TEM showed spherical shape without any fusion or agglom-
eration (Fig. 4). The PEI/DNA polyplexes showed agglom-
eration to certain extent but had much smaller particle size 
as compared to other DNA NCs.

The particle size of different DNA NCs with differ-
ent N/P ratios was measured by dynamic light scatter-
ing (DLS) and is shown in Fig. 5a. The particle size of 
PEI/DNA NCs increased from 89.2 to 128.5 nm as N/P 
ratio increased from 5:1 to 12:1. The particle size of 
PLGA–PEI–PEG–FA/DNA NCs decreased from 464.5 to 

257.2 nm as N/P ratio increased from 5:1 to 12:1. The par-
ticle size of PLGA–PEI–PEG–RGD/DNA NCs decreased 
from 284.3 to 214.6 nm as N/P ratio increased from 5:1 
to 8:1. However, an increase of particle size with the 
increase of N/P ratio was noticed above 8:1 N/P ratio. Simi-
larly, the particle size of PLGA–PEI–PEG–RGD/IKVAV/
DNA NCs decreased from 370.6 to 248.8 nm as N/P ratio 
increased from 5:1 to 10:1, but increased to 269.9  nm 
as N/P ratio went up to 12:1. In general, PEI/DNA NCs 
had the smallest particle size and PLGA–PEI–PEG–FA/
DNA NCs showed the largest particle size. The ternary 
PLGA–PEI–PEG–RGD/IKVAV/DNA NCs incorporated 
with IKVAV showed increased particle size as compared to 
PLGA–PEI–PEG–RGD/DNA NCs.

The zeta potential of all NCs increased with the increase 
of N/P ratio. PEI/DNA NCs showed much higher zeta poten-
tial as compared to other NCs. PLGA–PEI–PEG–FA/DNA, 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/
IKVAV/DNA NCs were all slightly negatively charged 
at 5:1 N/P ratio but positively charged at 12:1 N/P ratio. 
PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/DNA 
and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs showed a 
charge reversion at 12:1, 8:1 and 10:1 N/P ratio, respectively.

Gel Electrophoresis of NCs

The gel electrophoresis of different DNA complexes at N/P 
ratios ranging from 1:1 to 16:1 was conducted and is shown 
in Fig. 6. The gel electrophoresis pattern showed that PEI, 
PLGA–PEI, PLGA–PEI–PEG–FA, PLGA–PEI–PEG–RGD 
and PLGA–PEI–PEG–RGD/IKVAV were able to completely 
bind DNA above N/P ratio at 4:1, 16:1, 12:1, 8:1 and 10:1, 
respectively. At lower N/P ratios, free DNA was detected.

Cytotoxicity

The live/dead staining fluorescent images of HEK 293 T 
and PC12 cells cultured with medium containing dif-
ferent polymers at 100  μg/ml polymer concentration 
for 1 day are shown in Figs. 7 and 8. The cytotoxicity of 
PEI, PLGA–PEI–PEG–FA, PLGA–PEI–PEG–RGD and 
PLGA–PEI–PEG–RGD/IKVAV to HEK 293 T and PC12 
cells was evaluated in the dose range that was used in the 
transfection studies and is shown in Fig. 9.

The live/dead staining fluorescent images (Fig. 7) showed 
that PEI had much higher cytotoxicity to HEK 293 T cells 
as compared with other copolymers as many dead cells 
(stained in read) were observed. The living cells (stained 
in green) cultured with PEI (Fig. 7a) showed much less 
green fluorescence intensity, indicating a much lower cell 
activity, as compared to cells cultured with other copoly-
mers. PLGA–PEI–PEG–FA, PLGA–PEI–PEG–RGD 
and PLGA–PEI–PEG–RGD/IKVAV showed very little 

Fig. 2   FTIR spectrum of different polymers
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cytotoxicity to HEK 293 T cells as very few dead cells 
were noticed. Similarly, PEI showed much higher cyto-
toxicity to PC12 cells as compared with other copoly-
mers as much more cell death was observed (Fig. 8). The 
much less green fluorescence intensity observed in cells 
cultured with PEI indicated a lower cell activity. In con-
trast, PLGA–PEI–PEG–FA, PLGA–PEI–PEG–RGD and 
PLGA–PEI–PEG–RGD/IKVAV showed much less cyto-
toxicity to PC12 cells as a small number of dead cells were 
observed. Interestingly, co-localization of green and red 
fluorescent signals was observed within both HEK 293 T 
and PC12 cells cultured with PEI, but not in cells cultured 
with other copolymers.

