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ed through an “ATRP
polymerization–esterification” strategy for dual
temperature- and reduction-induced paclitaxel
delivery

JingWen Xu, *a ZhuoMiao Cui, b Xin Ge,c YanLing Luo b and Feng Xu *b

Clinically, the nanotherapy of tumors has been limited by the drug content, efficiency of targeted release, and

bioavailability. In this study, we fabricated an amphiphilic block polymer, poly(2-methacryloyloxyethyl

thiocticcarboxylate)-block-poly(N-isopropylacrylamide) (PMAOETC-b-PNIPAM), using an “ATRP

polymerization–esterification” strategy for paclitaxel (PTX) delivery. The hydrophobic drug paclitaxel was

encapsulated based on hydrogen bond interactions between PTX and the PMAOETC and PNIPAM blocks,

together with hydrophobic interactions between PTX and PMAOETC segments, affording PTX-laden polymer

micelles with �30% drug loading content. The critical micelle concentration of the PTX-loaded polymeric

micellar aggregates was 34.53 mg l�1, as determined through fluorescence spectroscopy, which indicated

favorable stability during infinite dilution by body fluids. The phase transition temperature of the micelles was

tunable (36.10–39.48 �C) via adjusting the lengths of the blocks. The PTX-laden micelles showed the release

of a significant amount of PTX in cancerous tissue, while negligible cytotoxicity was shown against HCT-116

cells in PBS at pH 7.4 and 37 �C. Further in vivo anticancer studies revealed that antitumor treatment using the

PTX-laden micelles caused a significant suppression in tumor volume compared with a free-PTX-treated

group. This study provides a reference for improving drug content levels and optimizing the therapeutic

effects of drug delivery systems from the perspective of polymer preparation.
1. Introduction

Recently, as a fatal disease, the study of malignant tumors has
become a vast emerging research eld due to the wide variety of
tumors and their complicated pathogenesis. However, effica-
cious therapeutic approaches, including gene therapy, drug
therapy, surgical treatment, and chemoradiotherapy, face
unprecedented challenges due to several reasons. In terms of
antitumor drugs, some drug characteristics, such as high
molecular weight and polyanionicity, make drugs more
cumbersome to deliver,1 and non-selectivity, low stability, poor
solubility, and heterogenous biological dispersion can arise.
Additionally, side effects from these drugs can be devastating,
and the serious toxicity of anticancer drugs puts them at risk of
dissociation in the reticuloendothelial system (RES).2 To alle-
viate these dilemmas, self-assembled drug nanovehicles based
on amphiphilic block polymers have evoked great interest as an
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eye-catching platform due to their ability to load, solubilize,
stabilize, and conserve drugs.3–5 Generally, amphiphilic poly-
mers hold innite promise for cancer therapy due to the coex-
istence of hydrophobic and hydrophilic shells. Furthermore,
hydrophobic drugs can be encapsulated in polymers and
assembled into nanocarriers as part of the inner core in
aqueous solutions. Park et al. found that PEG-PDLLA had an
encapsulation efficiency even lower than 2%.6 Considering that
high drug content and drug bioavailability in carriers is crucial
for cancer treatment, some drug delivery systems (DDSs) with
satisfactory drug loading capacities have been fabricated via
adjusting the hydrophobic/hydrophilic balance of the polymers
and the polymer/drug ratio.7 Even so, regulatory strategies are
difficult to control, and improvements in DDS performance are
still limited.8 Only drugs that enter the nuclei work efficiently.9

However, lower drug content levels in polymeric-based micelles
and subsequent torpid and partial release may delay the process
of drug accumulation within nuclei. Above all, drugs that are
released from nanocarriers are apt to decompose and can leak
out before reaching the lesion location, causing serious harm to
normal tissue and having a feeble effect on cancerous tissue.10–12

The assembly of hydrophobic drugs and amphiphilic polymers
that can respond to specic redox, glucose, pH, enzyme, and
temperature stimuli ensures that drugs can exist in the blood
RSC Adv., 2020, 10, 28891–28901 | 28891
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View Article Online
circulation stably under the protection of the hydrophilic segment
of the assembly.13–16 Among the various types of polymers,
disulde-bond-containing polymers can respond rapidly to gluta-
thione (GSH) concentrations that differ from those in normal
tissue; the GSH concentration is 2–20 mM in the blood circulation,
2–10 mM in mammalian cell cytoplasm, and ca. 20 mM intracel-
lularly.17 Besides, 1,4-dithiothreitol (DTT) also can be utilized to
cleave disulde bonds into mercaptan and achieve targeted drug
release.18–20 In 2017, the redox and pH dual-responsive polymer
PEG-SS-COOH was synthesized for DOX delivery; DOX-laden
micelles formed at a 1 : 1 molar feeding ratio of DOX to COOH
and displayed a loading content (LC) of 24.1%.21 Poly(N-iso-
propylacrylamide) (PNIPAM), a frequently used thermo-sensitive
component, was introduced into the structure and adjusted to
obtain a smart polymer that could respond to the specic
temperature of tumor lesions. Additionally, its obvious phase
transition around a low critical solution temperature (LCST) made
it possible to use for hydrophobic drug encapsulation.22

