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Nitric oxide (NO) as a chemosensitizer has attracted a lot of attention in anti-multidrug resistance (MDR)

tumor therapy. In this study, a three-segment amphiphilic copolymer was synthesized through click

reaction by azido and alkyne groups. The PEI part with abundant secondary amines was utilized to load

NO gas molecules, the hydrophobic PLLA core to encapsulate the hydrophobic drug paclitaxel (PTX),

and the mPEG shell to provide a hydrophilic interface and lead the copolymer to self-assemble into

micelles in the water phase for biological applications. This multifunctional mPEG–PEI–PLLA–PTX–NO

nanostructure is able to release NO spontaneously under physiological conditions and enhance the

cytotoxicity for synergistic treatment of PTX and NO, demonstrating the potential to treat MDR tumors.
Introduction

With the extensive use of chemotherapeutics, multi-drug resis-
tance (MDR) has become one of the main challenges for the
successful clinical chemotherapy of cancer.1 MDR in chemo-
therapy is thought to be caused by a two-hit mutation blocking of
the drug target molecule and the activation of the second
signaling pathway to excrete chemotherapeutics and maintain
tumor growth. Some proteins and signal factors have been
revealed to play roles in the tumor MDR process such as P-
glycoprotein (P-gp), multidrug resistance-associated protein
(MRP), lung resistance protein (LRP),2 and breast cancer resistant
protein (BCRP). Most of them belong to the ATP-binding cassette
(ABC) transporter. The ABC transporter has been proven to be an
important factor of the cell membrane which increases drug
efflux.3 The microenvironment changes of tumor tissues always
lead to the decrease of chemosensitivity and glucose deprivation.4

Then the generated low pH microenvironment in tumor would
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lead to themembrane permeability change for chemotherapeutic
drugs.5 On the other hand, drastic metabolism causes the
hypoxic intra-tumor environment. There are evidences indicating
that hypoxia in the intra-tumor environment also decreases the
chemotherapeutic efficiency since some anticancer drugs require
oxygen for activity.6

Nitric oxide (NO), a colorless, odorless, lipophilic and short-
lived gas molecule, has been widely accepted as an important
signal mediator in mammal's physiological process. It has been
identied with important functions in cardiovascular system,
central nervous system, mammal's early development, immune
response, and anti-tumor effects.7–11 It has been found that NO
has the ability to reverse MDR and restore the chemosensitivity
of tumor to chemotherapeutics.12–16 It is generally recognized
that NO reverses the chemosensitivity of tumor tissues through
releasing oxidative stress. Aer ROS is reduced, the activation of
scavenging and tolerance system of tumor cells such as the ABC
transporter is inhibited and the outow of chemotherapeutic
drugs is prevented.17–19 Recently, a light-responsive NO and
doxorubicin release system based on degradable methox-
y(polyethylene glycol)–poly(lactic-co-glycolic acid) (mPEG–
PLGA) nanoparticle was developed. The NO was generated
under the exposure of UV/Vis light, which broke the shell to
release the localized DOX drug for anti-MDR therapy.20

The secondary amine of polyethylenimine (PEI) is an
appropriate site to bind NO, which then serves as a NO donor
with a spontaneous release capacity.21,22Nurhasni et al. reported
that the naked PEI/NONOate donor had a short-life property
with most of NO released in 2 h under physiological conditions.
The poly(L-lactide) (PLLA) is a biocompatible and degradable
organic aliphatic polyester.23–25 It has been used as a biode-
gradable slow-release system for hydrophobic drugs which are
RSC Adv., 2016, 6, 105871–105877 | 105871
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Fig. 1 The synthetic scheme of mPEG–PEI–PLLA–PTX–NO
nanomedicine.
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encapsulated through hydrophobic force. Methoxypoly
(ethylene glycol) (mPEG) is a hydrophilic polymer which has
been commonly used wrap around hydrophobic materials to
improve water solubility and extend blood circulation time in
vivo.26,27