The cytotoxicity of PEI, PLGA–PEI–PEG–FA, 
PLGA–PEI–PEG–RGD and PLGA–PEI–PEG–RGD/IKVAV 
at different polymer concentrations is shown in Fig.  9. 
In general, a very similar cytotoxicity to HEK 293 T and 
PC12 cells was found. PEI showed much higher cytotox-
icity to both types of cells at all concentrations as com-
pared to other copolymers. An apparent dose-dependent 
cytotoxicity of PEI was observed as the cell viability 
decreased sharply with the increase of PEI concentration. 
PLGA–PEI–PEG–FA and PLGA–PEI–PEG–RGD showed 
very little cytotoxicity to both types of cells at polymer 
concentration below 50 μg/ml. A slight increase of cytotox-
icity was noticed at polymer concentration above 100 μg/
ml. PLGA–PEI–PEG–RGD/IKVAV showed slightly 
higher cytotoxicity as compared with the other two types 
of copolymers. Nevertheless, PLGA–PEI–PEG–FA, 
PLGA–PEI–PEG–RGD and PLGA–PEI–PEG–RGD/IKVAV 
showed much improved biocompatibility with both types of 
cells as compared to PEI.

Transfection Efficiency

The PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/
DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA com-
plexes were formed through bulk mixing with different 
N/P ratios. The transfection ability of these DNA com-
plexes to HEK 293 T and PC12 cells was evaluated com-
paring with PEI/DNA polyplexes using pDNA encoding 
green fluorescent protein as reporter genes. The fluores-
cent images of HEK 293 T and PC12 cells transfected 
with different DNA complexes with 12:1 N/P ratio are 
shown in Figs. 10 and 11, respectively. It was found that 
all DNA NCs were able to successfully transfect HEK 
293 T cells as revealed by green fluorescent signals due 
to GFP expression (Fig. 10). More GFP-expressing cells 

were observed in PLGA–PEI–PEG–FA/DNA (Fig. 10d–f), 
PLGA–PEI–PEG–RGD/DNA (Fig .   10g–i)  and 
PLGA–PEI–PEG–RGD/IKVAV/DNA (Fig. 10j–l) groups 
as compared to that in PEI/DNA group (Fig.  10a–c). 
All DNA NCs were also able to transfect PC12 cells as 
revealed by GFP expression (Fig. 11). More GFP-express-
ing cells were observed in PLGA–PEI–PEG–RGD/DNA 
(Fig. 11g–i) and PLGA–PEI–PEG–RGD/IKVAV/DNA 
(Fig. 11j–l) groups as compared to that in PEI/DNA group 
(Fig. 11a–c). However, less GFP-expressing cells were 
found in PLGA–PEI–PEG–FA/DNA (Fig. 11d–f) group 
as compared to that in PEI/DNA group.

The transfection efficiency of different DNA complexes 
with N/P ratio ranging from 5:1 to 12:1 to both types of 
cells was compared and is shown in Fig. 12. The transfec-
tion efficiency was determined by calculating the GFP-
expressing cells. The transfection efficiency of PEI/DNA, 
PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/
DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs 
to HEK 293 T cells increased from 14.7 to 17.3%, 4.8 
to 22.3%, 11.2 to 19.3% and 4.6 to 21.0%, respectively, 
as N/P ratio increased from 5:1 to 12:1 (Fig.  12a). 
PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/
DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs 
showed higher transfection efficiency as compared to 
PEI/DNA NCs at N/P ratio of 12:1, 8:1 and 10:1, respec-
tively. A sharp increase of transfection efficiency of 
PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/
DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs was 
also noticed when the N/P ratio increased to 12:1, 8:1 and 
10:1, respectively. Above the critical N/P ratios, transfec-
tion efficiency of these NCs increased slowly with the 
increase of N/P ratio.

