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Background: In this paper, a series of amphiphilic triblock copolymers based on polyethylene
glycol-poly e-caprolactone—polyethylenimine (mPEG-PCL-g—PEI) were successfully
synthesized, and their application for codelivery of chemotherapeutic drugs and DNA simul-
taneously was investigated.

Methods and results: These copolymers could self-assemble into micelles with positive
charges. The size and zeta potential of the micelles was measured, and the results indicate that
temperature had a large effect on the micelles obtained. In vitro gene transfection evaluation in
cancer cells indicated that the self-assembled micelles could serve as potential gene delivery
vectors. In addition, hydrophobic drug entrapment efficiency and codelivery with the gene was
also studied in vitro. The self-assembled micelles could load doxorubicin efficiently and increase
cellular uptake in vitro, while maintaining high gene transfection efficiency.

Conclusion: The triblock copolymer mPEG-PCL-g—PEI could be a novel vector for codelivery
of drug and gene therapy.

Keywords: self-assembly, triblock copolymer, DNA, drug codelivery, gene transfection

Introduction
Chemotherapy and gene therapy have played important roles in cancer research over
the past 2 decades. Gene therapy, as a novel treatment for various genetic diseases
and cancers, needs high transfection efficiency to achieve its therapeutic efficacy.'*
Development of nonviral gene carriers that deliver genes into cells effectively has
attracted attention worldwide in recent years. However, because of limitations regard-
ing safety and low therapeutic efficacy, few nonviral gene vectors have been used in
clinical applications. For these reasons, codelivery of low-molecular-weight drugs and
functional genes is a promising approach to improve therapeutic efficacy in a number of
diseases, especially cancer.>® Many pharmaceutical carriers, including polymeric nano-
capsules, liposomes, dendrimers, cell ghosts, and micelles, are widely used to deliver
both chemotherapeutics and biotherapeutics, ie, proteins and functionally modified
plasmids.!*** Among these carriers, micellar drug carriers are becoming one of the most
versatile vehicles for delivery of hydrophobic drugs. To improve their therapeutic effect,
advanced micellar carriers based on amphiphilic polymers have significant promise for
enhancing the efficiency of drug delivery both in vitro and in vivo.'¢

Micelles self-assembled from amphiphilic block copolymers are usually engineered
to have more than one useful function, eg, a prolonged circulation time, targeting to
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a local pathological site, and enriched delivery to tumor
tissue via the enhanced permeability and retention effect.
These functions improve bioavailability and decrease the
risk of side effects.!”

In the past decade, polyethylene glycol-poly e-caprolactone
(PEG-PCL) micelles have been reported to feature a self-
assembled core-shell structure in nanoscale. PEG is a biocom-
patible water-soluble polymer without immunogenicity, and
is widely used in designing amphiphilic block copolymers. '8+
As apromising polymer, it has specific advantages in that it is
nontoxic and can be cleared from the body by renal filtration.
As a hydrophobic block, PCL is approved by the US Food and
Drug Administration for use in humans due to the biocompat-
ibility of its degradation products.?’ The hydrophobic core
provides a nano depot for hydrophobic drug loading, while
the hydrophilic shell improves drug solubility.

Gene therapy using nonviral vectors is expected to be able to
cure various inherited disorders and cancers. Polyethylenimine
(PEI), a cationic polymer, is well known to be one of the
most successful and efficient gene-delivery vectors. The most
prominent feature of PEI is its high cationic charge density. Its
transfection efficiency and cytotoxic effects are influenced by
its molecular weight and the degree of branching of PEI. Many
researchers have suggested that branched PEI provides the
highest transfection efficiency at 25 kD. However, an increas-
ing degree of branching and molecular weight are confirmed
to increase its cytotoxicity both in vitro and in vivo. In order to
increase transfection efficiency and decrease toxicity, low-
molecular-weight 800 or 2000 Da PEIs can be connected
together using short biodegradable linkages.?!

In this study, because triblock copolymer mPEG—PCL-
g—PEI could self-assemble into nanomicelles with positive
potential, a further study of different compositions of this
copolymer was investigated to determine their potential
effects regarding codelivery of drugs and genes.