To our knowledge, only a few studies have focused on
improving the drug content and optimizing the therapeutic
efficacy from the angle of polymer preparation. In this work, we
designed an amphiphilic polymer, poly(2-methacryloyloxyethyl
thiocticcarboxylate)-block-poly(N-isopropylacrylamide)
(PMAOETC-b-PNIPAM), with dual temperature- and reduction-
responsiveness based on the ATRP polymerization of both
hydroxyethyl methacrylate (HEMA) and NIPAM, followed by
esterication with thioctic acid (TA). PTX-laden polymers were
prepared through synergistic loading from PMAOETC and
PNIPAM, and they were able to self-assemble into globular
nanomicelles at a critical micelle concentration (CMC) of
34.53 mg l�1. This, combined with a zeta potential (z) of around
30 mV, reects the favorable stability of the DDS during blood
circulation. The obtained PTX-loaded nanomicelles have an
adequate LC of 29.36% and EE of 78.33%, which exceeds the
encapsulation capacity of PNIPAM by over 10%.22 In view of the
signicantly higher GSH concentration and temperature at
lesion sites than in normal human tissue, the dually sensitive
polymer contains appreciable levels of pendant disuldes and
thermo-sensitive PNIPAM blocks. The disassembly behavior of
the micelles was investigated in aqueous solution containing
10 mM GSH and DTT, and an in vitro PTX release study was
performed in the presence of corresponding stimuli mimicking
the physiological cancerous environment. Finally, the cytotox-
icity of the PTX-laden micelles was evaluated via MTT assays
against HCT116 cells. The in vivo anticancer efficacy was
assessed using mice bearing 4T1 tumors, and the results sug-
gested that the PTX-laden micelles were safe and efficient for
tumor suppression. In light of these characteristics of
PMAOETC-b-PNIPAM, this strategy of “ATRP polymerization–
esterication” will hopefully promote drug loading into carriers
and lead to satisfactory therapeutic effects.

2. Experimental section
2.1 Materials and reagents

All chemicals were of analytical grade and purchased from
commercial suppliers. NIPAM and cuprous chloride (CuCl) were
28892 | RSC Adv., 2020, 10, 28891–28901
puried, and the solvents used for reactions needed to have any
water removed prior to use. Unless specied, reagents were
used without further purication.
2.2 Synthetic procedure

PMAOETC-b-PNIPAM was synthesized via a three-step process,
including the ATRP polymerization of hydroxyethyl methacry-
late (HEMA) and N-isopropylacrylamide (NIPAM), and esteri-
cation with thioctic acid (TA). The typical synthesis procedure is
shown in Scheme 1.

2.2.1 Synthesis of the macromolecular initiator PHEMA-Br.
The ATRP polymerization of HEMA was implemented employing
ethyl 2-bromopropionate (EBP) as an initiator at EBP : HEMA
molar ratios of 1 : 30 and 1 : 50. Representatively, HEMA (3.65 ml,
30 mmol) and EBP (128 ml, 1 mmol) were dissolved into acetone–
isopropanol mixed solvent (6 ml, v/v ¼ 2/1) under stirring. Next,
N,N,N0,N00,N00-pentamethyldiethylenetriamine (PMDETA, 633 ml, 3
mmol) and CuCl (0.199 g, 2 mmol) were added promptly, and
“freeze–pump–thaw” circulation was used to thrice remove air and
moisture from the system. Then, polymerization was carried out at
50 �C for 5 h. The polymerizationwas quenched via air-cooling, and
the cyanmixture was collected aer precipitation with excess ether.
This was followed by dissolution in the mixed solvent and then the
solution was passed through a neutral aluminum column to
eliminate the catalyst and unreacted ligands. The residue achieved
aer rotary evaporationwas precipitated in ether thrice to eliminate
unpolymerized HEMA, and the white precipitate was vacuum dried
at 30 �C overnight (yield: 52.5%). 1H NMR (400 MHz, DMSO-d6)
d (ppm): 1.12–1.21 (m, 3H of CH3CH2OCO– and 3H of –CH(CH3)
COO– in EBP residue), 1.50–1.60 (m, 1H, –CH(CH3)COO– of the
EBP structure), 0.77–1.04 (m, 3H, –CH2C(CH3)(COO)– of main
chains), 1.78 (m, 2H, –CH2C(CH3)(COO)– of main chains), 3.90 (m,
2H, –COOCH2CH2OH), 3.58 (m, 2H, –COOCH2CH2OH), 4.81 (s, 1H,
–COOCH2CH2OH). FTIR (lm) v (cm�1): 1166 (C–O stretching
vibration), 1726 (–C]O stretching vibration), 2848–2981 (–C–H
stretching vibration), 3080–3755 (–OH).

2.2.2 Synthesis of PHEMA-b-PNIPAM. PHEMA-b-PNIPAM
was prepared using PHEMA-Br as a macromolecular initiator
through ATRP polymerization at PHEMA-Br : NIPAM : PMDE-
TA : CuCl molar ratios of 1 : 100 : 3 : 2 and 1 : 200 : 3 : 2. Typi-
cally, PHEMA-Br (0.131 mmol, 0.50 g) and NIPAM (13.1 mmol,
1.48 g) were completely dissolved in anhydrous isopropanol–
butanone mixed solvent (4 ml, v/v ¼ 1/1). The ligand PMDETA
(0.393 mmol, 81.7 ml) and catalyst CuCl (0.262 mmol, 25.9 mg)
were blended into the system. “Freeze–pump–thaw” circulation
was carried out thrice. Aer the polymerization process was
carried out at 90 �C for 24 h, the reaction mixture was puried
via passing it through a neutral aluminum column, followed by
rotary evaporation. The obtained liquor was precipitated in
excess ether thrice. Then, the precipitant was vacuum-dried at
25 �C for 24 h (yield: 35%). 1H NMR (400 MHz, DMSO-d6)
d (ppm): 0.70–1.22 (m, 6H of EBP residue, 3H of –(CH2)C(CH3)
COO–, and 6H belonging to –CONHCH(CH3)2 of PNIPAM), 1.61–
2.06 (m, 2H from –CH2CH(CH3)COO– of PHEMA, 2H of –CH2-
CH(CONH)–, and 1H of –CH2CH(CONH)– in PNIPAM), 3.71–
4.05 (m, 2H from –COOCH2CH2OH of PHEMA, and 1H from
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 A schematic diagram of the synthesis of the polymer PMAOETC-b-PNIPAM.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
9:

56
:2

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
–CONHCH(CH3)2 of PNIPAM), 6.93–7.53 (s, 1H,
–CONHCH(CH3)2 of PNIPAM). FTIR (lm) v (cm�1): 1542 (–N–H
bending vibration), 1645 (amide –C]O stretching vibration),
2848–2981 (–C–H stretching vibration), 3136–3500 (N–H
stretching vibration).