The  t r ans fec t ion  e f f i c i ency  o f  PEI /DNA, 
PLGA–PEI–PEG–FA/DNA, PLGA–PEI–PEG–RGD/
DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs to 
PC12 cells increased from 16.8 to 18.3%, 3.8 to 11.6%, 
12.3 to 25.6% and 9.4 to 26.8%, respectively, as N/P 
ratio increased from 5:1 to 12:1 (Fig. 12b). In general, a 
higher transfection efficiency to PC12 cells was observed 
as compared to the transfection efficiency to HEK 293 T 
cells for all NCs except PLGA–PEI–PEG–FA/DNA NCs. 
PLGA–PEI–PEG–FA/DNA NCs showed much lower 
transfection efficiency as compared to other NCs at all 
N/P ratios although their transfection efficiency increased 
with the increase of N/P ratios. PLGA–PEI–PEG–RGD/
DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs 
showed much higher transfection efficiency as compared 
to PEI/DNA NCs at N/P ratio of 8:1 and 10:1, respec-
tively. A sharp increase of transfection efficiency of 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/
IKVAV/DNA NCs was also noticed when the N/P ratio 
increased to 8:1 and 10:1, respectively. Above the critical 

Fig. 3   SEM images of different NCs at 12:1 N/P ratio fabricated by 
bulk mixing method: a and b PEI/DNA NCs; c and d PLGA–PEI–
PEG–FA/DNA NCs; e and f PLGA–PEI–PEG–RGD/DNA NCs; g 
and h PLGA–PEI–PEG–FA/IKVAV/DNA NCs

◂



70	 Molecular Biotechnology (2021) 63:63–79

1 3



71Molecular Biotechnology (2021) 63:63–79	

1 3

N/P ratios, transfection efficiency of both types of NCs 
increased slowly with the increase of N/P ratio.

Discussion

Great efforts have been made to explore polymeric vectors as 
safe alternatives of viral vectors for gene delivery in recent 
years. However, limited success in the development of effi-
cient polymeric vectors has been achieved due to their low 
transfection efficiency. Various strategies have been inves-
tigated to improve the transfection efficiency of designed 
polymeric vectors through overcoming several critical trans-
fection efficiency-limiting barriers [15, 16, 18, 21, 22].

Biocompatible and biodegradable PLGA has been widely 
utilized in designing polymeric gene delivery vectors owing 
to their tunable hydrolysis into metabolizable products [14, 
23–29]. PEI is well known for its high transfection effi-
ciency but molecular weight-dependent high cytotoxicity 
[6, 30–32]. The high transfection efficiency is enabled by 
facilitating endo-lysosomal escape of PEI/DNA polyplexes 
through a “proton sponge” mechanism [33]. In a recent 
study by our group, the combination of PLGA and PEI as 
polymeric vectors through covalent linkage was investigated 
and expected to overcome the low transfection efficiency of 
PLGA and high cytotoxicity of PEI. Although PLGA–PEI/
DNA NCs showed improved transfection efficiency as com-
pared to naked DNA, their transfection efficiency was much 
lower as compared to PEI/DNA NCs which was due to their 
instability in serum-containing medium. The formation of 
agglomerates of PLGA–PEI/DNA complexes resulted in the 
difficulty in cellular uptake and hence their very low trans-
fection efficiency. In this study, new polymeric vectors based 
on PLGA–PEI were designed through a combinatorial strat-
egy. PEG modification of polymeric vectors was intended to 
improve their hydrophilicity and stability. Conjugation of FA 
ligand or peptides (RGD or IKVAV peptides) to polymeric 
vectors was intended to improve their transfection efficiency. 
The combinatorial strategy was expected to be advantageous 
for efficient gene delivery.

PLGA–PEI–PEG–FA and PLGA–PEI–PEG–RGD 
copolymers were synthesized through multi-step amidation 
reactions using a PEG spacer. Their respective characteris-
tic absorbance bands in FTIR spectrum confirmed the suc-
cessful synthesis of both types of copolymers (Fig. 2). New 
polymeric vectors including PLGA–PEI–PEG–FA/DNA, 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/
IKVAV/DNA NCs were formed through bulk mixing.