Materials and methods

Materials

mPEG (molecular weight 2000, 5000) was purchased from
Sigma-Aldrich (St Louis, MO) and dried under vacuum at
80°C before chemical synthesis. Stannous octoate [Sn(Oct),],
Hoechst 33342, acryloyl chloride, and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) were also
purchased from Sigma-Aldrich. Triethylamine, chloroform,
dichloromethane, and petroleum ether were purchased from
Chengdu KeLong Chemicals (Chengdu, China). All cell lines
were obtained from the American Type Culture Collection
(Manassas, VA).

Synthesis of mPEG—PCL-g—PEIl copolymer
First of all, mPEG—PCL was synthesized by ring-opening
polymerization of €-CL and mPEG, using SnOct, as the
catalyst. The crude polymer, mPEG-PCL, was dissolved in
dichloromethane and precipitated with petroleum ether. After
eliminating the residual petroleum ether by vacuum at 45°C,
a corresponding amount of acryloyl chloride was added to
the anhydrous mPEG—PCL dichloromethane solution drop
by drop; after stirring at 40°C for 6 hours, the copolymer
mPEG-PCL containing —C=C was obtained. Finally, mPEG—
PCL-g-PEI was synthesized according to methods described
elsewhere.?>? A specified amount of PEI was dissolved in
chloroform, then the above copolymer chloroform solution
was added drop by drop and stirred for 24 hours at 50°C to
complete the reaction. All the final products were collected
by petroleum ether coprecipitation and purification, dialyzed
and lyophilized, after which the products obtained were stored
in a tower dryer until further use.

Characterization

To characterize the chemical composition and confirm that
the products were successfully synthesized, 'H-NMR spectra
were recorded using a Varian 400 spectrometer (Varian, Palo
Alto, CA) at 400 mHz in CDCI, with tetramethyl silane as an
internal reference. The particle size and zeta potential of the
mPEG—PCL-g—PEI was determined using a Malvern Nano-
ZAS 90 laser particle size analyzer (Malvern Instruments,
Malvern, UK). The prepared nanoparticles were dispersed in
deionized water at a concentration of 5 mg/mL and examined
at various temperatures. All experimental groups were tested
three times. The critical micelle concentration (CMC) was
determined by fluorescence measurement using pyrene as
the fluorescent probe at 25°C.?** The concentration of block
copolymer was varied from 1 x 107 to 0.1 mg/mL. Briefly,
aliquots of pyrene solution (10 uM) were added into containers
and dried with nitrogen. Next, 10 mL of copolymer solution at
different concentrations was added to the containers and the
solutions were treated using ultrasound for 2 hours. The fluo-
rescent spectra were recorded using fluorescence spectrometry
(LS55; PerkinElmer, Shelton, CT). The excitation wavelength
was 333 nm, and the emission fluorescence was monitored at
373 nm and 384 nm. The CMC was estimated by analysis of
the ratio of intensities at 373 nm to 384 nm (I ), and the

373/1384
cross-point of the ratio was the result.

Micelle formation and drug encapsulation
Blank and doxorubicin-loaded mPEG—PCL-g—PEI nano-
particles were prepared using the self-assembly method.?
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mPEG-PCL-g-PEI copolymers with predetermined molecu-
lar weights were directly added to deionized water followed
by increasing the temperature to 55°C. Being amphiphilic,
the mPEG—PCL-g—PEI copolymer could self-assemble into
nanoscale micelles in aqueous solution.

Doxorubicin-loaded mPEG—PCL-g—PEI nanoparticles
were prepared using a pH-induced self-assembly method.?’
Briefly, 0.2 mL of phosphate-buffered saline (10x, pH 7.4)
was added to 1 mL of aqueous solution containing the
nanoparticles (20 mg/mL), after which 0.8 mL of aque-
ous doxorubicin solution (2 mg/mL) was dropped into
the nanoparticle solution under moderate stirring. After
ultrafiltration, the doxorubicin-loaded mEPG-PEC-g—PEI
nanoparticles were lyophilized for further examination.
Drug-loading content and drug-loading efficiency were
calculated as follows:

DLC (wt%) = Concentration of (total drug — free drug)/
concentration of (polymer + total drug
— free drug) x 100%
DLE (%) = Concentration of (total drug — free drug)/
concentration of total drug x 100%

where DLC is the drug-loading content and DLE is the drug-
loading efficiency.