In this research, a branched PEI was modied with 2-azi-
doacetic acid to introduce azido functional group. Then it
reacted with alkyne-terminated mPEG and PLLA polymer via
azide–alkyne Huisgen cycloaddition using copper bromide as
the catalysts to afford a three-segment amphiphilic copolymer,
where the hydrophobic part PLLA was used to encapsulate
hydrophobic drugs while the secondary amine of PEI was to
load nitric oxide. This multifunctional copolymer could be
resuspended readily in water and self-assembled into micelle
with a hydrophobic PLLA core and a hydrophilic PEG shell.
Aer being loaded with rst-line chemotherapeutic drug pacli-
taxel (PTX), the mPEG–PEI–PLLA–PTX–NO nanotherapeutics
was shown to have higher cytotoxicity against OVCAR-8/ADR
cancer cells over formulations that only contain either PTX or
NO (Fig. 1).
Experimental section
Synthesis of PEI–azide

Branched PEI (MW¼ 10 000, Sigma-Aldrich) (100 mg) was mixed
with 2-azidoacetic acid (CAS#18523-48-3, Sigma-Aldrich) (15 mg),
and added 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexauorophosphate (HBTU, CAS#94790-37-1, Sigma-Aldrich)
(303 mg), triethylamine (TEA, Sigma-Aldrich) (112 mL), dimethyl
formamide (DMF, Sigma-Aldrich) (6 mL). Aer the amidation
reaction between the amine group of PEI and carboxyl group of
2-azidoacetic acid overnight, the solution was kept in 6–8 kDa
MWCO dialysis membrane and dialyzed in water. The dialysate
was replaced for 5 times to remove the unreacted reagents. The
puried product was freeze-dried and stored at �20 �C.
Synthesis of PLLA–alkyne

The 500 mg L-lactide (LA, Sigma-Aldrich) and 6.5 mg 2-propynyl
alcohol (Sigma-Aldrich) were dissolved in 5 mL dichloro-
methane (DCM, Sigma-Aldrich). 1,8-Diazabicyclo[5.4.0]undec-7-
105872 | RSC Adv., 2016, 6, 105871–105877
ene (DBU, 26.4 mg, Sigma-Aldrich) was dissolved in 1.0 mL
DCM and added into the above LA solution at room tempera-
ture. Aer stirring for 10 min, excess amount of acetic acid was
added to quench the reaction and the solution was added
dropwise into 40 mL hexane/diethyl ether (v/v ¼ 2/1) to
precipitate the target product. The reaction mixture was
centrifuged at 9000 rpm for 5 min to remove the supernatant.
The process was repeated 3 times for purication. Residual
solvent was removed under vacuum. The obtained white
powder was dissolved in CDCl3 for 1H-NMR characterization.
Gel permeation chromatography (Waters 1515) was employed to
characterize the molecular weight and the polydispersity index
(PDI).
Synthesis of mPEG–PEI–PLLA

100 mg PEI–N3 (MW ¼ 11 500), 175 mg mPEG–alkyne (MW ¼
5000, Creative PEGWorks) and 150 mg PLLA–alkyne (MW ¼
4300) were dissolved in 7 mL DMF and degassed by N2 for
30 min. Then 3 mg CuBr (Sigma-Aldrich) and 5 mg
N,N,N0,N00,N00-pentamethyldiethylenetriamine (PMDETA, Sigma-
Aldrich) were quickly added for click reaction in a sealed envi-
ronment under N2 protection. Aer stirring overnight, a 12 000–
14 000 MW dialysis membrane (Spectra/Por) was utilized to
remove unreacted materials (replenishing water for 5 times).
The freeze-dried powder was characterized by 1H-NMR in
DMSO-D6 solution and stored at �20 �C.
Conjugation of mPEG–PEI–PLLA with near-infrared
uorescent dye IR-800

In order to investigate the distribution of mPEG–PEI–PLLA
micelle in cells and in mice, a near-infrared uorescent dye IR-
800 (IRDye® 800CW, LI-COR, Inc.) was conjugated to the posi-
tively charged mPEG–PEI–PLLA copolymer through amidation
chemistry between primary amines of PEI and NHS ester of IR-
800 for optical imaging.

The synthesized mPEG–PEI–PLLA (12 mg, about 0.4 mmol)
was mixed with 0.5 mg of IR-800 dye (about 0.4 mmol) and
dissolved in 5 mL DMF, 40 mL TEA was then added to the
solution. Aer overnight stirring, mPEG–PEI–PLLA-IR-800 was
puried by dialysis against pure water. The powder was ob-
tained aer lyophilization and stored in dark at �20 �C.
Fluorescence imaging of mPEG–PEI–PLLA-IR800 in multidrug
resistant cell line OVCAR-8/ADR