R o b u s t  P L G A – P E I – P E G – F A / D N A , 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/
IKVAV/DNA NCs with spherical shape and relatively nar-
row size distribution were obtained at 12:1 N/P ratio as 
revealed by their SEM and TEM images (Figs. 3 and 4). 
All NCs showed diameters less than 200 nm and spherical 
shape without any fusion or agglomeration (Fig. 4). PEG 
modification, also called PEGylation, is a useful method 
to provide hydrophilic shielding, increase stability and 
ensure prolonged circulation of polymeric vectors [14–17]. 
It can also serve as active sites for conjugating targeting 
ligands via covalent bonding [6, 34, 35]. As PEG was much 
more hydrophilic than PEI and PLGA, it was believed that 
PEGylation using PEG as a spacer in this study facilitated 
the formation of a hydrophilic corona and improved the 
stability and dispersion of PLGA–PEI–PEG–FA/DNA, 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/

Fig. 4   TEM images of different NCs at 12:1 N/P ratio fabricated by 
bulk mixing method: a–c PEI/DNA NCs; d–f PLGA–PEI–PEG–FA/
DNA NCs; g–i PLGA–PEI–PEG–RGD/DNA NCs; j–l PLGA–PEI–
PEG–FA/IKVAV/DNA NCs

◂

Fig. 5   Particle size and surface charge of different NCs fabricated by 
bulk mixing: a particle size of NCs measured by DLS, b zeta poten-
tial of NCs
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IKVAV/DNA NCs. The PEI/DNA NCs without PEG modi-
fication showed partial agglomeration (Fig. 4a–c).

The critical N/P ratio for PLGA–PEI–PEG–FA/DNA, 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/
IKVAV/DNA NCs to completely encapsulate DNA was 
identified to be 12:1, 8:1 and 10:1, respectively, as revealed 
by the gel electrophoresis result (Fig. 6). The results of par-
ticle size measured by DLS of NCs at different N/P ratios 
also confirmed their respective critical N/P ratios. Below the 
critical N/P ratio, NCs showed a decrease of particle size 
with the increase of N/P ratio and had a much larger parti-
cle size, indicating the formation of agglomeration, as they 
were not able to completely encapsulate negatively charged 
DNA through electrostatic interaction below the critical 
N/P ratio. However, above the critical N/P ratio, NCs fully 
encapsulated DNA and their particle size increased as the 
N/P ratio increased. This phenomenon was in consistent with 
the result of particle size of PEI/DNA NCs. As PEI/DNA 
NCs were able to fully condense DNA at 4:1 N/P ratio, their 
particle size slowly increased as the N/P ratio increased from 
5:1 to 12:1. The zeta potential of all NCs increased with the 

increase of N/P ratio as expected. The observation of charge 
reversion for different NCs at their respective N/P ratios was 
in consistent with the results of gel electrophoresis and par-
ticle size. Not surprisingly, a suitable N/P ratio was required 
for NCs to fully encapsulate negatively charged DNA by 
positively charged copolymers.

PEI/DNA NCs had much smaller particle size but higher 
surface charge attributed to much lower molecular weight of 
PEI and much higher content of amine groups as compared 
to PLGA–PEI based NCs. The PEGylation and conjugation 
of FA or RGD resulted in a much increase in particle size 
and decrease in surface charge of NCs as compared to PEI/
DNA NCs. RGD peptide is much more hydrophilic than 
FA and contains amine groups in arginine, which contrib-
uted to a decrease in particle size and increase in surface 
charge of PLGA–PEI–PEG–RGD/DNA NCs as compared 
to PLGA–PEI–PEG–FA/DNA NCs. The intercalation of 
amphoteric IKVAV peptides resulted in an increase of par-
ticle size and slight decrease of surface charge of ternary 
PLGA–PEI–PEG–RGD/IKVAV/DNA NCs as compared to 
PLGA–PEI–PEG–RGD/DNA NCs.

Fig. 6   Gel electrophoresis of 
PEI/DNA, PLGA–PEI/DNA, 
PLGA–PEI–PEG–FA/DNA, 
PLGA–PEI–PEG–RGD/DNA 
and PLGA–PEI–PEG–RGD/
IKVAV/DNA NCs at different 
N/P ratios
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Although PEGylation provides hydrophilic shielding, 
improves water solubility, avoids aggregation and prevent 
opsonization during blood circulation of polymeric vectors, 
it strongly inhibits cellular uptake and endosomal escape 
and decreases the transfection activity of polymeric vectors, 
resulting in a “PEG dilemma” [36, 37]. Folic acid (FA) is a 
known targeting ligand for most tumors. Covalent conjuga-
tion of FA to polymeric vectors could promote their transfec-
tion efficiency in FA receptor-overexpressed cells [18–20]. 
Peptides such as RGD peptides and IKVAV peptides 