Cytotoxicity of mPEG—PCL-g—PEl

nanoparticles

The cytotoxicity of the mPEG-PCL-g—PEI nanoparticles
was evaluated by reduction of the MTT assay. Each cell
line (L929 and HEK293) was seeded in 96-well plates at a
density of 2 x 10* cells/well in 100 uL of growth medium
and incubated overnight, after which the cells were exposed
to a series of mPEG-PCL-g—PEI nanoparticles at different
concentrations. After incubating the cells for a further
24 hours, the MTT assay was carried out. All absorbances
were measured at 570 nm using a Spectramax microplate
reader (Molecular Devices, Sunnyvale, CA), and untreated
cells were used as controls.

Gel retardation assay

The DNA adsorption capability of the mPEG-PCL-g—PEI
cationic micelles was determined using a gel retardation
assay. For preparation of the complexes, the plasmid and
micelles were diluted in double-distilled H,O to equal
volumes and mixed by pipetting. After incubation for
30 minutes, the pPDNA/mPEG—PCL-g—PEI complexes were
electrophoresed on 1% agarose gel (100 V, 30 minutes).

Morphology study

The morphology of all the blank micelles, drug-loaded
micelles, and DNA/micelle complexes was observed under
transmission electron microscopy (TEM; H-60091V; Hitachi,
Tokyo, Japan) or atomic force microscopy (SPA-400; Seiko
Instruments Inc, Chiba, Japan). Briefly, a sample of the
nanoparticle solution was diluted and negatively stained
with phosphotungstic acid, then placed on a copper grid
covered with nitrocellulose, after which it was dried at room
temperature and could be imaged under TEM. Atomic force
microscopy was also used to analyze the morphology and
size of the mPEG-PCL-g-PEI/DNA complexes and blank
micelles. The complex solution was prepared by mixing 3 g
of plasmid DNA with polymer solution at a w/w ratio of 20.
After the micelles were incubated with the plasmid DNA at
room temperature for 30 minutes, the micelle-DNA complex
solution was diluted and dried on a mica surface. Imaging
was carried out in noncontact mode.

In vitro transfection

B16-F10 and 293T cells were plated onto six-well plates at
a density of 2 X 10° cells/well. After incubation for 24 hours,
the medium was removed from each well. The cells were
washed once with Dulbecco’s modified Eagle’s medium
without serum and antibiotic, and then 900 UL of serum-free
medium and 100 pL of pDNA/micelle complex solution con-
taining 2 lLg green fluorescence protein reporter plasmid were
added. After coculture with mPEG-PCL-g—PEI/plasmid
DNA complexes for 6 hours at 37°C, the serum-free medium
was discarded, and fresh medium was added for further
culture. Green fluorescence protein expression levels were
recorded and the transfection efficiency of each well was
examined using flow cytometry.

Cellular uptake of drug-loaded

micelles and gene expression

Laser scanning confocal microscopy and fluorescence
microscopy were used to visualize and examine cellular uptake
and gene expression.? In short, B16-F10 cells were seeded into
six-well plates with a cover slip on each well. After the cells had
grown to a suitable density, the growth medium was replaced
with fresh RPMI-1640 medium containing doxorubicin-loaded
micelles and coincubated at 37°C for a predetermined time.
Cellular uptake was terminated by washing cells three times
with ice-cold phosphate-buffered saline (pH 7.4). The fixed
cells were observed using an LSM 510 confocal laser scanning
microscope (Leica, Germany), and objective lenses at 40x and
100x magnifications, respectively.
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In the experiment involving codelivery of the drug and
gene, Nile red was used as a model agent for the hydrophobic
drug. In brief, Nile red dissolved in acetone was added into
a bottle, then the solution was dried with nitrogen; 1 mL of
mPEG—PCL-g—PEI micelles (5 mg/mL) was then added to
load the Nile red through ultrasonication. After loading with
the red dye, the micelles were used to deliver green fluores-
cence protein in vitro with a ratio of mPEG-PCL-g-PEl/
DNA at 40. Images of gene expression and cellular uptake
of Nile red were taken by Cellomics ArrayScan VTI 600
(Thermo Fisher Scientific, Waltham, MA).