2.2.3 Synthesis of PMAOETC-b-PNIPAM. PMAOETC-b-PNI-
PAMwas produced through the esterication of PHEMA-b-PNIPAM
and TA in the presence of 4-dimethylaminopyridine (DMAP) and
the dehydrant N,N0-dicyclohexylcarbodiimide (DCC). Representa-
tively, PHEMA-b-PNIPAM (0.40 g, 8.07� 10�2 mmol, –OH content:
2.26 mmol), TA (3.39 mmol, 0.699 g) and DMAP (2.26 mmol, 0.276
g) were dissolved in anhydrous DMSO (25 ml) in a 100 ml Schleck
ask with a stirring bar and kept in an ice-water bath for 3 h under
a nitrogen atmosphere to ensure the adequate activation of
carboxyl. Next, a solution of DCC (2.712 mmol, 0.560 g) in rened
DMSO (15ml) was added dropwise into the above system over a 1 h
period, and the reaction proceeded at 40 �C for 48 h. The mixture
was ltrated twice to remove the N,N0-dicyclohexylurea (DCU)
precipitate. Then, the solution was dialyzed against deionized water
for 48 h, during which the water was renewed every 3 h. The solu-
tion was lyophilized and freeze-dried aerwards (yield: 35%). 1H
NMR (400 MHz, CDCl3) d (ppm): 1.63 (m, 4H, –OCOCH2CH2CH2-
CH2– from side chains of PMAOETC), 2.36 (m, 2H, –OCO(CH2)4-
CH(S–S)– and –SSCH2CH–H– of PMAOETC), 1.42 (m, 2H,
–OCOCH2CH2CH2CH2– of PMAOETC), 3.06 (m, 2H, –SSCH2CH–H–
of ve-membered rings belonging to PMAOETC), 3.53 (2H,
–OCOCH2CH2CH2CH2– from side chains of PMAOETC), 1.72 (m,
1H, –SSCH2CH–H– of ve-membered rings ascribed to PMAOETC
side chains). FTIR (lm) v (cm�1): 2855–2928 (PMAOETC –C–H
stretching vibration), 1634 (amide –C]O stretching vibration), 1539
(amide –N–H bending vibration), 1157 (–C–O stretching vibration),
3129–3561 (–N–H stretching vibration).
2.3 The generation of PMAOETC-b-PNIPAM polymeric
micelles in aqueous solution

A dialysis method was applied to form the PMAOETC-b-PNIPAM
block polymer micellar solution. Polymer powder (30 mg) at
This journal is © The Royal Society of Chemistry 2020
different reaction feed ratios was dissolved completely in DMSO
(10 ml) and transferred into a dialysis tube (MWCO: 7000) for
dialysis against 2000 ml of deionized water for 72 h. Deionized
water was renewed within predetermined time intervals. Once
DMSO was completely removed, the translucent solution was
gathered into a 25 ml volumetric ask for measurements. The
maximum concentration of the micellar solution was 1200 mg l�1.
2.4 Characterization and determination
1H NMR spectra were recorded using a 400 MHz Bruker Avance
spectrometer (Bruker, Germany) at 25 �C with DMSO-d6 and
CDCl3 as solvents, and tetramethylsilane was used as the
internal standard. Fourier transformation infrared (FTIR)
analysis was performed using an EQUINX55 FTIR spectropho-
tometer (Bruker Corp., Germany) through the KBr pellet
method. A gel permeation chromatography system (GPC,
Waters Corp., USA) with a Waters 515 pump and Waters 2410
differential refractive index detector was used to determine the
number-averaged molecular weight (Mn), weight-averaged
molecular weight (Mw) and polydispersity index (PDI) data
from the polymers; linear polystyrene and chromatographically
pure THF were selected as the calibrated standard and eluent,
respectively.

A FluoroMax-4 spectrouorophotometer (HORIBA Scientic,
USA) was adopted to investigate the micellization behavior and
CMC using a pyrene probe. In brief, an acetone solution of
pyrene (4.8 ml, 5 � 10�4 M) was added into the sample cell and
dried for 2 h to ensure that the acetone fully evaporated. Then,
micellar solutions (4 ml) with different concentration gradients
(1 � 10�4 to 5 � 10�1 mg ml�1) were added into the corre-
sponding cells to allow for assembly with pyrene while stirring
overnight. The uorescence spectra were collected at an exci-
tation wavelength of 331 nm, the emission wavelength ranged
from 350–550 nm, and the slit width for both excitation and
emission was 2 nm.

A dynamic light scattering (DLS, BI-90Plus, America)
instrument equipped with an argon laser was selected to detect
RSC Adv., 2020, 10, 28891–28901 | 28893
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hydrodynamic diameter (Dh), polydispersity index (PDI), and z

data from the micelles (100 mg l�1). DLS analysis was carried
out under the following conditions: l, 660 nm; deection angle,
90�; power output, 15 mW; 25 �C. For reduced micelles, reduced
GSH (12.3 mg) was blended into the polymer micellar solution
(4 ml, 1� 10�1 mgml�1) under stirring at 25 �C. Aerwards, the
Dh values of the reduced micelles were detected at 0, 0.5, 4, and
24 h. The morphologies and size dispersions of micelles with/
without GSH treatment were observed via JEM-2100 trans-
mission electron microscopy (TEM, Electron Corp., Japan) at an
accelerating voltage of 200 keV. Prior to observations, blank,
GSH-reduced, PTX-laden, and released (under thermal and
reductive conditions consistent with tumor sites) micellar
solutions (10 ml, 1 � 10�1 mg ml�1) were transferred onto
carbon lm, followed by air-drying.