regulate integrin-mediated cell adhesion [38, 39]. The 
modification of polymeric vectors by these peptides has also 
been reported to provide enhanced transfection efficiency 
[21, 22]. In order to improve the endocytosis of PEGylated 
NCs and their transfection efficacy, targeting moieties FA 
or RGD peptide were covalently conjugated to PEGylated 
copolymers to form PLGA–PEI–PEG–FA/DNA and 
PLGA–PEI–PEG–RGD/DNA NCs. IKVAV peptides were 
also intercalated to form ternary PLGA–PEI–PEG–RGD/
IKVAV/DNA NCs.

Fig. 7   Live/dead staining of 
HEK 293 T cells cultured with 
different polymers at 100 μg/ml 
concentration: a–c PEI25k; d–f 
PLGA–PEI–PEG–FA copoly-
mer; g–i PLGA–PEI–PEG–
RGD copolymer; j–l PLGA–
PEI–PEG–RGD/IKVAV
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The cytotoxicity of PEI, PLGA–PEI–PEG–FA, 
PLGA–PEI–PEG–RGD and PLGA–PEI–PEG–RGD/IKVAV 
to HEK 293  T and PC12 cells was evaluated through 
the live/dead staining assay. PEI showed significantly 
higher cytotoxicity as compared to PLGA–PEI–PEG–FA, 
PLGA–PEI–PEG–RGD and PLGA–PEI–PEG–RGD/IKVAV 
and an obvious dose-dependent cytotoxicity of PEI was 

observed. The living cells (stained in green) in PEI group 
(Fig. 7a) showed much less green fluorescence intensity, 
indicating a much lower cell activity, as compared to cells 
in other groups. The observed co-localization of green and 
red fluorescent signals within both HEK 293 T and PC12 
cells in PEI group indicated the cell necrosis and apoptosis 
caused by cytotoxicity of PEI [30]. PLGA–PEI–PEG–FA 

Fig. 8   Live/dead staining of 
PC12 cells cultured with dif-
ferent polymers at 100 μg/ml 
concentration: a–c PEI25k; d–f 
PLGA–PEI–PEG–FA copoly-
mer; g–i PLGA–PEI–PEG–
RGD copolymer; j–l PLGA–
PEI–PEG–RGD/IKVAV
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and PLGA–PEI–PEG–RGD showed very little cytotox-
icity to both types of cells, although a slight increase of 
cytotoxicity was observed at very high polymer concen-
tration, suggesting that the covalent modification of PEI 
through a combination of biodegradable PLGA, hydro-
philic PEG and targeting motifs significantly decreased 
the cytotoxicity of PEI. The intercalation of laminin 
mimetic IKVAV peptides (MW ~ 23 kDa) resulted in a lim-
ited increase of cytotoxicity of PLGA–PEI–PEG–RGD/
IKVAV as compared to PLGA–PEI–PEG–RGD. Neverthe-
less, PLGA–PEI–PEG–FA, PLGA–PEI–PEG–RGD and 
PLGA–PEI–PEG–RGD/IKVAV showed much improved 
biocompatibility with both HEK 293 T cells and PC12 cells.