Results

mPEG-PCL-g-PEI could be self-assembled into nanoparticles.
The uptake and distribution of mPEG—PCL-g—PEI triblock
copolymer micelles was investigated in vitro and in vivo in a
prior study.?® The self-assembled amphipathic micelles were
positively charged, which encouraged us to study their gene
transfection capability and also drug delivery efficiency in
detail. In this study, triblock mPEG—PCL-g—PEI copolymers
were synthesized, and the cytotoxicity, size, and zeta potential
of the micelles that self-assembled from these mPEG-PCL-
g—PEI copolymers was examined. Moreover, their gene
transfection efficiency and drug delivery capability were
investigated in a B16-F10 cell line.

Synthesis of triblock mPEG—-PCL-g—PElI
copolymer

The synthesis method used is shown in Figure 1. In order to
improve the efficiency of synthesis, we used acryloyl chloride
instead of the glycidyl methacrylate reported previously.?>?
The 'H-NMR spectra for the various formulations of

O

o
CHa\O/NO %/\OH i CHs‘o/NOMO*fg VWOH

snOct, 130°C

mPEG-PCL-g-PEI in CDCI, are shown in Figure 2. The
characteristic resonance signals from mPEG, PCL, and
PEI were observed. The sharp peaks appearing at 3.64 and
3.36 ppm were attributed to the methylene protons of the
—CH,CH,O— and —OCH, end groups in the PEG blocks.
Typical signals of PCL appeared at 1.32, 1.56, 2.31, and
4.06 ppm, which were assigned to the methylene protons of
—(CH,),—, —“OCCH,—, and —CH,00C~— in the PCL blocks.
The three peaks observed at 2.5-2.8 were assigned to the
methane protons of —CH, NH— contained in the PEL.>'*
The molecular weight of a copolymer was calculated using
the formula below:

1/x =1 /y; y = Mn(PEG) — 18/44 x 2

where I, and I are integral intensities of the peaks at about
4.06 and 3.64 ppm, respectively, and x and y represent the
degree of polymerization in the PCL and PEG blocks. The
results indicate that three copolymers with molecular weights
0f 5339.6, 8786.7, and 11703 were formed, consistent with
the requirements of the original design (Table 1). All the
"H-NMR results showed that the triblock mPEG—PCL-g—PEI
copolymers were successfully synthesized in various
formulations.

Characterization of mPEG—PCL-g—PEl

micelles

As a triblock copolymer, mPEG-PCL-g-PEI could self-
assemble into nanoparticles with a core-shell structure and
a positive charge on their surface. These cationic nano-
particles could also load hydrophobic chemotherapeutics
and plasmid DNA, and the schematic illustration for this

m

A
Oy~ }(:') o
¢ M\’(\
B (¢]

‘[\/\NMN\A

Figure | Synthesis of mMPEG-PCL-g-PEl amphiphilic triblock copolymer. (A) indicates the block copolymer mPEG-PCL; (B) indicates a copolymer mPEG-PCL with -C=C- in

its end.

Abbreviations: PEG, polyethylene glycol; PCL, poly e-caprolactone; PEl, polyethylenimine.
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Figure 2 'H-NMR spectra of mPEG-PCL-g-PEl with three different compositions. (A) mPEG-PCL-g—PEl with composition 2000-2000-2000; (B) mPEG-PCL-g—PEl with
composition 2000-6000-2000; (C) mPEG-PCL-g—PEI with composition 5000-2000-2000.

