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ABSTRACT: Three kinds of amphiphilic copolymer, that is, poly(ε-caprolactone)-SS-
poly(ethylene glycol) (PCL-SS-PEG), poly(ε-caprolactone)-polyethylenimine (PCL-PEI),
and poly(ε-caprolactone)-polyethylenimine-folate (PCL-PEI-Fol) were synthesized and
self-assembled into surface engineered hybrid nanoparticles (NPs). Morphological studies
elucidated the stable, spherical, and uniform sandwich structure of the NPs. PCL-PEI and
PCL-SS-PEG segments have introduced pH and reduction responsive characteristics in
these NPs, while PCL-PEI-FA copolymers could provide specific targeting capability to
cancer cells. The stimuli responsive capabilities of these NPs were carried out. Negative-to-
positive charge reversible property, in response to the pH change, was investigated by zeta
potential and nuclear magnetic resonance (NMR) measurements. The structure cleavage,
due to redox gradient, was studied by dynamic light scattering (DLS) and transmission
electron microscopy (TEM). These NPs showed controlled degradation, better drug
release, less toxicity, and effective uptake in MCF-7 breast cancer cells. These
multifunctional NPs showed promising potential in the treatment of cancer.

KEYWORDS: surface engineered, nanoparticles, charge reversibility, poly(ε-caprolactone), targeting

■ INTRODUCTION

Drug delivery is found to be immensely functional in cancer
therapy. However, its fruitful clinical utilization is inadequate.1

The low therapeutic effect of drug delivery systems can be
attributed to many factors, such as poor aqueous solubility of
hydrophobic drugs,2 differences in vivo processes involved to
retard the access of drug to tumor cells, uptake of drug by the
reticuloendothelial system (RES),3 drug detoxification, segre-
gation of drug in acidic compartments,4 drug deactivation, and
drug binding to cytosolic macromolecules.5 Thus, there is still a
need of effective and secure delivery systems. To overcome
these problems, multitasking nanoparticles (NPs) are utilized
which are stable, biocompatible, and biodegradable, protecting
the drugs from degradation or rapid excretion in normal
physiological environment, stimulating in tumor environment,
and exhibiting specific targeting capabilities against cancer
cells.6 Ideally, an efficient nanocarrier must escape from several
traps to reach cancer cells in vivo. It has to avoid adhesion to
blood components and capture by the RES during in vivo
circulation, get away from blood and penetrate into tumor
tissue, attach to tumor cell and penetrate into tumor cell, escape
from endo/lysosome, and enter the cytosol. Therefore, passing
through series of barriers, accumulating at tumor site, and
specifically targeting cancer cells are the essential requirements
for anticancer NPs.7

Amphiphilic polymeric micelles and NPs are particularly
studied in drug delivery systems for cancer treatment.8 These
nanocarriers show comparative accumulation at the tumor site
due to their enhanced permeability and retention effect,9 and

avoid multidrug resistance in cancer cells.10 The outer surfaces
of these NPs are usually adorned with poly(ethylene glycol)
(PEG) which counteracts serum protein absorption on the
surface of NPs due to its hydrophilic property, chain flexibility,
electrical neutrality, and absence of functional groups.11

Therefore, PEG embedded NPs reduce the nonspecific cellular
interactions, avoid RES capture, and enhance circulation time in
bloodstream. Nonetheless, these PEG outer layers are required
only during in vivo circulation, and should be eliminated after
they reach the tumor tissue for meeting the enhanced specific
targeting capability of NPs. In order to get rid of PEG in the
tumor environment, several stimuli responsive shedding
approaches have been investigated, for example, pH sensitiv-
ity,12 reduction sensitivity,13 and enzyme digestion.14 Partic-
ularly, reduction-sensitive shedding of NPs is given much
importance due to the great difference of the glutathione
(GSH) level between intracellular and extracellular environ-
ment and high level of GSH in cancer cells.15 The subtle study
revealed that both the intracellular cytoplasm, including
lysosome and endosomes, and intercellular matrix were
reducing environments.16 Therefore, the cleavage of disulfide
bonds occurs not only inside the tumor cells, but also in the
tumor extracellular matrix.17 In short, PEG can be conjugated
via breakable disulfide bond, which is sufficiently stable in
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normal physiological environment but cleave under an
intracellular or extracellular reductive environment.18