In this study, all in vitro and in vivo experiments were performed
in compliance with the NIH animal proposal (NIBIB 16-03)
approved by the Animal Care and Use Committee (ACUC).
OVCAR-8/ADR, a multidrug resistance ovarian tumor cell line,
was seeded on a slide (Lab-Tek chamber slides, Thermo Scien-
tic Nunc) at 5� 104 density per well. The prepared mPEG–PEI–
PLLA-IR800 (50 mg mL�1) or free IR-800 solution (2 mg mL�1)
was placed on the slides. Aer incubation for 2 h, cells were
washed with PBS to remove free micelles or free dye molecules.
Then the slides were imaged under a uorescence microscope
(Olympus X81).
This journal is © The Royal Society of Chemistry 2016
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The nanoparticles conjugated with IR-800 were also tested in
tumor mice. Ovcar-8/ADR cells (2� 107/mouse) were inoculated
in the right hind leg root of 5 week old female nude mice
through subcutaneous injection. Aer 7 days of feeding, tumors
with a size about 100 mm3 were treated with about 100 mL of 50
mg mL�1 mPEG–PEI–PLLA-IR800, or 50 mg mL�1 mPEG–PEI–
PLLA as the control group through intratumor injection. Then
two groups of mice were imaged under small animal imaging
system (Xenogen IVIS™ II system, Alameda) to analyze the
mPEG–PEI–PLLA-IR800 diffusion and metabolism in 48 h.

Loading the mPEG–PEI–PLLA with paclitaxel

10 mg synthesized mPEG–PEI–PLLA copolymer and 3 mg
paclitaxel (LC Laboratories) were dissolved and mixed in 5 mL
acetone solution and sonicated for 10 min. Acetone was then
removed by overnight evaporation with stir bar agitation. The
mPEG–PEI–PLLA and PTX mixture was re-dissolved in 10 mL
pure water. The solution was treated with 1000 rpm centrifuge
for 1 min to remove unloaded PTX precipitate. High perfor-
mance liquid chromatography (HPLC, Agilent Technologies
1200) was utilized to determine the PTX concentration of
supernatant to calculate the loading amount.

PTX release in PBS

The release prole was determined in pH 7.4 PBS over a few
days. Briey, 50 mg mL�1 mPEG–PEI–PLLA–PTX micelles in PBS
was loaded into slide-A-lyzer™ Dialysis Cassettes G2 (10 K,
Thermo Fisher) and placed in 1.0 L PBS at 37 �C. Aliquots were
taken out from the cassettes at predetermined times and mixed
with equal volume of acetonitrile for HPLC analysis. The UV
detector was set at 228 nm and peak areas were used to calculate
PTX concentration.

Loading mPEG–PEI–PLLA–PTX with nitric oxide

The 10 mg synthesized mPEG–PEI–PLLA–PTX was dissolved in
5.0 mL acetic acid (Sigma-Aldrich) and bubbled with N2 for
30 min. Excessive NaNO2 (Sigma-Aldrich) was added into the
solution and themixture was kept in dark to load nitric oxide on
the secondary amine of PEI. Aer 4 h reaction, 45 mL of
degassed water was added to above solution, which was trans-
ferred intoMillipore ultra-ltration tube (MW¼ 1000 Da, Merck
Millipore) to remove the supernatant containing unreacted
NaNO2 by centrifugation at 4500 rpm for 15 min. Aer being
washed with pure water for 5 times, the puried mPEG–PEI–
PLLA–PTX–NO copolymer was redispersed in 10 mL N2

degassed PBS (pH 7.4) for next experiment. Note that mPEG–
PEI–PLLA–PTX–NO should be freshly made before use due to
the spontaneous release of NO. Set the same amount of
branched PEI 10 k to load NO as the control group.

NO release from mPEG–PEI–PLLA–NO

A classic commercial Griess assay (Promega) was utilized to
monitor the NO release from mPEG–PEI–PLLA–PTX–NO
micelles (PEI–NO as control). 100 mL of 200 mg mL�1 sample was
mixed with 100 mL of sulfanilamide solution (1% sulfanilamide
This journal is © The Royal Society of Chemistry 2016
in 5% phosphoric acid) and was shaken at dark RT environment
for 10 min. Then added 100 mL of the NED solution (0.1% N-1-
napthylethylenediamine dihydrochloride in water) and was
incubated at RT in dark for 10 min. Finally, the mixture was
diluted with 200 mL pure water for UV-Vis measurement. mPEG–
PEI–PLLA–PTX–NO micelles were kept at 37 �C or 4 �C in dark
for several hours and monitored by Griess assay. The other two
groups were treated with 365 nm UV or sonication for 5 min to
detect NO release for comparison. A series of NaNO2 standard
samples (0.05–25 mM) were used to establish a standard curve
for calculating the NO concentration.