Abbreviations: 'H-NMR, proton nuclear magnetic resonance; PEG, polyethylene glyco

is shown in Figure 3. The size and zeta potential of these
self-assembled mPEG—PCL-g—PEI micelles were mea-
sured, and the results are shown in Figure 4. As previously
reported, the mPEG—PCL-g—PEI copolymer could be
self-assembled into nanoscale particles with a positive
charge.” In this further study, different formulations of
mPEG-PCL-g—PEI were prepared, and the size and zeta
potential of these self-assembled nanomicelles was also
measured at different temperatures. The results indicate
that the copolymer could self-assemble into nanoparticles
at over a wide range of temperatures. In addition, their
positive charge varied at different temperatures of self-
assembly. As the temperature increased, the size of the
nanomicelles decreased, while the positive charge on all
the micelles increased (Figure 4B). The morphology of the
mPEG-PCL-g-PEI micelle and drug-loaded nanoparticles
were determined by TEM (Figure 5A and B), while the
DNA-binding complexes were investigated using atomic
force microscopy (Figure 5C and D).

Table | Physical chemistry parameters of triblock copolymers

I; PCL, poly e-caprolactone; PEI, polyethylenimine.

Cytotoxicity

The cytotoxicity of all the mPEG-PCL-g—PEI copolymers
was evaluated by MTT assay (Figure 6). Two cell lines,
ie, L929 and HEK293, were used. Low cytotoxicity was
observed for the L929 cell line at all concentrations, while
higher toxicity was seen only at higher concentrations in the
HEK293 cell line. As a cationic polymer, three copolymers
with different compositions could be self-assembled into
positively charged micelles, with cytotoxicity at higher
concentrations.

Gene transfection

Triblock polymers were synthesized in three proportions,
and because these copolymers contained the PEI chain, their
potential capacity for gene transfection was investigated
in both 293T and B16-F10 cell lines (Figure 7A-D). The
copolymer could form a polycomplex with plasmid green
fluorescence protein at various w/w ratios of polymer to DNA
(ie, 10:1, 20:1, 30:1, 40:1, and 50:1). Firstly, the 293T cell

Polymer Theoretical molecular Mn/kDa n (%) CMC Encapsulation Drug-loading
weight ('H-NMR)* (mg/mL)® efficiency (%) content (wt%)

| 5000-2000-2000 8786.7 4.0 0.03 96.0 = 0.49 8.76 £ 0.04

2 2000-2000-2000 5339.6 12.4 0.05 98.2+0.01 8.94 + 0.0006

3 2000-6000-2000 11703 4.0 0.005 91.8+0.23 8.41 £0.02

Notes: *Determined from 'H-NMR by comparing the integrals of signals at § = 4.06 and 3.65; ®Determined using pyrene as a fluorescence probe.

Abbreviations: 'H-NMR, proton nuclear magnetic resonance; CMC, critical micelle concentration.
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Figure 3 Schematic illustration of self-assembled mPEG-PCL-g—PEI micelles and the
capability of drug loading and gene adsorption.

Abbreviations: PEG, polyethylene glycol; PCL, poly e-caprolactone; PEl,
polyethylenimine.
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Figure 4 Sizes and zeta potential of the various composition copolymers mPEG—
PCL-g—PEl self-assembled at different temperatures.

Abbreviations: PEG, polyethylene glycol; PCL, poly e-caprolactone; PEI,
polyethylenimine.
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0.00 [nm] 21 0.00 [nm] 5.62

Figure 5 Morphology of mPEG-PCL-g-PEl (5000-2000-2000) nanoparticles
determined by transmission electron microscopy (A and B) and atomic force
microscopy (C and D). (A) mPEG-PCL-g-PEl blank micelles; (B) micelles containing
doxorubicin at a copolymer concentration of 0.5 mg/mL; (C) mPEG-PCL-g—PEI
blank micelles; and (D) mPEG-PCL-g-PEI/DNA complexes.

Note: The scale bar is 100 nm.

Abbreviations: PEG, polyethylene glycol; PCL, poly e-caprolactone; PEI,
polyethylenimine.

line was chosen to find the ratio suitable for gene transfec-
tion, and then the B16-F10 cell line was chosen to test the
gene delivery efficiency in cancer cells. A gene transfection
efficiency of 60% * 5% was achieved in the 293T cell line,
and of 40% £ 5% in the B16-F10 cell line (Figure 7F).
The DNA-condensing ability of mPEG-PCL-g—PEI was
determined using a gel retardation assay, and the results
are shown in Figure 7E. All of the synthesized polymers
could bind DNA efficiently at ratios above 1 (M/M). The
mPEG-PCL-g—PEI copolymers with the composition of
2000-2000-2000 and 2000-6000-2000 had little transfec-
tion efficiency in either the 293T or B16-F10 cell line. The
mPEG-PCL-g-PEI copolymer with the 5000-2000-2000
composition had the highest transfection efficiency, so we
chose this one for study of cellular uptake and codelivery of
Nile red with DNA.