On the other hand, ideal anticancer drug encapsulated NPs
not only show neutral or negative charge in the circulation
procedure to ensure little interaction with blood components at
physiological pH,19 but also they attain positive charge after
entering tumor tissue. This conversion, from negative to
positive charge, is found to be attractive for targeted cancer
therapy. These positively charged NPs strengthen the
interaction of NPs between negatively charged cancer cell
membrane and consequently aggregation of NPs within tumor
area, which can effectively deliver anticancer drug. In addition,
Drug delivery efficiency could be further improved by
embedding targeting ligands, for example, folate, on the surface
of NPs.20 The receptor of folate is overexpressed in different
types of human cancers, for example, malignancies of ovary,
brain, kidney, breast, myeloid cells, and lung.21 Folate is
commonly used for targeting cells because of its high
consumption by proliferating cells, high binding affinity, low
immunogenicity, small size, and ease of modification.22

In our previous report, NPs, composed of two kinds of
copolymers, were successfully obtained, which showed super
targeting ability to cancer cells and better antitumor effect in
vitro.23 Thus, in this work, our objective is to design
multifunctional NPs, which have less nonspecific cellular
interaction in vivo, gather in cancerous regions, and precisely
target cancer cells. In this regard, conjugation techniques were
used to synthesize three distinct copolymers, that is, poly(ε-
caprolactone)-SS-poly(ethylene glycol) (PCL-SS-PEG), poly-
(ε-caprolactone)-polyethylenimine (PCL-PEI), and poly(ε-
caprolactone)-polyethylenimine-folate (PCL-PEI-Fol), and
these three copolymers were then assembled into NPs in
selective solvent (Scheme 1). These NPs could produce
multitasking properties which could enhance the precise
transport of anticancer drug to tumor site. In brief, PEG
from PCL-SS-PEG copolymers could enhance the stability and
in vivo circulation time of NPs, and it could detach from the
NPs in the reductive environment of tumor cells, owing to

cleavage of disulfide bonds. PCL-PEI exhibited negative to
positive charge reversal property, because of its amide bonds
with neighboring carboxylic acid groups which could hydrolyze
in acidic environment. These amide bonds are stable and
negatively charged at neutral pH due to β-carboxylic acid
groups. However, these amides hydrolyze in acidic environment
to reproduce amine groups which contain positive charges.24

Thus, PCL-PEI copolymers add charge reversal capability in
NPs and they could attain positive charges at tumor site
because of high extracellular acidity in tumor (pH < 7). The
positively charged PEI could strengthen the interaction
between NPs and cancer cells and enhance the cellular uptake
efficiency.25 Moreover, the folate content of PCL-PEI-Fol
copolymers could recognize and specifically target cancer cells.
Therefore, this system can show long circulation in vivo,
increase the concentration of NPs at the tumor site, target
tumor cells, and enhance the interaction between cancer cells
and NPs, which could make them promising a candidate in
drug delivery systems.

■ EXPERIMENTAL SECTION
Materials. Poly(ethylene glycol) thiol (PEG-SH, 2 kDa) and

poly(ε-caprolactone) (PCL, 10 kDa) were purchased from Sigma-
Aldrich and used without further purification. Polyethylenimine (PEI,
423 Da) (Aladdin Chemical Co.) was purified by drying over CaH2
and distillation under reduced pressure. N-Phenyltriazolinedione
(PTAD), N-hydroxysuccinimide (NHS), N,N′-dicyclohexylcarbodii-
mide (DCC), and cysteamine were also obtained from Sigma-Aldrich.
Folate (Fol), 1,4-dithio-DL-threitol (DTT), and coumarin-6 were
purchased from Beijing Aoboxing Biotech Co, Aladdin Chemical Co.
and J&K Scientific, respectively.

Synthesis of Block Copolymers. Conjugation technique was
utilized to synthesize PCL-PEI and PCL-PEI-Fol copolymers.
Concisely, activated PCL was obtained by reacting 1.2 mM DCC
(24.76 mg) and 1.2 mM NHS (13.81 mg) with 0.37 mM PCL (0.52 g)
in tetrahydrofuran (THF) under magnetic stirring for 4 h at room
temperature. This activated PCL was then mixed with 4.0 mM PEI
(0.17 g) solution under magnetic stirring for 1 h. The precipitate was
discarded by filtration using 0.45 μm Teflon filter paper. The polymer
product was precipitated in diethyl ether under vigorous stirring and

Scheme 1. Multifunctional Characteristics of NPsa

a(a) Entry of NPs in blood with negative surface charges and long circulating PEG layer; (b) NPs acquire positive surface charges in acidic
environment of tumor tissues; (c) shedding of PEG layers in reductive environment of cancer cells and drug release inside the cancer cells.
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was dissolved in methanol, then dialyzed against excess deionized
water at 4 °C, freeze-dried, and stored at −20 °C. Similarly, 0.3 mM
(0.026 g) folate was activated using 1.2 mM NHS (13.81 mg) and 1.2
mM DCC (24.76 mg) and reacted with 0.3 mM PCL-PEI (0.73 g) to
obtain PCL-PEI-Fol copolymer.
PCL-SS-PEG was synthesized through two steps. First, disulfide