A UV-vis spectrophotometer (UV-6100S, Mapada, Shanghai)
was used to record the transmittance of micellar solutions (1 �
10�1 mg ml�1) at temperatures ranging from 20–70 �C, as this
can serve as a critical parameter for evaluating thermal
responsiveness.
2.5 The reduction-induced assembly behavior of polymer
micelles

The assembly behavior of PMAOETC-b-PNIPAMmicelles treated
with 10 mM GSH in PBS at pH 7.4 was detected using DLS and
TEM at different time intervals. Specically, 4 ml of prepared
micellar solution containing 0 or 10 mM GSH was subjected to
gentle stirring at 37 �C for 0, 0.5 h, 4 h, and 24 h.
2.6 The loading of PTX into micelles via self-assembly

As a model anticancer drug, PTX was loaded into the polymer
micelles via dialysis. PMAOETC-b-PNIPAM (40 mg) and PTX (10
mg) were dissolved entirely in DMSO (6 ml). Next, a small
amount of deionized water was added dropwise until the solu-
tion became turbid. The mixture was then encased in a dialysis
bag (MWCO: 7000) and dialyzed against deionized water for an
additional 72 h. The water was replaced every 8 h. Dissociated
PTX was removed via low-speed centrifugation, and PTX-laden
micelles were obtained via lyophilization and then collected
and stored at 4 �C for further measurements. LC and EE values
for PTX were calculated on the basis of eqn (1) and (2):

LC (%) ¼ (amount of PTX in polymer/amount of PTX-laden

polymer) � 100% (1)

EE (%) ¼ (amount of PTX in polymer/amount of PTX added

originally) � 100% (2)

Prior to measurements, the linear relationship between the
PTX concentration and UV absorbance at 210 nm was obtained
via a calibration curve to achieve the equation:

C (mg l�1) ¼ (A � 0.0128)/0.39082 (R2 ¼ 0.9982) (3)

where C represents the concentration of PTX in standard solu-
tion, and A denotes the absorbance at 210 nm. Additionally,
28894 | RSC Adv., 2020, 10, 28891–28901
drug-encapsulated micelles were dissolved in methanol to
detect the LC of the synthesized PTX-loaded micelles.
2.7 The temperature- and reduction-induced release
behavior of PTX-laden micelles

To assess the responsiveness of the PTX-laden nanoparticles to
thermal and reduction stimuli, PBS solution of lyophilized PTX
encapsulating polymer powder (4 mg, 1 mg ml�1) was encased
in a dialysis bag (MWCO: 3500) and dialyzed against 200 ml of
PBS (pH: 7.4 and 5.6) containing different reductants (GSH and
DTT) at 10 mM under gentle stirring at 30, 37, and 42 �C for
85 h. At predetermined time intervals, 4 ml aliquots were
extracted from the dialysis medium and supplemented with
isometric fresh medium. The cumulative PTX release amount
was assessed via determining the medium absorbance at
210 nm of samples taken out aer different time intervals. The
cumulative PTX release was calculated as follows:

Cumulative PTX release (%) ¼ (Mt/Mo) � 100 (4)

where Mt and Mo denote the mass of PTX at time t and the
amount of PTX encapsulated in the micelles, respectively.
2.8 The in vitro cytotoxicity of PTX encapsulating micelles

The human colon cancer cell line HCT116 was purchased from
Mingjin Biology (Shanghai, China) and cultured in DMEM
supplemented with 10% fetal calf serum (Gibco, America) under
fully humidied conditions containing 5% CO2 at 37 �C. The
cytotoxicities of prepared blank and PTX-laden polymer
micelles against HCT116 cells were measured using MTT
assays. HCT116 cells were seeded on 96-well plates at a density
of 1 � 105 per well and cultured in 200 ml of DMEM with 10%
Hyclone fetal bovine serum for 24 h at 37 �C in 5% CO2. Next,
themediumwas removed, cells were rinsed with PBS thrice, and
200 ml of free PTX, blank and PTX-encapsulated micellar solu-
tions with different concentration gradients from 1 to 500 mg
l�1 were suspended in pure DMEM and incubated for 72 h. Aer
that, the cells were eluted with PBS (pH 7.4) thrice and sup-
plemented with another 180 ml of fresh DMEM and 20 ml of MTT
solution (5 mg ml�1). Aer the nal 4 h, 150 ml of DMSO was
added into the sediment and the mixture was shaken for
10 min. HCT116 cells were seeded into fresh culture medium
and incubated under the same conditions to act as a negative
control.

The absorbance values were recorded using a Model 680
universal microplate reader (Bio-Rad laboratories (UK) Ltd) at
490 nm. The cell viability was estimated via the following
formula:

Cell viability (%) ¼ ODSample/ODControl � 100% (5)

where ODSample and ODControl signify the optical densities of the
sample and negative control wells, respectively. Statistical
signicance was evaluated using Student's t-test. All quantita-
tive data are presented as mean value � standard deviation.
This journal is © The Royal Society of Chemistry 2020
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2.9 In vivo animal studies

2.9.1 In vivo anticancer efficacy. The murine breast cancer
cell line 4T1 was supplied by Mingjin Biology (Shanghai, China)
and cultured in RPMI 1640 supplemented with 10% fetal calf
serum (Gibco, America) under humidied conditions contain-
ing 5% CO2 at 37 �C. The conventional digestion and selection
of cells in the exponential growth phase were performed for
subsequent experiments.

Male Balb/c mice (20 � 2 g), purchased from the Laboratory
Animal Center of Xi'an Jiaotong University, were selected to
investigate the anticancer efficacy. Animals were fed standard
lab chow and tap water. All animal procedures were performed
in accordance with the Guidelines for Care and Use of Labora-
tory Animals of Xi'an Jiaotong University, and experiments were
approved by the Animal Ethics Committee of Xi'an Jiaotong
University Health Center. The mice were divided into 5 groups
randomly (n ¼ 3). Then, 0.1 ml of PBS containing 1 � 106 4T1
murine breast cancer cells was inoculated subcutaneously
below the mouse shoulder. PTX, and blank and PTX-entrapped
micelles were injected into each group when the tumor volume
reached 100 mm3 (PTX dose: 5 mg kg�1; tumor volume ¼ (L �
W2)/2, herein L andW denote the length and width of the tumor,
respectively). The remaining injections were performed on days
3, 6, 9, 12, and 15. The control groups were injected with
isometric normal saline and PBS. The tumor sizes and mice
body weights were monitored at predetermined time intervals.