Drug loading and cellular uptake

As amodel drug, doxorubicin is considered to be hydropho-
bic in alkaline conditions. In addition, because the spontane-
ous fluorescence test is easy to perform, it is widely used in
developing drug delivery systems, both in vitro and in vivo.
To test the drug-loading capacity of the triblock mPEG—
PCL-g—PEI copolymer, doxorubicin was chosen to test drug
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Figure 6 Cytotoxicity of mMPEG—PCL-g—PEl nanoparticles of various compositions on
(A) L929 cells and (B) HEK293 cells, and cell viability were determined by MTT assay
Notes: Mean + SD, n = 3. The SD is shown by error bars.

Abbreviations: SD, standard deviation; PEG, polyethylene glycol; PCL, poly
e-caprolactone; PEI, polyethylenimine.

encapsulation efficiency. To obtain a credible result, the
method used was derived from that in a previous report.?”’
The amphipathic mPEG-PCL-g—PEI copolymer could be
self-assembled into micelles with a hydrophobic core and
hydrophilic shell in aqueous solution. During the process
of the pH change from acid to alkaline, the insolubility of
doxorubicin decreased. After stirring, the doxorubicin was
wrapped into a hydrophobic core, forming drug-loaded
micelles. Drug encapsulation efficiency was easily measured
by detecting the concentration of free drug. In this experi-
ment, the encapsulation efficiency of doxorubicin was over
91%, while the maximum drug-loading content was 8.4%.
Images of the cellular uptake of doxorubicin-loaded
micelles were captured using laser confocal microscopy.
In this section, the mPEG-PCL-g—PEI copolymer with
a composition of 5000-2000-2000 was chosen, and the
result showed that the uptake of drug-loaded micelles was

significantly higher than that of the free drug at various time
points in the B16-F10 cell line (Figure 8).

Codelivery for drug and gene

To test the hypothesis that the gene could be delivered into
cells after the hydrophobic drug was loaded into mPEG—PCL-
g—PEImicelles, Nile red and plasmid green fluorescence pro-
tein were codelivered into B16-F10 cells. As a hydrophobic
dye, Nile red were chosen to model the hydrophobic drug, and
plasmid green fluorescence protein was used as the reporter
gene. The result of high-content analysis was 35.064%, which
was consistent with flow cytometry. The results shown in
Figure 9 indicate that the self-assembled micelles based on
the mPEG-PCL-g-PEI copolymer could codeliver hydro-
phobic fluorescent dye and genes to the same cells, without
significant difference in transfection efficiency.

Discussion

Use of chemotherapeutic agents is often limited by systemic
drug toxicity and poor aqueous solubility. Drug-delivery
systems based on block copolymer micelles are considered
to be a promising approach for improving the therapeutic
index and reducing systemic toxicity.?*° As an amphiphilic
diblock copolymer, the biodegradable PCL-PEG copolymer
is widely studied for its self-assembling properties and its
potential use as a drug carrier.’'*> PEG chains on nanopar-
ticle surfaces have been described as efficient drug carriers
in the bloodstream with a range of applications, including
prolonging the systemic cycle time of colloidal drug delivery
systems and evading recognition by cells of the mononuclear
phagocyte system. In theory, tumors have vessels with poorly
aligned endothelial cells and wide fenestrations, so the long
circulation time of block copolymer micelles can increase
site-specific tumor accumulation. Meanwhile, PEI, reported
to be a “proton sponge”, has been extensively studied in
recent years as a nonviral gene vector, because it can absorb
DNA by positive and negative electrical interactions. The
formation of nanometer-scale complexes showed enhanced
potentiation of transfection in vitro and in vivo. In a previous
study, a PEI (molecular weight 800) chain was connected
to classic PEG-PCL amphiphilic compounds to track the
metabolism and distribution of the self-assembled micelles
in tumor tissue. Self-assembled micelles were constructed
with a positive charge, with the potential for DNA binding.?
To investigate the feasibility of codelivery of both drug and
gene in vitro, mPEG-PCL-g—PEI of various compositions
was synthesized. As a three-block amphiphilic polymer,
mPEG-PCL-g—PEI contained mPEG, PEI as a hydrophilic
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Figure 7 The gene delivery capability of the triblock copolymer were investigated in both B16-FI10 and 293T cell lines. The copolymer used was mPEG—PCL-g-PE| with
the highest transfection efficiency at a composition of 5000-2000-2000 (A-D and F). (A) Fluorescence microscopy image of 293T cells; (B) white light image in 293T; (C)
fluorescence microscopy image in B16-F10 cells; (D) white light image in BI16-F10 cells; (E) agarose gel electrophoresis of mPEG-PCL-g—PEI/DNA complexes using three
types of composition at various M/M ratios (A is the triblock copolymer with a composition of 2000-2000-2000, while B is 2000-6000-2000, and C is 5000-2000-2000); and