PEG copolymer was obtained by oxidation reaction. Second, PCL was
coupled with disulfide PEG. Briefly, 0.4 mM PEG-SH (80 mg), 0.4
mM cysteamine (3.09 mg), and 1.6 mM PTAD (28 mg) in dry toluene
were mixed together gently until red color solution turned colorless.
This solution was washed with 10% NaOH twice and then with 25%
NaCL once. The organic phase was taken out and dried over Na2SO4.
The obtained product of disulfide PEG copolymer was recrystallized
using n-hexane/ethyl acetate mixture. In the next step, 0.37 mM PCL
(0.52 g) was activated by reacting with 1.2 mM DCC (24.76 mg) and
1.2 mM NHS (13.81 mg) under magnetic stirring for 4 h at room
temperature. The disulfide PEG was then added, and the mixture was
mixed under magnetic stirring for 1 h. The solution was filtered using a
0.5 μm Teflon filter, and polymer product was precipitated in excess
diethyl ether under vigorous stirring. The obtained precipitates were
dissolved in methanol and dialyzed against excess deionized water at 4
°C. The copolymer was then freeze-dried and stored at −20 °C.
Formulation of NPs. A total of 0.2 g of PCL-PEI, PCL-PEI-Fol,

and PCL-SS-PEG copolymers with different wt % ratios (Table 1) was

dissolved in 1 mL of THF. The obtained polymer solution was mixed
with 10 mL of deionized water dropwise under gentle stirring at room
temperature. The solution was then dialyzed against distilled water to
remove organic solvent. After complete removal of the organic
content, the copolymer solution was filtered using a 600 nm filter
membrane to obtain the NPs (abbreviated as Fol/PEI/PEG@PCL
NPs). To prepare the drug loaded NPs, the paclitaxel was dissolved in
the polymer solution. Then the loaded NPs were prepared similarly to
the above procedure.
Charge Reversibility of NPs. Amphiphilic PCL-PEI copolymers

in these NPs exhibited charge reversal property in response to different
pH values which was investigated by zeta potential measurement.
Lyophilized NPs were dispersed in 0.1 M PBS at pH 7.4, 6.0, and 5.0.
This solution was then dialyzed in 0.1 M PBS with same pH value at
37 °C under magnetic stirring for 6 h. Later, the solution was taken
out, and its zeta potential was measured by using a zeta potential
analyzer (Zeta Plus, Brookhaven Instruments Corporation). Each
measurement was performed five times, and the average value was
carried out.
Amide Hydrolysis of PCL-PEI Copolymers. The amide bonds in

PCL-PEI copolymer hydrolyzed in acidic medium, which could
regenerate free PEI molecules and absorb on the surfaces of NPs,
resulting in a more positive surface charge. Thus, the change in the
intensity of peaks related to amine groups was monitored by 1H NMR
spectroscopy at different pH values. In brief, PCL-PEI was dispersed in
10 mM PBS at pH 5.0, 6.0, and 7.4. The solution was dialyzed
(MWCO 1000) against PBS at the same pH at 37 °C. The samples
were taken from the dialysis bag at different time intervals, and the pH
of the samples was adjusted to 11.0 to release the PEI to the medium.
After centrifugation, the supernatant was freeze-dried and dissolved in
D2O. Finally,

1H NMR spectra were recorded on Bruker MSL-300
spectrometer to measure the presence of PEI. For calculating the
hydrolysis percentage of PCL-PEI copolymer at different pH values,
the peak intensity of the amine group peak at 2.70 ppm in 1H NMR
spectra was observed after certain time intervals. Later, these peak

intensities were compared with pure PEI sample peak intensity to
obtain hydrolysis percentage of PCL-PEI.

Destabilization under Reduced Environment. These Fol/PEI/
PEG@PCL NPs showed agglomeration due to shedding of PEG under
reductive environment, which caused the size change of micelle. This
change in size was measured by dynamic light scattering (DLS)
technique. Briefly, 10 mM DTT solution was prepared in PBS (pH
7.4, 50 mM) and added to NPs solution. This solution was then put in
a shaking bath with a speed of 200 rpm at 37 °C. After suitable time
periods, the micelle size was measured by DLS at 37 °C and their
morphology was observed via transmission electron microscopy
(TEM; JEOL, TEM-100, Japan).