2.9.2 Histological testing. On day 15 of treatment, the ve
mice groups were sacriced; their major organs, including
hearts, livers, spleens, lungs, and kidneys, were removed, xed
in 4% formaldehyde, processed with paraffin, and sliced. The
sections obtained were dyed with hematoxylin and eosin (H&E)
for histological analysis.
3. Results and discussion
3.1 Synthesis and characterization of PMAOETC-b-PNIPAM
block polymers

Temperature- and reduction-sensitive PMAOETC-b-PNIPAM
block polymers were synthesized via the ATRP polymerization
of HEMA and NIPAM, using EBP and PHEMA-Br as initiators,
respectively. This was followed by esterication with TA. The
chemical structure of each product was characterized via 1H
NMR and FTIR.

Fig. 1 shows the 1H NMR spectra of PHEMA, PHEMA-b-
PNIPAM, and PMAOETC-b-PNIPAM. The characteristic peak
from hydroxyl protons belonging to PHEMA appears at
4.81 ppm (Fig. 1A), and the signal from protons of amide units
is located at 7.16 ppm (Fig. 1B). The representative peaks from
protons attributed to the ve-membered ring of TA emerge at
1.72, 2.36, and 3.06 ppm (Fig. 1C). This indicates that PHEMA-
Br, PHEMA-b-PNIPAM, and PMAOETC-b-PNIPAM were
successfully prepared. Furthermore, the chemical signals from
both double bond protons of NIPAM (Fig. 1B) and hydroxyl
protons attributable to PHEMA units (Fig. 1C) disappear, which
further conrms that the ATRP polymerization of HEMA and
the esterication of TA were successfully carried out.
This journal is © The Royal Society of Chemistry 2020
Additionally, FTIR analysis was also performed to verify the
components of PMAOETC-b-PNIPAM and its precursors. Due to
the existence of hydrogen bonds interacting with the amide
structures, the stretching vibration of –NH– was split into two
signals at 3294 and 3419 cm�1.

The –C–H (2855–2928 cm�1), –C]O (1634 cm�1 from amide
carbonyl, 1724 cm�1 from ester carbonyl of PMAOETC), –C–O
(1157 cm�1) and –NH– (3129–3561 cm�1) stretching vibrations,
and –NH– (1539 cm�1) bending vibration also validate the
chemical structure of PMAOETC-b-PNIPAM (Fig. 1D(c)).

Chemical composition and molecular weight (Mn) values
were estimated using the integration area ratio of the terminal
methyl peak of EBP at 1.21 ppm to the peak attributed to
hydroxyl from HEMA at 4.81 ppm. Similarly, the integration
area ratio of the hydroxyl peak from PHEMA at 4.81 ppm to the
peak area of methyne from PNIPAM at 3.91 ppm was identied
as illustrating the repeat unit number of NIPAM. When the
hydroxyl peak from PHEMA at 4.81 ppm disappeared aer
esterication, the Mn value of PMAOETC-b-PNIPAM was
assessed according to the following formula:

Mn (PMAOETC-b-PNIPAM) ¼Mn (PMAOETC-b-PNIPAM) +

xMn (TA) � xMn (H2O)

where x signies the repeat unit number of TA, andMn (TA) and
Mn (H2O) are 206.3182 and 18 g mol�1, respectively. There are
about 28 and 40 HEMA repeat units in PHEMA-Br, and 10 and
21 NIPAM repeat units polymerized in PHEMA-b-PNIPAM.
Therefore, it can be deduced that the maximum conversion
ratios of HEMA and NIPAM are 93.3% and 10.0%, respectively.
The polymers with the composition formulae of PMAOETC28-b-
PNIPAM10, PMAOETC28-b-PNIPAM21, and PMAOETC40-b-
PNIPAM10 are hereaer denoted as P1, P2, and P3, respectively.

In addition, the GPC curves of the polymers are shown in
Fig. 2; it is clear that symmetric elution curves with single peaks
and, moreover, without tailing and impurity peaks are exhibited
over the whole retention region, manifesting the good control of
the polymer synthesis process. The molecular weight and PDI
data for all polymers are presented in Table 1.

3.2 The self-assembly of PMAOETC-b-PNIPAM polymers in
aqueous solution

PNIPAM and PMAOETC served as the hydrophilic and hydro-
phobic blocks in the polymers and are expected to self-assemble
into micelles with an appropriate hydrophilic/hydrophobic
balance (Scheme 2). As a uorescent probe, pyrene was intro-
duced into the micelles for encapsulation into the micellar
cores to analyze the CMC by virtue of changes in the uores-
cence intensity ratio. Excitation spectra at 330 nm, emission
spectra ranging from 350–550 nm, and the intensity ratio (I383/
I372) versus the logarithm of micellar concentration were
employed to the determine CMC. I383/I372 vs. log C plots of the
polymeric micelles are shown in Fig. 3. The corresponding
concentration at the intersection of two tangents of the tting
curve is regarded as the CMC. As such, 19.49, 26.74, and 8.14mg
l�1 are the CMC values corresponding to P1, P2, and P3,
respectively (Table 2). Micelles form easily and are dynamically
RSC Adv., 2020, 10, 28891–28901 | 28895
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Fig. 1 1H NMR spectra of (A) PHEMA-Br, (B) PHEMA-b-PNIPAM, and (C) PMAOETC-b-PNIPAM. (D) FTIR spectra of (a) PHEMA-Br, (b) PHEMA-b-
PNIPAM, and (c) PMAOETC-b-PNIPAM.
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stable throughout multi-dilution from bodily uids. It can be
concluded that the decreased CMC value is due to a decrease in
the PNIPAM block concentration and an increase in the
PMAOETC segment concentration. Comparing the CMC values
of blank micelles and their PTX-loaded counterparts, the slight
increases may be due to the participation of hydrophobic PTX
and the larger micellar aggregates that are generated. As part of
the hydrophobic core, the PTX-loading content directly affects
the CMC value, as shown by the PTX-loaded P1 and P2 micelle
values of 69.83 and 34.53 mg l�1, respectively. The enhanced
hydrophobicity of the P2 micelles originates from the higher
Fig. 2 The GPC curves of PHEMA28-Br, PHEMA28-b-PNIPAM21, and
PMAOETC28-b-PNIPAM21 (P2).