Self-assembly of mPEG–PEI–PLLA–PTX–NO in water

2mgmPEG–PEI–PLLA–PTX–NO compound was dissolved in 0.2
mL acetone by sonication, then 1 mL pure water was added
dropwise and sonicated for 1 min. Then, acetone was removed
by evaporation overnight, resulting in opalescent solution.
Uranyl acetate (Sigma-Aldrich) was used to stain the mPEG–
PEI–PLLA micelle to enhance contrast under TEM to charac-
terize their morphology.

MTT assay of mPEG–PEI–PLLA–PTX–NO with anti-MDR cell
OVCAR-8/ADR

OVCAR-8/ADR cells were seeded at a concentration of 5 � 105 in
96 wells plate, aer incubation overnight, cells were treated
with 100 mL of mPEG–PEI–PLLA–PTX–NO, mPEG–PEI–PLLA–
PTX, mPEG–PEI–PLLA–NO, or mPEG–PEI–PLLA (each group
contains about 100, 50, 25, 12.5, 6.25, 3.125, 0 mg mL�1 of
mPEG–PEI–PLLA) RPMI 1640 medium (Corning Inc.) solution
for each well. Aer incubation for 24 h, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium (MTT, Sigma-Aldrich) assay was
utilized to evaluate cell viability. Each datum point was repre-
sented as a mean� standard deviation of at least 3 independent
experiments.

Results and discussion
Synthesis of mPEG–PEI–PLLA copolymer

The azido functionality was introduced to PEI by reaction with
azidoacetic acid. The synthesized PEI–N3 was dissolved in
DMSO-D6 and characterized by 1H NMR (Fig. S1†). The results
indicated the characteristic peaks around 3.8 and 7.4 ppm.
According to 1H NMR, every 11 mmol PEI repeating units
reacted with 1 mmol of azidoacetic acid.

The alkyne terminated PLLA was synthesized by ring-
opening polymerization (ROP), which has been extensively
utilized to synthesize various biocompatible and degradable
polymers, such as polyesters, polypeptides, and poly-
phosphoesters.28–30 Typically, stannous octoate is used as the
catalyst for PLLA synthesis; however, metal residues may
introduce some potential toxicity to biological systems. There-
fore, biocompatible metal-free organocatalyst DBU was used.
The propargyl alcohol was used as the initiator in order to
introduce alkyne functional groups. The synthesized PLLA–
alkyne was puried by precipitation from dichloromethane into
hexane/ethyl ether mixture three times and vacuum-dried as
RSC Adv., 2016, 6, 105871–105877 | 105873
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white powder with a yield of ca. 70%. The polymer was dissolved
in CDCl3 and characterized by 1H NMR, observing characteristic
PLLA peaks. L-Lactide monomers and 2-propynyl alcohol initi-
ator were mixed at a ratio of 35 : 1. According to the 1H NMR
results (Fig. S2†), the polymer was determined to have 30
repeating units, which was similar to our target ratio. The gel
permeation chromatography trace demonstrated that PLLA–
alkyne had a peak retention time of around 26 min with
unimodal distribution and low polydispersity (Fig. 2). There-
fore, the PLLA with alkyne as one of the end groups was
synthesized successfully.

The amphiphilic polymer mPEG–PEI–PLLA was synthesized
by conjugating PLLA–alkyne and mPEG–alkyne to the PEI–azide
backbone via the highly efficient copper(I)-catalyzed azide–
alkyne Huisgen cycloaddition (CuAAC). The reaction mixture
was stirred overnight and puried by dialysis against water for 2
days to remove copper and other impurities. During dialysis,
the amphiphilic polymer self-assembled into nanoparticles
spontaneously and no precipitation was found. Due to the
strong hydrophobicity of PLLA, the formation of clear trans-
parent nanoparticles demonstrated the successful conjugation
of the three components. According to the mass of the raw
materials, PEI containing 2 mmol amines and 0.15 mmol azido
groups were conjugated with 0.035 mmol mPEG–alkyne (MW ¼
5000) and 0.035 mmol PLLA–alkyne. The characteristic peaks of
all the three components, mPEG, PEI and PLLA, were found on
the 1H NMR spectrum (Fig. S3†).
Loading of paclitaxel and nitric oxide to mPEG–PEI–PLLA
micelle