Drug Release Behavior. The in vitro release profiles of paclitaxel
(PTX) from the Fol/PEI/PEG@PCL NPs, under reduced and normal
environments, were obtained by dialysis method. In brief, 50 mM PBS
media at pH 7.4 with and without 10 mM DTT were prepared. A
volume of 1 mL of NPs suspension was dialyzed against PBS and PBS
+ DTT media at 37 °C using dialysis bag of 12 000 MWCO. Then 6
mL of the release media was taken out after predetermined time and
replenished with an equal volume of fresh media. The release media
was mixed with 1 mL of DCM and shaken well, the obtained organic
layer. DCM was removed fully through purging with N2 gas, and the
residue was then dissolved in 5 mL of a mixture of methanol, water,
and acetonitrile. The quantity of PTX released from NPs was
determined via HPLC (Waters 2695, Milford, MA). The experiments
were conducted thrice, and the average value was obtained.

Drug Encapsulation Efficiency. PTX loaded NPs were fabricated
and freeze-dried. The amount of the drug encapsulated inside NPs was
calculated by HPLC. Briefly, 5 mg of NPs was dissolved in 1 mL of
dicholoromethane (DCM) under vigorous shaking. Then, 5 mL of
mobile phase (mixture of methanol, water, and acetonitrile with the
ratio of 23:41:36 respectively) was mixed in it. DCM was then purged
out entirely by using N2 gas. This colorless solution was utilized for
HPLC, and its signal at 242 nm was detected using a UV−vis detector
(Waters 2487, dual λ absorbance detector). The measurement was
performed in triplicate. The drug encapsulation efficiency (DEE) was
represented as the percentage of the drug loaded in the final product.

= ×DEE
actual amount of drug in NPs

feeding amount of drug in NPs
100

Cell Viability of NPs. MCF-7 breast cancer cells were cultivated in
RPMI 1640 medium supplemented with 10% fetal bovine serum and
1% penicillin−streptomycin at 37 °C in a humidified environment of
5% CO2. The cells were precultured until confluence was reached prior
to perform experiment.

MCF-7 cancer cells were transferred to a 96-well plate at 4 × 104

cells/mL. After 24 h incubation, the medium was filled with PTX
loaded NPs of different concentrations. The plate was incubated for 1,
2, and 3 days, respectively. Afterward, the suspension was removed and
the wells were washed thrice with PBS. Then 10 μL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 90
μL of medium were added in each well. The plate was further
incubated for about 4 h, and then MTT medium solution was
eliminated, leaving behind precipitates. Finally, the precipitates were
dissolved in 100 μL of DMSO and the absorbance was checked at 570
nm. Cell viability was measured by using the following equation:

= ×cell viability
absorbance of cells treated with drug loaded NPs

absorbance untreated cells
100

In Vitro Cellular Imaging. MCF-7 cancer cells were cultivated in
the confocal imaging chambers (LAB-TEK, Chambered Coverglass
System) at 37 °C. Medium was changed after appropriate intervals
until 80% confluence was reached. The medium was removed, and
cells were washed thrice with PBS. Coumarin-6 loaded NPs were then
put into the confocal imaging chamber. After incubation for 8 h, cells
were washed with PBS thrice, fixed in 4% formaldehyde solution for 20
min, and again washed with PBS twice. Fluorescence images of cells
were obtained via confocal laser scanning microscopy (CLSM, Zeiss
LSM 410, Jena, Germany).

Table 1. Drug Encapsulation Efficiency of NPs with
Different Polymeric Composition

no. % PCL-PEI % PCL-SS-PEG % PCL-PEI-Fol
encapsulation
efficiency (%)

1 10 89 1 75
2 15 84 1 66
3 20 79 1 60
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Characterization. Fourier transform infrared (FTIR) spectra of
lypholized copolymer powder were collected on a Bruker IFS 66 V
vacuum-type spectrometer in a range between 4000 and 500 cm−1. 1H
NMR spectra were taken on a Bruker MSL-300 spectrometer using
tetramethylsilane as an internal standard. GPC chromatograms were
obtained by utilizing a Waters 244 gel permeation chromatograph
instrument with THF as an eluent at a flow rate of 1 mL/min. The
conjugation of folate in PCL-PEI-Fol was confirmed by using a
Shimadzu UV-3600 spectrophotometer. Absorbance of PCL-PEI-Fol
copolymer solution along with standard folate solution was taken from
200 to 500 nm, and the qualitative analysis of folate was performed at
280 nm.
A particle size analyzer (90 plus, Brookhaven Instruments

Corporation), at a fixed angle of 90°, was utilized to measure
hydrodynamic size and size distribution of NPs. Before measurement,
the NPs solution was diluted up to suitable concentration. The
morphology of NPs was studied by TEM (JEOL, TEM-100, Japan).
An appropriate amount of NPs suspension was dripped onto a
nitrocellulose covered copper grid for TEM observation. The surface
morphology of the NPs was investigated via field emission scanning
electron microscopy (FESEM, JEOL JSM- 6700F, Japan). Samples for
FESEM were prepared by dropping a small quantity of NPs

suspension onto the copper tape placed on the surface of the sample
stub. The stub was coated with a platinum layer by using an Auto Fine
Platinum Coater (JEOL, Tokyo, Japan).