28896 | RSC Adv., 2020, 10, 28891–28901
level of PTX encapsulation, leading to a lower CMC value than
that of the PTX-laden P1 micelles.

The zeta potential values (z, Table 2) illustrate that the
polymer micelles are positively charged, which is probably due
to the fact that both PMAOETC and PNIPAM are ionized in
aqueous solution. The absolute z values of around 30 mV
suggest that the polymer micelles have favorable stability.
Specically, the absolute value of z was enhanced from 29.24 to
36.19 mV upon increasing the length of the NIPAM block, while
there was a negligible effect from PMAOETC on z in the pres-
ence of identical PNIPAM block lengths. Stronger hydration
originating from intense inter- and intra-molecular hydrogen
bond interactions between NIPAM and H2O can improve the
micellar solution stability. In general, positively charged
micelles tend to interact with negatively charged cancer cell
membranes, facilitating subsequent PTX release.
3.3 The reduction and thermal responsiveness of the
polymeric micelles

The morphologies and size dispersions of reduction-sensitive
micellar aggregates were investigated via DLS and TEM
(Fig. 4). There exists an inherent reducing environment in bio-
logical systems that needs to be taken into consideration. In
cancerous tissue, GSH is an important reductant, with
concentrations 102 to 103 times that in normal tissue. There-
fore, the reduction-responsive behavior of PMAOETC-b-PNIPAM
micelles was investigated through DLS and TEM (Fig. 4A–E). To
simulate the physiological milieu, the prepared P2 micellar
This journal is © The Royal Society of Chemistry 2020
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Table 1 The molecular weight parameters of the polymers

Feed molar ratio
Experimental molecular
weight from 1H NMR

Conversion molar
ratio (%) Sample

Molecular weight from GPC

Mn Mw PDI (Mw/Mn)

nEBP/nHEMA ¼ 1 : 30 3825 93.3 PHEMA28-Br 7287 9480 1.30
nEBP/nHEMA ¼ 1 : 50 5400 80.0 PHEMA40-Br 10 820 13 525 1.25
nPHEMA30-Br/nNIPAM ¼ 1 : 100 4965 10.0 PHEMA28-b-PNIPAM10 9630 13 675 1.42
nPHEMA30-Br/nNIPAM ¼ 1 : 200 6219 10.0 PHEMA28-b-PNIPAM21 17 909 23 819 1.33
nPHEMA50-Br/nNIPAM ¼ 1 : 100 6540 10.0 PHEMA40-b-PNIPAM10 19 091 23 291 1.22
nPHEMA30-b-PNIPAM100

n–OH/nNIPAM ¼ 1 : 1.5 10 761 66.7 PMAOETC28-b-PNIPAM10 22 024 37 000 1.68
nPHEMA30-b-PNIPAM200

n–OH/nNIPAM ¼ 1 : 1.5 12 015 66.7 PMAOETC28-b-PNIPAM21 29 655 45 075 1.52
nHEMA50-b-PNIPAM100

n–OH/nNIPAM ¼ 1 : 1.5 14 820 66.7 PMAOETC40-b-PNIPAM10 30 258 50 833 1.68

Scheme 2 A schematic illustration of the self-assembly, PTX loading,
accumulation, and targeted release of PMAOETC-b-PNIPAM.
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solution was treated with 10 mM GSH and analyzed at pre-
determined time intervals. It is noteworthy that the more
thorough the reduction by GSH, the larger the Dh value of the
micelles. As seen from the DLS data (Fig. 4A(a–d)), the Dh values
of the P2 micelles reduced by GSH at 0, 0.5 h, 4 h, and 24 h are
151.1, 184.3, 233.7, and 521.8 nm, respectively. A globular P2
micelle structure with a PMAOETC core and PNIPAM shell is
observed, showing that Dh varies from 65 to 122 nm, centered at
Fig. 3 Fluorescence intensity ratio (I383/I373) vs. logarithm of concentra
polymer micelles.

This journal is © The Royal Society of Chemistry 2020
95 nm (Fig. 4B), to 80 to 217 nm, averaging about 210 nm, aer
GSH reduction for 24 h (Fig. 4C). This change is consistent with
DLS analysis. The homogenously dispersed micelles become
big micellar aggregates composed of micelles of various sizes
aer reduction. In fact, disulde bonds are liable to break into
mercaptan in the presence of reduced GSH. The stronger
hydrophilicity of mercaptan compared to that of disulde
bonds leads to hydrogen bonds and other interactions and
subsequent micellar aggregate formation. In addition, the
enhanced hydrophilicity of mercaptan results in stronger
swelling, thereby increasing the shell layer thickness and
micellar size.23–25 By contrast, the micellar size from DLS is
much larger than that captured via TEM, which is mainly due to
the dehydration of micelle solution that occurs during the
process of TEM sample preparation.26,27

Aer loading PTX onto the polymers, the distinguished core–
shell structure of the resulting PTX-laden micelles is remark-
able (Fig. 4D); the Dh values of PTX-loaded P2 micelles are
distributed within the range of 111–133 nm and focused at
122 nm. The hydrophobic anticancer drug PTX can be encap-
sulated by means of hydrophobic stacking with PMAOETC
segments as the inner core with the PNIPAM layer as an outer
shell to stabilize the PTX-laden micelles and further prevent
PTX leakage before reaching the cancerous site. Aer PTX
loading into the PMAOETC block, the micellar size increased to
122 nm compared to a size of 95 nm for blank P2 micelles.
Hence, it was validated that PTX-laden micelles were success-
fully prepared.
tion plots for blank (A) and PTX-laden (B) PMAOETC-b-PNIPAM block

RSC Adv., 2020, 10, 28891–28901 | 28897
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Table 2 The physicochemical parameters of the PMAOETC-b-PNIPAM block copolymer micelles

P1 P2 P3

CMC (mg l�1) Blank micelles 19.49 26.74 8.14
PTX-entrapped micelles 69.83 34.53 —