PTX was successfully loaded into the nanoparticles via co-
assembly with the amphiphilic polymer in acetone/water
mixture. Briey, the mPEG–PEI–PLLA and PTX were mixed in
acetone and water solution with vigorous stirring. Aer removal
of acetone by overnight volatilization, the amphiphilic copol-
ymer self-assembled into nanoparticles. During the co-assembly
of PTX and polymer, unloaded PTX precipitated out and was
Fig. 2 The GPC results showed a significant peak of PLLA–alkyne in
25 min. The PEG5000 and PEG2000 were set as references.

105874 | RSC Adv., 2016, 6, 105871–105877
removed by centrifugation. HPLC was utilized to detect PTX
concentration in the supernatant. Under the optimized condi-
tion (H2O : ACN ¼ 1 : 1 solution, UV detection at 228 nm), PTX
displayed a unimodal symmetric peak at 5.7 min (Fig. S4†). PTX
standard curve was plotted with concentration ranging from
1.95 to 250 mg mL�1 (Fig. S5 and S6†). It was found that
0.5236 mg PTX was encapsulated into 10.0 mg of polymer,
corresponding to a 5.0% loading.

The mPEG–PEI–PLLA–PTX was suspended in acetic acid.
Aer adding excessive NaNO2, the solution reacted violently and
plenty of NO bubbles generated in the solution. The acetic acid
solution turned light blue, which was caused by the production
of N2O3. Because of the hydrophobic NO binding to the PEI
secondary amines, the water solubility of mPEG–PEI–PLLA–
PTX–NO decreased and the amphiphilic copolymer could self-
assemble into micelle in PBS solution.

The above prepared nanoparticles were characterized by
DLS and TEM (Fig. 3). The relatively dense PLLA provided some
contrast and the nanoparticles could be observed directly
(Fig. 3A), though not very clear. To enhance contrast, uranyl
acetate was used (Fig. 3B). The circular shapes of these spots
suggest that they were spherical micelles. On the other hand,
the particles were found to have a hydrodynamic diameter of
137 nm, as measured by DLS (Fig. 3C). These mPEG–PEI–PLLA
nanoparticles were positively charged with a zeta potential of
ca. 45 mV (Fig. 3D), mainly because of the abundant amines
along PEI backbones. The secondary amines are also excellent
sites for NO binding. Aer NO loading, the zeta potential
decreased to ca. 22 mV (Fig. 3D). The high level positive charge
of PEI always contributes to high cytotoxicity. The decrease of
particle zeta potential would lead to the increase of
biocompatibility.
Fig. 3 TEM images of synthesized mPEG–PEI–PLLA–PTX–NO
nanoparticles (A) and stained with uranyl acetate for enhanced
contrast (B). (C) The size distribution of mPEG–PEI–PLLA–PTX–NO
nanoparticles. (D) Zeta potentials of nanoparticles before and after NO
loading.

This journal is © The Royal Society of Chemistry 2016
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The release of PTX and NO

The release of PTX from the nanoparticles was investigated in
PBS at pH 7.4 by a dialysis method. Briey, 3 mL of the mPEG–
PEI–PLLA–PTX nanoparticle solution was injected into the
dialysis cassettes and dialyzed against PBS for 7 days. The PTX
concentration inside the cassettes was measured at pre-
determined times. It was found that PTX was released in a sus-
tained manner aer an initial burst release (Fig. 4A and S7†).
Aer 7 days, most of the wrapped PTX had been released. The
slow and controlled PTX release could potentially maintain
a steady concentration in diseased tissue and reduced side
effects.

The NO release prole from mPEG–PEI–PLLA–NO was
investigated via Griess method (Fig. 4B and S8†). The 200 mg
mL�1 prepared mPEG–PEI–PLLA–NO PBS solution was incu-
bated in a 37 �C dark environment and monitored NO release.
Another group of mPEG–PEI–PLLA–NO was incubated in 4 �C
dark environment as control. A rapid release of NO was
observed during the initial 8 h, followed by a much slower NO
release in the 37 �C group, while a milder and longer lasting NO
release was detected in the 4 �C dark condition. The 200 mg
Fig. 4 (A) The release of PTX from mPEG–PEI–PLLA–PTX in pH 7.4
PBS. (B) NO loading and stability of mPEG–PEI–PLLA polymer via
Griess method.