■ RESULTS AND DISCUSSION

Synthesis and Analysis of Copolymers. This study
focused on the designing and fabrication of multitasking NPs
which could circulate safely in body, localize in tumor tissue,
and target tumor cells. In order to acquire these characteristics,
three copolymers with distinct properties were synthesized.
PCL-SS-PEG could assist in long circulation, PCL-PEI could
strengthen the accumulation of NPs in cancerous area, and
PCL-PEI-Fol could specifically target to cancer cells.
PCL-PEI and PCL-PEI-Fol copolymers were synthesized via

coupling reactions according to Scheme 2a and b, respectively.
DCC and NHS are used collectively to conjugate carboxylic
acid containing polymers with amine containing polymers.
DCC and NHS are utilized as activating reagent and
condensing agent, respectively. In order to synthesize stable
NHS esters, the activation reaction is performed in organic

Scheme 2. Chemical Synthesis Sequence of Copolymers (a) PCL-PEI, (b) PCL-PEI-Fol, and (c) PCL-SS-PEG

Figure 1. (a) FTIR spectra of PCL-PEI and PCL-SS-PEG. (b) UV−vis spectra of PCL-PEI-Fol along with folate standards.
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solvent using water insoluble condensing agent such as DCC.
Briefly, the carboxyl terminal of PCL was esterified with NHS
in the presence of DCC, and then coupled with primary amine
of PEI. Since PEI has two amine groups at its both ends, excess
amount of PEI was used to suppress the formation of PCL-PEI-
PCL triblock copolymers. Likewise, folate was esterified with
NHS by utilizing DCC and then conjugated with PCL-PEI.
Reduction susceptible disulfide linkages in PCL-SS-PEG can be
introduced by oxidation reaction of thiols using PTAD as a
catalyst. Analogous two steps for the cross-linking of PCL and
PEG-thiol were proposed. In the first step, PEG-cysteamine was
obtained by the reaction of PEG-thiol and cysteamine. In the
second step, PEG-cysteamine was conjugated to PCL to yield
PCL-SS-PEG as shown in Scheme 2c.
The FTIR spectrum of PCL-PEI shown in Figure 1a

describes the successful coupling of PCL and PEI moieties. The
stretching peak of amine group at 3321 cm−1 and the bending
peak of amide bond at 1650 cm−1 were observed.26 The
formation of disulfide bond and the conjugation of PCL to
PEG-cysteamine in PCL-SS-PEG were deduced by the wagging
vibration of CH2−S- at 1270 cm−1 and the bending vibration of
amide bond at 1650 cm−1 in Figure 1a.27 The coupling of folate
with PCL-PEI can be confirmed by UV−visible spectroscopy.28
The characteristic absorbance of folate at 360 nm was seen in
PCL-PEI-FA solution, and the quantity of conjugated folate was
calculated using standard curve method (Figure 1b). It was
determined that 96% (mol) of folate was cross-linked to PCL-
PEI copolymer.
The molecular structure of these copolymers was further

investigated by 1H NMR. Four distinct peaks at 1.4, 1.6, 2.3,

and 4.1 ppm were observed in the spectra of these copolymers
as shown in Figure 2a. These characteristic peaks correspond to
the repeating units of PCL.29 Similarly, characteristic peaks of
PEG at 3.4 and 3.7 ppm and peaks of disulfide bond at 2.85 and
2.92 ppm were also appeared in PCL-SS-PEG spectrum, which
confirmed the successful synthesis of PCL-SS-PEG.30 A
distinguished peak at 2.7 ppm was observed in PCL-PEI
spectrum, which was attributed to the amine group.31 However,
this peak vanished in PCL-PEI-Fol spectrum due to
conjugation of folate with amine of PCL-PEI. Furthermore,
folate related peak was also observed in the region of 6.5−6.7
ppm, confirming the existence of folate segment. The molecular
weights of copolymers were characterized by GPC (Figure 2b).
In this work, equivalent stoichiometric ratios of PCL (10 000
Da) and PEG-thiol (2000 Da) was used to produce PCL-SS-
PEG, while excess amount of PEI (423 Da) was needed, as
compared to PCL, in order to obtain PCL-PEI and prevent the
formation of PCL-PEI-PCL. In agreement with that, GPC
results of all the three copolymers showed monodispersity, and
there was only one peak in every GPC curve. The number-
average molecular weight (Mn) of PCL-SS-PEG, PCL-PEI, and
PCL-PEI-Fol was 14 100, 12 200, and 12 800 Da, respectively.
The poly dispersity index (PDI) was 1.57 for PCL-SS-PEG,
1.41 for PCL-PEI, and 1.32 for PCL-PEI-FA. From these
results, it is clearly indicated that all three copolymers were
successfully synthesized.