Zeta potential (z, mV) 29.24 � 0.90 36.19 � 1.38 30.17 � 0.69
LCST (�C) 39.48 36.10 —
LC (%) 12.70 22.53 29.36
EE (%) 46.83 69.60 78.33
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The morphology of the PTX-laden micelles aer release in
PBS at pH 5.6 with 10 mMGSH at 42 �C aer 83 h is displayed in
Fig. 4E. Dh ranged from 81 to 311 nm, concentrated at 194 nm,
for the PTX-laden P2 micelles aer release under thermal and
GSH dual stimulation. Signicantly, despite the many holes and
alveoli that emerged in the core region of the micelles, the core–
shell structure remained. One possible explanation is that the
initial hydrophobicity changed when the disulde bonds were
reduced tomercaptan by GSH, followed by the reassembly of the
micelles. The uneven holes may be attributed to various degrees
of reduction. Aer 83 h of PTX release, the PTX-laden micelle
Fig. 4 (A) Dynamic diameter (Dh) values of P2 micelles in aqueous solutio
24 h. TEM photographs of blank P2 micelles treated with (B) 0 mM and (C
and (E) PTX-laden P2 micelles after release in PBS at pH 5.6 containing
polymeric micelles obtained via UV-vis spectroscopy.

28898 | RSC Adv., 2020, 10, 28891–28901
size can be up to 194 nm, which is ascribed to two reasons. First,
the GSH-induced reduction of disulde bonds into mercaptan
led to enhanced hydrophilicity and swelling, and micellar sizes
larger than those of the blank micelles aer reduction. Second,
at the end of the release process, 40% of PTX still remained in
the PMAOETC segments, causing the micellar size to increase to
some extent. Thus, the aforementioned results reveal that the
PMAOETC-b-PNIPAM polymeric micelles can be reduced by
GSH in cancerous tissue.

As the thermally sensitive PNIPAM was introduced into
polymer, the thermo-sensitivity of the prepared micelles was
n containing (a) 0 mMGSH, and 10mMGSH for (b) 0.5 h, (c) 4 h, and (d)
) 10 mMGSH after 24 h. TEM photographs of (D) PTX-laden P2 micelles
10 mM GSH at 42 �C for 85 h. (F) Transmittance–temperature plots of

This journal is © The Royal Society of Chemistry 2020
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investigated using a UV-vis spectrometer (Fig. 4F). The results
indicate that a denite phase transition appears as the
temperature increases, and the LCSTs of the P1 and P2 micelles
are 39.48 and 36.10 �C, respectively. Obviously, P2 contains
more NIPAM units than P1, leading to the higher molecular
weight of P2, which results in a lower LCST than P1. In cases in
which there are the identical amounts of PMAOETC, the
molecular weight of PNIPAM determines the LCST directly,
which can be explained using Flory–Huggins theory.28 This
theory states that the molar volume ratio, r, of a polymer to
a solvent decreases with decreasing molecular weight, and cc

increases, thus causing P1 to have a higher LCST. This agrees
with conclusions drawn by Furyk, Laukkanen, and Xia et al.29–31

However, P3 does not exhibit obvious thermo-responsive
behavior in the temperature range of 20–70 �C, which is
mainly attributed to the exible chains of PMAOETC shielding
the PNIPAM blocks. Based on these results, we demonstrated
that the polymers containing 28 MAOETC repeat units possess
both reduction- and thermo-responsiveness.
Fig. 5 In vitro PTX release plots of PTX-laden P2 micelles in PBS (pH
7.4) at 37 �C (a), PBS (pH 7.4) at 30 �C (b), PBS (pH 5.6) containing
10 mM DTT at 42 �C (c), and PBS (pH 5.6) containing 10 mM GSH at
42 �C (d).
3.4 PTX encapsulation and in vitro temperature- and
reduction-induced PTX release

PTX, as a template anticancer drug, is widely applied using drug
delivery systems so that it can have the most optimal effects in
cancer therapy. PTX is solubilized for interactions with the
hydrophobic PMAOETC core. The Dh value of the homo-
dispersed PTX-loaded micelles becomes larger when PTX is
introduced into the micelles. Only a limited amount of PTX can
be loaded into the PNIPAM section in view of the hydrogen
bond interactions between them.22 The LC values of the P1, P2,
and P3 micelles are 12.70%, 22.53%, 29.36%, respectively, and
the corresponding EE values are 46.82, 69.60%, and 78.33%,
respectively (see Table 2). Additionally, a comparison between
PTX-laden P1 and P3 micelles shows that the longer the
PMAOETC block, the more PTX can be encapsulated into the
micelles. Meanwhile, PNIPAM10 and PNIPAM20 possess LC
values of 10.31 and 12.64%, respectively, and EE values of 38.43
and 40.62%, respectively, lower than the loading capacities of
the polymeric micelles. Both PTX-encapsulating P1 and P2
micelles have sufficient LC and EE values, especially since the
longer PNIPAM segment can be conducive to stabilizing the
micellar structure and preserving PTX in the micellar core. The
results are consistent with the CMC values of the PTX-
encapsulated micelles. Taking the PTX content and synergetic
responsiveness of the micelles into consideration, the lyophi-
lized PTX-laden P2 micellar powder is suitable for further in
vitro release studies.

Furthermore, in vitro temperature- and reduction-triggered
PTX release experiments involving PTX-encapsulating micelles
were performed under the following conditions: in PBS (pH 7.4)
at 37 �C (almost equivalent to the LCST of P2) or 30 �C (lower
than the LCST of P2), and in PBS (pH 5.6) containing 10 mM
DTT or 10 mM GSH at 42 �C, corresponding to the tumor
intracellular environment. Only approximately 18.47% PTX is
isolated from the PTX-loaded micelles in PBS at pH 7.4 and
30 �C over the whole release process, while the accumulated
This journal is © The Royal Society of Chemistry 2020
PTX release amount reached 28.86% in PBS at pH 7.4 and 37 �C
(Fig. 5(a and b)). It is indicated that the PNIPAM blocks respond
to temperature changes and a phase transition happens aer-
wards, leading tomicellar shrinkage and the subsequent diffuse
release of PTX. These results show that PTX is steadily attached
to the micelles in normal tissue. Furthermore, the PTX release
amount sharply increases to 37.21% at 48 h and 61.03% at 83 h
upon the addition of 10 mM DTT at 42 �C (Fig. 5(c)). For the
release results under GSH stimulation at 42 �C, the cumulative
release of PTX reaches 33.27% within 34 h and tends to even out
thereaer, reaching 40.87% in the end (Fig. 5(d)). The higher
amount of PTX release from PTX-laden P2 micelles in 10 mM
DTT compared to isometric GSH is due to the stronger reduc-
tion abilities of DTT. In our study, the PTX-laden P2 micelles
were shown to respond satisfactorily to characteristic reduc-
tants and increased temperatures at tumor sites.
3.5 The cytotoxicity of PTX-laden polymeric micelles