This journal is © The Royal Society of Chemistry 2016
mL�1 mPEG–PEI–PLLA–NO could release NO spontaneously
and the NO concentration increased to about 13 mM in 20 h
under 37 �C dark conditions. The mPEG–PEI–PLLA–NO showed
an extended NO release time than just PEI loaded NO (most NO
released in 2 h). This result is similar to that reported by Nur-
hasni et al.21 The PEI part of mPEG–PEI–PLLA copolymer was
wrapped inside and surrounded by hydrophobic PLLA and
amphiphilic PEG. Aer binding with NO, the hydrophobicity of
the modied PEI increased which kept some cross-linked PEI–
NO away from the solution and decreased their exposure to the
oxidizing environment. The results indicated the copolymer of
PEI with some biocompatible hydrophobic polymer may be
a better strategy for NO molecules loading compared with PEI
loaded NO. Furthermore, 2 groups of 200 mg mL�1 mPEG–PEI–
PLLA–NO PBS solutions were treated with either UV exposure or
sonication for 5 min. UV is found to be a more efficient method
to trigger NO release from PEI–NO over sonication (Fig. S9†).
The ultrasound is expected to become an in vivo application
strategy for this nanomedicine.

Biological evaluation of mPEG–PEI–PLLA–PTX–NO in vitro
and in vivo

The cytotoxicity of mPEG–PEI–PLLA–PTX–NO micelles against
MDR ovarian cancer cell line OVCAR-8/ADR was investigated by
MTT assay (Fig. 5). The results showed that the mPEG–PEI–
PLLA and the mPEG–PEI–PLLA–NO micelles presented a weak
cytotoxicity against OVCAR-8/ADR cells at concentrations lower
than 20 mgmL�1 (Fig. 5, black and blue line). The sample loaded
with NO even had a better biocompatibility which may be
caused by the decreased positive charges. The cytotoxicity of
mPEG–PEI–PLLA–PTX–NO (IC50 ¼ 32 mg mL�1) and mPEG–
PEI–PLLA–PTX sample (IC50 ¼ 44 mg mL�1) both increased in
comparison with mPEG–PEI–PLLA (IC50 ¼ 70 mg mL�1) and
mPEG–PEI–PLLA–NO (IC50 ¼ 82 mg mL�1) groups (Fig. 5, red
and pink line). The mPEG–PEI–PLLA–PTX–NO generated the
Fig. 5 The cytotoxicity of mPEG–PEI–PLLA–PTX–NO micelles
against MDR ovarian cancer cell line OVCAR-8/ADR,measured byMTT
assay. Each datum point was represented as a mean � standard
deviation of at least 3 independent experiments.

RSC Adv., 2016, 6, 105871–105877 | 105875
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Fig. 6 After incubation for 2 hours, OVCAR-8/ADR seeded slides were
observed by fluorescent microscopy. The mPEG–PEI–PLLA-IR800
group was found to have significant fluorescent signals in cytoplasm
through CY 5.0 dye optical channel (A and B). In the free IR-800
control group, there was almost no fluorescent signal observed under
the same observation condition (C and D). Red: Cy 5.0 channel; blue:
DAPI channel. In vivo experiment indicated that there was still strong
IR-800 fluorescent signal observed in tumor tissues (F: whole body
fluorescent channel imaging, E: merge with bright-field image) 48 h
after intratumor injection. The body fluorescence signal of the
experimental mice was also stronger than that of the control mice and
some fluorescent light emitted from intra-abdominal was also found.
The left mice was treated with mPEG–PEI–PLLA and the right mice
was treated with mPEG–PEI–PLLA-IR800.
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highest toxicity, higher than mPEG–PEI–PLLA–NO. The spon-
taneous release of NO from PEI–NO may reverse the MDR and
made the PTX achieve higher cytotoxicity to this MDR cell line.
Aer wrapped with PLLA and PEG, the prepared nanoparticles
may have lower cytotoxicity compared to PEI. The synergistic
effect of paclitaxel and NO towards cancer therapy was also
demonstrated by other investigators. Jia et al. demonstrated
that the effect of nitric oxide on cytotoxicity of taxol should be
mediated via the increased inux of taxol by NO into intracel-
lular compartments, though NO-induced cytotoxicity could be
possible.31 Graham et al. systemically studied the mechanism of
nitric oxide reversing drug resistance in tumor. They employed
glyceryl trinitrate and isosorbide dinitrate as NO donor and
successfully attenuated the hypoxia-induced resistance to
doxorubicin and paclitaxel. They concluded that the inhibition
of various components of the NO signaling pathway increased
resistance to chemotherapeutic agent, whereas activation with
8-bromo-cGMP which was a downstream signal molecule in NO
pathway could attenuate this process. It reminds endogenous
NO signaling was able to effect the hypoxia-induced drug
resistance and reactivation of NO signaling pathway is a hopeful
novel strategy to enhance chemotherapy.32