Morphological Studies. Amphiphilic copolymers self-
assemble in aqueous medium into hydrophobic core and
hydrophilic shell.32 The PEG/PEI/Fol@PCL NPs were
obtained by precipitation method. It is likely that these

Figure 2. (a) 1H NMR spectra and (b) GPC chromatograms of PCL-SS-PEG, PCL-PEI-Fol, and PCL-PEI.

Figure 3. (a) DLS graph, and (b) TEM and (c) SEM pictures of NPs.
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copolymers formulated sandwich structure NPs with inner PCL
core, and PEG shell, PEI and PEI-Fol embedded in shell.
The size and size distribution of PEG/PEI/Fol@PCL NPs

were measured by DLS as shown in Figure 3a. DLS result
exhibits a unimodal distribution of these NPs in aqueous
medium. The mean hydrodynamic size of NPs was 267 nm.
The shape and size of these NPs were further investigated by
TEM. Figure 3b describes the round shape of these NPs with
the size about 220 nm. The surface morphology was also
studied by SEM. It was observed that these NPs had a smooth
surface (Figure 3c).
Stimuli Responsive Characterictics. These NPs contain

slightly negative charge at physiological pH due to presence of
carboxylic acid amides in PCL-PEI, and carboxyl and hydroxide
groups of other segments of NPs. The negative charge of NPs
was supposed to reduce nonspecific interaction with cells at
normal pH value (pH 7.4). However, when these NPs were at
low pH, such as in the acidic extracellular tumor environment
(pH < 7), the carboxylic acid amides in these PEG/PEI/Fol@
PCL NPs could hydrolyze to regenerate positively charged PEI
due to the presence of PCL-PEI in these NPs. Part of the
generated PEI would absorb on the surface of these PEG/PEI/
Fol@PCL NPs and overcome negative charges, which enabled
these PEG/PEI/Fol@PCL NPs to exhibit positive charges
under acidic environment. These positively charged PEG/PEI/
Fol@PCL NPs are expected to enhance the interaction
between the cancer cells and the NPs. Thus, this negative-to-
positive charge reversibility could increase the localization and
engulf of PEG/PEI/Fol@PCL NPs in cancer cells. The charge
reversal characteristic of PEG-EI-Fol@PCL NPs was deter-
mined by the zeta potential measurement at different pH values
(Figure 4a). The NPs show a negative zeta potential in the

range of −5 to −8 mV at pH 7.4 with different mole ratio of
PCL-PEI to PCL-SS-PEG. However, The change in zeta
potential from negtive to positive is observed at pH 6.0. This
negative-to-positive change in zeta potential confirmed the
formation of cationic PEI in acidic medium. Further decreasing
the pH values of the incubation medium resulted in a
increment of the zeta potetial, which was attributed to the
presence of more amount of positively charged PEI in acidic
medium. This negative-to-positive charge reversibility confered
that these PEG/PEI/Fol@PCL NPs could reduce the non-
specific interaction with cells at normal physiological pH value
because of their negatively charged surface potential, while
enhancing the localization and strong interaction of NPs with
cancer cells in acidic environment, owing to the regeneration of
positive surface charges.33 Moreover, the increment in positive
charges of these NPs, in response to high acidic environment
such as lysosomal acidity (pH 4−5),34 could strengthen the
ability of these PEG/PEI/Fol@PCL NPs to escape from the
lysosomes due to its proton sponge effect and effectively deliver
drug to cancer cells.35

Since the acidic hydrolysis of PCL-PEI causes the amide
bond break and regeneration of cationic PEI, the hydrolysis of
PCL-PEI copolymer at different pH values was determined by
utilizing 1H NMR spectroscopy. The hydrolysis of amides, in
response to pH gradient, could be confirmed by observing the
amine group peak in 1H NMR spectra (Figure 4c).36 Herein,
The intensity of amine group peak at 2.70 ppm was measured
to study the hydrolysis kinetics of PCL-PEI copolymers. In this
regard, PEG/PEI/Fol@PCL NPs suspension was dialyzed
against PBS at pH 5.0, 6.0, and 7.4. When these NPs were
incubated in the medium of pH 5.0, the 1H NMR spectrum
from the sediment was same as that of PEG/PEI/Fol@PCL

Figure 4. (a) Change in zeta potential in response to pH gradient. (b) Hydrolysis degree of PCL-PEI copolymers at pH 5.0, 6.0 and 7.4. (c) 1H
NMR spectra of the supernatant and sediment after the incubation of PCL-PEI copolymer in buffer of pH 5.0.