The  PEI /DNA,  PLGA–PEI–PEG–FA/DNA, 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/
IKVAV/DNA complexes were successfully formed through 
bulk mixing at different N/P ratios and showed both N/P 
ratio and cell type-dependent transfection efficiency. All 
of the DNA complexes were able to transfect both HEK 
293 T and PC12 cells as revealed by green fluorescent sig-
nals due to GFP expression (Figs. 10 and 11). With the 
increase of N/P ratio, all DNA complexes showed increased 
transfection efficiency (Fig. 12). The sharp increase in 
transfection efficiency of PLGA–PEI–PEG–FA/DNA, 
PLGA–PEI–PEG–RGD/DNA and PLGA–PEI–PEG–RGD/
IKVAV/DNA complexes at their respective critical N/P 
ratios was attributed to the complete encapsulation and con-
densation of DNA. Above the critical N/P ratios, transfection 
efficiency of these NCs increased slowly with the increase 
of N/P ratio, indicating that additional copolymer would 
result in very limited increase of transfection efficiency of 
NCs after the complete encapsulation of DNA. PEI is well 
known for its high transfection efficiency in gene delivery. 
PEI with one out of every three atoms of the polymer back-
bone being nitrogen has high cationic charge potential and 
can condense and package negatively charged DNA through 
electrostatic interaction and facilitates its cellular entry and 
endosomal escape through a “proton sponge” mechanism 
[31, 32, 34]. PEI/DNA NCs showed higher transfection effi-
ciency at 5:1 N/P ratio as compared to other NCs as PEI/
DNA NCs were able to fully condense DNA at 4:1 N/P 
ratio. However, PLGA–PEI–PEG–FA/DNA NCs showed 
enhanced transfection efficiency to HEK 293 T cells but 
lower transfection efficiency to PC12 cells as compared to 
PEI/DNA NCs at 12:1 N/P ratio. PLGA–PEI–PEG–RGD/
DNA and PLGA–PEI–PEG–RGD/IKVAV/DNA NCs 
showed much improved transfection efficiency to both 
HEK 293 T and PC12 cells as compared to PEI/DNA NCs 
above their respective critical N/P ratios. The intercalation 
of IKVAV peptides in PLGA–PEI–PEG–RGD/IKVAV/DNA 
NCs improved their transfection efficiency as compared to 
PLGA–PEI–PEG–RGD/DNA NCs. RGD or IKVAV pep-
tide- modified NCs showed higher transfection efficiency in 
PC12 cells than in HEK 293 T cells.

FA is a known targeting ligand for many types of cancer 
cells as the folate receptor (FR) is often over-expressed on 
the surfaces of these cancer cells [18–20, 40]. It was believed 
that the FA ligands facilitated the PLGA–PEI–PEG-FA/
DNA NCs targeting to the FR of HEK 293 T cells and accu-
mulating on the cell surface, benefiting the cellular uptake 

Fig. 9   Cytotoxicity of PEI, PLGA–PEI–PEG–FA copolymer, PLGA–
PEI–PEG–RGD copolymer and PLGA–PEI–PEG–RGD/IKVAV to 
different types of cells: a HEK 293 T cells, b PC12 cells
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of NCs by FR receptor-mediated endocytosis and eventually 
resulting in a much improved transfection efficiency in HEK 
293 T cells. Much lower transfection efficiency was obtained 
in FR-negative PC12 cells. RGD motif-containing peptides 
and IKVAV motif-containing peptides are both involved in 
cell contact interactions through binding to different integrin 

receptors and can be used to improve the transfection effi-
ciency of polymeric vectors through integrin-mediated 
endocytosis [21, 22, 39, 41–43]. Furthermore, IKVAV 
motif-containing peptides are able to promote neuronal 
cell adhesion and differentiation [38, 41, 44]. The integrin-
mediated endocytosis might result in the much improved 

Fig. 10   In vitro transfection 
of HEK 293 T cells using 
different DNA complexes at 
12:1 N/P ratio: a–c PEI25k/
DNA complexes; d–f PLGA–
PEI–PEG–FA/DNA complexes; 
g–i PLGA–PEI–PEG–RGD/
DNA complexes; j–l PLGA–
PEI–PEG–RGD/IKVAV/DNA 
complexes
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transfection efficiency of PLGA–PEI–PEG–RGD/DNA and 
PLGA–PEI–PEG–RGD/IKVAV/DNA NCs to both types of 
cells as compared to the “gold standard” PEI/DNA NCs, 
which was more obvious in PC12 cells which could differ-
entiate into neuron-like cells. The intercalation of IKVAV 

peptides in PLGA–PEI–PEG–RGD/IKVAV/DNA NCs pro-
vided a synergistic effect on improving their transfection 
efficiency in both types of cells [45].

Fig. 11   In vitro transfection of 
PC12 cells using different DNA 
complexes at 12:1 N/P ratio: 
a–c PEI25k/DNA complexes; 
d–f PLGA–PEI–PEG–FA/DNA 
complexes; g–i PLGA–PEI–
PEG–RGD/DNA complexes; 
j–l PLGA–PEI–PEG–RGD/
IKVAV/DNA complexes
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