In order to investigate the biological effects and distribution
of mPEG–PEI–PLLA micelles in vitro and in vivo, a near infrared
uorescent dye IR-800 with negative charges was connected to
the positive charged mPEG–PEI–PLLA by amidation chemistry
(Fig. S10†) between primary amines of PEI and NHS ester of IR-
800. Aer reaction, unreacted dyes and other small molecules
were removed by dialysis, followed by lyophilization, yielding
a blue-green copolymer powder. The characteristic peaks of IR-
800 were detected in the water solution as shown by UV-Vis
spectrum. There was a high scattering background in UV-Vis
scan as a result of the self-assembly of amphiphilic mPEG–
PEI–PLLA-IR800 into micelle in water.

Cellular uptake of nanoparticles was investigated in multi-
drug resistance cell line OVCAR-8/ADR via uorescence
imaging. Aer incubation for 2 hours, OVCAR-8/ADR seeded
slides were observed live by uorescent microscopy. ThemPEG–
PEI–PLLA-IR800 group was found to have signicant uores-
cent signals in cytoplasm through CY 5.0 dye optical channel
(Fig. 6A and B). But in the control group of free IR-800, there was
almost no uorescent signal observed under the same obser-
vation condition (Fig. 6C and D). The results showed that the
positive charged carriers was much more efficient to cross
negative charged cell membrane rather than the just negative
charged IR-800 dye. It is expected that the positive charged
nanoparticle could transport NO and PTX into cells efficiently.
The “proton sponge effect” introduced by PEI could help the
nanoparticle and encapsulated PTX to escape into the cyto-
plasm to achieve the synergistic therapy of NO and PTX.33

The nanoparticles were also injected into tumor via intra
tumor injection. Aer 48 h, there was still strong IR-800 uo-
rescent signal observed in tumor tissues (Fig. 6E, F and S11†).
The obvious contrast suggested high concentration of these
nanoparticle remained in the tumor, which might be caused by
the positive charged nanoparticles through electrostatic
adherence and higher cellular uptake by tumor cells. The longer
105876 | RSC Adv., 2016, 6, 105871–105877
retention allows their payload continually released inside the
tumor tissues. The body uorescence signal of the experimental
mice was also stronger than that of the control mice, which
indicated that the nanomaterials owed over body through
bloodstream. Some uorescent light emitted from intra-
abdominal was also found, suggesting a relative higher
uptake in the liver and spleen. The liver and spleen, as part of
the mononuclear-phagocytic cell system, functioned as a lter
for toxins and to remove extraneous foreign matter in blood.34

The in vivo uorescence imaging results of mPEG–PEI–PLLA-
IR800 showed that mPEG–PEI–PLLA-IR800 nanoparticles were
similar to most nanoparticles which could be phagocytized by
monocytes/macrophages aer being identied by monocyte–
macrophage system, and then be cleared out body through the
liver and spleen metabolism.
Conclusions

In this research, polyethylenimine (PEI) with abundant
secondary amine for NO binding was modied with azido
This journal is © The Royal Society of Chemistry 2016
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functional groups and reacted with alkyne-terminated mPEG
and PLLA polymer to afford a three-segment amphiphilic
copolymer. The hydrophobic PLLA encapsulated hydrophobic
drugs paclitaxel (PTX) while the secondary amine of PEI was to
load nitric oxide. This multifunctional copolymer was resus-
pended readily in water and self-assembled into micelles. The
mPEG–PEI–PLLA–PTX–NO nanomedicine was able to release
NO spontaneously under physiological conditions and enhance
the in vitro cytotoxicity for PTX and NO synergistic treatment.
These nanoparticles were also found to remain in the tumor for
more than 48 hour, demonstrating potential application in the
treatment of MDR ovarian cancer.
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