As a drug delivery vehicle, it is essential to evaluate the cyto-
toxicity of PTX-laden P2micelles against HCT116 cells. Free PTX
presents dose-dependent cytotoxicity in the concentration
range from 0.1 to 20 mg l�1, and the IC50 value was deduced to
be approximately 3.29 mg ml�1 (Fig. 6). However, the empty
micelles exhibit relatively lower cytotoxicity than that of free
PTX, achieving almost 90% cell viability, and some surpass
100% when the micellar concentration is over 300 mg l�1. This
may be ascribed to the function of TA in facilitating cell growth.
For PTX-loaded micelles, the slight decrease in cell viability is
not only caused by a tiny amount of PTX being released under
the stimulation of reduced GSH in cancer cells, but it is also due
to a trace amount of PTX leaking from the micelles under the
culture conditions (PBS at pH 7.4 and 37 �C), which is in
accordance with the results illustrated in Fig. 5(a). We demon-
strate that the empty micelles are nontoxic, and the PTX-laden
polymeric micelles can be used as PTX nanocarriers.
3.6 In vivo studies

3.6.1 Anticancer efficacy. The anticancer efficacy of free
PTX and PTX-laden micelles were estimated in 4T1-tumor-
RSC Adv., 2020, 10, 28891–28901 | 28899
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Fig. 6 The viabilities of HCT116 cells treated with free PTX, blank
micelles, and PTX-loaded micelles as a function of the micellar or PTX
concentration (n ¼ 3).
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bearing Balb/c mice were studied to show the relationship
between tumor volume/body weight and treatment time. In this
study, normal saline and PBS (control), free PTX, blank
micelles, and PTX-entrapped P2 micellar solutions were injec-
ted intravenously. The relative tumor volumes (V0 and V denote
the volume initially and aer the measurement period,
respectively) and mice body weights (W0 andW signify the body
weight initially and aer the measurement period, respectively)
Fig. 7 Tumor volume (A) and body weight (B) trends of 4T1-tumor-bea
micelles (b), PTX-entrappedmicelles (c), normal saline (d), and PBS (e) at a
lung, and kidney samples from mice on day 15 (200�) (C), and the excis

28900 | RSC Adv., 2020, 10, 28891–28901
were calculated every three days (Fig. 7A and B). As expected,
treatment using PTX-loaded micelles caused a distinguishable
suppression in tumor volume, 1.34 times higher than the free-
PTX-treated group (Fig. 7A). From the results displayed in
Fig. 4E and 5, the synergistic effect of reduced GSH, DTT, and
temperatures higher than the LCST led to the rupturing of the
micelles and simultaneous PTX release, thereby causing tumor
cell apoptosis. Free PTX did not achieve an improved anticancer
effect because of its strong hydrophobicity. Moreover, the body
weights of mice treated with the PTX-entrapped micelles
exhibited a promising trend (Fig. 7B), reecting that the dual-
responsive micelles can circumvent the side effects of thera-
peutic agents such as PTX.

3.6.2 Histological assays. Haematoxylin and eosin (H&E)
staining was employed to study the histological characteristics
of excised major organs (hearts, livers, spleens, lungs, and
kidneys) from 4T1-tumor-bearing mice treated with PTX-laden
nanoformulations. The typical histological features are pre-
sented in Fig. 7C. The results indicate the presence of distinct
heart damage caused by free PTX,32 however, no pathological
abnormalities appear in the mice treated with the PTX-laden
micelles in comparison with the control groups. Thus, the
PTX-loaded micelles can potentially be applied as an effective
anticancer formulation in vivo due to the circumvention of
cardiotoxicity from PTX. Apart from enhanced PTX
ring Balb/c mice after the intravenous injection of free PTX (a), blank
PTX dose of 5mg kg�1. Histological images of sliced heart, liver, spleen,
ed tumor sizes after 15 days of treatment (D).
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accumulation at cancerous sites under thermal and reduction
stimuli, the negligible pre-leakage and low retention of drugs in
healthy organs and tissue mean that the carrier can circumvent
the severe side effects of free PTX. These results highlight the
biosafety and anticancer efficacy of the PTX-laden nano-
formulations. The volumes of the excised solid tumors seen in
Fig. 7D are consistent with the tumor size and mice body weight
trends seen during the overall treatment process (Fig. 7A and B).
4. Conclusions

In summary, a type of temperature- and reduction-responsive
amphiphilic block polymer, PMAOETC-b-PNIPAM, was
prepared via an “ATRP polymerization–esterication” strategy
and utilized for PTX delivery. Through synergistic loading using
the PMAOETC and PNIPAM blocks, the PTX-laden nanomicelles
displayed an improved drug loading capacity (LC of 29.36% and
EE of 78.33%) and favorable stability (z of approximately 30
mV). Additionally, under the trigger of 10 mM DTT at 42 �C,
about 61.03% of the total PTX was released from the carriers in
a sustainable manner within 83 h. Furthermore, the PTX-laden
nanomicelles circumvented the systematic toxicity of free PTX
and even caused a remarkable suppression in tumor volume,
with tumors 1.34 times smaller than the free-PTX-treated group
during in vivo studies. Given these results, this “ATRP poly-
merization–esterication” method is feasible for the formation
of a DDS with an appropriate drug content that can achieve
satisfactory therapeutic effects.
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