Figure 5. (a) Size variation of PEG-PEI-Fol@PCL NPs after the addition of DTT with different incubation time. (b) TEM image of PEG-PEI-Fol@
PCL NPs after the addition of DTT. (c) PTX release profile of PEG-PEI-Fol@PCL NPs under normal and reduced in vitro environment.
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NPs incubated in PBS of pH 7.4. All the peaks related to the
PCL-PEI were clearly observed in the spectrum. However,
sharp peaks related to the amine group of PEI at 2.7 ppm were
clearly observed in the supernatant, which confirmed the
enhanced hydrolysis of PCL-PEI copolymers under acidic
environment, and part of the PEI was released to the medium.
Figure 4b describes the hydrolysis percentage of PCL-PEI
copolymer at different pH. It was clearly observed that PCL-
PEI copolymers were stable at normal environment (pH 7.4);
that is, only about 22% of PCL-PEI copolymer was hydrolyzed
to regenerate cationic PEI. Additionally, 61% and 80% of PCL-
PEI copolymer was hydrolyzed at pH 6.0 and pH 5.0,
respectively.
The breaking of disulfide bonds in response to the reduced

environment around the tumor site could facilitate the
endocytosis of NPs by eliminating the size related barrier,
strengthening the interaction between the NPs and cells
because of the expose of folate. Herein, we studied the in vitro
disulfide bond breaking ability. DTT of 10 mM in 50 mM PBS
at pH 7.4 was utilized to mimic the reductive physiological
environment and facilitate the reduction induced cleavage of
disulfide bond in PCL-SS-PEG copolymer. The disulfide bond
of PCL-SS-PEG was broken into thiols in the presence of DTT
via two sequential thiol−disulfide exchange reactions. After the
cleavage of the disulfide bond, PCL-SH and PEG-SH are
formed. The PEG-SH will detach from the NPs, which will
cause the destabilization and agglomeration of PEG/PEI/Fol@
PCL NPs. The size change of PEG/PEI/Fol@PCL NPs due to
agglomeration was characterized by DLS as shown in Figure 5a.
The average particle size of NPs remained constant in the
absence of DTT during the testing period with different ratio of
PCL-SS-PEG, which confirmed the superior stability of PEG/
PEI/Fol@PCL NPs at normal physiological environment.
Nevertheless, these NPs with DTT exhibited abrupt and
quick increment in size with respect to the incubation time. It
indicated the destabilization of PEG/PEI/Fol@PCL NPs,
which resulted in the agglomeration of NPs. Moreover, NPs
with high ratio of PCL-SS-PEG suffered greater size enlargment
because of their much higher detaching rate and more serious
aggregation. The agglomeration of PEG/PEI/Fol@PCL NPs
was also visualized by TEM. After NPs were immersed in 10
mM DTT in 50 mM PBS at pH 7.4 for a certain amount of
time, the serious connection of PEG-PEI-Fol@PCL NPs was
seen in the TEM image, which depicted the agglomeration of
destabilized NPs (Figure 5b).
Figure 5c showes the PTX release profile of PEG-PEI-Fol@

PCL NPs under normal (without DTT) and reduced (with
DTT) environments. Clearly, little amount of PTX was
released from the PEG/PEI/Fol@PCL NPs during the test
period without the presence of DTT. Even after 20 h, only 10%
of the encapsulated PTX was released from the NPs, which
indicated that the PTX could be encapsulated very well in the
NPs and would not be released during the circulation in vivo
under physiological environment. Conversely, a faster release of
PTX from PEG-PEI-Fol@PCL NPs was obtained even 2 h after
the addition of DTT, which offered the reduced environment in
the solution, rendered the cleavage of disulfide bond, caused
the shedding of PEG and the structural breaking of the PEG-
PEI-Fol@PCL NPs, and consequently enabled a quicker release
of PTX. Similarly, a much greater amount of drug was released
from PEG-PEI-Fol@PCL NPs with high content of PCL-SS-
PEG copolymers inside the NPs, which was attributed to the
extensive cleavage of disulfide bonds. The rapid drug release

behavor of PEG-PEI-Fol@PCL NPs in the presence of DTT
suggested that PTX could be efficiently released at the tumor,
and also inside the tumor cells, which consequently
strengthened the therapeutic index.