(F) percentage of green fluorescence protein expression in BI6-FI0 cells.

Abbreviations: PEG, polyethylene glycol; PCL, poly e-caprolactone; PEI, polyethylenimine.

segment and PCL as a hydrophobic segment. When the
copolymer was dissolved in aqueous solution, hydrophobic
molecules spontancously formed a hydrophobic region by
molecular interaction; at the same time, the hydrophilic
mPEG chain formed a hydrophilic shell. Following a tem-
perature increase, the molecular movement became more
active, and micelles were formed with hydrophilic shells
and hydrophobic cores.

In theory, gene transfection efficiency is dependent on
particle size and zeta potential. In this study, the size and
zeta potential of the self-assembled micelles were obtained
by electron microscopy or Malvern particle analysis, and are
shown in Figure 4. With increasing temperature, the motion
of a single mPEG-PCL-g—PEI molecule became more
active, making interaction between single molecules easier,
which led to formation of smaller micelles. As a hydrophilic

segment, PEI could be exposed more easily, thus resulting
in micelles with a higher positive charge. With regard to
in vitro application, 25 kDa PEI has the highest transfection
efficiency at the optimal nitrogen/phosphorus ratio, and
therefore was chosen as a positive control. However, it has
many limitations to further application in vivo because of
its high toxicity and nonbiodegradability. Within a certain
range, increased transfection efficiency is always associated
with higher toxicity, so the balance between transfection
efficiency and cytotoxicity is of importance when develop-
ing cationic gene carriers. In recent years, in an effort to
develop PEI-based nonviral gene delivery systems with high
transfection efficiency and low cytotoxicity, many researchers
have focused on low molecular weight PEI. In the present
study, to provide DNA adsorption capability, PEI (molecular
weight 2000) was linked onto mPEG—PCL copolymers of
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.
Figure 8 Confocal microscopic images of cellular uptake cocultured with
doxorubicin-loaded micelles. The composition of mPEG-PCL-g-PEl copolymer
was 5000-2000-2000. (A) Free doxorubicin, | hour, (B) free doxorubicin, 4 hours,
(C) doxorubicin-loaded micelles, | hour, and (D) doxorubicin-loaded micelles, 4 hours.

Note: The scale bar in images is 47.62 um.

Abbreviations: PEG, polyethylene glycol; PCL, poly e-caprolactone; PEI,

polyethylenimine.

variable composition. The designed mPEG-PCL-g—PEI
copolymer (2000-2000-2000 and 5000-2000-2000) had the
same capability for self-assembly and formation of micelles,
while the designed mPEG-PCL-g-PEI (2000-6000-2000)
copolymer was not dissolvable and could not form micelles
by self-assembly in heated water, in contrast with the other

two predesigned copolymers. Further, the mPEG-PCL-g—PEI
(5000-2000-2000) copolymer had the highest transfection
efficiency in cancer cell lines among the synthesized copo-
lymers with various compositions, ie, although containing
the same segments, the copolymer composition was con-
firmed to have a significant influence on gene transfection
efficiency.”!