Drug Encapsulation Efficiency. Table 1 shows the drug
encapsulation efficiency of PTX loaded PEG-PEI-Fol@PCL
NPs with different mole ratios of PCL-PEI to PCL-SS-PEG,
while the quantity of PCL-PEI-Fol was kept constant.
Obviously, increasing the amount of PCL-PEI and decreasing
the amount of PCL-SS-PEG resulted in the lower drug loading
efficiency. According to the literature, PEG moieties on the
surface of NPs enhance the stability and drug encapsulation
efficiency of NPs.37 Thus, in this work, we could adjust the drug
loading efficiency by changing the feeding ratio of the
copolymers.

Cytotoxicity and Cellular Uptake of the PEG/PEI/Fol@
PCL NPs. Drug loaded NPs, which possess enhanced
localization at tumor tissue and binding capacity to cancer
cells without any hindrance, can exhibit excellent cytotoxicity
against the tumor cells. In this report, the PEG segment of NPs
safeguards the targeting segments from nonspecific interaction
prior to arrival at the tumor site. When reaching the tumor site,
the PEG segment is removed and the positively charged PCL-
PEI segment together with folate containing PCL-PEI-Fol
segment were exposed to the tumor cells. The positively
charged PEI segment strengthens the interaction between the
cells and the PEG/PEI/Fol@PCL NPs due to electrstatic
interaction.38 Besides, the folate group would support the
selective binding to cancer cells due to its receptor over-
expression.39 Thus, this kind of NPs would efficiently be
engulfed by tumor cells. The cytotoxicity of the empty and
PTX loaded PEG/PEI/Fol@PCL NPs was determined by
testing the cell viability of MCF-7 cell line with MTT assay for
24, 48, and 72 h as depicted in Figure 6. Empty NPs showed
slightly toxicity to the MCF-7 cell line during the tested period,
This cytotoxicity of empty NPs could be attributed to
reformation of cationic amine groups of the PCL-PEI segments
due to amide bond cleavage in cellular acidic environment
which originated highly positive charge on the surfaces of PEG/
PEI/Fol@PCL NPs. These positively charged NPs might cause

Figure 6. Cell viability of empty and PTX loaded NPs with respect to
time.
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strong interaction with the negatively charged cell membrane,
rupture the cell membrane, and become slightly cytotoxic.40

Moreover, The cytotoxicity increased with the increment in
PTX concentration in NPs. Simultaneously, the toxicity of
PEG/PEI/Fol@PCL NPs increased with the passage of time.
These findings show that and increased amount of the PTX
released from the NPs suppressed the proliferation of MCF-7
cells.
Coumarin-6 loaded NPs were fabricated to investigate the

distribution of PEG/PEI/Fol@PCL NPs in MCF-7 cells by
utilizing CLSM. The NPs were incubated with the MCF-7 cell
line for 2 and 8 h. The engulfing of NPs after 2 and 8 h
incubation is elucidated in Figure 7a and b, respectively. Green
flouresence of coumarin-6 was seen in intracellular compart-
ments, e.g., cytosol, after 2 and 8 h of incubation. However, the
intensity of the flouresence is greater in the 8 h incubated
sample as compared to the 2 h incubated sample. These results
imply the efficacy of NPs which effectively entered the cells in a
short time period and continued to engulf with the passage of
time. This engulfing of NPs within intracellular compartments
could be enhanced due to strong interaction of positively
charged NPs with negatively charged cell membrane, shedding
of PEG chains to minimize size related barriers, and specific
binding of folate with its receptor on cancer cells. Overall, The
properties of PEG/PEI/Fol@PCL NPs, including generation of
positively charges in response to low pH, localization of NPs in
tumor tissue, selective binding ability of folate to cancer cells,
followed by disulfide bond cleavage because of relatively high
concentration of reducing glutathione tripeptide make them
promising as a potential application in drug delivery systems.

■ CONCLUSION
Reduction susceptible PCL-SS-PEG, pH responsive PCL-PEI,
and folate containing PCL-PEI-Fol copolymers were synthe-
sized. These three copolymers were mixed, and multitasking
PEG/PEI/Fol@PCL NPs were fabricated. These NPs could

circulate in the body safely for long time and target tumor cells
specifically in response to low pH and reductive environment.
pH responsive charge reversibility was observed by zeta
potential measurement and confirmed by NMR. Similarly,
reduction triggered shedding of NPs and drug release were
investigated by DLS and HPLC, respectively, and verified by
TEM. In vitro characterization has showed the superior
therapeutic effectiveness and intracellular transport of these
NPs. These findings suggest that NPs composed of two or
more distinct copolymers could be a better platform for
intracellular delivery of anticancer drugs.
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