The ratio between the hydrophilic and hydrophobic
segments had a significant effect on the properties of the
micelles, including dissolvability, stability, CMC, and drug
encapsulation efficiency. Increasing the proportion of the
hydrophobic segment decreased the water solubility of the
block copolymer. Meanwhile, for the triblock copolymers,
the ratio of the two hydrophilic segments also affected the
stability, cytotoxicity, and gene transfection efficiency of
the self-assembled micelles. In this study, mPEG-PCL-
g—PEI with a PCL chain of molecular weight 6000 did not
dissolve in heated water, while the other two compositions
could self-assemble into nanomicelles. In addition, because
most chemotherapeutic drugs are sensitive to temperature,
temperature control is necessary during the process of drug
loading. The drug-loading content of the mPEG—PCL-g—PEI
copolymers with variable compositions was not significantly
different at room temperature.

The result of laser confocal microscopy showed
cellular uptake of the doxorubicin-loaded micelles and free
doxorubicin in vitro, and the amount of enveloped doxorubi-
cin taken up was much higher than that of free doxorubicin
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Figure 9 Fluorescence microscopy images of B16-F10 mouse melanoma cancer cells treated with Nile red-loaded micelles/plasmid green fluorescence protein complexes at
37°C. (A) Blue fluorescence (Hoechst 33342) filed, (B) green fluorescence field, (C) red fluorescence (Nile red) field, and (D) merged image. (E) The results were analyzed

and indicated more than 35% cells were green fluorescence protein expression.
Note: The scale bar was 20 um.
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(Figure 8). The results indicate that the positive charge on
the surface of the nanoparticles might enhance cellular
uptake, as suggested in earlier literature.>* The reason for
this might be related to the nature of the positively charged
micelles. On the one hand, nanotechnology for drug deliv-
ery has the advantage of increasing the uptake efficiency
of a chemotherapeutic agent. However, on the other hand,
for this mPEG-PCL-g—PEI copolymer, the self-assembled
micelles coated with positive charges could also benefit from
bonding between micelles and the cell membrane through
electrostatic adsorption.

To demonstrate the codelivery of a drug and a gene,
Nile red was first loaded into the micelles, after which the
loaded micelles were used to deliver the green fluorescence
protein reporter gene into cancer cells. It was reported that
the presence of chemotherapeutic agents would affect gene
expression, so in the course of the in vitro codelivery study,
doxorubicin was replaced instead by Nile red.>** The chemo-
therapeutic drug might affect gene expression, but it would
be more advantageous to deliver the drug with DNA in the
same carrier so that the delivered drug and gene could exert a
combined action in the same cells simultaneously.” The result
of codelivery of Nile red and plasmid green fluorescence
protein is shown in Figure 9. The cellular uptake of micelles
loaded with Nile red did not affect green fluorescence pro-
tein expression in the same cell. The transfection efficiency
in the codelivery groups were more than 35%. In other
words, the micelles loaded with Nile red could also deliver
DNA to the same cells, and the transfection efficiency was
not significantly different from that obtained for the blank
micelle groups.

Conclusion

In this study, we synthesized and characterized a triblock
mPEG-PCL-g—PEI copolymer of variable composition
which could self-assemble into nanomicelles. In addition,
when linked to PEI, the self-assembled nanomicelles became
positively charged. The aim of this study was to investigate
mPEG—PCL-g—PEI, an amphipathic biodegradable material,
which could codeliver chemicals and genes in vitro. The
result of cell uptake for doxorubicin-labeled nanomicelles in
vitro showed that the drug-loaded micelles could markedly
enhance drug uptake efficiency, and the drug-loaded micelles
could deliver the reporter gene into cells without decreas-
ing the transfection efficiency. The mPEG-PCL-g—PEI
copolymer with the component 5000-2000-2000 had the
highest transfection efficiency, while the copolymer with the

component 2000-2000-2000 had the highest drug-loading
efficiency and drug-loading content. In summary, as an
amphipathic copolymer, mPEG-PCL-g—PEI would be a
simple delivery system for highly efficient codelivery of
drugs and genes.
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